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Abstract—A major (M,, 7.7) earthquake occurred on October
28, 2012 along the Queen Charlotte Fault Zone off the west coast
of Haida Gwaii (formerly the Queen Charlotte Islands). The
earthquake was the second strongest instrumentally recorded
earthquake in Canadian history and generated the largest local
tsunami ever recorded on the coast of British Columbia. A field
survey on the Pacific side of Haida Gwaii revealed maximum runup
heights of up to 7.6 m at sites sheltered from storm waves and 13 m
in a small inlet that is less sheltered from storms (LEoNARD and
BeDNARskI 2014). The tsunami was recorded by tide gauges along
the coast of British Columbia, by open-ocean bottom pressure
sensors of the NEPTUNE facility at Ocean Networks Canada’s
cabled observatory located seaward of southwestern Vancouver
Island, and by several DART stations located in the northeast
Pacific. The tsunami observations, in combination with rigorous
numerical modeling, enabled us to determine the physical proper-
ties of this event and to correct the location of the tsunami source
with respect to the initial geophysical estimates. The initial model
results were used to specify sites of particular interest for post-
tsunami field surveys on the coast of Moresby Island (Haida
Gwaii), while field survey observations (LEONARD and BEDNARSKI
2014) were used, in turn, to verify the numerical simulations based
on the corrected source region.

Key words: 2012 Haida Gwaii earthquake and tsunami,
Northeast Pacific bottom pressure records, NOAA DART, Ocean
Networks Canada (NEPTUNE facility), Tide gauge measurements,
Numerical modeling.

1. Introduction

At 03:04 UTC on October 28, 2012, a major (M,,
7.7) earthquake occurred off the west coast of
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Moresby Island located at the southern end of Haida
Gwaii (formerly the Queen Charlotte Islands). The
earthquake caused several local landslides on
Moresby Island (Southern Haida Gwaii) and minor
damage in and near Queen Charlotte City on the
eastern side of the island (JaMEs et al. 2013). The
2012 Haida Gwaii earthquake was the second stron-
gest instrumentally recorded earthquake in Canadian
history and the largest thrust earthquake ever recor-
ded along this predominantly strike-slip margin
(Cassmy et al. 2013; NYKOLAISHEN et al. 2014). The
Queen Charlotte Fault (QCF) Zone, along which the
earthquake took place, constitutes a transform
boundary between the Pacific and North American
plates (BARRIE et al. 2013). The boundary extends
over 350 km along the western margin of British
Columbia offshore of the Haida Gwaii archipelago
(Fig. 1). In general, the QCF represents a complex
and poorly understood transition, from the subduction
of the oceanic plate beneath North America along the
Cascadia margin to a right-slip transform fault sepa-
rating the Pacific and North American plates (BARRIE
et al. 2013). The 2012 Haida Gwaii earthquake
generated a tsunami that strongly affected the nearby
coast of Moresby Island and was widely recorded in
the Pacific Ocean (cf. LEONARD and BEDNARSKI 2014;
LAy et al. 2013). The West Coast/Alaska Tsunami
Warning Center issued a warning for the area
extending from the north coast of Vancouver Island
to the Alaska-British Columbia border. The warning
was cancelled 3 h after the earthquake when it
became clear that there was no threat to local set-
tlements in the area.

About two dozen major earthquakes with
M > 6.0 have occurred in the region of the QCF
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Figure 1
Epicenter locations and magnitudes of earthquakes of My, > 6.0 in
the Haida Gwaii region (formerly the Queen Charlotte Islands)
during the last 100 years (EARTHQUAKE CANADA 2014). Circle sizes
are proportional to the earthquake magnitude (see legend); QC
Queen Charlotte Trench and Fault

during the last century (Fig. 1), including the largest
(M,, 8.1) earthquake of August 22, 1949. In contrast
to the 2012 event, almost all of these earthquakes,
including the 1949 event, had a strike-slip fault
mechanism (Cassipy et al. 2010). Despite the con-
siderable of potentially tsunamigenic
earthquakes in the area, there is very little informa-

number

tion about tsunamis generated by QCF earthquakes.
The 1949 tsunami was observed along the coast of
southeastern Alaska and was instrumentally recorded
at Sitka (maximum wave height of 7.5 cm) and at
Hilo in the Hawaiian Islands (~ 10 cm) (SoLOVIEV
and Go 1975; LANDER et al. 1993). This tsunami may
have struck the coasts of Haida Gwaii and northern
Vancouver Island, but there were no working tide
gauges on these coasts at that time to substantiate this
(STEPHENSON et al. 2007). A weak tsunami generated
by the My, 6.1 thrust fault earthquake off the coast of
Haida Gwaii (Fig. 1) is discussed by RABINOVICH
et al. (2008) and StepHENSON and RaBmovich (2009).
The lack of information regarding historical tsunamis
generated along the QCF zone can be attributed to the
highly rugged and mostly unpopulated Pacific coast
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of Haida Gwaii. In addition, most earthquakes in the
region have been of the strike-slip type, which are
much less effective in generating tsunamis than thrust
fault events (WarDp 1980). The October 28, 2012
earthquake was one of the few thrust earthquakes in
this region (CassiDY et al. 2013; NYKOLAISHEN et al.
2014).

The 2012 Haida Gwaii tsunami propagated
throughout the entire Pacific Ocean where it was
recorded by numerous tide gauges on the coasts of
the USA, Canada, Japan, New Zealand, and on var-
ious Pacific islands. The event was also recorded by a
large number of open-ocean DART' stations off
Alaska, the US West Coast, and other regions of the
Pacific Ocean; the NOAA tsunami database contains
references to more than 110 instrumental records of
this event. The strongest far-field effects and the
highest instrumentally recorded waves were observed
on the Hawaiian Islands, thousands of kilometers
from the source area (LAY et al. 2013). Moreover, the
heights of the tsunami waves that struck Hawaii were
of the same order of magnitude as those from much
stronger earthquakes, such as the 2010 Chile and the
2006 Kuril Islands earthquakes. As revealed by the
results of our numerical modeling (Sect. 3), Hawaii
was positioned along the path of the main beam of
offshore tsunami energy flux that was directed like a
“searchlight” toward the islands (Fig. 2).

The present study focuses on the near-field char-
acteristics of the 2012 tsunami for the coast of British
Columbia (BC). It is near the source region in which
the highest tsunami waves are expected to have
occurred. Post-tsunami field surveys on the outer
coast of Haida Gwaii revealed maximum runup
heights in some sheltered bays of up to 7.6 m (LEo-
NARD and BEDNARskl 2014). The tsunami was also
recorded by a number of coastal and offshore
instruments in the Gulf of Alaska. We combine tsu-
nami observations with numerical model simulations
to obtain insight into the physical properties of this
event as well as to test the accuracy of the tsunami
source model derived using the inversion of the
regional and global seismic time series from the
earthquake (cf. Haves 2013; Lay et al. 2013; WEI
2013; Snao and J1 2013).

' DART deep-ocean assessment and reporting of tsunamis.
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Figure 2
Maximum modeled tsunami elevations for the northeast Pacific. Circles denote the observed tsunami wave amplitudes at coastal tide gauges
and deep-water stations. White solid and dashed lines are tsunami travel times (in hours)

2. Observations

The 2012 Haida Gwaii tsunami was measured in
the northeast Pacific by a number of high-quality
Canadian Hydrographic Service (CHS) digital coastal
tide gauges, by NOAA DART stations, and by off-
shore bottom pressure recorders (BPRs) within the
Canadian North-East Pacific Underwater Networked
Experiments (NEPTUNE) component of the Ocean
Networks Canada (ONC) cabled observatory array
deployed to the west of Vancouver Island (Fig. 3).

2.1. Observations for the British Columbia Coast

Of the eleven BC coastal tide gauges (Table 1;
Fig. 3) that recorded the 2012 Haida Gwaii tsunami,
nine (Prince Rupert, Henslung Cove, Queen Charlotte
City, Bella Bella, Port Hardy, Winter Harbour,
Tofino, Port Alberni and Bamfield) are within the

Permanent Water Level Network (PWLN) (RaBINO-
vicH and STEPHENSON 2004), and two (Hartley Bay and
Kitimat) are temporary stations. The Victoria PWLN
station was not operating during the event. Tide
gauges located in the Strait of Georgia off the east
coast of Vancouver Island (Fig. 3) showed no
tsunami signal because they were effectively shel-
tered from the incoming tsunami waves.

To extract the tsunami wave signal from the time
series, digital records from the BC coastal tide gauge
stations were processed using data analysis proce-
dures described by RaBmNvovicH et al. (2006, 2008) and
STePHENSON and RasmovicH (2009). Specifically, we
first removed the predicted tides from the data
records and then high-pass filtered the residual (de-
tided) time series using a 4-h Kaiser-Bessel (KB)
window (cf. THomsoN and EMERY 2014) to suppress
low-frequency sea level variations that are mainly
associated with atmospheric processes. The tsunami
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Figure 3

Map of coastal British Columbia showing the location of coastal
tide gauges and open-ocean BPR stations that recorded the Haida
Gwaii tsunami of October 28, 2012. The epicenter of the M, 7.7
Haida Gwaii earthquake (Hayes 2013) is denoted by the red star.
The dashed brown line indicates the seafloor NEPTUNE-Canada
cable connecting BPRs with a coastal receiver at Port Alberni (P.
Alberni). The abbreviated names of the Ocean Networks Canada
(ONC) BPRs are: CS Clayoquot Slope, BC Barkley Canyon, FP
Folger Passage, and CORK Circulation Obviation Retrofit Kit; the
tide gauge QCC is at Queen Charlotte City. The blue dashed lines
mark the 15-min isochrones (travel times of tsunami waves)

signal was clearly visible in all 11 records (Fig. 4).
Table 1 presents the principal parameters of the
observed tsunami waves.

Despite the substantial intensity of the earthquake
and the relatively short distances of the recording sites
from the source region, the tsunami waves observed at
the BC tide gauge locations were remarkably small.
As indicated in Sect. 3 (see also LAy et al. 2013), the
maximum tsunami amplitude in the source area was
about 2 m, while amplitudes recorded at the coastal
tide gauges did not exceed 28 cm. (The maximum
trough-to-crest wave height for the event was 53.5 cm
recorded at Henslung Cove located on the southeast-
ern coast of Langara Island, just north of Graham
Island, Haida Gwaii). The relatively low amplitudes
of the waves appear to be directly related to (1) the
directivity of the tsunami source region, which

Pure Appl. Geophys.

generally parallels Moresby Island and which radiated
the main tsunami energy in the offshore direction
away from Haida Gwaii (Fig. 5), and (2) to the
shadowing effect of Haida Gwaii, which protects the
mainland coast of northern BC from direct wave
impact (Figs. 3 and 5). To reach most of the tide
gauges listed in Table 1, the tsunami waves traveled
around the southern tip of Haida Gwaii. To reach
Henslung Cove, the waves first propagated to the
northwest along Haida Gwaii and then turned east
around Graham Island, travelling through Dixon
Entrance towards Prince Rupert and northern Hecate
Strait (Figs. 3 and 5). Several salient features of the
observed tsunami waves include the following:

e The waves were recorded along the entire exposed
outer coast of BC and at several relatively
protected inshore coastal stations, including Queen
Charlotte City, Prince Rupert, Hartley Bay, Kiti-
mat, and Port Hardy.

e Significant maximum tsunami heights were
observed at Henslung Cove (53.5 cm), Winter
Harbour (47 cm), and Port Alberni (43 cm), while
considerably smaller waves were observed at other
locations, ranging from 6 cm at Hartley Bay to
24 cm at Bella Bella. The first wave was positive (a
crest) at all tide gauges except for Kitimat and
Hartley Bay, which were shadowed from the main
source by Moresby Island. For the two latter
stations (which had the weakest tsunami records of
all 11 tide gauge sites), the leading wave was
negative (a trough). Based on the observed arrival
times (Table 1), this trough wave cannot be
directly linked to the tsunami wave originating
from the main source area around Haida Gwaii, but
may have originated with a weak secondary source
area off the east coast of Moresby Island.

e The observed periods at most stations were
between 20 and 35 min, except at Queen Charlotte
City and Prince Rupert, where the periods were 9
and 105 min, respectively.

2.2. Deep-Sea Observations

Because they are not affected by coastal effects
and have very low background noise compared to the
shallow-water stations and coastal tide gauges, deep-
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Table 1

Wave parameters of the Haida Gwaii tsunami of October 28, 2012 derived from tide gauge observations on the coast of British Columbia

Station First wave Maximum wave Dominant wave
period (min)
Arrival Travel Crest (+) or Maximum Time (UTC) of Maximum
(UTC) time® trough (—) (cm) amplitude (cm) max amplitude height (cm)
Bamfield 04:57 1h53m +6.5 6.5 05:02 13.3 23
Tofino 04:41 1h37m +7.5 11.6 07:32 20.6 25
Port Alberni 05:26 2h22m +19.2 22.3 08.21 42.7 33, 90
Winter Harbour 04:02 0Oh58m +15.6 22.2 07:48 47.1 35,24
Port Hardy 04:43 1h39m +8.7 8.7 04:53 20.0 20-23
Bella Bella 04:29 1h25m +4.5 10.6 06:21 24.0 50
Queen Charlotte 05:44 2h40 m +34 5.5 06:51 9.0 9
Henslung Cove 03:43 0h39m +14.5 27.2 04:58 53.5 22
Prince Rupert 05:01 1h57m +2.2 8.6 09:02 13.9 105
Hartley Bay 04:10 1 h 06 m —29/+ 1.5 1.9 06:22 5.6 33
Kitimat 04:27 1h23m —2.3/+ 2.1 3.7 08:39 7.9 26

% The main (M,, 7.7) shock was at 03:04 UTC

water BPRs provide the most accurate and precise
information about tsunami waves (cf. Tirov et al.
2005; THomsoN et al. 2011). The tsunami signals
were recorded by the 9 NOAA DART stations in the
northeast Pacific (Fig. 6), which switched into their
I-min event mode sampling at the time of the
earthquake and then switched back to their usual
15-min sampling after several hours of event-mode
sampling (see MuncGov et al. 2013 for details of
DART operations). Data from three of these stations,
DART sites 46410, 46403, and 51407, were later
recovered, providing both longer and higher quality
(15-s) tsunami records. All DART records were de-
tided. The four ONC BPRs located on the shelf,
continental slope, and in deep water to the west of
Vancouver Island (Fig. 3) had both the highest
resolution (0.1 mm) and the highest sampling rate
(1 s). Tsunami records from the ONC stations were
de-tided, filtered with a 30-s Kaiser-Bessel (KB) low-
pass filter (cf. THomsoN and EmerYy 2014), and then
re-sampled to 15-s intervals so that they were
compatible with the rapidly-sampled mode of the
DART records.

The tsunami records presented in Fig. 6 and
Table 2 show spatial transformation of the tsunami
signal over distances ranging from 430 km to more
than 4,000 km from the source. In general, the
recorded wave amplitudes were relatively small
(<7 cm), primarily due to the fact that Station

51407 was sheltered from arriving tsunami waves
by the Hawaiian Islands, while other observation sites
were not in the main beam of the tsunami wave
energy. All records reveal a leading wave crest, with
waves at the southern DART stations having much
higher amplitudes than equidistant northern DART
stations. The southern DART stations also recorded
steeper wave fronts and shorter periods for the
leading wave. These features are mostly due to the
anisotropy of the wave energy flux (Figs. 2, 5); the
closer the station was to the main wave beam, the
shorter the wave periods and the higher the wave
amplitudes. For the DART records used in this study,
lower amplitudes were observed at stations located
closer to the shelf where waves propagating along the
continental margin were leaking energy to waves
trapped over the continental shelf (cf. FINE et al
2013).

Some features of the tsunami waves are more
clearly delineated by the ONC BPRs than by the
DART BPRs. For example, the higher sampling rate
by the ONC pressure recorders permitted detection
and analysis of shorter waves. The ONC records
show that the leading tsunami wave (with a period
of ~35 min) was immediately followed by higher
frequency wave trains with periods of about 3 min
(Fig. 6b). Early arrival of these wave trains indicates
that the short waves cannot be associated with the
reflection but came directly from the source area.
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Figure 4
High-pass filtered sea level anomalies during the October 28, 2012
tsunami at 11 British Columbia coastal tide gauges. “E” denotes
the time (UTC) of the earthquake

These short waves are not detectable in the DART
records (Fig. 6a) because of insufficient temporal
resolution of the time series. The much longer ONC
records also reveal extensive “ringing” of the
tsunami signal for up to three days as a result of
the slow energy decay. We further note that the
DART records in Fig. 6 contain strong seismically
induced oscillations (primarily related to Rayleigh
waves), which are almost imperceptible in the ONC
15-s records, except for a weak signal at CORK (the
deepest of the four ONC stations).

It should be emphasized that the original 1-s ONC
records had a prominent seismic wave signal with a
range of more than 1.5 m and dominant periods of
8-9 s, but this signal was highly suppressed when we
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applied the 30-s low-pass KB filter and re-sampled
the records to 15-s interval. In contrast, the 15-s
boxcar window averaging applied to DART records
to create 15-s samples (MEINIG ef al. 2005) does not
effectively suppress the energetic seismic signal. As a
consequence, the resulting signal was highly aliased
by the seismic waves that “leaked” through the
as evidenced by corresponding
records in Fig. 6. [THomsoN and EMEery (2014)
discuss the aliasing problem].

boxcar window,

3. Numerical Modeling: Fast-Track Results
in Support of Post-Tsunami Field Surveys

Within two weeks of the 2012 earthquake event,
the first post-tsunami survey was organized by Nat-
ural Resources Canada, with participation from
Fisheries and Oceans Canada (LEONARD et al. 2012;
LeoNarD and BEDNARskl 2014). The survey team
required initial information on where to look for
maximum tsunami wave heights on the west coast of
Haida Gwaii. These estimates were provided by the
“fast-track numerical model” (FINE et al. 2013).

The FINE et al. (2013) “fast-track” numerical
tsunami model used in the present study is based on a
finite-difference formulation of the linear shallow-
water equations and is similar to that of IMAMURA
(1996). We set up the numerical model for the fol-
lowing two distinct geographical domains: (1) A low-
resolution northeast Pacific Ocean domain bounded
by 15°-63°N, 180°-115°W, which was used for the
far-field studies; and (2) a higher-resolution Haida
Gwaii west coast domain which was used to simulate
near-field tsunami waves and to guide the post-tsu-
nami field surveys. For the far-field studies, the goal
was to provide accurate estimates of the arrival times
and initial tsunami waveforms at the remote deep-
water stations. The latter requirements necessitate
accurate simulation of tsunami wave frequency dis-
persion, which can be important for small source
extension earthquakes (cf. GonzALEz and KuLikov
1993). The classical approach is to use the Bous-
sinesq-type wave equation (CHEN et al. 2000). Other
and less computationally demanding options include
the use of a non-hydrostatic pressure correction term
in the depth-integrated shallow-water equations
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Figure 5
Maximum modeled tsunami elevations off the coast of British Columbia. Orange circles show the observed tsunami wave amplitudes at
coastal tide gauges and deep-water stations. White solid lines mark the tsunami travel times (in hours)

(KowaLik 2012; YAMAZzAKI et al. 2009), or mimicking
physical dispersion with an equivalent numerical
dispersion using the method of IMAMURA e? al. (1988),
later modified by Yoon (2002). Of the known meth-
ods, IMAMURA et al. (1988) is the most numerically
efficient, which is why it is being used in many tsu-
nami models (e.g., Titov et al. 2005; NicoLsKY et al.
2011).

In the present study, we used Yoon’s (2002) dis-
persion correction with the GEBCO bathymetry
dataset (GEBCO 2013), degraded to three arc-min
resolution in the north—south direction and four arc-
min resolution in the west—east direction (~5.5 km).
These values were chosen to keep the spatial reso-
lution as high as possible while including the
dispersion correction. To estimate the deformational

shape of the bottom source, we used the finite-fault
model of Haves (2013). We found that this model
produced a better tsunami source function for the
2012 Haida Gwaii earthquake than other available
finite-fault models, specifically those by Snao and
J1 (2013) and WEr (2013). The latter two models
placed the source too close to Moresby Island, and
this is why the simulated tsunami waves did not
match the deep-ocean data.

The Haves (2013) model provides the solution for
a subducting plane with the following parameters:
strike along 323.0° True, with a dip of 25.0°; seismic
moment of 7.46 x 10%° Nm; and an earthquake
hypocenter location at 132.101°W, 52.788°N, at a
depth of 14 km. The Hayes’ distribution function
shows that most of the energy was released in the
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Queen Charlotte Trench area (Figs. 1 and 7a). The
original plate displacement data were recalculated
into vertical bottom displacements using OKaDA’s
(1985) equations and bathymetric data. Instead of
applying the hydrostatic approximation, we used
Laplace’s equation and correction technique (FINE
and Kurikov 2011; FINE er al. 2013) to convert the
resulting sea floor displacement into an initial sea
surface displacement (Fig. 7b).

A comparison between the modeled tsunami
waves and the observations at the four DART stations
closest to the source region (46409 and 46410 to the
north and 46404 and 46419 to the south; Fig. 2)
shows that the modeled wave amplitudes and wave
periods are in agreement with the observed values
(Fig. 8a). However, the modeled arrival times deviate
significantly from the observed arrival times. The
frequency dispersion, which was partially taken into
account, does not explain this mismatch because the
signs of the time discrepancies are opposite for the
northern and southern DARTSs. In particular, the
modeled waves arrived too early at the northern
DART stations and too late at the southern stations.

To provide a quantitative measure of the agree-
ment between the modeled (,,o,q) and the observed
(Cops) sea level anomaly records, we used a skill
number S defined as

S=1- Z (Cubs - é’mod)z/z Cihs (1)

Except for Station 46409, the skill numbers for
the DART stations, calculated for a 1-h time period,
are relatively low (Fig. 8a). Late arrival of the sim-
ulated tsunami wave indicates that the actual location
of the source differs from the initial location provided
by Havgs (2013). This led us to the source correction
analysis described in the next section.

4. Source Correction Based on the Deep-Ocean
Tsunami Records

Estimates of the 2012 Haida Gwaii tsunami
source location determined from seismological data
can differ from the actual source region for several
reasons. First, there were few nearby seismological
stations to help constrain the source. Second, the
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Table 2

Wave parameters of the Haida Gwaii tsunami of October 28, 2012, as recorded by DART stations and ONC bottom pressure recorders (BPRs)

Station name First wave Maximum wave Dominant wave
(depth in m) period (min)
Arrival Travel Crest (+) or Maximum Time (UTC) of Maximum

(UTC) time trough (—) (cm) amplitude (cm) max amplitude height (cm)

DARTSs

46419 (2775) 03:44 0h40 m +6.7 6.7 03:49 11.9 23
46404 (2793) 04:15 1hllm +5.6 5.6 04:23 8.9 22
46407 (3322) 04:51 1h47 m +7.0 7.0 04:57 12.9 23
46411 (4259) 05:28 2h24m +4.6 4.6 05:34 8.3 22
46410* (3782) 04:27 1h23m +2.75 2.75 04:34 4.2 26
46409 (4200) 04:38 1h34m +3.3 33 04:44 5.1 23
46403* (4512) 05:24 2h20m +2.7 2.7 05:29 4.9 24
46402 (4770) 06:02 2h58m +2.8 2.8 06:09 4.6 22
51407 (4738) 08:38 5h34m +0.7 1.5 09:10 3.3 10
ONC (NEPTUNE)

CORK (2600) 04:02 0h58m +5.5 5.5 04:08 9.5 30
CS (1260) 04:01 0h57m +4.0 4.0 04:10 10.6 30
BC (410) 04:09 1hO05m +4.9 4.9 04:14 11.0 30
FP (100) 04:45 lh4lm +7.5 7.5 04:54 14.3 33

ONC stations are denoted by: CS Clayoquot Slope, BC Barkley Canyon, and FP Folger Passage

? DARTS 46403 and 46410 were retrieved from the bottom and a long series of 15-s data were downloaded; other DARTS had about 7 h of
“event mode” data with a high sampling rate (15 s and 1 min) followed by the “standard mode” 15-min data

available stations had marked uncertainties in the
regional seismic wave velocity values used to cal-
culate travel times in the solid earth. Also, the wave
“antenna” formed by the existing Natural Resources
Canada seismic stations, located mainly along the
coast of British Columbia, did not permit sufficiently
precise estimation of the source area. It should be
noted that the USGS (Haves 2013) and Natural
Resources Canada (EARTHQUAKES CANADA 2014) used
somewhat different sets of seismic stations to define
the earthquake deformation region, resulting in a
difference of about 28 km in their derived epicenter
locations.

One of the conventional methods to estimate the
source boundaries and the exact location from the
tsunami data involves the use of “inverse isochro-
nes.” In this method, the tsunami is assumed to
originate at the observational points and travel
backwards in time, with propagation beginning at the
observed arrival times (cf. FINE ef al. 2005; HAayAsHI
et al. 2011). In the past, only coastal tide gauge data
were available for this method. Consequently,
regardless of the tide gauge location relative to the
source region, the results often contained significant
errors due to background noise, inaccuracies in the

near-shore bathymetry, and in the tsunami arrival
times. Because the deep-ocean records are much less
susceptible to these problems, the observed arrival
times for the deep sites can be estimated with much
higher accuracy than for the coastal stations. In par-
ticular, faster propagation of the waves over the deep
ocean makes the estimates less dependent on the
quality and spatial resolution of the bathymetry data.
(As an example, a tsunami wave moves 17 times
faster in the 3,000-m deep ocean than in a 10-m deep
coastal area.) Therefore, the resolution of the existing
global bathymetry datasets, such as GEBCO, is more
than adequate for accurate estimates of tsunami travel
times in the deep ocean.

Based on the above discussion, we expect good
agreement between the observed and computed arri-
val times for the deep-ocean stations. This, in turn,
means that we can use the deep-ocean tsunami arrival
and travel times (Table 2), together with the
advanced tsunami travel time algorithm of FINE ef al.
(2013), to estimate the characteristics of the Haida
Gwaii tsunami source region. A similar approach was
used by HavasHi et al. (2011) to estimate the
parameters of the 2011 Tohoku tsunami source based
on the data from Japanese bottom cable stations. The
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results of our calculations for the four DART stations
closest to the seismologically derived source region
(two northern and two southern locations) show that
the source was located off the west coast of Moresby
Island in southern Haida Gwaii (Figs. 8b, 9). The
inverse isochrones plotted for the observed travel
times of the wave (thick solid lines in Fig. 9)
encompass the estimated source area, while the is-
ochrones for the observed travel times of the first
crest maxima (dashed lines) define the rupture core
zone. This is similar to the definition of the 2004
Sumatra tsunami source by FINE et al. (2005).

The spatial extent of the source region is similar
to that obtained from the seismological data. How-
ever, our calculations indicate that the actual source
was likely 25-35 km to the southeast of the seismi-
cally derived source region presented by HAYEsS
(2013). The distribution of the aftershock (M, > 4.5)
locations (Fig. 9) agrees more closely with the source
region obtained from the tsunami arrival times
(ivory-colored area in Fig. 9) than with the original
seismically-derived source region obtained by HaYEs
(2013) using the finite fault model (light magenta-
shaded area). It is likely that the finite fault model had
errors similar to those for the location of the earth-
quake epicenter as both were based on the initial
USGS dataset and were not corrected with the local
seismological data.

To estimate spatial shift in the source region that
is needed to maximize the skill number, S (Eq. 1), for
the four selected DART stations 46409, 46410,
46419, and 46404 (see insets in Fig. 6a for station
location), we computed a 12 x 12 matrix of S values
as a function of 12 incremental shifts in the zonal
(x) and meridional (y) directions, using our numerical
model for each of the 144 locations. The resulting
distribution of S (Fig. 10), averaged for the above
four DARTS, shows that the skill number increases
(from 39.0 to 70.5 %) as the source region is shifted
to the southeast (see Fig. 8a, b). Maximum skill is
reached when the source is relocated 22 km to the
south and 20 km to the east. This revised position of
the source is used in our subsequent modeling of the
Haida Gwaii tsunami.

To check the validity of the new position, we
examined the agreement between the observed and
modeled tsunami waves for four DART stations
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(46403, 46402, 46407 and 46411) and three ONC
stations (CORK, CS, and Barkley Canyon) that had
not been used to determine the correction for the
source position. As illustrated in Figs. 11 and 12, the
agreement between the observed and simulated tsu-
nami records for both the DART and ONC stations is
substantially improved upon correcting the source
position, with the mean skill number for the DART
stations increasing from 44.2 to 66.5 %, and that for
the ONC stations from 38.4 to 63.7 %. The shifted
position has also been confirmed by recent global
positioning system (GPS) data analysis (NYKOLAISHEN
et al. 2014).

The maximum tsunami elevation maps presented
in Figs. 2 and 5 were obtained using the corrected
source function. The numerical computations based
on this function indicate that most of the tsunami
energy was directed to the southwest, toward the
Hawaiian Islands, which explains why the highest
far-field tsunami amplitudes were recorded in that
specific region (Lay et al. 2013). In general, the
observed tsunami amplitudes along the Pacific coasts
of the US and Canada are in good agreement with the
simulated amplitudes. We have not presented a
detailed comparison between the observed and
modeled records at each coastal station since this
would entail the use of models with nested grids and
high-resolution bathymetry for each coastal location,
leading to a major expansion in the scope of our
study.

5. Modeled Tsunami Waves for the West Cost
of Haida Gwaii

Our initial, “fast-track,” tsunami model was run
within two weeks after the earthquake to guide the
first post-tsunami field surveys (LEONARD ef al. 2012;
LeoNARD and BEDNARSKI 2014). The tsunami survey
along the oceanic coast of Haida Gwaii proved very
difficult as the region is highly inaccessible, sparsely
populated, and strongly affected by storm-generated
waves and swell (THomsoN 1981). The preliminary
numerical estimates of the tsunami runup along the
coast, which we provided with our model, turned out
to be quite useful in planning the post-tsunami sur-
veys because they helped the survey team concentrate
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Inverse isochrones derived using the observed tsunami wave front trfvel times to the four nearest DART sites (solid colour lines with DART
numbers) and the observed travel times of the first wave crest maxima (dashed lines of the same colour). The shading belts over frontal
isochrones give estimates of the 1-min uncertainty in isochrone locations due to possible errors in bathymetry. The ivory area enclosed by the
isochrones and the coastline indicates the expected position of the tsunami source estimated based on the DART observations. The thin red
lines with light magenta shading areas are the 0.1- and 1-m contours of the initial sea surface displacement due to the original seismic source.
Yellow circles show the aftershocks with magnitudes greater than 4.5 (EARTHQUAKES CANADA 2014). Bathymetry is shaded in blue. The inset
shows the locations of the four DART instruments and the four inverse isochrones estimated from the respective tsunami observations

their effort on the areas of major interest (LEONARD
and BEDpNARskI 2014).

As described in the previous section, the initial
source function for the tsunami model was subse-
quently corrected, which led to much better agreement
with the observations. To estimate the possible tsu-
nami runup in the near-field zone located along the
west coast of Moresby Island, we used a higher spatial
resolution version of our numerical model. The near-
field (regional) version of the model included non-
linear effects, which become important in the coastal
zone, but excluded the less important frequency dis-
persion  correction.  The 147.6 x 134.9 km
computational domain covered most of the west coast

of Moresby Island along with the tsunami source
region and surrounding areas (Fig. 13). To construct
the digital bathymetry grid, we used high-resolution
multi-beam and single-beam data provided by the
Canadian Hydrographic Service, as well as the 30-arc
s GEBCO data for the deep-water area. The grid had a
spatial resolution of 50 m; this grid was used to esti-
mate maximum tsunami wave heights along the coast.
However, such relatively coarse resolution and lack of
high-quality coastal topography data did not allow us
to numerically simulate the tsunami runup and hori-
zontal inshore inundation.

Figures 13 and 14 show the distributions of the
computed water elevation maxima. As the modeling
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Spatial distribution of the averaged skill number (S) as a function of
shifting the original source position in the zonal (x-shift) and
meridional (y-shift) directions. The thick arrow shows the shift that
yields the maximum skill number

demonstrates, the tsunami waves were highest along
the west coast of Moresby Island, especially in the
region between Tasu Sound and Gowgaia Bay, which
lies directly to the northeast of the major seafloor
displacement. The maximum amplitudes of the
modeled waves in this area exceed 6 m, and, in some
places, were close to 10 m. Due to the narrow shelf
off the west coast of Moresby Island, there is little
sustained “pumping” of tsunami wave energy from
the deep ocean into the coastal region after the arrival
of the first incident wave (FINE et al. 2013).

As noted in the Introduction and Sect. 2, there
were no instrumental measurements of the tsunami on
the west coast of Moresby Island. Although important
information about the tsunami runup was obtained
during the post-tsunami surveys in November 2012
and February and June 2013 (LEoNARD et al. 2012;
LeonarRD and BEDNARskI 2014), the survey teams
faced a number of challenges that limited their ability
to obtain more extensive information. Among the
challenges was a lack of eyewitness accounts, heli-
copter-only access to this remote and rugged
coastline, and severe weather conditions at the time
of the surveys. Moreover, because the outer coast of
Moresby Island was hit by a severe storm on
November 4, 2012, one week after the tsunami, the
investigators only had confidence in their tsunami
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runup estimates inside the more sheltered bays and
inlets.

To distinguish unquestionable tsunami debris
from possible storm wave debris, LEONARD and BED-
NARSKI (2014) separated the results from locations
exposed to the storm waves from those protected
from the storm impact. The first set of data shows
generally higher runup values, although it is not clear
if these are due to the tsunami runup or subsequent
storm waves. A maximum runup of 13 m was found
in the head of a small partly-sheltered inlet ? located
on the northern side of Tasu Sound. However, the
most reliable runup height estimates were obtained in
the more sheltered locations, where the signs of the
abrupt sea level rise (such as seaweed hanging from
tree branches) were obviously related to the tsunami
waves. The highest runup values of up to 7.6 m were
measured along the central part of the west coast of
Moresby Island, between Tasu Sound and Gowgaia
Bay; the runup values to the south and to the north of
this area were lower. Indeed, the maximum tsunami
heights from the model for this part of the coast are in
relatively good agreement with the runup observa-
tions by the post-tsunami surveys (Fig. 14).

6. Discussion and Conclusions

The October 2012 tsunami was one of the highest
tsunamis ever measured on the West Coast of Can-
ada. The generated waves were of comparable height
to those generated by the destructive 1964 event in
Alaska (cf. WiGeN and WHITE 1964; WHITE 1966).
Equally importantly, the tsunami was generated by a
local earthquake. This was the second strongest
instrumentally recorded earthquake in Canadian his-
tory and the largest thrust fault earthquake ever
observed along this predominantly strike-slip margin
associated with the Queen Charlotte Fault Zone
(Cassmoy et al. 2013). The 2012-2013 tsunami field
surveys (LEONARD and BEDNARsKI 2014) revealed that

2 This uncharted inlet has no official name. It was called

Davidson Inlet by LEoNARD and BEDNARsKI (2014). An alternative
name, Seaquake Inlet, was proposed by the Captain of the CCGS
Bartlett, which carried out a custom bathymetric survey in this inlet
on August 8, 2013. Given the observed large runup, the latter name
may be quite appropriate.
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Maximum modeled tsunami elevations in the near-field zone. The inset also shows the contours of the initial sea surface uplift

much of the coastline of western Haida Gwaii was
impacted by significant tsunami waves that probably
reached 13 m above the state of tide,3 while tsunami
runup exceeding 3 m was observed at sites distrib-
uted along the 200 km long section of the coastline
(Fig. 14). No one was injured by the tsunami as the
area is highly remote and usually not populated

This large value is still under discussion as it was obtained
on the coast of a partly exposed inlet which may have been affected
by the destructive storm one week after the tsunami event. The
maximum tsunami runup found by LEONARD and BEDNARSKI (2014)
for the sheltered coastal areas was 7.6 m.

during the stormy fall and winter periods. However, if
a similar event were to occur during the summer,
when more people visit the area, the risk would be
much greater. This event clearly demonstrates a high
tsunami risk associated with local major events for
specific areas of the BC coast.

We were able to simulate the 2012 Haida Gwaii
tsunami with a considerable degree of accuracy. In
general, the principal factors that affect tsunami
model reliability are the tsunami source distribution
and the resolution of the near-shore bathymetry. In
this study, we were partly able to address the first of
these factors. To model the tsunami waves for the
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northeast Pacific, we applied the seismological finite
fault model of Haves (2013) and the Okapa (1985)
formulation to define the original vertical displace-
ment in the source region. The modeled amplitudes
and periods of tsunami waves were in close agree-
ment with those observed at the four open-ocean
DART stations nearest to the source region (Fig. 8a).
However, the modeled arrival times were markedly

different from the observed arrival times, with the
modeled waves arriving too early at the northern
DARTSs and too late at the southern DARTSs. Using
these DART records we show that the model results
fit the data better (Fig. 8b) if the initial seismic source
was shifted approximately 30 km to the southeast
(Fig. 10). The modeled tsunami waves for the revised
source position led to much better agreement with the
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observed waves, including those recorded at DART
and ONC stations that had not been used in the ori-
ginal fit analysis of the model (Figs. 11, 12).

It is interesting to compare the revised position of
the source area, which is based on the Hayes (2013)
model shifted to fit the DART data (Fig. 15a), with
the sources constructed based on seismological
information (Fig. 15b—d; cf. SuLEMANI et al. 2013).
The sources of SHao and Ji (2013) (Fig. 15b) and WEI
(2013) (Fig. 15d) are located too close to the shore-
line of Moresby Island and disagree with the “revised
Hayes source” (Fig. 15a). However, our source-cor-
rected estimates have now been confirmed by
NYKOLAISHEN et al. (2014), who recently corrected the
source model of LAy er al. (2013) based on a
reanalysis of GPS data. Their revised rupture zone
(Fig. 15c) agrees well with our shifted tsunami
source area based on the analysis of DART data
(Fig. 10).

It should be noted that the “revised Hayes source”
model (Fig. 15a), as well as the other 2012 Haida
Gwaii source models (Fig. 15b—d), are relatively
smooth and do not include small-scale details of the
source region. This may explain why our numerical
model does not reproduce the shorter-period
(T ~3 min) oscillations which are clearly seen in the
ONC records (Fig. 12).

The results of our study once again demonstrate
the critical role of open-ocean tsunami observations,
in addition to seismological data, in constraining
tsunami source regions. The use of tsunami wave-
forms in the deep ocean, when combined with
seismological inversion and GPS observations, sig-
nificantly improves the accuracy of tsunami source
functions and numerical models (cf. WEI et al. 2014,
GusMaN et al. 2014). We note, however, that we were
not able to define the two-dimensional source region
in sufficient detail based solely on the available
remote BPR data, such that the boundaries of the
tsunami source were maintained during the positional
shift. On the other hand, the high skill values
obtained for DART and ONC stations following the
shift in the source position suggest that the shape of
the tsunami source, which was constructed based on
HavEes (2013) inversion of the seismic signals, was
quite reasonable. While it is difficult to constrain the
shape of the source using only BPR data, redefining
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the shape may be possible if data from seismic sta-
tions are also used. To simulate tsunami waves in real
time, NOAA adopted a somewhat different approach,
estimating the preliminary source using only seismic
earthquake parameters. When additional tsunami
records from DART buoys become available, their
source is updated based on the DART time series of
the event (cf. WEr er al. 2008; PercivaL et al. 2011;
TANG et al. 2012).

Neither on-land seismic and GPS stations, nor the
existing tsunami BPR network, can provide detailed
distribution of the seafloor displacement in the source
area. As a result, it has not been possible to map the
source region of the 2012 Haida Gwaii tsunami with
a high spatial resolution. This is unfortunate since
information on the short-scale variations in the source
region is needed for accurate modeling of tsunami
wave propagation and runup in the near-field zone. In
the case of the 2011 Tohoku tsunami, the runup data
and numerous coastal and open-ocean instrumental
records provided considerable information to con-
strain the spatial distribution and the small-scale
details of the tsunami source function (cf. HAyAsHI
et al. 2011; SATAKE et al. 2013). For the 2012 Haida
Gwaii tsunami, the only observations in the near-field
zone were the data from the post-tsunami field sur-
veys (LEoNArRD and BepNarski 2014). Although very
important for verification of the model results, these
data were limited to a small number of sheltered bays
and, therefore, were not sufficient to reconstruct the
detailed shape of the tsunami source.

A serious shortcoming that impeded examination
of tsunami waves in the Haida Gwaii region was the
absence of local instrumental sea level measure-
ments. The exposed and uninhabited shores of these
islands create very serious problems for the installa-
tion of permanent tide gauge stations. As a result,
there are no tide gauges on the west coast of Haida
Gwaii resulting in a 540-km long gap between the
CHS tide stations in Winter Harbour (northwest coast
of Vancouver Island) and in Henslung Cove (Langara
Island) (Fig. 3). In the absence of coastal sea level
stations, the open-ocean DART measurements in this
region would be especially important. Unfortunately,
there are no operational deep-ocean instruments
between DART 46410 and DART 46419 (Fig. 2),
over a distance of about 1,360 km. This is the largest
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gap in the tsunami monitoring system along the entire
coast of North America. It was within the middle of
this gap that the 2012 Haida Gwaii tsunami occurred
(Fig. 2). This is quite different from the 2011 Tohoku
tsunami, which was recorded by a great number of
instruments located around the source area (cf.
SATAKE et al. 2013).

Tsunami model results for the coastal zone also
strongly depend on the availability and quality of the
bathymetry data. While we have access to the high-
resolution CHS bathymetric survey data, in some
coastal areas these data are rather sparse or missing
altogether. Our regional modeling results could,
therefore, provide only approximate estimates of the
2012 Haida Gwaii tsunami maximum wave heights
along the west coast of Moresby Island.

In conclusion, our numerical modeling study,
which was initially designed to provide preliminary
runup estimates for the west coast of Moresby Island
as an aid to the post-tsunami survey team, indicates
that, in many places along the coast, the simulated
tsunami runup would have exceeded 6 m, which was

confirmed by the subsequent field study. It is pres-
ently quite common to use tsunami field surveys to
specify the source area and to verify numerical tsu-
nami models. In our case, the post-tsunami survey
and numerical simulation of tsunami waves worked
in a coordinated manner, with the initial model
helping to identify the sites of particular interest for
the post-tsunami field surveys, followed by the use of
the field observations (LEoNARD and BEDNARsKI 2014)
to verify the numerical model.
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