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DISCLAIMER

This report has been prepared by Northwest Hydraulic Consultants Ltd. for the benefit of PEMBERTON
VALLEY DYKING DISTRICT for specific application to the LILLOOET RIVER FLOODPLAIN MAPPING
2017/2018. The information and data contained herein represent Northwest Hydraulic Consultants Ltd.
best professional judgment in light of the knowledge and information available to Northwest Hydraulic
Consultants Ltd. at the time of preparation, and was prepared in accordance with generally accepted
engineering practices.

Except as required by law, this report and the information and data contained herein are to be treated
as confidential and may be used and relied upon only by PEMBERTON VALLEY DYKING DISTRICT, its
officers and employees. Northwest Hydraulic Consultants Ltd. denies any liability whatsoever to other
parties who may obtain access to this report for any injury, loss or damage suffered by such parties
arising from their use of, or reliance upon, this report or any of its contents.
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EXECUTIVE SUMMARY

Understanding Flood Hazards in the Pemberton Valley

The Pemberton Valley is prone to flooding - this was already recognized by early Lil’'wat inhabitants
thousands of years ago and European settlers as they started to arrive at the beginning of the last
century. Flow records are available for the Lillooet River for almost 100 years and interestingly show an
increase in flood peaks since about the late 1970’s.

It is not unusual for British Columbian rivers to have long periods of above or below average floods, this
is the result of normal climate variations. However, on the Lillooet this increase in peak flows has been
accompanied by a shift in the timing of annual floods. Instead of generally being caused by snowmelt in
the spring time, annual peak floods are now more consistently caused by heavy rains in the fall or early
winter. The flood flows are the result of intense low-pressure weather systems, or atmospheric rivers.
When originating over the Hawaiian tropics, these storms are often referred to as the Pineapple Express,
bringing warm, high moisture air towards British Columbia’s coastline. The storms may linger for several
days and are particularly troublesome when preceded by early snowfall, leading to rapid melt in
combination with heavy rains. This shift in timing of the annual flood peak may be permanent and
climate change impacts are foreseen to further increase flood flows in the future.

In the 1940’s and 50’s, the Prairie Farm Rehabilitation Administration introduced measures to reduce
flooding in the Valley. The Lillooet River was straightened, bypassing natural bends in several locations;
some dikes were constructed and Lillooet Lake was lowered by modifying the lake outlet. In spite of the
alterations, the river continued to flood. The Pemberton Valley Dyking District (PVDD) was formed and
took on the upgrading and expansion of dikes along the Lillooet River and its main tributaries. Prior to
and following the flood of record in 2003,
with a peak flow of 1,490 m3/s, PVDD has
completed multiple projects in
cooperation with federal, provincial and
local governments, and First Nations.
These projects have involved raising,
widening and lengthening several dikes,
protecting river banks from erosion,
preventing log jams from building up and
removing sand and gravel from the
Lillooet River, Miller Creek, Birkenhead
River and Pemberton Creek to help
maintain sufficient channel capacity to
convey flood flows. This work has
significantly reduced flood impacts over
the past several decades.

i S e e RS i
PVDD carrying out sediment removal to restore channel
capacity.
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In 2010, a large landslide occurred on the side of Mount Meager, about 65 km upstream from
Pemberton. The slide caused a temporary channel blockage in Meager Creek and Lillooet River but
fortunately the material gradually dispersed without resulting in a sudden outburst flood. Subsequently,
PVDD commissioned the installation of an early warning system on the Lillooet River to alert against
future channel blockages and potential
outburst floods, should another large slide
occur in the upper valley. Material from the
slide is now making its way through the
‘ Lillooet River system, affecting the channel
stability and the amount of flow the river can
carry within its channel. This slide material,
in combination with potential increases in
flood peaks, means that the available
floodplain mapping (prepared by the
provincial government in 1990) and the
updated dike design profile from 2002 are no
longer valid.

Upper Lillooet River showing Meager Slide deposits in
the river channel.

Floodplain Mapping — What Is Involved?

Floodplain mapping is highly useful for estimating the extent and depth of different magnitude floods,
developing appropriate flood emergency response measures, and planning for future flood resistant
development and infrastructure. PVDD, in consultation with other local governments and Lil’'wat First
Nation, recognized the need for updating the design profile and preparing up-to-date floodplain maps
for the Valley. The Dyking District successfully applied for funding from Emergency Management BC,
facilitating this important project to go ahead. Northwest Hydraulic Consultants Ltd. (NHC) carried out
the work as described in the Lillooet River Floodplain Mapping Final Report, August 31, 2018. The project
has made several major advances in knowledge and provides significant new tools to support flood
management in the Pemberton Valley. The Final Report describes the work in detail, with main
components and related benefits summarized here.

To support the hydraulic modelling and development of mapping, NHC developed a Digital Elevation
Model (DEM) of the Valley, including the river channels. Floodplain topography was made available by
the Province in the form of Lidar (Light Detection and Ranging) surveys; NHC surveyed by boat the
bathymetry of the Lillooet River from Lillooet Lake to just upstream of the Forest Service Road Bridge
and the tributary rivers. The two sets of surveys were converted to a consistent datum (CGVD2013) and
combined in the DEM. Considerable effort was required to convert all historic information to this datum
as various reference elevations have been used in the past.

iv Lillooet River Floodplain Mapping
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Considering the major channel changes that
have taken place following the Mount Meager
Slide, NHC carried out extensive fieldwork and
geomorphic investigations to fully understand
the Lillooet River sediment issues and their
impacts, particularly those related to the
changing flow capacity of the river channel.
This work is described in the Geomorphic Atlas
included as an appendix to the main report.
_ : Sediment supply will decrease over time but
NHC surveying on the river. will remain high for several decades. The slug of
coarse sediment moving down the river has
increased channel instability in the upper river; the sand and fine gravel has already reached the
depositional zone downstream of Ryan River confluence. Since 2011, the annual average channel bed
elevation over the lower 35 km of the river has increased by about 0.4 m. As the coarse material enters
the study reach, the channel bed will potentially infill an additional 0.5 m by 2025, further increasing
flood levels.

NHC undertook hydrologic analyses to estimate the Lillooet River flows corresponding to the 50, 100 and
200-year flood events, including the 200-year flood incorporating projected climate change impacts by
the end of the century. In view of the observed significant changes in timing and magnitude of peak
flows, NHC based flood estimates on post-1975 flow records rather than the entire historical period. A
40+ year period is considered statistically significant for estimating the 200-year flood and resulted in
much higher estimates than those previously developed by others.

The current 50-year flood estimate is slightly higher than the flood-of-record in 2003, and the current
200-year flood estimate is 39% higher than the value used for the 2002 profile update. Given the shift
from spring freshet to fall/winter flood peaks, the higher design flows are considered to be more realistic
than previous estimates and, therefore, the new estimates were used for updating the floodplain
mapping and design profile. Previous studies assumed that the 50, 100 and 200-year tributary floods
would occur during regional events with the Lillooet flood of the same return period, but that the timing
of the peaks would differ. We took a different approach, instead estimating tributary flows (Ryan River,
Miller Creek, Pemberton Creek, Green River and Birkenhead River) likely to coincide with the Lillooet
design flows.

A numeric hydraulic model uses a DEM as input and then calculates water levels corresponding to
certain inflows and boundary water levels, in this case Lillooet Lake. Past Lillooet studies used 1D
hydraulic model software for simulating flood levels. Considerable improvements have been made to
software products and computing power has increased significantly. NHC developed a leading-edge 2D
model of the rivers and floodplain. The model has several advantages over previous 1D models, allowing
for more detailed representation of flood waters. The model was calibrated and validated to observed
water levels and flows and then used to simulate the 50, 100, 200 year and 200 year + climate

change floods.

Lillooet River Floodplain Mapping %
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The simulated flood profiles allowed comparison with surveyed dike crest elevations to estimate the
flows when dikes may start to overtop. Some overtopping is likely at the 50-year flood and the present
diking will not adequately protect against the 200-year flood. The present work generated animations of
floods progressing through the valley as the result of dike overtopping and breaching. This information is
particularly useful for planning emergency response. In some locations warning time is minimal and the
animations form a key tool for planning. The model will allow simulation of potential future up-grades to
specific dikes such as the "Miller-Lillooet-Pemberton Ring Dike" and assessment of impacts to adjacent
areas.

Three types of map products were produced:

= Designated floodplain maps depicting 200-year flood levels plus a freeboard allowance of 0.6 m.
=  Flood depth maps for the 50, 100 and 200-year floods.
*  Flood hazard maps showing a Hazard Rating based on flood depths and flow velocities.

The designated flood maps show the extents of flooding and include Flood Construction Levels (FCLs),
the minimum level for construction. The Village of Pemberton, the Squamish Lillooet Regional District
and Lil’'wat First Nation have the authority to designate the maps as official floodplain mapping for their
areas. The flood extents are fairly similar to the 1990 maps but FCLs are considerably higher due to: 1)
the increased 200-year flood flow; 2) the reduced channel flow capacity due to the Meager slide; and, 3)
the more accurate modelling methods applied. The flood depth and hazard maps are primarily intended
for emergency response planning.

Moving Forward

The Pemberton Valley is now one of relatively few communities in BC with up-to-date floodplain maps,
providing valuable opportunities for improving flood safety and emergency response in the Valley. By
sharing the results and educating key authorities, stake holders and the public, PVDD will help reduce
potential loss-of-life and flood damages during future extreme flood events.

Planning new development away from high hazard areas and implementation of the Lillooet River
updated FCLs will lead to more flood resilient development. Access and egress routes requiring
improvement can readily be identified and the location of temporary evacuation areas determined.
Substantial dike upgrades are likely to be costly and a dialogue regarding tolerable flood risk should be
initiated. Consideration should also be given to relocating or floodproofing existing housing and other
development in extreme flood hazard areas.

As the material from the Meager Slide moves through the river system, it is critical that the current
sediment management program be intensified. Preferably, DFO and the province should grant a
standing agreement for regular removals of sand and gravel from key locations in the river. The
feasibility of installing a sediment trap upstream of the Forest Service Road Bridge should be explored.

Vi Lillooet River Floodplain Mapping
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It is clearly important that WSC continues to maintain their primary gauge on the Lillooet River near
Pemberton and that the stage-discharge relationship be kept up-to-date. Gauges on the tributaries
should be reinstalled, the Birkenhead gauge being particularly important. The water level gauge installed
by NHC at the Forest Service Road Bridge provides important emergency notification in the event of an
upstream channel blockage and should be monitored and maintained. The provincial River Forecast
Centre needs to be aware of the increased flood vulnerability of the Valley.

We recommended that tributary 200-year floods also be modelled to develop corresponding FCLs on the
tributaries. Modelling the Birkenhead River is a priority for the Lil’'wat First Nation.

The Lillooet River channel is highly dynamic and the hydraulic model and mapping will need to be
updated over time. Considering the ongoing aggradation, the river channel should be monitored and re-
surveyed every 5-10 years and the hydraulic model updated as required. During future flood events, high
water marks should be obtained to allow for future model calibration.

Progression of 200-year Lillooet River flood. Still image from model animation.
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1 INTRODUCTION

1.1 Background Information

The Pemberton Valley is located in the Coast Mountains roughly 160 km north of Vancouver and extends
from Lillooet Lake up to the confluence of Meager Creek. It includes the Village of Pemberton, Mount
Currie and Pemberton Meadows. Pemberton Village currently has a population of about 2600 people
with the local economy dependent on farming, logging and tourism. The climate is warm and dry in the
summer and generally wet in the winter.

Historically, Pemberton Valley has been inhabited by the ancestors of the Lil’'wat Nation. Hudson’s Bay
traders first came through in 1827 looking for a new fur trading route from Kamloops to Fort Langley. It
was either from these traders or through earlier Native traders that the people along the Lillooet River
obtained their first cultivated potatoes, which later became the main crop of the area. After the
goldrush, the farming settlement grew and eventually a railway was built (1914) which allowed for easier
access. Permanent settlement remained a challenge as frequent spring and fall floods resulted in
significant losses (Decker et al., 1978).

The Prairie Farm Rehabilitation Administration initiated the straightening and diking of the Lillooet River
and its tributaries (Ryan River and Miller Creek) as well as the lowering of Lillooet Lake. Pemberton
Valley Dyking District (PVDD) was formed in 1947 to manage flood control and drainage in Pemberton
Valley. This made more land available for farming which in turn brought in more settlers in the late
1940s and 1950s (Decker et al., 1978). Over the next few decades, the Lillooet River underwent
extensive anthropogenic change, largely confining the channel to the east valley wall.

1.1.1 Historical Flooding

There have been five significant floods in the past 78 years, four of them in the past 37 years, causing
damage to the Pemberton area. The largest floods typically occur in the fall and are associated with rain-
on-snow events. The valley was flooded in the fall of 1940 when a poorly constructed dike breached. The
flooding covered the entire valley, impacting buildings, livestock and vegetation. The flood in November
of 1981 had a slightly lower flow magnitude.

In the fall of 1984, Pemberton suffered another severe event and residents had to be evacuated. It was
the largest flood on record for the Lillooet River at the time (1,310 m3/s max. instantaneous flow
estimated at gauge 08MGO005 near Pemberton). The dikes in the Miller Creek area were over-topped and
failed as well as in several other areas, including Ryan River and Upper Pemberton Creek. Peak flood
levels were reached almost 26 hours after the dikes overtopped (KWL, 2002).

An unusual “summer rainfall” flood event occurred in late August 1991 when heavy rain fell across
southwestern BC. The Lillooet River and several tributaries experienced major floods and Lillooet Lake

Lillooet River Floodplain Mapping 1
Final Report



nhc

reached a historic high. The maximum instantaneous flow of 1,410 m3/s at Pemberton became the new
“flood of record”.

The flood of 2003 was another fall flood, when a warm front caused prolonged rainfall in the area
setting rainfall records. The flood peaked during the night and set a new all time high of 1,490 m3/s at
the WSC gauge near Pemberton, becoming yet another flood of record. In adjacent areas, the flood
washed out Highway 99 at Rutherford Creek, cutting off Pemberton from Whistler and the Lower
Mainland. Unprotected areas of the valley were inundated and flood waters came up to the crest of
several dikes near Pemberton (KWL, 2005). A few dikes were breached.

An increasing trend in peak flows has been observed over time and is discussed in the hydrology section
of this report (Section 4).

In 2010, there was a large landslide on Mount Meager that impacted Meager Creek, Capricorn Creek and
Lillooet River, causing a temporary blockage. It was the largest landslides in Canadian history and there
was concern that the blockage would breach suddenly, causing an outburst wave down the Lillooet River
channel. However the blockage eroded gradually over 3 days and there was no resulting flood wave
(Guthrie et al., 2012). The landslide has impacted, and will continue to impact, the sediment supply to
the Lillooet River, potentially affecting the flow capacity of the channel. The importance of
understanding the implications of the slide on future flood levels was recognized and considerable effort
was expended to explore the geomorphology of the study reach (Section 3 and Geomorphic Atlas in
Appendix B).

More recently, Pemberton Valley experienced a large flood in November of 2016 (peak flow of 956 m3/s
at the gauge near Pemberton, preliminary estimate). While not as large as the 2003 flood, it still caused
extensive flooding in unprotected areas of the valley (Figure 1-1). Water Survey Canada (WSC)
conducted discharge measurements at the peak of the event which subsequently allowed WSC to
update the stage-discharge relationship for their gauge on the Lillooet River near Pemberton
(08MGO005).

2 Lillooet River Floodplain Mapping
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Figure 1-1 FSR Bridge and Dike during the peak of the 2016 flood. (Photo by Steve Flynn, PVDD)

1.1.2 Previous Floodplain Mapping Studies

Several floodplain mapping and hydraulic modelling studies have been completed for the Pemberton
Valley. The floodplain was originally mapped in 1973 by the Ministry of Environment, Lands and Parks,
Water Management Division and was further revised in 1980. Following the 1984 flood, the maps were
updated in 1990. After the 1991 flood, the design profiles for the river were again updated in 1995 by
the Ministry of Environment, Lands and Parks, Water Management Division. It was deemed that the
actual floodplain mapping did not need to be updated at that time. The design flood profiles were
further updated in 2002 by KWL but mapping not produced.

In accordance with the Ministry of Forests, Lands, Natural Resource Operations and Rural Development
(MFLNRORD) guidelines, PVDD is responsible for maintaining dikes and other flood protection works
from the top of Pemberton Meadows to Lillooet Lake, excluding those on Lil’'wat First Nation lands. The
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Dyking District identified a need for updated flood mapping and design profiles for the valley. With the
apparent increase in sedimentation within the river and observed larger floods, a review of the valley
geomorphology, hydrology and hydraulics is imperative to improve the safety of the population in the
valley. With funding from Emergency Management BC (EMBC), PVDD retained NHC to carry out a
comprehensive floodplain mapping study of the approximately 50 km reach of the Lillooet River from
the top of Pemberton Meadows to Lillooet Lake.

1.2 Project Objectives

The primary objectives of the project are to: 1) create a series of new modernized flood hazard maps for
the Pemberton Valley Floodplain; 2) develop an official 200-year Designated Floodplain Map; and 3)
update the design profile for the river (see Figure 1-2 for River details and extents). The new design
profile and mapping will allow dikes to be upgraded to the provincial standard, Flood Construction Levels
(FCLs) to be set for new construction, and emergency response plans to be updated. The mapping will
also provide hazard information for community planning, to help reduce future flood risks in a rapidly
developing area. Recent large flood events (2016 and 2003) demonstrated that the valley is subject to a
high degree of flood hazard. Because of the limited emergency response time and probability of dike
failure, large floods can potentially lead to loss-of-life as well as substantial economic, environmental
and social losses.

The design profile was revised in 2002 but is now considered out-dated due to the changes that have
taken place in the river channel, partly as a result of the Meager Creek slide and because peak flows over
recent years have increased.
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1.3 Terms of Reference
The following project requirements and river study reaches were listed in the terms of reference:

= 50 km of the Lillooet River from just upstream of Lillooet Forest Service Bridge to Lillooet Lake;

= 12 km of the Birkenhead River;

= 15 km of the Ryan River;

= 3 km of Miller Creek;

= 8 km of Green River; and,

= 6 km of Pemberton Creek.
Mapping methods must conform to current guidelines and standards, including those under
development, namely:

=  APEGBC Professional Practice Guidelines for Flood Mapping in BC);

= National Guidelines (under development with expected release 2017/18) and

=  MFLNRORD Flood Hazard Area Land Use Management Guidelines (2004 and 2018 update).
To achieve the objectives, the tasks include, but are not limited to:
1) Obtaining Channel and Floodplain data, including but not limited to:

a) Currently available topographic, land use and cadastral information;
b) Currently available LIDAR and orthographic data;
c) Bathymetry data (surveys required);
d) Data must be provided to PVDD and the Province of BC once project is completed.
2) Conducting both field and desktop geomorphological reviews and assessments of channel stability to

determine aggradation/degradation trends in the Lillooet River and tributaries. The reviews and
assessments to include, but not be limited to:

a) Current channel sedimentation locations and assessment of impacts to flood flows and
conveyance of Design Flood event.

b) Future sediment sources from landslides and assessment of the likelihood and magnitudes of
future sediment deposition.

c) Assessment of freeboard considerations.

3) Conducting hydrologic review, analyses including recommendations for future considerations. Review
and analysis to include, but is not limited to:

6 Lillooet River Floodplain Mapping
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a) Literature review of the history of flooding in Pemberton Valley including reports on
determination and quantifying the design flood.

b) Investigating the WSC Lillooet River near Pemberton (08MG005) gauge and comparing it to new
gauges in the area.

c) Reviewing the historic stage-discharge relationships for the Lillooet River gauge.

d) Determining Lillooet Lake flood Levels based on recorded levels and lake discharge rating curves.

4) Carrying out frequency analyses and determining the 100, 200 and 500 year return period peak flows
and associated flow hydrographs for the Lillooet River and tributaries.

5) Conducting hydraulic analyses for (tentatively) 100, 200 and 500 year return period scenarios
consisting of, but not limited to:

a) Establishing two dimensional hydraulic model to compute flood profiles;

b) Incorporating climate change scenarios and modifying hydrographs accordingly, then map to
current conditions;

c) Determining flood water level profiles for each return period;

d) Identifying dike over-topping locations for each return period;

e) Determining dike breach locations and breach parameters;

f) Digital model and results must be provided to PVDD and the Province of BC once project is
completed.

6) Undertaking one-and two-dimensional coupled hydraulic modeling to simulate dike breach scenarios
at up to 10 key locations along the diked portions of the Lillooet River and tributaries, locations to be
supplied by the PVDD. This is to determine the inundation extents, depth of flows, velocities and flood
durations in the floodplain for the 100, 200 and 500 year return period flow scenarios. This includes,
but is not limited to:

a) Testing, calibration and validation of hydraulic models. Models can be open source.

b) Determining the dike breach location that creates the “worst case scenario” resulting in greatest
inundation extent, depth of flow, highest velocities and longest flood duration in the flood plain
and along the river bank and dike. This is for each of the flow scenarios.

7) Developing a series of composite envelope flood hazard maps for each return period that
demonstrates the worst case scenario of inundation showing area, water level, velocity, flood
duration and dike breach location that could occur at any location along the dikes. This is to include,
but not limited to:

a) Producing flood hazard maps for each scenario. Mapping to be compatible with the Federal
NEMS management system. (Note: Mapping must be provided to PVDD, Public Safety Canada
and the Province of BC once project is completed.)
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b) Producing a Flood hazard map for the 200 year design flood scenario. This map is intended to
become the “designated” floodplain map. (Note: Mapping must be provided to PVDD, Public
Safety Canada and the Province of BC once project is completed.) This map to include:

i. the design flood water level profile;
ii. dike crest elevations, dike extents that are vulnerable to overtopping;
iii. ~ flood extent, depths, velocities and flood durations;
iv. flood construction levels (FCL) including freeboard allowance;
v. hydrometric gauge locations;

vi. critical infrastructure and assets (dikes and right of ways, flood boxes and pumping stations,
roads, railways, hospitals, airports, municipal buildings, sewers and sanitary and utility
buildings, emergency services, etc.) and any other information useful for flood emergency
planning and response purposes.

8) Develop a rating curve for the gauge located on the Lillooet River 25 km north of Pemberton at the
Forestry Bridge in order to determine discharge data from this location and; correlate the discharge
data from the Forestry Bridge gauge with the discharge data from the WSC Lillooet River gauge (WSC
08MGO005) in order to assist with river behavior forecasting and provide redundancy to improve
gauge/data reliability.

9) Preparing a report to document all tasks and deliverables including, but not limited to, those listed
above. Report must include, but is not limited to a discussion and recommendations on:
a) Climate change impacts and associated hydrologic and hydraulic impacts to Pemberton Valley;
b) Future sedimentation trends;
¢) Raw data types, source, dates, accuracy and limitations;
d) Modeling type, methodology, accuracy and limitations;
e) Considerations of future modelling and mapping and updating thereof;
f)  Summary of discharge data;
g) Considerations on future emergency response and preparedness;
h) Flood Mitigation Planning.
Some of the tasks were modified during the project to better suit PVDD’s requirements. The design

event return periods were changed from 100, 200 and 500 years to 50, 100, and 200 years. PVDD
determined that a 50 year scenario was more valuable as flow estimates have significantly increased.

A complete 2D model was used rather than a linked 1D and 2D model. For dike breach modelling, breach
locations were chosen based on worst case scenarios for the valley, with a focus on the Lillooet River. In
order to show the progression of flooding due to a given breach, breach mapping was presented in
series of eight timed snapshots. Also, a video recording of each breach model run is included in the
electronic deliverables for the project.

8 Lillooet River Floodplain Mapping
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Due to the large extent of flooding occurring during the 200-year flood, the dike extents vulnerable to
overtopping were not shown on the 200-year Designated Floodplain Map (i.e. almost all of the dikes are
overtopped). However, a critical threshold table was created within the report to show where and at
what flow a dike (at its current surveyed elevations) could be expected to start overtopping.

The 200-year Designated Floodplain Map was based on 2D modeling of a 200-year event on the

Lillooet River with tributary flow hydrographs adjusted so that the flow at the Lillooet River gauge near
Pemberton just reached the 200-year peak magnitude as determined by hydrological analyses. Therefore
the 200-year mapping and FCL’s are only provided for the lowest reaches of the tributary rivers and
streams, where they are located within the Lillooet River floodplain. Additional future work is required to
prepare floodplain and hazard mapping for the tributary floodplains and alluvial fan hazard areas.

While it is recognised that extreme flood events from landslide generated outburst floods can occur
along the Lillooet River and its tributaries, such events were not specifically dealt with and are
considered to be outside the scope of the present work. As per APEGBC, 2017, using a flood magnitude
corresponding to the 2,500 year flood would likely be appropriate for modelling an outburst flood on
the Lillooet River but was not pursued as part of this project. Emphasis was instead placed on
understanding sediment issues and potential impacts on future flood levels and bank erosion as outlined
in the Geomorphic Atlas (Appendix B).

1.4 Report Outline

The report contains 9 sections. In addition to the introductory Section 1, Section 2 describes the
topographic, bathymetric and data collected during the summer of 2017. The geomorphic review is
outlined in Section 3 and the hydrologic analysis is presented in Section 4. Section 5 describes the
hydraulic analysis carried out and Section 6 explains the development of flood mapping. Conclusions and
recommendations are summarized in Section 7, with references listed in Section 8.

There are 4 appendices. Appendix A describes the vertical datum for the project and the issues with
datums in the valley. It outlines how the bathymetric survey data were collected and with what
instruments. Also described are dike crest surveys and culvert surveys collected by Highmark.
Information about the surveys, as well as the survey data, is included.

Appendix B contains the Geomorphic Atlas which describes the geomorphology of the Lillooet River from
Meager Creek down to the mouth of the River. Appendix C contains the profile and cross section
comparison for historical sections along the Lillooet River and tributaries.

Appendix D contains the hydraulic profiles for the Lillooet River and tributaries as well as the sensitivity
plots developed during the evolvement of the model mesh.
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2 TOPOGRAPHIC AND BATHYMETRIC DATA

Key spatial data layers acquired or developed for this project are tabulated in Appendix A.1.
These included:

=  Orthophoto imagery;

= Lidar topographic data;

=  Bathymetric and topographic survey data;

= Locations of flood control structures (dikes);

= Locations of bridges and culverts;

= Land cover and land use data, used to develop surface roughness mapping;

= Administrative boundaries and cadastral boundaries;

= |nfrastructure data, such as roads, railways, and other key infrastructure; and

= Highwater mark locations and elevations.

Orthophoto imagery for the study area was captured by the Province in 2016 and was made available to
the PVDD. Lidar topographic data, was collected by the Province in 2016 and by McElhanney (for PVDD)
in 2009. The 2016 data was primarily used for the project, with the 2009 information only applied to fill
data gaps. All other topographic and bathymetric data were surveyed by the NHC-Highmark teams. Land
cover and land use data was delineated from the orthophoto imagery. Administrative and cadastral
boundaries were available from provincial records, similarly key infrastructure information. Highwater
mark locations were provided by PVDD and surveyed by NHC.

2.1 Vertical Datum

Several vertical datums are in use for current and historic data in the Lillooet River study area. These
include CGVD2013, the new vertical datum for Canada, and three versions of CGVD28, the previous
standard vertical datum for Canada. Vertical datums are described in detail in Appendix A.2. Vertical
datums for key datasets used in this project are summarized in Appendix A.1.

The CGVD2013 datum was used for modelling and mapping for this project, for the following reasons:

= Canada has now adopted CGVD2013 as official datum. The province is in the process of
migrating to this new datum.

= The 2016 Lidar data was collected in this datum.

= There is uncertainty about the use of the CGVD28 datum in the Pemberton area for previous
surveys that used provincial Water Resource Service (WRS) benchmarks that were not
readjusted to newer federal benchmarks. Adopting CGVD2013 will avoid future confusion.
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2.2 River Bathymetry Surveys

2.2.1 GPS Control Surveys

A static survey style was adopted for the Lillooet River control network. Two base receivers were left to
log at either end of the project over the course of one day. Two more roving receivers were used to do
short 1.5 hrs occupations. The longer full day occupations were submitted to NRCAN PPP GPS post
processing service. The corrected results were inserted into the control network as survey grade start
points. Raw observables from the full day static and shorter roving, or fast-static, occupations were
uploaded into Trimble Business Center and processed with the dual frequency baseline processor. This
achieved centimetre grade accuracy. A network adjustment constrained at either end of the control
network, using the full day occupation results, was calculated to tighten control point results. Table 2-1
shows resultant calculated baselines from the control survey occupations. Overall accuracy once the
network adjustment was applied was +/- 0.02 m horizontally and =/- 0.02 m vertically.

Table 2-1 Resultant calculated baselines from the control survey occupations

Observation Solution H. Prec. (m) V.Prec. (m) ‘ Elipsoid Dist. (m) ‘ AHeight (m)
NHC1778-NHC1979 | Fixed 0.004 0.018 20180.044 -21.705
NHC1778-NHC381 Fixed 0.005 0.022 10510.470 -12.572
NHC381-NHC1191 Fixed 0.006 0.010 6248.797 7.939
NHC1204-NHC381 Fixed 0.006 0.012 4926.535 -0.402
NHC1979-NHC1204 | Fixed 0.006 0.011 4974.847 9.558
NHC1930-NHC1917 | Fixed 0.004 0.019 6405.319 2.946
NHC1778-NHC1191 | Fixed 0.005 0.008 4305.135 -4.664
NHC1930-NHC1191 | Fixed 0.005 0.009 25564.373 24.926
NHC1930-NHC1204 | Fixed 0.004 0.024 16478.455 17.403
NHC1979-NHC1917 | Fixed 0.006 0.009 5792.696 -4.906

2.2.2 Bathymetric Surveys

Bathymetric surveys were conducted over a 46 km reach on the Lillooet River starting at Lillooet Lake.
Tributaries including: Birkenhead River (12 km), Green River (8 km), Pemberton Creek (2 km), Miller
Creek (2.5 km) and Ryan River (14 km) were also surveyed. To achieve an acceptable channel DEM of all
these reaches a zigzag pattern was used with 50 m longitudinal spacing. The Ryan River spacing was
decreased to 30 m due to its narrow channel width. Historical section locations, as provided by PVDD,
were also surveyed along the Lillooet and all tributaries. Background files of the longitudinal spacing,
historical sections and LIDAR data channel boundary were used to ensure coverage and efficient data
collection. Long profiles, of bed and water surface elevations, paired with acoustic Doppler current
profiler (ADCP) discharge measurements were also conducted on each reach. The majority of the surveys
were conducted in June and July 2017. Deficiencies and add-ons were surveyed in Sept. 2017.
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NHC crews began each day setting up GPS base stations, with long range radios, on control points
established during the control survey. Check points were tied in daily to confirm coordinate reliability
and geodetic parameters of the survey gear. Once onboard the shallow draft jet boat used for the work,
a GPS and sounder patched through a laptop running Hypack 2017 were setup and tested for position,
sounding and synchronization reliability. Points generated by independent bed shots were compared to
points generated by the bathymetry software. All these comparisons were within +\-0.05 cm. Once
QA/QC was completed the rest of the day was spent collecting channel bathymetry for the DEM and
historical sections.

The river conditions during June and July 2017 were quite high and fast. This complicated the surveying
by boat in certain areas. Moving bed, high turbidity and woody debris conditions in the water column
caused the data to be ‘noisier’ than expected.

Areas not accessible by boat, due to too much woody debris or shallow depths, were waded and
surveyed with GPS rovers as ground points. GPS ground surveys were also conducted on important
targeted bars, defined by the hydraulic modelling team.

Bridge structure surveys were collected by setting temporary GPS control. A total station was set up on
this geodetic control and used to collect bridge deck, low chord and bridge pier locations.

Hypack 2017 Single Beam Editor was used to process the very large amount of bathymetry data
collected. Viewed in profile, each bathymetry file was reviewed for outliers, checked for GPS reliability
and then finally smoothed over an average of 5 measurements. The smoothing routine was an attempt
to address some of the noise inherent in the sounding data. All bathymetry data was exported into time-
stamped tabular format, for import into GIS and DEM integration.

All other survey information was compiled in Trimble Business Center software filtered with QA/QC
measures and then exported into time-stamped tabular format.

2.2.3 Survey Equipment
The following survey equipment was used:

=  Trimble R10 and R8 GNSS RTK GPS rover receivers

= Nikon Nivo 5 total station

= Trimble R10 GNSS RTK GPS base receiver w/ Trimble TDL 450 35 watt radio
= Trimble TSC3 and TSC2 controllers w/ Trimble Access field software

=  Trimble Business Center desktop software

=  Ohmex Sonarmite 200 kHz sounder sounding at 2 Hz

= Panasonic CF31 Toughbook w/ Intel I5 processor

= Hypack 2017 hydrographic software

Lillooet River Floodplain Mapping 13
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2.2.4 Accuracy Considerations

Based on industry standards the following survey accuracies were achieved:

=  Trimble R8/R10 GPS RTK receivers - +/-0.05 m

= Ohmex Sonarmite sounder - +/- 0.02 m

= Nikon Nivo Total Station - +/- 0.02 m
Typically, the overall bathymetry survey accuracy is in the order of 10-15 cm for the multi-sensor
kinematic (moving collection) setup applied. However, with the challenging river conditions on the
Lillooet, specifically during data collection under mobile bed conditions, the accuracy may be as low as

+/- 30 cm in some locations. Ground surveys using GPS have a normal accuracy of +/- 0.05 m. Total
station surveys, such as of the bridge structures, would also have +/- 0.05 m accuracy.

2.2.5 Coordinate System Details
In summary, specific coordinate system details are:

= Horizontal Datum: Nad83 CSRS 2002
=  Projection: UTM Zone 10 North

= Vertical Datum: CGVD 2013

=  Geoid Model: CGG2013

2.3 Dike Crest Surveys

To expedite ground surveys, NHC retained Highmark as a subconsultant. Highmark surveyed dike crest
centrelines and elevations from August to November 2017. These surveys were conducted using RTK
GPS, kinematic post-processed GPS and total station. All surveys were provided to NHC in the selected
coordinate system.

Based on provincial mapping of dike locations, the following dikes were surveyed:

14 Lillooet River Floodplain Mapping
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Table 2-2

Name of Dike

River/Stream

DMA
Regulated

List and description of dikes surveyed for study
Diking
Authority

nhc

Description

Smuks Dike Lillooet River YES PVDD 0.4 km long - Ties Pemberton
Meadows Road to high ground
across Salmon Slough

Forestry Road Lillooet River YES PVDD 3.0 km long — Extends from Forest

Dike Service Road Bridge to Smuks Dike

Orphaned Lillooet River NO Listed as orphan works, but PVDD

Pemberton maintains

Meadows Berm

Hungerford Lillooet River YES PVDD 2.5 km long — Downstream extension

Dike of Pemberton Meadows Berm —
“open” at downstream end

Ryan Dike Ryan River YES PVDD 9.4 km long— Upstream end ties into
high ground near quarry.
Downstream end ties into
Pemberton Meadows Road just
south of Erickson Road

Strobl Dike Ryan River YES PVDD 0.6 km long — Upstream end ties into
high ground. Downstream end ties
into Pemberton Meadows Road

Boneyard Dike Miller Creek and YES PVDD 2.7 km long — Upstream end on Ryan

Ryan River River ties into Pemberton Meadows
Road. Upstream end on left bank of
Miller Ck ties into high ground

Miller-Lillooet Miller Creek and YES PVDD 12 km long - Major dike protecting

Dike Lillooet River the highest density development in
the Pemberton area. (Part of Village
Ring Dike System)

Adventure Lillooet River YES PVDD 0.2 km long - Highway 99 to Airport

Ranch Dike Road (Part of Village Ring Dike

System)
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Name of Dike River/Stream DMA Diking Description

Regulated @ Authority

Pemberton Pemberton YES PVDD 4.5 km long - connects with
Creek Dike Creek Adventure Ranch/Airport Road Dike.
(Part of Village Ring Dike System)

Creekside Pemberton YES PVDD 0.36 km long

Village Training | Creek

Berm

Ayers Dike Lillooet River YES PVDD 1.4 km long — includes the “North
Arm Plug”

Pemberton Ck Pemberton NO 0.3 km - Downstream end connects

Right Bank Creek with Airport Road Dike

Airport Road Lillooet River NO 0.5 km long - Upstream end connects

Dike to Adventure Ranch Dike and is part

of Village Ring Dike System.

3 km long - Dike continues on
downstream side of Pemberton
Creek Confluence.

Nesuch Lillooet River NO 7.6 km — Mt Currie First Nation works
Poleyard Dike Birkenhead YES PVDD 0.7 km long
River

Note: Names are based on PVDD titles, the names may vary slightly from the provincial dike database
(MFLNRO, 2018)

The spatial data deliverables are listed in Appendix A.3. NHC imported survey points and field photo
point locations to GIS, and digitized dike centrelines with elevations embedded based on the survey
data. GIS files are included in the data deliverables provided with the report.

2.4 Culvert Surveys

For modelling catastrophic flooding (50, 100 and 200 year events) only major openings (underpasses)
were included in the hydraulic model. To facilitate future drainage assessments, PVDD requested that an
inventory of culverts be prepared, summarizing culvert locations, lengths, diameters and inlet/outlet
invert elevations. This work was completed by Highmark and is summarized in Appendix A.1 and
provided in the data deliverables.
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3 GEOMORPHIC ASSESSMENT

3.1 Overview

Present day geomorphology of the Lillooet River valley has been influenced by landform changes from
past periods of geologic and glacial activity and are dominated by post-glacial erosion of the steep
mountain slopes and fluvial processes. The mountains ridges rise between 1,500 to 2,000 m above the
valley bottom, which originally formed by glacial processes and is covered with a thick layer of alluvium
overtop glacial sediment. The Lillooet River is aggrading on a geologic time scale and there is an absence
of river terrace features on the valley floor.

The Lillooet River headwaters lie within the Mount Meager volcanic complex, which last erupted
approximately 2,400 years ago (Friele, Jakob, and Clague 2008). The steep slopes are relatively unstable,
erodible, and prone to landslides. Historically, large landslide events originating from the Mount Meager
Complex have occurred numerous times either due to volcanic activity or from collapsed unstable
ground. These events have altered the channel morphology and sediment load in lower reaches, and
some have been tied to channel impoundments in the upper Lillooet River and pronounced increases in
sediment supply rates.

The Lillooet River carries a high sediment yield and the channel is very dynamic. It is important to
understand the geomorphic processes because over time these may change the channel morphology,
sediment load in the lower river reaches, and capacity for conveyance of flood flows. The Capricorn
Creek landslide that occurred on Mount Meager in 2010 is a recent and important geomorphic control,
therefore the geomorphic review included an examination of the slide deposit and channel features in
the upper Lillooet River and assessment of channel morphology and sedimentation patterns over a
distance of 85 kilometers upstream of Lillooet Lake (River Kilometer or RK 85).

Sections 3.2 to 3.7 summarize the geomorphic assessment that was carried out for this project. More
detailed information is presented in the Geomorphic Atlas (Appendix B).

3.2 Field Investigations

The majority of the geomorphic field investigations were conducted during the last week of August 2017.
Flows at the time fluctuated between approximately 180 and 280 m?3/s with daily variability attributed to
snow melt intensity. Field data focussed primarily upon observation and interpretation of landforms and
channel features between the Mount Meager slide zone and Lillooet Lake, and sub-surface and surface
sediment sampling to map grain size distribution and sediment lithology over 82 km of the channel.
Bathymetric surveys described in Section 2.2 were also used to support a comparison of historical cross
sections to evaluate channel changes, aggradation rates and bedload transport rates.

An overflight was conducted on 12 October 2017 to collect updated and detailed orthophotos of the
river when the flow was relatively low and clear (approximately 36 m3/s) which provided good visibility
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of bed forms in the channel. High resolution (approximately 35 cm pixel resolution) orthophotography
was collected in the Upper Lillooet River to supplement the physical sampling and for comparison with
historical orthophotography to map channel changes.

3.3 Assessment of Sediment Supply Changes Over Time

3.3.1 Mount Meager Slide Deposit

The 2010 Mount Meager landslide deposited approximately 4.9 X 10’ m3 of sediment on the valley
bottom, near the confluence of Meager Creek and the Lillooet River (Guthrie et al. 2012). The rate of
fluvial evacuation of sediment from the deposit was evaluated by comparing a 2010 digital elevation
surface model, that was developed from a photogrammetric analysis of satellite imagery just after the
slide (5 m resolution GeoEye, dated 22 August and 21 September 2010), with LiDAR data collected in
2015 (provided by John Clague, SFU and Brian Menounos, UNBC). The differences between the two
surfaces indicates that 5.0 X 10° m? of sediment was eroded from the slide deposit. The 2010 DEM and
the orthophotos collected by NHC in 2017 were interpreted to estimate a total erosion of 5.9 X 10° m?of
the slide material between the time that the slide occurred and the acquisition date of the 2017
orthophotography.

In a fluvial system the rate of sediment mobilization of a slug of material in a channel decreases over
time as the most accessible and mobile deposits are carried away, the channel slope over the slug
decreases, the deposits become more stable as the larger lag deposits form an armour layer, and as
vegetation becomes established (Nelson and Dubé 2015). Using the grain size distribution data from the
sediment samples collected from the Mount Meager slide deposit, a theoretical pattern of exponential
decay in sediment yield following landscape-scale disturbances (Nelson and Dubé 2016) was applied to
estimate the expected future sediment loading to the Lillooet River. Application of this theoretical
approach yields an estimated total erosion of 7.5 X 10° m3 of the slide material, which is 1.6 X 10® m?
more than the estimate derived from the comparison of existing topographic data.

Grain size distribution of the slide deposit samples show 19% +/- 2% silt and clay, 37% +/- 7% sand, 41%
+/- 7% gravel and cobble, and 3% +/- 2% boulder. Gravel and cobble sized material will move as bedload
and would be expected to have the biggest impact on the reaches immediately downstream of the slide,
whereas the sand would rapidly move through the system and travel as far as the diked, lower reach. Silt
and clay are not present in appreciable quantities in the river bed, and once eroded these materials
move as wash load and are transported to Lillooet Lake and would have little influence on channel
geomorphology. Table 3-1 presents the estimated past and future rates of fluvial remobilization of
sediment from the slide material, which deposited in Meager Creek and in Lillooet River, extending
almost 2.5 km downstream of the confluence.
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Table 3-1 Estimates of past, present, and future rates (m3yr?) of fluvial remobilization of the slide

deposit
Material Size Post-slide Present Next Decade Future
(2010 - 2015) (2017) (2027) Decade (2037)
Sand 410,000 370,000 300,000 230,000
Gravel 450,000 410,000 320,000 250,000

Note: Post-slide (2010 — 2015) values are based on estimated erosion rates from the surface model
comparison. Present and future rates are based on the theoretical pattern of exponential decay in
sediment yield.

3.3.2 Sediment Lithology

The lithology of gravel in the 2010 Meager Landslide deposit includes a disproportionate concentration
of a distinct porphyritic rhyodacite. Figure 3-1 shows the distribution of lithologies observed from the
Mount Meager slide deposits. The relative concentration of this material is used as a ‘tracer’ to identify
slide-derived sediment farther downstream.

Sediment samples collected in 2017 have been compared to samples collected in 2001 (KWL 2001).
There is a clear increase in the proportion of volcanic lithology relative to 2001 and the ‘tracer’ is
observed in abundance to RK 55, indicating a substantial volume of coarse sediment (gravel and cobble)
from the slide has prograded at least this far downstream. Between RK 45 and RK 25 there is an
increased proportion of ‘other volcanic’ lithologies, which indicates a substantial proportion of coarse
sediment in the lower river originated from areas along the north valley wall where this type of rock is
exposed. Likely much of this sediment is remobilized from the channel floodplain upstream of the Forest
Service Road (FSR) bridge. Downstream of RK 15, the ‘tracer’ is absent in gravel sized sediment which
indicates it has not yet been transported as far downstream as the Highway 99 bridge.

Metamorphic  Other Yolcanic Other Yolcanic

The chart on the left is observed on the Meager
W Dadins Plutonic _- it Creek fan and the chart on the right is observed
PandlAndesite NTUSHes on a coarse lag deposit where the river has
eroded into the slide deposit, approximately 82
km upstream of Lillooet Lake.

PIquniF
Intrusives

Other Dacite
and Andesite

Figure 3-1 Distribution of lithologies observed from the Mount Meager slide deposits.
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3.3.3 Sediment Grain Size Distribution

Coarse sand and fine gravel composition of the channel bed material in the Upper Lillooet River has
increased substantially between 2001 and 2017. Figure 3-2 presents the grainsize distribution of
sediment samples collected along the Lillooet River in 2001 and 2017, between RK 27.7 and RK 64.6. All
of the samples other than RK 27.7 show a marked increase in the composition of gravel and sand, which
suggests that the main ‘slug’ of sand and gravel has not yet reached the depositional reach downstream

of the Ryan River.
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3.4 Assessment of Channel Morphology
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— RK 58.6 (2017
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Channel morphology is the study of the channel planform, cross-section, and longitudinal profile to
understand the relationship between the spatial and temporal channel form and channel processes.
Over time, the morphology of Lillooet River is changing in response to natural changes in the flow and
sediment regime, as well as substantial channel alterations that occurred in the mid-1940s to straighten
the channel and lower the outlet elevation of Lillooet Lake. Geomorphic responses including bed
degradation and channel narrowing started immediately following the channel alteration and continued

for several decades.

Weatherly and Jakob (2014) describe that 38 km of dykes were constructed, the river was straightened
and shortened by 4.9 km and the outlet of Lillooet Lake was lowered by 2.5 m during the late 1940s and
early 1950s. The further describe channel degradation of between 3 m to 4 m in the channel reaches
upstream of the ‘cut’ and up to 2 m in the reaches downstream over the period 1945 to 1969, and a 50%
reduction in the average channel width between 1947 and 1994. Figure 3-3 shows a plan view of the
Lillooet River valley bottom along the most prominent straightened channel reach known as the
McKenzie Cut. The former path of the Lillooet River is visible on the floodplain.
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Figure 3-3 Lillooet River valley bottom, showing the McKenzie cut-off and former river alignment.
3.4.1 Observed Channel Change in the Upper Lillooet River

Lateral channel migration and vertical incision is actively recruiting sediment from the 2010 Meager Creek
landslide deposit, both directly from the bed and banks and through mass failures of the slide material. Large
volumes of coarse sediment have been introduced to the downstream braided reach that extends between
RK 78 and RK 54, and substantial volumes of sand have been transported farther downstream.

Upstream of RK 71, the effects of proximal sedimentation since the 2010 Mt. Meager slide have had
considerable and extensive channel impacts. These include growth of active channel bars that protrude
up to 1 m above the surrounding floodplain, lateral channel instability and widening, loss of vegetated
islands and die off of large areas of the riparian forest (compared with air photos from 2013), which is
caused by higher water levels associated with channel aggradation. Large pockets of sand are being
temporarily stored within the braid plain.

The effects of coarse sediment accumulation are evident downstream of RK 70, although a declining
intensity of floodplain tree kill suggests aggradation is less extensive compared to the channel zone
farther upstream. Substantial channel widening is evident and a large number of forested islands have
been eroded, which suggests the leading edge of the coarse sediment ‘slug’ has passed through this
reach. Depositional lobes of sediment, large accumulations of wood debris, and channel shifting within
the braided floodplain occur upstream of RK 55 and there is a lack of characteristic impacts farther
downstream. This suggests that the location of the leading edge of the coarse sediment ‘slug’ is near
RK 55.
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3.4.2 At-a-Station Change in Bed Elevation

Because channel bed changes cause a corresponding change in water level, long term data records at
gauging stations or channel monitoring locations can be used to quantify change over time at that
particular location in the channel (i.e. at-a-station change). Historical cross sections at RK 34 are
presented in Figure 3-4 to illustrate how the channel bed changed since 1945. Compared with the 1945
data (transposed from Weatherly and Jakob 2014), the 2000 and 2011 channel bed is generally lower by
2 m to 3 m, although there is little difference between the 2000 and 2011 bed. Since 2011 the bed has
aggraded up to 2 m.
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Figure 3-4 Historical Cross Sections at RK 34.

Stage-discharge analysis is a useful indicator of bed level trends on the Lillooet River because the WSC
gauge has been in-place since 1914 at a location with relatively stable banks, Water level (stage) at the
WSC gauge has varied in a complex manner over the last several decades (Figure 3-5). However, it
appears that a relatively stable stage-discharge relation existed from 2000 to 2010, suggesting the
channel was approaching equilibrium. Since the 2010 landslide event, the specific gauge values are
trending upwards. Figure 3-6 shows stage during a 100 m3/s flow at the WSC gauge, between 1914 and
2018. Prior to the onset of channel modifications, bed aggradation occurred at a rate of approximately
0.015 m per year. The channel rapidly degraded by over 0.5 m in the first few years following the
channel modifications then degraded by between 0.021 to 0.028 m per year over the next five or six
decades before levelling off in the early 2000s. Since the 2010 landslide the channel has aggraded at a
rate of 0.04 m per year.
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Figure 3-5 Rating curves from specific gauge analysis for Lillooet River WSC station 08MGO005
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Figure 3-6  Specific gauge analysis for Lillooet River WSC station 08MG005
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3.4.3 Longitudinal Change in Channel Bed Elevation

Average bed elevation is a useful measure to show the effects of sediment aggradation in a channel, and
is computed by integrating the cross section bed elevations to include the deepest parts of the channel,
the top of exposed gravel bars, and all other inflection points within the active channel boundary.
Average bed elevations were computed using cross section survey data from 2000, 2011, and 2017.
Figure 3-7 shows the average channel bed elevation over the entire reach has increased an average of
about 0.4 m since 2011. In the reach between the CN Rail Bridge and WSC Gauge the bed is increasing in
the order of 0.07 m/year, with more substantial increases at localized accumulation zones. This amounts
to an increase in average bed elevation of about 0.5 m by 2025. More substantial bed height increases
(as much as 1.2 m) have occurred in the reach that extends upstream of the Ryan River confluence to RK
35, which has resulted in a steepening of the channel gradient.

The effects observed to date in the diked reach (downstream of RK 30) represent the initial response of
the channel due to the arrival of the fine gravel and sand component of the sediment slug. The impacts
from the coarse fraction of the sediment load will become increasingly apparent over the next several
decades.
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Figure 3-7 Longitudinal plot of Lillooet River average bed elevation for 2000, 2011, and 2017
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3.5 Updated Sediment Budget

3.5.1 Cross Section Comparison

Eighty four cross sections were surveyed between Lillooet Lake and RK 44 in 2011 to update the survey
that was completed in 2000 and to provide a ‘baseline’ for evaluating future channel changes from post-
landslide sedimentation. In 2017, the channel was surveyed in more detail so that an elevation model of
the channel could be developed. Cross section data from the 2017 elevation model were extracted at
each cross section, and the end-area volume of the change in cross sectional area at each section for
2000, 2011, and 2017 was computed. Cross section plots are provided in Appendix C.

Figure 3-8 shows the cumulative aggradation along the Lillooet River between the Green River
confluence and RK 35. The volumetric approach used for estimating sediment yield has considerable
uncertainty (+/-50%), however, there is a clear trend toward a substantial increase in sedimentation
rates since 2011. The estimated cumulative aggradation rate has increased from about 40,000 m3/year
between 2000 and 2011 to 170,000 m3/year between 2011 and 2017. Assuming bed material is not
carried downstream of the Green River confluence and accounting for sediment removals within this
period, the bed material transport rate is estimated to be approximately 180,000 m3/year, which is more
than a fourfold increase.
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Figure 3-8 Cumulative aggradation based on analysis of cross section’s from 2000, 2011, & 2017
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3.5.2 Conceptual Sediment Budget Since the 2010 Landslide

A conceptual sediment budget can be used to understand the primary system components and includes
sediment sources, the pathways by which sediment is delivered, and storage elements where sediment
is deposited. Sediment storage occurs at many time scales, and can last a matter of days or months for
sediment that is stored within the active channel, or decades to centuries for sediment that is deposited
on the floodplain and remains in-situ until it is remobilized by bank erosion. Tributaries that join the
channel will introduce water and sediment to the system.

Ryan River and Miller Creek join the Lillooet River near RK 21, adding approximately 30% to the
contributing catchment area. The Upper Ryan River is steep and carries a high sediment load, and has a
stepped longitudinal profile that is characteristic of rivers flowing through glacially-sculpted landscapes.
Approximately 15 km upstream of its confluence with the Lillooet River the Ryan River flows into the
Lillooet River floodplain and its slope is reduced from approximately 5% to 0.1%. Much of the cobble and
gravel load is deposited in this reach. Bed material in the lowest reach of the Ryan River is dominated by
highly embedded gravel finer than about 45 mm, which suggests the Ryan River is not likely a substantial
source of gravel to the Lillooet River.

The average annual bedload of Miller Creek is estimated to be approximately 6,500 m3/year, which is
about 4% of the estimated bedload being delivered from the Upper Lillooet River. Miller Creek flows
across an alluvial fan about 3 km upstream of its confluence with the Lillooet River, and its slope drops
from about 10% to 0.2% over a distance of a few kilometers. The basin is susceptible to debris flood
events that can suddenly release tens of thousands of cubic metres of material to the fan, and could
result in a sediment load that is much higher than average. A debris flow basin and sediment trap was
constructed approximately 2.2 km upstream of the confluence and is regularly maintained, however,
sediment removals occasionally occur near Pemberton Meadows Bridge, approximately 1 km upstream
of the confluence, in response to high flow events that fill in the sediment trap and carry sediment
farther downstream.
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Figure 3-9 presents a conceptual sediment budget for the period between the 2010 landslide and
September 2017 when the channel surveys were completed, and illustrates key sediment exchanges
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interpreted from available evidence. As described in Section 3.3.1, the best estimate total volume of
fluvially remobilized sediment is based on a theoretical exponential decay in the rate of erosion of the
slide material and the lower bound estimate is based on the comparison of the post-slide and 2015
surface models and estimated bank erosion volumes between 2015 and 2017. Estimates are subject to
substantial uncertainty (ranging from +/- 20% for the best constrained to order-of-magnitude for the
least constrained), however, the figure provides a visual means of understanding the general movement
pattern of sediment that is being remobilized from the 2010 slide deposit. Of the total sediment being
eroded from the slide, approximately 30% of this material is carried in suspension as washload and
transported through the system to Lillooet Lake and has little geomorphic effect on the river.

About 40% of the material is coarse sand and granules, half of which is likely being transported to the
lake and half of which is depositing in the lower 40 km of the river. The introduction of the sand fraction
of the slide material has dramatically reduced the grain size distribution of the bed material throughout
the braided reach. This has increased the mobility of the bed material, which in turn has increased
lateral migration rate and channel width. Increasing instability in the braided reach (e.g. bank erosion)
may contribute in the order of 10% of additional material to the system, which is then transported and
deposited farther downstream in the channel.

The remaining 30% of the material is moving more slowly through the system as ‘slug’ of material. This
material moves through the system as bedload and is working its way through the braided reach
upstream of the FSR Bridge. Geomorphic changes associated with the coarse sediment slug are
described in more detail in Section 3.4.1.
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Figure 3-9 Conceptual sediment budget for the period between the 2010 landslide and June 2017.

3.6 Sediment Transport

Bedload sediment transport depends, fundamentally, on the relationship between the grain size
distribution of the bed material and hydraulic force applied by the flow. Upstream of the FSR Bridge,
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the Lillooet River has become finer grained but the channel has widened. Higher concentrations of sand
in the channel bed reduces the critical shear stress required to move the larger sized material.
Conversely, wider channels will generally be shallower which will reduce the hydraulic force applied to
the channel bed.

Sediment transport calculations were completed to illustrate the magnitude of change in sediment
transport rate based on the change in grain size distribution between 2000 and 2017. Assuming static
hydraulic conditions for both years and applying the grain size distribution for each year, the computed
gravel transport rate is several orders of magnitude higher for the 2017 grain size distribution.
Calculations were also carried out to assess changes in channel width, keeping grain size static and the
results show an order of magnitude reduction in transport rates. The key finding is that sediment from
the landslide deposit has increased the fine sediment composition of the bed material, which will
substantially increase the transport rate of gravel-sized sediment into the diked reach of the river.

Shear stress was computed, using the 2-D model NHC developed for this project, for a mean July
daily peak flow and a 2-year peak flow to illustrate the potential for sediment mobilization under typical
conditions.

Figure 3-10 shows sediment up to and including cobble sizes is capable of being moved through the
Upper Lillooet River into the depositional reach, downstream of Ryan River and Miller Creek
confluences, and very coarse gravel (>32 mm) is capable of moving through the depositional reach
where it will start to accumulate in the channel. Medium gravel (> 8mm) is capable of being moved all
the way to the lake. Computed shear stress falls below the critical threshold at a few locations, notably
around RK 35 and RK 28, which are localized sediment accumulation zones located upstream of channel
constrictions. Flows that increase above the 2-yr level will remobilize a portion of the material that was
deposited on the bed and on bars.
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Note: Tc is the threshold shear stress necessary to initiate mobilization of bed sediment. Shear stress values that
lie above the Tc indicate where sediment will become mobile and values that lie below will become immobile

Figure 3-10 Shear stress plot for 2-yr peak and mean July daily peak flows.

Academic studies have examined the movement of sediment slugs in the Nooksack River, WA, USA
(Anderson and Konrad 2016 and USGS 2018) and have established a relationship between the sediment
wave in that system and the channel gradient. Although the exact relation is expected to vary between
different rivers, there may be similarities with the Lillooet River because they have a similar size and
physiographic setting. Based on the rate of progress of the sediment slug on the Lillooet River and
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applying the relationship developed for the Nooksack River, the sediment wave is predicted to reach the
FSR Bridge sometime around 2023 and would reach the WSC gauge in two decades.

3.7 Effect of Sedimentation on Flood Levels

Sediment supply from the 2010 Meager Creek landslide will decrease over time but will remain high for
several decades. The slug of coarse sediment moving down the river has increased channel instability in
the Upper Lillooet River, and the sand and fine gravel component has already reached the depositional
zone downstream of the Ryan River confluence. The substantial increase in the concentration of sand in
the channel has reduced the flow force required to move the larger fraction of the channel bed, which
will decrease the stability of the channel bed.

Sediment accumulation observed in the diked reach below RK 30 represents the initial response of the
channel to the increased sediment supply. The impacts from the coarse fraction of the sediment load
will become more apparent over the next few decades as it works its way through the system and
continues to cause channel changes in the braided reach upstream of the FSR bridge and as sediment
continues to accumulate in the dike reaches. The precise nature, location, and type of impacts from the
altered sediment regime are hard to predict, however, it is anticipated that it will have a direct impact
on the flood conveyance capacity of the channel. Localized increases in channel velocity and scour
potential are also anticipated as material builds up at gravel bars and other depositional zones. These
changes will increase the potential for dike overtopping and failure of dike armour.

Based on the present rate of infilling, the reach upstream of the Highway 99 bridge could infill up to

0.5 m by 2025. The effects of sedimentation on flood levels were assessed by artificially increasing the
bed height of the channel in the 2-D numerical model that was developed for the project and running
the model for the 200-year flow condition to determine the impact on water level. The ‘sample’ reach
included a 1 km long section of the channel extended upstream from the Highway 99 bridge. The entire
channel bed was increased by 0.5 m and each end of the artificially raised bed was gradually tapered to
match the pre-existing channel bed. The model computed a corresponding 0.3 m increase in water level.
The simulation indicates that future sedimentation will have a substantial impact on flood levels, and
without a substantial sediment management program in place aggradation of the channel bed will
reduce the effectiveness of the dikes.
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4 HYDROLOGIC ANALYSIS

The hydrology of the BC Coast Mountains is complex, both in terms of annual water cycle and the
processes that generate peak flows. The BC Coast Mountains experience heavy winter precipitation,
primarily in the form of mid-latitude frontal storms, which bring rain to lower elevations and snow to
higher elevations. Additionally, atmospheric river storms can bring extremely heavy rainfall, high winds,
and warm temperatures across all elevations; these storms can cause large scale rain-on-snow flooding
along the west coast of North America (Neiman et al., 2008; Spry et al., 2014).

Depending on elevation, latitude, aspect, and glacierization, watersheds in the BC Coast Mountains can
be typified as snow dominant, rainfall dominant, rain-snow hybrid, snow-glacier, or rain-snow-glacier
hybrid (Eaton and Moore, 2010). Watersheds in this region may even change their type from year to
year. Fleming Et al. (2007a) found evidence of all of these watershed types within the Georgia Basin, and
found that watersheds could switch their dominant runoff generation processes between years,
depending on short (e.g. El Nifio Southern Oscillation), medium (e.g. Pacific Decadal Oscillation) and long
term (e.g. climate change) climate variabilities.

The hydrology of the region surrounding Pemberton is typical of the eastern side of the BC Coast
Mountains. Obedkoff (2003) considered the Eastern Coast Mountains, from the central coast of BC (south
of Bella Coola) to the BC-Washington border, as one contiguous hydroclimatic region. As opposed to the
watersheds on the western edge of the coast mountains, eastern watersheds are typified by a relatively
greater influence of snow fall and snow melt due to higher elevation and somewhat cooler temperatures,
and less rainfall both due to the cooler temperatures and some terrain shading effects. These watersheds
can be heavily glacierized, as is the case in the upper headwaters of the Lillooet River. Most of the major
icefields of the BC Coast Mountains are located in Obedkoff’s Eastern Coast Mountain region.

Though Eastern Coast Mountain watersheds, and the watersheds surrounding Pemberton, BC, have an
annual runoff cycle that is primarily dominated by snowmelt, peak flows can still be generated by
multiple processes and at multiple times of year, including heavy fall rainfall, rain-on-snow flooding
(either in the fall or in the spring during the freshet), and by purely snow melt during rapid warming.
Glacier coverage complicates this further, adding the potential for peak flows in the late summer, when
heavy rainfall occurs on exposed glacier ice. This is the case of the August 1991 flood, which is the flood
of record in many watersheds in the region surrounding Whistler, BC.

That peak flows can be caused by many different processes, can vary based on climate modes at
multiple scales, and vary widely from watershed to watershed, makes estimation of flood return periods
difficult, even when long flow records exist. The statistical assumption underlying flood frequency
analysis is that the peak flow series can be represented by a single distribution. The hydrologist then
chooses which distribution (e.g. Gumbel, generalized extreme value, log-Pearson type lll, etc.) best fits
the observation data. However, when floods are generated by multiple different physical processes, this
assumption is violated. It would be more appropriate to assume that each type of flood generation
processes is part of its own separate distribution, and fit each one separately. However, due to the rarity
of some types of flood processes (e.g. the rain on glacier flood), there is rarely enough data to do this.
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Mixed distributions, using parameters from two different groups, are also a possibility. Waylen and Woo
(1982) used a mixed-Gumbel distribution, where the parameters of two separate fits (fall/winter floods
and spring/summer floods) are used to represent the flood frequency distribution. However, this is likely
only appropriate when the two flood types are fairly evenly distributed.

Keeping in mind these potential issues, we performed a regional flood frequency analysis for the 15
gauged WSC watersheds in the Eastern Coast Mountain region from Obedkoff (2003), along with the
unlisted (by Obedkoff) watersheds on the Lillooet River: 08MG003 — Green River, 08MG025 —
Pemberton Creek, 08MG026 — Fitzimmons Creek and those watershed nearby Pemberton, BC: 08GAQ72
— Millar Creek, 08ME027 — Hurley River, and 08GA071 — Elaho River. We used these 20 watersheds to
create regional curves for the required design return periods. A map showing the spatial extent of the
watersheds used in the regional analysis is shown in Figure 4-1 and watershed summary information is
shown in Table 4-1.

4.1 Gauged Site Analysis
4.1.1 Trend Analysis

A positive or negative trend in a peak flow series can be evidence of changing of the dominant flood
generation process over time. We first investigated both the potential for trends in the peak flow series
and changes in flood generation processes visually. Figure 4-2 shows the time series of all observed
instantaneous annual peak flows for all of the regional WSC gauges. These series are colored by their
season of occurrence, split as in Waylen and Woo (1982), where September — March is considered
Fall/Winter, and April — August is considered Spring/Summer. While quite simple, this illustrates how
flood generation processes may be changing over time on a range of watersheds. The reader should
particularly note the panel for the Lillooet River at Pemberton, the primary gauge of interest to this
study. This watershed experienced all (at least when data was available) peak flows in the
Spring/Summer prior to 1975. It is presumed that these peaks were driven primarily by snowmelt during
the spring freshet. Post-1975, more peak flows have been generated during the winter months, and
typically these have been higher peaks. We can presume that these winter peak flows have been
primarily caused by major rain-on-snow floods, which cause most of the largest fall and winter floods in
the BC Coast Mountains. Note that this assumption is not always true; the 1991 flood, a rain-on-glacier
flood, occurred on August 31, and hence is classified into the Spring/Summer category.

Years 1975/1976 is generally considered to be a turning point in the Pacific Decadal Oscillation (PDO), a
medium term climate oscillation that affects hydrology along the Georgia Basin, from the ‘cold phase’ to
the ‘warm phase’ (Fleming et al., 2007b). Thus, it is possible that the PDO shift moved the peak flow
regime of the Lillooet River near Pemberton from a strictly snow dominant regime to a more hybrid rain-
snow regime. Fleming et al (2007b) state that this warm PDO phase continued until at least 1998.
However, we do not notice a shift back towards only snow dominant flood events after 1998. It is
possible that more recent PDO shifts are negated by the underlying recent warming trend for the
Lillooet River. The peak flow regime from 1975 to the present appears to be a relatively constant hybrid
rain/snow regime.
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Along with visually examining the peak flow records, we performed a formal statistical trend test. We
did this for two reasons. First, fitting flood distributions depends on the assumption of stationarity
within a peak flow series. If a dataset has a trend, either positive or negative, unexpected results can
occur. Despite the cautionary notes in the previous section of other assumptions about the peak flow
series, it is still prudent to formally check a peak flow series for the presence of a trend (either positive
or negative). Second, EGBC (2018) recommends that design flows be increased with a 20% safety factor
to account for climate change when an increasing trend is found in the observation series. When a trend
is not found, a 10% increase is recommended.

We performed the non-parametric Mann-Kendall trend test on peak flow data from each of the regional
watersheds. The Mann-Kendall t statistic indicates whether a series has a positive or negative trend, and
the P value indicates the significance level. We considered a significance value < 0.05 to be a notable
result. The results of the test are listed in Table 4-1. Based on this test, two gauges were found with a
significant positive trend, and two were found with a significant negative trend. Both stations with
negative trends (Atnarko River and Bella Coola River) were removed from the regional analysis, along
with the positive trending Klinaklini River.

The second station with a positive trend was the Lillooet River near Pemberton. As this gauge is the
primary gauge in the floodplain study model domain, we could not remove it from the analysis. Instead,
we tested the effect of only using the post-1975 data (after the expected PDO shift) for our flood
frequency analysis. A Mann-Kendall trend test on this post-1975 data did not show a statistically
significant trend (t = 0.119, P = 0.313). This result supports the idea that, even after shifting away from
the PDO warm phase in the years around 1998 to 2000, the Lillooet river has remained as a hybrid
rain/snow peak flow regime watershed from 1975 up to the present day. We used this post-1975
Lillooet River dataset for all the flood frequency analysis moving forward with the assumption that
removing the pre-1975 data would result in estimates that are more representative of the modern peak
flow regime of the Lillooet River at Pemberton.

We used only observed instantaneous peaks for the regional gauge analysis. Though peaking factors
have often been used to extend peak flow records (based on ratios from peak daily to peak
instantaneous) the ratio is likely to vary between flood generation processes (summer melt or winter
rain-on-snow). Thus, we deemed it most appropriate to only use actual instantaneous observations in
the regional flood frequency analysis.
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Figure 4-1 WSC stations and study watershed used in the regional peak flow analysis
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Table4-1 Summary information and results for WSC gauges used in regional peak flow analysis

Record
Area length
(km?)  (yr)

ATNARKO RIVER NEAR THE MOUTH 08FB006 2550 46 -0.250 | 0.015
BELLA COOLA RIVER ABOVE BURNT BRIDGE CREEK 08FB007 3720 44 -0.215 | 0.041
CHEAKAMUS RIVER ABOVE MILLAR CREEK 08GA072 297 33 -0.080 | 0.525
COLDWATER RIVER AT MERRITT 08LG010 917 10 -0.244 | 0.371
COLDWATER RIVER NEAR BROOKMERE 08LG048 316 48 -0.012 | 0.915
COQUIHALLA RIVER BELOW NEEDLE CREEK 08MF062 86 40 0.183 | 0.098
ELAHO RIVER NEAR THE MOUTH 08GA071 1200 32 -0.099 | 0.436
FITZSIMMONS CREEK BELOW BLACKCOMB CREEK 08MG026 90 14 -0.100 | 0.660
GREEN RIVER NEAR PEMBERTON 08MG003 855 19 -0.041 | 0.833
HOMATHKO RIVER AT THE MOUTH 08GD004 | 5680 57 0.104 | 0.259
HURLEY RIVER BELOW LONE GOAT CREEK 08ME027 312 20 0.242 | 0.144
KLINAKLINI RIVER EAST CHANNEL (MAIN) NEAR THE

MOUTH 08GE002 5780 35 0.457 | 0.000
LILLOOET RIVER NEAR PEMBERTON 08MGO005 | 2100 57 0.212 | 0.020
MOSLEY CREEK NEAR DUMBELL LAKE 08GD007 1550 19 -0.070 | 0.700
NAHATLATCH RIVER BELOW TACHEWANA CREEK 08MF065 712 36 -0.026 | 0.834
PEMBERTON CREEK NEAR PEMBERTON 08MG025 32 18 0.341 | 0.053
SIMILKAMEEN RIVER ABOVE GOODFELLOW CREEK 08NLO70 408 37 -0.122 | 0.295
SPIUS CREEK NEAR CANFORD 08LG008 775 38 0.117 | 0.308
TULAMEEN RIVER AT PRINCETON 08NLO24 1780 38 -0.028 | 0.811
TULAMEEN RIVER BELOW VUICH CREEK 08NLO71 253 38 -0.102 | 0.372

Note: Mann-Kendall (M-K) trend test results are shown in right column. Stations in bold indicate
significant trends at 95% confidence level (P < 0.05), either in the positive (T > 0) or negative (T < 0)
direction. Length of the instantaneous peak flow record is shown.
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Figure 4-2 WSC instantaneous peak flow records used for regional analysis.
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4.1.2 Regional Frequency Analysis

We fit the Generalized Extreme Value (GEV) distribution to instantaneous peak flow observations at all
regional WSC gauges using the method of L-moments in the statistical language ‘R’ (Hornik, 2016). We
used bootstrap resampling (1000 samples) from the fitted distribution to determine 90% confidence
intervals of each GEV distribution fit. Results are shown in Figure 4-3 for non-exceedence probabilities
up to 0.998 (a 500-year return period). The 90% confidence bands are shown in light red. Additionally,
observed peaks are colored by their season of occurrence, and results indicate a mixture of both winter
and spring floods, with the majority of the floods of record (10 of 17) occurring during winter. The reader
should particularly note the results for the Lillooet River at Pemberton, where the majority of peaks
occur in the Spring/Summer season, but the top three largest floods all occurred in the fall/winter
season. Elimination of the pre-1975 record from this gauge results in notably larger peak flow estimates
than when using the full record. Given the recent occurrence of multiple large floods on this system, we
feel that accounting for this apparent shift in the peak flow regime via only using the most recent data is
warranted, and will help to produce more appropriate design flows for the system. Also, note the
Pemberton Creek results, indicating a different peak flow regime (with nearly all peak flows occurring in
fall/winter) than the rest of the watersheds used in this analysis.

L http://headwateranalytics.weebly.com/blog/flood-frequency-analysis-in-r
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Figure 4-3 Generalized Extreme Value (GEV) distribution fits for all WSC sites used in the analysis.

After calculating flood flows using the GEV distribution for all 17 regional sites, we created regional
models, of area vs peak flow, for each of the desired return periods (2, 5, 10, 20, 50, 100, 200, and 500

year) in order to estimate peak flows on ungauged watersheds. Power models were fit to the regional
data of the form:

Q=a-Ab
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where Q is the peak flow estimate, A is the catchment area (km?), and the values of coefficients a and

b are shown in Table 4-2. The fitted models are shown in log space in Figure 4-4. These models are used
to estimate design flood levels at all watersheds without active gauging (NA in the gauging column in
Table 4-3.

Table 4-2 Fitted power law coefficients.

Return Period | Nonexceedance

(Yr) probability a b
2 0.5 0.571 0.857
5 0.8 0.790 0.852
10 0.9 0.965 0.849
20 0.95 1.163 0.845
50 0.98 1.477 0.839
100 0.99 1.762 0.834
200 0.995 2.098 0.829
500 0.998 2.637 0.822
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Figure 4-4 Power models (red) fit to all regional peak flow estimates. Panels indicate return periods
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4.2 Peak Flows On Ungauged Sites

After performing the frequency analysis on gauged watersheds and fitting regional power law models,
we used the results to estimate flood flows along the floodplain model reaches. The hydraulic model
required flood flow estimates at the upper end and along reaches of Lillooet River, Green River, Ryan
River, Birkenhead River, Pemberton Creek, and Miller Creek. To estimate these design flows, we
delineated the subbasins in Figure 4-5. Watersheds were divided into areas upstream of the model
reaches and area along each of the model reaches so that they could be input as such within the
hydraulic model. The subbasins are summarized in Table 4-3. Depending on their locations relative to
WSC gauges (the 08MGO0O05 — Lillooet River Near Pemberton and 08MGO025 — Pemberton Creek Near
Pemberton gauges), we estimated design flows in these subbasins a number of different ways which are
elaborated in the following sub-sections. The flowchart in Figure 4-6 illustrates the different methods for
estimation that were used.
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Table 4-3 Ungauged subbasin summary
Area Downstream

ID Name (km?) ID Gauging

1 | Birkenhead Lower 38 NA NA

2 Birkenhead Upper 646 1 NA

3 Green Lower 24 5 NA

4 | Green Upper 850 3 NA

5 | Lillooet Lower 80 NA NA

6 | Lillooet Middle at WSC 162 5 Abv 08MG005
7 | Lillooet Upper 1439 6 Abv 08MG005
8 | Miller Upper 73 6 Abv 08MG005
9 Pemberton Upper 30 5 Abv 08MG025
10 | Ryan Lower 41 6 Abv 08MGO005
11 | Ryan Upper 375 10 Abv 08MG005

Note: Downstream ID indicates the subbasin that a basin flows into. A downstream ID of NA indicates
that the subbasin is at the lower end of the model domain.

Model Reach
\

¥

Multiple
reaches
upstream of
gauge?

WSC Gauge
downstream?

Use regional power law
equations

Birkenhead Lower

\‘\‘ Divide peak estimates from Birkenhead Upper
Area scale from WSC gauge WSC gauge by area Green Lower
Green Upper
08MG025: 08MGO0O05: Lillooet Lower

Pemberton Upper Lillooet Middle at WSC

Lillooet Upper
Miller Upper
Ryan Lower
Ryan Upper

Figure 4-6 Flowchart of estimation methods for design peak flows at each study reach.

Table 4-3 and Figure 4-6 show that five subbasins are upstream of the WSC Lillooet River at Pemberton
(08MGO005) gauge. In order to best achieve a flow similar to the fitted peak flows at the WSC gauge
location within the model (the ‘Estimate’ column in Table 4-4), we took the peak flow estimates at the
WSC gauge and divided them based on the fractional area of the total WSC gauge (2100 km?). As
opposed to using the regional curve for all of the subbasins separately, this method allows the hydraulic
model to receive the closest flow possible to the ‘true’ fitted peak flows at the 08MGO005 location within
the model domain.
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Similarly, we used the fitted peak flow estimates for the Pemberton Creek near Pemberton gauge (32
km?) scaled linearly to the Pemberton Upper (30 km?) ungauged model boundary. As noted in Section
4.1.2, Pemberton Creek appears to experience a different peak flow regime than most of the watersheds
in the regional analysis, with very few peak flows in the spring and summer months. Hence, we felt it
more accurate to characterize the design events based on this gauge than the full region.

Table 4-4  Peak flow estimates for the WSC Lillooet River at Pemberton gauge (08MG005).

Return Nonexceedance Lower 90% Upper 90%
Period (Yr) probability C.l. Estimate C.l.

2 0.5 566 620 689

5 0.8 746 849 967

10 0.9 874 1031 1223

20 0.95 992 1223 1539
50 0.98 1127 1540 2158
100 0.99 1223 1810 2815
200 0.995 1312 2118 3677
500 0.998 1432 2594 5278

Notes:
1) Upper and lower 90% confidence intervals, determined via bootstrap resampling of the GEV
distribution, are shown along with the actual estimate.
2) For comparison, the 200-year estimate using the entire flow record is approximately 1600 m>/s
vs 2118 m?/s above.

4.3 Hydrographs For Unsteady Flows

For a two dimensional hydraulic floodplain model, the instantaneous design flows were then converted
to flood hydrographs. The most recent major flood events occurred in the region in October 2003,
September 2015, and November 2016. We performed two-dimensional hydraulic modelling of two of
the previous flood events (2016 and 2003) along with 50, 100, 200 and 200 year + Climate Change flood
flows.

High resolution (hourly or less) flow measurements during the flood events were only available at the
primary gauge, 08MGO005 — Lillooet River at Pemberton?. Additionally, only preliminary hourly data were
available for the 2015 and 2016 events. Approved hourly data were available for the 2003 event.

Due to limited data availability, we used the hourly storm hydrographs at the Lillooet River gauge for the
2003 and 2016 events, and scaled them according to the design flows for each subbasin. The assumption
of a similar response at a wide range of watershed sizes has support on a physical basis. Jones and
Perkins (2010) found that large scale rain-on-snow events, particularly the type that cause floods in the

2 WSC reported that high flows were outside of the range of confidence for rating curves on the 08MG025 — Pemberton Creek
and 08MG026 — Fitzimmons Creek gauges during the 2015 and 2016 flood events.
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Pemberton and other coastal regions, tend to have a similar response at a wide range of catchment
sizes. The atmospheric river storms that tend to cause these major flood events typically bring nearly
isothermal atmospheric conditions, thus rain falls and snow melts at similar rates over large elevation
and area ranges. This synchronized melt means that runoff response will be quite similar at a range of
catchment size and implies similar peak to volume ratios across watershed sizes.

4.3.1 Individual Event Hydrographs

The 2003 flood is the largest flood with data available on the Lillooet River. The peak instantaneous flow
was 1490 m3/s (Figure 4-7), corresponding to just under a 50 year flow based on the estimates from
Table 4-4. Thus we used this hydrograph as the shape of the 50 + year design flows along with the 2003
event itself. We created hydrographs that included the full day of the peak flow itself, along with flows
13 days from that day. The storm hydrographs were created as follows:

1) We converted the hourly hydrograph into a unitless hydrograph, with peak value of 1 at the
maximum value on the curve (i.e. when the WSC gauge measured 1490 m3/s).

2) For subbasins above the WSC gauge, we divided this unitless hydrograph by fractional area of
the full area above the gauge.

3) We then multiplied all of the unitless hydrographs above the gauge by the 1490 m3/s peak flow.

4) For all model reaches below the 08MG005 WSC gauge (this includes all reaches in the right
column of Figure 4-6 and the Pemberton Upper reach) we multiplied the step 1 unitless
hydrograph by each subbasin’s corresponding 50-year design flow. As shown in Figure 4-7, the
design flows for the Pemberton Upper reach were based off the frequency analysis from
08MGO025, whereas the right column gauges were based off the regional power law equations.
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Figure 4-7 Approved hourly data for the October 2003 flood event at the 08M G005 gauge

The 2016 flood peaked at 956 m3/s3 (Figure 4-8) corresponding to a flood between the 5 and 10 year
level. We performed the same procedure for the 2016 event, with a unitless hydrograph based off the
2016 preliminary hourly data. The procedure was identical to the 2003 procedure except we used 10

year flows in step 4. The design hydrographs are shown in Figure 4-9.

3956 m3/s is a preliminary, unapproved, peak flow result from WSC. Based on inspection of the manual gauging during the 2016

event, we felt this was the best estimate available, even if it remains preliminary. Hence, we used it as a representative flow

for the 2016 event.
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Figure 4-8 Preliminary hourly data for the November 2016 flood event at the 08MGO005 gauge

4.3.2 Design Flood Hydrographs

For the 50, 100, 200 and 500 year flows, we used the 2003 unitless hydrograph and fractional unitless
hydrograph (described in previous section) for watersheds above the WSC gauge. We then based all
flows above the gauge off of the design flows estimate as in the flowchart in Figure 4-6. Design
hydrographs are shown in Figure 4-9. This figure illustrates that the Lillooet Upper reach is the most
dominant water source into the model area. This area has both the largest watershed area and furthest

to travel through the hydraulic model area.
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Name

Birkenhead Lower
- Birkenhead Upper
— Green Lower
Green Upper
—— Lillooet Lower
— Lillooet Middle at WSC
Lillooet Upper
—— Miller Upper
Pemberton Upper
Ryan Lower

Ryan Upper

Figure 4-9 Design hydrographs for all model subbasins.

4.3.3 Iterative Hydrograph Routing

While the research of Jones and Perkins (2010) suggests similar response at a range of watershed scales
during rain-on-snow, thus supporting the idea of similar (or the same) hydrograph shapes within the
different subbasins, there is some desynchronization that results from routing these floods through
various lengths of model reaches. The most significant of these are the flows generated in the “Lillooet
Upper” subbasin, which are the largest flows and the flows that have to travel the furthest through the
hydraulic model. Figure 4-9 illustrates that the flows generated in the Lillooet Upper watershed are the
largest of the model domain; however, other reaches may also have some effect. In order for peaks from
this reach to arrive at the WSC gauge location at the same time as peaks from nearer reaches, some
modification of hydrograph timing was introduced.

As the hydraulic model is a detailed routing model already, the best way to do this was for the hydraulic
modeler to adjust the timing of the hydrographs so that the peak flows at the WSC gauge in the
hydraulic model correspond to the intended design flows. This was performed iteratively on the 2016
flood. We found that an adjustment of 5.5 hours ahead for the Lillooet Upper reach, 0.5 hours ahead for
the Lillooet Middle reach, and 4 hours ahead for the Ryan Upper reach was required for the peak flows
to arrive at the WSC gauge approximately simultaneously. After these timing adjustments were found
with the 2016 flood event, we applied the same timing offsets to all other unsteady hydrographs (design
floods, design floods with climate change, and the 2003 flood) used in the hydraulic model.
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4.4 Climate Change

EGBC (2018) recommends a 10% increase in design peak flows to account for climate change when no
trend is evident in the record, and a 20% increase when a trend is evident. Section 4.1.1 notes that we
did find a trend toward increasing flows in the long term record of the 08MGO0O05 — Lillooet River at
Pemberton gauge. Additionally, the straddling of the peak flow regime between snowmelt, mixed
rain/snow and rain dominant implies that the Lillooet River around Pemberton may be particularly

sensitive to climate change.

Radic et al (2015) predicted that fall atmospheric rivers, are expected to occur more often in a changing
climate. Hence, we applied a 20% factor of safety increase to design flows for all model reaches. Table
4-5 gives the design peak flows for all individual model reaches (the maximum value from the
hydrograph estimated as in 4.3.2) and the corresponding increases due to climate change. After timing
offsets for routing, all values of the unsteady hydrographs were increased by 20% for the climate change

design flows.
Table 4-5 Design peak flows for model reaches and increases to account for climate change (CC).
50-yr + 100-yr + 200-yr +

Model Reach 50-yr CcC 100-yr CcC 200-yr CcC
Birkenhead Lower 32 38 37 44 43 52
Birkenhead Upper 336 403 389 467 448 538
Green Lower 21 25 25 30 29 35
Green Upper 423 508 489 587 563 676
Lillooet Lower 58 70 68 82 80 95
Lillooet Middle at WSC 119 143 140 168 164 197
Lillooet Upper 1061 1273 1247 1496 1459 1750
Miller Upper 54 64 63 76 74 88
Pemberton Upper 32 38 35 41 37 44
Ryan Lower 30 36 35 42 41 50
Ryan Upper 276 332 325 390 380 456

4.5 Design Flow Comparison

A comparison of NHC’s flow estimates and KWL (2002) values is provided in Table 4-6. NHC’s focus was
on modelling the Lillooet River design flows corresponding to the 50, 100, 200 year and 200 year +
climate change floods. As described previously, NHC estimated flows with a combination of regional

curves, using 17 selected stations, and individual site estimates.
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Table 4-6 Comparison of Flows used for Lillooet River 200-year Flood

NHC Flow KWL Flow

River (m3/s) (m3/s)
Lillooet at WSC Gauge 2118 1520
Ryan 421 654
Miller 74 222
Pemberton 41 64
Green 592 727
Birkenhead 491 735
Total 3737 3922

The 200-year flow estimate (present climate conditions) of 2118 m3/s at WSC Station 08MG005,
corresponding to the sum of ‘Lillooet Upper’, ‘Lillooet Middle’, ‘Miller Upper’, ‘Ryan Upper’ and ‘Ryan
Lower’ in Table 4-5, is considerably higher than KWL’s estimate of 1520 m3/s. This increase is the main
reason for the higher design flood levels reported in Section 5.4.1. and occurs primarily due to our
elimination of the pre-1975 record for the Lillooet River gauge.

Downstream of ‘Lillooet Middle at WSC’, the present estimates are lower than KWL’s 2002 values. For
example, the flow estimate for Birkenhead Lower + Upper of 491 m3/s is much less than the 200-year
Birkenhead flood by KWL (2002) of 735 m3/s. This is due to our use of the regional regression equations.
Regional regressions (in this case power law) provide a smoothed best fit for all sites within the region.
Smooth regional curves may not always be appropriate for design on a single site, but when they are
intended to complement a 200 year flow on the main stem of the Lillooet River, we feel they are
representative. How exactly a 200 year flood would be distributed will vary and NHC’s approach reflects
the idea that coincident 200 year floods on all tributaries of the river would have a return period much
longer than 200 years for the region as a whole.
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5 HYDRAULIC ANALYSIS

A hydraulic model was developed to simulate the 50, 100, 200 year and 200 year + climate change
Lillooet River design floods and estimate corresponding flood levels and extents within the study area.
This section describes the various tasks carried out and results obtained. Key steps included:

1) development of a Digital Elevation Model (DEM) to represent the channel and floodplain geometry;
2) development of a hydraulic model using suitable software; 3) calibration and validation of the model;
4) performing model runs and reviewing results; 5) modelling dike breaches and reviewing results; and,
6) reviewing model limitations.

5.1 DEM Development

The DEM, or model geometry, was built by combining the 2017 channel surveys, the 2017/2018 dike
surveys, and the 2016 and 2009 LiDAR*. The DEM prioritized most recent channel/ dike surveys and the
2016 LiDAR. The 2009 LiDAR was only used to fill any voids in the 2016 floodplain topography, typically
limited to the outer edges of the DEM (less than 30% of the final terrain).

The DEM for the river channels was derived from the bathymetric surveys (Section 2.2) and the
additional data listed in Appendix A.1. The US Bureau of Reclamation Bathymetric Interpolation Tool was
employed to interpolate a continuous surface from the surveyed points. Breaklines were used liberally
to shape the channel topography as needed. In areas of sparse data (such as upstream of Km 44 on
Lillooet River, downstream of Km 0 on Lillooet Lake®, upstream of Km 2.5 on Miller Creek, upstream of
Km 10 on the Birkenhead River and upstream of Km 4 on Pemberton Creek) the riverbed was
interpolated using available data and professional judgement. Dikes were introduced into the digital
terrain by linearly interpolating surveyed dike crest elevations and assigning a uniform width of 6 m.

5.2 Model Software and Development

Lillooet River flows are partly confined by dikes, roads and valley walls. There are secondary channels in
the mid- and upper-reaches that have aggraded but become active during flood flows. Channel meander
remnants from the channel-straightening in the 1950’s may also carry some flow. Shallow bars and
islands in the upper-reaches are frequently overtopped during high flow events, adding channel
roughness and complexity to the hydraulics. Many of the dikes are expected to overtop during extreme
flow events. Tributary channels provide additional complexity and confluence configurations are
influenced by flow magnitudes.

The project Terms of Reference suggested using a linked 1D/2D model for the hydraulic analysis. In
NHC's experience, full 2D modelling is preferable, providing more accurate representation of hydraulic

4 The LiDAR data and ortho photos supplied by PVDD was collected in 2009 by McElhanney. The LIDAR and orthophotos
supplied by the Province of BC was collected from mid-June 2016 to mid-September 2016, see Appendix A for more details.

5 Lillooet Lake bathymetry was provided by PVDD. Lillooet Lake surveys were undertaken in April 21-22 2009 by Bazett Land
Surveying under the direction of KWL (KWL, 2009).
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conditions, particularly for complex river systems such as the Lillooet. In consultation with PVDD, it was
agreed that a full 2D model be developed for the project.

NHC is familiar with a number of viable software options such as HEC-RAS2D, TELEMAC2D and MIKE21.
Based on our previous experience, we recommended using the HEC-RAS (River Analysis System)
software developed by the U.S. Army Corps of Engineers Hydrologic Engineering Center (HEC) for this
project. Version 5.0.4 Beta 1 was released in January of 2018 and was used to develop the initial model.
When the full 5.0.4 was released in May of 2018, the initial model was converted to the newer version
and the calibration/validation and design runs finalized.

Model development involves inputting into the selected software the channel and floodplain geometry
as represented by the DEM, relevant roughness coefficients for all surfaces, and any hydraulic structures
such as bridges.

A secondary step is developing appropriate boundary conditions for calibrating and validating the model,
as well as for the required model runs. For this project, boundary conditions included Lillooet Lake water
surface elevations and inflow hydrographs for the upper ends of the Lillooet River and the tributaries as
developed in Section 4.

5.3 Calibration and Validation

Model calibration is a critical step of hydraulic model development. It involves gradual refinement of
model parameters to ensure simulated water levels match observed levels for a particular flood event.
Typically, model parameters include channel roughness, floodplain roughness, and timing of hydrograph
routing, but can also include approximation of channel blockages, scour, or degradation that may have
occurred during a particular event. Once the coefficients have been fine-tuned, the model is used for
simulating a second independent flood event with known flows and observed water levels to validate
that the calibrated model is suitable for events other than just the calibrated event.

For the Lillooet River, the amount, spatial extent, and accuracy of flow and water level data from past
floods somewhat limit the model calibration and validation. The 2016 flood was used for primary model
calibration and the 2017 data obtained during the river surveys were used for model validation. For
general comparison, the 2003 flood was also modelled but considering the geomorphic changes over the
past 15 years, the flood was not used for calibration. The calibration, validation and comparison model
runs are described below.

5.3.1 Roughness Coefficients

Hydraulic roughness coefficients, represented by Manning’s n-values, strongly influence the computed
profile. Care must be exercised to assign appropriate values based on observed highwater marks,
technical literature and professional judgement.

For a 1D model the roughness factors account for friction losses resulting from surface roughness,
vegetation, channel irregularities (variations in cross section size and shape), obstructions (stumps,
roots, logs, isolated boulders) and channel alignment (degree of meandering). In a 2D model much of the
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friction losses (variations in channel shape and alignment) are accounted for in the momentum equation
and consequently Manning’s n-values are generally lower.

The Lillooet River was divided into reaches with similar channel bed material, sectional geometry, and
plan form. Each reach was then assigned an initial roughness value for the in-channel portion of the
reach. These initial roughness values were assigned based on field observations of channel bed
composition and verified with values referenced in the literature (A Strickler, 1923; Bathurst, 1985;
Brownlie, 1981; Engelund and Hansen, 1967; Jarrett, 1984; Limerinous, 1970; Maynord, 1991; van Rijn,
1984; Wong and Parker, 2006).

The overbank portion of the model mesh was assigned roughness values using aerial imagery and
professional judgment. The adopted overbank roughness values are listed in Table 5-1

Table 5-1

Overbank Roughness values used in hydraulic modelling

Overbank Category Manning’s Roughness
Coefficient (n)
Agriculture 0.041
Heavy Vegetation 0.100
Heavy Vegetation (banks) 0.075
Medium Vegetation 0.065
Light Vegetation 0.045
Island Vegetation 0.066
Grass 0.027
Lake or ponded water 0.044
Islands 0.042
Dikes 0.025
Residential development 0.091
Commercial development 0.092

Following the calibration process, the Manning’s n channel roughness coefficients listed in Table 5-2
were adopted.

Table 5-2

Channel roughness values used in hydraulic modelling

Manning’s Coefficient (n)

Lillooet River: Mouth to Ryan River 0.025
From Ryan River to Km 35 0.030

Upstream of Km 35 0.039

Ryan River: Lillooet River to Km 8 0.030
Km 8 to Km 12 0.040
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Manning’s Coefficient (n)

Upstream of Km 12 0.050
Miller Creek: Lillooet River to Km 2.3 0.032
Upstream of Km 2.3 0.080
Pemberton Creek: | Lillooet River to Km 3.5 0.029
Upstream of Km 3.5 0.050
Green River: Lillooet River to Km 6.5 0.030
Upstream of Km 6.5 0.050
Birkenhead River: Mouth to Km 8 0.030
Upstream of Km 8 0.045

5.3.2 High Flow Calibration

For optimum calibration results, observed high water marks (HWMs) should be obtained at flows
approaching the design flow magnitude. HWM observations should also be recent, corresponding to the
channel and floodplain geometries used in the model. Considering the channel changes that have taken
place since the flood of record in 2003, the event was deemed unsuitable for calibration despite having
extensive highwater information at a very high flow (1490 m3/s) . There is also uncertainty regarding the
vertical datum used for surveying the 2003 HWMs and the data was consequently used for a general
comparison with simulated values.

To better represent current conditions, the model was calibrated to the November 2016 flood

(956 m3/s), having a 5 to 10-year return period. HWM observations were sparser than in 2003 and were
based on observations by PVDD as surveyed by NHC. The 2016 HWM dataset spans the majority of the
Lillooet within the study reach but has limited coverage from KM 25-35. There are a few HWMs on the
Ryan River but none on the other tributaries. Model boundary conditions for the calibration were based
on scaling of the observed flow at WSC gauge 08MGO005 and the observed Lillooet Lake level at WSC
gauge 08MGO020.

A comparison of 2016 observed and final simulated water surface elevations (WSEs) is plotted in Figure
5-1. As shown in the figure, the model somewhat over-predicts water levels. The agreement between
observed and simulated water levels has a mean absolute error of 0.19 m. The difference between 2016
HWMs and simulated peak water levels is attributable to:

= Uncertainty in the HWM values. The 2016 HWMs were observed and surveyed after the flood
had receded. The HWMs are variable; in some instances showing large differences in flood levels
for the same location (up to 0.5 m). The HWMs may not accurately reflect the highest water
levels experienced during the 2016 flood.

= The channel bed during the 2016 flood was potentially lower than those surveyed in 2017. It is
expected that the bed scoured during the peak of the flood with sediment depositing along the
bed as the flood receded. The model is based on the summer 2017 channel bed, surveyed at a
lower discharge.
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Despite the model potentially over-predicting water levels to some degree, the channel roughness
values were not further adjusted for the following reasons:

= The extent of the simulated flooding matches the oblique air photos captured during the 2016
flood event.

= The roughness values selected are at the low end of plausible values for the channel form, bed
texture, and channel slope based on referenced literature and past modelling experience.

= There is some uncertainty with the accuracy of the 2016 HWMs.

= The model assumes a fixed bed and scour during high floods cannot specifically be modelled.

5.3.3 2017 Validation

For model validation, NHC selected the flow conditions observed during the 2017 field surveys,
specifically on June 27. Ample water level data was available for this day, as a long profile was surveyed
starting above the FSR Bridge and ending at the mouth of the river, at Lillooet Lake. The river was
flowing at approximately 380 m3/s (at WSC 08MGO005) during the survey, dropping slightly over the
course of the day.

Figure 5-1 shows the observed and simulated profiles. The two profiles agree reasonably well, although
there is some tendency for over-estimation in the model (mean absolute error of 0.17 m). The
comparison of water levels also includes WSC 08MGO0O05. The gauge was surveyed to geodetic datum
(+204.874) to allow for direct comparison. Differences between the modelled and observed profiles can
be attributed to:

= Variations between simulated and actual Lillooet flows. The assumed inflow at the upper end of
the model was scaled based on data collected at the WSC gauge, using the same scaling method
as for the 2016 calibration and may have resulted in some flow variations.

= Variations between simulated and actual tributary flows. The local inflows for the tributaries
during the time of the survey were not specifically known and were scaled using the same
method as described in Section 4.

5.3.4 2003 Comparison

For a general comparison, the 2003 Flood was also simulated with the model. Results are included in
Figure 5-1. Based on a visual comparison, the simulation provides a reasonable match to the 2003
HWMS but again the model seems to over-predict water levels somewhat. The differences between
observed and the simulated water levels are likely due to:

= Bed level changes. The 2003 Flood occurred 15 years ago and the channel has aggraded since
then (Section 3). During the flood, the channel bed likely lowered from general and local scour.
The model geometry has a fixed bed.
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= Uncertainty in datum. The HWMs were surveyed in a local unspecified datum and the assumed
conversion may be incorrect.

= Potential discrepancies in observed water levels. The HWMs were surveyed after the flood
receded. The HWMs vary for a particular location and may be affected by local features.

5.3.5 Calibration Summary

Although the calibration, validation and comparison runs all indicate the model may to some extent
over-predict water levels, the model was adopted for simulating the required design runs. Results may
be somewhat conservative, in essence increasing the available freeboard, but considering the
complexity of the system, potential material depositions, channel blockages and other uncertainties, the
model is deemed representative.
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5.4 Model Runs and Results

In BC, floodplain mapping is typically developed for the 200 year flood. In addition to the 200 year
Lillooet River flood, the 50 and 100 year floods were also modelled, as well as the estimated end-of-
century 200 year flood, increased due to climate change impacts.

As noted in Section 4.5, the tributary flows used in the modelling correspond to flows coincident with
the 50, 100 and 200 year floods on the Lillooet River, rather than 50, 100 and 200 year floods on each
tributary. Combining, say the 200 year flood of each tributary with the Lillooet River 200 year flood,
would result in unrealistic and overly conservative results. The floodplain mapping developed in Section
6 is specifically for the Lillooet River and additional modelling would be required to develop mapping for
the individual tributaries.

To develop floodplain maps, design profiles must first be simulated using the calibrated hydraulic model.
For the Lillooet River designated mapping, the present diking was assumed to be intact although
extensively over-topped. This condition results in the highest flood levels in the main channel and is the
modelling condition described in this section. However, once a dike is overtopped, it is likely to breach
and separate dike breach modelling was performed to estimate overbank flow velocities and flood
hazards for breached conditions. The analysis of dike breaches is described in Section 5.5.

5.4.1 Boundary Conditions

To simulate the selected design floods, appropriate boundary conditions (inflows and lake levels) had to
be specified.

Estimated 50, 100 and 200 year design flows at WSC gauge 08MGO0O05 are listed in Table 5-3. Also
included, is the 200 year flood estimate corresponding to the end of the century. The gauged flows were
scaled (Section 4) to represent inflows at the upstream end of the Lillooet study area and at the
tributaries.

Table 5-3  Peak flow estimates for the WSC Lillooet River at Pemberton gauge (08MG005).

Flow Estimate

Return Period (Yr) (m3/s)

50 1540

100 1810

200 2118
200+Climate

Change 2542

The downstream boundary condition, or the Lillooet Lake level, was set at the coincident return period
(i.e. the 50 year design flow was run with the 50 year lake level). The climate change scenario was run
with a 200 year lake level. Lake levels are listed in Table 5-4.
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Table 5-4  Peak lake level estimates for the WSC Lillooet Lake gauge (08MG020).

Lake Level

Estimate (m)
Return Period (Yr) (CVGD 2013)

50 199.653
100 199.933
200 200.199

To convert WSC lake records to a consistent datum, NHC surveyed the lake gauge (subtract 169.55 m to
convert to local datum). Annual peak lake levels included in the frequency analysis covered roughly the
same period as the flow analysis (1971 to 2016). Temporal variability of the yearly water level series was
fitted using the GEV (method of weighted moments). The results of the frequency analysis are in Table
5-4. The 200 year water level has a 95% confidence interval of approximately 1m.

The coincident return period lake level was used as the downstream boundary conditions in the previous
modelling as well (KWL, 2002). However, a direct comparison could not be made with present lake level
estimates as the previous datum could not reliably be converted.

5.4.2 Model Geometry

The model geometry developed for the calibration/validation/comparison runs was unaltered for the
design runs and was assumed to be representative for all the design runs. No allowance for bed scour or
localized deposition was introduced. Similarly, no debris blockages or avulsions were considered and
dikes were assumed to maintain their present configuration even if overtopped. It was recognized that
the diking would be almost entirely overwhelmed during the 200 year flood and experience some
overtopping even during the 50-year flood. The modelling focussed on large, catastrophic events and the
floodplain drainage network, incorporating culverts, canals or ditches, was not modelled in detail.

Floodplain mapping corresponding to the design runs is described in Section 5.6.
5.4.3 Critical Threshold for Dike Overtopping

The 200 year flood simulation confirmed that dikes are extensively overtopped. For emergency response
and to determine which dikes are most vulnerable, PVDD requested that threshold flows for dike
overtopping be estimated using the model. Table 5-5 provides approximate flows at WSC gauge
08MGO005 when each dike overtops. Two flows are listed; when the dike is about to overtop and when it
is significantly overtopped. Significant overtopping is defined as more than 20 cm of water overflowing
the dike.

Table 5-5 only considers the dike locations where initial overtopping occurs (with the exception of
Miller-Lillooet A and C Dike). The table does not account for flows that back-water areas from behind
dikes or dikes that are overtopped from the land-side (such as Adventure Ranch Dike, Airport A Dike,

Lillooet River Floodplain Mapping 59
Final Report



nhc

Pemberton Creek Left Bank). According to the modelling, many dikes are overtopped at the 20 year
flood and all dikes are overtopped at the 50 year flood.

Table 5-5

Critical Threshold for Overtopping Dikes

. . Flow at WSC Flow at WSC
Location on Dike
Gauge when Gauge when
Referenced to . . . . .
. River on which dike Dikes are Dikes are
Distance from . s e
. breach occurs Imminent to Significantly
Mouth of River .
(See Figure 1-2) Overtopping Overtopped
(m3/s) (m?/s)
Ayers Dike Km 14.5- 15 Lillooet 1090 1250
Airport Road DikeB | Km10-11 Lillooet 750 820
Km 12.4
Forestry Road Dike Km43.5-44 Lillooet 980 1120
Hungerford Dike Km 24.5 - KM 25 Lillooet 940 1060
Boneyard Dike Km 1 (Where the Ryan 1080 1170
dike intersects
Pemberton
Meadows
Highway)
Miller-Lillooet A Dike | KM 19 —20 Lillooet 1260 1340
Lillooet
Miller-Lillooet A Dike | KM 0.6 -1.0 Miller 1340 1360
Miller-Lillooet C Dike | KM 13 -14 Lillooet 1320 Not significantly
overtopped
Miller-Lillooet C Dike | KM 14.5-15.5 Lillooet 1300 Not significantly
overtopped
Miller-Lillooet C Dike | KM 16 —-17 Lillooet 1340 Not significantly

overtopped
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Nesuch Km 4 and 9.5-10 Lillooet 800 850
(Where dike
intersects Lillooet
Lake road)
Orphaned Km31-315 Lillooet 1060 1200
Pemberton Meadows
Berm
Orphaned Km 25.5 Lillooet 900 1070
Pemberton Meadows
Berm
Poleyard Dike Km 10 Birkenhead 1400 Not significantly

overtopped (for
the Birkenhead
River flow
corresponding
toa 1:200
Lillooet River
Flood)

Ryan Dike Km 13 -Km 14 Ryan 800 920

Smuks Dike Km 44.5 (North Lillooet 1050 1160
end of dike)

5.4.4 Design Profiles

For potential dike upgrades, simulated design flood profiles are plotted in Figure 5-2 and

Figure 5-3. The profiles represent the water surface elevation at the centre of the river channel during
the peak of the flood. Additional profiles of the Lillooet River and the tributaries can be found in
Appendix D.1.

For the simulations, the main “ring dike” sections protecting the centre of the Village of Pemberton
(comprised of the Miller-Lillooet Dike, the Adventure Ranch Dike, the Airport A Dike and downstream
sections of the Pemberton Creek Dike) were assumed to be raised to contain the flow. Therefore, the
flood profile shown is an appropriate basis for estimating the required height of these dikes for a 1:200
flood event (freeboard must also be added).
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Lillooet River
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Figure 5-2 Lillooet River Design Profile
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Ring Dike along Lillooet River
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Figure 5-3 Lillooet River Design Profile from Km 12.5 to Km 21.5
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5.4.5 Rating Curves

PVDD Gauge at Forest Service Road Bridge

In 2014 PVDD retained NHC to install a water level gauge at the FSR bridge (roughly at km 41) to provide
an early flood warning system for potential channel blockages caused by a landslide. If gauge levels
suddenly drop or increase, an automatic alert is sent to key organizations in the Pemberton Valley. NHC
has obtained a number of discharge measurements at the gauge to develop a rating curve for the site.
However, measurements have so far been obtained at relatively low flows (less than about 375 m3/s). To
extend the rating curve to higher flows and improve the predictability of flood conditions, stage-
discharge values were extracted from the model.

Figure 5-4 shows the model rating curve at the gauge location. It was extracted for flows up to the point
when water overtops the Lillooet Forestry Service Road, which occurs at roughly 800 m3/s (at the
location where the Forestry Road Dike ties into the Forestry Service Road). For greater flows, the water
bypasses the bridge and the rating curve abruptly changes shape, the shape becoming a function of
breach conditions.

Lillooet River FSR Bridge

233.4
233.2
233 o®
232.8
232.6
232.4

232.2

Stage (m) [CVGD 2013]

232
231.8
231.6

231.4
300 400 500 600 700 800 900

Flow (m3/s)

Figure 5-4 Rating curve at Lillooet River FSR bridge at roughly Km 41 created from model
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Water Survey of Canada Gauge 08MG005 Near Pemberton

Considering the amount of flow that crosses the floodplain at the WSC gauge near Pemberton, a rating
curve was not developed using the model at this location. However, WSC has developed an approximate
rating curve for this location based on estimated historic flows. The previous rating curve and the new
rating curve (post 2016 flood data included) are shown in Figure 5-5. The curve has shifted over time,
likely due to geomorphic changes as discussed in Section 3. The curve is shown in WSC’s local datum at
that gauge, to convert to CVGD2013 add 204.874 m.

08MGOO0S5 - Lillooet River near Pemberton

7.0

6.5

Stage (m)
> >~ 0 0 o
o (9] o u o

w
(92}

3.0 ——Curve 46 (Pre-2016)

Curve 47 (Current)
2.5

200 400 600 800 1000 1200 1400
Discharge (m3/s)

Figure 5-5 WSC Gauge — 08MGO005 rating curve showing pre-2016 curve and current curve

5.4.6 Model Sensitivity

Model sensitivity analyses were carried out to determine the effects of changing model parameters on
water levels, flow depths, and inundation extents. The sensitivity analyses included analysis of the
impacts of varying the following parameters within a credible range:

= Grid cell size,
= Channel roughness values, and
= QOverbank roughness values.
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For the Lillooet River and the tributaries, the grid cell size was varied from 20 m, to 10 m and down to
5 m in the channel. The floodplain cell size was 40 m for all simulations. The WSE at several locations
across the model was recorded for each simulation and compared to the simulation time. Results are
provided in Appendix D.2. Based on the results, it was determined that a 10 m channel cell size was an
appropriate compromise between accuracy and simulation run time for the Lillooet River, as there was
little advantage gained from further reducing the cell size. The tributaries were simulated with 5 m grid
cells in the channel because of their narrower width.

The roughness conditions were tested with upper and lower limits of +/- 15%. Results are provided in
Figure 5-6 and Figure 5-7. When the roughness parameters were universally increased by 15% (channel
and floodplain), water surface elevations observed on the floodplain were 10-20 cm higher. The WSE
increase within the channel was typically less than 10 cm. Similar results were found for the roughness
decrease of 15%. There was only a small change in the channel WSE and a more significant change on
the floodplain (10-20 cm).
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Figure 5-6 Roughness sensitivity map of WSE’s when model roughness is increased by 15%.
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Figure 5-7 Roughness sensitivity map of WSE’s when model roughness is decreased by 15%.
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5.4.7 Progression of the 200 Year Flood Simulation

An animated video of the simulated 200 year flood was developed and provided to PVDD as a digital file.
To prepare for emergency response measures it is important to have an understanding of the possible
sequence of floodplain inundation, dike overtopping and impacts on access routes. Please note that the
pattern and sequence of flooding could vary significantly from the simulated event shown in the video,
and would depend on tributary inflows, dike breach locations and many other factors.

Highway 99, a key access/egress route for the area, becomes extensively inundated during the 200 year
flood. The first location to overtop is near the mouth of the Birkenhead River. The 200 year lake level is
the cause of highway inundation early on during the flood. Next, water overtops the highway east of
Mount Currie, where the road bends along the Birkenhead River, cutting off access to the east. The
Birkenhead River is the cause of flooding in this area. The Lillooet River first overtops the highway
directly east of the Highway 99 Lillooet River Bridge. East of the bridge water begins to spill over the
road and into the floodplain cutting off Mount Currie’s access to the west. This may occur when the flow
at the WSC gauge is approximately 1150 m3/s. Highway 99 through Pemberton becomes inaccessible as
the area dikes breach or overtop. Dike breaching is described in Section 5.4.7.

In some instances, dikes and other raised features such as railway embankments can cause water to
pond, aggravating flood hazards. The area just north of the railway in Pemberton, on the west side of the
valley, has potential for significant ponding. The water in this location may get deep (as much as 5 m)
and new development in this area should either be restricted or be floodproofed to above the railroad
elevation. Another location of concern is the south eastern area protected by Pemberton Creek Left
Bank Dike, Airport Road Dike, and Adventure Ranch Dike. The water here would naturally flow back into
the Lillooet River but the dikes prevent it from draining and consequently water ponds until it is high
enough to flow over the dike. Again, planning of any new development in these areas should take this
into consideration, especially if the dike is raised in the future. Further information on flood hazards can
be found in Section 6.3.

5.5 Dike Breach Modelling

The Pemberton Valley dikes and their main features were tabulated in Section 2.3. The hydraulic
modelling showed that during the simulated 200 year flood, the flood flow overtops nearly the complete
length of each Lillooet River dike. For the floodplain and hazard mapping, overtopped dikes were
assumed to remain intact as this typically results in the highest water levels. However, in practice, an
overtopped dike is likely to breach due to erosion of the crest. Therefore, dike breach modelling was
carried out to develop an understanding of the flood progression and timing of inundation resulting
from localized failures. It is emphasized that dikes may fail well before overtopping due to seepage,
piping, slippage or other modes of failure. These other types of failures were not modelled.

For an overtopping failure, the process is generally initiated by a head-cutting erosion process on the
downstream side of the embankment as a shallow stream of water flows over the dike crest. As the
depth of flow increases above the dike crest, the surface vegetation is generally removed and the
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embankment starts to erode very rapidly. Once water levels on both sides of the embankment equalize
or the breach invert reaches the elevation of the floodplain, the rate of erosion slows down or stops.

For overtopping failures of the Pemberton Valley dikes, a final breach bottom width of 100 m at the
elevation of the floodplain and an estimated breach formation time of one hour were used. The final
shape of the breach was assumed to be trapezoidal in shape with 2H:1V side slopes. This assumed
configuration is roughly based on observed failures during the 2003 flood (Ayers Dike and Ryan River
Dike).

5.5.1 Dike Breach Scenarios

Conceivably, a nearly infinite combination of dike breach locations and sequences could occur. To
manage the modelling effort, the breach modelling scenarios were selected based on the most likely and
most severe dike breach locations. Breach modelling was completed for the following locations as shown
in Figure 5-8::

1) Breach #1 Forestry Road Dike - Approx. 800 m downstream of tie-in to Pemberton Meadows
Road

2) Breach #2 Miller-Lillooet Dike A — near Miller Ck Confluence
3) Breach #3 Miller-Lillooet Dike A — Approx. 1500 m downstream of the Miller Ck Confluence
4) Breach #4 Miller-Lillooet Dike C Approx. 500 m downstream of rail bridge

5) Breach #5 Ayers Dike — Near the entrance to the former north arm channel (near Lillooet River
km 15)

Dike breach modelling was limited to the Lillooet River dikes as the tributaries were modelled using
flows less than the 200 year return period magnitude.

For protecting the Pemberton Village, the Miller-Lillooet Dike, Adventure Ranch Dike, Airport Road Dike
A and the Pemberton Creek Left Bank Dike are critical. These dikes are referred to as the Pemberton
Ring Dike. To investigate dike breaches in the valley, the Ring Dike was assumed to be raised sufficiently
to contain flows. This ensures that the dike breach modelling only simulates flows from the breaches
rather than from overtopping. Other dikes were not assumed to be raised as they are discontinuous or
do not tie into high ground.

The following dike breach results are all based on individual model runs and listed assumptions. The
actual pattern, extent and timing of flooding that could occur may vary. The details, locations and
sequences of the five dike breach scenarios are as follows and resulting “snap-shots” are shown in Figure
5-9 to Figure 5-13:

1) Breach #1 Forestry Road Dike - Approx. 800 m Downstream of Tie-in to Pemberton Meadows
Road:
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a. The southeast area, near and west of the Lillooet River Forest Service Road, is impacted
by backwater flowing northwest (up valley) over the Lillooet River Forest Service Road.

b. Pemberton Meadows Road is overtopped where it joins Smuks Dike and significant flows
enter Salmon Slough. This occurs well before the Forestry Road Dike is overtopped at
the Breach #1 location.

c. Breach #1 appears not to worsen the flooding in this area by much as the Smuks Dike
and Pemberton Meadows Road are overtopped first.

2) Breach #2 Miller-Lillooet Dike A — near Miller Ck Confluence (north-east corner of ring dike)
a. Pemberton Meadows Road becomes impassable almost immediately.

b. For approximately an hour after the initiation of the breach, Pemberton Meadows Road
influences the pattern of flooding, and contains much of the flow between the road and
the river dike.

¢.  Within about 2 hours of the breach, significant flood flows reach the Village and there is
deep ponding west of the railway embankment, which acts as a temporary barrier to the
flow.

d. Given the modeling assumptions, low lying areas east of the railway embankment could
be flooded within 3 to 5 hours of the breach.

e. A dike breach at site #2 ultimately will flood the entire Lillooet floodplain on the land
side of the Miller-Lillooet ring dike.

f. After the breach has eroded to its assumed maximum width of 100 m, a large proportion
(approx. 30%) of the Lillooet River flow is flowing into the floodplain and is bypassing the
WSC gauge.

3) Breach #3 Miller-Lillooet Dike — Approx. 1500 m downstream of the Miller Ck Confluence (east
side of ring dike — near upper end)

a. The flood sequence is similar to Breach #2

4) Breach #4 Miller-Lillooet Dike Approx. 500 m downstream of rail bridge (east side of ring dike —
lower end)

a. The breach site is at the location of a former (relic) channel of the Lillooet River, which
has a low base elevation. The breach opening will be large even before it reaches its
assumed maximum width of 100 m.

Lillooet River Floodplain Mapping 71
Final Report



nhc

The former channel conveys flows very quickly towards the developed residential area in
the vicinity of Hemlock St, Laurel St and Harrow Road.

Because of close proximity to the breach site and the presence of the relic channel,
there is very limited time (i.e. less than 15 minutes) before fast flows enter the high
density residential area.

The railway embankment acts as a barrier and may reduce flooding and flood depths
upstream of the railway.

Highway 99 also acts as a temporary barrier, but is soon overtopped and the lower areas
of the floodplain flood to at least the crest level of the downstream ring dike near the
confluence of Pemberton Creek and Lillooet River.

5) Breach #5 Ayers Dike — Near Entrance to Former North Arm Channel

Overtopping of the Ayers dike and initiation of the breach at this location is simulated to
occur when the flow at the WSC gauge is approximately 1,100 m3/s. At this flow,
flooding is already extensive but it is generally confined to areas south of Highway 99.

The breach results in flooding of areas north of Highway 99, with floodwaters reaching
the industrial park and Mount Currie town site within a few hours.

The sensitivity of the time assumed to reach a full breach width of 100 m was tested by reducing the
duration from one hour to 15 minutes for Breach #2 on the Miller-Lillooet Dike A. The results of the
sensitivity test can be seen in Figure 5-14 and show that the simulated sequence of flooding is not very
sensitive to a reduction in breach development time.

72

Lillooet River Floodplain Mapping
Final Report



PEMBERTON

WETLANDS WMA
7\

s
N'g
%

3

Smuks Dike

|Forestry Road Dike

Lillooet River
FSR Bridge (NHC)

PEMBERTON

r\\Qq5TLANDSVVMA

Ryan River

s
QS
N

30 KM

Q

Pemberton Meadows Berm

PEMBERTON

\.~kk WETLANDS WMA

PEMBERTON
WETLANDS WMA

Strobl Dike

|Mi||er-Boneyard Dike

/5
™

Miller Creek

Creekside Village Training Berm

PEMBERTON CREEK NEAR PEMBERTON(08MG025)

7o 7T

m/—{PLACE CREEK NEAR BIRKEN(08MG019)|

Lillooet River

Jason Creek Dike I

BIRKENHEAD RIVER AT MOUNT CURRIE(OSMGOOB)I_
3 LILLOOET RIVER NEAR : 77 .
PEMBERTON(08MG005) A [ L !
\ I/- _____ \ ! // \\\ H i
/] \ '
\ |

Birkenhead River I

- —

/J Pemberton Crleek Dike o KM -~ PEMBER?TON-VAL-L-Ey- ______
P 4 LT NmET NN N g .
\ f/’\f\"'/ - Pemberton Creek i —S—_— ' N _,\,,/;6 ..... L
N~ / l1l /’li Z WETLANDS WA & QS
N !‘ o i PEMBERTON ‘-v = W
\ | = ol WE;/FVLI\,AA\IL\IDSQ —— |
L 47 e " , ~ : [Nesuch| PEMBERTON Lillooet

_______ J////?f// Airport Dike Green River WETLANDS WMA ke
//IRN FALLS Pemberton Creek

PARK Right Bank Dike

PEMBERTON
VALLEY
DYKING

DISTRICT

30 Gostick Place

North Vancouver, B.C. V7M 3G3
Canada

Office: 604.980.6011

Fax: 604.980.9264
www.nhcweb.com

STUDY AREA

‘ DIKE BREACH LOCATIONS
s MODEL NETWORK
/A NHC HYDROMETRIC STATION
[l WSC HYDROMETRIC STATION
=== STANDARD DIKE
=== NON-STANDARD DIKE
=== OTHER FLOOD CONTROL WORKS
1990 FLOODPLAIN MAPPING
STREAM
LAKE
MAJOR ROAD
LOCAL ROAD
OTHER ROAD
——+ RAILWAY

e

|| WILDLIFE MANAGEMENT AREA
2009 LIDAR EXTENTS

DATA SOURCES: PVDD, Lilwat First Nation, GeoBC,
MFLNRO, NRCAN, Esri

N

A

SCALE - 1:51,318

0 1 2 3
I 3 <V

Coordinate System: NAD 1983 UTM ZONE 10N
Units: METRES

Engineer GIS Reviewer
VCCB VCCB MCM
Job Number Date
3002903 31-AUG-2018

LILLOOET RIVER
FLOODPLAIN MAPPING

DIKE BREACH
LOCATIONS

Figure 5-6




Dike Breach #1—Forestry Road Dike

:

:

:

Dike Breach
Occurs —»

s

)
£
=
a
T}
=
[y+]
Q
Q
2
4=
[y+]
=
o
[

0 5 10 15 20 25 30
Simulation Time Relative to Dike Breach (t) (hrs)

* Breach occurs approximately 5.5hr ahead of flow measured at WSC Gauge




Dike Breach #2—Miller Lillooet A

‘04JAN2018 12:50:00

¢

\‘; u{. \“‘\O
b ;{\\' .

Dike Breach —»
Occurs

8§ 8

Flow at WSC Gauge (cms)
=
[9.2] o
g8 8 8

8

5 10 15 20
Simulation Time Relative to Dike Breach (t) (hrs)




Dike Breach

Occurs
B

[ =
= ]
(=] o
(=] (=]

Flow at WSC Gauge (cms)
o
g 8

8

8

0 10 20 30
Simulation Time Relative to Dike Breach (t) (hrs)




Dike Breach #4—Miller Lillooet A

I
I i

Dike Breach Location | ==

Dike Breach

Occurs
i

)
£
=
18]
1)
=
[y+]
O
Q
2
4=
[y+]
z
o
[

0 10 20 30
Simulation Time Relative to Dike Breach (t) (hrs)




Dike Breach #5—Ayers Dike Breach

Dike Breach
Occurs

——

)
£
=
18]
1)
=
[y+]
O
Q
2
4=
[y+]
z
o
[

0 10 20 30
Simulation Time Relative to Dike Breach (t) (hrs)




nhc

Dike Breach Scenario—15 min to form breach
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Figure 5-14 Dike breach sensitivity plot
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5.6

Model Limitations and Uncertainties

Some uncertainty is associated with all hydraulic model outputs and consideration should be given to
the associated accuracy and limitations. The output from the Lillooet River HEC-RAS2D hydraulic model
is limited by the capabilities of the DEM, the hydraulic modelling and breach assumptions made.

5.6.1

DEM

The limitations and assumptions associated with the DEM include:

5.6.2

The 2016 LiDAR surveyed by EMBC did not cover the full extents of Pemberton Valley so the
2009 LiDAR was used to fill in the gaps (roughly 30% of the entire DEM). The older LiDAR may
contain inaccuracies caused by river channel shifts and other changes in the floodplain.

Due to the high flow conditions during the bathymetric surveys making data collection quite
challenging, the upper ends of the Lillooet River and tributaries had sparser survey data than the
rest of the study reaches. Some interpolation was applied to develop the channel geometry.

For all the channels, a smoothing algorithm and professional judgement was applied to develop
the surface geometry between survey points.

During the bathymetric surveys, the Lillooet channel bed was partly mobile, with dunes of
material visible in the data. The mobile bed conditions likely introduced some inaccuracies.

Although specified to contain bare-earth data, the LIDAR used for developing the DEM may
contain some artificially high points, especially in areas where the vegetation is dense, creating
unrealistic “dry spots” for some floodplain model runs.

Culverts, ditches/canals and other drainage features were not specifically modelled.

HEC-RAS2D

For the 2D unsteady flow computations, the software used the full 2D Saint-Venant equations. The 2D
computational cells were pre-processed in order to develop detailed hydraulic property tables based on
the underlying terrain. (This allowed for larger cells to be partially wet with the correct water volume
based on the modelled water surface and DEM resolution). Although RAS2D is a sophisticated modelling
tool, it has several basic assumptions and limitations:

The model assumes a fixed geometry for the channel and floodplain in spite of bank erosion,
scour, deposition and potential avulsions taking place during high flows.

The absence of blockages, such as debris jams at bridge crossings and debris plugs at floodplain
openings, is assumed.
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= Dike breaches, other than those specifically modelled, are assumed not to occur. For the
breaches that have been modelled, actual breach locations, parameters and opening sizes may
vary.

= The model is as accurate as its calibration. The 200 year design flood is considerably larger than
the calibration event (2118 m3/s vs 956 m3/s) and the calibrated roughness coefficients may not
be representative of the higher flow. Some overprediction was observed in the calibration but
roughness coefficients were not reduced as it was felt that the values applied represent lower
bound coefficients.

= At the start of a flood simulation, the model floodplain is assumed to be dry although there may
already be water in the form of localized ponding and runoff from precipitation. Also, a multi-
peaked hydrograph may cause more severe flooding than the event simulated.

5.6.3 Dike Breaching
Some limitations and assumptions associated with the dike breach modelling include:

= The dike breach results are based on individual model runs and specific dike breach locations.
The dikes may breach in any location and multiple dikes may breach at once. The actual pattern,
extent and timing of breach floods may vary significantly from those assumed.

= For detailed breach assessments, geotechnical modelling of the dikes is carried out to develop
suitable breach parameters. The breach parameters specified for this project are based on
historic breaches but parameters for future failures could vary (e.g. the breach could open faster
or slower, wider or more narrow than specified).

5.6.4 Summary Statement

Although a number of limitations were identified with the different hydraulic modelling components, the
results have followed state-of-the-art modelling procedures and are considered sufficiently accurate for
updating the design profile, preparing up-to-date floodplain mapping and other required mapping
products. It is recommended that the flood profile developed herein replace the previous flood profile
by KWL (2002). Similarly, it is recommended that the floodplain mapping described in Section 6 replace
the mapping from 1993.
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6 FLOOD MAPPING

6.1 Flood Map Products

Three types of map products were produced:
= Designated floodplain maps depicting 200-year flood levels plus a freeboard allowance.
=  Flood depth maps for the 50, 100 and 200 year floods.
= Flood hazard maps showing a Hazard Rating based on flood depths and flow velocities.

The approaches for developing the mapping and the maps produced are described below. A comparison
with previous mapping (MFLNRORD, 1993) is included.

6.2 Designated Floodplain Maps

The simulated 200 year water surface was mapped at 1:10,000 scale on the 17 sheets (11”x17”) that are
included in the map section of this report. Freeboard, discussed in Section 6.2.1, was added to the
simulated water level surface, and the combined surface was then mapped over the DEM and projected
across the floodplain to delineate flood extents. The maps show flood extents with and without
freeboard allowance. With freeboard included, the maps indicate the minimum level for construction at
a certain point within the floodplain, referred to as the Flood Construction Level (FCL). The maps include
isolines or lines corresponding to equal FCLs, generally in 0.5 m or 1 m increments.

Local governments (i.e. the Village of Pemberton and the Squamish Lillooet Regional District) and the
Lil'wat First Nation have the authority to regulate new development in flood hazard areas. The new
mapping could be designated by the responsible authorities to become the official floodplain mapping
for the Lillooet River.

A number of notes are included on the “Key Plan”, outlining map usage and limitations, and these notes
should be read carefully. The concepts described in notes No. 1 and No. 4 are highlighted briefly below.

Note No. 1: The 200-year flood extents and FCLs are only mapped for the Lillooet River. The
tributaries were modelled with flood flows coincident with the 200 year Lillooet event rather
than tributary 200 year floods. The tributary inundation areas corresponding with these
lower flows are cross-hatched on the mapping.

Note No. 4: The location of dikes, roads and other infrastructure are shown on the maps. For
the modelling, dike crests were assumed to be at current elevations and to remain intact,
although during the 200 year flood simulation, the flood flow overtopped nearly the
complete length of each Lillooet River dike. During an actual event dike breaching would
likely occur, but it is not possible to predict breach locations.
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In some areas, a dike breach could increase flood levels and velocities (and the hazard rating) above
those shown on the maps. Therefore, for sites in the Lillooet River floodplain behind existing dikes, it is
recommended that the FCL should be either the FCL shown on the map or 1.0 m above the surrounding
natural grade, whichever is higher.

GIS deliverables for the flood mapping are described in Appendix A.3.
6.2.1 Freeboard Requirements

Freeboard is added to provide a safety factor. The freeboard accounts for local variations in water level
(such as standing waves, super-elevation at the outside of river bends, local turbulence) and uncertainty
in the flood level simulations. Historically in British Columbia, the minimum freeboard allowance applied
has been the greater of 0.3 m above the instantaneous (peak) flood event or 0.6 m above the daily flood
event. For some rivers, freeboard should be increased to 1 m or more, to address greater uncertainty in
the assessment or concerns regarding sediment deposition, debris blockages or ice jams (MWLAP, 2004).

In recent years, a minimum freeboard of 0.6 m has been frequently used with an instantaneous events,
as suggested in recent provincial guidelines for sea dikes (MOE, 2011) and as discussed in the EGBC
professional practice guideline for floodplain mapping (EGBC, 2017).

Considering the potential for bed level changes in the Lillooet River and the uncertainty of climate
change on future flood flows, a minimum freeboard allowance of 0.6 m is recommended.

The PVDD, SLRD, Lil’'wat First Nation and Village of Pemberton may wish to define a higher level of
protection for certain infrastructure or facilities, such as dikes, major transportation routes, hospitals,
emergency response centers, communications centers, residences for the elderly, or schools.

6.2.2 Comparison with Previous Designated Floodplain Maps

The previous floodplain mapping was based on 1D modelling and completed in 1990. Since the flood
extents are fairly insensitive to flood flow magnitudes (Section 6.3), the previous and new maps have
similar inundation areas. As expected, there are significant increases in present FCLs due to the higher
design flood flow. There are also large changes in the isoline configurations as 2D modelling offers more
detail on water level variations across the floodplain. Dikes and raised roads have a large influence on
water levels and are accounted for in 2D models.

Specific FCL increases cannot be identified as there are substantial variations in the datum between the
two sets of maps. A general comparison suggests the following FCL increases:

= 1.5-2 m near Industrial Way outside of Pemberton, not far from Mount Currie.

= 1.5-2 m near the airport.

6 A brief set of examples of use of a minimum of 0.6 m freeboard above the instantaneous flood flow within BC include flood
hazard study and mapping in Prince George, the lower Fraser River, Maple Ridge, Squamish, and North Vancouver (KWL,
2014, 2017; NHC, 2008, 2014, 2016).
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= 0.5 m near One Mile Lake

= 0.5-1minthe area south of Pemberton by Pemberton Creek Left Bank Dike (e.g. south of
Highway 99)

= 0.5-1 m near Airport Road Dike A and near the south end of Clover Road

= (0.5-1.0 m at Pemberton Secondary School and Pemberton & District Community Centre
= 2 min areas north and west of the railway embankment (e.g. Collins Road)

= 1.5 m Upper end of Pemberton Meadows

= 1.5 m attop end of Hungerford Dike.

= 1.5 m at location where Ryan River enters the valley.

A direct comparison of the new 200- year profile with the KWL (2002) profile is also difficult due to
datum shifts.

6.3 Flood Depth Maps

The flood depth maps were developed using the water surfaces simulated in the model without a
freeboard allowance. The DEM surface was subtracted from the water level surface to show the flood
depths across the floodplain. The flood depth maps are shown on seven 11”x17”sheets at 1:20,000
scale, as included in the map section of this report.

The flood depth maps correspond to the 50, 100 and 200 year floods on the Lillooet River. The colour
shading references the criteria listed in Table 6-1, adapted from the national standard in Japan
(EXCIMAP, 2007).

Inundation durations were not mapped. Durations are highly sensitive to the flood hydrograph, dike
breaching and drainage patterns experienced. For the depth mapping, dike breaches were not considered.

A comparison of the different return period flood depth maps show remarkably little increase in flood
extents between the 50 and 200 year floods but significant increases in depth. This is to be expected,
considering the valley is relatively flat and has steep valley walls. During floods with a return period

exceeding 50 years, most of the valley floor is flooded. On the other hand, the increases in flood depths

confirm that flood levels are quite sensitive to the flow magnitudes. Since the 200 year design flood
adopted for this project is much higher compared to KWL’s (2002) value, the standard of diking is now
lower than previously believed.
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Table 6-1 Flood Depth Criteria

Flood Depth (m) Description

Most houses are dry; walking in moving water or driving
0to 0.5 is potentially dangerous; basements and underground
parking may be flooded, potentially causing evacuation.

Water on ground floor; basements and underground
parking flooded, potentially causing evacuation;

0.5t01.0
electricity failed; vehicles are commonly carried off
roadways.

1.0to 2.0 Ground floor flooded; residents evacuate.

First floor and often roof covered by water, residents
evacuate.

First floor and often roof covered by water, residents
evacuate.

6.4 Flood Hazard Maps

For the flood hazard maps, a velocity surface was extracted from the model and (as per the Flood Hazard
Rating equation shown in Table 6-2) multiplied by the depth surface to create a hazard rating surface.
This surface was then mapped over the DEM as shown on the seven 11”x17"”sheets at 1:20,000 scale in
the map section.

Similar to the depth mapping, the 50, 100 and 200 year return period floods were mapped, assuming no
dike breaching.

Table 6-2 lists the different levels of flood hazard based on the UK DEFRA/Environmental Agency (2005).

For many parts of the floodplain the hazard rating increases significantly from the 50 to 200 year flood.
Some of the highest flood hazard ratings (i.e. “Significant” and “Extreme”) apply to relatively large areas
of the lower part of the Valley from Lillooet River Km 25 (just upstream of the Miller Creek confluence)
to Lillooet Lake.
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Table 6-2 Flood Hazard Ratings

Hazard Rating

Degree of
depth * (velocity + 0.5) & Description
Flood Hazard
(m-m/s)
Caution
<0.75 Low “Flood zone with shallow flowing water or deep
standing water”
0.75t0 1.25 Moderate Dangerous for some (i.e. children)
“Danger: flood zone with deep or fast flowing water”

1.25t0 2.5 Dangerous for most people
“Danger: flood zone with deep fast flowing water”
5s Dangerous for all
> 2. “ . .
Extreme danger: flood zone with deep fast flowing
water”
Lillooet River Floodplain Mapping 87
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CONCLUSIONS AND RECOMMENDATIONS

Based on the project findings, the following conclusions and recommendations are provided:

7.1

1)

2)

3)

4)

5)

Conclusions

A number of significant Lillooet River floods have occurred in the past (1940, 1984, 1991, 2003
and 2016). In the 1950s large-scale channel straightening and lowering of Lillooet Lake was
carried out and over time, a number of dikes and berms have been built. Despite these flood
protection measures, the Pemberton Valley continues to be at high risk of flooding. Considering
apparent increases in peak flows and reduced channel capacity due to aggradation, flood
hazards are expected to increase with time.

Previous floodplain mapping and flood profile work for the valley used a range of survey datum.
Although, it was possible to convert some previous results to the present datum (CGVD2013),
full comparisons were not feasible.

The Lillooet River carries a high sediment yield and the channel is very dynamic. The degradation
trend observed from the early 1950s to 2010, largely as a result of the river straightening and
lowering of Lillooet Lake, abruptly reversed after the 2010 Meager Creek slide. Since 2011, the
annual average channel bed elevation over the lower 35 km of the river has increased by about
0.4 m, with more substantial increases in localized areas downstream of the Miller Creek
confluence and in the reach that extends upstream of the Ryan River confluence to RK 35. In the
reach between the CN Rail Bridge and WSC Gauge the bed is increasing in the order of 0.07
m/year, which amounts to an increase in average bed elevation of about 0.5 m by 2025.
Hydraulic modelling of deposition in the 1 km reach upstream of Highway 99 suggest that a

0.5 m material accumulation may raise flood levels by about 0.3 m.

A key finding from the geomorphology assessment is that sediment from the landslide deposit
has increased the fine sediment composition of the bed material, which in turn will substantially
increase the transport rate of gravel-sized sediment into the diked reach of the river. Even
without further major slides and new sediment inputs from the Mt Meager Volcanic Complex, a
substantial amount of gravel is anticipated to continue to be transported into the lower reaches
for a several decades.

The analysis of flow records at WSC Gauge 08MGO0O05, Lillooet River near Pemberton, suggests a
change in the flow regime starting roughly around 1975. Prior to 1975, the annual peak flow was
typically freshet generated but over the past 45 years the extreme annual peaks tend to occur in
the fall as a result of rain on snow events. This change in flow regime has caused a distinct
increase in flood flows, suggesting that more representative flood estimates are obtained if pre-
1975 flood records are excluded from frequency analyses. The current 200 year flood estimate
of 2,120 m3/s is 39 % higher than KWL’s estimate of 1,520 m3/s (KWL, 2002). As based on EGBC
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7.2

6)

7)

8)

1)

2)

3)

4)

5)

guidelines and analyses of peak flow trends, climate change may increase the flood peak
estimate to 2,540 m3/s by the end of century.

The 2D hydraulic model developed for simulating the 50, 100, and 200 year Lillooet River return
period floods, may somewhat over-predict flood levels. This is primarily because the model
assumes a fixed bed, whereas the channel will scour during high flood events. On the other
hand, the model assumes that the channel is free of debris blockages and material depositions,
which could potentially increase flood levels. Actual flood levels may deviate from those
simulated.

The hydraulic model showed that all existing diking would be overtopped during the 200 year
flood. Overtopping may commence at the 20 year flood level, but by the 50 year flood level, the
diking is extensively compromised. The dike breaches simulated would have significant impact
on access/egress in the area. Flood flows would in many areas inundate the floodplain within a
few hours. Corresponding flow velocities would be very high and flood hazard ratings are
categorized as significant or extreme in many locations.

Although the hydraulic model has a number of limitations, it is a useful tool developed by
applying state-of-the-art techniques. The simulated flood extents are similar to those developed
for the 1990 floodplain mapping. However, flood levels are generally much higher and FCL
isoline patterns vary. The depth mapping developed shows depths of over 2 m for extended
areas, resulting in inundation of the first floor of most housing in the valley.

Recommendations

Administrative authorities, residents and other stakeholders in the Pemberton Valley must be
informed regarding increased flood hazards.

An up-to-date emergency response plan should be prepared, taking into account the increased
flood hazards. Depending on the location and nature of a dike breach, the response time before
hazardous flows block roads and reach developed areas may be as little as 30 minutes (e.g.
Miller Lillooet Dike C breach scenario, just downstream from rail bridge).

It is recommended that the designated floodplain maps be adopted for the Lillooet River and
that the FCLs shown on the mapping be applied to future development.

Additional modelling and mapping should be carried out to determine the 200 year flood levels
on each tributary and to develop designated mapping specific to the tributaries. The present
simulations used tributary flows coincident with the Lillooet River design flow, not the 200 year
tributary flows. Mapping Birkenhead River needs to be a high priority for Lil'wat First Nation.

It is recommended that the provincial River Forecast Centre be made aware of flood hazards in
the Pemberton Valley and that the importance of accurate and timely forecasts be emphasized.
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6) Flood protection measures in the area need to be improved. It is recommended that:

- PVDD identifies critical dike upgrades. It is recognized that raising all diking and berms to
the 200 year standard would be prohibitively expensive and likely impractical. Careful
consideration must be given to what dikes can be improved and to what standard
without negatively affecting adjacent unprotected areas. Consideration should be given
to setting dikes back from the river to increase flow capacities.

- Local authorities review the depth and hazard rating maps and identify areas where dike
breaching and flooding would have major impacts on existing development.
Consideration should be given to relocating or floodproofing housing and other
development in critical areas.

- MOTI and other agencies identify areas where road and rail access/ egress can be
improved to allow transport during high floods.

- The feasibility of installing sediment traps or sediment control structures upstream of
the FSR Bridge be assessed.

- The effectiveness of the ongoing sediment management program in the lower reaches
be reviewed and removal volumes increased. (The model simulations indicate that
future sedimentation will have a substantial impact on flood levels, and without a
rigorous sediment management program in place aggradation of the channel bed will
reduce the effectiveness of the dikes.)

- Consideration be given to ensuring access to higher elevation areas in the valley that
residents/ domestic animals can quickly be evacuated to.

7) The hydraulic model must be updated over time. Considering the significant aggradation taking
place, the river channel should be monitored and re-surveyed every 5-10 years and the model
updated as required. Major changes within the floodplain should be included in the model, such
as raised dikes, roads or fill areas. (With a robust model readily available, updating portions of
the DEM and hydraulic model is relatively straightforward.)

8) WSC should continue to obtain flow measurements at Station 08MGO0O05 and update the rating
tables for the gauge as needed. WSC is encouraged to install or re-activate gauges on the
tributaries, currently not in operation. It is particularly important that a gauge be reinstalled on
the Birkenhead River. In order of priority, the Green, Ryan and Miller watersheds should also be
gauged.

9) The gauge at the FSR Bridge needs to be monitored and maintained as it provides important
warning time for a major landslide. The gauge levels may help responders assess when the
upper valley roads become impassable. (It is recognized that the gauge has limited value for
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peak flow measurements because larger floods overflow the banks and bypass the bridge
opening.)

10) Over time, apparent trends in observed peak flows should be monitored and potential changes
in flows due to climate change be reviewed.

11) During large floods, high watermarks should be collected and corresponding flood flows
observed to allow for future model calibration and validation updates.
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Appendix A: Survey Data

Al Spatial Data Collected
A2 Vertical Datum Memo
A.3 Spatial Data Deliverables



SPATIAL DATA COLLECTED

VERTICAL DATUM
TITLE DATE OF DATA |COVERAGE AREA SOURCE ORIGINAL CONVERSION TO CGVD2013 [COMMENT
Orthoimagery
NHC 2017 Orthophoto 12-Oct-2017|Study Area NHC n.a. n.a. Collected during low flow conditions (approximately 36 cms); used for
reference and for geomorphic assessment
EMBC 2016/2017 Orthophoto Jun 2016 to Sep|Study Area GeoBC n.a. n.a. Used as base image for flood maps
2017
2009 Orthophoto 2009(Study Area KWL for PVDD n.a. n.a. Used for reference and for geomorphic assessment
2013 Air Photos 23-Aug-2013|Study Area MFLNRORD n.a. n.a. Used for geomorphic assessment
2010 Digital Globe Imagery 22-Aug-2010(Study Area Google Earth n.a. n.a. Used for geomorphic assessment
Survey (Topography and Bathymetry)
NHC Combined Topographic & Bathymetric DEM various|Study area NHC CGVvD2013 n.a. Based on various sources listed below; intended for hydraulic modelling
for Hydraulic Modelling purposes only
NHC 2017 Bathymetric Survey 2017(Study area NHC CGVD28 HTv2.0 NHC converted using NRCan |Incorporated in model DEM
GPS-H
NHC 2017 Topographic Survey 2017|Study area NHC CGVD28 HTv2.0 NHC converted using NRCan |Incorporated in model DEM
GPS-H
Highmark 2017, 2018 Dike and Culvert Survey 2017 & 2018|Study area Highmark CGVvD2013 n.a. Incorporated in model DEM
Highmark 2017 Pemberton Creek Survey 2017|Pemberton Creek Highmark CGVD28 HTv2.0 Highmark converted Incorporated in model DEM
Highmark 2017 Miller Creek Survey 2017|Miller Creek Highmark CGVD28 HTv2.0 Highmark converted Incorporated in model DEM
EMBC 2016/2017 Lidar Apr 2016 - Jul{Study area GeoBC CGVvD2013 n.a. Incorporated in model DEM
2017 Metadata: average point density = 12 points per sq. metre; horizontal
accuracy <= 65 cm; vertical accuracy <= 15 cm.
Bare earth point cloud was used to derive a 1.0 m resolution DEM that
was incorporated into the model DEM and used for mapping flood
extents; bare earth Lidar has vegetation points filtered out however
there are locations where the Lidar did not penetrate thicker
vegtetation and as such there may be small articifical high points within
the DEM.
UNBC 2015 Lidar 2015({Upstream of FSR bridge [UNBC CGVD2013 n.a. Used for geomorphic assessment
(B.Menounos);
J.Clague
NHC/Doug Bush 2014 Birkenhead River Survey 2014|Birkenhead River NHC CGVD28 HT97 (assumed) NHC converted using Trible |Incorporated in model DEM

Business Centre and NRCan
GPS-H




VERTICAL DATUM

TITLE DATE OF DATA |COVERAGE AREA SOURCE ORIGINAL CONVERSION TO CGVD2013 [COMMENT
KWL/Atek 2011 Lillooet River Survey May 2011|Lillooet River KWL CGVD28 HTv2.0 NHC converted using NRCan |Incorporated in model DEM

GPS-H
KWL/Atek 2011 Lillooet River Survey Nov 2011(Lillooet River KWL CGVD28 HTv2.0 NHC converted using NRCan |Used for reference

GPS-H
McElhanney 2009 Lidar 2009|Study area PVDD CGVD28 HTv2.0 (assumed) not converted Incorporated in model DEM, to fill gaps in 2016 Lidar DEM
KWL/Bazett Land Surveying 2009 Lillooet Lake April 2009(Lillooet Lake PVDD CGVD28 HTv2.0 (assumed) NHC converted using NRCan |Incorporated in model DEM
Survey GPS-H
KWL 2006 Ryan River Survey 2006|Ryan River KWL CGVD28 (WRS benchmarks) [not converted Used for geomorphic assessment

(assumed)

KWL 2000 Lillooet River and Tribuaries Survey 2000]Lillooet River & Tribs KWL CGVD28 HTv2.0 (assumed) NHC converted using NRCan |Used for geomorphic assessment

GPS-H
Hydrometric Stations
WSC Active and Discontinued Hydrometric Stations various|Study area DataBC n.a. n.a. Location of WSC stations in the area
NHC Hydrometric Station 2017|Study area NHC n.a. n.a. Location of NHC-operated station on Lillooet River at FSR Bridge
Highwater Marks
2016 Highwater Marks 2016|Study area NHC CGVvD2013 n.a. Surveyed by NHC based on PVDD information
2003 Highwater Marks 2003|Study area NHC CGVD28 HT97 (assumed) NHC converted Digitized by NHC based on KWL report
Flood Control Structures
Dikes various|Study area DataBC, NHC n.a. n.a. Provincially-mapped dikes, with alignments updated by NHC based on

survey and Lidar

Raised Transportation Features various|Study area NHC n.a. n.a. Roads and rail lines that act as flood control structures
Administrative Boundaries
PVDD Administrative Boundary unknown|Study area SLRD n.a. n.a. None
Village of Pemberton Boundary unknown|Study area DataBC n.a. n.a. None
Lil'wat First Nation Boundary 2011 (Study area Lil'wat First Nation |n.a. n.a. Differs from boundary available from GeoBC
Transportation
Roads - GeoBC Digital Roads Atlas Study area DataBC n.a. n.a.
Rail Lines - National Railway Network Study area GeoGratis n.a. n.a.
Land Cover / Land Use
Land Cover 2009(Study area NHC n.a. n.a. Land cover digitized by NHC based on 2009 orthoimagery (as 2016

orthoimagery was not available at the time); required for roughness
mapping in hydraulic model
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MEMO
To: 3002903 Project File Date: 24-May-2018
From: Sarah North — NHC NHC Ref. No. 3002903
Re: Vertical Datums for PVDD Lillooet River Flood Mapping Study
Memo
BACKGROUND

Several vertical datums are in use for the Lillooet River study area:

e (CGVD2013 —the new vertical datum for Canada;

e (CGVD28, represented by the HTv2.0 geoid model — the previous standard vertical datum for Canada;
e (CGVD28, represented by the HT97 geoid model — an earlier version of CGVD28; and

e Avariation of CGVD28 based on Water Resource Monuments.

CGVD2013

CGVD2013 is a new vertical datum for Canada, designed for modern positional instrumentation such as GPS. It
is gradually being adopted across the country and the province. CGVD2013 will replace CGVD28 (HTv2.0).
Natural Resources Canada (NRCan) and the BC government have information online:

e http://www.nrcan.gc.ca/earth-sciences/geomatics/geodetic-reference-systems/9054

e https://www2.gov.bc.ca/gov/content/data/geographic-data-services/georeferencing/vertical-
reference-system

The Province of BC is expected to officially adopt CGVD2013 on September 1%, 2018 (Brad Hlasny, email, 01-
May-2018).

CGVD28 (HTv2.0)

The previous vertical datum was CGVD28, represented by the HTv2.0 geoid model (height transformation
calculated in the 2002 epoch). This datum is still commonly used for many surveys in BC.

In BC, differences between CGVD28 (HTv2.0) and CGVD2013 are from a few centimetres up to 50 cm.
Differences in the Lillooet area are around 35 cm.
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CGVD28 (HT97)

There was also an older geoid representation of CGVD28, called HT97 (height transformation calculated in the
1997 epoch). HT97 is rarely used for surveying in BC today. Vancouver Island is one place where HT97
benchmarks are commonly seen, but are gradually being phased out. Older generation federal benchmarks, in
HT97, are still seen on the mainland as well.

Differences between HT97 and HTv2.0 can be as high as 20 cm (W.Skitmore, pers.comm.).

CGVD28 (WRS Benchmarks)

For the Pemberton area, there is an added complication. Surveys that refer to the CGVD28 datum may be using
a different adjustment of the datum, which has a 20-30 cm difference from CGVD28 (HTv2.0). Johnathan Lunn
of Highmark Land Surveying and Engineering Ltd. provided an explanation (J.Lunn, email, 23-Oct-2017):

“...many surveys in the Pemberton area are controlled by Water Resource benchmarks (WRS) set by the
Province in the late 80’s based [on] the nearby federal benchmarks. These [WRS] benchmarks
referenced the floodplain mapping used at that time, which was written into many of the restrictive
covenants for flood construction by the SLRD and VoP. | believe a readjustment of the federal network
occurred after this mapping was completed and the WRS monuments were not adjusted to match. This
has led to a difference of approximately 20-30 centimetres from the previous adjustment depending on
the WRS monument used. Most topographic surveys in the Pemberton area reference the WRS
monuments rather than the federal benchmarks, and are still referred to as “Geodetic” or CGVD28
elevations even though they reference a different adjustment. This is the reason for the 60 cm
[difference in comparison to CGVD2013] rather than 35 cm. Hopefully the SLRD and VoP will adopt the
new datum in the future to eliminate the confusion.”

DATUM CONVERSION METHODS

CGVD28 (HTv2.0) TO CGVD2013

NRCan provides information and a free software tool, GPS-H, for converting between CGVD28 (HTv2.0) and
CGVD2013. The tool can be used online, or there is a version that can be downloaded and installed locally:

e http://www.nrcan.gc.ca/earth-sciences/geomatics/geodetic-reference-systems/9054# Toc372901507

e http://webapp.geod.nrcan.gc.ca/geod/tools-outils/gpsh.php

NHC has also developed a difference grid for BC that can be used to adjust between CGVD2013 and CGVD28
(HTv2.0) using GIS software.

20f3


http://www.nrcan.gc.ca/earth-sciences/geomatics/geodetic-reference-systems/9054#_Toc372901507
http://webapp.geod.nrcan.gc.ca/geod/tools-outils/gpsh.php

30 Gostick Place

nhc North Vancouver, BC V7M 3G3
Tel: 604.980.6011

Fax: 604.980.9264

CGVD28 (HT97) TO CGVD28 (HTv2.0)

Conversion between HT97 and HTv2.0 can be done using Trimble Business Centre survey software, if the survey
ellipsoid is known.

Alternately, NHC could develop a difference grid for conversion between HT97 and HTv2.0 using survey
software and GIS software. This was not done, as it was not required for the current project.

CGVD28 (HT97) TO CGVD2013

NHC developed a difference grid for BC that can be used to adjust between CGVD2013 and CGVD28 (HT97)
using survey software and GIS software.

CGVD28 (WRS BENCHMARKS) TO CGVD28 (HTv2.0) OR CGVD2013

There is no straightforward way to convert from CGVD28 (WRS Benchmarks) to a standard vertical datum.
Options include:

1. Resurvey the WRS Benchmarks to CGVD2013, then adjust the previous surveys using this information.
o Would need to resurvey WRS Benchmarks that are referenced in the previous surveys.
o Would need to know the original surveys of these benchmarks, to determine the difference.
o Many of the WRS Benchmarks are difficult to locate in the field.
o To date, NHC has not pursued this option.
2. Apply an approximate global shift to all the data, based on 20-30 cm difference between CGVD28 (WRS
Benchmarks) and CGVD28 (HTv2.0) cited by J.Lunn.

PROJECT DATA

The CGVD2013 vertical datum will be used for this project, for several reasons:

e (Canada has adopted CGVD2013. The province is in the process of migrating to this new datum.

e The 2016 Lidar data is already in this datum.

e There is confusion about the use of the CGVD28 datum in the Pemberton area, for surveys that used
the WRS benchmarks that were not readjusted to the federal benchmarks. Adopting CGVD2013 should
avoid further confusion in future.

A summary of vertical datums for key datasets used in this project is presented in Appendix X.

END.
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TITLE DATE OF DATA COVERAGE AREA SOURCE Key Attribute Description Description
Flood Mapping
Isolinel = contour created from wse grid
FCL Isolines smoothed from W.S.E. grid with 0.6m
FCL Isoline 2018 Lillooet River (no tribs) NHC Label = used for labelling with proper significant K &
) freeboard added to it
figures
Type = distinguishes bet flood inundati 200- flood extents with f0.6
200-year Flood Extents 2018 Lillooet River & tributaries NHC ype = distinguishes between Tlood Inundation year tlood extents with areas o m
extents and areas of freeboard freeboard
50-year Flood Hazard Grid 2018 Lillooet River & tributaries NHC depth x (velocity + 0.5) of 50-year event
100-year Flood Hazard Grid 2018 Lillooet River & tributaries NHC depth x (velocity + 0.5) of 100-year event
200-year Flood Hazard Grid 2018 Lillooet River & tributaries NHC depth x (velocity + 0.5) of 200-year event
50-year Depth Grid 2018 Lillooet River & tributaries NHC direct output from model
100-year Depth Grid 2018 Lillooet River & tributaries NHC direct output from model
200-year Depth Grid 2018 Lillooet River & tributaries NHC direct output from model
Tributary Areas 2018 Tributaries only NHC
Annotation
Digitized by NHC to use on designated floodplain
Flow Direction Arrows 2018 Lillooet River & Tributaries NHC rotation = angle arrow points at & v & P
maps, flood hazard maps, and flood depth maps
Digiti NH i fl lai
PVDD Annotation 2018 Lillooet River & Tributaries NHC igitized by NHC to use on designated floodplain
maps, flood hazard maps, and flood depth maps
First Nation Annotation 2018 Lillooet River & Tributaries NHC Digitized by NHC to use on designated floodplain
maps, flood hazard maps, and flood depth maps
Digiti NH i fl lai
Dike Annotation 2018 Lillooet River & Tributaries NHC igitized by NHC to use on designated floodplain
maps, flood hazard maps, and flood depth maps
Digitized by NHC t designated floodplai
Stream Network Annotation 2018 Lillooet River & Tributaries NHC 'itized by 0 use on designated floodplain
maps, flood hazard maps, and flood depth maps
Cartography
PageNumber = Panel ID
Left = page to the left
Strip Map Panel Index - 1:20,000 2018 Study Area NHC Right = page to the right Used for Designated Floodplain map book
Angle = text rotation
Scale = scale of panel
PageNumber = Panel ID
Left = page to the left
Strip Map Panel Index - 1:10,000 2019 Study Area NHC Right = page to the right Used for Flood Hazard and Depth map books
Angle = text rotation
Scale = scale of panel
Structures
DataBC, Provincially- d dikes, with ali t
Flood Control Structures Various Study Area ata DikeName = name of dike rovinclally-mapped dikes, with a |gnmf=,n >
NHC updated by NHC based on survey and Lidar




Roads and rail lines that act as flood control

Raised Transportation Features Variouis Study Area NHC
structures
Highwater Marks
2016 Highwater Marks 2016 Study Area NHC CGVD2013 n.a.
2003 Highwater Marks 2003 Study Area NHC CGVD28 HT97 (assumed) NHC converted
Survey (Topography & Bathymetry)
NHC i hi i li inA ixXA-
comb!ned topograp |c§ various Study Area NHC based on various sources listed in Appendix
bathymetric DEM for hydraulic CGVD2013
NHC bined t hic &
combined topographic various Study Area NHC hillshade based on above topo

bathymetric DEM hillshade




nhc
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DISCLAIMER

This report has been prepared by Northwest Hydraulic Consultants Ltd. for the
benefit of Pemberton Valley Dyking District for specific application to the Lillooet
River Flood Mapping Study. The information and data contained herein repre-
sent Northwest Hydraulic Consultants Ltd. best professional judgment in light

of the knowledge and information available to Northwest Hydraulic Consultants
Ltd. at the time of preparation, and was prepared in accordance with generally
accepted engineering and geoscience practices.

Except as required by law, this report and the information and data contained

herein are to be treated as confidential and may be used and relied upon only by

Pemberton Valley Dyking District, its officers and employees. Northwest Hy-

draulic Consultants Ltd. denies any liability whatsoever to other parties who may

obtain access ta this report for any injury, loss or damage suffered by such parties
NHC Ref No. 3002903 arising from their use of, or reliance upon, this report or any of its contents.



Introduction

NHC is working with the Pemberton Valley Dyking District to develop a series of new flood
hazard maps for the Pemberton Valley. The Lillooet River carries a high sediment yield and
is very geomorphically dynamic, therefore an important part of this study is an investiga-
tion of geomorphic processes along the river, as these may—over time—change the chan-
nel morphology, sediment load in the lower reaches, and capacity for conveyance of flood
flows. A particularly important geomorphic control at the present time may be the very
large Capricorn Creek landslide that occurred on Mount Meager in 2010, and so this atlas
focuses on documenting changes related to this event.

The atlas starts with a brief summary of basin characteristics and a description of the vol-
ume and texture of sediment eroded from the landslide deposit, focuses on descriptions
of approximately 5 to 10 km long channel segments, and concludes with plots of summary
data describing patterns along the river.

Local Slope (500 m segments)

Data Sources

Field Data

Fieldwork reported here was mostly conducted during the last week of August 2017. Flows
at this time were relatively high, at Water Survey of Canada (WSC) gauge 08MGO0O05 they
fluctuated between about 180 and 280 m3/s at gauge with daily variability in snow melt
intensity. An overflight was conducted on 12 October 2017 to collect updated and detailed
orthophotos of the river, the flow at this time was quite low, approximately 36 m3/s, and
water relatively clear, providing good visibility of bed forms in the channel. Channel survey,
some results of which are presented here, was collected throughout summer 2017.

Geospatial Data

e Channel margins were digitized from aerial photos collected before the slide in 2009
(PVDD) and on 22 July 2010 (Digital Globe published in Google Earth) and after the slide
on 23 August 2013 (MFLNRORD) and 12 October 2017 (NHC collected for this project).
In addition an orthophoto from just after the landslide was reviewed in the area of the
slide deposit.

e 2015 LiDAR data, which provided coverage of the channel to approximately the Forest
Service Road Bridge, was provided by UNBC (Brian Menounos) and was produced in col-
laboration with John Clague. 2016 LiDAR data, which provided coverage of the channel

data), Landsat Imagery (1979-2018, accessed via the USGS’s Landsat Look Interface),
and geology (BC Columbia Digital Geology, Ministry of Energy, Mines and Petroleum Re-
sources).
Historical Conditions
Information on historic geomorphic conditions provides a baseline for understanding
changes resulting from the 2010 landslide. Much historical information is available from
the work of KWL (2002), who completed a geomorphic investigation of the Lillooet River,
based on fieldwork completed in November 2000 (survey) and 2001 (gravel sampling).

Atlas Organization

The first part of the atlas (p 2-3) considers the physiography of the whole Lillooet River
basin. The second is organized geographically, starting with details of the 2010 landslide
(p. 4-5) and then following the river from just above the 2010 Landslide dam downstream
to Lillooet Lake, as shown on the index map below (p. 6-33). This moves from the steep,
braided reach of the river proximal to the slide, where the slope is about 1%, downstream
to the distal portion of the river where the slope is less than 1% and the river flows through
a single-thread channel. The final portion of the atlas (p. 34-40) consid-

— . . 1.2
450 _ Generalized slope (2km segments) from just above the Forest Service road bridge to Lillooet Lake, was collected for Emer-  ers the river system as a whole. It p!'esents dat-a plotte.d at the river scale B
— Phe gency Management BC and provided by GeoBC. and interprets key morphodynamic and sedimentation processes and
400 NN e Basin-scale data sets included topography (Canada Digital Elevation Data 1:250,000 scale  the implications of these for flood management. — 1
B m _ Channel long profile I
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Physiography

50 yr
The Lillooet River Basin drains approximately 3,100 km? of the Southern Coast Mountains
of British Columbia. The basin is rugged and heavily glaciated, with characteristic relief of 20 yr
1,500 to 2,000 m between ridges and the axial valley of the river and approximately 500
km? of glacier cover. 10yr
1000
Most of the basin area is underlain by Mount Magaera > Syr L
plutonic rocks, but quaternary volca- X «E A A l H l
: Mount Alecto =
nism at Moun’F Meager.has produced Vhits Crozs Moundain o 2yr | I ain l |
an area of relatively erodible and unsta- =
ble rock that is an important sediment 5 0
source to the Lillooet River (Friele et al., X a
. . X .
2005). Material derived from the Mount ™ |, -~ i Icemaker Mountain Recent debris flow deposits cover the
Meager volcanic complex has distinct li- South Creek alluvial fan.
thology and geochemistry (Vogt, 2013)
compared to the surrounding plutonic 0
rocksl and so can be relat—ive|y read”y traced Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan
downstream. Mount Spindrift Date
Meager Mountain
) x = . L . ——
Jordan and Slaymaker (1991) combined ob- gaprll(corn 5, A Daf|1Iy meandﬂow (rled) a(;nd h|§tor|c annuaIfhydhrog:?p:sﬂshowngdplattern of low \2]/|nt§r
servations of progradation of the Lillooet River ** Sienia Mountain ree 604 time flow, mp er'ate ong-duration summer freshet |'g ow§, and large autumn floods.
Delta into Lillooet Lake with semi-quantitative o&@ : Plot shows historical flows for WSC gauge 08MGO005, Lillooet River near Pemberton.
N
inventory of major sediment sources along the & . L. .
river to develop a sediment budget for the sys- @@0 ennond Table Below: Return period statistics corresponding to 98 years ofdta\ta recorded from 1914
tem. They determined that the total yield was Overseer Mountain Liy Irkenhea to 2016. Freshet flows commonly approach the 2-year recurrence interval flow, but rarely
. Lak . . . ; . . .
about 655,000 m?/yr (plausible range from 273,000 to Sou‘“o Oo@[ axe exceed it, while the mean da|IY ﬂow in autumn is lower but this is the period when wet and
1,037,000 m3/yr) with the most important contributions from '?’L warm storms tend to occur, driving larger floods.
glaciers, debris flows, and extremely episodic but large landslides, A <Locati Lillooet River Flood Hydrology. Flows (m*s*) for gauge
mostly from the Mount Meager volcanic complex. avan, - ziazzgen;?:n?k\)/::- 08MGOOS.
>
& i Lower Upper
The Lillooet River flows through a glacially carved valley that has a very consis- R 2?1}? Lgnd'sat 8 image Return Pe- Bound Best B:t?nd
tent width of slightly less than 2 km. The valley bottom lacks exposed Pleistocene ks x of the basin. riod (years) | (95% cl) Estimate (95% Cl)
glacial deposits and Holocene alluvial terraces (except in the most upstream portion f; Mount Olds
of the river), but is instead covered by alluvium from the Lillooet River and Ryan River, Rhoiol\ji:ﬂig?n g 2 566 620 689
and several large alluvial fans at the toe of steep tributaries. This indicates that the river is ”«/,;/@ § 5 746 849 967
aggrading—on a geologic time scale—along the whole subject portion of its profile (Jordan 7 Creek = 10 874 1031 1223
and Slaymaker, 1991). Long-term (1,000-7,200 years ago) average aggradation rates deter- % Pemberton
[ t i
mined from radiocarbon-dated drill cores have been 4.4 + 1.3 mm/yr and average medium o Mount Matier 20 992 1223 1539
term (100-1,000 years ago) rates o 50 1127 1540 2158
. RiV
have been3.4+£2.3 mm/yr (Frlele O‘ee“ . 100 1223 1810 2815
/)
etal. 2005). Mount Currie "0s, 200 1312 2118 3677
¢
S
In the early Holocene (approxi- o
matley 10ka), Lillooet Lake ex-
tended about 35 km upstream of
its current location. But the Lil- Green %
looet River delta has prograded Lake Mount Weart
into the lake at an average rate
of about 6 m/yr, filling much of Whistler X Wadge Mountain

its volume (Friele et al. 2005).

Hydrology

Periods of elevated aggradation
and delta progradation rates (up
to 15 m/yr) have been correlated
to elevated sediment supply from
mount meager due to eruptions
or flank collapse landslides.
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<« The Mount Meager Volcanic
Complex (background) and (peri)
glacial activity across the basin pro-
vide abundant sediment supply.

» View upstream from just above Ryan
River confluence showing Lillooet (right)
and Ryan (left background) rivers. This
portion of the Lillooet has filled in a gla-
cial fjord lake (Friele et al 2005).
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Plutonic Intrusive Igneous
granite, alkali feldspar granite intrusive rocks
quartz monzonitic intrusive rocks
quartz dioritic intrusive rocks
granodioritic intrusive rocks

[ dioritic intrusive rocks

[ Pemberton Diorite Complex dioritic intrusive rocks
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(;rlth(?gnelss m.etamorphlc rocks - . < \;\HV') \%{r -

ollicum Schist greenstone, greenschist metamorphic rocks A \/‘/w ‘m&&\@
Bralorne-East Liza Complex serpentinite ultramafic rocks R e
Chism Creek Schist serpentinite ultramafic rocks ! ‘ .

Sedimentary and interbedded sedimentary and volcanic _

Bridge River Complex marine sedimentary and volcanic rocks
Cadwallader Group marine sedimentary and volcanic rocks
Cayoosh Assemblage undivided sedimentary rocks

Cayoosh Assemblage(?) mudstone, siltstone, shale fine clastic sedimentary rocks
Cerulean Lake Unit undivided sedimentary rocks

Gambier Group - Peninsula and Brokenback Hill Formations marine sedimentary and volcanic rocks

Gambier Group marine sedimentary and volcanic rocks
Ladner Group mudstone, siltstone, shale fine clastic sedimentary rocks
- Taylor Creek Group(?) mudstone, siltstone, shale fine clastic sedimentary rocks

Volcanic Rocks
Gambier Group andesitic volcanic rocks
Cadwallader Group (?) undivided volcanic rocks
Garibaldi Group basaltic volcanic rocks
Garibaldi Group undivided volcanic rocks
Whistler Pendant andesitic volcanic rocks
Whistler Pendant volcaniclastic rocks
basaltic volcanic rocks
undivided volcanic rocks

Basin geology generalized
from British Columbia Digital
Geology dataset provided by
the Ministry of Energy, Mines,
and Pefroleum Resources.
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Fluvial Remobilization of the 2010 Meager Landslide

The 2010 Meager Landslide mobilized about 4.9 x 10’ m*® of debris from the flank of Mount
Meager and deposited this on the valley bottom near the confluence of Meager Creek and
the Lillooet River (Guthrie et al. 2012). The rate of fluvial evacuation of sediment from the
deposit was evaluated by comparing a surface developed by satellite photogrammetry

from just after the slide—5 m resolution GeoEye from 22 August
and 21 September 2010, described in Guthrie et al. (2012)—with
LiDAR data collected in 2015. The difference between the two
surfaces (below right) suggests that between 2010 and 2015,
Meager Creek and the Lillooet River removed approximately 5.0
x 10° m? of sediment from the slide deposit. Some volume had
already eroded from the slide mass prior to the acquisition of
the satellite imagery from which the 2010 DEM was constructed.
In the 2010 DEM, a channel 3 m deep through an area of about
74,000 m? is visible along the Lillooet River breaching the slide
deposit and a channel about 5 m deep covering an area of about
75,000 m is visible along Meager Creek cutting through the main
slide plug at the Capricorn Creek confluence. Combined, these
add about 0.5 x 10° m® of material to the estimate of erosion
from the slide deposit between its initial occurrence and 2015,
for a total of 5.5 x 10° m3.

No detailed topographic data are available for 2017, but NHC col-
lected a set of orthophotos, which can be used to evaluate lat-
eral expansion of the area of post-slide fluvial erosion across the
slide deposit. In conjunction with 2015 LiDAR data, these can be
used to produce a minimum estimate of the volume of sediment
eroded between 2015 and 2017. At least three additional factors
may have contributed an additional volume of sediment—which
may be quite substantial:

1) continued channel downcutting within the area eroded be-
tween 2010 and 2015,

2) contributions from mass failures of steep sidewalls cut into
the landslide deposit around the channel, and

3) contributions from fluvial incision along Capricorn Creek.

The volume of sediment contributed by lateral migration of Mea-
ger Creek and the Lillooet River was evaluated by mapping the
margin of the channel and active floodplain in the 2015 LiDAR
and 2017 aerial photo and estimating the height of sediment
eroded from surrounding slide deposits and terraces based on
offset between the elevation of those features and the active
channelin the 2015 LiDAR. This calculation indicates that at least
an additional 445,000 m? of sediment were evacuated from the
slide deposit between 2015 and 2017, for a lower bound esti-
mate of 5.9 x 10° m? of erosion since the slide occurred.

A View of landslide deposit looking upstream from confluence
of Meager Creek (left) and Lillooet River (right).
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Meager Creek cutting through landslide
deposit at Capricorn Creek confluence.

Autumn 2010 satellite photogrammetry

Elevation (m)

2015 LIiDAR

~

fluvial erosion

DATA SOURCES: See text.
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Years Since Landslide

A typical pattern of exponential decay in sediment yield following landscape-scale distur-
bances such as landslides provides a tool to help interpret the three estimates of sediment
evacuated from the slide described above. As described by Nelson and Dubé (2016) and
Croissant et al. (2017), sediment yield after landscape-scale disturbances typically decays
exponentially over a period of decades to centuries. In established examples half-lives (t, ,)
for the remaining volume of material initially disturbed range from approximately 2.5 to
50 years, with most in the range of 5 to 25 years (Adams, 1980; Pearce and Watson, 1986;
Major et al., 2000; Dadson et al., 2004; Koi et al., 2008; Hovius et al., 2011; Huang and
Montgomery, 2012; Nelson and Dubé, 2016; Croissant et al., 2017). Half-life (tm) is com-
puted as
tin2

bpe=—T73
In [—‘]
Vr

where the variable t represents the elapsed time of observation and V, and V. represent the
initial landslide volume and landslide volume remaining in the upstream basin at the time
of observation, respectively.

The pattern of exponential decay occurs because material mobilized by the disturbance
becomes progressively more difficult for alluvial streams to reach as the most accessible
deposits are carried away, channel slope over the slug decreases, and as deposits become
stabilized through the formation of lag-armor deposits and establishment of vegetation
(Nelson and Dubé, 2016).

The graph above illustrates the relation of the conceptual exponential decay model to
observations of sediment remobilization from the Lillooet slide deposit. Using the best
constrained estimate of total sediment remobilization—based on changed conditions be-
tween the 2010 DEM and when the LiDAR was acquired in 2015—gives a best estimate t, ,
value of 28.8 yr which is well within the typical range but relatively slow, a result that may
not be surprising given the very large volume of material in the 2010 landslide. Assuming
continued exponential decay in the volume of stored sediment (and therefore rate of sedi-
ment remobilization) allows an estimate of the expected future sediment loading to the
Lillooet River (dashed line in graph above).



Landslide Deposit Grain Size Distribution and Lithology

The grain size distribution of sediment remobilized from the landslide deposit controls how and where that material interacts with
the Lillooet River downstream, and so it is very important to understand that distribution. Gravel and cobble sized material will move
as bedload and would be expected to have the biggest impact in the reaches immediately downstream of the slide, while sand may
rapidly move through the braided reach and have the biggest impact downstream through the diked reach of the river. Silt and clay
are not present in appreciable quantities in the river bed and—once eroded—move as wash load with the flow and are transported
directly into Lillooet Lake; therefore, they have minimal influence on the channel geomorphology.

The grain size distribution at four locations within the landslide diamicton was estimated by combining data from scaled photo-based
pebble counts to characterize the coarser portion of the deposit (>22.4 mm) with bulk samples to characterize the finer portion of the
deposit. The two data sources were combined by following the hybrid bulk sample approach of Rice and Hashenberger (2004) using
22.4 mm as the match fraction. Bulk samples were processed at the UBC geography sediment lab with sieving following a wet wash
on the 63-micron sieve to remove silt and clay. The difference in mass between pre- and post-wash dry weight was used to determine
the mass of material smaller than 63 microns (silt and clay).

The cumulative distribution plots to the right show the resulting grain size distributions of the landslide diamicton samples. They all
show relatively similar gradations, with 19+2% silt and clay, 37£7% sand, 41+7% gravel and cobble, and 3+2% boulder sized material
(*10). Roberti et al. (2017) describe grain size distributions of the sand and finer fraction for three distinct facies within the slide de-
posit, and differentiated the silt and clay fractions for the material. They found that the pulverized block and mixed facies consisted
of 70-85% sand with <5% clay and 10-20% silt, while a mixed facies consisted of of 65-75% sand with 5-10% clay and 15-25% silt, and
the hydrothermally altered block facies consisted of 20-55% sand with 20-30% clay and 35-60% silt.

Assuming the landslide diamicton sediment remaining in the Estimates of past and future rates (m® yr) of fluvial
slide deposit is representative of that subsequently eroded by remobilization of the slide deposit.

fluvial action, and an exponential decay curve with a t, value Material | 2010-15 2017 2027 2037
of 28.8 yr allows estimation of the grain size-specific sediment
supply to the Lillooet River over time following the slide. These Sand 410,000 | 370,000 | 300,000 | 230,000
estimates, shown in the table to the right, indicate that the Gravel | 450,000 | 410,000 | 320,000 | 250,000

present rate of sand and gravel remobilization is reduced by Note: Post-slide (2010 — 2015) values are based on estimated erosion
about 15% from that in the post slide period. rates from the surface model comparison. Present and future rates are
based on the theoretical pattern of exponential decay in sediment yield.

Capricorn Creek

88 (mgr creek fan) 82 (Slide Diamicton Lag)

A The lithology of gravel in the 2010 Meager Landslide deposit includes a disproportion-
ate concentration of a distinct porphyritic rhyodacite; the relative concentration of this
material can serve as a tracer for slide-derived sediment in the river downstream.

V The pie chart on the left shows distribution of lithologies observed on the Meager ¢
Creek fan and the chart on the right shows lithologies from a coarse lag deposit where < ©
the Lillooet River has eroded into the slide diamicton deposit at RK 82 (see following N\eage

pages for sample locations).

Metamorphic  Other Volcanic Other Volcanic

Rorphyritic
Dacite
landJAndesite

PIutoni'c : Plutoqic
Intrusives Andesite Intrusives

Other Dacite

Lillooet River Flood Mapping Study
Lillooet River Geomorphic Atlas

A View up Meager Creek towards Capricorn Creek confluence. The 2010 Landslide came
from the Capricorn Creek Drainage and then spread both upstream and downstream
and Andesite along Meager Creek. Downstream flow ultimately blocked the Lillooet River.

A Detail showing character of landslide diamicton at the lower slide diamicton sample
site. The upper portion is minimally altered since deposition while the lower portion is a
lag deposit following preferential removal of fines by the Lillooet.



Deposition Upstream of the Landslide Dam: RK 82-85

e Clear indications of deposition on the Lillooet River upstream of the landslide deposit
related to increased base level at the landslide dam and extend about 2 km upstream of
the dam.

¢ Indications of deposition include inundation of floodplain forest, large deposits of sand,
and active channel bars above the (now dead) established trees.

e The area of deposition covers about 27 ha, assuming an average depth of deposition
of about 0.5 to 2 m suggests that about 135,000 and 540,000 m3 of bed material that
otherwise would have been transported downstream has accumulated in the 10 years
following the slide.

V View upstream from tree kill at RK 83 showing sediment blocking the Lillooet River chan-
nel, avulsion into standing forest, and high-water level relative to established conifers.

Floodplain Indication of
Channel Aggradation

Active
Channel Sand Deposition Tree Kill
2010
XX
2013 i— ><X>g<>><<
X
2017 —— X><X><><
Tree kill probably due to forest X

fire, not change in water table.
Not interpreted to indicate ag-
gradation because it extends
well upslope of the valley bot-
tfom.

RK 85
(

we
W
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A View downstream towards 2010 landslide dam from approximately location of RK 82.55

pebble count.
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RK 84

Approximate upstream limit of
backwater sedimentation above
slide in 2017. Bars between RK
84 and 85 are growing quire fast,
and may be slightly impacted.

Porphyritic Dacite and Andesite
Other Dacite and Andesite

<« The lithology of gravel at the

RK 82.55 pebble count location is
dominated by basement rocks in-
cluding metamorphic and plutonic
intrusives. Volcanic rocks—mostly
from the Meager Volcanic Com-
plex—represent only about 23% of
the gravel.

Conifer trees with roots sub-
merged ~1 m below water sur-
face indicate greater than 1 m of
aggradation in channel.

Avulsion

o o

Large volume of

RK 83

A Area immediately upstream of 2010 landslide dam.

Large volume of sand deposited
in area that had ponded but is
now drained. Top of sand sheet is
about 1.5 m above current water
surface.

Incipiant avulsion

o

RK-82-55-Rebble count
————

Lower slide diamicton
sample site

/ Channel is very

X steep and armored

Approximate upstream limit of
backwater sedimentation above
slide in 2013.

cobble and grav-
el sedimentation
blocks channel.

Capricorn Creek
Landslide Dam at
mouth of Meager

Creek Valley
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Fluvial Incision Through Landslide Dam and Proximal
Sedimentation: RK 78-82

e Lateral channel migration and vertical incision are actively recruiting sediment from the
landslide deposit along both Meager Creek and the Lillooet River. Sediment is derived
both directly from the bed and banks and through mass failures in the slide deposit. The
most active recruitment along the Lillooet River is between RK 81 and 82, while recruit-
ment along Meager Creek continues a substantial distance up the fan.

e Extremely high turbidity was present in Meager Creek at the time of observation indicat-
ing active erosion through the slide deposit occurs even at moderate flows (in this case
summer snowmelt).

Lower Bar (left below)

Higher Bar (right below)

A Comparison of the lithology of two river bars in the lower part of the slide debris fan
Other Volcanic shows how coarse sediment connectivity from up-
stream of the slide hasincreased through time.

‘ ROTRhyrtic g The higher and older bar has a
. composition more similar to the
gndlandesite slide deposit (right) while the
lower and younger bar is
more similar to the com-
position of river bars up-

stream of the slide.

+ 4

L

Metamorphic

A Mass wasting failures of of the slide deposit are continuing to contribute sediment to
the river even as the downcutting channel becomes increasingly armored. Channel hydrau- Intrusives
lics here suggest the bed is armored with boulder to cobble-sized sediment.

A Location of Meager Creek fan bulk sample, which targeted the unarmored material in
the pictured escarpment along the margin of a paleo channel.

Other Dacite
and Andesite

NHC 2017 Orthophoto Floodplain Indication of Note expansion of tree kill between
Active Channel Aggradation 2013 (red) and 2017 (purple). This
Channel Sand Deposition Tree Kill suggests this area is below the pivot
2010 point between upstream degrada-
X5 ) ) tion into the slide deposit and down-
Lower slide diamicton 2013 ; ERRE X% eSubstantlaI tree Kill stream aggradation.
sample site 2017 — — e e X XK BX X
RI482 RK 81 - o ‘@Q <
X/ o
4 X RK 80
x

Location of RK 79.8

'Bar consists of widely graded Pebble Counts.

boulder“to sand sized material.
Has a much gentler slope on bar
top than adjacent thalweg.

Lillooet River

X

Capricorn Creek
Landslide Dam at

10 and 2013 chonnel%dgeoﬁ

[}

mouth of Meager Q

Creek Valley 5

Fan surface is cobble gravel to cobble boulder. %

Meager fan bu/lk sample and ' 2
pebble count location.
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Proximal Sedimentation: RK 70-78

¢ Impacts of coarse (cobble and gravel) sediment remobilized from the landslide are appar-
ent through this reach, indicating channel bed aggradation has occurred in response to
downstream alluvial diffusion of the landslide sediment slug. Key impacts include:

- Channel bank erosion, widening, and a loss of vegetated island area
- Die off of large areas of riparian forest, including an increase in the area of die off be-
tween 2013 and 2017
- A substantial increase in the concentration of landslide-derived volcanics in river bed
material.
e Large sheets of blue-gray sand matching the minerology of the landslide-derived volca-
nics are stored in some localized areas of the braid channel network. These suggest high
rates of sand transport through the reach. The overall volume of storage of this material A Pocket of sand temporarily stored in the braid plain and location of RK 74.7 sample.
is modest, and it does not impact hydraulic channel controls in this reach.

RK 74.7 RK 47.7 RK 17.5 RK 13.4 RK 12

A Detail of sand samples from along the Lillooet River showing consistent minerology and

dominance of blue-gray lithic fragments interpreted to be from the 2010 Meager Slide

A This recent debris flow from the flank of Spindrift Mountain illustrates the dominant  Dacite. The grain size distribution of individual samples reflects local hydraulic conditions

A Drowned conifer trees on left bank at RK 74.5, along with systematic riparian tree die off  granodiorite intrusive igneous plutonic rocks from sediment sources along most of the at the depositional location rather than systematic sorting along the river. Grid cells are
through whole reach, are clear indicators of substantial recent channel aggradation. length of the Lillooet River. approximately 5.1 mm to a side.

Floodplain Indication of

Recent debris flow from Spindrift Active Channel Aggradati

Mountian reached road. Nearly +

~ \/:/\/: *r$ pure granite lithology. * \/\#\/\ # Channel Sand Deposition TreeKill

4% FF kT ° LA 2010
7;+ #. ' - *"‘i@ sRK 74-|7 Sandt- 2013 —— L. XX
ample Location L X
2017 ——  aesoe o XX

RK 74.7 Pebble count Ic))(cation

RK 76 RK 75
X X RK 74.7 Pebble

el
=\ W Count Locationas, @ y
? RK 74
X

Vegetqﬁén-e‘@jishmentfiRIOW@I—Q
g{* evation channel scars and on bars
+ in this area may indicate aggrada- »
* tion has slowed or stalled. It is possi- ' L+
ble that the bed wave has reached
its peak elevation and channel in Recent debris flows reached road.
this area is now degrading. (@]
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A Growing active channel bars at approximately RK 70.4 are at grade with and up to 1 m
above the surrounding floodplain. Ground observations show both conifer and deciduous
(e.g. cottonwood) trees have died and the channel is aggressively migrating into the right

bank in this area.

A large sand sheets on the right bank floodplain at approximately RK 70.75. A Location of RK 71 pebble count.

\\\X‘:‘ RK .74
+

Floodplain Indication of « a
Channel Aggradation NHC 2017 Orthqghofo

Sand Deposition Tree Kill

Active
Channel

+RK\73 2010
.o .. XX X
2013 —— wed XK 7 %
- C e e e X ><><><>< XX
*e o° . X X

RK 70

Channel ~ 1 m above
right bank floodplain

ez (o)
== +
RK 71 Pebble countRK 71

RK 72 +‘ ‘

Cobble gravel dominant sub-
strate with large sand,she®ets:

Recent debris flows reached road.

Recent flow*from-chan=
nel onto floodplain.

o

'R’e;:e.nt sand and gravel de-
‘O position on floodplain and

X 2 " overroad.
X
X 0 100 200 300 400 500
Y I N \cters

Detail showing thick deposit of sand over floodplain on right
bank at approximatley RK 70.5
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Gravel Front Advancement: RK 70-61

e Indications of coarse sediment accumulation described for the reach upstream continue
through this reach. A declining intensity of floodplain tree kill suggests less channel ag-
gradation has occurred here compared to upstream. Substantial channel widening is
nonetheless evident, particularly between RK 63 and 66 where a large number of for-
ested islands have been eroded. This suggests the leading front of the coarse slug has
passed through the reach.
Combined impingement of the North and South Creek alluvial fans at RK 61 may act as
a hydraulic pinch point leading to backwater induced sedimentation in the reach up-
stream.

Many of the highest bars through this
reach are being colonized by approxi-
mately 5-year-old alder stands suggest-
ing that these formed during a relatively
large flood shortly after the 2010 land-
slide. It is unclear whether the mean and
thalweg bed levels have changed more
recently, but increasing extent of tree kill
between 2013 and 2017 suggests that it
likely has.
e Comparison of the bulk grain size distri-

bution in 2001 and 2017 shows a major

increase in the proportion of bed mate-

rial composed of coarse sand and fine

gravel. This change indicates both higher

bedload transport capacity and compe-

tence through the reach.

<« Location of RK 69 Pebble Count

V Panorama showing conditions at approximately RK 68. Note in particular bars with ~5 yr
age class Alder, sand sheet over dominant cobble gravel substrate, and wide active chan-
nel.

Minor tree kill N

Sk
Cabble.gravel dominant with some sar@she’ets. 7

Bars with 5-10 yr alder
=7 o

X
(o4 x Bars higher thansislands
RK 68 = o _
X C\obble gravel dominant sub- Tree Kill
i RK 69 5 20 / straitwith some sand sheets. patch ocf_S\—‘l\’(Wr Trees RK 66
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RK: 69.5 Pebble count X /

=4 <

10-15 yr trees.

Stressed trees
Floodplain Indication of

: Active Channel Aggradation ¢
¥ Channel Sand Deposition Tree Kill ~ 5 yr alder on highest bars.
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» Channel widening leading to
aggressive lateral channel migra-
tion is impacting infrastructure
along the river. Here lateral mi-
gration is impinging the Lillooet
Forest Service road.

Grainsize (mm)
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A Location of RK 64.6 Bulk Sample. 20 —| -
10 - ./—/ - - =
» Comparison of bulk grain size distribution at RK 64.6 in 0 — —— = A The dominant channel avulsed from the right bank side of the group of islands between
2001 and 2017 shows a major increase in the proportion of RK 63 and 65 to the left bank side of these islands between 2010 and 2013. A large volume

bed material composed of coarse sand and fine gravel. of sand is now accumulating in this area.
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X
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Leading Edge of Gravel Front: RK 61-54 P Detail showing char-

acteristic braid channel

e The characteristic impacts of coarse (cobble and gravel) sediment remobilized from the coarse sand deposit.

landslide described above transition from apparent in the upstream (alluvial) portion of
the reach to nearly absent at about RK 55, suggesting that this is the approximate posi-
tion of the leading edge of the coarse sediment slug.
e More change in channel planform has occurred between 2013 and 2017 than between
2010 and 2013 indicating that the leading edge of the gravel front entered this reach
more recently and that instability is likely presently increasing.

Grainsize (mm)

0.0625 0.25 1 4 16 64 25€
100 =
90 — | San Sravel C _ .
— / A Location of RK 58.6 Bulk Sample. Note active channel
80 — migration into floodplain along the outside of the upstream
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Qo 50 — _— /7 <« Comparison of bulk grain size distributions from 2001 and
ic 40 — " rd 2017 shows a major increase in the proportion of bed mate-
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A High water level and flow cutting across forested island indicate channel bed aggrada-

tion and an incipient avulsion. .

A Massive accumulation of large wood, much of it from recently eroded floodplain areas
(as indicated by presence of needles), along left side of channel between RK 56.6 and 57.

Big depositional lobes be-
hind LWD jam along margin
of dominant thread.

Gravel and sand dominant;
extremely braided surface.

— W
o 0
=

Dominant substrate cobble
gravel to cobble.

'OQ

Z N\

RK.56.4 Pebble count
RK-56
X
&0 %
= Incipientavulsion, =

lots”of_flow across
interior of island.
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-
A
Floodplain Indication of

Active Channel Aggradation
Channel Sand Deposition Tree Kill
2010
XX
2013 g— ><X>g<>><<
2017 —_ XXXXXX
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A Unusually coarse substrate observed in dominant channel at RK 57.

Interpreted approximate position of
leading edge of cobble and gravel
slug from 2010 landslide.

( .
///00@ Q >
4 A 3
e (N

A Location of RK 56.4 Pebble Count

Small debris flow, granite

Gravel cobble, pretty inactive
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Transition from Braided to Wandering Morphology:
RK 54-44

¢ As the Lillooet River transitions from a braided morphology upstream into a single thread
channel downstream, it passes through an area with a wandering morphology where a
single dominant thread meanders across a wide active channel zone.

e Channel migration in this area is characterized by meander amplification followed by
cutoff avulsions that leave intervening forested islands. In the upstream portion of the
reach meander erosion is clearly expanding the active channel zone, while downstream
meander growth is (at least partially) compensated by reciprocal point bar accretion and
vegetation establishment.

e Porphyritic Dacite is still abundant in this reach and the total proportion of gravel and
cobble with volcanic lithology is substantially elevated above the pre-landslide condition,
suggesting that some bedload material from the 2010 landslide is present in the reach.

e The proportion of gravel and cobble with other volcanic lithology is increasing substan-
tially in this reach. This material is probably sourced from the older volcanic rocks that
are locally present along the north valley wall (p. 3) and shows the contribution of gravel
sources in this area to sediment accumulating in the channel downstream. Because no
major tributaries join the river in this area, bank erosion into older channel deposits is
the likely source of this material.

Other Volcanic Porphyritic Dacite and Andesite

Other Dacite and Andesite
Metamorphic

Lithology of pebble counts from RK
47.7 sample location (far left) and RK
46 sample location (left). A Cobble gravel substrate along dominant channel at RK 54 A Silt and sand accumulation along margin of active channel at RK 54.

Plutonic
Intrusives

Plutonic
Intrusives

Floodplain Indication of
Active Channel Aggradation
Channel Sand Deposition Tree Kill
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A Location of RK 47.7 pebble count.

A Panorama showing overview of sandy secondary braid channel at RK 47.75. Large sand deposits like this in an otherwise dominantly cobble-bedded river suggest very high suspended
sand transport rates. In addition, the high concentration of sand on the bed is expected to substantially increase both the transport capacity and competency for the cobble-gravel bed
load (e.g. Andrews 1983, Ferguson et al. 1989, Kleinhans 2002, Wilcock and Crowe 2003).

<« Location of RK 46 pebble count. Note the locally disorganized flow pattern, a consequence of the recent avulsion just upstream

Floodplain Indication of 2017
NHC 2017 Orthophoto Active Channel Aggradation Bank Condition $
Channel Sand Deposition TreeKill . Bedrock \
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Transition from Wandering to Single-thread Morphol-
ogy: RK 44-41

e The reach immediately upstream of the Lillooet Forest Service Road Bridge marks the
abrupt transition from a wandering morphology upstream through a short segment of
sinuous single-thread channel into a long stretch of relatively narrow, confined, and
straight channel downstream.

* The presence of cut off oxbows and aggressive lateral channel migration at bends with-
out bank protection both suggest that the reach may have historically had, and be trend-
ing towards, higher sinuosity.

e As with bulk sample locations upstream, the proportion of sand and fine gravel in the bed
has increased substantially relative to pre-landslide conditions in 2001. The proportion
of small gravel (<32 mm) has decreased substantially, but the proportion of coarse gravel
and small cobble has increased slightly.

e Porphyritic Dacite and Andesite that is abundant in the 2010 landslide deposit is pres-
ent in an appreciable quantity in the gravel in this reach. The proportion of total volca-
nic lithology, which can be compared directly to conditions in 2001, however, has not
changed. It is therefore unclear whether this material is derived from the slide, or if it had
come from previous erosion of the same source rock.

Other Volcanic Porphyritic Dacite and Andesite

Other Dacite and Andesite
Metamorphic

Pluton/ic

= A Stratigraphy of the eroding bank between RK 44 and 45 showing erosion mobilizing tan-
Intrusives

colored sand overlying oxidized gravel deposits.

<« Lithology of pebble count from
RK 41.6 sample location.

Oxbow Lake probably cut off by channel straightening.

0.5 m sandy gravel over clay toe.

Cobt?l?@’ravel'an%gravel with cobble

Gravel and gravel’sﬁ

&

Revetment of light loose quarry spalls; local failures.
RK 44 <
¥ §
S

7 /
x
—//1m sand over

Floodplain Indication of

— Active Channel Aggradation
bt Channel Sand Deposition Tree Kill
2010
XX
2013 ? Xx&))((X
2017 —— X 5%

NHC 2017 Orthophoto

Lillooet River Flood Mapping Study
Lillooet River Geomorphic Atlas

m A /_\®\
%:41ﬁ6.l3éqlk‘sample—\_‘\,
Be /[

A Location of RK 41.6 bulk sample.

V¥ Comparison of grain size distribution in 2001 and 2017 at location of RK 41.6 bulk sam-
ple showing substantial increase in the proportion of sand and fine gravel.
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Single-thread gravel flume : RK 41-34

¢ Downstream of the location of the Lillooet Forest Service Road Bridge, the channel be-
comes relatively deep and narrow compared to conditions upstream. This indicates that
there is relatively high bank strength. Throughout the reach, cohesive clay is observed in
lower parts of banks and riprap becomes more common along the banks. Both of these
(through cohesion in the case of clay and large particle sizes in the case of riprap) provide

bank strength.

*The narrower and deeper channel in this reach maintains relatively high shear stress, and
so the river maintains competence to move some gravel and cobble sediment even as the

slope is reduced in the downstream direction.

A Composition of eroding bank at RK 39.5 showing crossed-bedded sand. Clay is present

from just above the water line.
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A Bank erosion at RK 37.5 cutting into high or alluvial fan that overlies clay at the bank
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X

Low elevation wetland dammed by alluvial.ridge.

A Relatively narrow and confined channel at approximately RK 37; characteristic of the

AN

Outwash terrace/alluvial fan over clay.
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Given upslope geology, material from this erod-
ing bank and other locations along the toe of the
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Geomorphic Conditions RK 36 to 31

¢ Previous channelization in this reach during the 1940s has reduced sinuosity and steep-
ened the channel, leading to substantial river bed degradation over the past century
(Weatherly and Jakob 2014).

e Most of the reach is confined, but a sedimentation zone occurs in a locally widened seg-
ment between RK 34 and 36. This appears to be an important area of cobble and gravel
deposition. It is the lowest location where a substantial quantity of cobble is observed in
the bed material, and occurs at a site of competence-limitation for downstream trans-
port of this material. Tree kill upstream of the sedimentation zone suggests that bed and
growing season water levels have increased.

¢ Although bank positions are generally extremely stable, sediment deposition around RK
35 has driven some channel expansion between 2009 and 2017.

e Below RK 34 the channel is filled with large bar-scale bedforms with locally observed su-
perimposed dunes (see page 28). These are interpreted to be highly mobile sand waves
composed of coarse sand and very fine gravel, which would indicate very high bed mate-
rial transport rates. Their emergence at RK 34 is likely due to a change in the transport
mechanism for sand-sized material in the channel, with more material moving as bed
load or in only intermittent suspension.

e Comparison of cross-sections at RK 32.1 shows about 2 m of channel infilling between
2011 and 2017.
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A Tree kill at RK 36. This is the first major tree kill noted below about RK 54.

A Overview of gravel cobble sedimentation zone between RK 34 and 35.5.
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NHC 2017 Orthophoto

A Drowned Alder and Cedar trees on right bank at RK 33 indicate an elevated summer A Detail from near RK 33 showing large bar-scale sand wave bedforms with superimposed dunes.

season water level compared to past conditions.
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Geomorphic Conditions RK 31 to 23

e The general pattern of a confined channel filled with apparently highly mobile sand
waves continues through this reach from upstream.
¢ A sedimentation zone occurs upstream of a strong hydraulic constriction formed by the
combined influence of riprap and bed-
rock at RK 27.5.
e Banks are dominantly composed of sand
overlying clay, except at locations where
meander beds historically existed. These
areas have sand over alluvial gravel. Or-
ganic peat eroded from somewhere in
the banks upstream was also observed
on the bar near the location of the bulk
sample. Taken together these observa-
tions suggest the river is flowing through
Holocene lacustrine deposits and has
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Valley Bottom Elevation Relative to River (m)
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scale meander cutoffs illustrated above (p.
18-19) substantially rTarrowet.:I, .stralghtened, v§'|||e, Creéj‘-

and steepened the river. This increased shear

stress on the bed and led to several meters of channel degradation (Weatherly and Jakob
2014) and sent a pulse of the eroded material to the river delta, which prograded rapidly
during this period (Jordan and Slaymaker 1991).
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A Silty sand over clay observed in eroding bank at RK 23.5.

A Bedrock exposed along left bank at RK 23.
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Ryan River: Tributary to RK 21.4

e Ryan River conveys flow and sediment from a 374 km? highly glaciated alpine basin and
from a lower 40 km? sub-basin that includes debris-torrented slopes of Mt. Ross and
most of the Lillooet River Floodplain in the reach where the two rivers flow in parallel.

¢ Fresh moraines throughout the river’s headwaters indicate that source glaciers have re-
treated substantially since their Little Ice Age maxima positions. Many of the proglacial
areas are dominated by bare rock and several proglaical lakes intercept sediment supply
from upslope. Much of the basin’s sediment yield may come from the unglaciated south-
ern aspect slopes along the north side of the valley.

* Ryan River’s profile (see next page) has a stepped pattern, characteristic of rivers flowing
through glacially-sculpted landscapes. Lower gradient (0.5 to 1%) segments are punctu-
ated by much steeper (5-10%) steps.

e At about KM 15, the river debouches into the Lillooet River Floodplain. Here its slope
drops from ~5% to ~0.1% over a distance of about 5 km. Much of the river’s cobble and
gravel load is likely deposited in this reach. Over the Holocene geologic period, this has
resulted in the formation of a large alluvial fan that has blocked about half the Lillooet
River valley bottom.

e Comparison of historic cross-sections at RM 13.2 shows lateral channel instability.

e Below KM 4, Ryan River flows through a historic Lillooet River path and is underfit. Com-

<« View upvalley from Pemberton Meadows Road Cross-
ing over Ryan River at approximately RK 4.

parison of historic cross-sections at RK 2.2 shows channel infilling. Qan Ry
e Bed material in the lowest reach of Ryan River is dominanted by highly embedded gravel ”
finer than about 45 mm.
e Ryan River is not likely an important source of gravel to the Lillooet, but provides a sub-
stantial amount of flow.
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Mi"er CfEEk: Tributary to RK 21.2 and Lower Ryan e Over 90,000 m? of sediment was removed in the lower reach between 1980 and and P Aerial photo (courtesy of

. 1987 and approximately 11,000 m® was removed between 1998 and 2001. PVDD) showing September
River e During a severe storm event on the week of 17 October 2003 a debris flood occurred 2017 sediment removal just
on Miller Creek Sediment deposits extended from the apex of the fan to downstream of  above Pemberton Mead-
e Miller Creek conveys flow and sediment from a 72 km? alpine basin that emerges from Pemberton Meadows Road (KWL 2004). Approximately 40,000 m* of sediment was re- ows Road.
moraine-dammed lakes below glaciers on Rhododendron and Ipsoot Mountains. moved in October 2003 to restore the channel capacity, with a further 5,000 m® removed
e The creek splits into two distinct branches at about KM 4. Below their glacial sources, in March 2004.
both branches meander at a relatively low gradient through alpine meadows and then Subsequently, a debris flow basin was constructed approximately 1.1 km upstream
drop precipitously into the Lillooet River Valley. The steep portion of the south branch of Pemberton Meadows Road to contain up to 50,000 m? of sediment and debris. A weir
appears more stable, while the north branch was constructed in the channel at the downstream end of the basin to backwater flow

Ryan River and Miller Creek Flood

and create a sediment trap to facilitate regular sediment removals. The intent of the
Hydrology. Flows (m3/s?) at confluence P &

sediment trap is to reduce the need to remove sediment in the lower reach, which could

appears to be incising into unconsolidated
glacial or colluvial sediment and trigger-

o
—

ing landslides along the valley walls. This is  With Lillooet River*. have a more substantial impact to channel habitat. .
. ; : - B . . . L V September 2015 view
likely the dominant source of sediment to Return Pe- Miller e Comparison of historical cross-sections at RK 1.409 shows a substantial amount of infill- .
- . . S downstream towards sedi-
the creek. Abundant sediment supply and | riod (years) | Ryan River Creek ing in the reach near Pemberton Meadows Road. .
. . . . . . 3 ment trap showing abrupt
steep slopes in this zone may be source for 2 106 22 e The average annual bedload of Miller Creek is estimated to be approximately 6,500 m3/
. . h ) L . grade break as the channel
potentially damaging debris flows. yr, based on a comparison of historical cross-sections (NHC 2018). From year to year the crosses its alluvial fan
e A 33 MW run-of-river hydropower facility > 142 30 actual bed load varies considerably, with some years amounting to an order of magni- '
operates on the creek. Flow is intercepted 10 169 37 tude more or less.
on each of the tributaries around 1200 m 20 201 43 Approximately 16,000 to 17,000 m? of sediment
and conveyed through a penstock to a pow- o 246 2 has been removed from Miller Creek since the 2004
erhouse at about KM 3. 3 5 debris flood, or less than 20% of the estimated aver- N
e Just below the powerhouse at KM 3, the 100 286 63 age annual bed load. Most of the sediment remov-
creek debouches onto an alluvial fan built 200 330 73 als have occurred at the trap; however, occasional . ) s
into the Lillooet River Floodplain. Here it’s sediment removals have occurred farther down- ’ ’
. 500 400 89 . . ) .
slope drops from >10% to ~0.2 over a dis- — stream in response to high flow events that filled in o
tance of a few kilometers. the Hy;irology section of the main report. Localized hydrogeomor- the sediment tl'ap and carried sediment farther ' o ’ R
phic events may produce much higher discharges on and above fans. dOWnStream. : ) : W
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Miller Creek and Ryan River Confluence area to
Pemberton: RK 23 to 15

¢ The combination of Miller Creek and Ryan Rivers abruptly adds about 30% to the contrib-
uting catchment area.

¢ As described above, Ryan River is underfit above its confluence with the Lillooet and not
likely an important source of gravel. In contrast Miller creek debouches into the valley
close to its confluence and crosses a steep alluvial fan. It is dominated by cobble-gravel
bed material and may contribute a substantial quantity of gravel to the lower portion of
the Lillooet River.

e On the Lillooet, sand waves that fill the channel from about RK 34 become notably less
common and replaced by longer-wavelength gravel bars in the reach just downstream of
the Miller Creek Confluence.

¢ The WSC gauge records the history of bed elevation variability in this reach. Prior to chan-
nelization, the river was aggrading at a rate of about 1.5 cm/yr. Following channelization
the river rapidly incised by about 1 m with degradation continuing at a rate of about 2.1
cm/yr until about year 2000. A short period of stability (2000-2010) followed with a shift
to rapid aggradation (~4 cm/yr) following the 2010 landslide (p. 25).

e The WSC gauge is located just upstream of a gravel-dominated riffle feature around RK
17.5. The elevation of this riffle crest probably controls the low-flow stage-discharge rela-
tion at the gauge, and so the recent increase in the stage for any given discharge probably
indicates aggradation on this riffle caused by accumulation of gravel-sized sediment.

e Comparison of historic cross-sections shows channel infilling between 2000 and 2011,
and more extensive infilling between 2011 and 2017.

¢ Since 2013 sediment management has occurred at several locations in the lower reach,
with a total of about 70,000 m® removed. In 2013 21,600 m*was removed from Voyageur
bar, and in 2013, 2016, and 2017 at Beem Bar (18,000 m? total), and Belkin Bar (~19,400
m? total).
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A Specific gauge analysis showing degradation re-
sponse to channel straightening and gravel removal
(1948-2000), a short period of stability (2000-2010), and
shift to rapid aggradation following 2010 landslide. After
Weatherly and Jakob, 2014).

<« Lithology for RK 15.7 pebble count. Note dramatic
reduction of the landslide-trace porphyritic dacite and
andesite compared to the RK 27.7 sample location.
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A Detailed specific gauge plot showing several discharge values for the period following
the 2010 Landslide. Note substantial inter-annual and even seasonal variability superim-
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» Location of RK 15.7 pebble count. Anoma-
lously large cobble-sized particles are com-
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Highway 99 to Green River Confluence: RK 14 to 7

¢ Bed material through this reach appears to be dominated by gravel and sand. Large sand
bedforms smother much of the gravel bed in deeper portions of the channel.

e Composition of the coarse sand in this reach appears to remain strongly influenced by
the Meager slide source material (See Page 8).

e Comparison of historical cross-sections at RK 13.8 shows channel infilling of near 2 m at
the channel thalweg between 2000 and 2011. A similar amount of infilling is shown be-
tween 2011 and 2017 which indicates nearly double the rate of sediment accumulation
in the channel.

* In 2016 and 2017, approximately 7,900 m3 and 4,100 m3 of sediment, respectively, were
removed from Big Sky Bar

A Views of Gravel bar at RK 13.5 with thick deposit of coarse sand covering the lower-elevation margin of the bar. Above Left: small dunes (~1m wavelength and 10 cm height) of coarse
sand coat the margin of the bar; Above right: detail of coarse sand, the centred aperture in the gravitometer is 90 mm.

<« View downstream towards the Highway 99 Bridge from the head of the bar
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A Example of large island apex jam at RK 7.5.

NHC 2017 Orthophoto I T T T T N T NN Y I |

A Detail showing variable composition and multiple scales of bedforms in the channel between RK 10.5 and 11. Note superimposition of gravel bars (0.1 to 0.5 km wavelength), sand A Large gravel bar on inside of sharp bedrock-forced bend at RK 8.5.
sheets (~¥100 m wavelength), and dunes (1-10 m wavelength).
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Dynamic Bedforms

¢ Survey work completed during Summer 2017 included several areas where longitudinal
transects were repeated.

e Longitudinal transects show the various scales of bedforms present along the river, rang-
ing from 0.1 m by ~5 m small dunes (or megaripples) through 0.5 by 10-20 m dunes to
100+ m wavelength bars and sand waves. Repeat profiles show dynamic character and

mobility of these bedforms during the survey period, indicating active bed material trans- Profiles cut through area with highly-mobile sand waves. Characteristic bed-

port was occurring. Decimeter-scale dunes forms include 10-20 m wavelength dunes and ~0.2 to 0.5 km sand waves.
228 over dominantly gravel bed indi- =218 —| o
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Pemberton Creek: Tributary to RK 12.5 1200 — Pemberton Ck.  __ 4qq —_ Pemberton
B Elevation = V¥ Characteristic conditions in channnel above CN Rail Bridge Mountain ]

e Pemberton Creek emerges from a glacier on the east flank of Ipsoot Mountain. It conveys / —

flow from a relatively small catchment area (30 km?) and flows through a steep (5-10% 1000 — Slope’

slope) and confined valley until it emerges into the Lilloet Valley at KM 4. Interpretation B / = 10 -

of aerial photos suggests that bedrock is exposed along the creek channel in the steep- — =

est areas. E 800 — | ;\? Sy
e Abundant proglacial sediment supply is available to the creek, and the walls of the up- _5 B I \m/ ‘

per portion of the creek valley appear to still be relaxing ® = & : oo

following glacial debutressing. Pemberton Creek Flood 3 600 — — n - S
« The Village of Pemberton is constructed largely on the Hydrology. Flows (m?/s?) at w B L ' \

Pemberton Creek Alluvial Fan, and the creek is aligned to head of Alluvial Fan*. L 0.1 2 .

flow along the toe of the adjacent hillslope to the south | return Pe- | Pemberton 400 — =

across the fan. The Creek’s gradient drops from 10-20% in | rjod (years) Creek _ —

the valley above the fan to about 0.03% at the toe of the —

alluvial fan. Coarse sediment starts to deposit at the fan 2 16 200 T T 0.01

apex, approximately 500 m upstream of the CN Rail Bridge 5 22 ¥ Characteristic condi-

where the gradient begins to lessen to about 3%. Natural 10 25 10 5 0 tions in channnel below

fan processes are inhibited by a man-made flood corridor 20 78 KM above Lillooet Confluence CN Rail Bridge

and dike system that has confined the creek and more or

less fixed its position, causing the channel bed to build 50 32

up over time. The grain size shifts from cobble-dominat- 100 35

ed midway across the fan at km 3.8 to gravel-dominated 200 37

downstream of the fan at KM 3.
* The lowest 2 km of the creek flow at very low slope (<0.1%) 500 40

across the Lillooet River floodplain. Channel aggradation e s qemes it ot secnen

is not apparent in historical cross-sections located in this gi;:t"s”;aa”; ;‘igjg‘ce“;:j'c';e;‘lghg:r“;f;z;”r‘;:fs";

area (below KM 2.2) and it is likely that Pemberton Creek andabove the fan.

is not a substantial source of gravel to the Lillooet River.

Valley Bottom Elevation Relative to River (m) +RK 17 N
BT T (TTTTTTTT1 <.
> a4 > o N a5 % 9 ?a CN Rail T
Q”@, RK 15
L FK f0et Rive, *
Pernb Sedimentation rates have been estimated based on an analysis of historical cross-sections
@/’o in a 1.1 km long depositional reach. The plot above shows a profile of computed average

— 5 .
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bed elevations, between 1985 and 2015. Average bed elevation is a useful measure to
show the effects of sediment aggradation in a channel, and is computed by integrating
the cross sectional area over the active channel width to include the deepest parts of the
channel, the top of exposed gravel bars, and all other inflection points within the active
channel boundary. Average bed elevation increased by about 0.4 m between Highway 99
(KM 3.3) and KM 2.2 over the 30 year period.

Accounting for sediment removals, there is an average annual gravel load of 500 m3/yr
(NHC 2015). From year to year the actual bed load varies considerably, with some years
amounting to an order of magnitude more or less. A recent example of was substantial
accumulation in the channel during the 20 September 2015 flood event. Channel surveys
completed in January and October 2015 documented channel infilling by almost 0.5 m in
a 100 m section of channel immediately upstream of Highway 99.

In an effort to manage sediment build up in the channel, an estimated 27,500 m3 of sedi-
ment was removed between 1980 and 1987 near Highway 99 (KWL 2007. Lillooet River
Gravel Management Plan. Prepared for PVDD February 2007).Between 1990 and 2017,
approximately 3,900 m?® of sediment has been removed from Pemberton Creek.
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Green River: Tributary to Lillooet River at RK 8.7

Green River Flood Hydrolo-
gy. Flows (m3/s) at Lillooet

Rhododendron
X Mountain

e Green River is the largest tributary to the Lillooet. It conveys flow from 874 km? (28% of Confluence.

the the basin at the confluence) that extend from Ipsoot and Rhododendron Mountains Return Green

and the Pemberton Icefield in the north to the Fitzsimmons Creek Basin (surrounded Period (years) River S X Ipsoot Pemberton

by the Whistler-Blackomb Ski area), Wedge Mountain, Mt. Weart, and Mt. Currie to the > 104 c,@ Mountain

south. Green Lake, at Whistler, interrupts sediment continuity from Fitzsimmons Creek. "Torg creek aiver
e Green River’s slope is typically 0.5 to 3% upstream of Nairn Falls, which has a drop of ap- 5 260 O‘ee“

proximately 40 m. Below the falls the slope declines from about 0.8% to about 0.3% over 10 309 Mount Currie

a distance of about 8 km. The river deposits it’s cobble and gravel load in a sedimentation 20 364

zone between approximately KM 8.5 and 5, about where the river bed shifts from gravel- S00 R,

dominated upstream to sand-dominated downstream. 50 444 er
* A cross-section near KM 1.6 shows some infilling and channel erosion. However, itis likely A View looking downstream at approximatley KM 3.5 showing 100 514

that the Green River contributes a relatively minor amount of bed material sediment to large debris flow fans on flank of Mt Currie. 200 592 fo:i:a::f:e?%:;;re

the Lillooet River. events as described in the Green X

500 712 Hydrology section of the Lake Mount Weart
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Birkenhead River: Tributary to Lillooet River Delta

¢ Birkenhead River delivers flow and sediment to the Lillooet River valley and is not a

Birkenhead River Flood
Hydrology. Flows (m3/s) at
mouth into Lillooet Lake.

direct tributary to the Lillooet River, but rather enters Lillooet Lake directly along the Return Pe- Green -7

margin of the Lillooet River Delta. LIiDAR data suggest that distributary channels of the riod (years) River T

Lillooet River have historically crossed the floodplain to connect flow from the Lillooet 5 159 : ; S

into the Birkenhead. Ny
e Birkenhead River conveys flow from a 685 km? basin that is less influenced by active 5 214 o W Birkenhead

glaciers than other tributaries. About 44% of the watershed is located above lake bodies 10 255 S - Lake

that act as sediment sinks. Annual peak flows generally occur between May and July dur- 20 300

ing freshet, or occasionally from heavy autumn rains. It has a relatively gentle concave Slope

profile that declines from about 3% at KM 40 to 1% at about KM 25. Downstream of 50 368

Birkenhead Lake, the river flows through a steep, narrow canyon into a 500 m to 1,000 100 426

m wide valley, before emerging onto a broad alluvial fan that extends into the Lillooet 200 491 hote: these flows are

River Valley, downstream of KM 11. The channel gradient across the alluvial fan drops A Birkenhead River at Approximately KM 6. events as described in the

to less than 0.5% and this reach is prone to channel infilling of gravel and cobble-sized 500 592 myainreerrt. §

sediment and avulsions. . 1200 — = 100 %? XMount Olds
® In 1950, a flood channel was excavated at approximately KM 9.6 and a = @

training berm was constructed across the fan, cutting off a portion of ] [ g‘b

the original main channel and conveying flow to the north east. By the 1000 —| — §

1990s, the flood channel had substantially filled in and water was increas- = 10 @

ingly flowing across the floodplain. In 2013, the training berm breached . ] =

during freshet reguiring emergency upgr.ades. In 2014, approximate.:ly 3 800 — E < .Pemberton

12,000 m? of sediment was removed to improve the channel capacity S <

and reduce the potential for historical channels to become more active, = ] = 1 08’_

which could threaten nearby infrastructure ahd properties. E 600 — Birkenhead River - %]
e Downstream of Grandmother Slough, the main channel has been locally LW Elevation B

filled in by more than 1.3 m in places. A cross-section at KM 2.42 shows ]

channel infilling and lateral instability extending to Lillooet Lake. 400 — = 0.1

“}‘ 200 T T T T T T T T T T T [ T T T T [ T T T T T TT] T T T T T 0.01
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Below Green River to Lilllooet Lake Delta: RK 7 to O

¢ Bed material through this reach appears to be dominated by sand, but gravel is present
all the way onto the distal portion of the delta.

¢ 2017 aerial photos were not collected over this reach, and so it is not possible to deter-
mine how much the channel has shifted laterally, but bank erosion appears to be gener-
ally minor and localized.

e Since 2012, the delta has been prograding at a rate of about 19 m per year; this slightly
faster than the long-term historical average (1885-2018) rate of 13 m per year (data from
this study and Jordan and Slaymaker 1991) but within the range of historical variability,
which has included periods with rates as fast as 28 m per year (Jordan and Slaymaker
1991).

* No porphyritic dacite (abundant in the 2010 Meager Landslide) was observed in gravel at
the RK 1.04 sample location. This suggests that it is unlikely gravel-sized sediment from
the slide has reached this far downstream.

200 <4 Comparison of June 17 (red)
3 and July 27 (blue), 2017 longi-
c tudinal profiles show dynamic
o 199 e
= dune-scale bedforms, indicating
> T active bed material transport
D .&N"Q%A"g m
w 198 M was occuring.
3
oM
5600 5400 5200
Station (m above Lillooet L.)
oS
+ R e
RK 6
+ +
PVDD 2009 Orthophoto
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A Minor left bank erosion at RK 5.25.
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A The position of the edge of the Lillooet River Delta was mapped from Landsat Satel-
A Location of RK 1.04 Bulk Sample. Some gravel is transported all the way into the river’s lite imagery during wintertime (December through March) low-lake level conditions (post
delta into Lillooet Lake, but sand dominated bed material through the delta. 1973) and by Gilbert (1973) for 1858-1969 positions.
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<« The lithology of gravel at the location of the RK 1.04
Bulk Sample shows a conspicuous absence of the por-
phyritic dacite abundant in the 2010 Meager Landslide.
Although gravel is transported all the way into the riv-
Plutonic er’s delta into Lillooet Lake, it appears no gravel from
Intrusives the slide has yet reached the lowest part of the river.
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A Analysis of delta growth through time indicates that the rate of delta growth may have
not systematically changed following the 2010 Landslide. The mean delta growth rate be-
tween 2000 and 2009 was about 14,000 m? yr?, while between 2011 and 2018 it has been
about 25,000 m? yr!, high interannual variability, however, precludes statistical discern-
ment of a difference between the two rates (df=1, F=0.27, P=0.61).
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Assessment of Observations

The previous section presented detailed observations of local conditions along the Lillooet
River. In this section, these observations are summarized, integrated, and plotted at the
scale of the whole river to aid understanding of the processes connecting sediment sup-
plied from the landslide to geomorphic changes extending from the slide deposit to Lil-
looet Lake.

The patterns of downstream geomorphic change suggest that fluvially-remobilized sedi-
ment from the landslide should be divided into four conceptual bodies based on grainsize
and sediment transport mechanism:

1) Sediment smaller than medium sand (0.25 mm), accounting for about 30% of the slide
mass (p. 5), has been transported as wash load to the rivers delta and deep portions of
Lillooet Lake, exerting little geomorphic affect on the river.

2) Coarse sand and granules (0.25-8 mm), accounting for about 40% of the slide mass (p.
5), have interacted with the bed material through the braided (above about RK 49) and
wandering (RK 41-49) reaches, dramatically reducing the subsurface grainsize distribu-
tion, flushed rapidly (on the timescale of a flood event and likely largely in suspension)
through the steep braided reach. When this rapidly flushed material enters the lower
gradient channel downstream where shear stress and the channels sediment transport
capacity are reduced, it becomes bed material load (probably transported both in sus-
pension and as bed load). Downstream sediment transport capacity limitation has re-
sulted in substantial bed aggradation through the confined, lower gradient reach down-
stream of about RK 40.

3) Cobble and gravel material (8-256 mm) represents about 25-30% of the slide mass (p.
5), and about 30% of the remobilized material. This has formed a sediment slug that is
slowly dispersing downstream, with the largest impacts close to the landslide deposit
and leading edge of impacts interpreted to be about 25 km downstream of the landslide
around RK 55. Geomorphic changes associated with the coarse sediment slug include
substantial bed aggradation (probably on the order of 1 to 2 meters), aggressive lateral
channel migration and active channel expansion, and formation of new avulsion chan-
nels.

4) Boulder sized sediment (>256 mm), accounting for less than 5% of the slide mass, is not
present in the remobilized sediment and has remained at and in the vicinity of the land-
slide. Accumulation of this coarse material as a lag deposit along the channel boundary
is slowly reducing the rate of fluvial remobilization of the landslide deposit.

Impacts of the sand fraction are particularly complex. Increased sand supply has resulted

in much finer grainsize distribution of the bed material throughout the braided reach, even

beyond the interpreted leading edge of the coarse material slug. This has dramatically
Landslide | Braided Reach |
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~1.5 x 104 m3 Channel Fill

(by greater than a factor of 10) increased the mobility of the bed material, which in turn
has increased lateral channel migration rate and channel width. Channel widening has re-
cruited a substantial volume of coarse material from the floodplain, which supplies gravel
sized sediment into the channelized reach (downstream of RK 41), even though cobble and
gravel from the landslide are not interpreted to have yet reached that far downstream.
Through the diked reach, accumulation of sand and gravel on the bed has had an immedi-
ate hydraulic impact. It has aggraded the bed by on the order of 0.5 to 1.5 m, reducing the
channels hydraulic capacity and raising water levels across a broad range of flows. The fol-
lowing pages provide data and supporting the interpretation summarized above.

Diked Reach | Lillooet Delta/Lake

SP5R3108maThroughputtollakes

infChannel

» View of sediment filled
channel looking down-
stream towards Highway
99 Bridge at RK 13.5.

<« This conceptual sediment budget for the pe-
riod between the landslide in 2010 and sum-
mer 2017 illustrates key sediment exchanges
interpreted from available evidence. Volume
estimates are subject to substantial uncertainty,
ranging from + 20% for the best constrained to
order-of-magnitude for the least constrained.
The best estimate for the total volume of fluvially
remobilized sediment is based on the estimated
exponential decay in the slide volume, while the
lower bound estimate is based on the 2010-2015
LiDAR comparison and estimated bank erosion
volumes between 2015 and 2017, which does

not account for any vertical adjustment in the
channel during the later period (p. 4).

<« View of the Lillooet River Looking upstream from about RK
49 showing transition from braided towards wandering mor-
phology and area where aggradation from the coarse sediment
slug may soon begin.

V View of the Lillooet River Looking upstream from about RK
40 with a clear view of the channel to about RK 49 showing
transition from wandering morphology into the channelized
reach downstream of the FSR Bridge.
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Change in Grain size and Lithologic Composition of Bed Material between 2001 and 2017
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Comparison of 2001 and 2017 pebble counts shows a typical pattern of coarsening. This pattern may be =~
related to different criteria in selection of pebble count locations, or may possibly indicate an increase in

B . *0 * * channel competency to transport large sediment resulting from addition of fines.
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Lillooet River Above Slide (RK 82.55)
Lower Slide Diamicton
Meager Ck. Fan

Lillooet River (RK 79.8, older bar)
| ' Lillooet River (RK 79.8, recent bar)

& Paired Samples from same J /
locations offset for clarity

A There is a clear increase in the proportion of volcanic li- A The increasing proportion of ‘Other Volcanic’ lithologies between RK
thology (relative to conditions in 2001) and abundant landslide- 45 and RK 25 indicates a substantial proportion of gravel in the lower river
tracer porphyritic dacite and andesite from the slide down- has come from areas along the north valley wall where rock of this type is
stream to RK 55; indicating a substantial volume of gravel from exposed (see map on p. 3). Likely much of this is in sediment remobilized

the slide has prograded at least this far downstream. from the floodplain. Due to erosion upstream of the FSR bridge.

2017 Total Volcanic (white dashed line)

Other Volcanic

A Landslide-tracer porphyritic dacite and an-
desite is absent in gravel-sized sediment down-
stream of about RK 15, indicating gravel from
the landslide has most likely not been trans-
ported to the river’s delta into Lillooet Lake.
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Morphodynamic Response to Sediment Slug Above the FSR Bridge
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Some Key Definitions

Sediment Slug: A coherent body of sediment that may evolve through various geometric trans-
formations including end member responses of translation and dispersion.
Channel Bed Wave: Rise and fall of the mean channel bed elevation in response to sedimenta-
tion.
Sediment Wave: A transient sediment flux elevated above background levels.
Gilbert Wave: A prototypical model of river response to large scale injection of sediment
where the both bed and sediment waves are right-skewed with respect to time and where the
sediment wave lags behind the bed wave in response to slow evacuation of sediment from
lateral storage reservoirs.

See Nicholas et al. (1995), Lisle et al. (2001), and (James 2010).

Bed Waves

(1A/ssew) xn|4 1uswipas

Bed Elevation (m)

Time

The plot above shows James’ (2010) conceptual model of a right-skewed Gilbert wave showing
lag of sediment wave behind the bed wave. James (2010) and Lisle et al. (2001) both describe
that when an introduced sediment load is relatively fine, and channel confined, sediment slug
translation may occur and the bed may aggrade and degrade fairly rapidly, resulting in sym-
metrical sediment and bed wave passage. In the more common case, however, lateral channel
instability results in substantial storage of bed material across the floodplain; slower release
from this reservoir results in a strongly right-skewed and protracted sediment wave. James’
model includes modulation of the sediment wave in response to stochastic flood events.

In order to put the front of the slug at its interpreted location of RK 55, the average prograda-
tion rate for the leading edge of the bed wave has been about 3.5 km/yr. This compares well to
established rates of bed wave propagation. Beechie (2001) describes how sediment slug move-
ment may be expected to relate to channel width and found that slugs typically move at a rate
of about 20 times the bankfull width annually. The typical bankfull width through the braided
reach is between 200 and 300 m, which would yield an estimated rate of movement of 4 to 6
km/yr.

Anderson and Konrad (2016) and USGS (2018), in an ongoing study, are finding that sediment
wave velocity on the Nooksack River in NW Washington state is proportional to the channel
slope with a relation of Velocity (km/yr) = 49.1 X Slope®>. The exact relation is expected to vary
between different rivers, but the form may be generally similar. The Nooksack River has a similar
size and physiographic setting to the Lillooet River, and so the analogy provides a useful tool for
evaluating expected future progradation rates as the channel slope declines downstream. In

the case of the Lillooet River, it matches the single empirical data closely and the proportional
relationship predicts the sediment wave to be at about RK 56 at the time of observation in 2017.
Applying the relation would predict that the leading edge of the wave may reach the Forest
Service Bridge sometime around 2023 and would be expected to reach the WSC gauge in two
decades.
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Grain size, Morphodynamic Change, and Sediment Transport Rate

Bedload sediment transport depends, fundamentally, on the relationship between the
grain size distribution of the bed material and hydraulic force applied by the flow. Above
the Forest Service Road (FSR) bridge, the Lillooet River has adjusted both its bed material
grain size distribution—which has become much finer and more easily moved—and chan-

nel width—which has increased, reducing the depth
and therefore the strength of the flow at any given
point on the bed.

Sediment transport rates increase exponentially
with an increasing T/Tc ratio, and so moderate shifts
in grain size distribution can have a very large im-
pact on bed material sediment transport rate. This
is particularly true due to the influence of increasing
sand concentration, which reduces the critical shear
stress required to move larger grains, compound-
ing the effect. See the box to right for definitions of
terms.

Sediment transport calculations were completed
to illustrate the magnitude of change in sediment
transport rate expected given to the substantial fin-
ing of bed material observed at repeat bulk sample
locations. Results of these are shown below. All cal-

Location: RK 64.6

Sediment Transport Parameters

Shear Stress (T): The strength of flow available to move sediment, propor-
tional to flow depth times flow slope.

Critical Shear Stress (T ): The shear stress required to move a given size of
sediment as bedload.

Sheilds Paramiter (T* ): The ratio of fluid forces tending to initiate particle
motion to the gravity force tending to keep the particle at rest. It depends
on the size of the individual particle, but also the arrangement, shape, and
size distribution of the surrounding material. A value of 0.045 is typically
used, but values from 0.02 to 0.25 are possible. Larger amounts of sand
and finer subsurface material promote lower values of T*c.

Rouse Number (P): A non-dimensional number that determines the con-
centration profile and transport mode of suspended sediment. It is the
ratio between the sediment fall velocity and upward velocity of the flow,
computed as the product of the shear velocity (an expression of T in terms
of velocity rather than force) and von Kdrman constant (K). Lower values
of P inciate higher degree of suspension.

culations were completed utilizing the Parker and Klingman (1982) subsurface grain size
distribution-based sediment transport function as implemented in BAGS (Pitlick et al.,
2009). Input parameters used are specified in each plot. In the case of the RK 64.6 and 58.5
sample locations, channel width has changed appreciably following the 2010 slide (see

page 11 and 12, respectively), and width used was
the average width for 2 km near the sample loca-
tion for both pre-and post slide conditions (2010 and
2017, respectively). For the FSR Bridge sample loca-
tion, the actual cross section from 2017 was utilized,
here the channel width has not appreciably changed
since the slide occurred (See page 16).

Results of this analysis show that the increase in
sediment transport rate due to fining of the bed
material far outweigh the reduction in shear stress
due to channel widening. Assuming the same hy-
draulic conditions are associated with the 2001 and
2017 grain size distributions, the calculated bedload
transport rate for >8mm material is orders of magni-
tude higher for the 2017 grain size distribution than
for the 2001 grain size distribution. In contrast the
reduction in transport rate associated with channel
widening is about an order of magnitude or less.

Location: RK 58.5
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Channel Hydraulics and Sediment Mobility Downstream of RK 47

® These plots shows hydraulic and sediment mobility parameters (see box on page 37 for
definitions) extracted from NHC’s 2D HEC-RAS model of the river; rough estimates of
conditions at locations of bulk sediment samples upstream of the model domain are also
shown. See accompanying report for details of hydraulic model development.

e Values are plotted for two discharges: the 2-year recurrence interval flood, which shows
the maximum value for each parameter over the course of an unsteady hydraulic model
run, and the mean daily peak in July, which was run as a steady discharge.

® Reach-scale hydraulic patterns are the same for the two discharges.

e Shear stress for the 2-year flood peak is typically about 14 + 7% higher (+ 1) than for the
mean daily peak in July, and so sediment mobility calculations (Normalized Shear Stress
and Rouse Number) are only shown for the 2-year flood.
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Sediment Mobility
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Sediment Accumulation

Methods

® Repeat survey of cross-sections in 2000, 2011, and 2017 allows evaluation of sediment
accumulation in the Lillooet River Channel, for mostly pre-landslide (2000 to 2011) and
post landslide (2011 to 2017) periods.

e Change in cross-section area was computed by evaluating the cross sectional area below
the modeled 2017 2-yr flow water surface at each location. Volumetric change at each
location was then estimated based on the distance between each cross section.

e A minimum estimate of the bed material transport rate was next determined by inte-
grating the deposition volume at all cross-sections downstream and normalizing to the
period between surveys.

Results

e The estimated bed material transport rate at approximately RK 35 has increased from
about 40,000 m3/yr over the mostly pre-landslide period to about 180,000 m3/yr in the
post-landslide period. At RK 44, it is about 300,000 m3/yr for the 2011 to 2017 period.

e Deposition is concentrated in sedimentation zones upstream of hydraulic pinch points
and—-somewhat less intensely—along the reach between RK 35 and Ryan River Confluence

where sand wave bedforms are abundant.

e Since 2011, the average bed elevation has increased an average of about 0.4 m over
the entire cross-section comparison reach, with more substantial increases in the reach
upstream of RK 25.

¢ Averaged over the comparison period, the average bed elevation is increasing in the or-
der of 0.07 m/yr in the reach between the CN Rail Bridge and WSC Gage, with more sub-
stantial increases at localized accumulation zones in the reach upstream of the sediment
management zone, a rate that is generally greater than computed using cross section
data from 2000 and 2011. This amounts to an increase in average bed elevation of about
0.5 m by 2025. Bed level changes of up to 1.2 m have occurred in the reach upstream of
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Hydraulic and Flood Management Implications of Geomorphic Change

e Sediment supply from the 2010 Meager Creek landslide will remain high for several
decades. Sediment supply is expected to decay exponentially over time. Based on the
comparison of surveys in 2010 and 2017, the estimated “half-life” of the disturbance is
approximately 30 years.

¢ The landslide has introduced a slug of sediment that has moved as a sediment wave
down the Lillooet River. The leading edge of the coarse cobble and gravel fraction of
the material has moved downstream at a rate of approximately 3.5 km/year to approxi-
mately RK 55 (14 km upstream of the Forest Service Bridge). The speed of the sediment
wave is likely affected by the channel slope and is expected to slow in the downstream
direction as the slope flattens out. It is expected that the leading edge of the wave will
reach the Forest Service Bridge around 2023 and will reach the WSC gauge at RK 17.5 in
the next two decades.

¢ The sand and fine gravel component from the landslide event has been transported par-
tially in suspension and has moved downstream at a faster rate than the coarse gravel
and cobble sediment, which moves in contact with the bed as bedload. The sand and fine
gravel component has reached the lower depositional zone, downstream of the Ryan
River confluence, and the substantial increase in the concentration of sand in the channel
bed has reduced the amount of hydraulic force necessary to move the larger sediment
fraction of the bed. This sediment is accumulating in the depositional zone and has likely
decreased the stability of the bed in this reach.

¢ The estimated bed material transport rate at RK 35 has increased from approximate-
ly 40,000 m3/yr (pre-landslide) to 160,000 m3/yr for the period 2011 to 2017. There is
substantial uncertainty in the approach used to estimate bed material transport rates

(+/-50%), however, the comparison clearly indicates a substantial relative increase in
transport rate since 2011.

¢ Deposition is concentrated in sedimentation zones upstream of hydraulic constrictions
(pinch points) and along the reach between River Kilometre 35 and the Ryan River con-
fluence confluence. The average bed level has increased 0.4 m (0.07 m/yr) in the reach
between the CN Rail Bridgeand WSC Gauge. The average bed level has increased up to
1.2 min the reach upstream of the Ryan River confluence.

e Analysis of the WSC gauge rating curves (specific gauge analysis), indicates the water
levels at the gauge have varied in a complex manner over the last several decades in re-
sponse to previous engineering works. However, it appears that a relatively stable stage-
discharge relation existed during the period 2000-2010, suggesting the channel was
approaching equilibrium. Since the 2010 landslide event, the specific gauge values are
trending upwards, with water levels being elevated by approximately 0.4 m since 2010.

e The effects observed to-date in the diked reach (below RK 30), represent the initial re-
sponse of the channel due to the arrival of the fine gravel and sand component of the
sediment slug. The impacts from the coarse fraction of the load will be increasingly ap-
parent over the next two decades. It is expected this will include enhanced lateral chan-
nel instability, channel widening, and bed aggradation. Over this time period, accumu-
lation of sediment in the diked reach will continue to increase water levels. Localized
increases in channel velocity and scour potential are also anticipated as material builds
up at gravel bars and other depositional zones. These changes will increase the potential
for dike overtopping and failure of dike armour.
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— [SECTION 5: STA. 14+803| 2. 2000, 2006, 2011 TOPOGRAPHY SURVEYED BY KERR WOOD LEIDAL. —
E 235 3. BATHYMETRY SURVEYED BY NHC 2017. UPLAND AREAS BASED ON LIDAR DATA
= PROVIDED BY X, Y, AND Z.
9,3 4. DIGITAL ELEVATION MODEL (DEM) DERIVED FROM LIDAR DATA:
71 = o LIDAR DATA SUPPLIED BY PEMBERTON VALLEY DYKING DISTRICT (PVDD), AND 7
T, NATIONAL DISASTER MITIGATION PROGRAM — LOWER MAINLAND (NDMP) AND
o 90 65 .60 EE S0 45 40 25 20 95 90 5 10 - GEO BC (MFLNRO).
70 65 -60 55 -50 -45 -40 -35 -30 -25 -20 -15 -10 5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 8 8 90 95 100 105 110 115 120 125 130 « 2009 LIDAR BY MCELHANNEY (PROVIDED BY PVDD).
— OFFSET (m) o MID-JUNE 2016 TO MID-SEPTEMBER 2016 LIDAR (PROVIDED BY NDMP AND -
MFLNRO). AVERAGE POINT DENSITY IS TWELVE POINTS PER SQUARE METRE.
[SECTION 6: STA. 14+545] HORIZONTAL ACCURACY IS 65 cm OR LESS. VERTICAL ACCURACY IS 15 cm OR LESS.
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[SECTION 7: STA. 14+416|
1| E 230 1
)
E 225
<
>
-1 = 220 —
-115 -110 -105 -100 -95 -90 -85 -80 -75 -70 -65 -60 -55 -50 -45 -40 -35 -30 -25 -20 -15 -10 -5 O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 8 90 95 100 105 110 115 120 125
OFFSET (m)
2 2
[SECTION 8: STA. 14+095|
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OFFSET (m)
[SECTION 9: STA. 13+769]
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[SECTION 10: STA. 13+542]
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B 225
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— 55 50 -45 40 -35 30 25 20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60 NOTES: -
OFFSET (m) 1. ALLDATAIS RELATIVE TO CGVD2013.
2. 2000, 2006, 2011 TOPOGRAPHY SURVEYED BY KERR WOOD LEIDAL.
[SECTION 11: STA. 13+152] 3. BATHYMETRY SURVEYED BY NHC 2017. UPLAND AREAS BASED ON LIDAR DATA
6 PROVIDED BY X, Y, AND Z. 6
- 5 4. DIGITAL ELEVATION MODEL (DEM) DERIVED FROM LIDAR DATA:
E o LIDAR DATA SUPPLIED BY PEMBERTON VALLEY DYKING DISTRICT (PVDD), AND
z 230 NATIONAL DISASTER MITIGATION PROGRAM — LOWER MAINLAND (NDMP) AND
— £ GEO BC (MFLNRO). —
< 225 e 2009 LIDAR BY MCELHANNEY (PROVIDED BY PVDD).
o  MID-JUNE 2016 TO MID-SEPTEMBER 2016 LIDAR (PROVIDED BY NDMP AND
220 MFLNRO). AVERAGE POINT DENSITY IS TWELVE POINTS PER SQUARE METRE.
7 35 -30 25 -20 15 -10 -5 0 5 10 15 20 25 30 35 40 45 HORIZONTAL ACCURACY IS 65 cm OR LESS. VERTICAL ACCURACY IS 15 cm ORLESS. | 7
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[SECTION 13: STA. 12+466| NOTES:
. 1. ALL DATA IS RELATIVE TO CGVD2013.
7| E 230 2. 2000, 2006, 2011 TOPOGRAPHY SURVEYED BY KERR WOOD LEIDAL. 1
z 3. BATHYMETRY SURVEYED BY NHC 2017. UPLAND AREAS BASED ON LIDAR DATA PROVIDED BY X, Y, AND Z.
= 225 4. DIGITAL ELEVATION MODEL (DEM) DERIVED FROM LIDAR DATA:
< o LIDAR DATA SUPPLIED BY PEMBERTON VALLEY DYKING DISTRICT (PVDD), AND NATIONAL DISASTER
— o 22 MITIGATION PROGRAM — LOWER MAINLAND (NDMP) AND GEO BC (MFLNRO). —
-150 -145 -140 -135 -130 -125 -120 -115 -110 -105 -100 -95 -90 -85 -80 -75 -70 -65 -60 -55 -50 -45 -40 -35 -30 -25 -20 -15 -10 -5 O 10 15 20 e 2009 LIDAR BY MCELHANNEY (PROVIDED BY PVDD).
o MID-JUNE 2016 TO MID-SEPTEMBER 2016 LIDAR (PROVIDED BY NDMP AND MFLNRO). AVERAGE
OFFSET (m) POINT DENSITY IS TWELVE POINTS PER SQUARE METRE. HORIZONTAL ACCURACY IS 65 cm OR LESS.
2 VERTICAL ACCURACY IS 15 cm OR LESS. 2
[SECTION 14: STA. 12+193]
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| B | C D 3 F

[SECTION 18: STA. 10+616|

NOTES:

1.

ALL DATA IS RELATIVE TO CGVD2013.

7] E 225 2. 2000, 2006, 2011 TOPOGRAPHY SURVEYED BY KERR WOOD LEIDAL. 1
Z 3. BATHYMETRY SURVEYED BY NHC 2017. UPLAND AREAS BASED ON LIDAR DATA PROVIDED BY X, Y, AND Z.
E 220 4. DIGITAL ELEVATION MODEL (DEM) DERIVED FROM LIDAR DATA:
< o LIDAR DATA SUPPLIED BY PEMBERTON VALLEY DYKING DISTRICT (PVDD), AND NATIONAL DISASTER
-1 = 215 MITIGATION PROGRAM — LOWER MAINLAND (NDMP) AND GEO BC (MFLNRO). —
95 90 -8 -80 -75 -70 -65 -60 -55 -50 -45 -40 -35 -30 -25 -20 -15 -10 -5 O 5 20 25 30 35 40 45 50 55 60 e 2009 LIDAR BY MCELHANNEY (PROVIDED BY PVDD).
e MID-JUNE 2016 TO MID-SEPTEMBER 2016 LIDAR (PROVIDED BY NDMP AND MFLNRO). AVERAGE
OFFSET (m) POINT DENSITY IS TWELVE POINTS PER SQUARE METRE. HORIZONTAL ACCURACY IS 65 cm OR LESS.
2 VERTICAL ACCURACY IS 15 cm OR LESS. 2
[SECTION 19: STA. 10+142]
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[SECTION 24: STA. 8+075| NOTES:
1. ALL DATA IS RELATIVE TO CGVD2013.
1 260 2. 2000, 2006, 2011 TOPOGRAPHY SURVEYED BY KERR WOOD LEIDAL. 1
3. BATHYMETRY SURVEYED BY NHC 2017. UPLAND AREAS BASED ON
255 LIDAR DATA PROVIDED BY X, Y, AND Z.
4. DIGITAL ELEVATION MODEL (DEM) DERIVED FROM LIDAR DATA:
— 250 o LIDAR DATA SUPPLIED BY PEMBERTON VALLEY DYKING —
DISTRICT (PVDD), AND NATIONAL DISASTER MITIGATION
245 PROGRAM — LOWER MAINLAND (NDMP) AND GEO BC (MFLNRO).
e 2009 LIDAR BY MCELHANNEY (PROVIDED BY PVDD).
2§ a0 e MID-JUNE 2016 TO MID-SEPTEMBER 2016 LIDAR (PROVIDED BY 2
= NDMP AND MFLNRO). AVERAGE POINT DENSITY IS TWELVE
S, POINTS PER SQUARE METRE. HORIZONTAL ACCURACY IS 65 cm
= OR LESS. VERTICAL ACCURACY IS 15 cm OR LESS.
— > -
o 230
225
3 3
220
215
210
-105 -100 95 -90 -85 -80 -75 -70 -65 -60 -55 -50 -45 -40 -35 -30 -25 -20 -15 -10 -5 O 5 10 15 20 25 30 35 40 45 50 75 80 90 95
4 OFFSET (m) 4
[SECTION 25: STA. 8+071]
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[SECTION 27: STA. 7+686| NOTES:
1. ALL DATA IS RELATIVE TO CGVD2013.
T . 225 2. 2000, 2006, 2011 TOPOGRAPHY SURVEYED BY KERR WOOD LEIDAL. 1
£ 3. BATHYMETRY SURVEYED BY NHC 2017. UPLAND AREAS BASED ON LIDAR DATA PROVIDED BY X, Y, AND Z.
z 20 4. DIGITAL ELEVATION MODEL (DEM) DERIVED FROM LIDAR DATA:
= o LIDAR DATA SUPPLIED BY PEMBERTON VALLEY DYKING DISTRICT (PVDD), AND NATIONAL DISASTER
— < 215 MITIGATION PROGRAM — LOWER MAINLAND (NDMP) AND GEO BC (MFLNRO). —
y e 2009 LIDAR BY MCELHANNEY (PROVIDED BY PVDD).
“ 10 o MID-JUNE 2016 TO MID-SEPTEMBER 2016 LIDAR (PROVIDED BY NDMP AND MFLNRO). AVERAGE
75 -70 -65 -60 -55 -50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0 5 10 40 45 POINT DENSITY IS TWELVE POINTS PER SQUARE METRE. HORIZONTAL ACCURACY IS 65 cm OR LESS.
2 VERTICAL ACCURACY IS 15 cm OR LESS. 2
OFFSET (m)
[SECTION 28: STA. 7+192]
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[SECTION 33: STA. 5+681| NOTES:
. 1. ALL DATA IS RELATIVE TO CGVD2013.
7] E 220 2. 2000, 2006, 2011 TOPOGRAPHY SURVEYED BY KERR WOOD LEIDAL. 1
z 3. BATHYMETRY SURVEYED BY NHC 2017. UPLAND AREAS BASED ON LIDAR DATA PROVIDED BY X, Y, AND Z.
= 215 4. DIGITAL ELEVATION MODEL (DEM) DERIVED FROM LIDAR DATA:
< o LIDAR DATA SUPPLIED BY PEMBERTON VALLEY DYKING DISTRICT (PVDD), AND NATIONAL DISASTER
— o 210 MITIGATION PROGRAM — LOWER MAINLAND (NDMP) AND GEO BC (MFLNRO). —
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e MID-JUNE 2016 TO MID-SEPTEMBER 2016 LIDAR (PROVIDED BY NDMP AND MFLNRO). AVERAGE
OFFSET (m) POINT DENSITY IS TWELVE POINTS PER SQUARE METRE. HORIZONTAL ACCURACY IS 65 cm OR LESS.
2 VERTICAL ACCURACY IS 15 cm OR LESS. 2
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[SECTION 39: STA. 2+683]

NOTES:

1.

ALL DATA IS RELATIVE TO CGVD2013.

7] E 220 2. 2000, 2006, 2011 TOPOGRAPHY SURVEYED BY KERR WOOD LEIDAL. 1
z 3. BATHYMETRY SURVEYED BY NHC 2017. UPLAND AREAS BASED ON LIDAR DATA PROVIDED BY X, Y, AND Z.
= 215 4. DIGITAL ELEVATION MODEL (DEM) DERIVED FROM LIDAR DATA:
< o LIDAR DATA SUPPLIED BY PEMBERTON VALLEY DYKING DISTRICT (PVDD), AND NATIONAL DISASTER
— o 210 MITIGATION PROGRAM — LOWER MAINLAND (NDMP) AND GEO BC (MFLNRO). —
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e MID-JUNE 2016 TO MID-SEPTEMBER 2016 LIDAR (PROVIDED BY NDMP AND MFLNRO). AVERAGE
OFFSET (m) POINT DENSITY IS TWELVE POINTS PER SQUARE METRE. HORIZONTAL ACCURACY IS 65 cm OR LESS.
2 VERTICAL ACCURACY IS 15 cm OR LESS. 2
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[SECTION 1: STA. 2+084| NOTES:
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[SECTION 1: STA. 3+126| NOTES:
1. ALLDATAIS RELATIVE TO CGVD2013.
Ty _ 210 2. 2000, 2006, 2011 TOPOGRAPHY SURVEYED BY KERR WOOD LEIDAL. 1
E 3. BATHYMETRY SURVEYED BY NHC 2017. UPLAND AREAS BASED ON LIDAR DATA PROVIDED BY X, Y, AND Z.
z 205 4. DIGITAL ELEVATION MODEL (DEM) DERIVED FROM LIDAR DATA:
= « LIDAR DATA SUPPLIED BY PEMBERTON VALLEY DYKING DISTRICT (PVDD), AND NATIONAL DISASTER
— < 200 MITIGATION PROGRAM — LOWER MAINLAND (NDMP) AND GEO BC (MFLNRO). —
= 2009 LIDAR BY MCELHANNEY (PROVIDED BY PVDD).
195 « MID-JUNE 2016 TO MID-SEPTEMBER 2016 LIDAR (PROVIDED BY NDMP AND MFLNRO). AVERAGE
35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60 POINT DENSITY IS TWELVE POINTS PER SQUARE METRE. HORIZONTAL ACCURACY IS 65 cm OR LESS.
2 VERTICAL ACCURACY IS 15 cm OR LESS. 2
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[SECTION 7: STA. 0+822| NOTES:
1. ALL DATA IS RELATIVE TO CGVD2013.
T _ 210 2. 2000, 2006, 2011 TOPOGRAPHY SURVEYED BY KERR WOOD LEIDAL. 1
E 3. BATHYMETRY SURVEYED BY NHC 2017. UPLAND AREAS BASED ON LIDAR DATA PROVIDED BY X, Y, AND Z.
z 205 4. DIGITAL ELEVATION MODEL (DEM) DERIVED FROM LIDAR DATA:
E o LIDAR DATA SUPPLIED BY PEMBERTON VALLEY DYKING DISTRICT (PVDD), AND NATIONAL DISASTER
— £ 200 MITIGATION PROGRAM — LOWER MAINLAND (NDMP) AND GEO BC (MFLNRO). —
o e 2009 LIDAR BY MCELHANNEY (PROVIDED BY PVDD).
195 e MID-JUNE 2016 TO MID-SEPTEMBER 2016 LIDAR (PROVIDED BY NDMP AND MFLNRO). AVERAGE
35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 POINT DENSITY IS TWELVE POINTS PER SQUARE METRE. HORIZONTAL ACCURACY IS 65 cm OR LESS.
2 VERTICAL ACCURACY IS 15 cm OR LESS. 2
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[SECTION 1: STA. 9+930| NOTES:
_ 1. ALLDATAIS RELATIVE TO CGVD2013.
Ty E 215 2. 2000, 2006, 2011 TOPOGRAPHY SURVEYED BY KERR WOOD LEIDAL. 1
z —— 3. BATHYMETRY SURVEYED BY NHC 2017. UPLAND AREAS BASED ON LIDAR DATA PROVIDED BY X, Y, AND Z.
(S ) s — I ] 4. DIGITAL ELEVATION MODEL (DEM) DERIVED FROM LIDAR DATA:
< i B R R « LIDAR DATA SUPPLIED BY PEMBERTON VALLEY DYKING DISTRICT (PVDD), AND NATIONAL DISASTER
—1 8 205 MITIGATION PROGRAM — LOWER MAINLAND (NDMP) AND GEO BC (MFLNRO). —
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Appendix D: Hydraulic Data

D.1 Design Profiles for Lillooet River and Tributaries
D.2 Mesh Sensitivity Plots
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Designated Flood Maps



General Notes

1. This map delineates the potential for flooding under conditions caused by a 200-year return period event as described in NHC (2018).
The 200-year event is only mapped on the main stem of the Lillooet River. The conditions that generate a 200-year event on the Lillooet
River are different than conditions that generate a 200-year event on any of the tributaries. Flood extent mapping on the tributaries is
hatched and does not include Flood Construction Levels (FCL's) because it does not represent a 200-year flow on the tributaries. For
more information on the conditions that generate a 200-year event please see NHC (2018).

2. Afreeboard allowance (margin of safety) of 0.6 m is included in the flood levels on the Lillooet River. It is shown to account for various
sources of uncertainty in the model inputs and parameters. The freeboard on the tributaries is not mapped.

3. Lidar data surveyed in 2016 was used to create a Digital Elevation Model (DEM) for the study area. The DEM surface was modified
to include ground survey data for all dikes specified in NHC (2018) and to include surveyed channel bathymetry for the study reach. The
maps depict flood levels based on ground conditions represented in this DEM. Any changes to ground and channel elevations (including
fills, bridges, dikes, roads and railway embankments) land use or buildings from those included in the model may significantly affect the nhc

PEMBERTON
YALLEY

flood levels and render site-specific flood level information obsolete.
4. The model geometry was kept fixed although variations (channel erosion, degradation or aggradation) may occur during a flood event

< and/or over time. The maps do not provide information on site-specific hazards such as land erosion or sudden shifts in the water northwest hydraulic consultants
courses. Channel obstructions such as log-jams, local storm water inflows, groundwater or other land drainage can cause flood levels to
exceed those indicated on the map. Lands adjacent to a floodplain may be subject to flooding from tributary streams that are not N
indicated on the maps. A
5. The flood levels are based on water surface elevations simulated using a two-dimensional hydraulic model developed by NHC (2018)

STUDY AREA

- Kamloops

using RAS2D software. Model roughness values were initially assigned based on typical channel and overbank resistance values, then
calibrated to a flood event in 2016 and validated to a high flow event in 2017.

6. None of the existing dikes in the Lillooet Valley can currently contain a 200-year flood and will overtop at some flow less than the 200-
year flood. The area behind the dikes is considered part of the floodplain and is modeled and mapped as if the dikes are a non-erodible
feature of the landscape. In an actual flood event, it is likely that some of the dikes would erode and breach, potentially resulting in flood
level variations from those shown. For sites in the Lillooet River Floodplain with partial protection from existing dikes, the FCL should be
either the FCL provided in the following map OR 1.0 m above surrounding natural grade; whichever is higher.

7. The accuracy of simulated flood levels is limited by the reliability and extent of the water level data and flow magnitude used for
calibrating the model. The accuracy of the location of the floodplain boundary is limited by the accuracy of the DEM, model boundary Nanaima
conditions and model parameters. Locally raised areas have not been mapped in the floodplain extents. g/ 3

8. Floodplain maps are an administrative tool that indicates flood elevations and floodplain boundaries for a designated flood. A Qualified g
Professional must be consulted for site-specific engineering analysis. Victoria Lanogen
9. Industry best practices were followed to generate the flood extent maps. However, actual flood levels and extents may vary from Fere st
those shown and Northwest Hydraulic Consultants Ltd. (NHC) and Pemberton Valley Dyking District (PVDD) do not assume any liability
for such variations.

ton Meadows

Lillooet River

Data Sources: Stream Network Modelled

1. Flood level is based on hydraulic modelling conducted by NHC. The model is based on a 2016 Lidar DEM provided by Emergency g 1 Pemberton Valley Dyking District

Management BC (EMBC), surveys conducted by NHC in 2017, and additional surveys as described in NHC (2018). The extent of L.

flooding and displayed isolines are based on the Lidar DEM. I:I Map View Outline

2. PVDD boundary and cadastral parcel boundaries supplied by Squamish Lillooet Regional District.

3. Municipal boundary downloaded from DataBC. Village of Pemberton Boundaries
4. Orthophoto imagery acquired by EMBC in 2016. |:|

(2017)
{7 First Nation Reserve

5. Additional base mapping and orthoimagery from Esri.

Reference:
NHC (2018). Lillooet River Floodplain Mapping. Final Report. Prepared for Pemberton Valley Dyking District.

Disclaimer

This document has been prepared by Northwest Hydraulic Consultants Ltd. in accordance with generally accepted engineering and
geoscience practices and is intended for the exclusive use and benefit of Pemberton Valley Dyking District and their authorized
representatives for specific application of Floodplain Mapping for the Lillooet River. The contents of this document are not to be relied
upon or used, in whole or in part, by or for the benefit of others without specific written authorization from Northwest Hydraulic
Consultants Ltd. No other warranty, expressed or implied, is made. Northwest Hydraulic Consultants Ltd. and its officers, directors,
employees, and agents assume no responsibility for the reliance upon this document or any of its contents by any parties other than
Pemberton Valley Dyking District.
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General Notes

1. These maps delineate the potential for flood hazard under conditions caused by a 50-year, 100-year and 200-year return
period event on the Lillooet River as described in NHC (2018). These maps are not the designated floodplain map. Please
see NHC (2018) for details on the designated floodplain mapping. The flood depths and hazard ratings are only shown for the
floodplain of the Lillooet River and the lower reaches of the tributaries where they are modelled as part of the Lillooet flood
event. The conditions that would generate specific flood events on any of the tributaries, and the corresponding depths and
hazard ratings for areas affected by these tributaries, would vary significantly from the flood hazards shown.

2. Lidar data surveyed in 2016 was used to create a Digital Elevation Model (DEM) for the study area. The DEM surface was
modified to include ground survey data for all dikes specified in NHC (2018) and to include surveyed channel bathymetry for
the study reach. The maps depict flood levels based on ground conditions represented in this DEM. Any changes to

PEMBERTON
YALLEY

ground/channel elevations, land use or buildings from those included in the model will affect the flood levels and render site-

...... specific information obsolete.
3. The model geometry was kept fixed although variations (erosion, degradation or aggradation) may occur during a flood n c
event and/or over time. The maps do not provide information on site-specific hazards such as land erosion or sudden shifts in .
b S the water courses. Channel obstructions such as log-jams, local storm water inflows, groundwater or other land drainage can northwest hydraulic consultants

i cause flood levels to exceed those indicated on the map. Lands adjacent to a floodplain may be subject to flooding from
E tributary streams that are not indicated on the maps. N
| 4. The flood levels are based on water surface elevations simulated using a two-dimensional hydraulic model developed by A

NHC (2018) using RAS2D software. Model roughness values were initially assigned based on typical channel and overbank
resistance values, then calibrated to a flood event in 2016 and validated to a high flow event in 2017.

& H 5. The Lillooet Valley Dikes cannot contain a 200-year flood in current conditions and will overtop at flows less than the 200-
| 6 5 i'"'l year flood. The area behind the dikes is considered part of the floodplain and the depths and hazard ratings have been
i : mapped as if the dikes are a non-erodible feature of the landscape. In an actual flood, the dikes could erode and breach when
!: overtopped. Depending on the dike breach locations, the depths and hazard ratings could vary significantly from those shown
i | on the maps.

i A 6. The accuracy of simulated flood levels is limited by the reliability and extent of the water level data and flow magnitude

STUDY AREA

- Kamloops

L"'""i I used for calibrating the model. The accuracy of the location of the floodplain boundary is limited by the accuracy of the DEM, T
I | S oS model boundary conditions and model parameters. Locally raised areas have not been mapped in the floodplain hazard """"'_,"‘“""" !
! S extents. 7
i 7. A Qualified Professional must be consulted for site-specific engineering analysis. Industry best practices were followed to g
i generate the flood depth and hazard maps. However, actual flood levels and extents may vary from those shown and Victoria Lanogen
- - Northwest Hydraulic Consultants Ltd. (NHC) and Pemberton Valley Dyking District (PVDD) do not assume any liability for Fere st
______ 4 Lillooet River such variations.
_______ Data Sources: —— Stream Network Modelled
1. Flood level is based on hydraulic modelling conducted by NHC. The model is based on a 2016 Lidar DEM provided by
l 5 Emergency Management BC (EMBC), surveys conducted by NHC in 2017, and additional surveys as described in NHC :—-= Pemberton Va||ey Dyking
_.I \ (2018). The extents of flooding are based on the Lidar DEM. A freeboard allowance is not included. e District
l 2. PVDD boundary and cadastral parcel boundaries supplied by Squamish Lillooet Regional District.
Ryan River — 3. Municipal boundary downloaded from DataBC. : .
Y | 4. Orthophoto imagery acquired by EMBC in 2016. [_] Map View Outline
L= 3 5. Additional base mapping and orthoimagery from Esri.

. Village of Pemberton
i ’ Reference: |:|

,,,,,,, Boundaries (2017)
NHC (2018). Lillooet River Floodplain Mapping. Final Report. Prepared for Pemberton Valley Dyking District. f———— . .
i .t First Nation Reserve
""""" 1 Disclaimer
i This document has been prepared by Northwest Hydraulic Consultants Ltd. in accordance with generally accepted
---- ) g engineering and geoscience practices and is intended for the exclusive use and benefit of Pemberton Valley Dyking District
i | and their authorized representatives for specific application of Floodplain Mapping for the Lillooet River. The contents of this
R 4 i document are not to be relied upon or used, in whole or in part, by or for the benefit of others without specific written
! authorization from Northwest Hydraulic Consultants Ltd. No other warranty, expressed or implied, is made. Northwest
i | Hydraulic Consultants Ltd. and its officers, directors, employees, and agents assume no responsibility for the reliance upon
H this document or any of its contents by any parties other than Pemberton Valley Dyking District.

|
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Hazard Rating (m*m/s)
Hazard Rating = Depth x (Velocity + 0.5)

I:l Low: < 0.75
|:| Moderate: 0.75 - 1.25
[ significant: 1.25 - 2.5
I:l Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet
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|: ....... : Pemberton Valley Dyking District

Hazard Rating (m*m/s)
Hazard Rating = Depth x (Velocity + 0.5)

I:l Low: < 0.75
|:| Moderate: 0.75 - 1.25
[ significant: 1.25 - 2.5
I:l Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet
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Hazard Rating (m*m/s)

Hazard Rating = Depth x (Velocity + 0.5)
I:l Low: < 0.75

|:| Moderate: 0.75 - 1.25

[ significant: 1.25 - 2.5

I:l Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet

SCALE - 1:20,000 |

200 400 800
Metres

o

Coordinate System: NAD 1983 UTM ZONE 10N
Units: METRES  Vertical Datum: CGVD(2013)

Engineer

CTL

GIS

MAO

Reviewer

MCM

Job Number

3002903

Date

31-AUG-2018

LILLOOET RIVER FLOODPLAIN STUDY

FLOOD HAZARD RATING
S50-YEAR LILLOOET EVENT

| SHEET30F7




SHEET 5 1

Orphaned
Meadows

Lillooet River —p

ungeriord|Dikel

cadoW®
mperton —
/ (&)
iver 4 /
n R !
/S ya / /
y .
/ RSN 7
: <
N,
/ ~..\. ._./ \
/ ..\.. / et &
y ~. / N
:/ N A S .
0/ .‘.\ a,
~.
. .
~, =N

>

S22-Jr—1

SHEET 3 |

=) Flow Direction
Dike

L : Pemberton Valley Dyking District
Hazard Rating (m*m/s)

Hazard Rating = Depth x (Velocity + 0.5)
I:l Low: < 0.75

|:| Moderate: 0.75 - 1.25

[ significant: 1.25 - 2.5

I:l Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet
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Hazard Rating = Depth x (Velocity + 0.5)
I:l Low: < 0.75

|:| Moderate: 0.75 - 1.25

[ significant: 1.25 - 2.5

I:l Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet
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Hazard Rating (m*m/s)
Hazard Rating = Depth x (Velocity + 0.5)
Low: < 0.75
Moderate: 0.75 - 1.25

1]
1
[ significant: 1.25 - 2.5
N

Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet
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Significant: 1.25 - 2.5
Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet
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[ : Pemberton Valley Dyking District

Hazard Rating (m*m/s)
Hazard Rating = Depth x (Velocity + 0.5)

I:l Low: < 0.75
|:| Moderate: 0.75 - 1.25
[ significant: 1.25 - 2.5
I:l Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet
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|: ....... : Pemberton Valley Dyking District

Hazard Rating (m*m/s)
Hazard Rating = Depth x (Velocity + 0.5)

I:l Low: < 0.75
|:| Moderate: 0.75 - 1.25
[ significant: 1.25 - 2.5
I:l Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet
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L : Pemberton Valley Dyking District
Hazard Rating (m*m/s)

Hazard Rating = Depth x (Velocity + 0.5)
I:l Low: < 0.75

|:| Moderate: 0.75 - 1.25

[ significant: 1.25 - 2.5

I:l Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet
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|: ....... : Pemberton Valley Dyking District

Hazard Rating (m*m/s)
Hazard Rating = Depth x (Velocity + 0.5)

I:l Low: < 0.75
|:| Moderate: 0.75 - 1.25
[ significant: 1.25 - 2.5
I:l Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet
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Hazard Rating (m*m/s)

Hazard Rating = Depth x (Velocity + 0.5)
I:l Low: < 0.75

|:| Moderate: 0.75 - 1.25

[ significant: 1.25 - 2.5

I:l Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet
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L : Pemberton Valley Dyking District
Hazard Rating (m*m/s)

Hazard Rating = Depth x (Velocity + 0.5)
I:l Low: < 0.75

|:| Moderate: 0.75 - 1.25

[ significant: 1.25 - 2.5

I:l Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet
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Hazard Rating = Depth x (Velocity + 0.5)
Low: < 0.75

[
|:| Moderate: 0.75 - 1.25
]
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Significant: 1.25 - 2.5
Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet
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Lo : Pemberton Valley Dyking District
Hazard Rating (m*m/s)

Hazard Rating = Depth x (Velocity + 0.5)
Low: < 0.75

[
|:| Moderate: 0.75 - 1.25
]
]

Significant: 1.25 - 2.5
Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet
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Lo : Pemberton Valley Dyking District
Hazard Rating (m*m/s)

Hazard Rating = Depth x (Velocity + 0.5)
I:l Low: < 0.75

|:| Moderate: 0.75 - 1.25

[ significant: 1.25 - 2.5

I:l Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet
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Lo : Pemberton Valley Dyking District
Hazard Rating (m*m/s)

Hazard Rating = Depth x (Velocity + 0.5)
I:l Low: < 0.75

|:| Moderate: 0.75 - 1.25

[ significant: 1.25 - 2.5

I:l Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet
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Hazard Rating (m*m/s)
Hazard Rating = Depth x (Velocity + 0.5)
Low: < 0.75

|:| Moderate: 0.75 - 1.25
[ significant: 1.25 - 2.5
I:l Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet
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Hazard Rating = Depth x (Velocity + 0.5)

I:l Low: < 0.75
|:| Moderate: 0.75 - 1.25
[ significant: 1.25 - 2.5
I:l Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
or deep standing water.

Moderate: Dangerous for some (i.e. children) - flood
zone with deep or fast flowing water.

Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet
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Hazard Rating = Depth x (Velocity + 0.5)

I:l Low: < 0.75
|:| Moderate: 0.75 - 1.25
[ significant: 1.25 - 2.5
I:l Extreme: > 2.5

Low: Caution - Flood zone with shallow flowing water
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Significant: Dangerous for most people - flood zone
with deep fast flowing water.

Extreme: Dangerous for all - flood zone with deep, fast
flowing water.

Please refer to General Notes on Map Index Sheet

SCALE -1:20,000 &

200 400 800
Metres

Coordinate System: NAD 1983 UTM ZONE 10N
Units: METRES  Vertical Datum: CGVD(2013)

o

Engineer

GIS

CTL MAO

Reviewer

MCM

Job Number

Date

3002903

31-AUG-2018
LILLOOET RIVER FLOODPLAIN STUDY

FLOOD HAZARD RATING
200-YEAR LILLOOET EVENT

| SHEET 7 OF 7



	CREDITS AND ACKNOWLEDGEMENTS
	EXECUTIVE SUMMARY
	TABLE OF CONTENTS
	APPENDICIES
	LIST OF TABLES
	LIST OF FIGURES
	1 INTRODUCTION
	1.1 Background Information
	1.1.1 Historical Flooding
	1.1.2 Previous Floodplain Mapping Studies

	1.2 Project Objectives
	1.3 Terms of Reference
	1.4 Report Outline

	2 Topographic and Bathymetric Data
	2.1 Vertical Datum
	2.2 River Bathymetry Surveys
	2.2.1 GPS Control Surveys
	2.2.2 Bathymetric Surveys
	2.2.3 Survey Equipment
	2.2.4 Accuracy Considerations
	2.2.5 Coordinate System Details

	2.3 Dike Crest Surveys
	2.4 Culvert Surveys

	3 Geomorphic Assessment
	3.1 Overview
	3.2 Field Investigations
	3.3 Assessment of Sediment Supply Changes Over Time
	3.3.1 Mount Meager Slide Deposit
	3.3.2 Sediment Lithology
	3.3.3 Sediment Grain Size Distribution

	3.4 Assessment of Channel Morphology
	3.4.1 Observed Channel Change in the Upper Lillooet River
	3.4.2 At-a-Station Change in Bed Elevation
	3.4.3 Longitudinal Change in Channel Bed Elevation

	3.5 Updated Sediment Budget
	3.5.1 Cross Section Comparison
	3.5.2 Conceptual Sediment Budget Since the 2010 Landslide

	3.6 Sediment Transport
	3.7 Effect of Sedimentation on Flood Levels

	4 HYDROLOGIC ANALYSIS
	4.1 Gauged Site Analysis
	4.1.1 Trend Analysis
	4.1.2 Regional Frequency Analysis

	4.2 Peak Flows On Ungauged Sites
	4.3 Hydrographs For Unsteady Flows
	4.3.1 Individual Event Hydrographs
	4.3.2 Design Flood Hydrographs
	4.3.3 Iterative Hydrograph Routing

	4.4 Climate Change
	4.5 Design Flow Comparison

	5 HYDRAULIC ANALYSIS
	5.1 DEM Development
	5.2 Model Software and Development
	5.3 Calibration and Validation
	5.3.1 Roughness Coefficients
	5.3.2 High Flow Calibration
	5.3.3 2017 Validation
	5.3.4 2003 Comparison
	5.3.5 Calibration Summary

	5.4 Model Runs and Results
	5.4.1 Boundary Conditions
	5.4.2 Model Geometry
	5.4.3 Critical Threshold for Dike Overtopping
	5.4.4 Design Profiles
	5.4.5 Rating Curves
	PVDD Gauge at Forest Service Road Bridge
	Water Survey of Canada Gauge 08MG005 Near Pemberton

	5.4.6 Model Sensitivity
	5.4.7 Progression of the 200 Year Flood Simulation

	5.5 Dike Breach Modelling
	5.5.1 Dike Breach Scenarios

	5.6 Model Limitations and Uncertainties
	5.6.1 DEM
	5.6.2 HEC-RAS2D
	5.6.3 Dike Breaching
	5.6.4 Summary Statement


	6 Flood Mapping
	6.1 Flood Map Products
	6.2 Designated Floodplain Maps
	6.2.1 Freeboard Requirements
	6.2.2 Comparison with Previous Designated Floodplain Maps

	6.3 Flood Depth Maps
	6.4 Flood Hazard Maps

	7 Conclusions and Recommendations
	7.1 Conclusions
	7.2 Recommendations

	8 References
	Appendicies_All.pdf
	20180601 3002903 Profile and Section comparison.pdf
	1
	Sheets and Views
	Lillooet Profile


	2
	Sheets and Views
	Lillooet1


	3
	Sheets and Views
	Lillooet2


	4
	Sheets and Views
	Lillooet3


	5
	Sheets and Views
	Lillooet4


	6
	Sheets and Views
	Lillooet5


	7
	Sheets and Views
	Lillooet6


	8
	Sheets and Views
	Lillooet7


	9
	Sheets and Views
	Lillooet8


	10
	Sheets and Views
	Lillooet9


	11
	Sheets and Views
	Lillooet10


	12
	Sheets and Views
	Lillooet11


	13
	Sheets and Views
	Lillooet12


	14
	Sheets and Views
	Lillooet13


	15
	Sheets and Views
	Lillooet14


	16
	Sheets and Views
	Lillooet15



	20180830 3002903 Profile and Section comparison.pdf
	Sheets and Views
	3002903_r0c_XScomparison_BXH-Lillooet Plan
	3002903_r0c_XScomparison_BXH-Lillooet Profile
	3002903_r0c_XScomparison_BXH-Lillooet1
	3002903_r0c_XScomparison_BXH-Lillooet2
	3002903_r0c_XScomparison_BXH-Lillooet3
	3002903_r0c_XScomparison_BXH-Lillooet4
	3002903_r0c_XScomparison_BXH-Lillooet5
	3002903_r0c_XScomparison_BXH-Lillooet6
	3002903_r0c_XScomparison_BXH-Lillooet7
	3002903_r0c_XScomparison_BXH-Lillooet8
	3002903_r0c_XScomparison_BXH-Lillooet9
	3002903_r0c_XScomparison_BXH-Lillooet10
	3002903_r0c_XScomparison_BXH-Lillooet11
	3002903_r0c_XScomparison_BXH-Lillooet12
	3002903_r0c_XScomparison_BXH-Lillooet13
	3002903_r0c_XScomparison_BXH-Lillooet14
	3002903_r0c_XScomparison_BXH-Lillooet15

	3002903_r0d_XScomparison_KEH.pdf
	Sheets and Views
	3002903_r0d_XScomparison_KEH-RYAN1
	3002903_r0d_XScomparison_KEH-RYAN2
	3002903_r0d_XScomparison_KEH-RYAN3
	3002903_r0d_XScomparison_KEH-RYAN4
	3002903_r0d_XScomparison_KEH-RYAN5
	3002903_r0d_XScomparison_KEH-RYAN6
	3002903_r0d_XScomparison_KEH-RYAN7
	3002903_r0d_XScomparison_KEH-RYAN8
	3002903_r0d_XScomparison_KEH-MILLER
	3002903_r0d_XScomparison_KEH-GREEN1
	3002903_r0d_XScomparison_KEH-GREEN2
	3002903_r0d_XScomparison_KEH-BIRKENHEAD1
	3002903_r0d_XScomparison_KEH-BIRKENHEAD2
	3002903_r0d_XScomparison_KEH-BIRKENHEAD3







