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Cover Photo: Surveying the Cheakamus River by boat on 30 March 2021, in the lower reaches of the 
project area, approximately 250 m upstream from the pedestrian bridge.  

Image courtesy of McElhanney. 

Disclaimer 
This document has been prepared by Ebbwater Consulting Inc. and its subconsultants for the exclusive 
use and benefit of the Squamish Lillooet Regional District and the Province of British Columbia. It has been 
developed in accordance with generally accepted engineering practices and with full understanding of 
applicable natural hazard and mapping guidelines in the province of British Columbia.  

The contents may be used and relied upon by the officers and employees of the Squamish Lillooet Regional 
District. However, Ebbwater Consulting Inc. denies any liability to other parties who access and use this 
report. 
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Executive Summary 
Introduction 

Communities in the Squamish-Lillooet Regional District (SLRD) have experienced natural hazards including 
flooding and wildfires in recent years. These events have led to impacts to infrastructure and property, 
people, and the environment. In response to events such as these, the SLRD has completed studies to 
better understand, and prepare for, flood and geohazards within its vast jurisdiction. However, detailed 
flood mapping was lacking along a critical portion of the Cheakamus River.  

Like all rivers, the Cheakamus has a natural cycle that involves flooding, and resultant erosion. This is a 
cause for concern in areas of the watershed where these hazards overlap with homes, businesses and 
infrastructure. The impacts from flooding to existing and future development can be reduced through 
thoughtful planning. This requires an understanding of where, how deep, and how likely it is that water 
will flow across the floodplain, which is best gained through flood mapping and associated studies. The 
goal of the current project is to provide SLRD with flood and geohazards (e.g., erosion) mapping, and a 
high-level risk assessment, for the Upper Paradise Valley portion of the Cheakamus River.  

The SLRD initiated the project with support of the Provincial Community Emergency Preparedness Fund 
(CEPF). The project was developed by a multi-disciplinary team of professionals using a variety of data and 
software. SLRD retained Ebbwater Consulting Inc. (Ebbwater) to lead the work. Ebbwater’s consulting 
team included McElhanney (bathymetric surveys) and Palmer (geoscience). The project benefited from a 
Steering Committee consisting of various regional partners, who provided valuable feedback throughout 
the process. The project outputs establish a basis for SLRD and its partners to act to reduce flood risk and 
to apply for funding for future flood mitigation initiatives. 

Flood Map-Making Process 

What is a flood hazard? 
Floods occur under a variety of conditions when large volumes of water cause a channel to exceed its 
capacity and overflow onto its banks and into the floodplain. This can occur in small streams or large 
rivers, and usually follows heavy rain and/or snowmelt. Blockages in channels, caused by debris for 
example, can make flooding worse. 

How much water? 
The first question that is posed is “how much water can we expect?”. This question is answered by 
hydrologic analysis to consider the physical characteristics of the watershed, like its shape and size along 
with historic records of flows. These characteristics are considered to estimate the volume of water that 
is expected in a certain amount of time (flow rate). 

Where will the water go? 
Once the question of how much water has been explored, the next question posed is “where will the 
water go?”. This question is answered through hydraulic analyses, which take the results of the hydrologic 
analysis and use computer models as well as detailed topographic information that describes the shape 
of the ground and creek channel, to figure out how the water will move through the system. 
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Hydrologic Analysis 
The Upper Paradise Valley portion of the river is regulated by the Daisy Lake Dam operated by BC Hydro. 
This regulation of the system, and uncertainties associated with climate change and forest disturbance, 
were also considered.  

To acknowledge large uncertainties in the estimation of 
flood likelihoods today and into the future a flow 
ramping approach was developed, in consultation with 
the project’s Steering Committee. Five flood magnitudes 
were modelled ranging from very low, low, moderate, 
high, to very high. The moderate flood magnitude was 
associated with the 0.5% annual exceedance probability (AEP) flood. The flow ramping approach ties in 
with previous work on the river and is beneficial for flood planning and emergency management 
applications.  

Flood Hazard Modelling 
The hydraulic computer model for the project represents the Upper Paradise Valley portion 
(approximately 14 km) of the Cheakamus River in 1 and 2 dimensions, depending on the river reach. The 
model incorporated the estimated inflows, as well as surveyed bathymetric and topographic data. The 
flood modelling and associated mapping outputs were developed using best practice data and methods. 
A Flood Mapping Assurance Statement is included with the report. 

Risk Assessment 
It is not the hazards themselves that cause problems, but their interactions with valuable exposed 
elements in their path. To better understand these interactions, we completed a high-level risk 
assessment. To assess a broad range of elements exposed to the hazards, we considered a variety of data 
sources. The consequence and risk results were summarized by comparing the number of exposed 
elements, using a set of holistic indicators: affected people, mortality, economy, environment, culture, 
and critical infrastructure. 

Results 

Flood and Geohazards Mapping for the Upper Paradise Valley 
The mapping outputs were developed specifically with consideration of their end use in planning and 
policy, and to inform the risk assessment. In addition to the five flood magnitudes, Palmer mapped fluvial 
geohazards (i.e., long-term erosion, sedimentation) and hillslope influences (i.e., fans caused by debris 
flood and debris flows) in the area. Figure 1 shows an example map, with the moderate flood magnitude 
extents, along with the geohazards. 

Project watersheds 

Approximately 75% of the drainage area is 
upstream from the Daisy Lake Dam. However, 
Rubble Creek (near the dam outlet) and 
Culliton Creek (near the downstream project 
area boundary) are significant tributaries.  
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Figure 1: Multi-hazard map intended for public education. Full size maps are included with the report. 
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The mapping shows that in the downstream areas of the project, flooding spills over the banks and 
inundates relatively large widths of land (see inset in Figure 1). This is to be expected given the channel 
morphology (shape), where the lower reach has a shallower slope and a more gently sloping floodplain. 
The extent of flooding for the very low flood magnitude is 74 ha. The extent of flooding for the moderate 
flood magnitude is approximately 124 ha, and for the very high flood magnitude it is 149 ha. The fluvial 
geohazards extent is approximately 115 ha and occurs all along the river corridor. The extent of hillslope 
influences represents an additional 308 ha, which mostly reflects the immensity of the Rubble Creek fan. 

More details on the map layers are explained in the report. We produced four map outputs in portable 
document format (PDF) as follows:  

• Flood depth – moderate flood magnitude
• Flood extent – very low, moderate, and very high flood magnitudes
• Multi-hazard – moderate flood magnitude, fluvial geohazards and hillslope influences (shown in

Figure 1)
• Flood Risk – moderate flood magnitude and affected people indicator

In addition to the above maps that are intended for public education, a set of four PDF map sheets is 
included primarily for SLRD planners and engineers. Those maps are designed to meet the Provincial 
guidelines for the development and use of Flood Construction Levels (FCL). All the spatially processed and 
mapping data layers are provided to SLRD in an open-source format. 

Climate Change 
The river’s flow regime has already likely been influenced by the effects of climate change. Temperature 
and precipitation projections show that the rainfall, and related rain-on-snow, conditions that lead to 
flooding are likely to become more severe in the project area. Due to the complexities in the hydrologic 
system, which were not modelled, projections in the frequency and magnitude of flood events were not 
specifically determined. However, based on available data, we developed a rationale that provides high-
level insight. Under climate change, the moderate flood magnitude scenario in future could be expected 
to be similar to the current high magnitude flood. This shift could be expected to occur by sometime 
between the years 2050 and 2100. 

Consequences 
Six indicators were selected to provide a holistic view of the potential consequences to the hazards. The 
indicator data sources were aggregated based on the flood magnitude extents to compare potential 
consequences. The fluvial geohazard extents were also used to consider the incremental increase in 
consequences when combined with the moderate flood magnitude.  

Key consequences include: 

• The estimated proportion of people potentially exposed to the very low magnitude flood is small
(6%); however, this number jumps to 37% and 40% for the low and moderate flood magnitudes,
respectively. When fluvial geohazards are considered with the moderate flood magnitude, the
number of affected people increases by 14%.
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• In terms of economic consequences, the total building value exposed to flood ranges from $79M
to $82M. When fluvial geohazards are considered (which includes damages to land values) with
the moderate flood magnitude, the consequences increase to $98M (20% increase).

• In terms of critical infrastructure, eight facilities (primarily electrical power stations) are exposed
to the very low flood magnitude and one additional facility is exposed to the moderate flood
magnitude or higher.

• A negligible length of roads is exposed to the low flood magnitude; however, approximately 1 km
is exposed to the moderate flood magnitude or higher. When fluvial geohazards are considered
with the moderate flood magnitude, the length of exposed roads increases by approximately 200
m. Out of the four river crossings in the project area, only the pedestrian crossing is flooded, and
this occurs for the high flood magnitude or higher.

Key Takeaways 
Based on the various analyses conducted, the SLRD should consider the following insights: 

• The risk from the very low flood magnitude (i.e., almost certain, small event) is generally higher
than the risk for the moderate and high flood magnitudes (i.e., more rare, larger events). This
means that, cumulatively over time, the damages from small events can potentially add up to be
larger than those from larger events that governments typically focus on for flood mitigation.

• Geohazards are interlinked with flood hazards, and damages stemming from them can be
substantial.

• Although it is difficult to project future flows under climate change, the flood flows that have
been experienced in the past are getting more frequent and larger with time. Climate change
conditions will also exacerbate the frequency and magnitude of geohazards.

Limitations 
As with any study of this type, many uncertainties result from an effort to represent complex realities. 
The uncertainties generally flow through the various project activities described above including 
bathymetric surveying, hydrologic analysis, hydraulic modelling, mapping–and finally–risk assessment. A 
limitation of the latter was that the risk assessment was based exclusively on quantitative data; qualitative 
sources of information were not obtained for the high-level analysis. Other limitations are detailed in the 
main report. Notwithstanding these, the results of the work provide a detailed picture of flood and 
geohazards in the Upper Paradise Valley and can inform mitigation planning. 
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Mitigation Planning 

The Sendai Framework for Disaster Risk Reduction (Sendai 
Framework) provides guidance on how to mitigate flood 
hazards. A major tenet of this framework is a risk-based 
approach, where hazard (including hazard likelihood), exposure, 
and vulnerability all play a role. Figure 3 shows a simple model 
– the risk triangle – of how these three components contribute
to natural hazard risk. Risk is the area within the triangle; it can
be decreased if any one, or all, components are reduced.

The initiation of risk-based information resulting from this 
project provides a more informed understanding of flood and 
geohazards management. Through the risk reduction lens, non-
structural mitigation becomes more apparent as a primary 
solution, compared to structural mitigation. A range of related 
mitigation options exist to manage flood hazard in the project area. These fall within broad strategies such 
as land stewardship, land use management, and building management. Their success is dependent on the 
governance context and opportunities/barriers to specific plans and policies to be implemented. 

Recommendations 

We provide a series of recommendations to reduce flood and geohazards risk within the SLRD, and these 
are organized according to the Sendai Framework’s four priorities (provided in the titles below). The 
report contains specific recommendations that build on key themes, which are described below, within 
each Priority.  

Priority 1: Understand Disaster Risk 
• Make the Flood and Geohazards Mapping Products Public. Research shows that it is in the

Regional District’s best interest to disclose the hazard mapping products from this project publicly. 
It is essential that the public has access to information on where it may flood today and in future.
Digital data files for flood depths, flood extents and FCL reaches were provided to the SLRD along
with this report. We recommend adding these GIS files to the Regional District’s Online
GIS/Mapping system, along with the provided metadata. This will allow future studies to use this
information, and by doing so, increase the general knowledge of flood hazards in the Upper
Paradise Valley area of the Cheakamus River.

• Promote the Collection of More Comprehensive and Relevant Data. The SLRD could coordinate
data collection with partners in the region to address data gaps related to hazard characterization,
as well as exposure and vulnerability. The watersheds that feed the Upper Paradise Valley portion
of the Cheakamus River have an extremely varied topography. Climate and hydrometric
monitoring should be expanded to obtain more accurate and representative data across the
region, and post-flood event measurements need to be obtained more systematically to facilitate
flood model calibration.

Vulnerability

Risk

Figure 2: Risk reduction components 
(Adapted from United Nations Office for 
Disaster Risk Reduction (UNDRR)). 
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Priority 2: Strengthen Disaster Risk Governance 
• Collaborate with Regional Partners: This project’s Steering Committee provided valuable

feedback throughout the tasks progress. Important aspects of the project deliverables to consider
were identified with the consulting team. For their part, Steering Committee members gained
more awareness of how information was developed, providing them with more in-depth
understanding of the project outcomes. The Steering Committee should continue to be leveraged
during next steps of the project. New partners should be brought in as necessary, with a focus on
Indigenous inclusion.

• Include Indigenous Groups in Decision Making Processes. An adaptable and sustainable path can
be forged for all when Indigenous Peoples are recognized as decision makers who have stewarded 
their territories for millennia and who have inherent jurisdiction with Indigenous natural laws.
Increasingly, First Nations are being empowered by a changing regulatory landscape. One key
driver in BC has been the implementation of the Declaration on the Rights of Indigenous Peoples
Act [2018]. First Nations principles of data sovereignty should also be applied through the
ownership, control, access, and possession (OCAP) of data related to Indigenous communities.

Priority 3: Invest in Disaster Risk Reduction for Resilience 
• Translate Mapping into Land Use Policies. According to a report released by the Insurance Bureau

of Canada and the Federation of Canadian Municipalities, adaptation to flood risk is one of the
areas that requires the greatest investment in adaptation. This requires that local governments
prioritize land use policy change to reduce exposure and vulnerability. It is essential that flood
hazard maps and FCLs are reflected in applicable land use policies and regulations, such as
Regional Growth Strategies (RGS), Official Community Plans (OCPs), development permit areas
(DPAs), zoning bylaw, and a potential eventual flood bylaw.

• Implement Property-Level Resilience. There are several property-level resilience measures that
can be taken to protect assets at smaller scales. Some of the recommendations involve structures, 
but they are not meant to permanently fight water. Further related recommendations are
expected in forthcoming Federal guidance on flood resilient building and land use planning. In
areas where it is available, property owners can increase their resilience by transferring residual
financial risk to insurance providers. The SLRD and insurance providers should work together to
educate residents about the state of insurance coverage; the public should know the implications
related to obtaining (or not obtaining) post-disaster assistance through the Provincial Disaster
Financial Assistance (DFA) program.

• Conduct a Mitigation Options Assessment. Building on the governance processes described
under Priority 2, an assessment of mitigation options, should be conducted. The planning process
would require engagement with interested in affected parties. It will be critical to engage with
the community to understand the values that drive sentiments in the area. The community also
would likely better understand the flood and geohazards maps in the context of this type of
engagement.

Priority 4: Enhance Preparedness for Response 
• Leverage Outputs to Improve Hazard Management and Emergency Response Activities: SLRD’s

Protective Services Department already has numerous useful resources to help authorities and
the community prepare for, and respond to, flood and geohazards events. The risk-based
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information, and mapping, obtained through this project can now be used to update these 
resources, and potentially develop new ones. 

• Build Back Better in Flood Recovery: The barriers and opportunities to implement mitigation
options should be thoughtfully considered. Funding opportunities should be identified to
integrate learnings from such an analysis to effectively implement mitigation options following a
flood.

Summary 

The SLRD now has a series of flood and geohazards maps and results of a high-level risk assessment for 
the Paradise Valley portion of the Cheakamus River. These outputs should be used to support mitigation 
planning, focusing on non-structural mitigation approaches. The maps should also be used to inform 
emergency management decisions.  

Table 1 summarizes the technical approaches applied to the project, to facilitate comparisons with other 
flood mapping and risk projects. 

Table 1: Summary of the technical approaches to modelling and mapping. 

Task Description 

Hydrologic Approach 

Method Flow ramping approach: 
• Upstream boundary at outlet of Daisy Lake Dam, with modelled flows at

approximately 400 m3/s increments.
• Tributary inflows at Rubble Creek, local drainage area, and Culliton Creek.

Main hydrometric station data was the Water Survey of Canada (WSC) Cheakamus 
River at Brackendale station (08GA043).  

Flow Estimates 450 m3/s, 776 m3/s, 1203 m3/s, 1650 m3/s, and 1940 m3/s (at the WSC 08GA043 
station). 

Climate Change 
Considerations 

Data from Climate Canada for a Resilient Canada (Version 1.8): 
• Modelled historical and projected temperature and precipitation.
• Multiple representative concentration pathways (RCPs) for the period 2005-

2100.
Precipitation intensity-duration-frequency projections from Cannon and Innocenti 
(2009). 

Hydrodynamic Modelling 

Topographic 
Inputs 

Merged surface with down-sampled 0.5 m x 0.5 m horizontal resolution consisting 
of the following: 
• Field-collected bathymetry (Spring 2021)
• LiDAR (2016)

Vertical Datum: CGVD2013 
Coordinate System: NAD83, UTM 10N 
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Task Description 

Method 1D/2D HEC-RAS (Version 6.0): 
• 3 crossings modelled in 1D.
• Calibration completed by way of comparison with 2003 flood extent.
• Validation completed using three existing flood maps.

Sensitivity runs completed to test Manning’s n, time step, and mesh size. 

Normal depth downstream boundary condition, located 22 km from the Daisy Lake 
Dam. 

Flood Mapping 

Regulatory FCL • 0.5% AEP plus 0.6 m freeboard.
Public 
Education 

• Flood depth – moderate flood magnitude.
• Flood extent – very low, moderate, and very high flood magnitudes.
• Multi-hazard – moderate flood, fluvial geohazards and hillslope influences

(shown in Figure 1).
• Flood Risk – moderate flood magnitude and affected people indicator.

Geohazards 

Method Channel overlay and interpretations using ortho and LiDAR data (2016), satellite 
imagery (various years), historical photographs, surficial geology, and regional data 
sources. 

Field reconnaissance (1-day, vehicle-based, August 2021). 

Outputs Channel morphology and geohazard process descriptions. 

Identification of fluvial hazard buffer, active stream corridor, and fans in different 
reaches. 

Geohazards map book. 

Risk Assessment 

Method High-level, index-based, quantitative assessment using the following: 

• Delineations of 3 flood hazard magnitudes, and 1 geohazards extent.
• Proxy data for 6 indicators: affected people, mortality, economy, environment,

culture, and critical infrastructure.
Outputs Consequences for the 6 indicators.  

Risk matrices based on absolute scoring for consequences. 
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1 Introduction 
Communities in the Squamish-Lillooet Regional District (SLRD) have experienced natural hazards including 
flooding and wildfires in recent years. These events have led to impacts to infrastructure and property, 
people, and the environment. In response to events such as these, the SLRD has completed studies to 
better understand, and prepare for, flood and geohazards within its vast jurisdiction. However, detailed 
flood mapping was lacking along a critical portion of the Cheakamus River.  

Like all rivers, the Cheakamus River has a natural cycle that involves flooding. In addition, flood hazards 
are linked to fluvial and hillslope processes; these can be manifested through a range of events such as 
long-term erosion, sedimentation, or debris flows. 

This is a cause for concern in areas of the watershed facing increasing development pressures. The impacts 
from flooding to existing and future development can be reduced through thoughtful planning. This 
requires an understanding of where, how deep, and how likely it is that water will flow across the 
floodplain, best gained through flood mapping and associated hydrologic and hydraulic studies. The goal 
of the current project is to provide SLRD with flood mapping for the Upper Paradise Valley portion of 
the Cheakamus River, to support flood planning and emergency management activities.  

The SLRD was the successful recipient of the Community Emergency Preparedness Fund (CEPF) to be used 
for the development of floodplain mapping, risk assessment, and flood mitigation planning. The project 
required a multi-disciplinary team, for which the SLRD retained Ebbwater Consulting Inc. (Ebbwater) to 
lead the work. Ebbwater’s consulting team included McElhanney (bathymetric surveys) and Palmer 
(geoscience). The project outputs will establish a basis for SLRD and its partners to apply for funding for 
future flood mitigation initiatives.  

1.1 Project Objectives 
The information contained in this report is critical to support the SLRD with flood planning and emergency 
management activities. To this end, the objectives of the project were as follows: 

• Collect and conduct ground and bathymetric surveys to develop a Digital Elevation Model (DEM) 
of the river. 

• Develop a hydraulic model for the Upper Paradise Valley portion of the Cheakamus River. 
• Produce flood maps that meet modern standards. 
• Conduct a high-level assessment of fluvial geohazards including hillslope influences. 
• Conduct a high-level risk assessment to inform mitigation planning. 

The project builds on work completed for the SLRD on the Squamish River (NHC, 2019), work completed 
by the District of Squamish on the Cheakamus River downstream (Kerr Wood Leidal, 2015 and 2019), and 
work completed by BC Hydro on the Cheakamus River within the same area as this project (BC Hydro, 
2012). 
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1.2 Project Approach 
This work followed the approach set out in the Professional Practice Guidelines for Flood Mapping in BC, 
henceforth referred to as the Professional Practice Guidelines (EGBC, 2017). Materials being developed as 
part of the Federal Floodplain Mapping Guideline Series (Natural Resources Canada, 2018) were also 
considered in the development of this report and associated maps. Where appropriate, other standards 
that, in Ebbwater’s professional opinion, met or exceeded the bar set by provincial standards, were also 
used to inform this work.  

In-line with implementing standards of practice, the project involved a Steering Committee, who provided 
advice and review throughout. The following sub-sections discuss the Steering Committee process and 
summarize key project challenges. 

1.2.1 Steering Committee Process 
The SLRD established a Steering Committee recognizing that this project would benefit from input from a 
variety of interested and affected parties. Steering Committee participants included the Squamish Nation, 
District of Squamish, Ministry of Forests, Lands, Natural Resource Operations and Rural Development 
(FLNRORD) and Emergency Management BC (EMBC). Throughout the project, members of the Steering 
Committee were kept abreast of progress, and provided helpful feedback, through email communications. 
In addition, the consulting team interacted with the Steering Committee as a group on four occasions. 
These interactions are described below and provide an indication of the project timeline: 

• Project Kickoff (10 March 2021): A Zoom teleconference call was held to introduce project 
participants and roles; review the project scope, methodology, and timeline; and discuss data 
needs, deliverables; and outline future meetings and communications. 

• Progress Update (9 July 2021): A video recording was prepared to provide background 
information and updates on bathymetric surveying, hydrology, and hydraulic modelling, and 
geohazards assessment. 

• Geospatial Deliverables Discussion (26 August 2021): A Zoom teleconference call was held to 
present background information on geospatial data. This was then the basis for further 
presentation and discussion on possibilities for project deliverable maps, with a focus on 
prioritizing needs. 

• Draft Deliverables (29 October 2021): Draft deliverables were provided electronically, starting 
with appendices, for review and comment. 

1.2.2 Challenges 
This project had an ambitious scope. Typically, flood modelling and mapping activities are considered as 
standalone projects. In this project, the SLRD sought to use mapping results within a risk assessment to 
inform mitigation planning decisions. Additionally, the SLRD understood that other natural hazards such 
as fluvial geohazards and hillslope influences need to be considered to obtain a more comprehensive 
understanding. The additional tasks contributed to stretching the original project schedule, which did not 
allow for contingency. A short project extension was granted by the funder.  
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The consulting team was able to leverage existing information by reaching out to key agencies (e.g., BC 
Hydro, Canadian National (CN) Rail, and BC Ministry of Transportation and Infrastructure (MOTI); 
however, these interactions required more time and effort than anticipated.  

Specific challenges and limitations are discussed in relevant sections of this report. Key high-level 
examples include access and safety issues for field bathymetry surveys (especially in the vicinity of 
Cheakamus Canyon), lack of water levels mapped for multiple flood events to calibrate the hydraulic 
model, and lack of project scope and budget to complete a more robust risk assessment that considered 
qualitative information. 

Despite the above challenges, the project’s objectives were met, and the recommendations were 
provided in a timely fashion to inform next steps for the SLRD. 

1.3 Project Area 
The SLRD is a regional government that consists of four member municipalities (District of Lillooet, Village 
of Pemberton, Resort Municipality of Whistler, and District of Squamish) and four unincorporated rural 
Electoral Areas. These lands are found within the traditional territories of the Líl'wat, Squamish, and 
St'at'imc Nations. The project area is within the lower portions of the Cheakamus River, upstream from 
its confluence with the Squamish River. It is located in Electoral Area D of the SLRD and is entirely within 
the Traditional Territory of the Squamish Nation. 

The Cheakamus River is a sub-watershed of the Squamish River, and its headwater tributaries originate in 
the glaciated mountains south and west of Whistler, before flowing into Daisy Lake Reservoir (see Figure 
1-1). The project extent is defined by the Upper Paradise Valley area of the Cheakamus River (Figure 1-1). 
This stretch of river is approximately 15 km long and consists of three distinct reaches; the upper sections 
are straight and in part contained within an incised canyon, which breaks out into a meandering, slightly 
braided channel and floodplain in the lower reach. The upstream boundary is the Daisy Lake Dam, also 
known as Cheakamus Dam, (which forms the reservoir), and the downstream boundary is approximately 
at the District of Squamish boundary. 

At the upstream boundary, the Daisy Lake Dam provides a measure of flow attenuation. However, in 
addition to expected high flows from the dam outlet, high-energy tributary channels downstream from 
the dam, such as Rubble Creek, are responsible for flood hazard and a range of geohazards (erosion, 
sedimentation, avulsion, debris flows/jams, and landslides). The canyon section consists of faster, more 
turbulent waters, and where access is extremely challenging. Downstream from the canyon, the river has 
a gentler gradient and is a flatter floodplain. Near the downstream end is the mouth of Culliton Creek, 
another large tributary. Downstream from the project area, water from the Cheakamus River flows 
through the District of Squamish and into Howe Sound (see Figure 1-1 inset). 
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1.3.1 Hydroclimate 
The project area has a pacific coastal climate characterized by warm summers and mild winters. The 
lowest elevation in the project is approximately 90 m above sea level. At the nearby Environment Canada 
Squamish Upper station 1047672 (located approximately 8 km due west from the project area), average 
annual precipitation between 1980 and 2010 was approximately 2,342 mm/year (Environment and 
Natural Resources Canada, 2010). Based on this data record, most of the precipitation in the area falls as 
rain between October and April. However, the region’s high mountain peaks, such as Mount Garibaldi 
(2,678 m), create diverse hydroclimates.  
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Streamflows in the Cheakamus River follow a seasonal cycle whereby average daily flows are typically high 
during the spring and low in the winter. A strong daily flow peak in stream discharge occurs during spring 
freshet due to snowmelt. A smaller secondary peak in daily discharge (but highest annual instantaneous 
peak) is common in October and November with the arrival of heavy rainfall (Environment and Natural 
Resources Canada, 2021). The system has a coastal-nival regime (Environment and Natural Resources 
Canada, 2021) (see Chapter 4 for details).  

1.4 Workflow and Report Structure 
Flood hazard maps are technical tools that require significant amounts of data and diverse expertise to 
develop. They require an understanding of the surface over which water flows both overland (topography) 
and within a creek channel (bathymetry). Hydrologic insight of the watersheds and region are required to 
understand the volumes of water that are expected during flood events. These are used to support the 
development and use of a hydraulic model, which is then used to develop flood mapping.  

The nature of the Cheakamus River specifically also requires an understanding of other landscape 
interactions to inform the mapping of fluvial geohazards and hillslope influences. Based on the flood and 
geohazards mapping, risk assessment leverages hazard mapping to understand how hazard events can 
affect assets, people, and the environment. Results can inform risk reduction through mitigation planning.  

The following summarizes this report’s chapters by describing the diverse tasks accomplished to reach the 
project’s overall goal. Figure 1-2 provides an overview of the approach by illustrating how the technical 
outputs from each task/chapter were interconnected. The figure more appropriately conveys the non-
linear aspects of the work. 

Chapter 2: Natural Hazard and Risk Assessment Primer. Provides key background information to support 
understanding of the following chapters. 

Chapter 3: Topographic Surface Development. The bathymetric surveying completed by McElhanney 
(detailed in Appendix A) focused on collecting detailed elevations in the Cheakamus River main channel, 
and surrounding banks, within the project area. The objective was to develop an understanding of the 
shape of the main channels and the flood hazard area. 

Chapter 4: Hydrologic Analysis. Information on watershed size, hydroclimate, and historic floods is 
presented. We also discuss influential factors (e.g., flow regulation, climate change, forest disturbance) 
affecting flows. A flow ramping approach was applied to define the flows to be simulated within the 
hydraulic model. The chapter is supported by information found in Appendix B (Climate Change 
Background). 

Chapter 5: Hydraulic Modelling. A robust coupled 1-dimentional and 2-dimensional (1D/2D) hydraulic 
model was developed using the topographic surface and hydrologic analysis results as a foundation. 
Modelling was a key step in the project as it linked with all other project tasks. The chapter is supported 
by information found in Appendix C (Hydraulic Model Documentation). 
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Chapter 6: Flood Mapping. Based on outputs from the hydraulic model, a series of flood mapping 
products were produced for specific hazard scenarios. A key deliverable is the regulatory Flood 
Construction Level (FCL) map for the 0.5% annual exceedance probability (AEP) flood. Public education 
maps showing multiple flood extents, flood depths, and hazards were also produced. The FCL and public 
education maps are in Appendix F and Appendix G, respectively. 

Chapter 7: Geohazards Analysis and Mapping. The overview assessment completed by Palmer (detailed 
in Appendix D) delineated fluvial geohazards (e.g., erosion, sedimentation, river migration) as well as 
hillslope influences (e.g., debris flood and debris flow). These hazards are interlinked with each other and 
with flood hazards; they are critical to obtaining a more comprehensive understanding of the greater 
impacts resulting from flood events. 

Chapter 8: Risk Assessment. The flood and geohazards delineated were used to understand “what is in 
the way” to characterize consequences based on the flood hazard likelihoods. This was achieved through 
a high-level, and strictly quantitative, assessment of six indicators. The assessment is supported by 
information in Appendix E. 

Chapter 9: Mitigation Planning. The risk assessment forms the basis to inform proactive mitigation 
planning through risk reduction. This chapter builds on concepts presented in Chapter 2, as well as the 
information in Chapter 8, to provide a framework for decision-making. 

Chapter 10: Recommendations. This chapter builds on the previous chapter to provide actionable 
recommendations that the SLRD can take, along with its partners in the region. The recommendations 
include high-level priority and cost levels. 
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2 Natural Hazard and Risk Assessment Primer 
This section provides a brief introduction to flood and geohazards, flood mapping, and the risk assessment 
process. It provides background materials to support the understanding and interpretation of the main 
body of the report. 

2.1 Understanding Flood and Geohazards 
Flood hazards are part of a broader spectrum of geohazards. Geohazards are caused by watershed-scale 
processes, and they are characterized based on the concentration of sediment (in relation to water 
content) they transport, and their flow velocity (related to the slope gradient where they occur) (Figure 
2-1). At the lower end of this spectrum, clearwater floods are characteristic of relatively low sediment 
concentrations and flow velocities. Debris flows are located toward the higher end of the spectrum and 
are characteristic of higher sediment concentrations and flow velocities. Debris floods have lower 
sediment concentrations than debris flows. Debris floods and debris flows are hillslope processes, and 
sediment and flow characteristics can vary substantially between them depending on a variety of factors 
such as slope angle, confinement, and surficial geology.  

 

The sections below discuss the flood and geohazard types that were assessed through quantitative means 
in this project. 
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2.2 Flood Hazard 
In lay terms, a flood describes an event when areas that are usually dry become inundated (i.e., a hazard); 
this can cause damage. There are many forms of flooding including pluvial, lake, and river flooding, and 
not all flood hazards are created equal (see Section 2.4). In the Cheakamus River area, the main flood 
hazard of concern results from riverine flooding of the river’s main channel and its tributaries. Note that 
in hydrological terms, a flood can refer to any high flow event, whether it causes inundation or not. 

2.2.1 Riverine Flood Hazard 
Riverine floods occur under a variety of conditions that cause a river 
to exceed its capacity. This can occur in small streams or large rivers, 
and the main driver is usually high runoff from heavy rain (as 
occurred on the Cheakamus River in 2003, Figure 2-2) and/or 
snowmelt. Flooding during the 2003 event was also the cause for 
fluvial geohazards, explained below. 

2.3 Geohazards 
In addition to flooding, other geohazards that were considered in this 
project include fluvial geohazards as well as hillslope influences 
(debris flood, debris flow and rockfall). 

2.3.1 Fluvial Geohazards 
Fluvial geohazards occur due to morphological restructuring within 
and immediately adjacent to watercourses driven by a combination 
of erosion, transport, and deposition of sediment and wood 
(Blazewicz, Jagt and Sholtes, 2020). The restructuring can occur gradually or abruptly and usually occurs 
during clearwater floods and, in some settings, during debris floods. Common fluvial geohazards include 
lateral channel migration, bed degradation, avulsions, reworking of alluvial fans, and localized failures 
along confining terraces and hillslopes.  

Fluvial geohazards can occur during average streamflow as well as during more extreme events. Although 
they are not shown in Figure 2-1, fluvial geohazards more commonly occur and perform the greatest 
amount of geomorphic change in association with floods. They generally lead to sediment concentrations 
and velocities that are slightly higher than those associated with clearwater flood, but less than debris 
flood. 

2.3.2 Hillslope Influences 
Debris floods are a channelized flood of sediment-laden water, where sediment concentration can range 
from 20-47% by volume (Wilford et al., 2004). Peak discharges of debris floods can be twice that of 
clearwater floods within the same hydrologic setting (Hungr et al., 2001). Reference to debris floods in 
this report is only made in association with characterization of processes that affect some of the tributary 
fans along the valley bottom. 

Figure 2-2: Cheakamus River overbank 
spill during the October 2003 flood 
event. Image courtesy of John Clague 
and Brian Menounos. 



 
 

 

SLRD Flood Hazard Mapping and Risk Assessment – Upper Paradise Valley 
Final Report  

9 

Debris flows are channelized events typically within steep gullies or established flow paths (Hungr, 
Leroueil and Picarelli, 2013). In contrast to debris floods, debris flows are rapid, high-density mass 
movements whose peak sediment concentrations often exceed 60% by volume (Hungr, Leroueil and 
Picarelli, 2013). Debris flows are commonly triggered by intense or prolonged precipitation and can have 
peak discharges up to 40 times greater than those of clearwater floods within the same hydrologic setting 
(Hungr et al., 2001). Debris flows may transition to debris floods through addition of water in tributaries 
(Wilford et al., 2009). Reference to debris floods in this report is only made in association with 
characterization of processes that affect some of the tributary fans along the valley bottom. 

2.4 Hazard Components 
A natural hazard, such as riverine flooding, has characteristics that can differ in terms of water depth and 
velocity, frequency, onset, and duration. These characteristics affect the size of the flood hazard area and 
how the assets in it are impacted by flood. Therefore, it is important to understand as many aspects of 
the hazard as possible. 

A riverine flood can also generally be defined by considering a hazard profile, to better understand risk 
(see Section 2.6). The hazard profile is made up in part by the flood hazard magnitude and the likelihood 
(probability) of the hazard occurring. Storm events have a range of likelihoods and associated magnitudes. 
An understanding of the hazard profile is important when considering planning and response. A full flood 
hazard assessment requires an understanding of what will flood, and how likely this is. The work 
conducted as part of this project considered a variety of hazard scenarios to support a preliminary risk 
assessment. 

2.4.1 Magnitude  
There is a range of possible flood magnitudes from small events that remain in-channel, to much larger 
events that spill overland and cover large areas with water. The magnitude of flooding is best estimated 
through the development of detailed hydrologic and hydraulic analyses. 

2.4.2 Depth  
In addition to the total volume or flow associated with a flood event, how the water spreads and moves 
over the floodplain is an important consideration. Flood depth is a big determinant of how much damage 
is caused. Nuisance flooding in a basement, for example, is very different from moderate (>30 cm) or 
severe (>2m) flooding, which can respectively cause significant to sometimes unrecoverable damage. 
Depth generally, but not always, decreases with distance from the water source. 

2.4.3 Extents 
A flood hazard extent shows the geographic area affected by flood waters. The extent is related to the 
flood magnitude as well as the physical characteristics of the watershed and channel. The extent of a flood 
of a given magnitude can be determined from historic information but is more commonly derived using 
mathematical models. 

2.4.4 Likelihood 
In addition to an understanding of how big an event will be and where water will go in a flood, it is 
important to consider the likelihood of an event occurring. This is generally represented as an Annual 
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Exceedance Probability (AEP), where the AEP refers to the probability of a flood event occurring in any 
year and where the probability is expressed as a percentage. For example, an extreme flood that has a 
calculated probability of 0.2% of occurring in this year (or any given year) is described as the 0.2% AEP 
flood.  

Defining the likelihood of fluvial geohazards, debris floods, and debris flows, is more complex. Fluvial 
geohazards are often, but not always, triggered by floods. They occur when enough stress is applied to 
channel boundaries (bed and/or banks) that material becomes entrained. Debris floods and debris flows 
are episodic events, usually occurring when a hydroclimatic threshold is reached. Defining the likelihood 
of occurrence of these hazards requires a more detailed understanding of the physical characteristics 
based on a combination of field observations, magnitude-frequency analysis, and/or modelling. 

2.4.5 Cumulative Pressures  
A range of factors are increasingly recognized to be exacerbating flood and geohazards. These are part of 
complex cumulative pressures that act on a watershed scale. Climate change is an overarching pressure 
with interrelated linkages to the other pressures shown in Figure 2-3. While these pressures are not 
necessarily comprehensive, they encompass key factors to consider when assessing how floods are likely 
to change into the future. They can include land use change, ecological disturbance, industrial activity, 
flood defence structures, urban or other development, and surface-subsurface interactions. 

 
Figure 2-3: Watershed-scale cumulative pressures on flood hazard. 

Importantly, all the pressures are connected to human activities. Our ability to slow or reverse these 
activities is an opportunity to reduce flood hazard. A subset of relevant cumulative pressures was 
considered in this project. 
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2.5 What is a Flood Map? 
Flood hazard maps are an essential tool to reduce flood risk as they provide a visualization of a flood 
hazard and an understanding of where and how deep water might be in a flood event. This can be used 
for understanding the current flood risk of an area and for planning to help ensure that flood risk is not 
increased. Flood maps are recognized as a necessary starting point for flood management. 

Robust flood maps are produced by taking information from hydrologic and hydraulic models and 
calculations and applying these to base maps to show the extent of flooding. In BC, flood mapping 
guidance is contained in the Professional Practice Guidelines (EGBC, 2017); it suggests that flood maps can 
show a variety of flooding effects and, depending on the purpose and budget of a project, this includes: 

• Flood Extent Maps. These maps show the extent of the flood hazard area. 
• Flood Hazard Maps. Hazard maps go beyond extent maps by providing information on the 

hazards associated with defined flood events, such as water depth, velocity, or duration of 
flooding. 

• Flood Risk Maps. Risk maps reflect the potential damages that could occur because of a range of 
flood probabilities by identifying populations, buildings, infrastructure, residences, and 
environmental, cultural, and other assets that could be damaged or destroyed. 

In addition to the above there are many site-specific variations of mapping products (e.g., an event map). 

The intent of this project was to develop detailed riverine flood hazard maps, as well as high-level mapping 
of fluvial geohazards and hillslope influences. Risk mapping was conducted at a high level, focusing on 
quantitative data sources.  

2.6 Understanding Risk 
The following sections discuss how the hazard information, explained in the previous section, is used 
within the context of a risk assessment. Only a high-level risk assessment was conducted for this project. 

2.6.1 What is Risk? 
Natural hazard risk exists not because hazards exist, but because these hazards sometimes interact 
negatively with assets, people, or the environment. These negative interactions can be reduced through 
intentional decisions that increase the resilience of the system. This section provides some context on the 
terminology used in the field of disaster risk reduction, as understanding the nuances of the terminology 
that is used later in the analysis is key to understanding the process of risk assessments.  

Risk is a function of both the likelihood of an event occurring and the consequences if that event occurs 
(Figure 2-4). Consequence is defined as a function of the hazard (where and how big is the event?), 
exposure (what is in the way?), and vulnerability (what is the structural, social, and environmental 
susceptibility to flooding?) (GFDRR, 2016). Figure 2-4 provides a conceptual model for natural hazard risk. 
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Figure 2-4: Risk as a function of likelihood and consequence (simplified).  

Risk can be reduced by strengthening resilience through increased adaptive capacity. Note that the 
terminology used in this report is based on the definitions used by the United Nations Office of Disaster 
Risk Reduction in their international guidance material (UN, 2016a; UNDRR, 2017), and for clarity, these 
definitions have been provided below.  

Hazard is a “process, phenomenon or human activity that may cause loss of life, injury or other health 
impacts, property damage, social and economic disruption or environmental degradation.” (UN, 2016a; 
UNDRR, 2017) 

Exposure is the “situation of people, infrastructure, housing, production capacities and other tangible 
human assets located in hazard-prone areas. Measures of exposure can include the number of people or 
types of assets in an area.” (UN, 2016a; UNDRR, 2017) 

Vulnerability describes the “conditions determined by physical, social, economic and environmental 
factors or processes which increase the susceptibility of an individual, a community, assets or systems to 
the impacts of hazards.” (UN, 2016a; UNDRR, 2017) 

Resilience is the “ability of a system, community or society exposed to hazards to resist, absorb, 
accommodate, adapt to, transform and recover from the effects of a hazard in a timely and efficient 
manner, including through the preservation and restoration of its essential basic structures and functions 
through risk management.” (UN, 2016a; UNDRR, 2017) 

Risk matrices can provide a visualization of risk, as a function of the hazard likelihood (horizontal axis) and 
the consequence (vertical axis) (Figure 2-5). Risk is indicated by the colour range in Figure 2-5a, where for 
instance blue indicates very low risk and red indicates very high risk. Figure 2-5b shows that an almost 
certain event with insignificant consequences (nuisance event) can have the same risk as a rare event with 
extreme consequences (major event). A risk assessment can be used to compare both the impacts and 
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the potential benefits of design and mitigation options for the whole spectrum of nuisance to major 
events. Risk assessments therefore provide a rigorous, logical, and defensible basis on which to make 
informed investment, planning, and design decisions. 

 
Figure 2-5: Risk as a function of likelihood and consequence matrix — (a) indicates increasing risk and (b) compares event 
risk. 

2.6.2 Indicators for Risk Assessments  
Risk assessment is shaped by the types of exposed elements that are considered. And so, it is important 
to think about what can be measured. Given that the consequences of flood hazards are often widespread 
and diverse, best practice suggests that a broad spectrum of consequences should be considered. 
Historically, risk assessments have often focused on economic damages alone (e.g., dollar-value damages 
to buildings), but in a more holistic approach, social and environmental consequences should also be 
considered (see also above).  

To summarize diverse consequences in a consistent way, consequence indicators are typically used. The 
United Nations document on indicators for disaster risk reduction (United Nations, 2016) suggests 
inclusion of a wide range of indicators, which include affected people, mortality, economic loss, damage 
to critical infrastructure, and disruption of basic services. These indicators were each based on the targets 
for disaster risk reduction as formulated in the Sendai Framework (UNISDR, 2015; Section 2.3). The 
Australian risk assessment guidelines also recommend inclusion of consequences to indicators such as the 
environment and cultural identity of a community (AIDR, 2015). Similarly, the BC climate risk assessment 
includes a holistic approach to risk management, where health, environment, and economic 
consequences are considered (BC MECCS, 2019). While there is a movement towards a more holistic 
approach, many of these indicators remain difficult to quantify (see also above section on direct/indirect 
and tangible/intangible consequences), and in practice, many risk assessments still tend to focus on 
assessing economic values alone.  

In a quantitative risk assessment, where direct measures are not possible, proxies can be used for each 
indicator. A proxy is a measurable quantity which can be analyzed as part of a quantitative risk assessment 
(e.g., number of affected people, or buildings in a floodplain) and that is a reasonable representation of 
the indicator. The availability of consistent data can vary widely for different risk studies. Information on 
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which indicators, datasets, and proxy datasets were used in this project are presented in Chapter 8 and 
Appendix E.  

2.6.3 Consequence Types 
Flood hazards may lead to direct and indirect consequences. Direct consequences describe all harm that 
is caused by the direct physical contact of water with people, infrastructure, or the environment (AIDR, 
2015). Indirect consequences are those that are outside the direct spatial and temporal extent of the 
consequence. They are typically consequences that are caused by the disruption of the physical and 
economic links in the region, as well as the costs 
associated with the emergency response to a 
hazard. Disruption of critical infrastructure can 
lead to cascading consequences for many sectors 
(also referred to as systemic risk).  

The effects of a flood hazard event on the 
environment, human or community health, or loss 
of life are difficult to quantify in terms of financial 
values and are therefore considered to be 
intangible impacts. On the other hand, the 
tangible dollar losses from a damaged building or 
ruined infrastructure are more easily calculated. 
This does not mean that tangible losses are more 
important than the intangibles, just that they are 
easier to quantify and assess. The inclusion of 
intangible impacts is desirable for the 
development of a robust risk assessment (Messner 
et al., 2006; Murphy et al., 2020). Figure 2-6 
provides examples of direct/indirect and tangible/intangible consequences. While not all consequence 
types are easy to estimate, they should still be considered. At a minimum, it is important to recognize 
what types of consequences have been included in a risk assessment and to be explicit about those that 
have not. 

Due to budget constraints, the risk assessment conducted for this project did not consider nuances of 
consequence types. 

2.6.4 Complementary Research Methods 
Qualitative and quantitative analyses provide complementary components of a risk assessment. 
Qualitative research studies subjects in their natural setting and attempts to interpret phenomena in 
terms of the meaning people bring to them. Quantitative research is rooted in things that can be 
measured through numerical analysis (McLeod, 2017). Table 2-1 outlines the advantages and 
disadvantages of the two research methods. The purpose of applying these complementary methods is 
to enrich the project, where possible, with the advantages of both methods as listed in the first row of the 
table. 

Figure 2-6: Types of consequences from flooding (Figure from 
Murphy et al. 2020). 
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Table 2-1: Advantages and disadvantages of qualitative and quantitative research methods (adapted from McLeod, 2017). 

 

Due to budget constraints, the risk assessment conducted for this project did not include community 
engagement. Therefore, data analysis was limited to the quantitative data that was collected. 

2.6.5 Data Aggregation and Scoring 
An important goal of a risk assessment is to provide a means to compare risk (UNDRR, 2017) across spatial 
and temporal scales, as well as hazard types and indicators. Comparing risk can help to prioritize funding 
and risk reduction strategies to target locations, hazards, and indicators with the highest risk. To achieve 
this, datasets are typically layered in a spatially distributed risk analysis (Figure 2-7). Next, the outputs of 
the risk analysis are aggregated, which, considering the complexity of risk indicators, is not a 
straightforward process (UNDRR, 2017). Different techniques exist for risk aggregation, one of which is a 
index-based approach (UNDRR, 2017). Other methods include the calculation of the average annual loss 
for a full-statistical accounting of risk. 

 Qualitative studies Quantitative studies 

Ad
va

nt
ag

es
 

• Direct involvement by project 
participants allows subtleties and 
complexities to be identified and 
articulated.  

• Descriptions can be used to articulate 
possible relationships, causes, effects 
and dynamic processes. 

• Allows for ambiguities and 
contradictions in the data, which reflect 
social reality. 

• Based on narrative style, which allows 
people to examine all forms of 
knowledge. 

• Numerical interpretation is regarded as 
scientifically objective and rational. 

• Useful for testing and validating existing 
theories. 

• Can use sophisticated software and 
computers to efficiently process large 
datasets. 

• Measured values can be checked by others 
because results are less open to 
interpretation. 

Di
sa

dv
an

ta
ge

s 

• Because of time and costs involved, the 
information does not draw from large 
numbers of people or data sets, and 
more time is required.  

• The validity or reliability of the 
information is questioned as it is difficult 
to apply conventional standards to 
address these issues.  

• It is difficult to replicate studies, as they 
depend on the specific people that were 
involved. 

• It is difficult to extend findings to a wider 
context with confidence. 

• Does not easily allow participants to explain 
choices or meaning. 

• Poor knowledge of data and its use may 
negatively affect analysis and interpretation. 

• Large sample sizes are needed for more 
accurate analysis, and more data are 
required to obtain and manage large study 
areas. 

• Researchers might miss evidence of new 
theories because of a focus on hypothesis-
testing. 
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This project employed the higher-level, index-based, risk 
assessment approach. For this approach, likelihood and 
consequence are each represented by an index score, and risk 
is then calculated as the product of the two scores. Scoring is 
applied to each indicator, following a set of pre-determined 
rules that are ideally consistent across a country or region. A 
benefit of scoring is its simplicity for comparing risk between 
different indicators, hazards, and regions. Typically, the results 
are provided in a risk matrix of likelihood and consequence, 
which helps to visualize and prioritize risks (see Figure 2-7 as an 
example).  

Index-based risk scoring approaches are intended to create 
consistency to compare results of several risk assessments 
more easily (e.g., across a country or province) to inform 
priority setting of resources. However, Canada does not 
currently have a framework to create such consistency. In the 
absence of a consistent framework, it is important to highlight 
that risk score results are strongly dependent on the method 
that has been used.  

 

2.7 Disaster Risk Reduction 
Many jurisdictions around the world are in the process of transitioning toward a risk-based approach to 
flood management 1. In BC, efforts to adopt such an approach mostly stem from the criticisms and 
recommendations in the 2018 report on the findings of the 2017 BC Flood and Wildfire season (Abbott 
and Chapman, 2018). There is a commitment to adopt the Sendai Framework for Disaster Risk Reduction2 
(UNISDR, 2015), referred to in this report as the Sendai Framework.  

 

 

 

1 This best practice section generally focuses on flood hazard, but it is emphasized that best practices discussed are 
also relevant to other geohazards. 
2  United Nations International Strategy for Disaster Reduction (UNISDR): Sendai Framework for Disaster Risk 
Reduction 2015-2030; http://www.unisdr.org/we/coordinate/sendai-framework. 

Figure 2-7: Data layering for spatially 
distributed risk analysis. 

http://www.unisdr.org/we/coordinate/sendai-framework
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2.7.1 Sendai Framework 
The Sendai Framework is the global blueprint for reducing disaster risk and increasing community 
resilience. The goal of the framework is to “prevent new and reduce existing disaster risk through the 
implementation of integrated and inclusive economic, structural, legal, social, health, cultural, 
educational, environmental, 
technological, political and 
institutional measures… to 
strengthen resilience”. The 
framework is thus multi-disciplinary 
and follows four priorities (Figure 
2-8). This project’s activities fit within 
Priority 1.  

The Sendai Framework recognizes 
that humans are at the centre of 
disasters. I.e., not only are humans 
responsible for increasing hazards (Section 2.4.5), hazards themselves are not problematic unless they 
interact with humans. The framework thus places human decisions at the centre of disaster risk reduction, 
and advocates for a risk-based approach to managing multiple hazards (i.e., all-hazards approach).  

The Government of Canada endorsed the Sendai Framework in 2015, and in late 2018, the Government 
of British Columbia announced that it would also adopt the Sendai Framework. In late 2019, BC initiated 
a process to incorporate the Sendai Framework principles into the Emergency Program Act3. The timeline 
for the modernization process has been extended due to COVID-19; the new legislation is now expected 
in Fall 2022. 

2.7.2 Consideration for Indigenous People 
The Sendai Framework encourages whole-of-society engagement and holistic actions such as, “to 
empower local authorities, as appropriate, through regulatory and financial means to work and 
coordinate with civil society, communities and Indigenous People and migrants in disaster risk 
management at the local level.” In this sense, the Sendai Framework is supported by the United Nations 
Declaration on the Rights of Indigenous Peoples (UNDRIP). UNDRIP establishes a universal framework for 
minimum standards for the survival, dignity, and well-being of the Indigenous Peoples of the world and it 
elaborates on existing human rights standards and fundamental freedoms. BC was the first Canadian 
province to enact a version of UNDRIP; the Declaration of the Rights of Indigenous Peoples Act (DRIPA) 
[2019], in November 2019. At the federal level, Bill C-15, United Nations Declaration on the Rights of 
Indigenous Peoples Act [2020] received Royal Assent in June 2021. A tenet of UNDRIP is the duty for 

 

3  Modernized emergency management legislation. Weblink: https://www2.gov.bc.ca/gov/content/safety/
emergency-management/emergency-management/legislation-and-regulations/modernizing-epa. Accessed 28 
October 2021. 

Figure 2-8: Four priorities of the Sendai Framework for Disaster Risk Reduction. 

https://www2.gov.bc.ca/gov/content/safety/%E2%80%8Bemergency-management/emergency-management/legislation-and-regulations/modernizing-epa
https://www2.gov.bc.ca/gov/content/safety/%E2%80%8Bemergency-management/emergency-management/legislation-and-regulations/modernizing-epa
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government to obtain free, prior, and informed consent (FPIC) from Indigenous People on issues that 
might affect their interest. 

The BC Government currently has several recently completed or ongoing initiatives that address flood 
hazard and risk in some form: 

• BC Government’s Action Plan: Responding to Wildfire and Flood Risks – October 31, 2019 
Update (the “Action Plan”) (EMBC and MFLNRORD, 2019). 

• BC’s Flood Risk Strategy (not yet public). 
• Investigations in Support of Flood Strategy Development in British Columbia4.  
• BC Climate Preparedness and Adaptation Strategy5.  
• Emergency Management Planning Toolkit for Local Authorities and First Nations6. 

The above initiatives involve engagement with First Nations. The Action Plan included the following 
guidance to ensure that the implementation of key priorities and principles was inclusive of First Nations: 

• Planning must include partners and must contribute to reconciliation with First Nations. 
• Implementation must be integrated with all partners and across all program areas and must 

contribute to reconciliation with First Nations. 
• Action must take a holistic view and balance multiple values, such as environmental, economic 

(e.g., tourism), cultural (e.g., First Nations values), and risk mitigation. 
• Local and traditional knowledge must be respected and utilized. 
• While all phases of emergency management are essential (planning, mitigation, response, and 

recovery), particular attention must be paid to improvements in mitigation and recovery. 

In conjunction with Indigenous Services Canada (ISC), the BC Government is seeking input on issues 
including natural hazard management from First Nations leadership and communities through groups 
such as the First Nations Leadership Council (FNLC), EMBC First Nations Emergency Partnership Tables, 
and First Nations Emergency Services Society (FNESS). 

2.8 Relevant Guidance Documents 
There are several sources to guide flood hazard mapping activities in BC and Canada. For risk assessment, 
guidance is lacking. Guidance sources are discussed in the following sections. 

2.8.1 Mapping 
In addition to EGBC Professional Practice Guidelines (see Section 2.5), flood mapping guidance is also 
provided at a federal level in the Federal Flood Mapping Guidelines Series. This guidance series is still 
under development with some sections still to be released (NRCan, 2018). The documents that have been 
released include technical guidance on Light Detection and Ranging (LiDAR) data collection, geomatics, 
and hydrological and hydraulic assessment (Natural Resources Canada, 2019a; 2019b). These guidelines 

 

4 Weblink: https://www.fraserbasin.bc.ca/BC_Flood_Investigations.html. Accessed 20 September 2021. 
5 Weblink: https://www2.gov.bc.ca/gov/content/environment/climate-change/adaptation. Accessed 27 July 2021. 
6 Weblink: https://www2.gov.bc.ca/gov/content/safety/emergency-preparedness-response-recovery/local-
emergency-programs/local-emergency-planning. Accessed 27 July 2021. 

https://www.fraserbasin.bc.ca/BC_Flood_Investigations.html
https://www2.gov.bc.ca/gov/content/environment/climate-change/adaptation
https://www2.gov.bc.ca/gov/content/safety/emergency-preparedness-response-recovery/local-emergency-programs/local-emergency-planning
https://www2.gov.bc.ca/gov/content/safety/emergency-preparedness-response-recovery/local-emergency-programs/local-emergency-planning


 
 

 

SLRD Flood Hazard Mapping and Risk Assessment – Upper Paradise Valley 
Final Report  

19 

along with the Professional Practice Guidelines provide recommendations as to how flood maps should 
be produced and what should be included in these maps. This guidance has been applied to this project. 

The provincial Flood Hazard Area Land Use Management Guidelines (FHALUMG) (FLNRORD, 2018) is 
another key document for flood mapping in BC. It defines key terms, including Flood Construction Levels, 
used for flood mapping and planning. More details on these terms can be found in Chapter 5. 

2.8.2 Risk Assessment 
In the absence of current Canadian regulatory documents to guide consequence and risk assessments, 
international guidelines may be used to inform methods. We considered guidelines developed in recent 
years that are based on the Sendai Framework (UN, 2016b; UNDRR, 2016, 2017), and resources from the 
Australian Institute for Disaster Resilience (AIDR). The AIDR provides insight into the use of stakeholder 
knowledge and expert elicitation to support the estimation of intangible and indirect impacts, as well as 
discussion of consequence scoring methods (AIDR, 2015).  

The methods applied also consider forthcoming or recently published guidance on natural hazard risk 
assessment being developed by various agencies7 in Canada. Specifically: 

1. Defence Research and Development Canada/Public Safety Canada, who are developing a 
“Methodological Approach to Canada’s National Risk Profile”.  

2. National Research Council of Canada, who have recently released a guideline document on Flood 
Risk Assessment methods with a focus on infrastructure (Murphy et al., 2020) 

3. Natural Resources Canada/Public Safety Canada, who are developing flood risk assessment 
guidelines as part of the Federal Flood Mapping Framework initiative.  
 

All the above are on different timelines, but all follow the basic frameworks for natural hazard risk 
assessment described in the international documents. Finally, methods were derived from recent 
experience completing natural hazard risk assessments for other communities in Canada (also under the 
National Disaster Mitigation Program (NDMP)). Over time, these have evolved based on experience and 
data availability. 

In BC, the recently enacted Professional Governance Act (PGA) [2021]8 provides a consistent governance 
framework for self-regulating professions that incorporates best practices of professional governance. 
One of the five professional regulators governed by the PGA, Engineers and Geoscientists of British 
Columbia (EGBC)9, has developed (in addition to the Professional Practice Guidelines) a series of guideline 
documents that relate to natural hazard management, including: 

• Legislated Flood Assessment in a Changing Climate in BC (EGBC, 2018)  

 

7 Ebbwater is involved either as an author, advisor, or reviewer for each of the above guidelines. There may be other 
initiatives that are not yet public and therefore not included in this list. 
8 Weblink: https://professionalgovernancebc.ca/about/professional-governance-act/. Accessed 10 December 
2020. 
9 Formerly called the Association of Professional Engineers and Geoscientists of British Columbia (APEGBC). 

https://professionalgovernancebc.ca/about/professional-governance-act/
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• Legislated Landslide Assessments for Proposed Residential Developments in British Columbia 
(APEGBC, 2010).  

While these guidelines provide useful information to help practitioners think about the information 
required to study natural hazards, none of them references current international best practice for natural 
hazard risk assessment and risk reduction. The methods applied in this project consider the EGBC 
guidance, and in general exceed them by virtue of following international best practice. 

2.9 Summary 
Natural hazard mapping and risk assessment is a challenging and evolving field. The level of effort it takes 
to conduct the required studies is very dependent on the use of the information, but also on the available 
data and resources. A true risk assessment, one that looks at consequences for different likelihood 
scenarios over time, is an invaluable instrument for decision-makers, policy makers, and planners. Such a 
risk assessment can be used to understand and to mitigate present and future damages and to create risk 
management strategies that are cost-effective and supported by all communities in a region. As such, they 
can be used to prioritize actions and to plan for long-term financial investments in risk reduction. 

International guidance such as the Sendai Framework and UNDRIP are driving the regulatory landscape in 
BC. This is bringing much needed guidance, including on issues of First Nations inclusiveness. With the 
completion of this hazard and risk assessment project, the SLRD is well-placed to inform future risk-based 
decisions. Furthermore, framing future work on flood in the region in terms of the Sendai Framework will 
help the SLRD and its partners to leverage funding that will be available through provincial and federal 
programs. 
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3 Topographic Surface Development 
This section describes the initial steps that were necessary to produce detailed flood hazard maps. The 
process started with surveying of creek channel sides and bottoms (bathymetry) and of overland flood 
hazard areas (topography), and the subsequent development of a merged digital elevation model (DEM). 
These outputs were then used to provide a continuous surface for input to the hydraulic model.  

To support the development of a topographic surface, LiDAR data that was collected in 2016 as part of 
the NDMP program, was provided to the consulting team by SLRD. LiDAR data is an excellent resource for 
hydraulic modelling, as the technology is applied to create a high resolution representation of the ground 
surface at relatively low cost (Wedajo, 2017). However, the LiDAR beam does not penetrate water, 
meaning that LiDAR data surfaces do not represent creek bathymetry.  

To develop bathymetry, field data collection was required. An extensive survey program to collect 
bathymetric information along the Cheakamus River channel was conducted. These activities, 
summarized below and detailed in Appendix A, were completed by McElhanney. 

3.1 Bathymetric Surveying 
A field survey was completed during two work periods. The first occurred between 24 March and 12 April 
2021, and the second occurred between 5 May and 12 May 12, 2021. As shown in Figure 4-3, this is the 
river’s low-flow period; data collection occurred during this timeframe for safety reasons. The purpose of 
the survey was to collect elevations of the channel bottom across 
and along the channel to estimate the channel shape. Field 
personnel had appropriate swiftwater rescue training. Due to 
safety and access issues, the field team determined that the 
middle sections of the Cheakamus River (the canyon; see Figure 
1-1), would not be surveyed. 

The survey was completed using a kayak mounted with a single 
beam Seafloor SonarMite echo sounder. The sounder locations 
were recorded using a differential global positioning system 
(DGPS). As part of this system, McElhanney established five 
survey control points within the project area. In areas where tree 
cover blocked the DGPS signals, conventional total station 
surveying equipment was used to track the kayak-mounted 
sounder location.  

The sounder recorded depths continuously, at 0.5 m intervals. 
The recording accuracy was +/- 10 cm, in the vertical and 
horizontal planes. Further surveying of the channel bed was conducted using ground-based global 
positioning equipment.  

Figure 3-1: Tracking the kayak-mounted echo 
sounder using the total station ground 
surveying instrument. Source: McElhanney. 
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3.2 Crossings Surveys 
There are four crossings of the Cheakamus River within the project area. Information summarizing their 
representation in the model is provided in Table 3-1. Images for three of the crossings are shown in Figure 
3-2 to Figure 3-4. 

Table 3-1: Summary of crossings information. 

Crossing Represented 
in Model? 

Location Description Comment 

Highway 99 
Yes 

Approximately 200 m 
downstream from Daisy 

Lake Dam. 

As-built drawing was not provided by MOTI10. 
Survey conducted by McElhanney (see 

Appendix A). 
Chance 
Creek FSR Yes 

Approximately 2.5 km 
downstream from Daisy 

Lake Dam. 

As-built drawing obtained from MFLNRORD 
(2006). 

CN Rail 
Bridge Yes 

Approximately 7.6 km 
downstream from Daisy 

Lake Dam. 

As-built drawing obtained from CN (1931). A 
photo could not be obtained; reviewed with 

satellite imagery. 
Pedestrian 
Bridge No 

Approximately 13 km 
downstream from Daisy 

Lake Dam. 

Structure does not contain piers and was 
assumed to have no substantial effect on high 

flows. Represented in DEM only. 

 

10 It is believed that there is no electronic copy, and the paper copies are at MOTI headquarters. A scan of the copies 
was not provided. Anna Kosmala, Personal communication, 21 April 2021.  



 
 

 

SLRD Flood Hazard Mapping and Risk Assessment – Upper Paradise Valley 
Final Report  

23 

 

 

 

3.3 Post-Processing 
All raw survey data was processed using Leica Geo-office software to create point files ready for import 
into surface modelling and mapping software. The LiDAR data comprised various AutoCAD Civil3D 
software shape, surface ground break-lines, and 1-m grid surface files. To facilitate the DEM-merging 
process, a portion of the LiDAR data containing the river corridor (approximately 70 m wide) was replaced 
with a smaller 1-m grid points file.  

3.3.1 DEM Merging Process 
The surveyed bathymetry data extended to the edge of water, and the LiDAR data extended to the water 
line at the time of LiDAR data collection. There was no overlap between datasets, but both were based on 
the same geodetic datum. Using AutoCad Civil3D software, interpolation was applied between the 1-m 

 

Figure 3-2: Highway 99 bridge with the outlet of 
Daisy Lake Dam in the background. Photo taken on 
30 March 2021 by McElhanney. 

Figure 3-3: Chance Creek Forest Service Road bridge, view 
upstream. Riprap is observed in the foreground. Photo taken 4 
August 2021 by Ebbwater. 

Figure 3-4: Pedestrian bridge. Photo taken on 30 
March 2021 by McElhanney. 
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grid points file and the bathymetric survey points along the edges. Final merging of the two datasets was 
completed using ArcGIS software, to obtain a continuous DEM. 

3.3.2 Deliverables 
The floodplain surface DEM file was delivered in a GeoTiff format (to be compatible with the hydraulic 
model, see Chapter 5). The surface did not include the bridge decks at the crossings as these were 
subsequently added within hydraulic modelling (see Chapter 5). The various spatial datasets are shown in 
map sheets attached to Appendix A. The map sheets include raw bathymetry data collection points, LiDAR 
data contours, crossing elevations, and survey control point locations. Orthophotos provided by SLRD are 
used as a base layer (see Figure 3-5). 

 

 

Figure 3-5: Example topographic surface development deliverable with raw bathymetry (blue dots), LiDAR contours (white 
lines), and crossing elevations (red text). 
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3.4 Summary 
The merged topographic surface was produced through extensive field-based surveying, complemented 
by multiple post-processing tasks. The result was used primarily as input to the hydraulic model 
(Chapter  5), but also supported the development of the geohazards analysis and mapping (Chapter 7).  
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4 Hydrologic Analysis 
The objective of the hydrologic assessment was to determine the range of flows that enter the project 
area, forming the basis for the hydraulic model inflows. In this chapter, the project area watersheds and 
hydrometric monitoring locations are first presented, and this is followed by a discussion of historic floods, 
and the flow regime. Key factors affecting watershed flows (i.e., flow regulation, climate change, and 
forest disturbance) are then discussed. Finally, we present the design and mapping flow scenarios used in 
the subsequent chapters.  

4.1 Watersheds 
The Cheakamus River is regulated and has several contributing tributaries. The Cheakamus River near 
Brackendale WSC gauge 08GA04311 is a key data station to estimate watershed flows in the project area. 
As shown in Figure 4-1, it is located downstream from the project area, and it drains an area of 1,010 km2. 
Figure 4-1 also shows the project area watersheds, which are described in the following sub-sections. 

 

Figure 4-1: Project area watersheds. 

 

11 The WSC has monitored the Cheakamus River at Brackendale hydrometric station (08GA043) since 1955 with 
limited disruption. 
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4.1.1 Daisy Lake Reservoir 
The upstream portion of the watershed contains the Daisy Lake Reservoir, which was created when the 
Daisy Lake Dam was constructed to support hydropower generation in 1957 (BC Hydro, 2012)12. This 
watershed drains an area of 771 km2, or approximately 76% of the total watershed area of the WSC gauge 
08GA043 (BC Hydro, 2012) (Table 4-1). BC Hydro monitors and manages inflows and outflows from Daisy 
Lake Reservoir. From the reservoir, a canal and penstock drain approximately 60% of the water westward 
into turbines at the eastern edge of the Squamish River valley (BC Hydro, 2012). The remainder of flow 
spills over the Daisy Lake Dam. 

Dam operations assist with control by managing high inflows. For example, from 1 October to 31 
December, a target maximum reservoir level is set to provide additional storage space in the reservoir13. 
During the routing of flood events, BC Hydro will co-ordinate operations with the District of Squamish. 

4.1.2 Tributaries 
There are several ungauged tributaries to the Cheakamus River between the Daisy Lake Dam and the 
downstream WSC gauge. The main contributing sub-watersheds are Rubble Creek and Culliton Creek. 
These watersheds are 74 km2 and 78 km2 in size, respectively (Table 4-1). Rubble Creek flows from 
Garibaldi Lake beneath the natural rock wall formation known as the “Barrier”, and discharges to the 
Cheakamus River approximately 1 km below the Daisy Lake Dam. Culliton Creek discharges to the 
Cheakamus River approximately 13 km below the dam (straight-line distance). Smaller tributary 
watersheds make up the remaining residual local drainage area (87 km2) (Figure 4-1; Table 4-1). 

Table 4-1: Summary of project area watersheds. 

Catchment Approximate Area 
(km2) 

Percent of Total Area 
(%) 

Daisy Lake 771 76 
Rubble Creek 74 7 
Local Drainage 87 9 
Culliton Creek 78 8 
Total 1,010 100% 

 

4.2 Historic Floods 
As discussed in Sub-section 1.3.1, most annual precipitation in the project area falls between the months 
of October and April. Historical peak flow records are valuable to understand the hydroclimatic factors 
that have contributed to a river exceeding its channel capacity in the past. This includes understanding 
how these specific events may have caused important morphological shifts in the channel. Knowledge of 

 

12 Other sources refer to different dates related to dam construction and reservoir formation, but the one provided 
seems most consistent within reports. 
13 The capacity for flow attenuation through flood routing is limited. The reservoir can store approximately 55 million 
m3 of water, which is only 3.5% of average annual inflow (BC Hydro, 2005). 
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these dynamic processes can help us better understand how the river channel is likely to respond to future 
floods and, in turn, when bathymetry and associated flood hazard mapping may become outdated (see 
Chapter 7).  

Based on the available WSC gauge 08GA043 data, the last major flood on the Cheakamus River since 1984, 
was in 2003. Table 4-2 lists the five largest flow events on the Cheakamus River within the 1983-2005 time 
period, including inflows and outflows as measured by BC Hydro at the Daisy Lake Dam (BC Hydro, 2012). 

Table 4-2: Historical flood events on Cheakamus River (1984-2003). 

Date Daisy Lake 
Reservoir Inflow 

(m3/s)1 

Daisy Lake Dam 
Outflow (m3/s) 1 

WSC Gauge 
08GA043 Flow 

(m3/s) 1 

Storm 
Precipitation 

(mm) 2 

18 Oct 2003 627 614 1,185 330 
30 Aug 1991 623 552 - 259 
11 Nov 1990 648 356 547 286 
8 Oct 1984 565 387 525 306 
18 Nov 1995 419 277 395 - 
Notes: 
1 – From BC Hydro (2012) 
2 – From Bausch (2009), measured at Upper Squamish climate station (located approximately 8 km due west from the 
project area). 

 

4.2.1 2003 Flood Impacts 
Based on the data recorded at the WSC gauge, the 2003 flood event was extreme. The event was caused 
by a large rainstorm that blanketed the southern coast of BC. Flows for this flood event were used in the 
calibration of the hydraulic model (Section 5.4) 

Near project area, approximately 330 mm of precipitation was received over approximately 2-3 days 
(Table 4-2). The Daisy Lake Reservoir capacity reached its maximum on the evening of Friday, October 
1714. BC Hydro initiated a procedure to allow water from the reservoir to flow into the river15. Based on 
one homeowner’s account, in the evening of that day, puddles had formed around their house from the 
previous two days of rain. In 45 minutes, this quickly changed to ankle deep water. The next day, water 
was up to 1.8 m deep outside16. The storm caused local officials to call a state of emergency and ordered 
as many as 150 people to evacuate their homes in the Squamish area.  

 

14  B.C. flood forces evacuations. CBC News. Weblink: https://www.cbc.ca/news/canada/b-c-flood-forces-
evacuations-1.385116. Accessed 15 October 2021. 
15  B.C. flood forces evacuations. CBC News. Weblink: https://www.cbc.ca/news/canada/b-c-flood-forces-
evacuations-1.385116. Accessed 15 October 2021. 
16  After the deluge: 2003 flood revisited. The Squamish Chief. Weblink: https://www.squamishchief.com/local-
news/after-the-deluge-2003-flood-revisited-3329629. Accessed 15-Oct-2021. 

https://www.cbc.ca/news/canada/b-c-flood-forces-evacuations-1.385116
https://www.cbc.ca/news/canada/b-c-flood-forces-evacuations-1.385116
https://www.cbc.ca/news/canada/b-c-flood-forces-evacuations-1.385116
https://www.cbc.ca/news/canada/b-c-flood-forces-evacuations-1.385116
https://www.squamishchief.com/local-news/after-the-deluge-2003-flood-revisited-3329629
https://www.squamishchief.com/local-news/after-the-deluge-2003-flood-revisited-3329629
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A section of Highway 99 that impinges upon the outer bank of a broad meander was washed-out, and a 
section of the CN railway was undermined (Figure 4-2). Both washouts were likely at least partly driven 
by erosion of the underlying fluvial deposits on which riprap embankments were founded. 

  
Figure 4-2: Initial reconstruction of sections of Highway 99 (a) and the railway (b) that were washed out during the October 
2003 flood, despite partial protection by riprap (provided by: MFLNRORD). 

4.2.2 Historical Data Limitations 
There are a few challenges with using historical records to understand potential future flows. First, on 
regulated rivers, naturalized flows are required to be computed to remove the effects of the dam 
regulation 17 . Second, flood events are relatively infrequent. The short available datasets are not 
necessarily suitable to assess trends established through frequency analysis. Third, large floods often 
damage hydrometric equipment, further reducing the available data record. This likely is why there is no 
peak flow record for the 30 August 1991 event in Table 4-2. Fourth, climate change is leading to a shift in 
the hydrologic regime (see Section 4.4), which means that past trends are less reliable to estimate future 
projections (data non-stationarity) (Šraj et al., 2016). Finally, land use changes within the watershed could 
alter the watershed response, and peak flow characteristics (Tollan, 2002). 

4.3 Flow Regime 
The Cheakamus River watershed is characterized by a regime that is driven by a mix of rainfall and 
snowmelt processes (coastal-nival watershed) (Eaton and Moore, 2010). Glaciers, which cover 
approximately 8% of the project area watersheds18, account for a portion of the snowmelt. The snowmelt-
dominant aspects reflect precipitation inputs in the form of snow over the winter and spring. This snow 
water equivalent is then released during the. The large variation in elevation in the watershed leads to a 
relatively prolonged freshet period, where snow at progressively higher elevations melts later in the 
spring. The snowmelt is augmented by glacier melt during the summer period.  

 

17 Based on the BC Hydro (2012) report, it appears that naturalized flows may only be readily available for the period 
starting in 1984.  
18 Approximately 80% of the glacier cover is within the Daisy Lake watershed, and the remainder is in the watersheds 
located below the dam. 

a b 
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The processes described above are observed in the annual hydrograph for the WSC gauge 08GA043, 
shown in Figure 4-3. The daily mean discharge is largest for the period April to August, resulting from the 
freshet period (shown by the thick blue line during those months). The daily peak flows, however, from 
April to August are moderate relative to other times of the year (shown by the blue dots).  

 

Figure 4-3: Distribution of the flow events for WSC Gauge 08GA043 showing extreme events for all the years of the record. The 
grey area represents the 90th percentile flow. 

In contrast to the snowmelt-dominant flows that occur from April to August, the rainfall-dominant aspects 
of the hydrograph result in larger peak flows. This is illustrated by comparing the blue dots during the fall 
and winter months (Figure 4-3). Watershed runoff responds more quickly to intense rainfall events. So-
called “atmospheric rivers”, for example, are caused by moisture-laden air masses from the Pacific Ocean 
that meet the coastal mountains. They can also interact with the snowmelt-dominant processes when 
warm rain falls on snowpack, causing rain-on-snow events. These interactions can lead to large floods 
(e.g., this a likely cause for the high discharges shown by the blue dots from December to February). These 
types of large storms are influenced by patterns that occur on annual and decadal cycles19.  

In addition to the flow regulation and hydroclimatic processes described above, the Cheakamus River flow 
regime is influenced by climate change and forest disturbance, which are discussed in the following 
sections. 

 

19 Pacific Ocean circulation patterns affect coastal temperature and precipitation, which are tracked through indices 
consisting of sea surface temperatures (SSTs) that characterize phenomena such as the El Nino Southern Oscillation 
(ENSO) and the Pacific Decadal Oscillation (PDO). 
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4.4 Climate Change 
Given the non-stationarity of climate data (see Sub-section 4.2.2), understanding of future climate is 
increasingly dependent on climate model projections developed on a global scale. The global data are 
then used to consider climate changes at smaller, regional scales. The following sub-sections describe 
current climate emission trajectories, followed by trends and projections in temperature, precipitation, 
and the hydrologic regime within the project area. Refer to Appendix B for background on climate change 
science, which describes the variety of climate models and downscaling methods used to obtain regional-
scale projections. 

4.4.1 Future Emission Trajectories 
The Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC, 2014)  used 
relative concentration pathways (RCPs) to describe future emissions of greenhouse gases (GHGs). These 
are represented as global emissions of carbon-dioxide equivalents over time. Appendix B provides 
background on RCPs, as well as how these are used in global circulation models (GCMs) to simulate the 
global climate and make projections at regional scales.  

The RCP 2.6 scenario describes the best-case scenario, where emissions peak in the near future and then 
decrease over time. Conversely, RCP 8.5 describes the worst case, where a business-as-usual scenario 
perpetuates, and global society continues to emit GHGs at current rates. Two other scenarios (RCP 4.5 
and RCP 6.0) describe trajectories that are somewhere in between the previous two described. Although 
the global community still has the ability for course corrections, some governments, including in BC (e.g., 
Metro Vancouver) have made an organizational level decision to assume the worst case of an RCP 8.5 
scenario to support future planning. 

4.4.2 Temperature Trends and Projections 
To better understand past and likely future changes due to climate change for the Cheakamus River area, 
downscaled data was downloaded for the project area20. Within this area, the average daily temperature 
increased by approximately 0.5°C, between 1950 and 2005 21. Future temperatures are projected to 
continue to increase, and at a faster rate. The projections are based on three RCPs (Table 4-3). 
Temperature projections for each RCP are from an ensemble of 24 climate models, which provides a range 
of results. The projections show that in 2050, temperatures could increase up to another 2.1°C from 2005 
levels, and in 2100, they could increase by up to 5.3°C.  

 

 

 

20 The modelled data was obtained for a grid cell with approximate dimensions of 10 km by 6 km, from Climate Data 
for a Resilient Canada. The grid cell can be searched using “Culliton Creek” as the placename. Weblink: 
http://climatedata.ca. Accessed 15 September 2021. 
21 The year 2005 is used here as the threshold to compare “historical” and “future” data since the Climate Data for 
a Resilient Canada datasets use the 1986-2005 period as the baseline. 

http://climatedata.ca/
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Table 4-3: Temperature projections for the project area for various RCPs. 

Future 
Year 

Emission Scenario Median 
Temperature  

(°C) 

Uncertainty Range (°C) Change from 
2005  

(°C) 
10th 

Percentile 
90th 

Percentile 

2050 RCP 2.6 9.5 8.5 10.7 1.2 
RCP 4.5 10.1 9.0 10.8 1.7 
RCP 8.5 10.4 9.1 11.6 2.1 

2100 RCP 2.6 9.7 8.8 10.6 1.4 
RCP 4.5 11.1 9.9 11.7 2.8 
RCP 8.5 13.7 12.0 15.4 5.3 

 

4.4.3 Precipitation Increase 
At large scales, concurrent with rising temperature, precipitation is expected to increase due to increasing 
evaporation, leading to an intensification of the hydrologic cycle22. However, compared to temperature 
projections, there is more uncertainty in the historical and future projections of precipitation. In areas 
where storms currently occur, such as in the Cheakamus River area, the number of stormy days is likely 
to increase. Figure 4-4 shows the historical modelled, and future projected changes in, days where 
precipitation exceeds 20 mm. The range of uncertainty (i.e., the 10th and 90th percentile results) is shown 
by the shaded grey (for the historical period 1950 to 2005) and shaded colours (for the future period 2005 
to 2100). Depending on the RCP emission scenarios, the range in the number of “wet” days per year is 
projected to increase between approximately 1 and 4 days by the year 2100. 

 

22  Weblink: https://earthobservatory.nasa.gov/images/145357/water-cycle-is-speeding-up-over-much-of-the-us. 
Accessed 23 September 2021. 

https://earthobservatory.nasa.gov/images/145357/water-cycle-is-speeding-up-over-much-of-the-us
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Figure 4-4: Historical and future projections of wet days in the project area. 

One of the drivers of overland flow (runoff) and flooding is the intensity of extreme precipitation events 
(i.e., how much rain falls within periods of a day or less). With higher rainfall intensities, the infiltration 
capacity of the soil is exceeded and more surface runoff is generated (Maidment, 1992). Precipitation 
under different intensity-duration-frequency (IDF) combinations are projected to increase in Canada (A. 
Cannon and Innocenti, 2019). Changes specific to the project area were obtained from the research 
authors (Alex Cannon, Environment Canada, personal communication, 20 September 2021). Results in 
Table 4-4 show that, relative to other combinations, the intensity increases are projected to be largest for 
events of lower frequency (greater severity) and shorter durations. Therefore, rainfall conditions that lead 
to flooding are projected to become more severe in the project area. Note that the projections show the 
percent increase in precipitation per degree of warming, meaning that precipitation intensities will 
continue to increase over the next century23.  

Table 4-4: Future change in precipitation amount per degree Celsius of warming in the project area (extracted and provided 
by the authors of Cannon and Innocenti (2019). 

 Average Increase (%/°C)  Estimate Uncertainty (%/°C) 
Duration 50th percentile  25th percentile 75th percentile 

10% AEP (10-year indicative return period) 
0.25-hr 17.6 12.7 22.7 

1-hr 14.9 12.7 19.2 
24-hr 10.7 8.3 13.1 

2% AEP (50-year indicative return period) 

0.25-hr 19.0 12.0 25.3 

 

23 The results were obtained based on RCP 8.5; however, the research authors state that the results can apply to 
any RCP given that there is little evidence to suggest that changes in precipitation extremes for a given temperature 
change depend on RCP forcing scenario over North America (A. J. Cannon and Innocenti, 2019). 
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 Average Increase (%/°C)  Estimate Uncertainty (%/°C) 
Duration 50th percentile  25th percentile 75th percentile 

1-hr 16.2 12.0 21.6 
24-hr 12.4 8.8 14.3 

 

The above data can be used to project the change in precipitation intensity in the project area. Based on 
the current IDF curves for the Squamish Airport (for the period 1982-1991) 24, the 2% AEP (50-year 
indicative return period), 15-min rainfall intensity is 48 mm/hr. Based on the temperature projections for 
the area, the rainfall intensity for the same AEP storm and duration will likely increase to 67 mm/hr in the 
year 2050, and to 96 mm/hr in the year 210025.  

4.4.4 Hydrologic Regime Shift 
In addition to causing more extreme precipitation, warmer temperatures are causing less precipitation to 
fall as snow and more as rain. This is leading to earlier and more rapid snowmelt. Coastal-nival watersheds, 
and those with diverse topography (such as those in the project area, see Sub-section 4.3), are especially 
sensitive to these temperature changes (Schnorbus, Werner and Bennett, 2014).  

Changes to the hydrologic regime in the Cheakamus River have already been observed. Daily natural 
flow26 for the period 1917-1937 (considered as the baseline) and the period 1997-2017 (considered as 
influenced by climate change) were analyzed (Knight and Chapman, 2020) . The annual hydrograph of the 
Cheakamus River in the climate change period shows that there is an earlier and smaller peak of the 
snowmelt period (freshet) (see the small blue oval in Figure 4-5), but there are larger peak flows 
associated with fall and winter storms (see the higher green lines compared to the purples lines from 
November to February). 

 

24 Weblink: https://climatedata.ca/site/assets/themes/climate-data-ca/resources/app/idf/idf_v-
3.20_2021_03_26_104_BC_10476F0_SQUAMISH_AIRPORT.pdf. Accessed 15-Oct-2021. 
25 The calculation assumes a negligible change in temperature in the project area between the period 1982-1991, 
and 2005. 
26 Non-regulated flow conditions calculated by BC Hydro as the sum of reservoir inflows plus inflows below Daisy 
Lake Dam. 

https://climatedata.ca/site/assets/themes/climate-data-ca/resources/app/idf/idf_v-3.20_2021_03_26_104_BC_10476F0_SQUAMISH_AIRPORT.pdf
https://climatedata.ca/site/assets/themes/climate-data-ca/resources/app/idf/idf_v-3.20_2021_03_26_104_BC_10476F0_SQUAMISH_AIRPORT.pdf
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Figure 4-5: Natural annual water flow in the Cheakamus River. The purple line represents the average daily water flow for the 
period 1917-1937. The green line represents the average daily water flow for the period 1997-2017. Reproduced with 
permission from Ocean Wise (Knight and Chapman, 2020). 

The changes to the hydrologic regime increase the possibility of rain-on-snow events, and they are likely 
to be exacerbated by the projected increase in both the number of wet days and the precipitation 
intensity explained in the Sub-section 4.4.3. While it is challenging to estimate how peak flow events will 
change in the future, the trends shown in Figure 4-5 provide some initial insight. Possible changes in the 
peak flows under climate change are discussed in Section 4.6.  

4.5 Forest Disturbance 
Research has demonstrated that removal of forest vegetation generally increases snow accumulation and 
melt rates. With the absence of trees, less snow is intercepted by their canopies and sublimated to the 
atmosphere, and less spring snowmelt is infiltrated into the soil (Forest Practices Board, 2007; Winkler et 
al., 2010). Consequently, the magnitude of average and peak streamflow and the frequency of floods of 
a given magnitude increase (Green and Alila, 2012; Pomeroy, Fang and Ellis, 2012). Two causes of forest 
disturbance are wildfire and logging, described below.  

4.5.1 Wildfire 
Wildfire is a natural and critical component of ecosystem functioning. Four factors dominantly affect 
wildfire activity: fuels (i.e., vegetation and its moisture levels), climate and weather, ignition sources, and 
people (i.e., ignition source and land use management) (Flannigan et al., 2005). In recent decades, fire 
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seasons have become longer, and the frequency and extent have increased in western Canada. The 
changes are associated with observed climate change (Gillett et al., 2004; Little et al., 2018).  

Post-wildfire landscapes are more prone to flooding because the burned soil is less permeable and has 
higher surface runoff (Scott and Van Wyk, 1990; Robichaud, 2000). The removal of vegetation and soil 
property changes make soils water-repellent (hydrophobic) (Doerr, Shakesby and MacDonald, 2009; Hope 
et al., 2015). Where these conditions are severe, surface runoff can cause significant erosion (Nyman et 
al., 2019). Elevated hazard conditions remain until vegetation can be restored, which can take up to five 
years27. 

Based on wildfire mapping dating back to 2010, obtained from the BC Wildfire Service28, three wildfires 
occurred within the project area watersheds. They occurred on 31 July 2010, 27 June 2016, and sometime 
in 2012, and the total size was approximately 52 ha. 

4.5.2 Logging 
Forest areas with greatest changes in forest structure, such as clearcut areas, accumulate substantially 
more snow compared to less disturbed areas (Varhola et al., 2010; Winkler et al., 2010). The project area 
watersheds are located within the Soo Timber Supply area29. Approximately 10% of the project area’s 
watershed surface area is protected from logging, as it is located within Garibaldi Park. Based on the 
annual area of timber harvested for the Province of BC30, a high-level estimate of the area that could be 
expected to be logged within the project area watersheds, on an annual basis, is 193 ha.  

The combined estimated forested areas that have been disturbed by wildfire and logging in the last 10 
years represents about 2% of the project area watersheds. While this area is relatively small, it should be 
tracked into the future. Considering changes due to climate warming, forest disturbance could increase 
especially due to wildfire potential (Goss et al., 2020). 

4.6 Design and Mapping Flow Scenarios 
Typically, the flood flows simulated within a hydraulic model are based on floods described by their 
frequency, or probability of occurrence. However, as described in Sub-section 4.2.2, challenges with 
historical flood data leads to inherent uncertainty in attributing a frequency of occurrence to flood flows. 
Further, in the case of the regulated Cheakamus River, there is uncertainty in future operational regimes 

 

27 Flood After Fire Factsheet. Weblink: https://www.ready.gov/sites/default/files/Flood_After_Fire_Fact_Sheet.pdf. 
Accessed 12 June 2019. 
28 Weblink: https://www2.gov.bc.ca/gov/content/safety/wildfire-status/about-bcws/wildfire-statistics. Provided by 
SLRD on 9 September 2021. 
29 The area is within the South Coast Natural Resource Region and is administered by the Sea to Sky Natural Resource 
District. Weblink: https://www2.gov.bc.ca/gov/content/industry/forestry/managing-our-forest-resources/timber-
supply-review-and-allowable-annual-cut/allowable-annual-cut-timber-supply-areas/soo-tsa. Accessed on 10 
September 2021. 
30 According to the Timber Supply Review Backgrounder, approximately 0.2% of the total area of BC is logged 
annually. Weblink: https://www2.gov.bc.ca/assets/gov/farming-natural-resources-and-
industry/forestry/stewardship/forest-analysis-inventory/tsr-annual-allowable-
cut/tsr_backgrounder_apr_2021.pdf. Accessed on 10 September 2021. 

https://www.ready.gov/sites/default/files/Flood_After_Fire_Fact_Sheet.pdf
https://www2.gov.bc.ca/gov/content/safety/wildfire-status/about-bcws/wildfire-statistics
https://www2.gov.bc.ca/gov/content/industry/forestry/managing-our-forest-resources/timber-supply-review-and-allowable-annual-cut/allowable-annual-cut-timber-supply-areas/soo-tsa
https://www2.gov.bc.ca/gov/content/industry/forestry/managing-our-forest-resources/timber-supply-review-and-allowable-annual-cut/allowable-annual-cut-timber-supply-areas/soo-tsa
https://www2.gov.bc.ca/assets/%E2%80%8Bgov/farming-natural-resources-and-industry/forestry/stewardship/forest-analysis-inventory/tsr-annual-allowable-cut/tsr_backgrounder_apr_2021.pdf
https://www2.gov.bc.ca/assets/%E2%80%8Bgov/farming-natural-resources-and-industry/forestry/stewardship/forest-analysis-inventory/tsr-annual-allowable-cut/tsr_backgrounder_apr_2021.pdf
https://www2.gov.bc.ca/assets/%E2%80%8Bgov/farming-natural-resources-and-industry/forestry/stewardship/forest-analysis-inventory/tsr-annual-allowable-cut/tsr_backgrounder_apr_2021.pdf
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at the Daisy Lake Dam. Furthermore, guidelines increasingly recommend that multiple flows be simulated, 
to understand the effects of a broad range of flood flows. The uncertainties in the associated probabilities 
of occurrence are equally present within additional flow scenarios that may be defined. 

An alternative method was used to define flow scenarios to be used in the hydraulic model. The approach 
was based on the following objectives: 

• Provide the SLRD with flood maps that are based on a variety of flow scenarios, to provide an
understanding of the range of flood conditions that could be observed as a function of present-
day and future climate conditions, as well as present-day and potential future regulation regimes
at the Daisy Lake Dam.

• Clearly link the flood maps with the input flows, instead of linking them to recurrence probabilities
that are uncertain.

• Complement previous work. This can be achieved by providing an in-depth understanding of flood
flows caused by natural processes. This builds on, and avoids duplicating, work previously
completed by BC Hydro related to modelling and mapping of infrastructure failure scenarios
related to dam breach.

A flow “ramping approach”, which addressed the objectives outlined above, was discussed and approved 
by the Steering Committee. The approach is described below. 

4.6.1 Ramping Approach 
We adopted a ramping approach to define flood magnitude scenarios, based on increments of 
approximately 400 m3/s. The lowest flood magnitude was 450 m3/s, which was defined based on previous 
sources as the “bankfull” flow, when flows overtop the channels. Five flood magnitudes were defined and 
modelled, as shown in Table 4-5. The highest flood magnitude was approximately equivalent to the lowest 
flood magnitude that was modelled in the BC Hydro dam breach analysis (BC Hydro, 2012). This flow was 
included within our modelling to provide the SLRD with a comparison between the flood maps created by 
the Ebbwater team (using updated bathymetry) and BC Hydro. The peak flows listed in Table 4-5 include 
the total flows entering the system from the catchment (see Sub-section 4.1.2). 

Table 4-5: Summary of modelled flood flows. 

Scenario 
Number 

Flood 
Magnitude 

Rationale Approximate Likelihood Peak 
Flow 

(m3/s)1 

Historical Flood 
Event 

Reference Annual 
Exceedance 
Probability 

Return 
Period 

(Indicative) 

1 Very low Bankfull 
discharge2 67%-20%3,4 

Between 1 
in 1.5 and 1 
in 5 years 

450 1995 

2 Low 
Roughly halfway 

between Scenario 
1 and 3 Flows 

2%5 1 in 50 years 776 1981 

3 Moderate 
Regulatory 
mapping 

requirement 
0.5%2,3

1 in 100- to 
1 in 200-
years 2 

1,203 2003 
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Scenario 
Number 

Flood 
Magnitude 

Rationale Approximate Likelihood Peak 
Flow 

(m3/s)1 

Historical Flood 
Event 

Reference Annual 
Exceedance 
Probability 

Return 
Period 

(Indicative) 

4 High 
Roughly halfway 

between Scenario 
3 and 5 Flows 

Less than 
0.2%5

More than 1 
in 500 years 1,650 1983 

5 Very high 

Ties in with BC 
Hydro inundation 
maps (including 
Daisy Lake Dam 

spill flow of 1000 
m3/s). 

Undefined Undefined 1,940 None 

Notes: 
1 – Defined as the flood flow at the downstream limit of the model boundary, assumed to be the flow at WSC gauge 
08GA043. 
2 – As referenced in BC Hydro (2012). 
3 – Closest AEP flood estimate from the River Forecast Centre for the WSC station. 
4 – Commonly associated with bankfull discharge, see (Dunne and Leopold, 1978). 
5 – Based on high-level frequency analysis (see Appendix D). 

The flows listed in Table 4-5 were used to provide a library of flood maps that will be relevant in the years 
to come. It will be beneficial to support flood planning and emergency management applications. The 
approach is one way of overcoming the uncertainties related to the frequency and magnitude of flood 
flows, and how these are affected by changes in flow regulation and forest disturbance. The flows 
modelled will also be useful considering climate change, as described below. 

4.6.2 Climate Change Influence 
Due to a range of factors described in Section 4.1 to 4.5, it is extremely challenging to project future flood 
flow magnitudes under Climate Change for the Cheakamus River. However, the sources of uncertainty are 
constrained to knowing how much larger floods will be, and when they will occur (both seasonally, and 
into future decades). EGBC guidelines outline a procedure to consider Climate Change if flows within the 
project area show an apparent climate change trend (EGBC, 2018) (see Figure 4-5 for evidence). We 
developed a high-level rationale, informed by the EGBC procedure, to obtain a high-level understanding 
of future flood flows under climate change. The rationale and high-level understanding were as follows:  

• Based on the temperature projections for the project area (Sub-section 4.4.2), and the projections
in precipitation intensity presented in Table 4-4, the 24-hour precipitation intensity for the 2%
AEP (50-year indicative return period) storm is projected to increase by 26% and 66% in the years
2050 and 2100, respectively.
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• Applying the range in increase in precipitation intensity above to the moderate flood magnitude 
scenario of 1203 m3/s (Table 4-5) yields projections of 1516 m3/s and 1994 m3/s for the years 2050 
and 2100, respectively31 (EGBC, 2018).  

• The high flood magnitude scenario listed in Table 4-5 (i.e., 1650 m3/s) is within the above range; 
therefore, it is reasonable to consider the current high flood magnitude scenario as representing 
potential future changes to the current moderate flood magnitude scenario.  

Under climate change, the modelled moderate flood magnitude scenario, which approximates the 2003 
flood, in future could be expected to be similar to the current high magnitude flood (see note in Figure 
4-6). This shift could be expected to occur sometime between the years 2050 and 2100. This rationale and 
understanding should be considered as very high level and is a basis to understand a conceptual shift in 
flood magnitudes in the future (Figure 4-6). The shifts are subject to a range of uncertainties and factors 
described in previous sections of this chapter. They are likely conservative; however, they do not consider 
complex interactions of climate change on hydrological processes (e.g., changing frequency of rain-on-
snow) that could produce extremely high flows.  

 
Figure 4-6:  Conceptual shift in flood magnitude scenarios from present to future due to climate change. 

Figure 4-6 shows that flood magnitudes in the future are likely to increase. The uncertainty in flood 
magnitudes is larger for higher flood magnitudes (shown by larger pale orange circles). The uncertainty 
bands (hatched lines) are conceptual only. 

4.6.3 Catchment Flows 
For the hydraulic model, inflows were estimated at different points along the Cheakamus River to be more 
representative of real-world conditions. The model inflows accounted for flows at the Daisy Lake 
Reservoir, Rubble Creek, and Culliton Creek, as well as the remaining local drainage area (Figure 4-1). 
Flows were based on the areas of each catchment. In the model, the inflow peaks were conservatively 

 

31  By interpretation of the suggested EGBC (2018) procedure, it is assumed that the increase in the extreme 
precipitation is added proportionally to the peak runoff.  
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simulated to occur simultaneously. As an example, Table 4-6 lists the model input flows associated with 
the moderate flood magnitude flood scenario. Chapter 5 describes other details of the hydraulic model 
that were used and considered. 

Table 4-6: Catchment peak inflows and cumulative peak flows on the Cheakamus River (m3/s) for the moderate magnitude 
flood scenario. 

Represented Flow Daisy Lake 
Reservoir 

Rubble Creek Local Drainage 
Area  

Culliton Creek 

Peak flow at mouth of 
catchment 620 186 242 155 

Cumulative flows on the 
Cheakamus River 620 806 1,048 1,203 

4.7 Summary 
The watersheds that feed the Cheakamus River within the project area were analyzed, using geographic 
and hydrometric data analysis. The watershed has experienced at least 5 flood events since 1984. The 
Cheakamus River watershed is subject to flow regulation at the Daisy Lake Dam, climate change, and 
forest disturbance. Five inflow scenarios were defined, informed by the historic flood record and previous 
studies. A flow ramping approach was developed to be used as input to the hydraulic model; the approach 
is beneficial for flood planning and emergency management applications. A rationale was developed to 
understand, at a high level, what changes could be expected to the moderate magnitude flood scenario 
under climate change.  
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5 Hydraulic Model 
A hydraulic model is a mathematical model of a fluid flow system. This section provides information on 
the development process as well as the uses and limitations of the hydraulic model developed for flood 
mapping of the Cheakamus River. 

Computational models are tools used to understand flow patterns for various events. Hydraulic models 
simulate flow by solving fluid dynamic equations at any given location under the specific water level, flow 
boundary conditions, and geometries such as channel shape, depth, and roughness. Ebbwater developed 
a hydraulic model to support the floodplain mapping.  

After selecting the software and understanding the project hydrology, the initial steps in model 
development are to develop a terrain model, build model geometry that represents the floodplain and 
channel characteristics, and incorporate the structural components such as bridges. After the geometry 
files are setup, creating flow files and flow analysis plans follows. Troubleshooting instabilities and refining 
the model input during calibration and validation closes the loop on the initial model development. For 
more details about the model development, refer to Appendix C. 

5.1 Software Selection 
A range of software is available for hydraulic models, each of which has strengths and shortcomings. Prior 
to developing a model, the most suitable software for local characteristics and the needs of the end user 
must be selected.  

A review of modelling software was conducted based on the project requirements. The criteria considered 
technical suitability, as well as practical concerns related to sustainability and user experience. The 
software selection process is detailed in a memo, Attachment 1 of Appendix C. Through the selection 
process, the US Army Corps of Engineers Hydrologic Engineering Center’s River Analysis System (HEC-RAS) 
version 6.0 software package was chosen.  

The two-dimensional (2D) component of the HEC-RAS software expands upon the HEC-RAS 1D software, 
one of the most referenced programs in this discipline. The development of the 1D software has been 
continuous since 1995, when the first model version was released. HEC-RAS 2D offers the additional 
options for hydraulic flow or coupled 1D/2D solutions. This software was selected because it allows more 
flexibility in the future use of the model. It offers an improved user-friendly interface and online user 
support. Further, it is widely used by practitioners in BC, and therefore the SLRD should easily find 
consultants to adjust parameters in future. 

5.2 Model Development 
By establishing a model with site specific characteristics, an engineer can simulate and then analyze flow 
conditions. The data required for computations are the geometric and flow data. The overall modelling 
process, including the model inputs and outputs, are shown in Figure 5-1. The following sub-sections 
provide a summary of the components of the hydraulic model. 
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Figure 5-1: Modelling process showing the process, model inputs, and model outputs. 

5.2.1 Model Extent 
The model extent is larger than the project area. The 22.6-km extent includes the Cheakamus River from 
the Daisy Lake Dam, past WSC gauge 08GA043, towards the confluence with the Squamish River. The 
extent was determined based on the extents of previous mapping efforts and client requirements. The 
extent is presented in Figure 5-2 (as the blue Cheakamus River stationing line). 
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Figure 5-2: Hydraulic model area boundary and location context for project area, municipal boundaries, and extents of FDRP 
flood mapping.  

Figure 5-2 also shows background data such as structures and dikes. The structures are represented in the 
model; however, dikes were not surveyed nor represented in the model. The dikes in the 2D model 
domain are included in the DEM, but no data was collected to ensure accuracy or update crest elevations.  

5.2.2 Topographic Surface Processing 
The topography of the land and channels is important input for the 2D hydraulic model. Effort was made 
in the development of the DEM (see Section 3.3) with bathymetric surveying and standard hydrologic 
conditioning. The final conditioned DEM reflects processing with defined flow directions. 

The horizontal resolution of the DEM used for this study is 0.5 m. Elevations are referenced in metric units 
and NAD 83 (CSRS) UTM Zone10N (CGVD2013).  

5.2.3 Model Geometry 
The Cheakamus River model is a coupled 1D/2D hydraulic model. The model geometry relies on the 
elevation information from the DEM to enable hydraulic calculations for the 1D cross-sections and the 
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finite volume 2D mesh. We built the model geometry based on the local topography, which ranges from 
a channel elevation of 350 m upstream to 46 m downstream over the 22.6 km river reach.  

In the model, approximately 10 km is in the 1D domain upstream, and 12.6 km is in the 2D domain 
downstream. Figure 5-3 illustrates the model elements as well as DEM limitations due to survey limits 
(right column). The upstream reach (stations 0 to 5,000 m) has uni-directional flow, well-defined 
overbanks, and was safe to be surveyed. The limited access to the canyon section (stations 5,000 to 10,000 
m) of the river limited or prevented bathymetric surveying. The less incised channel downstream (stations 
10,000 to 13,600 m), was surveyed. The limitation of note is that the bathymetry ends at the project area 
boundary (station 13,600 m) and does not extend to the WSC gauge (station 21,300 m).  

 

Figure 5-3: Hydraulic model elements including the boundaries conditions and locations of bridges 

In the 2D portion of the model, mesh cell size is a key parameter for the accuracy and stability of the 
model. The cell size should be small enough to capture detail and without greatly impacting computational 
times. The model produces a single water surface elevation for each cell, so reducing elevation differences 
supports effective simulations. The cell size was selected to balance accuracy, stability, and simulation 
time. To align cell faces to the flow and ridges, breaklines were enforced in the mesh.  

The incised upstream reach of the Cheakamus is represented by standard 1D cross-sections. The cross-
sections span the floodplain, are parallel to flow, and are spaced to capture changes in the channel. 
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Ebbwater incorporated three bridges into the 1D model domain: Highway 99 Bridge, Chance Creek Forest 
Service Road Bridge, and CN Rail Bridge. Bridge characteristics are available in Appendix C.  

5.2.4 Manning’s Roughness Coefficient 
Manning’s roughness coefficient or Manning’s n represents the resistance to flows in channels and flood 
hazard areas. Typically, the user assigns an initial Manning’s n based on land use and river characteristics 
and adjusts the values during calibration. Manning’s n values were refined based on the steep stream 
calculations, as described in Appendix C.  

5.2.5 Boundary Conditions 
A hydraulic model is forced by controlling flow through boundaries upstream and downstream of the 
system. The boundary condition is created in the geospatial interface and time series data are entered in 
the flow data editor.  

Five boundary condition locations were used along the main channels. Of those, four boundary conditions 
provided inflow and one applied a normal slope (friction slope of 0.023 for normal depth) for the outflow. 
The model inflows accounted for flows from Daisy Lake, Rubble Creek, and Culliton Creek, as well as the 
remaining local drainage area (see Table 4-1). All inflows are input as unsteady flows that change over 
time. In the model, the peak inflows occur simultaneously to produce conservative outputs for floodplain 
mapping.  

5.2.6 Initial Conditions 
The model user also defines the initial conditions of the system. The initial water levels or conditions were 
estimated for the preliminary simulations. Then, a restart file replaced the user specified flow estimates. 
The file was created eight hours after the beginning of the simulation to plug back in as a hot start. Using 
a restart file as the initial flow conditions decreases the run time slightly and increases stability for higher 
flow events.  

5.2.7 Run Parameters 
A summary of the model with simulated flow conditions, peak flows upstream and downstream, total run 
time, and time step is in Table 5-1. The time steps are determined by balancing the overall computational 
time with model accuracy and stability. The corresponding time step tends to decrease as flows increase 
because the solution scheme solves the flow equations based on distance and time. If the flow properties 
change too rapidly, the calculations destabilize. The program goes through these calculations for the 
entirety of the simulation or run time, which is six days.  

Table 5-1: Summary of run parameters. 

Scenario 
Number 

Flood Magnitude Peak Discharge 
at Daisy Lake 
Dam (m3/s) 

Peak Flow at WSC 
Gauge 08GA043 

(m3/s) 

Run 
Time 
(d) 

Time Step 
(s) 

1 Very low 232 450 6 2 
2 Low 400 776 6 2 
3 Moderate (0.5% AEP) 620 1,203 6 2 
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Scenario 
Number 

Flood Magnitude Peak Discharge 
at Daisy Lake 
Dam (m3/s) 

Peak Flow at WSC 
Gauge 08GA043 

(m3/s) 

Run 
Time 
(d) 

Time Step 
(s) 

4 High 850 1,650 6 1 
5 Very high 1,000 1,940 6 1 

 

5.3 Field Reconnaissance 
On 4 August 2021, Ebbwater visited the project area to review real-world conditions of the Cheakamus 
River at select locations along the river as safely accessible. The observations from the field 
reconnaissance were used to evaluate model runs during the calibration and verification phase 
(Section 5.4 and Figure 5-4). Ebbwater was joined by Palmer, who made similar observations relevant to 
the geohazards analysis and mapping (Chapter 7). 

   

Figure 5-4: Field visit photos show downstream of Rubble Creek (left) and upstream of the Chance Creek Bridge (right). 

5.4 Calibration 
Ideally, a model is developed and then calibrated using observed information. For calibration, model 
parameters are adjusted to fit model results to observations. This process provides confidence in the 
model robustness and results.  
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This hydraulic model is applied for the purpose of floodplain mapping and focuses on simulating high-
water levels. Therefore, observations of high-water levels within the channel and flood hazard area were 
necessary to calibrate with a high flow event. While limited, high-water marks following the 2003 event 
were available and calibration was successful, as described below.  

We consider the hydraulic model to sufficiently simulate flood flows for the project area. The model is 
sufficient and robust for the purposes of flood mapping. 

5.4.1 Calibration Using 2003 Flood Data 
A major flood event occurred in October 2003. Following the event, Binnie & Associates Ltd. surveyed 
observational high-water marks on several days between 20 October 2003 and 17 November 2003 (see 
Section 4 for details). While aerial photography and survey points were not extensive enough to produce 
2003 flood extents, high-water marks were useful for limited calibration of the high-flow event. Eight high-
water mark points formed the basis of the comparative analysis with hydraulic model results.  

Model parameters were incrementally adjusted to fit the hydraulic model results to the marks. The 
adjusted parameters included the Manning’s roughness coefficient, minor loss coefficients for bends, and 
ineffective flow areas. To reproduce the 2003 flows, the DEM was not modified to previous conditions. 

Figure 5-5 shows the 2003 calibration simulation results compared to the high-water marks. It is important 
to note that the simulation results are extracted from the stream centreline, as defined in the model, and 
the location of the high-water marks approximate the distance from the dam. There may be differences 
(on the order of 200 m) in how distance along the river is defined, and this likely increases downstream 
as differences accumulate. The difference in how distance along the river is defined is challenging when 
comparing water levels in sections of the river with rapidly changing WSE such as in steep sections or near 
structures. Figure 5-5 shows the water surface elevation for the 2003 calibration simulation and for the 
eight estimated high-water marks; Appendix C details the differences.  

 

Figure 5-5: Model calibration of 2003 flood simulation and estimated high-water marks  
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Note that while the 2003 survey data is the best available event data for the upper reach, it is limited in 
accuracy. The lack or misrepresentation of trash lines following the flood would result in inaccuracies in 
the surveyed elevations. Most importantly, the points do not include information critical to verification 
such as flow rates and depths.  

5.5 Validation 
For validation, the calibrated model is tested against a second set of observations. After the model was 
calibrated to the 2003 flood conditions, the model was setup to simulate the other flow scenarios to 
compare results to existing flood maps. The very high flood hazard, Flood Construction Level (FCL), and 
moderate flood hazard layers were compared to that of three available flood maps. The three-part 
validation is summarized in Table 5-2. The following sub-sections describe the three validations, plus a 
contrast with the WSC gauge rating curves. 

Table 5-2: Validation summary for three sets of flood maps. 

Model Scenario Existing Flood Map Overlap 

Very high flood Cheakamus Spill Scenario with 1,000 m3/s 
discharge (BC Hydro, 2012) 

Complete model 
extent 

FCL  
(Moderate flood with 0.6 m freeboard) FCL (KWL, 2017) Downstream only 

Moderate flood Historic FDRP (1986) Downstream only 

 

5.5.1 Very High Flood Comparison 
For the first validation, the very high flood hazard results compared well with the existing 2012 flood map. 
The flood hazard extents were visually compared to the georeferenced flood map, showing that the Very 
high flood overlapped the 2012 mapping reasonably. The upstream reach was in good agreement and the 
downstream reach was more conservative. Increased depth at the downstream end of the model is due 
to the lack of bathymetric data. To compare the water level, especially within the project area, the water 
surface elevations were compared at the calibration points shown in Table 5-3. The first two points 
(Hwy 99 Bridge and Near Hwy 99) within the project area are similar with a difference within 0.1 m. The 
third point, upstream of Culliton Creek, is 0.6 m higher in the model. The 2012 mapping WSE of 98.5 m is 
seen at the project boundary, 400 m beyond the third point. The last two points are not within the project 
area, so no bathymetric data is available. Additionally, the 2016 LiDAR package does not detail the level 
of processing following data collection such as hydro-flattening or tree removal. Therefore, the likely 
increase in channel bottom elevation is reflected in the difference (1.2 – 2.9 m) with the model WSE 
greater than that of the 2012 mapping.  
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Table 5-3. Maximum water surface elevation from the Very high flood model compared to the 2012 existing flood map. 

   Max Water Surface Elevation (m) 
Location River Station (m) Model 2012 Difference 
Hwy 99 Bridge 200 352.0 351.9 0.1 

Near Hwy 99 3,200 316.0 316.0 -0.1 

Culliton Creek 13,200 99.1 98.5 0.6 

Project boundary 13,600 98.4  –  – 

Midnight Way 19,300 60.6 59.4 1.2 

Near Outdoor School 19,700 56.0 53.1 2.9 

 

5.5.2 Regulatory Mapping Comparison 
The project area boundary was extended in the model in part to overlap with the historical maps used for 
validation. For the second validation, the Flood Construction Level (Moderate flood hazard + 0.6 m 
freeboard) was compared to the 2017 mapping FCL map (0.5% AEP + 0.6 m freeboard). This validation is 
limited to the 2017 mapping extent, which spans the project stationing of 15,000 to 20,000, just below 
the project area. The FCL was visually compared to the georeferenced 2017 map, showing reasonable 
overlap for the extent. The FCL isolines, a defining feature of FCL maps, detailed that the maps were 
comparable within 1 m. Note that the flood depth lines were postprocessed under professional judgement 
to produce isolines, so the straightening and orientation of different datasets are subject to differences.  

5.5.3 Moderate Flood Comparison 
For the third validation, also covering the downstream portion of the model extent, the historic FDRP map 
shapefile was overlayed with the moderate flood hazard extent. This comparison is similar to the FCL 
validation, but the moderate flood hazard layer does not include freeboard. The moderate flood hazard 
extent is more conservative, encompassing all the FDRP mapping. 

5.5.4 Comparison Summary 
Based on the data reviewed for comparison, we consider the hydraulic model to sufficiently simulate flood 
flows for the project area. The model is sufficient and robust for the purposes of flood mapping. 

5.6 Model Sensitivity 
In a sensitivity analysis, model parameters are varied to test the relative impact on results. Model 
sensitivity was tested for the following parameters: mesh size, time step, and surface roughness.  

5.6.1 Mesh Size 
Mesh sensitivity was evaluated by increasing the 2D mesh resolution by a factor of five for all model 
scenarios. The mesh size within the river channel was refined from 15 m to 3 m. As a result, the model 
was five times slower, taking up to a full day to run the simulation. The results were comparable. In areas 
with discrepancies, the coarse mesh was iteratively refined to produce the final mesh. The geometry was 
modified to increase the cell size in select areas like the edge of the floodplain. This geometry was also 
trimmed along the high ground well above the floodplain to decrease the number of computational cells 



 

 

50 SLRD Flood Hazard Mapping and Risk Assessment – Upper Paradise Valley 
Final Report 

in the 2D domain and by extension the computational time. The coarse, fine, and final mesh are 
summarized in Appendix C. 

5.6.2 Time Step 
One convention for selecting the time step is the Courant condition. However, the HEC-RAS User’s Manual 
cautions that using a purely Courant-based time step method may be too restrictive for medium to large 
river (United States Army Corps of Engineers, 2021). A larger time step could be used and still achieve 
accuracy and stability. To determine if the use of a time step that exceeds the Courant condition was 
acceptable, the sensitivity was evaluated using two different time steps. The results showed that even 
with a larger time step, the model still provides good results for maximum WSE and velocities (Appendix 
C). 

5.6.3 Surface Roughness 
To test the friction coefficient, a manual sensitivity analysis was completed. The Manning’s roughness 
coefficient was varied for ±15% and the model was run for the range of scenarios. The water surface 
elevation profile increased for the higher values and decreased for the lower values consistently for all 
runs. The comparison of flood extents for the range of Manning’s n values show that the model is sensitive 
to roughness coefficient variations.  
 
Modifying the Manning’s n coefficient was critical during calibration and further tested for sensitivity. The 
traditional values (around 0.04) were the starting point for assigning values to the Cheakamus River 
system. However, after the field visit to the river, especially to the steep upper reaches, we determined 
that it was likely justifiable to increase the roughness coefficients. Literature for similar landscape 
characteristics indicated that steep creek Manning’s n values may be higher than traditionally reported 
values (Jarrett, 1985). Therefore, the Manning’s n values were reevaluated. The steep creek calculations 
and results in Appendix C indicate elevated values from 0.063 near the Daisy Lake Reservoir to 0.119 for 
the steepest section.  

5.7 Model Runs 
Upon completion of the calibration, validation, and sensitivity analysis, simulations proceeded based on 
the ramping approach scenarios listed in Table 5-1. 

5.8 Limitations 
All hydraulic models have strengths and weaknesses, and it is important to understand these so that the 
model results can be used appropriately. In the case of the Cheakamus River model the following 
limitations are noted: 

1. Bathymetry and topography are the most important inputs to a 2D model. These are generally robust 
for the Cheakamus River model; however, there are some limitations of note. Specifically, that the 
DEM of the main channel was constructed using interpolation of survey data. Variation and small 
errors may be expected between sections.  
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2. Furthermore, the limited access to the canyon section (between project station 5,000 to 10,000) of 
the river limited or prevented bathymetric surveying, meaning the bathymetry for that five-kilometre 
reach is estimated. Tributaries and side channels were not surveyed, but rather represented by LiDAR.  

3. Ideally, the entire Cheakamus River reach downstream of the dam would have been surveyed to 
produce modern bathymetric data to amend the 2016 LiDAR. Unfortunately, the reach was too 
extensive for the current survey efforts. With complete bathymetry, the WSC gauge data could be 
applied, and the resulting floodplain mapping could cover the entire reach. 

4. The DEM used in the model, along with other geometry inputs, is based on the best available 
information at the time of the model development. This represents a snapshot in time. It is expected 
that this will change in future, both because of natural geomorphological process (see Section 7.1 for 
more details) and with changes to crossing structures. 

5. Limitations from the hydrology (see Section 4.6) are carried through the hydraulic modelling and 
mapping. 

6. Calibration and validation data were limited. The model is considered robust, but with additional 
hydrometric data, could be further tested. 

7. Model input flows were based on hydrographs that were restricted to a limited understanding of the 
2003 event. A more extensive set of flood events, with varying hydrograph shapes, was not available 
for analysis and consideration. 

8. Structures were included as 1D elements except for the Bailey bridge on Paradise Valley Road, located 
well downstream of the project area, which was not included in the model.  

9. The model does not consider localised debris. The Cheakamus River system is not known to have 
excessive debris in the system during flood events.  

5.9 Modelling and Mapping Update Timeline 
The shape and composition of the river or valley bottom can be restructured by mobilized sediment. In 
the project area, local erosion of banks along the non-bedrock (non-talus) sections contributes very little 
sediment to the river. The potential source of sediment to the system is most likely the tributary just 
downstream of the dam, Rubble Creek. Sediment from debris floods and debris flows at Rubble Creek 
could completely restructure the river or valley bottom.  

The mobilized sediment would be transported through the canyon to the less-confined downstream 
reaches with slower flows. This is where the sediment would settle out and accumulate. The river is 
arguably still responding to the deposition material from the last large debris flow event (1855-56) as it is 
a slow process. Rapid adjustment likely occurred in the following years or decades and small adjustments 
occurred thereafter. Therefore, it is appropriate to update the flood mapping after the next significant 
flood. Additional analysis for changes due to sedimentation should focus on the lower reaches, where 
appreciable sedimentation or erosion could occur. With regards to hydraulics, it is plausible that the 
redistribution and localized accumulation of sediment can have affects, at least locally.  

To understand the issue more fully, from a hydraulic perspective, the following would need to be 
considered: 
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• The flood mapping should be updated after substantial sedimentation from a debris flood or 
debris flow event from Rubble Creek (or Culliton Creek) reaches Cheakamus River.  

• The 2003 flood altered channel morphology (e.g., highway and railway wash-outs due to major 
bank erosion, despite riprap; changes in bar size/distribution and thalweg configuration), so this 
magnitude event could be flagged as a case of how floods reconfigure floodplains enough to 
warrant updating the flood hazard mapping (although we think it should be updated more 
frequently).  

• Repeat drone surveys or review of decent satellite imagery that could highlight changes in bar 
patterns and channel widening, from which "significant" cross-sectional changes could be 
inferred.  

• Survey by kayak every couple of years to compare the long profile of the river.  
• Update the flood mapping regularly (e.g., every 5-10 years32) to take advantage of technological 

advancements and better understanding of climate change. 
• More specifically to modelling, a sediment model would require data for sediment load, bed 

gradation, and transport function.  

 

 

32  In the United States, legislation drives FEMA to update flood maps every 5 years. See 
https://www.fema.gov/flood-maps/guidance-reports/congress-notice/2021. Accessed 3 November 2021. 
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6 Flood Mapping 
In this study, flood maps have been produced to show water depths, extents, and geohazards for selected 
scenarios. Broadly, the project’s mapping deliverable formats were categorized as being static (i.e., a 
snapshot presented as a PDF or hard copy) or digital (i.e., data layers that can be turned on and off or 
viewed at different scales). The sections below describe the two groups of static maps that were 
produced. First, the FCL maps are intended for planners and engineers within the SLRD (and relevant 
regional partners) to support land use planning. Second, the public education maps are intended for 
members of the community to better understand flood and geohazards.  

Prior to producing the maps, a series of post-processing steps were conducted based on the hydraulic 
model outputs. These steps (i.e., removing ponds, filling holes, and adding freeboard) are summarized in 
Appendix C. 

The static maps contain explanatory notes and are standalone products. The FCL and public education 
maps can be found in Appendices F and G, respectively. In addition, all the mapping layers, with detailed 
metadata, produced for this project were also provided to the SLRD. These layers can be used by GIS, 
planning, and emergency management staff at various organizations to support the integration of the 
information into existing and future plans.  

6.1 Regulatory Flood Construction Level 
As mentioned in Chapter 2, the Province has developed specific guidelines for flood mapping to support 
regulations (e.g., the FHALUMG). These guidelines define key water levels to be used in flood planning 
and mapping, as described below. 

Designated Flood. The FHALUMG defines the designated flood to be used in the calculation of FCLs as 
0.5% AEP, based on a frequency analysis of unregulated historic flood records or on regional analysis 
where inadequate streamflow data are available. 

Designated Flood Level. The designated flood level is the observed or calculated flood level for the 
designated flood.  

Flood Construction Level (FCL). The FCL is an elevation relative to the Canadian Geodetic Vertical Datum 
(CGVD2013), and it is used in planning to establish the elevation of the underside of a wooden floor system 
(or top of concrete slab) for habitable buildings. It includes a freeboard (for safety) to account for 
uncertainties in the analysis.  

FCL = Designated Flood Level + Freeboard 

6.1.1 Freeboard 
A freeboard is a vertical distance that is added to water levels as a safety margin to account for 
uncertainties in the calculation of, and localized increases, in water levels. The Professional Practice 
Guidelines state that appropriate freeboard to apply to extent maps to obtain FCL values ranges between 
0.3 and 1.0 m, depending on the uncertainties in the extent mapping and the risk tolerance of the 
regulating jurisdiction.  
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The Professional Practice Guidelines recommend that typical freeboard values for “water” floods that 
have been adopted in BC are 0.3 m above the maximum instantaneous design flood level or 0.6 m above 
the mean daily design flood level (whichever is higher). Larger freeboards are appropriate where there is 
potential for debris floods, debris flows, ice jams, debris jams, sedimentation and other phenomena that 
are harder to predict. 

6.1.2 FCL Map 
For this project, we applied a more conservative freeboard of 0.6 m to define Flood Construction Levels, 
because of the uncertainties and limitations outlined in earlier sections. This is also consistent with 
mapping produced for the downstream section of the river. These are presented as isolines in Figure 6-1, 
which shows an example map sheet from the FCL map. Due to the size of the project area, the mapped 
areas have been divided into 4 map sheets. This ensures that maps can be shown at an appropriate 
resolution.  

The map was produced to meet all relevant Professional Practice Guidelines. The full-size regulatory FCL 
map is provided in Appendix F. The basemap contain features such as roads and rail, landmarks, parcels 
and buildings footprints, and hydrologic features. 
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Figure 6-1: Example map sheet from the FCL map. 
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6.2 Public Education 
A set of four maps was created for the purpose of conveying information related to flood and geohazards 
in a more comprehensive way to the public. These maps include flood depth, flood extent, and multi-
hazard maps, which are explained in the sections below. Additionally, a flood risk map was produced, 
which is presented in Chapter 8. All the public education maps are provided in Appendix G. Note that the 
moderate flood magnitude scenario is mapped in all four of the public education maps; it acts as a 
reference layer. It also ties-in with the FCL map (Section 6.1); however, note that the moderate magnitude 
flood layer in the public education maps does not include freeboard. 

6.2.1 Flood Depth Map 
Flood depth maps provide a detailed assessment of flooding, showing not only the extent of flooding but 
also the depth of water on the land. The depth of water is directly related to flood impacts in an urban 
environment. For instance, 10 cm of flooding can cover streets and cause nuisance effects, such as 
temporary interruption of traffic. On the other hand, larger water depths can flood homes, with more 
significant impacts. As an example, the potential impacts of flooding at different depths are described in 
Table 6-1 for a residential building. Note that these consequences were originally developed for the City 
of Vancouver approximately five years ago. Costs are therefore likely underestimated and variations for 
the SLRD would be expected.  

Table 6-1: Description of potential damage and disruption consequences of flooding at different depths for a single- or multi-
family residential building (adapted from Ebbwater Consulting & Compass Resource Management, 2018). 

 Minor Flooding 
(0 ̶̶ 10 cm) 

Moderate Flooding 
(20 ̶ ̶40 cm) 

Severe Flooding 
(80 ̶ ̶100 cm) 

Condition Water laps up at doorstep, may 
enter the house through 
crawlspace/basement windows, 
flood garages.  

Water in house on main level, 
crawlspaces/basements likely 
flooded. 

Extensive flooding in house and 
extensive flooding in 
crawlspaces/basements.  

Damage No significant damage to 
residential structures, though 
damage to contents may occur 
in garages and crawlspaces. 
Damage likely less than 200 
$/m2.  

Moderate damage to structures, 
higher damage to contents in 
basements and main level, 
including furnaces and water 
heaters, major appliances. 
Damage likely 200 ̶̶ 300 $/m2.  

Considerable damage to 
structure, extensive damage to 
content, most major appliances, 
electronics, furniture on main 
level and in basements. Damage 
likely 580 ̶̶ 610 $/m2. 

Disruption Residents not likely required to 
leave their homes but will need 
to clean up yards and possibly 
basements. Disruption likely 
over a week. Limited emergency 
response required.  

Residents likely displaced from 
homes for several days and weeks 
emergency response likely 
needed for elderly and people 
with disabilities, etc. 

Residents likely displaced for 1 ̶ ̶2 
weeks and disrupted for a month. 
Emergency response needed 
including possibly addressing 
utilities interruptions outside 
flooded area. 

 

Figure 6-2 shows the water depth for the moderate magnitude flood scenario. The deeper water areas 
(i.e., darker colours) are generally associated with the floodway, and they also contain high water 
velocities. 
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Flood depths vary more noticeably across the channel (perpendicular to the flow), especially where 
floodwaters overtop the channel banks. In areas with wider and flatter floodplains (such as the lower 
portion shown in the inset of Figure 6-2), water depths are shallower. In these areas, flood waters may 
flow in secondary channels and form braids around gravel bars. 

Figure 6-2 highlights that, for a given flood, depths can vary substantially depending on the location. This 
is useful for flood planning, including emergency management.  

6.2.2 Flood Extents Map 
Flood extent maps show the overall area where flooding may occur. We compared extents for three 
magnitude floods. These were defined by the moderate magnitude flood (shown in the depth map), as 
well as the two extreme scenarios (very low and very high magnitude floods).  

In Figure 6-3, the very low magnitude flood is generally constrained to the river channel. This makes 
intuitive sense as it is characterized as the “bankfull” discharge (67% AEP flood). The extents of this very 

Figure 6-2: Flood depth for the moderate magnitude 
flood scenario. 

Gravel bar 

Figure 6-3: Flood extent for the very low, moderate, and 
very high flood scenarios. 
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low flood magnitude are generally equivalent with those associated with the floodway (i.e., deep water 
areas for the moderate magnitude flood), explained in Sub-section 6.2.1 and shown in Figure 6-2. 

At the higher end of the flood flow spectrum, the very high magnitude flood expands across to the valley 
walls and covers the larger floodplain (including gravel bars) that has developed over millennia. The high-
level mapping and modelling are not capable of showing depth and velocity and therefore damage 
potential. 

Differences between flood extents for the different magnitude scenarios are substantial in some locations 
(including the lower section of the river that is shown in the inset), especially between the very low and 
the very high magnitudes. Figure 6-3 highlights that not all floods are created equal, and that it is 
important to consider the range of flood extents resulting from different flood scenarios. 

6.3 Limitations 
Section 6.3  listed limitations concerning the hydraulic modelling. This section expands on limitations and 
uncertainties related to the DEM that should be considered when using the flood maps.  

The DEM was based on merging LiDAR and bathymetric data (as discussed in Chapter 3). The LiDAR data 
were collected in 2016, and the bathymetric information in 2021. Due to changes in the land surface over 
time (e.g., due to erosion, sediment accumulation, construction, etc.), the accuracy of these datasets is 
continuously diminished. This is important when considering flood map results for the short-term, and 
especially over the long-term under climate change. 

To produce flood hazard maps, flood depths were categorized into depth bandings, typically of 1 m 
resolution. A greater resolution was used for smaller depths to better show the variation in initial flood 
levels. However, some of the detailed variation in levels is not shown in the maps.  

Notwithstanding the limitations discussed above, the results of this work provide a detailed picture of 
flood hazard in the project area and are useful for short- and long-term planning, as well as for risk 
assessment and mitigation activities. 
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7 Geohazards Analysis and Mapping 
This section summarizes information from the overview assessment of fluvial geohazards and hillslope 
influences, found in Appendix D and completed by Palmer.  

The primary objective of the overview assessment was to identify portions of the project area that are 
susceptible to significant erosion, transport and/or deposition of sediment in association with floods and 
their interaction with adjacent hillslopes. Achievement of this objective drew attention to areas where 
more detailed, follow-up assessment is warranted, and supported elements of the associated risk 
assessment presented in Chapter 8. The implications of hillslope processes on fluvial geohazards, 
especially those associated with the major tributaries of Rubble Creek and Culliton Creek, were also 
considered. Common strategies for mitigating hazards and risks associated with fluvial geohazards are 
included in Chapter 10.  

Consideration of how Cheakamus River may respond to extreme hydrogeomorphic events such as large 
landslides (e.g., partial or complete collapse of the Barrier), or outburst floods from sudden drainage of a 
headwater glacial lake, landslide-dammed lake, or Daisy Lake, was beyond the scope of this study. Strict 
hazard assessment involving establishment of site-specific probabilities (likelihoods) and magnitudes of 
geohazard occurrence, typically based on extrapolation from detailed spatio-temporal inventories of past 
events, was also beyond the scope of this overview assessment. 

The following sections first discuss the channel morphology of the area. This is followed by key points 
from the analyses of fluvial geohazards and hillslope influences from Appendix D. The multi-hazard map 
is then presented. 

7.1 Channel Morphology 
The study corridor of Cheakamus River is best characterized according to three reaches (Table 7-1, Figure 
7-1). River morphology along all reaches partly reflects the moderation and temporal adjustment of flood 
peaks introduced by flow regulation. The effects of Daisy Lake’s interruption of sediment supply are 
primarily limited to the uppermost portion of Reach 1 before the confluence with the current channel of 
Rubble Creek. Tributary fans are described in association with the reach that they enter.  

Table 7-1: Summary characteristics of reaches of Cheakamus River. 

Reach Description Length 
(km) 

Average 
Gradient1 

(%) 

General Characteristics 

1 Daisy Lake Dam to 
entrance to 
Cheakamus 
Canyon 

5.7 1.3 

Partly confined; sinuous; Rubble Creek fan borders 
upstream half and contributes large volumes of 
sediment; highway and railway infrastructure locally 
abut channel and is at risk; relatively dynamic reach 

2 Cheakamus 
Canyon 4.8 3.6 

Confined; straight to sinuous; channel flows along 
bottom of narrow gorge with bedrock walls and large 
talus from local rockfalls; railway infrastructure locally 
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Reach Description Length 
(km) 

Average 
Gradient1 

(%) 

General Characteristics 

abuts channel and may be at risk from fluvial 
undercutting in addition to rockfall; relatively stable 
reach 

3 Mouth of 
Cheakamus 
Canyon to Culliton 
Creek 

3.3 0.6 

Partly confined; straight to sinuous; bordered by basal 
till locally veneered by glaciofluvial/fluvial deposits for 
much of its length, with shorter sections of 
bedrock/colluvial slopes; no major linear infrastructure 
at risk; relatively stable reach 

Note 1: Based on LiDAR-derived DEM 

 

 
Figure 7-1: Longitudinal profile of Cheakamus River between Daisy Lake dam and Culliton Creek (extracted from LiDAR-derived 
DEM provided by SLRD). 

7.2 Fluvial Geohazards 
In this report, “fluvial geohazards” encompasses the active stream corridor (ASC) and the fluvial hazard 
buffer (FHB). The ASC is the portion of active channel/floodplain that exhibits recent and high potential 
areas of erosion/deposition. The FHB is the area adjacent to the ASC that has the potential to be affected 
by fluvial processes (mainly erosion) in association with contemporary climate conditions and normal 
fluvial activity (i.e., it does not include influences from outbursts, dam failures, etc.). The fluvial 
geohazards (along with the hillslope influences described in Section 7.3) along the three assessed reaches 
of Cheakamus River are presented in a series of maps attached to Appendix D. 

The delineated corridor along Cheakamus River represents approximately 115 ha of Upper Paradise 
Valley. Of this area, approximately 71 ha (62%) is occupied by the ASC, which is prone to fluvial activity, 
and approximately 44 ha (38%) is encompassed by the FHB, which may be influenced by fluvial processes 
in the long-term. In addition, three tributary fans, which are referred to in this report as “hillslope 
influences” represent an additional 308 ha (although most of this reflects the immensity of the Rubble 
Creek fan). Table 7-2 provides a breakdown of the areas of ASC and FHB along each of the three reaches. 
Smaller proportions of FHB along a particular reach indicate more extensive confinement of the river by 
bedrock and/or large talus. 
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Table 7-2: Areal proportionality of the ASC and FHB along the three assessed reaches of the Cheakamus River. 

Reach Description Active Stream 
Corridor (ASC)  

(ha, %) 

Fluvial Hazard 
Buffer (FHB)  

(ha, %) 

Overall Fluvial 
Geohazards  

(ha) 

1 Daisy Lake Dam to entrance to 
Cheakamus Canyon 

37.4 ha, 52.9% 26.7, 60.8% 64.1 ha 

2 Cheakamus Canyon 14.7, 20.8% 6.6, 15.1% 21.3 ha 

3 Mouth of Cheakamus Canyon to 
Culliton Creek 

18.6, 26.3% 10.6, 24.1% 29.2 ha 

 

7.2.1 Daisy Lake and Rubble Creek 
The upper reaches of the Cheakamus River within the 
project area are important due to the influences of the 
Daisy Lake Dam and Rubble Creek. Bedload transported 
along the upper reaches and headwater tributaries of 
Cheakamus River, upstream of the project area, 
accumulates on the bottom of Daisy Lake. Entrapment of 
this sediment has effectively ‘starved’ the uppermost 
portion of the reach of coarse sediment and has led to 
localized armouring of the bed with a boulder lag.  

In contrast, the episodic delivery of large volumes of 
sediment from Rubble Creek, just 0.9 km downstream 
from Daisy Lake Dam, has counteracted the dam-induced 
reduction in sediment supply and allowed a large fan-bar 
complex to form and evolve in the confluence area (Figure 7-2, Figure 7-3). 

  

 

Figure 7-2: Upstream view of anomalously large fan-
bar complex at the contemporary mouth of Rubble 
Creek. 
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Figure 7-3: History of river dynamics in prioritized areas – Rubble Creek confluence. 

The river is largely confined to the western edge of its valley by the immense Rubble Creek fan. The 
disproportionately large size of this fan relative to other fans in the study area is a testament to its unique 
origin and history, evolving through repeated debris flows, debris floods and floods. Rubble Creek is, by 
far, the principal source of sediment along the study corridor. Erosion of the edge of the fan by Cheakamus 
River recruits additional sediment to the sediment transported along the active fluvial channel of Rubble 
Creek.  

Meanders along the downstream half of the reach rework and redistribute floodplain sediments sourced 
from Rubble Creek and possibly remnants of bedload from the upper Cheakamus River prior to 
construction of the Daisy Lake Dam. The river contacts bedrock outcrops, including one isolated in the 
middle of the valley, at several locations. Despite riprap armouring, a section of Highway 99 that impinges 
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upon the outer bank of a broad meander was washed-out along this reach during the flood of October 
2003 (Figure 4-2 b a). Road repairs and protection necessitated placement of even larger riprap, on a less 
steep embankment, carefully placed to maximize interlocking. Numerous sections of railway along the 
reach are also vulnerable to impact from fluvial erosion, such as a section that was undermined by the 
October 2003 flood (Figure 4-2 b). Both washouts were likely at least partly driven by erosion of the 
underlying fluvial deposits on which the riprap embankments were founded. 

At several locations along Reach 1, there are tree stumps of similar heights within the active river channel 
or protruding above the adjacent floodplain (Figure 
7-4). These stumps are a remnant of an existing 
forested floodplain that underwent sudden 
aggradation in association with major sediment 
transport events such as the Rubble Creek debris flow 
of 1855-1856 (Moore and Mathews, 1978; Clague, 
Turner and Reyes, 2003). The sudden pulse of sediment 
that coursed down the valley sheared off mature trees 
and buried their stumps. Cheakamus River has since 
degraded (down-cut) and locally incised the thick 
valley-bottom sediments by as much as several metres 
to exhume the buried tree stumps. 

7.3 Hillslope Influences 
Fluvial geohazards along Cheakamus River are influenced by hillslope and tributary steep creek processes 
to varying degrees. The most obvious influences correspond to the fans and associated sediment 
discharges from Rubble Creek (upstream end of project area) and Culliton Creek (downstream end of 
project area). Numerous other steep, low-order tributaries enter Cheakamus River in the project area, but 
they lack developed fans at their mouths and have no records of debris flow or debris flood activity 
reaching the river. As such, no further consideration is given to these tributaries. 

7.3.1 Rubble Creek  
The best-known example of hillslope hazard in the study area is Rubble Creek, a steep creek originating 
at a ~250 m-high headwall of weathered volcanic bedrock known as the Barrier (Figure 4-1). In 1855 or 
1856, a large landslide triggered by collapse of a portion of the Barrier travelled downstream along Rubble 
Creek into Upper Paradise Valley and the Cheakamus River itself (Moore and Mathews, 1978)(Clague, 
Munro and Murty, 2003). Deposits from this event form much of the present-day Rubble Creek fan.  

Rubble Creek fan has been classified as “debris flow-dominated” and given a “Very High” priority rating, 
considering both hazard and consequence, by BGC Engineering Inc. (2020). Additionally, Minerva 
Intelligence Inc. (2021) classified Rubble Creek as highly susceptible to debris flows and to slides in soil. 
Debris floods may also reach Cheakamus River from Rubble Creek, whether as a transitional runout from 
a small debris flow or independent of any debris flow.  

Figure 7-4: Example of a cluster of tree stumps originally 
buried in association with the 1855/1856 landslide from 
the Barrier, now exhumed by incision along Reach 1 of 
Cheakamus River (from Clague et al., 2003). 
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Debris flows and debris floods can introduce sudden pulses of sediment into Cheakamus River. If the rate 
at which sediment enters the river exceeds its capacity to transport it downstream, it will accumulate and 
at least force a shift in the river thalweg, if not partly or completely block the river. Either would pose an 
immediate risk to the railway as flows spill in an uncontrolled manner around or over the debris. The 
Highway 99 bridge over the active channel of Rubble Creek could also be damaged by large debris floods 
or debris flows, although it has the capacity beneath it for small debris floods or debris flows to pass 
unimpeded.  

Additional details on the catastrophic landslide from the Barrier are available in Matthews (1952) and 
Moore and Mathews (1978). Regional-scale mapping and characterization of hillslope hazards is also 
available from Blais-Stevens (2008), BGC Engineering Inc. (2020), and Minerva Intelligence Inc. (2021). 

7.3.2 Culliton Creek 
Hillslope process hazards are also recognized on the Culliton Creek fan at the downstream limit of the 
study area. Culliton Creek is a steep creek, originating from glaciated headwaters, that has incised into a 
deep bedrock canyon upslope of the Cheakamus River valley. Highway 99 crosses it on adjacent 15 to 
20 m-high bridges that allow floods and small debris floods to pass underneath. Culliton Creek has been 
classified as “debris flood-dominated” and given a “Very High” priority rating, considering both hazard 
and consequence, by BGC Engineering Inc. (2020). Initiation of debris floods along Culliton Creek may 
occur in response to prolonged and intense rainstorms, rapid snowmelt, or outburst floods from landslide 
or glacier dams.  

Debris flood activity at Culliton Creek may introduce pulses of sediment into Cheakamus River similar to 
debris flow activity at Rubble Creek. A key difference between their respective fans, however, is that the 
contemporary channel descending the comparatively small Culliton Creek fan has incised as much as 14 
metres below the northern fan surface. Even the very high magnitude flood (see Chapter 5 and Chapter 
6) along Culliton Creek remains confined to the main channel and downstream limit of adjacent low 
terraces on the fan. Culliton Creek fan may have predominantly paraglacial origins (i.e., early Holocene), 
but further field investigation would be required to determine if its surface has been partly or fully 
abandoned and where it may no longer be accessible to debris floods. Under the right conditions, the low 
road bridge that crosses the fan near its apex could form an obstruction to water and sediment 
conveyance, such that debris accumulates upstream and spills onto a higher terrace than is accessible to 
even the modelled very high magnitude flood. Multiple distributary channel scars biased toward the south 
side of the creek (less than about 7 m above the contemporary channel and just outside the study area) 
are still visible in the LiDAR-derived DEM.  

Sudden discharge of large volumes of sediment from Culliton Creek, whatever the cause, has the potential 
to partly of fully obstruct Cheakamus River where it already abuts a bedrock slope on the opposite bank. 
Potential upstream (within study area) and downstream (beyond study area) effects and associated risks 
of such an impoundment are beyond the scope of this study.  
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7.3.3 Other Hillslope Influences 
Hillslope processes also have the potential to affect fluvial processes independent of activity associated 
with inputs from Rubble Creek and Culliton Creek. A small fan with mature coniferous forest cover has 
formed and persisted at the mouth of an unnamed tributary that enters the west side of Cheakamus River, 
at the upstream limit of Reach 3. Its steepness of around 20% and its association with adjacent talus slopes 
suggest more of a colluvial than a fluvial origin. The fan is not included in BGC Engineering Inc.’s  (2020) 
risk prioritization study and is identified by Minerva Intelligence Inc. (2021) as having low debris flow 
hazard. The tributary drains a mountainside of hummocky bedrock with only patchy cover of surficial 
material, so the fan may represent accumulation of local rockfall and debris slides with minor reworking 
from fluvial activity (high “slide in soil” potential, Minerva Intelligence, 2021). Cheakamus River is confined 
between the toe of this fan and a bedrock slope along the eastern bank. Any future activity or growth of 

the fan could affect upstream water levels 
and sediment transport. 

Long sections of Cheakamus River, 
particularly along Reach 2, are confined on 
one if not both sides by accumulations of 
rockfall debris. Cones and aprons of talus 
have formed in the areas of largest or most 
recurrent rockfalls. The talus at river level is 
commonly larger than 1 m in diameter, 
forming a lag deposit immobile under most 
conditions. Ongoing rockfall activity has the 
potential to redirect flows or potential partly 
or fully obstruct the river in a manner similar 
to the recent 110,000 m3 rock slide that 
sheared off a 125 m-high cliff and formed a 
blockage along Fraser River near Big Bar, 
north of Lillooet, British Columbia 

(Government of Canada, 2021; Figure 7-5). The rock debris backwatered a section of river immediately 
upstream and accelerated flows over the newly formed 5 m-high waterfall. 

7.4 Geohazards Mapping 
Detailed geohazards delineations are included within the map sheets attached to Appendix D. For the 
purposes of the risk assessment and mapping completed by the Ebbwater team, the delineations were 
slightly simplified for the fluvial geohazards. For that layer, the two hazard sub-layers (i.e., the Active 
Stream Corridor (orange layer shown in Figure 7-6) and the Fluvial Hazard Buffer (yellow layer shown in 
Figure 7-6)) were combined. Table 7-3 summarizes how the geohazard layers were named, and 
represented and used for the risk assessment, and various mapping outputs. 

 

Figure 7-5: Oblique aerial view of the 5 m-high waterfall created by a 
small rock slide that entered Fraser River on June 23, 2019, near Big 
Bar, south-central British Columbia (photo credit: Province of British 
Columbia). Rockfalls could form similar obstructions to flows and 
bedload along the narrow sections of Cheakamus Canyon. 
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Table 7-3: Summary of how the geohazards layers were named and represented and used within the project. 

  Representation and Use 

Geohazard 
Type 

Hazard Layer 
Name 

Risk 
Assessment 

Public 
Education 

Map 

Palmer Static 
(PDF) Maps 

GIS Shapefiles 
Provided 

Fluvial 
Geohazards 

Active Stream 
Corridor 

Considered as a 
combined layer 

 

Yes (shown as 
combined layer) 

Yes Yes 

Fluvial Hazard 
Buffer 

Yes Yes 

Hillslope 
Influence 

Fluvial/Colluvial 
Fan (Debris 

Flood / Debris 
Flow) 

Not considered Yes Yes Yes 

 

 

Figure 7-6: Example geohazards delineation conducted by Palmer, which distinguishes the active stream corridor, fluvial hazard 
buffer, and fluvial/colluvial fan areas (areas susceptible to debris flood and debris flow) in the upper portion of the project 
area. 
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7.4.1 Multi-Hazard Map 
Figure 7-7 shows the extents of the 
geohazards mapped by Palmer, along with the 
moderate flood magnitude extent mapped by 
Ebbwater. In the map, the fluvial geohazards 
layer includes the ASC and the FHB (as shown 
in Table 7-3). This is the portion of floodplain 
that exhibits a range of processes within river 
channels such as erosion and deposition.  

Generally, the fluvial geohazards extent 
(shown as a red-purple colour in Figure 7-7) 
follows the moderate magnitude flood extent. 
However, there are noticeable variations, 
which are due to differences in the key 
landscape characteristics (e.g., surficial 
geology) that influence fluvial hazards 
compared to flood. 

The hillslope influences (shown as an orange 
hatched polygon in Figure 7-7) include the 
three mappable alluvial/colluvial tributary 
fans that reach the Cheakamus River. These 
are located at the mouth of Rubble Creek (see 
top of Figure 7-7), at the mouth of Culliton 
Creek  (see bottom and inset of Figure 7-7), 
and on a small unnamed creek. 

7.5 Summary 
The geohazards analysis and mapping complements the flood hazard modelling and mapping and provides 
a more comprehensive understanding of hazards within the Cheakamus River and its main tributaries. The 
results of the geohazards analysis and mapping can be used inform the risk assessment, prioritization of 
areas for follow-up investigation, and mitigation planning. 

Figure 7-7: Flood and geohazard extents (see Appendix G for full-
size map). 
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8 Risk Assessment 
As described in Chapter 2, risk is a function of both the likelihood of an event occurring and the 
consequences if that event occurs. It is not the hazards themselves that cause problems, but their 
interactions with valuable elements in their path. Therefore, it is the consequences of these interactions 
that need to be understood so that good decisions to reduce these potential impacts in future can be 
made.  

This chapter summarizes the high-level risk assessment approach and then presents the risk results. 
Details of the risk assessment method are found in Appendix E. 

8.1 Approach 
The risk assessment applied an index-based approach that relied on spatial processing and classification 
to build on the results presented in previous chapters. As shown in Figure 8-1, likelihood was determined 
based on three flood magnitude layers, as well as one fluvial geohazards layer. The consequences were 
considered based on a set of six indicators (further described in Sub-section 8.1.2): affected people, 
mortality, economy, environment, culture, and critical infrastructure. All the spatial processing and 
mapping was completed using QGIS. 

 

Figure 8-1: Summary of risk assessment approach. 

The following sections describe the likelihood and consequence components of the risk assessment. The 
components are combined and the risk results for the indicators are then presented. Due to budget 
limitations, the risk assessment was strictly quantitative. Ideally, a qualitative information gathering 
process (as described in Chapter 2) would be conducted.  

8.1.1 Hazard Layers 
We conducted the risk assessment using a subset of the flood hazard magnitude layers that were 
modelled and mapped (see Chapter 6 and Chapter 5). The flood hazard layers were simplified to obtain 
polygon shapefiles (see Appendix C). Fluvial geohazards were considered in conjunction with the 
moderate flood magnitude scenario. This was done to assess the incremental consequences and risk 
resulting from fluvial geohazards, which often accompany flood events. The process for calculating the 
incremental consequences is detailed in Appendix E. Overlapping areas, for example, were not double 
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counted when the two hazards were combined. Table 8-1 summarizes the hazard data layers used within 
the risk assessment, along with the confidence ratings for each. 

Table 8-1: Summary of hazard data layers used in the risk assessment. 

Hazard Specific Layers Description Confidence Rating 

Flood 
 

Very Low Magnitude 
Flood with an approximate AEP of 

67%. 
High  

Moderate Magnitude 
Flood with an approximate AEP of 

0.5%. 
High  

Very High Magnitude 
Flood with an AEP that is much 

smaller than 0.2%. 
High  

Geohazards 
 

Fluvial Geohazards 

Included the active stream 
corridor and fluvial hazard buffer 

layers, but no likelihood was 
assigned (see Chapter 7). 

Moderate 

 

We note that the analysis is based only on the hazard maps developed for this project. It does not reflect 
the risk associated with more catastrophic events such as a dam breach failure. This type of event would 
not only have considerably more flow, but would also have a shorter onset period, and therefore creates 
significantly higher risk. 

8.1.2 Indicator Data Layers 
Based on national and international best practice (UNDRR 2015, 2016, 2017; AIDR 2015; BC MECCS 2019), 
we selected a set of six indicators, aimed at providing a holistic view of potential consequences. Table 8-2 
indicates which proxy data was used in consequence scoring. They are not listed in any order of 
importance. Details on the data sources and important data gaps are in Appendix C.  

Table 8-2: Indicators for flood consequences assessed in this report. Based on Stantec Consulting Ltd. and Ebbwater 
Consulting Inc. (2017); AIDR (2015); UNDRR (2016). 

Indicator Description of Data Proxies Confidence 
Rating 

Affected People 

 

The location and number of affected people was determined based on 
census and building centroid data. The estimated population was used for 
consequence scoring.  

Low 

Mortality 

 

This indicator is a fraction that was applied based on results for the affected 
people indicator. 

Very Low 
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Indicator Description of Data Proxies Confidence 
Rating 

Economy 

 

We considered building and property values. For flood hazard, only buildings 
were assumed to be negatively affected. For fluvial geohazard, both building 
and property values were assumed to be damaged.  

Moderate 

Environment 

 

This indicator usually includes the overflow or discharge of contamination 
sources into the receiving environment, in combination with damage to 
exposed environmentally sensitive areas that could be negatively affected. 
Limited data on sources of contamination were used for consequence 
scoring, meaning that the results should be considered with caution.  

Very Low 

Culture 

 

We included community buildings, heritage sites, as well as Indigenous and 
non-Indigenous archaeological sites. Recreational trails were also 
considered but not included in consequence scoring. 

Low 

Critical 
Infrastructure 

 

Consequence scoring was based on the number of critical infrastructure 
facilities. Power distribution poles were also considered but were not used 
in the consequence scoring. 

Very Low 

 

8.1.3 Scoring 
The flood magnitude layers were assigned a frequency of occurrence, using a 5-point scale, to obtain a 
score associated with a likelihood ranging from almost certain to very rare (Table 8-3). The geohazards 
layer was not assigned a likelihood score, as the level of analysis did not support this determination. For 
each indicator, a 5-point scale was used to score consequences ranging from insignificant to catastrophic. 
The consequence criteria are presented, as an example, for the affected people indicator in Table 8-4. 
Note that the table is a template from the Australian Institute for Disaster Resilience. Although the local 
population is much smaller than 10,000, this format is used for consistency across projects and areas.  

Table 8-3: flood hazard likelihood scoring and confidence rating, based on (Verga, 2013; Stantec Consulting Ltd. and Ebbwater 
Consulting, 2017; Australian Institute for Disaster Resilience, 2020). 

Flood Scenario Likelihood Qualifier Score 
Very Low magnitude Almost certain 5.0 
Low magnitude1 Likely 4.0 
Moderate magnitude Unlikely 3.0 
High magnitude1 Rare 2.0 
Very High magnitude Very Rare 1.0 
Note 1: The low and high magnitude scenarios were not considered in the risk assessment. 
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Table 8-4: Example scoring for the affected people indicator, drawn from Australian Institute for Disaster Resilience (2020) and  
Stantec Consulting Ltd. & Ebbwater Consulting (2017). 

Consequence Criteria Consequence Description Score 
Number of affected people > 10,000 Catastrophic 5.0 
Number of affected people > 1,000 and ≤ 10,000 Major  4.0 
Number of affected people > 100 and ≤ 1,000 Moderate 3.0 
Number of affected people > 10 and ≤ 100 Minor 2.0 
Number of affected people ≤ 10 Insignificant 1.0 

 

8.2 Risk Results 
For each indicator, the likelihood and consequence scores were multiplied to obtain the risk score. The 
consequence and risk results are presented in the following sub-sections. First, using the affected people 
indicator as an example, the consequence results are shown visually as mapping. The tabulated likelihood 
and consequence results are then shown for that indicator to illustrate how risk scores were obtained. 
Second, brief consequence summaries are provided for each indicator. Third, the risk data is summarized 
within a series of matrices.  
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8.2.1 Example Indicator Analysis – Affected People 
Figure 8-2 provides an example of the 
consequences to affected people (see larger 
version in Appendix G). Hotspots show where 
greater concentrations of people are likely to 
be affected by the very high flood magnitude 
scenario (and the map also shows the 
delineations for the other two flood magnitude 
scenarios). The pattern is clear that higher-risk 
areas are those in the lower sections of the 
Cheakamus River within the project area.  

Table 8-5 summarizes the results from spatial 
processing and classification for the affected 
people indicator. (The full table of 
consequence results, containing data for all 
indicators, is provided to SLRD in spreadsheet 
format). The table shows the differences in 
extent for each flood magnitude, which ranges 
from 74 ha for the very low magnitude 
scenario, to 149 ha for the very high magnitude 
scenario. In addition, the table presents results 
that consider the incremental area related to 
fluvial geohazards. For example, if these are 
considered along with the moderate flood 
magnitude, the hazard extent increases from 
124 ha to 153 ha (23%)33.  

Table 8-5: Example spatial analysis (hazard), likelihood, 
consequence, and risk results for the affected people 
indicator. 

Hazard Scenario 

Hazard / Likelihood Consequence 

Risk Score Extent 
(ha) 

Score 
People 

Affected (#) 
Score 

Low Magnitude Flood 74 5 2 1 5 
Moderate Magnitude 
Flood 

124 3 14 2 6 

 

33 The total extent of the fluvial geohazards layer is 115 ha, but only 29 ha of that area does not overlap with the 
moderate flood magnitude scenario.  

Figure 8-2: Example consequence results for the affected people 
indicator, based on the very high magnitude flood hazard. The 
very low and the moderate flood magnitude hazards are also 
shown (see Appendix G for full-size map). 
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Hazard Scenario 

Hazard / Likelihood Consequence 

Risk Score Extent 
(ha) 

Score 
People 

Affected (#) 
Score 

Moderate Magnitude 
Flood with Fluvial 
Geohazards 

153 3 19 2 6 

High Magnitude Flood 149 1 18 2 2 
 

8.2.2 Consequence Summary for All Indicators 
Table 8-6 summarizes the quantitative consequences for each indicator. Where the consideration of the 
fluvial geohazards in combination with the moderate flood magnitude result in significant increases in 
consequences, this is noted in the table.  

Table 8-6: Summary of indicator quantitative consequences. 

Indicator Key Consequences 
Affected 
People 

 

• The number of affected people, based on the flood hazard layers, ranges from 2 to 18.  
• When fluvial geohazards are considered with the moderate flood magnitude, the number of 

affected people increases by 5 (36%), for a total of 19. 

Mortality 

 

• Based on the method used, the consequences for people related to missing or mortal cases 
is negligible. 

Economy 

 

• The number of affected land parcels, based on the flood hazard layers, ranges from 33 to 60 
for the very low flood and very high flood, respectively.  

• The total exposed building values ranges from $79M (from the very low flood magnitude) 
to $82M (from the moderate and very high flood magnitudes). 

• When fluvial geohazards are considered with the moderate flood magnitude, the economic 
consequence estimate increases to $98M (20%)34. 

 

34 As summarized in Table 8-2 and detailed in Appendix E, fluvial geohazards were assumed to result in damages to 
buildings and land, whereas floods were only assumed to damage buildings. These differences were considered in 
the spatial analysis. 
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Indicator Key Consequences 
Environment 

 

• The number of contamination sources exposed does not vary substantially between hazards.  
• There are 3 contamination sources exposed to the very low flood magnitude, and 0 

additional sources exposed to the larger flood magnitudes. However, there are two 
additional sources exposed to the fluvial geohazards.  

• In terms of sensitive ecosystems, only areas with species at risk are exposed to the hazards 
included in this analysis.  

• The combined moderate flood magnitude and fluvial geohazards affected the most areas of 
species at risk (34.1 ha) followed by the very high flood magnitude scenario (33.6 ha).  

Culture 

 

• Based on the data analyzed, no culture sites (community buildings, heritage sites, 
archaeological sites, Indigenous sites) are exposed to floods and fluvial geohazards, with one 
exception. One Indigenous site is exposed to the very high magnitude flood.  

• The length of exposed recreational trails ranges from 0.2 km (for the very low magnitude 
flood) to 1.2 km (for the very high magnitude flood). 

Critical 
Infrastructure 

 

• There are 8 critical infrastructure facilities exposed to the very low flood magnitude and one 
additional facility is exposed to the moderate and very high flood magnitudes.  

• The number of total utility structures ranges from 2 (from the very low magnitude flood) to 
63 (resulting from either the very high magnitude flood or the combination of moderate 
magnitude flood and fluvial geohazards). 

• A negligible length of roads is exposed to the low flood magnitude; however, approximately 
1 km is exposed to the moderate and very high flood magnitudes. 

• When fluvial geohazards are considered in addition to the moderate flood magnitude, the 
length of exposed road increases by approximately 200 m. 

 

8.2.3 Risk Matrices 
The risk results were obtained by classifying the likelihood and consequence data, assigning scores, and 
subsequently multiplying those scores as described in Section 8.1 (and as shown for the affected people 
indicator in Table 8-5). The procedure provides a consistent, robust, and scientifically reproducible means 
of comparing a range of hazard likelihoods and consequences.  

Risk scoring results for the project area are shown in the three matrices in Figure 8-3; these provide a 
basis to compare risk for the three flood magnitude scenarios. The results are distinguished by way of 
different sizes of flood hazard icons (e.g., the small icon represents the result for the very low magnitude 
flood). In contrast to the consequence results, fluvial geohazards are not considered within the risk scoring 
results.  
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Figure 8-3: Risk matrices for the project area. 

The following patterns are observed based on the matrices: 

• The risk from the very low flood magnitude (i.e., almost certain, small event) is generally higher 
than the risk for the moderate and high flood magnitudes (i.e., more rare, larger events). The 
exception is that for the affected people indicator, the risk is slightly higher for the moderate 
flood magnitude compared to the very low flood magnitude. 

• For the very low flood magnitude, the risk for the critical infrastructure, environment, and 
economy indicators is high. The risk for the affected people, mortality, and culture indicators is 
medium. 

• Under all flood magnitudes, the risk for the critical infrastructure, environment, and economy 
indicators is generally higher than for the other indicators. 

In future iterations of the risk assessment, climate change could be considered by assessing the 
consequences for the high flood magnitude scenario (see Sub-section 4.6.2). 
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8.2.4 Risk Confidence 
The risk confidence scores are determined by the confidence in the hazard and consequence ratings (see 
Table 8-1 and Table 8-2). Based on the confidence rating results for the hazard and consequence data, a 
risk confidence rating of “moderate” or lower was assigned to all the consequence indicators used in the 
assessment. More details can be found in Appendix E. 

8.3 Findings  
Though the risk assessment that was conducted was high-level and based strictly on quantitative data, it 
provides key insights that can be used for mitigation planning. Based on the spatial patterns observed for 
the affected people indicator, the lower sections of the project areas should be prioritized for mitigation.  

Risk is higher for indicators such as critical infrastructure and economy, and the relevant assets should be 
assessed in more detail. Based on the generally higher risk from the very low magnitude flood, efforts 
should focus on mitigating the more frequent and smaller flood events. Based on information discussed 
in Section 4.4, the hydrologic conditions that lead to these types of floods in the area are likely to become 
more frequent and intense.  

8.3.1 Geohazards Risk 
The risk from geohazards was not assessed in detail within the risk assessment. However, the digital 
geohazards layers can now be used by the SLRD in combination with the exposure layers to assess where 
fluvial geohazards and hillslope influences may interact with valuable assets. Appendix D contains key 
insights on risk from geohazards. This includes discussion on longitudinal distribution of risks, vulnerability 
of highway and railway embankments, rockfall-induced blockage, Rubble Creek and Culliton Creek fans, 
and sensitivity of flood hazard limits to sediment distribution. 
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9 Mitigation Planning 
This section describes how the hazard mapping and risk results can be applied, using a risk-based 
approach, to mitigation planning. Risk reduction concepts are discussed, followed by a discussion on the 
evolution of risk reduction, and best practice for strategic flood risk management. Geohazards mitigation 
options are then presented at a high-level. Non-structural mitigation strategies, which are the primary 
focus of this section, are then presented. This includes a summary of the legislative context that is relevant 
to the SLRD, which can drive the implementation of non-structural mitigation strategies.  

9.1 Risk Reduction Approach 
The Sendai Framework (see Sub-section 2.7.1) provides guidance on how to mitigate increasing impacts 
associated with natural hazards. A major tenet of this framework is a risk-based approach to disaster 
management, where hazard (including hazard likelihood), exposure, and vulnerability all play a role. 

The risk assessment that was completed in Chapter 8 was based on the characterization of likelihood and 
consequence. Within that assessment, consequences were based on exposure data. However, as shown 
in Figure 2-4, vulnerability is another component of consequences. While vulnerability was not assessed 
in Chapter 8 due to scope limitations, it is a key component to be considered within risk reduction.  

Figure 9-1 shows a simple model – the risk triangle – of how hazard, exposure, and vulnerability contribute 
to natural hazard risk. Risk is the area within the triangle which can be decreased if one or all components 
are reduced (or removed) altogether. A variety of approaches may be used to reduce risk, and each has 
their benefits and drawbacks. 

 

Figure 9-1: Risk reduction components (Adapted from United Nations Office for Disaster Risk Reduction (UNDRR). 

Vulnerability

Risk
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9.1.1 Evolution of Risk Reduction 
Risk reduction in flood management is a relatively new concept that requires detailed site-specific 
information while keeping the big picture in sight. To better understand how risk reduction can inform 
mitigation actions in the Upper Paradise Valley area of the SLRD, it is useful to think about how flood 
management has evolved in recent history. Sayers et al. (2013) describe this evolution in terms of six 
generalized stages, which apply to the project area (Table 9-1). Table 9-1 also indicates generally if the 
actions in each stage contribute to increasing or decreasing flood risk levels. 

Table 9-1: The evolution of flood management and the general change in flood risk (adapted from Sayers et al. [2013]). 

Icon Stage / Description of Actions General effect 
on flood risk 

levels 

 

A willingness to live with floods Reduces 
• Individual and small communities adapt to nature’s 

rhythm. 

 

A desire to use the floodplain Increases 
• Fertile land in the floodplain is drained. 
• Permanent communities are established. 
• Local uncoordinated dikes are constructed 

 

A desire to control flood flows and defend against flooding Increases 
• Large-scale structural approaches (dikes, dams, and 

other controls) are planned and implemented. 

 

A desire to reduce flood damages Decreases 
 • A recognition that engineering alone has limitations. 

• Effort is devoted to increasing resilience of 
communities. 

 

A desire to manage risks effectively Decreases 
• A recognition that budgets are limited and not all 

problems are equal. 
• Risk management is seen as a means to target limited 

resources. 

 

A desire to promote opportunities and manage risks 
adaptively 

Decreases 

• Adaptive management used to work with uncertainties 
in future climate change, demographics, and funding. 
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For the last century, flood risk on the Cheakamus River has been primarily managed using large structural 
engineering works, such as the dikes that are found along the river’s banks within the District of Squamish. 
While these types of approaches can serve a purpose, they only address risk reduction by reducing the 
hazard component of risk. However, as described in Chapter 4, climate change and forest disturbance are 
contributing to an increase in the flood hazard potential. This means that the “hazard” side of the risk 
triangle shown in Figure 9-1 is increasing.  

Changes to the hazard limits the viability structural mitigation approaches. In addition to climate change 
and forest disturbance, there is substantial uncertainty regarding the rate of increase in flood hazard, 
especially when additional hazards such as fluvial geohazards and hillslope influences are considered. 

In the lower reaches of the project area, development pressures are increasing. Based on the results 
presented in Sub-section 8.2.1, this is an area where there is risk presently. In many regions where similar 
pressures are occurring around the world, governments’ abilities to find solutions to reduce risk are 
constrained by their path dependence. This has led decision makers to be “locked-in” to past policies and 
actions that favoured engineered structural approaches to flood management (Parsons et al., 2019).  

9.1.2 Benefits of Flood and Geohazards 
Flood and geohazards are typically viewed negatively in society; they destroy infrastructure and other 
assets that humans value. In typical risk assessment terminology, the term “hazard” describes this view. 
However, flood and geohazards are part of an ever-changing landscape and contribute to ecosystem 
function and diversity. These phenomena can play a positive role in enriching soils with nutrients that feed 
the landscape including riparian and aquatic ecosystems (Geertsema, Highland and Vaugeouis, 2009). 
Furthermore, the sediment, vegetation, and woody debris that end up in these ecosystems play a role in 
sculpting diverse habitats (Fetherston et al., 1995). The diverse habitats support plants, 
macroinvertebrates, and fish during their various lifecycle stages (Trush et al., 2002). In turn, healthy 
ecosystems provide services such as clean drinking water, carbon sequestration, food supply, cultural and 
recreational opportunities, etc. (de Groot et al., 2012). 

Allowing flooding and erosion in upstream areas also reduces the transfer of risk to downstream areas. In 
the project area, this means lower floodwater rates in the District of Squamish. Financial savings can also 
be substantial, freeing resources to be used for other critical objectives (see Section 9.2).  

Considering a risk-based approach, the best opportunities to maintain or reduce flood risk within the 
project area is to consider primarily non-structural means (see Section 9.4). Where non-structural 
mitigation is not possible, property-level structural solutions and residual risk management may be 
considered (see Chapter 10). 

9.2 Strategic Flood Risk Management 
The consensus in global peer-reviewed literature is that implementing a holistic, risk-based approach to 
flood management reduces negative impacts while promoting other aspects of societal well-being over 
the long-term. In this section we draw on an internationally recognised paper by Sayers et al. (2014), 
which captures guiding approaches and rules for sound strategic flood management. This paper and 
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framework have been cited upwards of 50 times in peer-reviewed journals in the five years since 
publication. Further, this paper and the ‘golden rules’ also map well with Sendai. 

The Sayers et al. (2014) paper was co-authored by representatives of diverse perspectives (academic and 
government officials, engineers and planners) as well as recognized leaders in the field of flood risk 
management. The authors suggest that strategic flood risk management provides a means of working 
towards sustainable development, and associated social, environmental, and economic goals. However, 
they also acknowledge that resources to achieve this are limited, and that pragmatic trade-offs must be 
made between reducing flood risk and investing resources towards achieving other societal goals. In this 
respect, they emphasise the importance of investing resources effectively and efficiently.  

Therefore, the primary goals of strategic flood management are to efficiently use limited resources to:  

• Reduce risk to people and communities from flood sources; 
• Promote ecosystem goods and services;  
• Reduce risk to, and promote, economies; and 
• Promote social well-being.  

The authors note that these are lofty goals; however, programs aren’t expected to reach these goals at 
the outset. Rather, the goals are intended to guide an iterative, adaptive strategic planning process. The 
authors go on to outline several common characteristics of successful, strategic plans including: 

• They will be based on understanding of the whole-system behaviour and societal goals (i.e., 
consideration of cumulative pressures and associated values);  

• Decision-making will be informed by knowledge of risk and uncertainty over time; and 
• A portfolio of measures and instruments will be used to manage risk. 

9.2.1 10 Golden Rules 
In addition to these characteristics, the authors present ten ‘golden rules’ for sound strategic flood 
management Table 9-2. The authors state that these ‘golden rules’ are necessary, but not necessarily 
sufficient, components of successful flood management. 

Table 9-2: Ten Golden Rules of Strategic Flood Risk Management. 

Rule Description 
1. Accept that absolute 

protection is not 
possible and plan for 
exceedance. 

There will always be a bigger flood. Residual risk always exists and 
resilience to future, inevitable, flood events can be built through the 
planning process.  

2. Promote some flooding 
as desirable. 

The natural connection between land and water is critical. Floodplains 
provide fertile land and other ecosystem services in addition to 
accommodating flood waters.  
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Rule Description 

3. Base decisions on 
understanding risk and 
uncertainty 

Managers should not delay decision-making and action based on 
uncertainty. Rather, managers should draw on the available 
knowledge, explicitly account for uncertainty, and then monitor and 
adapt management plans with time.  

4. Recognize that the 
future will be different 
from the past 

Climate and flood risk are changing. Managers need to move beyond 
planning processes that focus on historic flood records and 
information, and account for future changes in flood risk.  

5. Do not rely on a single 
measure; implement a 
portfolio of responses 

Flood risk has multiple components. Management tools can be used to 
reduce hazard, exposure, and consequence while also working towards 
other environmental, economic, and social goals. 

6. Utilize limited resources 
efficiently and fairly to 
reduce risk 

A management plan should be tailored to the specific context, with 
consideration of not only the cost-efficiency of risk reduction 
outcomes, but also the fairness of these outcomes and the associated 
ecosystem enhancement opportunities. 

7. Be clear on 
responsibilities for 
governance and action 

Funding and decision-making should reflect shared responsibility. 
Collaboration on a watershed scale is critical to achieve shared 
outcomes and to avoid conflicts. 

8. Communicate risk and 
uncertainty effectively 
and widely 

The public does not often understand the degree of flood risk they face. 
Significant and targeted awareness programs are required to obtain 
greater public and political support for progressive management 
initiatives. 

9. Promote stakeholder 
participation in the 
decision-making process 

All interested and affected people play an important role in developing 
and delivering management activities. This should be done in a way 
that promotes “living with floods” rather than “fighting against them”. 

10. Reflect local context and 
integrate with other 
planning processes 

There is a need for locally relevant and specific management planning, 
as opposed to focusing on compliance with a one-size-fits-all 
engineering standard. 

 

The golden rules should be considered throughout the process of reducing risk from flood and geohazards. 
Through the completion of this project, the SLRD has embarked on this path and has started addressing a 
few of the rules listed in Table 9-2 (e.g., rules 3, 4, and 9). Sayers et al. (2014) mentions that plans 
themselves should be adaptive and underpinned by a continuous process of monitoring and review to be 
flexible in shifting priorities and governance structures. Aspects of this process are described below for 
geohazards mitigation. 

9.3 Systematic Approach to Geohazards Mitigation 
Many municipalities, regional districts and transportation infrastructure corridors in British Columbia are 
exposed to the same kinds of geohazards that are described in this report and discussed in Appendix D. 
Various strategies to mitigate associated risks have been applied and fine-tuned over decades or more. It 
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can be daunting to consider these strategies while thinking about disrupting the path-dependence 
described in Section 9.1. Which strategy, or combination of strategies, is expected to be most effective 
for mitigating risk depends on site-specific conditions and access to resources. While the information 
presented in Appendix D does not provide sufficient spatial or temporal detail to determine appropriate 
mitigation options at a site (e.g., property, railway bend) scale, general options for mitigation are 
identified below. Viable options will become clearer when a thoughtful and systematic approach is 
applied. 

Site-specific geohazards assessment is necessary to determine if mitigation is required or whether 
monitoring is a more appropriate approach, at least initially. If risks associated with a geohazard are 
determined to be unacceptable, the proponent can explore options that spatially separate the geohazard 
from the at-risk element (i.e., give space, see Figure 9-2). This can be completed through non-structural 
mitigation approaches (discussed in Section 9.59.4). In the case of underground infrastructure that is at 
risk from hillslope influences, the infrastructure could potentially be buried deeper. 

The following sub-sections focus on structural mitigation options for fluvial geohazards and hillslope 
influences, respectively.  

9.3.1 Fluvial Geohazards  
Indirect structural mitigation options for fluvial geohazards (see middle of the triangle in Figure 9-2) 
involve management of energy and re-directing forces away from the at-risk element through options 
such as channel realignments, dredging, flow training, or grade-control. Direct structural mitigation 
involves combatting the tractive forces ‘head on’ through armouring of channel banks and bed and 
stabilization of slopes. Direct mitigation (see lower part of triangle in Figure 9-2) provides the proponent 
with the most mitigation options but may also require more frequent and costly maintenance. Like the 
effects of structural works to mitigate floods, incorporation of direct structural mitigation of geohazards 
can initiate or exacerbate geohazards elsewhere along the watercourse. 
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Figure 9-2: Hierarchy of mitigation options for fluvial geohazards. 

9.3.2 Hillslope Influences 
Where avoidance and relocation are not possible, structural measures can be used to mitigate risk in some 
but not all scenarios (e.g., fully mitigating risks on the Rubble Creek fan through structural measures would 
be cost-prohibitive). Debris flow and debris flood risks can sometimes be mitigated through deflection 
berms, designed to convey runouts in a controlled manner away from elements at risk. Robust grade 
control (e.g., large, interlocked riprap) may be able to withstand scour during a debris flow to protect 
underlying, buried infrastructure (e.g., utilities, pipes). Various forms of robust, steel posts, grates and 
nets have been used in some constrained environments to trap or slow and disperse debris conveyed 
along a channel. Sedimentation basins, sized and shaped to accommodate an appropriately conservative 
debris flow, can be constructed to mitigate downslope risks from a particular source gully or channel. In 
some cases, multiple measures may be required to satisfactorily mitigate risk. 

9.4 Non-Structural Mitigation 
In contrast to structural mitigation, non-structural mitigation can be used to reduce all three components 
of risk: hazard, exposure, and vulnerability. Therefore, it should be viewed as the primary (but not 
necessarily exclusive) means to mitigating flood and geohazards. As mentioned in Golden Rule 5 in Table 
9-2, carefully considering a range of options is likely to provide the SLRD with flexibility in future mitigation 
activities. Once a wider set of preferred options are identified, the SLRD should endeavour to better 
understand feasibility issues such as costs, regulations, and timelines. 

The Ebbwater consulting team has recently developed the Non-Structural Flood Mitigation Resource 
Guide (referred to in this document as the Flood Mitigation Guide) for a local government in the 
Okanagan. The 100-page guide is replete with options that are relevant to the SLRD. We encourage SLRD 
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staff to review the guide, which became available on 1 November 202135. The Flood Mitigation Guide 
defines non-structural mitigation in terms of three broad strategies, and three resilience strategies, as 
described below. 

9.4.1 Broad Strategies 
The three broad non-structural mitigation strategies are described as follows:  

• Land Stewardship – Reducing local flood hazards through land stewardship. This can include 
maintaining and restoring natural assets and systems (e.g., watersheds, wetlands, riparian areas, 
natural waterways, or so-called “green infrastructure”) to help reduce flooding. 

• Land Use Management – Reducing local exposure to flood hazards through land use 
management. This can include encouraging or requiring types of land use in flood hazard areas 
that will prevent or reduce potential damage. For example, a green space would be less affected 
by flooding than a new sub-division. 

• Building Management – Reducing local vulnerability through building management. This can 
include regulations and strategies that make structures and belongings less susceptible to damage 
when floods occur. For example, using flood-resistant materials for the ground floor of a building. 

The strategies are strongly dependent on the development and application of local regulatory tools (see 
Section 9.5. Two options within the above strategies are discussed further in Sub-section 9.6.2. 

In addition to the broad risk reduction strategies, non-structural mitigation can also help communities 
increase resilience, reducing the long-term impacts of flood.  

9.4.2 Increasing Resilience 
Resilience strategies are those non-structural mitigation options, or groups of options, which can be taken 
in advance of flood or geohazard events to ensure a robust and rapid recovery afterward. There are three 
broad strategies that can be applied: 

• Education and awareness – homeowner guides, flood and climate change education, 
neighbourhood preparedness programs, and other learning resources. 

• Emergency response – early warning systems, temporary barriers, and other flood response 
programs. 

• Insurance and disaster financial assistance – managing financial risks where no other mitigation 
strategies are available. 

The implementation of mitigation activities, and especially non-structural strategies, needs to be mindful 
of the governance context. 

 

35 Non-Structural Mitigation Resource Guide. Weblink: https://www.rdco.com/Flood-Mitigation-Planning-Resource-
Guide.pdf. Accessed 19 November 2021. 
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9.5 Governance Context 
Governance is the regime that creates the authority to act and provides incentives or disincentives for 
action. In British Columbia, the authority, and other levers for action (e.g., funding, regulation, etc.), is 
devolved, which means that all levels of government (Federal, Provincial, Local, First Nation, Crown 
Corporations) play a variety of sometimes overlapping roles. For the purposes of the SLRD, we focus here 
on local government responsibility and authority related to non-structural flood mitigation tools. These 
are guided by the Community Charter [2003] and the Local Government Act [2004], as described in the 
following sub-sections. Section 2.7 outlined how the Sendai Framework, an international directive, is 
being implemented at federal and provincial levels. 

9.5.1 Community Charter [2003] 
The Community Charter provides the statutory framework for local governments within the province of 
BC; it sets out areas of authority and procedures. Of relevance to flood management are the provisions 
with Division 8 of the Charter that set out the authority of local government to have a Chief Building 
Inspector permit buildings and occupancy of structures, and to require certification of a qualified 
professional36 that “land may be safely used” in areas subject to flood (and other hazards). 

The use of the Community Charter generally requires base information from flood mapping (either extents 
or extents and flood depths or FCLs) to support the Chief Building Inspector and qualified professionals to 
determine if a site and/or building is safe for intended use. In the absence of an approved flood map, this 
statute still provides a local government’s Chief Building Inspector with the ability to require a report to 
be prepared by a qualified professional for new buildings and for structural alteration or addition to an 
existing building or structure.  

9.5.2 Local Government Act [2004] 
Where flood mapping is available, this statute provides both policy and regulatory provisions that can be 
implemented as stand-alone provisions or collectively to form a framework to effectively manage flood 
hazard areas. Specific tools available under the Local Government Act relevant to flood management are: 

1. Regional Growth Strategy (RGS) Bylaw. A strategic plan that defines a regional vision for 
sustainable growth. Policies can be incorporated into an RGS to prepare for climate change by 
supporting flood risk and resilience strategies.  

2. Official Community Plan (OCP) Bylaw. A guiding policy document used to inform land use 
decisions. OCPs can include policies in support of flood risk and resilience. 

3. Development Permit Areas (DPAs). Designated areas requiring special treatment. An Official 
Community Plan may designate DPAs for specified purposes, including the protection of 
development from hazardous conditions. Hazard DPAs are generally triggered by alterations to the 
land associated with development activities. DPAs must include contributions or objectives that 

 

36 In the case of the Community Charter, a qualified professional, is defined as “(a) a professional engineer, or (b) a 
professional geoscientist with experience or training in geotechnical study and geohazard assessments”. 
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justify the designation and must also provide guidelines for developers and homeowners to meet 
the requirements of the DPA. 

4. Flood Bylaw. If a local government considers that flooding may occur on land, the local 
government may adopt a bylaw to designate a flood hazard area and specify flood levels for it, 
establish setbacks and construction elevations for habitable space for new buildings and 
structures, and for landfill within the flood hazard area [Section 524]. Most often, applications for 
building permits trigger flood bylaw requirements. 

5. Zoning Bylaw. Land use zoning bylaws are used to regulate the use of individual parcels of land, 
including parcel configuration, the density of the land use, and siting and standards of buildings 
and structures [Section 479]. These bylaws have been used historically for flood hazard areas to 
ensure public safety is maintained by limiting the types of uses associated with those lands.  

6. Subdivision Bylaw. Standards for subdivision design can be established by local governments 
(within the Provincial Guidelines). In the case of Regional Districts, the approving authority for 
subdivision is the Ministry of Transportation and Infrastructure, which is required to consider the 
Provincial Guidelines to determine the conditions for subdivision approval.  

7. Local Building Bylaw. There is also provision under [Section 694] of the Local Government Act for 
a local building bylaw or permit process to require floodproofing. Generally, these are no longer 
used as the updated BC Building Code has some provisions for floodproofing and any additional 
conditions can also be integrated into a flood bylaw. It should also be noted that the National 
Research Council of Canada and partners are working to incorporate new floodproofing standards 
into future iterations of the Canadian Building Code. 

Successful flood mitigation actions require that successive or parallel processes be completed. For 
example, legislation and regulation set the legal framework; guidance documents provide interpretation 
of the regulations; and funding programs incentivize or disincentivize activities, as well as monitor and 
enforce activities. 

9.6 Project Area Planning and Policy 
SLRD planning and policy documents that are relevant to the management of natural hazards such as 
flood and geohazards include Bylaw No. 1135-2013 (the Official Community Plan (OCP) for Electoral Area 
D)37, the building Floodplain Management Policy (No. 6.10)38, and the Natural Hazards Policy (No. 7.5)39.  

One key direction from the OCP states, “it is important to establish policy for land use that either avoids 
development in areas with identified natural hazards or mitigates the potential damage that may result 

 

37  Official Community Plan for Electoral Area D. Weblink: https://www.slrd.bc.ca/sites/default/fil
es/bylaws/pdf/Bylaw%201135-2013%20consolidated%20up%20to%201555-2018_0.pdf. Accessed 3 November 
2021. 
38  Weblink: https://www.slrd.bc.ca/about-us/regional-district-board/board-structure-policies/floodplain-
management-policy. Accessed 22 October 2021. 
39  Weblink: https://www.slrd.bc.ca/about-us/regional-district-board/board-structure-policies/natural-hazards-
policy-0. Accessed 22 October 2021. 

https://www.slrd.bc.ca/sites/default/fil%E2%80%8Bes/bylaws/pdf/Bylaw%201135-2013%20consolidated%20up%20to%201555-2018_0.pdf
https://www.slrd.bc.ca/sites/default/fil%E2%80%8Bes/bylaws/pdf/Bylaw%201135-2013%20consolidated%20up%20to%201555-2018_0.pdf
https://www.slrd.bc.ca/about-us/r%E2%80%8Begional-%E2%80%8Bdistrict-board/board-structure-policies/floodplain-management-policy
https://www.slrd.bc.ca/about-us/r%E2%80%8Begional-%E2%80%8Bdistrict-board/board-structure-policies/floodplain-management-policy
https://www.slrd.bc.ca/about-us/regional-district-board/board-structure-policies/natural-hazards-policy-0
https://www.slrd.bc.ca/about-us/regional-district-board/board-structure-policies/natural-hazards-policy-0
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from development in those areas.” The OCP also indicates that development potential should not be 
increased in the vicinity of the Rubble Creek Hazard Area and the Cheakamus River Floodplain. 

The Floodplain Management Policy clarifies exemptions that a building inspector may authorize. The 
exemptions are related to flood construction requirements that are pursuant to section 56 of the 
Community Charter.  

The Natural Hazards Policy indicates how the SLRD plans to mitigate risks within natural hazard areas. It 
states, “the SLRD is prepared to plan for, respond to and recover from the impacts of these hazards as 
required by the Emergency Program Act40 and regulations, and to ensure that the provisions of the Land 
Title Act (Section 86) are complied with in future developments.” However, the policy also states that 
hazard mitigation is the direct responsibility of the Province of BC.  

With regards to property-level permitting, the Natural Hazards Policy outlines that it is within the 
discretion of the SLRD Building Inspector to require appropriate site-specific geotechnical study, 
conducted by qualified professionals, to ensure that a property is safe for intended use. 

9.6.1 Opportunities, Challenges, and Next Steps for Non-structural Mitigation 
The SLRD has some of the basic policy tools that are precursors to the successful implementation of non-
structural mitigation. However, there is currently no zoning bylaw or development permit area (DPA) 
mechanism that is defined that relates to flood management.  

Next short-term steps for the SLRD include adopting the new FCLs into current policies that apply to the 
project area. This may include, for example, developing a zoning bylaw and refining the OCP to include a 
mapped DPA for flood. In the longer-term, the SLRD could consider developing a flood bylaw (to subsume 
information in existing bylaws) that would allow for more flexibility in mitigation actions, as well as being 
flexible to updates in hazard information or provincial direction. 

9.6.2 Example Mitigation Options 
Based on current relevant planning and policy, and the outputs from this project, we provide two 
examples of non-structural mitigation options. These options are categorized within the broad strategies 
presented in Sub-section 9.4.1. The examples are not meant to be definitive, but rather are representative 
of the types of options that could be considered in a future phase of work. 

A series of criteria should be developed to explore specific non-structural options that could be 
implemented by the SLRD within the project area. These criteria are based on some of the quantitative 
information that was gathered within this project. However, they are also highly dependent on qualitative 
criteria, which were not obtained.  

The first option below (Figure 9-3) is categorized within the second broad strategy (Land Use 
Management). It is based on the concept of avoiding development in flood hazard areas, as the surest 

 

40 When the Emergency Program Act is modernized (anticipated in Fall 2022, as mentioned in Section 2.7), it should 
be reviewed as it relates to this policy. 
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means to limit risk. The example option focuses on land use controls to limit all development. However, 
other controls include those that limit high consequence development, and acquisition of undeveloped 
land.  

The second is an option categorized within the third broad strategy (Building Management) (Figure 9-4). 
It is based on the concept that where development pressure is high, risk can be reduced relatively easily 
within new construction. The example option focuses on implementing building controls to elevate 
structures for new builds; however, other building controls for new builds include elevating high 
consequence structures, dry floodproofing (permanent and temporary), and wet floodproofing.  
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Figure 9-3: Example Land Use Management Strategy (Avoid) option details (from the Flood Mitigation Guide). 
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Figure 9-4: Example Building Management Strategy (Building Controls for New Builds) option details (from the Flood Mitigation 
Guide). 

The Flood Mitigation Guide contains 40 non-structural mitigation options that should be considered by 
the SLRD for implementation within the project area. However, refinement of the options, and their 
selection, requires the SLRD and its regional partners to embark on a detailed mitigation options selection 
process (see Chapter 10.1). 
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9.7 Summary 
The advent of risk-based information resulting from this project provides a more informed understanding 
of flood and geohazards management. Information can be used within a risk reduction approach, which 
is part of the evolution of flood management. Through this lens and considering the “10 golden rules of 
flood management”, non-structural mitigation becomes more apparent as a primary solution, compared 
to structural mitigation. However, structural solutions can play a role, including when considering 
geohazards.  

A range of non-structural mitigation options exist to manage flood hazard. However, these are dependent 
on the governance context and specific plans and policies within the project area. Representative 
examples of non-structural solutions (e.g., Land Use Management (Avoid) and Building Management 
(Building Controls for New Builds) were highlighted as potential options for more detailed consideration 
in a future phase of work.  
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10 Recommendations  
The following sections provide specific recommendations for the SLRD to mitigate flood and geohazards 
applying a risk-based approach. The recommendations are organized according to the Sendai 
Framework’s four priorities (see Section 2.7), as follows: 

• Priority 1: Understanding Disaster Risk 
• Priority 2: Strengthening Disaster Risk Governance 
• Priority 3: Investing in Disaster Risk Reduction for Resilience 
• Priority 4: Enhancing Preparedness for Response 

Under each Priority, key themes are discussed, and recommendations are grouped within a table. Each 
recommendation has been assigned a relative priority and cost, but in no specific order or rank. Most of 
the recommendations are aimed at the SLRD, but some may be more relevant to, or at least require strong 
collaboration with, the Province. Many of the recommendations in this section were highlighted in the 
recent Investigations in Support of Flood Strategy Development in BC41. 

10.1 Understand Disaster Risk 
Understanding disaster risk includes obtaining better knowledge on hazards, exposure, and vulnerability. 
Key themes under this priority are making the flood and geohazards mapping products public and 
promoting the collection of more comprehensive and relevant data. Many of the recommendations in this 
section (explained below and detailed in Table 10-1) should leverage the relationships built through the 
Steering Committee that was established for this project. 

10.1.1 Make the Flood and Geohazards Mapping Products Public  
Research shows that it is in the regional district’s best interest to disclose the hazard mapping products 
from this project publicly. It is essential that the public has access to information on where it may flood in 
the future. Digital data files for flood depths, flood extents and FCL reaches were provided to the SLRD 
along with this report. We recommend adding these GIS files to the regional district’s Online GIS/Mapping 
system, along with the provided metadata. This will allow future studies to use this information, and by 
doing so, increase the general knowledge of flood hazards in the Upper Paradise Valley area of the 
Cheakamus River. 

10.1.2 Promote the Collection of More Comprehensive and Relevant Data  
The SLRD could coordinate data collection with partners in the region to address data gaps related to 
hazard characterization, as well as exposure and vulnerability. The watersheds that feed the lower 
Cheakamus River have an extremely varied topography. Climate and hydrometric monitoring should be 
expanded to obtain more accurate and representative data across the region, and post-flood event 
measurements need to be obtained more systematically to facilitate flood model calibration. 

Exposure data sets should aim to improve understanding on contamination sources, transport, and 

 

41  Summary Report weblink: https://www.fraserbasin.bc.ca/_Library/Water_Flood_BC/BC_Flood_Investig
ations_Summary_2021.pdf. Accessed 1 November 2021. 

https://www.fraserbasin.bc.ca/_Library/Water_Flood_BC/BC_Flood_Investig%E2%80%8Bations_Summary_2021.pdf
https://www.fraserbasin.bc.ca/_Library/Water_Flood_BC/BC_Flood_Investig%E2%80%8Bations_Summary_2021.pdf
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impacts to receptors such as fish and human health; seasonal population distribution, including tourism; 
and indirect and intangible impacts such as lack of access to services and psychosocial stress. NRCan’s 
social vulnerability index (SOVI) is an example project that could be leveraged. 

Table 10-1: Recommendations related to the Sendai Framework Priority 1. 

High-level estimates of priority and cost (primarily dollar cost, but also in some instances human resources and skills) are provided 
in this table as High (red), Medium (amber) and Low (green). 

Recom. No. Description Development Details 

1-1. Share the maps with Provincial 
authorities (e.g., GeoBC and EMBC) 
to allow them to be uploaded to a 
common and accessible website.  

A central repository would ensure the ongoing 
storage and accessibility of maps in the region. 
Such a repository may be hosted by a regional, 
provincial, or federal agency. GeoBC and EMBC 
are working to support this effort in BC for 
practitioners and the public. Natural Resources 
Canada has also developed a national flood 
hazard layer, which is not yet public (Ebbwater 
Consulting Inc., 2020). In the interim a local 
solution may be necessary.  

Priority: H 
Cost: L 
 

1-2. Increase research and training to 
bridge the gap that remains among 
local governments to fully 
understand the complex issues of 
natural hazard risk.  

Partnerships may be strengthened with local 
higher-learning educational institutions in the 
Lower Mainland), as well as provincial and 
federal research agencies, such as the Pacific 
Climate Impacts Consortium. 

Priority: H 
Cost: M 
 

1-3. Strengthen partnerships with NGOs 
and industry to facilitate 
collaborative research and the 
integration of new science into policy 
and practice.  

These relationships will be pivotal to integrating 
new knowledge, when it becomes available, into 
practice. Watershed tours, led by local experts 
including Indigenous groups, should be included 
within future studies (provided the Indigenous 
groups have adequate resources and capacity). 
Region-wide training programs would also help 
leaders consider natural hazard risk in their daily 
activities. 

Priority: H 
Cost: L 
 

1-4. Conduct follow-up field assessment 
to better characterize the 
geohazards, based on the overview 
analysis and mapping results 
(Appendix D).  

Compare the mapped distribution of existing 
property, infrastructure and land uses to the 
limits of the areas most likely susceptible to 
fluvial geohazards and hillslope influences. 
Priority for follow-up assessment should be given 
to areas where assets are located within or near 
the delineated areas.  

Priority: H 
Cost: M 
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Recom. No. Description Development Details 

1-5 Work with the Province to improve 
the climate monitoring network in 
the region. Establishing long-term 
high-elevation stations would 
contribute to understanding changes 
in precipitation processes (e.g., 
raising of the snow line) that are 
responsible for flash flooding.  

This recommendation is especially crucial 
considering that with climate change, historical 
data is less applicable. The data would also be 
useful to understand changes in land cover 
resulting from climate change, forest 
disturbance, and other cumulative pressures on 
flood hazard.  

Priority: H 
Cost: M 
 

1-6 Work with the Province to improve 
the hydrometric monitoring network 
in the region. This data would 
improve the accuracy of hydrology 
studies, and understanding changes 
in the flow regime including peak 
flow trends.  

This recommendation is especially crucial 
considering that with climate change, historical 
data is less applicable. Hydrometric stations on 
Rubble and Culliton creeks, the project area’s 
largest ungauged watersheds (both with very 
diverse topography), would help characterize 
flows in them. 

Priority: H 
Cost: M 
 

1-7 Continue to collaborate with BC 
Hydro to access hydrometric data on 
the Daisy Lake Reservoir. 

Continued inflow and outflow monitoring on 
Daisy Lake is important to understand hydrologic 
change in the largest watershed of the project 
area. The data is necessary to determine 
naturalized flows, and to detect potential 
changes in peak flow trends as the influences of 
climate change strengthen. 

Priority: M 
Cost: L 
 

1-9 Work with the Province and regional 
partners to continue to collect 
information during natural hazard 
events, to support robust event 
mapping. 
 

During a natural hazard event it is common to 
focus on emergency response. However, the 
collection of event data (e.g., high-water marks 
and flow measurements) is invaluable and should 
be a priority. The data can be used for model 
calibration and validation, facilitating the 
development of studies to project future events 
with more accuracy. Drone technology can be 
deployed effectively for this purpose. The United 
States Geological Survey (USGS) has developed 
resources42 that could easily be adapted for the 
SLRD and other local governments. 

Priority: M 
Cost: M 
 

 

42  See the guide for Identifying and Preserving High-Water Mark Data: Weblink: 
https://pubs.usgs.gov/tm/03/a24/tm3a24.pdf. Accessed 22-Apr-2021. 

https://pubs.usgs.gov/tm/03/a24/tm3a24.pdf
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Recom. No. Description Development Details 

1-10. Work together with local NGOs, First 
Nations, and the District of 
Squamish, to develop and 
implement public awareness 
initiatives.  

These initiatives could include watershed tours 
as above, and resources and education materials 
developed for lay audiences. Learnings and 
materials should be shared across the region.  

Priority: M 
Cost: M 
 

1-11. Work with the relevant health 
authority to obtain and map septic 
systems within the project area, if 
the data is available. 

Flooded septic systems can be an important 
source of contamination, especially in rural 
areas. 

Priority: H 
Cost: L 
 

1-12. Work with others to support a 
motion at the UBCM to require that 
BC Assessment property information 
and rental agreements disclose 
current and projected flood risk 
levels. 

Mandatory and early disclosures of flood risk 
information would ensure prospective property 
buyers and renters are aware of the risks 
associated with a given property. Other 
supportive groups could include the BC Real 
Estate Association, the Fraser Basin Council, and 
the Insurance Board of Canada. 

Priority: H 
Cost: L 
 

1-13. Implement an initiative to show 
important recent and historical 
water surface elevations in 
prominent places. 

Markers on landmarks such as bridge piers or 
utility poles could show the water surface 
elevation of the flood of record and flood 
construction level to keep flood hazards top of 
mind for residents. This has been done for the 
City of Winnipeg43 and the City of Vancouver44. 

Priority: M 
Cost: L 
 

1-14. With the collection of new exposure 
data, update and expand the risk 
assessment that was conducted for 
this project. 

A comprehensive risk assessment should be 
conducted for the Squamish River watershed, to 
obtain a consistent understanding of risk within 
the area. The risk assessment could be done 
relatively efficiently given the groundwork that 
has been established by recent studies in the 
Cheakamus and Squamish rivers. 

Priority: L 
Cost: M 
 

 

10.2 Strengthen Disaster Risk Governance 
The Sendai Framework Priority 2 promotes disaster risk governance through collaboration and 
partnership. The Province’s guide to good governance refers to principles of accountability, leadership, 

 

43  Weblink: https://www.cbc.ca/news/canada/manitoba/manitoba-5-worst-floods-1.5047030. Accessed 14 May 
2021. 
44  See page 6 of Vancouver’s Changing Shoreline – Preparing for Sea Level Rise. Weblink: 
https://vancouver.ca/files/cov/vancouvers-changing-shoreline.pdf. Accessed 23 April 2021. 

https://www.cbc.ca/news/canada/manitoba/manitoba-5-worst-floods-1.5047030
https://vancouver.ca/files/cov/vancouvers-changing-shoreline.pdf
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integrity, stewardship, and transparency (Office of the Auditor General of British Columbia, no date). Key 
drivers for improved flood governance include failure of the current governance structure (especially in 
the wake of recent floods), changes to Provincial legislation (see Section 2.7), and recognition of increasing 
cumulative pressures (see Chapter 4). The SLRD should continue to collaborate with regional partners and 
focus on Indigenous inclusion. These recommendations are explained below and in Table 10-2. 

10.2.1 Collaborate with Regional Partners 
This project’s Steering Committee provided valuable feedback throughout this project’s progress. 
Important aspects of the project deliverables were identified with the consulting team. For their part, 
Steering Committee members gained more awareness of how information was developed, providing 
them with more in-depth understanding of the project outcomes. The Steering Committee should 
continue to be leveraged during next steps of the project. New partners should be brought in as necessary, 
with a focus on Indigenous inclusion. 

10.2.2 Include Indigenous Groups in Decision Making Processes 
An adaptable and sustainable path can be forged for all when Indigenous Peoples are recognized as 
decision makers who have stewarded their territories for millennia and who have inherent jurisdiction 
with Indigenous natural laws. Increasingly, First Nations are being empowered by a changing regulatory 
landscape. One key driver in BC has been the implementation of the Declaration on the Rights of 
Indigenous Peoples Act [2018]. First Nations principles of data sovereignty should also be applied through 
the ownership, control, access, and possession (OCAP) of data related to Indigenous communities. 

Table 10-2: Recommendations related to the Sendai Framework Priority 2. 

High-level estimates of priority and cost (primarily dollar cost, but also in some instances human resources and skills) are provided 
in this table as High (red), Medium (amber) and Low (green). 

Recom. No. Description Development Details 

2-1. Leverage the Steering 
Committee to develop a regional 
strategic plan for natural hazard 
risk reduction within the 
Squamish River watershed. The 
strategic plan should include the 
mitigation options assessment 
(see Sub-section 10.3.3) 

The Steering Committee could leverage the key recent 
studies and should be represented by a range of 
interests in the region (First Nations, municipalities, 
provincial and federal agencies, industry, and public 
interest groups). Examples for such regional initiatives 
include the Okanagan Basin Water Board (noting that 
although the OBWB is a legislated authority, it could 
function without this) and the Syilx Flood Adaptation 
Steering Committee, in the Okanagan-Similkameen 
region.  

Priority: H 
Cost: M 
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Recom. No. Description Development Details 

2-2. Promote Indigenous data 
sovereignty as a means of 
“decolonizing” data and 
supporting a governance model 
that empowers the Squamish 
and other First Nations. 

In working with First Nations, SLRD staff should 
complete the OCAP certification course, which is 
becoming a standard to conduct research with First 
Nations. As programs such as the OCAP certification 
process are rolled out, the SLRD should seek to work 
with partners who have demonstrated awareness (and 
ideally, certification) of the Principles. 

Priority: H 
Cost: L 
 

 

10.3 Invest in Disaster Risk Reduction for Resilience 
Sendai Priority 3 focusses on public and private investments in disaster risk prevention through structural 
and non-structural measures. Prioritizing such non-structural measures will avoid continued dependence 
on structural mitigation as an exclusive solution to manage natural hazards. Property-level resilience 
measures, including flood insurance, that are not meant to permanently fight water can also be effective 
long-term risk mitigation solutions. These should be considered within a mitigation options assessment. 
Recommendations related to Priority 3 are discussed below and detailed in Table 10-3. 

10.3.1 Translate Mapping into Land Use Policies  
According to a report released by the Insurance Bureau of Canada and the Federation of Canadian 
Municipalities, adaptation to flood risk is one of the areas that requires the greatest investment in 
adaptation45. This requires that local governments prioritize land use policy change to reduce exposure 
and vulnerability. It is essential that flood hazard maps and FCLs are reflected in applicable land use 
policies and regulations, such as Official Community Plans (OCPs), development permit areas (DPAs), and 
a potential eventual floodplain bylaw (as described in Sub-section 9.6.1).  

10.3.2 Implement Property-Level Resilience 
There are several property-level resilience measures that can be taken to protect assets at smaller scales. 
Some of the recommendations involve structures, but they are not meant to permanently fight water. 
Further related recommendations are expected in forthcoming Federal guidance on flood resilient 
building and land use planning. In the meantime, there are excellent resources available from 
international jurisdictions (e.g. Barsley, 2020; Dhonau et al., 2014). 

Property owners can increase their resilience by transferring residual financial risk to insurance providers. 
Residential insurance for overland (pluvial and fluvial) flooding became available in Canada during mid-
2015. Flood protection is either unavailable or prohibitively expensive in the project area. The SLRD and 
insurance providers must do better to inform residents about insurance coverage, and implications 

 

45  Investing in Canada’s Future: The Cost of Climate Adaptation. Weblink: http://assets.ibc.ca/Documents
/Disaster/The-Cost-of-Climate-Adaptation-infographic-EN.pdf. Accessed 30 September 2019. 

http://assets.ibc.ca/Documents%E2%80%8B/Disaster/The-Cost-of-Climate-Adaptation-infographic-EN.pdf
http://assets.ibc.ca/Documents%E2%80%8B/Disaster/The-Cost-of-Climate-Adaptation-infographic-EN.pdf
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related to obtaining (not obtaining) post-disaster assistance through the Provincial Disaster Financial 
Assistance (DFA) program.  

10.3.3 Conduct a Mitigation Options Assessment 
Building on the governance processes described under Priority 2, an options assessment of mitigation 
options, focusing on non-structural solutions, should be conducted. The Flood Mitigation Guide (from 
which two examples were presented in Sub-section 9.6.2) would be an excellent resource for this work. 
The planning process would require stakeholder and public engagement. It will be critical to engage with 
the community to understand the values that drive sentiments in the area. The community also would 
likely better understand the flood and geohazard maps in the context of this type of engagement. 

Table 10-3: Recommendations related to the Sendai Framework Priority 3. 

High-level estimates of priority and cost (primarily dollar cost, but also in some instances human resources and skills) are provided 
in this table as High (red), Medium (amber) and Low (green). 

Recom. No. Description Development Details 

3-1. The 0.5% AEP flood extent map 
(with freeboard) should be 
incorporated into SLRD policy; 
however, in the longer-term, 
working iteratively with the OCP 
process, consideration of 
multiple AEP floods, and flood 
hazard magnitude and climate 
scenarios should be included in 
policy.  

This process will effectively allow for different land 
uses and building types where hazards have 
different characteristics (e.g., likelihood, depth, and 
velocity). Further, the fluvial geohazards mapping 
should be used in tandem to inform land use policy. 

Priority: M 
Cost: L 
 

3-2. Assess mitigation options for 
geohazards (i.e., fluvial 
geohazards such as 
erosion/sedimentation and 
hillslope influences such as 
debris flood and debris flow) 
following site-specific 
assessment (see Appendix D for 
details). 

Strong preference should be given to avoiding the 
placement of valued assets within areas at risk from 
debris flood and debris flow or relocating existing at-
risk property or infrastructure. Underground assets 
that may be at risk could be buried deeper. Where 
avoidance and relocation are not possible indirect 
and direct structural measures should be considered 
(see Section 9.3 for discussion).  

Priority: M 
Cost: L 
 

3-3. Seek funding for the next phases 
of this project, which is the 

The CEPF is a potential source of funding for this type 
of work, which is currently being conducted for a few Priority: H 

Cost: L 
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Recom. No. Description Development Details 

 mitigation options assessment. local governments across BC (e.g., Comox Valley 
Regional District Coastal Floodplain Adaptation 
Strategy – Flood Risk Assessment and Options 
Assessment 46 , Regional District of Central 
Okanagan). 

3-4. Move valuables from 
buildings/homes out of 
basements and into upper floors. 
In the case of assets located in 
the geohazards (i.e., fluvial 
geohazards and hillslope 
influences), move bedrooms to 
the other side of the house. 

At the property level, in the event of a flood or 
geohazard event, the primary objective should be 
life safety. For the things that remain in a 
building/house, the objective is to reduce damage to 
the most valuable items. This strategy can be 
integrated within the communication and outreach 
recommendations in Table 10-1, as well as 
enhancing early warning systems. 

Priority: M 
Cost: L 
 

3-5. Work with municipalities to 
strengthen natural hazard 
regulations and zoning bylaws in 
areas prone to frequent flooding 
and make these consistent 
across the region. 

Regulations could be tightened to reduce exposure 
in hazard areas by:  
• Limiting density of new developments. 
• Requiring that there be no subdivisions or major 

redevelopments. 
• Reducing the number of exceptions that enable 

development.  
• Prohibiting development of new critical public 

infrastructure. 
Prohibiting new hazardous land uses. 

Priority: H 
Cost: M 
 

3-6. Work with the Province to 
ensure that climate change is 

National Research Council is currently leading a 
project to update the National Building Code. This is Priority: H 

Cost: M 

 

46  Phase 2 – Flood Risk Assessment and Preliminary Options Assessment. Weblink: 
https://www.comoxvalleyrd.ca/projects-initiatives/past-current-projects/coastal-flood-adaptation-strategy. 
Accessed 3 November 2021. 

https://www.comoxvalleyrd.ca/projects-i%E2%80%8Bnitiatives/past-current-projects/coastal-flood-adaptation-strategy
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Recom. No. Description Development Details 

 considered in the design of 
buildings at risk from flooding, 
based on updates to the National  
Building Code47. 

a long-term, resource-intensive project, which will 
ultimately inform updates to provincial building 
codes. The Province can facilitate and encourage 
local planning authorities to strengthen their 
building codes above and beyond provincial 
requirements. This could include, for example: 
• Requiring a high level of floodproofing for new 

developments or existing developments that are 
substantially renovated. Future flood hazard 
(i.e., incorporating climate change) should be 
used to define buildings at risk. 

• Requiring that developers provide flood risk 
assessments as part of planning applications. 

This recommendation is related to those provided in 
Sub-section 10.3.2 to implement property-level 
resilience.  

3-7. Relocate sources of 
contamination outside of hazard 
areas, especially when a flood is 
imminent, to reduce the chance 
of spills. 

Contamination sources, such as fertilizer or fuel 
containers, should be permanently moved to areas 
on a property that are less likely to be flooded. If this 
is not possible, alternative temporary storage areas, 
or floodproofing should be considered. 

Priority: H 
Cost: M 
 

3-8. Work with the Province and 
neighbours to acquire, share, 
and store temporary flood 
barriers (e.g., AquaDams) and 
support residents to learn about 
property level temporary 
barriers. 

Note that sandbags should be considered as a tool 
of last resort. The bags must be strong enough to 
hold the sand and withstand contact with water 
indefinitely (usually burlap or strong plastic bags). 
Note that flooded sandbags are considered 
hazardous material. 

Priority: M 
Cost: L 
 

3-9. Investigate options and potential 
obstacles to support 
homeowners to transition into 
the flood insurance market.  

In coordination with the Province and municipalities, 
the SLRD could initiate a targeted public awareness 
and engagement program to alert homeowners to 
their need for flood insurance. Producing 
standardized flood risk maps for insurance providers 
is one piece of this puzzle.  

Priority: H 
Cost: M 
 

3-10. Protect riparian areas; these 
areas benefit from floods and, 

The Freedom Space for Rivers concept (Biron et al., 
2014) incorporates flood hazards, erosion hazards, Priority: H 

Cost: M 
 

47 Weblink: https://nrc.canada.ca/en/certifications-evaluations-standards/codes-canada/codes-canada-
publications/national-building-code-canada-2015. Accessed 17-May-2021. 

https://nrc.canada.ca/en/certifications-evaluations-standards/codes-canada/codes-canada-publications/national-building-code-canada-2015
https://nrc.canada.ca/en/certifications-evaluations-standards/codes-canada/codes-canada-publications/national-building-code-canada-2015
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Recom. No. Description Development Details 

 through their water storage 
ecosystem service, reduce flood 
hazard and bank erosion. The co-
benefits of increasing 
biodiversity and attenuating 
peak flows should be realized by 
identifying areas to preserve 
riparian areas. 

landslide hazards, and riparian wetlands to establish 
development limits that account for extreme events 
associated with climate and land use change. There 
may be potential to build on these concepts and the 
existing Riparian Areas Regulation (RAR). 

 

10.4 Enhance Preparedness for Response 
The Sendai Framework Priority 4 recognizes the need for preparedness, response, and recovery at all 
levels. Disasters represent an opportunity to “build back better.” This process requires recognition that 
disaster management is a cycle that requires constant and proactive consideration in all its phases to 
achieve success during response.  

Priority 4 is outside of Ebbwater’s core area of expertise; therefore, high-level recommendations are 
provided in the following sections related to developing an emergency response plan and building back 
better in flood recovery. The recommendations in Table 10-4 are informed by the Emergency Response 
and Flood Recovery investigations completed as part of the Investigations in Support of Flood Strategy 
Development in British Columbia Initiative (Fraser Basin Council, 2021). 

10.4.1 Leverage Outputs to Improve Hazard Management and Emergency Response Activities 
SLRD’s Protective Services department already has numerous useful resources to help authorities and the 
community prepare for flood and geohazards events. The risk-based information obtained through this 
project can now be used to update these resources, and potentially develop new ones. 

10.4.2 Build Back Better in Flood Recovery 
The barriers and opportunities to implement mitigation options should be thoughtfully considered. 
Funding opportunities should be identified to integrate learnings from such an analysis to effectively 
implement mitigation options following a flood. 

Table 10-4: Recommendations related to the Sendai Framework Priority 4. 

High-level estimates of priority and cost (primarily dollar cost, but also in some instances human resources and skills) are provided 
in this table as High (red), Medium (amber) and Low (green). 

Recom. No. Description Development Details 

4-1.  Consider integrating the results of 
this risk assessment into the SLRD’s 

It is useful to have hazard and emergency 
response information in a single location. The best Priority: M 

Cost: L 
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Recom. No. Description Development Details 

 Community Risk Assessment 48 and 
All-Hazards Emergency Response 
Plan49. 

use of effort may simply be to ensure that this 
project’s deliverables are linked across relevant 
existing SLRD webpages. 

4-2.  Link the detailed maps, including 
the various flood scenarios on 
which they are based, with 
Provincial flood forecasting 
systems. 

The flood scenario maps are linked to the 
discharge at the WSC gauge 08GA043 (see Table 
4-5). The maps can now better inform early 
warning systems and evacuation planning, 
including providing people with lead-time to 
implement property-level resilience measures 
(see Sub-section 10.3.2) effectively.  

Priority: H 
Cost: L 
 

4-3.  Consider producing a natural 
hazard recovery plan. The intent of 
this type of plan is to create 
accountability and streamline 
activities in the wake of a disaster. 
This enables building back better 
rather than building back quickly to 
get the community back to 
“normal.” 

The recovery plan should outline future 
considerations for specific geographic areas. This 
could include recommendations of potential 
changes to zoning or land use, including areas 
considered for buy outs and managed retreat 
from hazard areas (see Sub-section 10.3.1). 

Priority: M 
Cost: L 
 

4-4. Leverage the maps produced from 
this project to identify strategic 
staging areas for response and 
recovery activities.  

This information could be fed into Provincial plans, 
as well as the response and recovery plans to 
mobilize equipment more efficiently.  

Priority: M 
Cost: L 
 

4-5. Prepare a post-disaster needs 
assessment (PDNA) in future flood 
recovery situations.  

With the completion of the PDNA, resources can 
be prioritized, and external needs identified. The 
PDNA can then inform the recovery plan. 

Priority: H 
Cost: L 
 

 

 

48  SLRD Community Risk Assessment. Weblink: https://www.slrd.bc.ca/inside-slrd/reports/slrd-community-risk-
assessment. Accessed 2 November 2021. 
49  All-Hazards Emergency Response Plan – SLRD Emergency Management Program. Weblink: 
https://www.slrd.bc.ca/sites/default/files/reports/SLRD%20All%20Hazards%20Plan%20v1.0%20with%20Annexes.
pdf. Accessed 2 November 2021. 

https://www.slrd.bc.ca/inside-slrd/reports/slrd-community-risk-assessment
https://www.slrd.bc.ca/inside-slrd/reports/slrd-community-risk-assessment
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11 Conclusion 
As the SLRD works towards becoming more resilient to flooding, an essential first step is the update of 
flood hazard maps. The mapping deliverables from this project now empower the SLRD to better 
understand—and plan—around flood and related geohazards. The goal of this project was to provide the 
SLRD with maps to support flood planning and emergency management activities. This was achieved by 
addressing the project’s four main objectives, as follows: 

1. Collect and conduct ground and bathymetric surveys to develop a Digital Elevation Model 
(DEM) of the river. Detailed bathymetric and LiDAR data were collected, and a merged 
topographic surface was developed. The surface was processed to be used as the basis for a 
hydraulic model. 

2. Develop a hydraulic model for the Upper Paradise Valley portion of the Cheakamus River. A 
hydraulic model was selected, and a hydrology analysis was completed to determine inflows. 
Combined with the topographic surface, we developed a hydraulic model of the project area. 
The model covers a reach of approximately 15 km, and it was calibrated and validated with data 
collected in this area, as well as an area that extended downstream. Multiple flood magnitude 
scenarios were run. 

3. Produce flood maps that meet modern standards. We produced an FCL map for the moderate 
flood magnitude scenarios (which approximates the 0.5% annual exceedance probability flood), 
following regulatory standards and guidelines. A series of public education maps were also 
produced to help convey the flood and geohazards information in an easily digestible format. All 
the digital mapping layers are provided to the SLRD to work with (e.g., to conduct additional 
analyses or produce more maps). 

4. Conduct high-level fluvial geohazard investigation including hillslope influences. The 
consulting team completed desktop-based analysis and mapping, complemented by a limited 
field-based reconnaissance, to delineate fluvial geohazards such as erosion and sedimentation, 
and hillslope influences such as debris flood and debris flow. The mapping can be used for to 
prioritize more detailed assessments and to inform mitigation planning.  

5. Conduct high-level risk assessment to inform mitigation planning. We considered how three of 
the five flood magnitude layers interact with elements-at-risk for a range of indicators. 
Mitigation strategies, including structural and non-structural approaches, were discussed. These 
were used to inform this report’s recommendations. 

We hope this work can be a base for the continuing efforts of the SLRD to reduce risk in the Upper Paradise 
Valley area of the Cheakamus River. The SLRD can now make more informed decisions to make the 
community more resilient to floods and other geohazards and prepare for the impacts of a changing 
climate.  
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12 Glossary 
Term Definition Source 

Annual 
Exceedance 

Probability (AEP) 

The probability of an event of a given magnitude occurring in any 
given year, expressed as a percentage.  

Flood 

Overflowing of water onto land that is normally dry. It may be 
caused by overtopping or breach of banks or defences, inadequate 
or slow drainage of rainfall, underlying groundwater levels, or 
blocked drains and sewers. It presents a risk only when people and 
human assets are present in the area where it floods. 

RIBA 

Frequency The number of occurrences of an event in a defined period. PSC 

Hazard 

A potentially damaging physical event, phenomenon, or human 
activity that may cause the loss of life, injury, property damage, 
social and economic disruption, or environmental degradation. 
Hazards can include latent conditions that may represent future 
threats and can have different origins. 

UNISDR 

Hazard 
Assessment 

Acquiring knowledge of the nature, extent, intensity, frequency, 
and probability of a hazard occurring. 

MODIFIED 
NDMP TO 

MATCH 
HAZARD 

(Natural) Hazard 

Natural process or phenomenon that may cause loss of life, injury, 
other health impacts, property damage, loss of livelihoods and 
services, social and economic disruption, or environmental 
damage. 

UNISDR 

Likelihood 

A general concept relating to the chance of an event occurring. 
Likelihood is generally expressed as a probability or a frequency of 
a hazard of a given magnitude or severity occurring or being 
exceeded in any given year. It is based on the average frequency 
estimated, measured, or extrapolated from records over many 
years, and is usually expressed as the chance of a particular hazard 
magnitude being exceeded in any one year. 

RIBA 

Mitigation 

This report was written primarily with a disaster risk reduction lens 
and has adopted standard terminology from this field. Mitigation, 
in this case, relates to strategies or measures that are used to 
directly reduce natural hazard impacts or risk. In climate 
adaptation literature, mitigation often refers to local or global 
efforts to reduce greenhouse gas emissions. 

 

Probability In statistics, a measure of the chance of an event or an incident 
happening. This is directly related to likelihood. PSC 

Reach Lengths of channel that display similar physical characteristics and 
have a setting that remains nearly constant along their length.   

Resilience 

The ability of a system, community, or society exposed to hazards 
to resist, absorb, accommodate, and recover from the effects of a 
hazard in a timely and efficient manner, including through the 
preservation and restoration of its essential basic structures and 
functions. 

UNISDR 
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Term Definition Source 

Risk The combination of the probability of an event and its negative 
consequences. UNISDR 

Risk Assessment 

A methodology to determine the nature and extent of risk by 
analyzing potential hazards and evaluating existing conditions of 
vulnerability that together could potentially harm exposed people, 
property, services, livelihoods, and the environment on which they 
depend.  

UNISDR 

Thalweg A longitudinal flow path along the deepest point of the river.   
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Appendix A  Topographic Surface Development (McElhanney)  
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Appendix B  Climate Change Background 
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Appendix C  Hydraulic Model Documentation 
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Appendix D  Overview Assessment of Fluvial Geohazards and Hillslope 
Influences (Palmer)  
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Appendix E   Risk Assessment Method Details 
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Appendix F   FCL Maps 
The maps are provided as a separate PDF file. 
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Appendix G  Public Education Maps 
The maps are provided as a separate PDF file. 

 

 

  

 

 


	List of Abbreviations
	Disclaimer
	Permit to Practice
	Copyright

	Certification
	Revision History
	Acknowledgements

	Executive Summary
	Contents
	Figures
	List of Abbreviations
	1 Introduction
	1.1 Project Objectives
	1.2 Project Approach
	1.2.1 Steering Committee Process
	1.2.2 Challenges

	1.3 Project Area
	1.3.1 Hydroclimate

	1.4 Workflow and Report Structure

	2 Natural Hazard and Risk Assessment Primer
	2.1 Understanding Flood and Geohazards
	2.2 Flood Hazard
	2.2.1 Riverine Flood Hazard

	2.3 Geohazards
	2.3.1 Fluvial Geohazards
	2.3.2 Hillslope Influences

	2.4 Hazard Components
	2.4.1 Magnitude
	2.4.2 Depth
	2.4.3 Extents
	2.4.4 Likelihood
	2.4.5 Cumulative Pressures

	2.5 What is a Flood Map?
	2.6 Understanding Risk
	2.6.1 What is Risk?
	2.6.2 Indicators for Risk Assessments
	2.6.3 Consequence Types
	2.6.4 Complementary Research Methods
	2.6.5 Data Aggregation and Scoring

	2.7 Disaster Risk Reduction
	2.7.1 Sendai Framework
	2.7.2 Consideration for Indigenous People

	2.8 Relevant Guidance Documents
	2.8.1 Mapping
	2.8.2 Risk Assessment

	2.9 Summary

	3 Topographic Surface Development
	3.1 Bathymetric Surveying
	3.2 Crossings Surveys
	3.3 Post-Processing
	3.3.1 DEM Merging Process
	3.3.2 Deliverables

	3.4 Summary

	4 Hydrologic Analysis
	4.1 Watersheds
	4.1.1 Daisy Lake Reservoir
	4.1.2 Tributaries

	4.2 Historic Floods
	4.2.1 2003 Flood Impacts
	4.2.2 Historical Data Limitations

	4.3 Flow Regime
	4.4 Climate Change
	4.4.1 Future Emission Trajectories
	4.4.2 Temperature Trends and Projections
	4.4.3 Precipitation Increase
	4.4.4 Hydrologic Regime Shift

	4.5 Forest Disturbance
	4.5.1 Wildfire
	4.5.2 Logging

	4.6 Design and Mapping Flow Scenarios
	4.6.1 Ramping Approach
	4.6.2 Climate Change Influence
	4.6.3 Catchment Flows

	4.7 Summary

	5 Hydraulic Model
	5.1 Software Selection
	5.2 Model Development
	5.2.1 Model Extent
	5.2.2 Topographic Surface Processing
	5.2.3 Model Geometry
	5.2.4 Manning’s Roughness Coefficient
	5.2.5 Boundary Conditions
	5.2.6 Initial Conditions
	5.2.7 Run Parameters

	5.3 Field Reconnaissance
	5.4 Calibration
	5.4.1 Calibration Using 2003 Flood Data

	5.5 Validation
	5.5.1 Very High Flood Comparison
	5.5.2 Regulatory Mapping Comparison
	5.5.3 Moderate Flood Comparison
	5.5.4 Comparison Summary

	5.6 Model Sensitivity
	5.6.1 Mesh Size
	5.6.2 Time Step
	5.6.3 Surface Roughness

	5.7 Model Runs
	5.8 Limitations
	5.9 Modelling and Mapping Update Timeline

	6 Flood Mapping
	6.1 Regulatory Flood Construction Level
	6.1.1 Freeboard
	6.1.2 FCL Map

	6.2 Public Education
	6.2.1 Flood Depth Map
	6.2.2 Flood Extents Map

	6.3 Limitations

	7 Geohazards Analysis and Mapping
	7.1 Channel Morphology
	7.2 Fluvial Geohazards
	7.2.1 Daisy Lake and Rubble Creek

	7.3 Hillslope Influences
	7.3.1 Rubble Creek
	7.3.2 Culliton Creek
	7.3.3 Other Hillslope Influences

	7.4 Geohazards Mapping
	7.4.1 Multi-Hazard Map

	7.5 Summary

	8 Risk Assessment
	8.1 Approach
	8.1.1 Hazard Layers
	8.1.2 Indicator Data Layers
	8.1.3 Scoring

	8.2 Risk Results
	8.2.1 Example Indicator Analysis – Affected People
	8.2.2 Consequence Summary for All Indicators
	8.2.3 Risk Matrices
	8.2.4 Risk Confidence

	8.3 Findings
	8.3.1 Geohazards Risk


	9 Mitigation Planning
	9.1 Risk Reduction Approach
	9.1.1 Evolution of Risk Reduction
	9.1.2 Benefits of Flood and Geohazards

	9.2 Strategic Flood Risk Management
	9.2.1 10 Golden Rules

	9.3 Systematic Approach to Geohazards Mitigation
	9.3.1 Fluvial Geohazards
	9.3.2 Hillslope Influences

	9.4 Non-Structural Mitigation
	9.4.1 Broad Strategies
	9.4.2 Increasing Resilience

	9.5 Governance Context
	9.5.1 Community Charter [2003]
	9.5.2 Local Government Act [2004]

	9.6 Project Area Planning and Policy
	9.6.1 Opportunities, Challenges, and Next Steps for Non-structural Mitigation
	9.6.2 Example Mitigation Options

	9.7 Summary

	10 Recommendations
	10.1 Understand Disaster Risk
	10.1.1 Make the Flood and Geohazards Mapping Products Public
	10.1.2 Promote the Collection of More Comprehensive and Relevant Data

	10.2 Strengthen Disaster Risk Governance
	10.2.1 Collaborate with Regional Partners
	10.2.2 Include Indigenous Groups in Decision Making Processes

	10.3 Invest in Disaster Risk Reduction for Resilience
	10.3.1 Translate Mapping into Land Use Policies
	10.3.2 Implement Property-Level Resilience
	10.3.3 Conduct a Mitigation Options Assessment

	10.4 Enhance Preparedness for Response
	10.4.1 Leverage Outputs to Improve Hazard Management and Emergency Response Activities
	10.4.2 Build Back Better in Flood Recovery


	11 Conclusion
	12 Glossary
	13 References
	Appendix A  Topographic Surface Development (McElhanney)
	Appendix B  Climate Change Background
	Appendix C  Hydraulic Model Documentation
	Appendix D  Overview Assessment of Fluvial Geohazards and Hillslope Influences (Palmer)
	Appendix E   Risk Assessment Method Details
	Appendix F   FCL Maps
	Appendix G  Public Education Maps

