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At Liard River at Upper Liard, the annual maximum water level usually occurs in early to mid-June during open water
freshet. Peak annual water level can occasionally occur in May and is driven mainly by snowmelt runoff. While intense
precipitation events are not common during freshet, they are frequent in the summer period. Intense localized
downpours can exceed 50 mm in 24 hours and have generated washouts along the Alaska Highway on smaller water
courses (Government of Yukon, 2025).

Regarding extreme flood events, the most recent event happened just a few years ago in 2022 with a peak discharge
of 3010 m3/s. The largest flood on record over the last 65 years occurred in 2012 with an instantaneous peak discharge
of 3990 m3/s caused by a rain-on-snow event. The flood led to the evacuation of multiple residents on the east bank
of the river upstream of the Alaska Highway crossing, as well as flooding further downstream in the community of
Lower Post, British Columbia.

Itshould be notedt hat i t &hs deptloadf thecavallaple snow cover that contributed to the extreme flow, but also
the suddenness of the spring snowmelt. The basin wide snow water equivalent (SWE) estimated for the 2012 event
was approximately 250 mm which is considerably lower than that of the 2022 event (i.e. approximately 330 mm).
However, the peak discharge in 2012 was more than 30% higher than the peak discharge of the 2022 event
(Government of Yukon, 2025). Note that the 2012 peak snowpack in the contributing basin only ranks as the eighth
highest on record, based on Government of Yukon snow surveys.

Flood mapping can be used to support emergency preparation and response, and to inform the development planning
to reduce community vulnerability to flooding in a changing climate. The primary purpose of the present study is to

identify and map flood hazards, which will advance the goals of enhancing public safety and reducing future flood
vulnerability for the community of Upper Liard.

1.2 Scope of Work

The study was carried out in accordance with the Federal Hydrologic and Hydraulic Procedures for Floodplain
Delineation guideline (NRCan, 2023). The present report covers the following tasks:

A Hydrologic assessment: including preparation of data series, flood history documentation, flood frequency

analysis.

A River ice assessment: containing ice flood history assessment and ice-affected flow frequency analysis.

A Climate change and land-cover assessment: involving the review of relevant climate change standards and
practices, review of previous studies, calibration and validation of RAVEN hydrologic model, and quantitative
assessment of potential impacts of climate and land-cover change.

A Fluvial erosion assessment: providing a qualitative assessment of fluvial erosion hazard.

A Hydraulic modelling: performing calibration and validation of the HEC-RAS model of Liard River, sensitivity

analysis, and design flow modelling.

Other relevant tasks performed to support this study are outlined below:

A Site visit and survey: performing a site visit, preparing a survey plan, performing a river cross section survey,
hydraulic structure and high-water mark surveys and photographic inventory.

A Flood hazard mapping: issuing flood hazard maps following the Government of Yukon Flood Hazard Mapping
Basemap Guidelines (2024) and Federal Floodplain Mapping Guidelines and Specifications (2018).
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Figure 2-27 Relationship between Instantaneous and Daily Peak Discharge of Station 10AA001
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Table 2-37 Annual Maximum Daily and Instantaneous Peak Discharge  of Station 10AA001

‘ Qdaily ‘ Qinst Qinst
(m?3/s) (m?3/s) (mé&/s)
1 1960 1600 1632 34 1993 1500 1510
2 1961 3030 3091 35 1994 1500 1500
3 1962 2790 2846 36 1995 989 1000
4 1963 1870 1907 37 1996 1040 1061
5 1964 2940 2999 38 1997 1570 1630
6 1965 1480 1510 39 1998 1730 1740
7 1966 1510 1540 40 1999 2140 2190
8 1967 1980 2020 41 2000 1370 1380
9 1968 1540 1571 42 2001 2120 2120
10 1969 1340 1367 43 2002 1350 1380
11 1970 1460 1489 44 2003 1120 1120
12 1971 2290 2336 45 2004 1660 1680
13 1972 3060 3121 46 2005 2830 2890
14 1973 1910 1948 47 2006 2130 2160
15 1974 1390 1418 48 2007 2820 2850
16 1975 1670 1680 49 2008 2470 2510
17 1976 2050 2091 50 2009 2120 2130
18 1977 1930 1950 51 2010 942 959
19 1978 943 962 52 2011 1800 1840
20 1979 1910 1948 53 2012 3870 3990
21 1980 1230 1260 54 2013 2820 2840
22 1981 2060 2080 55 2014 1380 1390
23 1982 1560 1870 56 2015 1600 1640
24 1983 1710 1720 57 2016 1300 1320
25 1984 1730 1770 58 2017 1120 1130
26 1985 2270 2310 59 2018 944 963
27 1986 1870 1890 60 2019 984 989
28 1987 2230 2270 61 2020 1680 1690
29 1988 2440 2500 62 2021 2190 2210
30 1989 996 1000 63 2022 3000 3010
31 1990 2700 2800 64 2023 1830 1850
32 1991 1190 1200 65 2024 968 974
33 1992 2850 2870
Note: Underlined numbers are estimated values based on the relationship between
daily and instantaneous discharge.
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Table 2-157 Comparison of the Water Level Estimations from the Current and Previous Studies

Present Morrison Yukon
Study Hershfield University
(2022) (2022)*
Data 1960-2024 1990-2022 1972-2022
Record (year) 65 33 51
Model Rating curve LP3 LN3
Difference :
AEP (%) Water Level Estimation (m) (Present VS Morrison D'f]fg :/(\e/ndceepgf))of
Hershfield) (cm)
50 607.83 607.80 607.70 0.03 0.5
20 608.70 608.70 n/a 0.00 0.0
10 609.20 609.22 n/a -0.02 -0.4
5 609.64 609.69 609.40 -0.05 -0.8
2 610.15 610.24 n/a -0.09 -1.2
1 610.51 610.63 n/a -0.12 -15
0.5 610.86 611.01 610.70 -0.15 -1.8
* These results are extracted from the Stantec (2023) report.

These limited differences might be explained by one, or a combination, of the following factors:

1. The sample length used for the frequency analysis (i.e. 65 vs. 33 years).
2. The selection of the most appropriate distribution model (LN3 vs. LP3 model).

3. The use of direct frequency analysis on water level data vs. indirect estimate from the discharge-water level
relationship.

=g 1
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3. River Ice Assessment

Riverine flooding on the Liard River at Upper Liard has historically been observed in the open water period. However,
flooding events could also occur in ice-affected seasons (both freeze-up and breakup periods). Therefore, an ice
analysis is required to compare ice-affected water levels and open water flooding.

The complete detail of the river ice assessment is presented separately as a technical memorandum in Appendix C.
For flood hazard mapping scenarios corresponding to different AEPs of interest (i.e. 5%, 1%, and 0.5%), it was
concluded that potential flooding is controlled by open-water conditions, and that it is not necessary to model ice-jam
conditions.

=g 1
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4.1.2 Review of Previous Studies

This section presents the main findings of impacts of climate change on several important hydro-meteorological
variables from several relevant studies for both Northern Canada in general and the Yukon in particular to gain a
gualitative understanding of the potential impacts of climate change on flood hazard in the study areas from the
present day to 2100.

For changes in temperature in Northern Canada, Chapter 8 - Changes in Canada's Regions in a National and Global
Cont ext of the Canadads Rushaand)liemmgen, Cl 2 0nlagq )e Rtegptammubl nédna t
temperature has increased by 2.3°C from 1948 to 2016, roughly three times the warming rate of global mean
temperature. This increase has been strongest during winter (4.3°C), and weakest during summer (1.6°C), over the
same ti mel npeaddidt.icton, the annual me a ns ptojecieg te incachse updo 2f7Wr Ce
for the period of 20317 2050 and up to 7.8°C for 20811 2100 with a high emission scenario (RCP8.5); all values are
relative to the 19861 2005 mean value. Data from the Watson Lake station, located near the study site, shows an
average increase of 1.7 °C over the last 64 years (1950-2013). This is consistent with the analysis from Perrin and
Jolkowski (2022), which shows an average increase of 2°C in the Yukon.

For long-term changes in total precipitation over Northern Canada, Bush and Lemmen (2019) mentioned that they

are difficult to accurately quantify bec aalavailabiefsitegimtee s p ¢
region reveal large percentage increases in precipitation, both annual and seasonal, with precipitation having
increased in every seasono . P a r t dukng theasurhmer, sndéwfall has decreased and is being replaced by rain.
However, on an annual basis, snowfall has increased, since total precipitation has increased and temperatures during

the cold part of the year are still low enough for precipitationto fallassnowd . Fur t ien mas ®9ci ati on
temperatures and resulting changes to snow and permafrost, winter streamflows have increased, and the timing of

spring freshet has shifted earlier.0Hence, it is expectedthati pr eci pi tati on is projected t
daily extreme precipitat i withhighsonfadénsedaspdronthegesulteof muttige climate r e a
models and can also be explained by the expected increase in atmospheric moisture induced by warming. In
association with these increases,fia nn u a | streamflow in the North is also
earlier spring freshet gBusham Lemmeny2019)i ng t emper atur eso

For the Yukon specifically, the Climate Change Adaptation Plan i 2024 Summary Report from Yukon Energy (2024)
states that, in the | ast 50 years, Yukonds average temp
events are becoming more frequent and intense, particularly in the North. To arrive at the conclusion, Yukon Energy
utilized the climate change models and results developed by leading Canadian climate scientists to understand
impacts of climate change on the two weather parameters of interest: temperature and precipitation.

A AOver the last 50 years, temper a°€ withwintér temperatereswarmimgi t o r
more significantly than summer temperatures. Climate models predict continued temperature increase over
the next 50 years with estimates of temperature increases between 0.7 and 3.7 °C. Most of this temperature
increase is predicted to occur in winter months. 0

A AOver the past 50 years, precipitation has increase
trend is continuing. Climate models predict precipitation will increase by 4 to 17% over the next 50 years. The
degree to which precipitationischanging i n t he territory depends on the

In addition to the upward trends in the historic and projected temperature and precipitation, the variability of the Yukon
climate is also expected to increase according to the report from Yukon University (Perrin and Jolkowski, 2022). This
will mean an increase in extreme weather events and greater fluctuations in precipitation. The report also states that
Afcli mate change is affecting and wiadsVariouashydtological procesees suchf e c t

':l- 22
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4.4 Effect of Change to Land -Cover on Flood Hazards

Land-use and land-cover have a large impact on the hydrological processes at play over a watershed. For instance,
land-cover can influence evapotranspiration rates, canopy storage, concentration time, infiltration rates, etc.
Therefore, a significant change in land-use or land-cover can have an impact on the hydrological response of a
catchment.

However, there is no clear justification for projecting a significant modification of the land-cover over the 32 600 km?
catchment of the Liard River at Upper Crossing Station (10AA001) that could lead to an increase of flood hazards, as
outlined below:

Anthropic__Change in_Land-Use

There is no significant urbanized area or arable land in the catchment. It is unlikely that future anthropic
development (for instance urbanization) could significantly impact the land use over the 32 600 km? area.

Climate Change Impact on Wildfires

An increase in the number or magnitude of wildfires could lead to changes in land-cover. More frequent or
larger burns could lead to a reduction of forested area, which could change the hydrological response of the
watershed.

A study conducted by AECOM in 2021 (AECOM, 2021) for the Government of Yukon modelled the potential
impact of climate change on wildfire risk. The assessment was done on two scales, a Yukon-wide scale and
a regional scale. The Yukon wide assessment showed no projected increase in wildfire risk in the Yukon.
While some indicators point to higher wildfire risk, such as a rise in temperatures, they are balanced by other
indicators such as projected increases in precipitation and relative humidity. The regional assessments
showed similar conclusions.

It is therefore not appropriate to assume a significant change in land-cover driven by an increase of the wildfire
risk over the watershed.

Climate Change Impact on Permafrost

The watershed includes areas of both widespread and scattered permafrost. Permafrost areas are expected
to recede due to climate change. The impact of permafrost thawing on the hydrological processes can be
complex to assess (Walvoord, M.A., Barret, 2016). However, it is understood that permafrost is impermeable.
Therefore, permafrost thawing is expected to increase the permeability of soil, which can lead to an increase
in subsurface storage and a slower rain-runoff response. These changes would be associated with a potential
reduction in flood hazard.

None of the elements listed above suggest a significant modification in land-cover that would lead to an increase of
flood hazard. In addition, the magnitude of the potential impact of a modification of land-cover is dependant on the
hydrological mechanism driving the flood hazard. Large, recorded floods at the study site are driven by the freshet.
Therefore, the flood peak magnitude is more influenced by the snow cover and the melt rate than by the rain-runoff
response of the basin. Therefore, it is assumed that the flood peak magnitude would not be very sensitive to a
modification of the land-cover.

ar
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5. Fluvial Erosion Assessment

The study scope also included a qualitative Fluvial Erosion Hazard assessment. This assessment is presented
separately as a technical memorandum in Appendix D.

The assessment shows that the study reach is characterized by a highly dynamic regime. Field observations, LIDAR
analysis and historical imagery indicate that the river exhibits active lateral migration, significant bank erosion and
ongoing floodplain reworking. The reach presents high erosion susceptibility, driven by non-cohesive bank materials
and high stream power.

Following this assessment, the following recommendations were made:

A Conduct a detailed quantitative analysis to assess channel migration rates, bank erodibility, and sediment
transport dynamics. This should include modelling under various hydrological scenarios to predict future
channel adjustments and erosion hazards.

A Implement a long-term monitoring strategy to track morphological evolution and identify emerging erosion
hotspots.

A Evaluate the need for targeted bank stabilization near critical infrastructure (bridge, houses), while considering
nature-based solutions that maintain floodplain connectivity and hydrogeomorphic integrity.

A Integrate findings into land-use planning strategies for Upper Liard, particularly in areas adjacent to active
meander bends and abandoned channels prone to reactivation during high flows.

':l- 38
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Figure 6-11 Topographic and Bathymetric Datasets

6.1.2 Continuous DEM Generation for Hydraulic Modelling

To support 2D hydraulic modelling, a continuous digital elevation model (DEM) integrating both terrestrial and riverbed
topography was developed for the Upper Liard study area. This seamless DEM is critical for accurately representing
surface elevations across the floodplain and wetted channel, enabling reliable hydraulic analysis.

The terrestrial DEM was derived from LIiDAR data, while bathymetric points were projected to EPSG:3156
(NADS83(CSRS) / UTM Zone 9N). To integrate these datasets, the wetted channel was first delineated and used to
clip the LIDAR DEM, producing a land-only surface. Contour lines at 1 m intervals were generated from this surface
and used, along with bathymetric points, to interpol

During interpolation, artifacts such as unrealistic elevation gradients, abrupt transitions, and spurious depressions or
peaks can occurd especially in areas with sparse bathymetric data, complex channel geometry, or where contour
lines intersect irregularly. These artifacts can compromise the hydraulic model by misrepresenting flow paths, water
surface profiles, and inundation extents. To address this, the initial interpolated raster was used to generate a new
set of contours, which were manually reviewed and edited to remove anomalies and ensure topographic continuity.

A refined raster was then generated from the corrected contours and validated against surveyed bathymetric and
topographic points to confirm accuracy. Finally, the interpolated channel DEM was clipped to the wetted extent and

=g 0
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Figure 6-4 7 Modelled Roughness Zones

Note that a flow roughness factor curve is also added to the model to be able to capture accurately the water level for
flow values below 1500 m?/s. The Manningd soughness factor is different from an absolute roughness value, which
would be expressed using a unit of length (e.g. mm). It is expected that the Manningd soughness of the riverbed would
be higher for lower flow depths, because of the ratio between the wetted perimeter and the flow section. The use of a
roughness factor curve allows for the representation of the relationship between flow depth and the Manningd s
roughness parameter and is common for calibrating a model made to represent a large range of flow values (USACE,

2025).

Table 6-2 1 Flow Roughness Factor

Parameter | Value
Flow (m3/s) 0 500 750 1000 1250 1500
Roughness Factor 1.17 1.17 1.13 1.10 1.03 1.00

6.2.2.2 Calibration T LIiDAR Water Profile

The water surface profile captured by the 2024 LiDAR Survey was reproduced as part of the calibration process.
While LIDAR does not directly capture the water surface, the interpolation of the lowest ground points captured next
to the water allows for a generally good representation of the water surface.

':l- 44
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Table 6-3 77 Model Validation Results i 2022 High -Water Survey

. . o Measured Modelled Difference
Northing (m) Easting (m) Description Ll (77 m) i

6658619.55 505726.34 Right Side 610.14 610.15 0.01
6658643.89 505436.61 Left Side 610.06 610.15 0.09
6658416.18 505545.49 Left Side 609.91 609.93 0.02
6658460.52 505761.74 Right Side 610.05 610.04 -0.01
6658141.88 505776.42 Right Side 609.78 609.83 0.05
6658233.42 505580.36 Left Side 609.77 609.80 0.03
6657955.77 505781.87 Right Side 609.76 609.80 0.04
6657631.14 505707.24 Right Side 609.72 609.69 -0.03
6657395.33 505577.80 Right Side 609.53 609.53 0.00
6657494.29 505249.60 Left Side 609.47 609.53 0.06
6657188.14 505199.45 Left Side 609.36 609.43 0.07
6657291.00 505519.12 Right Side 609.42 609.51 0.09
6656973.87 505193.41 Left Side 609.27 609.25 -0.02
6656677.96 505216.63 Left Side 609.19 609.14 -0.05
6656394.63 505326.54 Left Side 608.91 609.00 0.09
6656177.13 505542.39 Left Side 608.96 608.99 0.03
6656119.81 505909.53 Left Side 608.86 608.84 -0.02
6656250.59 506320.09 Left Side 608.70 608.68 -0.02
6656656.79 506720.08 Left Side 608.26 608.41 0.15
6656826.28 506980.98 Left Side 608.04 608.18 0.14
6656822.32 507147.26 Left Side 607.94 608.03 0.09
6656508.18 507567.69 Left Side 607.70 607.68 -0.02
6655585.39 506746.55 Left Side 607.37 607.28 -0.09
6655270.50 506600.55 Left Side 607.27 607.23 -0.04
6654975.78 506655.76 Left Side 607.51 607.19 -0.32
6654882.56 506896.75 Left Side 606.94 606.58 -0.36
6654941.12 507223.41 Right Side 606.60 606.49 -0.11
6655555.95 507124.63 Right Side 607.39 607.36 -0.03
6655721.41 507371.10 Right Side 607.67 607.48 -0.19
6655922.74 507573.54 Right Side 607.63 607.56 -0.07
6656225.11 507787.03 Right Side 607.86 607.75 -0.11
6656462.93 507826.32 Right Side 607.99 607.88 -0.11
6656811.95 507675.67 Right Side 608.13 608.01 -0.12
6656948.22 507399.33 Right Side 608.14 608.01 -0.13
6657043.89 507109.81 Right Side 608.33 608.29 -0.04
6657086.34 506784.03 Right Side 608.36 608.40 0.04
6657015.60 505424.90 Right Side 609.21 609.35 0.14
6657013.72 505727.41 Right Side 609.27 609.40 0.13
6657048.09 505793.79 Right Side 609.32 609.40 0.08
6657416.76 506203.93 Right Side 609.41 609.39 -0.02
6657261.61 505990.05 Right Side 609.36 609.40 0.04
6657209.48 506622.20 Right Side 608.54 608.46 -0.08
6657327.88 506345.60 Right Side 608.41 608.48 0.07
6657181.65 506066.23 Right Side 608.52 608.53 0.01
6657020.80 505805.74 Right Side 608.54 608.63 0.09
6656959.69 505501.35 Right Side 608.77 608.86 0.09
6656991.09 505372.31 Right Side 609.06 609.07 0.01
Average 0.00

Average (absolute) 0.08

RMSE 0.11
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Table 6-4 7 TModel Validation Results i 2021 High -Water Survey

Northing (m) Easting (m) Description T:\jieslu(rri()j Modelled (m) lefeé:s;] e
6657082.15 505195.20 Right Side 607.95 608.20 0.24
6656998.53 505364.32 Left Side 607.77 608.04 0.28
6658424.94 505543.44 Right Side 608.57 608.72 0.16
6657799.81 505523.75 Right Side 608.23 608.44 0.21
6657526.04 505356.54 Right Side 608.05 608.32 0.27
6657423.94 505592.25 Left Side 608.13 608.33 0.21
6656766.87 505210.17 Right Side 607.82 607.97 0.15
6656328.10 505371.93 Right Side 607.67 607.83 0.16
6656476.23 505546.70 Left Side 607.45 607.68 0.23
6656139.78 505670.17 Right Side 607.61 607.71 0.10
6656143.57 506010.39 Right Side 607.46 607.55 0.09
6656279.44 506350.83 Right Side 607.24 607.39 0.15
6656504.66 506585.97 Right Side 607.11 607.26 0.15
6656767.30 506846.71 Right Side 606.84 606.95 0.12
6656824.09 507166.65 Right Side 606.62 606.72 0.10
6656650.66 507479.26 Right Side 606.45 606.51 0.06
6656097.54 507434.22 Right Side 606.09 606.10 0.01
6655875.76 507149.66 Right Side 605.89 605.95 0.07
6655677.97 506894.23 Right Side 605.78 605.85 0.07
6655452.75 506670.44 Right Side 605.74 605.80 0.06
6655009.47 506625.68 Right Side 605.72 605.72 0.00
6657186.34 505200.82 Right Side 608.02 608.23 0.21
6657268.57 505217.50 Right Side 608.06 608.22 0.17
6657082.15 505195.22 Right Side 608.02 608.20 0.17

Average 0.14
Average (absolute) 0.14
RMSE 0.16
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Figure 6-12 1 Model Validation Results T 2021 High-Water Survey i Modelled VS Surveyed Water Levels
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Figure 6-14 7 Sensitivity Analysis Result of  Changing Mesh Size
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