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1 Introduction 

BACKGROUND 

Nuu-chah-nulth Tribal Council (NTC) provides services and support to fourteen Nuu-chah-nulth First Nations, representing 
approximately 10,000 people. The fourteen Nuu-chah-nulth First Nations are divided into three regions: 

• Southern Region: Ditidaht, Huu-ay-aht, Hupacasath, Tse-shaht, and Uchucklesaht. 

• Central Region: Ahousaht, Hesquiaht, Tla-o-qui-aht, Toquaht, and Yuu-cluth-aht. 

• Northern Region: Ehattesaht, Kyuquot/Cheklesaht, Mowachat/Muchalaht, and Nuchatlaht. 

Their location on the west coast of Vancouver Island means that these Nuu-chah-nulth First Nations communities are 
vulnerable to coastal storms and tsunamis, as well as to climate-induced sea level rise.  

Indigenous & Northern Affairs Canada (INAC) and NTC are working to assess the level of this vulnerability, with the West 
Vancouver Island Coastal Vulnerability Study being an important component of that work. 

The West Vancouver Island Coastal Vulnerability Study is intended to be completed over several phases, focusing on one 
or more communities in each phase.  

Phase 1 consisted of developing a numerical hydrodynamic model for the west coast of Vancouver Island, and applying 
that model to the community of Oclucje.  The model was run for specific storm and tsunami events, which also incorporated 
sea level rise.  A time was calculated for when the first wave would strike the community.  A wave run-up inundation limit 
was calculated and shown on a topographic aerial photograph.  

Phase 2 includes the following communities: 

• Ahousaht First Nation, IR Marktosis. 

• Ehattesaht First Nation, IR Ehatis. 

• Hesquiaht First Nation, IR Refuge Cove 6. 

• Ka:’yu:’k’t’h’/Che:k:tles7et’h’ First Nation, IR Houpsitas.  

• Tla-o-qui-aht First Nation, IR Esowista 3. 

• Tla-o-qui-aht First Nation, IR Opitsaht 1. 

• Tla-o-qui-aht First Nation, IR Tin Wis 11. 

This report is focused on the community of Kyuquot in the Houpsitas Reserve, which is located near Walters Island and 
Walters Cove, as shown in Figure 1 on the next page.  
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OBJECTIVES 

The overall goal of this multi-phased project is to perform coastal vulnerability assessments for NTC First Nations 
communities along the west coast of Vancouver Island. These assessments will model the effects of storms and tsunamis, 
including climate-induced sea level rise, and identify potential inundation limits and elevations for each community.  

In addition to inundation limits, the model output provides the expected time from a seismic event to the arrival of the first 
tsunami wave, as well as the length of time during which subsequent waves would arrive. Understanding the inundation 
limits will provide NTC and INAC with the basis for decision-making for maintenance and future capital investment for 
community infrastructure. 

SCOPE OF WORK 

Parsons was engaged by NTC for the following Phase 2 scope of work: 
1. Visit each community to speak to residents, view existing infrastructure, and survey the foreshore.

2. Extend the global model to Haida Gwaii and calibrate the model with the available buoy data.
3. Extend the base model to create a high resolution finite element mesh around the Phase 2 communities.

4. Run the hydrodynamic model for tsunami events, incorporating sea level rise and subsidence.

5. Run the wave model for 1:200-year storm.
6. Review background documents to identify existing infrastructure.

7. Prepare a Vulnerability Report that identifies the flood hazard to infrastructure at each community.

APPROACH 

Our Phase 2 methodology was as follows: 

WIND GENERATED WAVE MODEL 

A wave model was developed for Houpsitas, using the following steps: 

1. Wind speed data:

Historic 8-directional hourly wind speed data was collected to develop a wind rose and probability analysis. 

2. Bathymetric and topographic survey data:

The most recent available bathymetric data was collected from the Canadian Hydrographic Service (CHS) to form 
the basis of the numerical model. The topographic survey for the site was conducted by Bazett land surveying. 
Sounding and topographic survey data were reviewed and adjusted within the model domain. Shoreline 
information was collected from marine charts. This data was then used to develop a finite element mesh inside 
the domain. 

3. Generate flexible mesh and boundary conditions:

A computational mesh was developed for the entire domain in Phase 2. Progressively higher resolution meshes, 
varying from 5m to 10m grid sizes closer to each location, were developed for this phase.  

4. Boundary condition:

The open boundary of the model was set up based on wind speed and wave conditions. 

5. Initial modelling condition:

Higher High Water Level (HHWL) + Sea Level Rise (2100 Year) + Storm surge (200 year) and 
200 Year wind speed 
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TSUNAMI HYDRODYNAMIC MODEL 

1. Tsunami boundary condition information:

It is widely acceptable that the Cascadia fault has produced major earthquakes that rupture most of the margin 
on average about five centimeters per year. The last Mw ≈ 9 Cascadia earthquake occurred on 26 January 1700 
and the resulting tsunami was registered in Japan. It is assumed that a megathrust earthquake may occur on the 
Cascadia fault approximately every 500 years, with a 15 metre slip. Based on this assumption the seabed 
deformation has been provided by NRCAN and incorporated into the model to develop the tsunami.  

2. Generate mesh and set up initial conditions:

A flexible mesh was developed for the entire domain and a higher resolution mesh created in shallower water 
depths. The initial condition of the model is considered as the sum of High water level plus sea level rise (2100 
year).   

2 Site Description 

LOCATION 

Houpsitas has approximately 200 residents and is located approximately 250 km North-west of Campbell River, BC. 
The village can be accessed by Road to the North, by seaplane or by boat. There is an existing dock on the South-east 
end of the village for access by boat. No detailed reports are available for an inventory of assets.  However, two reports by 
Wedler Engineering have been made available titled Community Civil Infrastructure Renewal – Pre-feasibility Study 
Sanitary System Condition and Functionality (2018) and Community Civil Infrastructure Renewal – Pre-feasibility 
Study Water System Condition and Functionality (2018).   

Site photos from a site visit conducted on October 4, 2017 are shown below.  A location map is shown on the next page. 
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3 Modelling Parameters 
TSUNAMI 

Various scenarios were discussed during project development in 2017. For Phase 2, many scenarios could be modelled, 
but given the complex nature of the numerical model, and the time involved to build, debug and run each scenario, there 
was a practical limit within the project scope and schedule. The selected scenario was based on seabed deformation for 
500-year probabilistic design + SLR (2100) + HWL. 

WIND GENERATED WAVE MODEL  

Historical wind speed records were collected from Environment Canada for four stations and a wind speed record for one 
station was collected from provincial forest fire records. The station locations are shown in Figure 3. The wind speeds for 
eight directional data were analyzed for 50-year, 100-year and 200-year events. It was noted that the stations closer to the 
open ocean had higher wind speeds than the land-based stations. In the wave model, the closest wind station information 
for each site was used.  

 

 

Figure 3: Wind Speed Station Locations 

The 1:200 storm surge plus sea level rise predicted to have occurred by the year 2100 plus HHWL is a good representative 
scenario for a major storm event. 

3.1 SEA LEVEL RISE 

Sea level rise is caused by the ocean expanding as it heats up due to global warming, combined with melting ice from 
glaciers and ice sheets. How much sea level will rise depends primarily on the rate of future carbon dioxide emissions and 
subsequent global warming. How quickly it will rise depends mostly on the rate of glacier and ice sheet melting. Much 
research has been published on projections for future sea level rise, and a determination of sea level rise from first 
principles is beyond the scope of this project.  

During the past several years, a series of actions in British Columbia have facilitated the incorporation of new scientific 
information about changes in sea level into policy and planning process. It was recommended that coastal development 
should plan for sea level rise of 0.5 m by 2050, 1.0 m by 2100 and 2.0 m by 2200. 1.0 m sea level rise by 2100 was used 
for the modelling. 
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3.2 TIDAL WATER LEVELS 

Tidal water level was collected for Houpsitas from Canadian Hydrographic Services marine charts and is summarized in 
Table 1. A Higher High Water Level (HHWL) and High Water Level (HWL) were used for the initial condition to provide a 
reasonable inundation estimate.

Table 1 – Tidal Information at Kyuquot, British Columbia 

WATER LEVEL WATER LEVEL CD (m) 

Higher High Water Level (HHWL) 4.4 

High Water Level (HWL) 3.6 

Mean Water Level (MWL) 2.3 

Low Water Level (LWL) 0.7 

Lower Low Water Level (LLWL) -0.1 

3.3 STORM SURGE 

The astronomical tide cycle governing sea levels along the BC coast is periodically affected by storms. Storms affect water 
levels via several mechanisms, the primary ones being: 

• Change in atmospheric pressure;

• Effect of strong winds blowing over the water surface; and

• Change in ocean currents or temperature.

When a low-pressure front passes over the ocean, it causes a temporary rise in sea level. This is primarily caused by the 
suction of sea water due to the pressure drop over the water surface, but also the drift of water driven by strong winds, and 
the prevailing currents which influence local temperature. The combined effect of these factors is commonly referred to as 
a ‘storm surge’.   

Several storm surge studies for the BC coast have been published. As with sea level rise, a determination of storm surge 
from first principles is beyond the scope of this study. For this project we have used a commonly accepted storm surge 
value of 1.25m for a 1:200-year return period storm centered west of Vancouver Island (Climate Change Adaptation for 
Sea Dikes and Coastal Flood Hazard Land Use. Ausenco Sandwell, 2011). 

3.4 WIND SPEED 

Hourly wind speed is required in order to complete the spectral wave model. The hourly wind speed record was adjusted 
to 10 m elevation and an extreme wind speed analysis was performed using the Gumbel method to determine the design 
wind speed for eight directions. This is summarized in Table 2. A 200-year wind speed from the south of Solander Island 
wind station was used for the modeling. 

Table 2 – Hourly Wind Speed for Tofino, Estevan Point, and Solander Island  

Directions for Tofino Airport station 

Return Period (years) 

50 100 200 

W
in

d 
Sp

ee
d 

(k
ph

) South East 101.8 115.1 128.4 

South 97.0 110.0 122.9 

South West 80.3 91.0 101.6 

West 92.9 105.1 117.3 

North West 79.4 89.9 100.3 
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 Directions for Estevan Point station 

Return Period (years) 

50 100 200 

W
in

d 
Sp

ee
d 

(k
ph

) South East  125.9 142.4 158.8 

South  129.3 146.3 163.2 

South West  103.1 116.7 130.3 

West  132.8 150.6 168.4 

North West  141.6 160.2 178.7 
 

 Directions for Solander Island station 

Return Period (years) 

50 100 200 

W
in

d 
Sp

ee
d 

(k
ph

) South East  182.3 206.1 229.7 

South  138.6 156.8 174.9 

South West  97.1 109.9 122.7 

West  116.2 131.5 146.7 

North West  127.1 143.8 160.3 

3.5 EARTHQUAKES AND TSUNAMIS 

A tsunami wave is typically generated as a result of an earthquake, which creates an instantaneous displacement of the 
ocean floor, and a corresponding displacement of the water surface. This displacement generates a wave, which behaves 
as a shallow surface wave.   

The Cascadia Fault is a seismic subduction zone to the west of mainland BC and Vancouver Island, along which the Juan 
De Fuca Plate is subducting beneath the North American Plate. The last significant megathrust earthquake on the Cascadia 
Fault occurred in January 1700, with an estimated magnitude of 9.0. Current research suggests that we are within the 
window for a similar event. When this occurs, the strain from interaction of the two plates in the Cascadia zone will be 
released rapidly, and a very large earthquake will impact the west coast from British Columbia to Northern California. This 
large earthquake will cause a sudden displacement of the ocean floor, and hence the ocean water surface, and will 
generate a tsunami. The most recent major crustal earthquake in BC, of approximately 7.0 magnitude, occurred on land 
on Vancouver Island in 1946. 

 
Figure 4 – Cascadia Zone Plate Movement Directions 
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In 1964, a tsunami was generated by a magnitude 9.2 earthquake in Alaska. The resulting tsunami travelled along the 
west coast of Vancouver Island, and since the wave was parallel to the coast, for the most part had minimal impact. The 
exception was in Port Alberni, which suffered significant impact, due to the tsunami being refracted into Barclay Sound, 
and then travelling at high velocity north-eastwards along Alberni Inlet. The narrow inlet caused the amplitude and velocity 
of the waves to increase significantly, increasing the impact on Port Alberni.  

The Tofino tide gauge recorded a tsunami wave height of 1.2m for the Chile earthquake of magnitude 9.5 in 1960. The 
tide gauge at Tofino provides the most complete record of tsunamis in coastal BC since 1906, and 61 tsunamis were 
recorded between 1906 and 2009.  

In deep water, a tsunami may have a wave height of less than 1.0m but have a very long wave length of hundreds of 
kilometers and a velocity of up to 1000 kph depends on the water depth. Due to the long wave length and wave period, 
they behave as shallow water gravity waves. When the wave travels into shallower water, the friction of the ocean floor 
causes it to slow down, with a corresponding increase in height. 

4 Model Calibration 
At 03:04 UTC on October 28, 2012 a major earthquake occurred off the west coast of Moresby Island. The global model 
was expanded north of Haida Gwaii and developed a hydrodynamic tsunami model based on this earthquake. The 
tsunami was recorded NOAA DART stations, Winter Harbour and Tofino tide stations. Two DART stations (46419 and 
46404) are the closest station of Vancouver Island, which was used for model calibration. The earthquake parameters 
were collected from USGS in Table 3. 

Table 3: Input parameters for the Mw 7.8 earthquake of Haida Gwaii 
Longitude Latitude Dip Angle 

(deg) 
Slip Angle 

(deg) 
Strick Angle 

(deg) 
Rupture Slip 

(m) 

-132.4o 52.8o 29 111 320 6.8 

The output from the model just after the earthquake is presented in Figure 5. 

Figure 6 represents the propagation of the tsunami after 45 min.  
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Figure 5: 2012 Tsunami at Haida Gwaii Figure 6: Tsunami after 45 min 

A comparison between the modeled data, and observation at DART stations and tide gauge stations are shown in Table 4 

Table 4: Wave Parameters of the Haida Gwaii tsunami of October 28, 2012 
 

Station 

Observed From Model 

Arrival (UTC) Travel Time Wave 
amplitude 

Wave 
amplitude 

Winter Harbour 04:02 0h 58 m 15.6 cm 14.5 cm 

Tofino 04:41 1h 37 m 7.5 cm 8.0 cm 

46419 03:44 0h 40 m 6.7 cm 10.0 cm 

46404 04:15 1h 11 m 5.6 cm 7.0 cm 

 

It is observed that the DART stations recoded information is slightly less than the modeled output travelling to south. 
However, the tide stations information is in agreement of the modeled wave amplitude. 
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5 Hydrodynamic Model 
Tsunami modelling consists of three phases:  

(a) Wave generation; 

(b) Wave propagation and transformation and;  

(c) Wave run-up.   

The latest version of MIKE 21 (2016 with SP-3) was used for this study. MIKE 21 is a numerical modeling software 
developed by DHI for simulation of water levels, wave propagation and flows in coastal areas.  

The model is based on incompressible Reynolds Average Navier–Stokes equations. The local continuity equation 
is: 

𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥 + 𝜕𝜕𝜕𝜕

𝜕𝜕𝑦𝑦 + 𝜕𝜕𝜕𝜕
𝜕𝜕𝑧𝑧 = 𝑆𝑆  

and the two horizontal momentum equations for the x and y component, respectively, are: 

𝜕𝜕𝜕𝜕
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𝜕𝜕𝜕𝜕2
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𝜕𝜕𝜕𝜕
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� 𝜕𝜕𝑠𝑠𝑆𝑆 
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𝜕𝜕𝑡𝑡 +
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𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝑓𝑓𝜕𝜕 − 𝑔𝑔
𝜕𝜕𝜕𝜕
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Where: 

t = time;  

x, y, z = Cartesian coordinates;  

η = surface elevation;  

d = still water depth;  

h=η+d = total water depth;  

u, v and w = velocity components in the x, y and z direction;  

f =2Ωsin∅ = Coriolis parameter (where Ω is the angular rate of revolution and ∅ is the geographical latitude);  

ρ = density of water;  

sxx, sxy, syx and syy = components of the radiation stress tensor;  

vt = vertical eddy viscosity;  

pa = atmospheric pressure; 

ρo = density of water; 

S = magnitude of the discharge due to a point sources.  

This software has been applied to numerous studies worldwide for coastal applications.  

An overall base model was built as part of Phase 2, with a regional model domain size of approximately 1500 km x 1700 
km.  
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Ocean sounding information was collected from C-Map and incorporated into the model. Sounding information close to 
each community was collected from marine charts. The flexible finite-element mesh for this bathymetry was developed 
using a coarse mesh in the deep ocean, and creating a higher resolution mesh closer to the site, in three steps. A higher 
resolution mesh area gives better results in shallow water. Figure 7 illustrates the mesh, which contains over 90,000 
nodes, and shows the areas of increased mesh density close to the shoreline.  

Bathymetric information from marine charts above the chart datum was insufficient to develop the higher resolution mesh. 
Bazett Land surveying provided topographic elevations for shallow water, shoreline and inland areas.  

 

Figure 7 – Flexible Mesh used in MIKE 21 Simulation 

5.1 INITIAL SURFACE CONDITION 

Seabed deformation and subsidence information was provided by NRCAN which was incorporated in the model to develop 
the tsunami.  

For purposes of tsunami modelling we have assumed that the earthquake will occur while the water elevation at the site 
is 4.6m, (3.6 m HWL + 1.0 m sea level rise).  

For purposes of wind generated wave modelling we have assumed that the water elevation at the site is 6.7m, (4.4 m 
HHWL + 1.0 m sea level rise + 1.3 m storm surge).  

5.2 MODEL SET-UP 

The time step in a numerical model is one of the critical factors needed to optimize simulation time and model stability, as 
well as optimizing results. Too small a time step will cause the software to take an unacceptably long time to complete the 
simulation, while too large a time step will not deliver meaningful results, and may crash the program. Considerable effort 
was therefore spent to optimize the time step, which was set up with a minimum value of 0.001 sec and maximum value 
of 2.000 sec with a stability parameter of 0.8.  

Shallow water equations were solved using the higher order to obtain better results. A Manning coefficient of 30 m1/3/s 
was used. The eddy viscosity was calculated with a Smagorinsky constant of 0.28 (allowed eddy viscosities are between 
1.8x10-6 and 1.0x108 m2/s). (The model was run with a double Xeon CPU with Tesla GPU card, and the time for each 
simulation varied from 5 hrs to 8 hrs).  

A spectral wave model was also developed to estimate the wind-generated wave condition at the site using the 1:200 
event.  
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6 Model Output 
TSUNAMI MODEL 

The tsunami model was developed including the NRCAN seabed deformation and a 4.6 m water surface elevation. The 
model output of the tsunami height just after the earthquake is shown in Figure 8, and Figure 9 represents the water 
surface elevation at the site.  

 

Figure 8: Surface water elevation after earthquake 
 

 

Figure 9: Surface water elevation at the site 

The estimated inundation elevation due to the tsunami is approximately 8.0 m (Chart Datum) and is shown in the figure on 
the next page.   
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WIND GENERATED WAVE MODEL 

A spectral wave model was developed to estimate the 200-year wave condition. In this simulation, the water level was 
6.7m (HHWL+ SLR + 1.3 m storm surge) with wind from the south. The estimated significant wave height at the site is 
considered about 2.5 m and the wave height distribution is shown in Figure 11. 

 
Figure 11: Distribution of 200-year wave height 

The wave run-up for irregular waves is defined as the extreme level of water reached on a slope by wave action. The 
estimated wave run-up is considered based on R2%, where the wave run-up with a 2% probability of occurrence. The 
inundation map for the wind generated waves is shown in the figure on the next page.  
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7 Summary and Conclusions 

1. A numerical model was developed for Houpsitas from the base model developed during Phase 2 using MIKE 
21 software by DHI.

2. Background data was reviewed for the community to better understand the operation of assets and identify 
potential infrastructure at risk of destruction from tsunamis and storms.  A topographic survey was conducted 
to generate elevations and better understand the topography.

3. The model scenarios were:
a) 500-year probabilistic seabed deformation +HWL+ SLR (2100)
b) HHWL+1:200 wind speed + storm surge + SLR (2100)

4. Model output for the tsunami modelling identified below:
• The estimated water surface elevation at Houpsitas would reach approximately 11.0 m.

5. Model output for the 1:200 storm event identified the following:
• Assuming a HHWL of 4.4m + sea level rise (2100) of 1.0 m + 1.3 m storm surge + southerly wind direction, 

the predicted total wave elevation would be 2.5 m.

6. At present, the Houpsitas shoreline is unprotected and erosion is an ongoing issue during storms. In the event of 
a tsunami or major storm, the shoreline could be expected to sustain significant damage. 
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