
Published by

STATE OF ALASKA

DEPARTMENT OF NATURAL RESOURCES

DIVISION OF GEOLOGICAL & GEOPHYSICAL SURVEYS

2013

Report of Investigations 2013-3

TSUNAMI INUNDATION MAPS OF SITKA, ALASKA

by
Elena N. Suleimani, Dmitry J. Nicolsky, and Rich D. Koehler

View from the southwest of downtown Sitka. Photo by Wells Williams.





Report of Investigations 2013-3

TSUNAMI INUNDATION MAPS OF SITKA, ALASKA

by
Elena N. Suleimani, Dmitry J. Nicolsky, and Rich D. Koehler

2013

This DGGS Report of Investigations is a final report of scientific research.  
It has received technical review and may be cited as an agency publication.



STATE OF ALASKA
Sean Parnell, Governor

DEPARTMENT OF NATURAL RESOURCES
Joe Balash, Acting Commissioner

DIVISION OF GEOLOGICAL & GEOPHYSICAL SURVEYS
Robert F. Swenson, State Geologist and Director

ii

Publications produced by the Division of Geological & Geophysical Surveys (DGGS) are 
available for free download from the DGGS website (www.dggs.alaska.gov). Publications 
on hard-copy or digital media can be examined or purchased in the Fairbanks office:

Alaska Division of Geological & Geophysical Surveys
3354 College Rd., Fairbanks, Alaska 99709-3707

Phone: (907) 451-5020   Fax (907) 451-5050
dggspubs@alaska.gov 
www.dggs.alaska.gov 

Alaska State Library	 Alaska Resource Library & Information
State Office Building, 8th Floor		  Services (ARLIS)
333 Willoughby Avenue	 3150 C Street, Suite 100
Juneau, Alaska 99811-0571	 Anchorage, Alaska 99503-3982

Elmer E. Rasmuson Library 	 University of Alaska Anchorage Library
University of Alaska Fairbanks 	 3211 Providence Drive
Fairbanks, Alaska 99775-1005 	 Anchorage, Alaska 99508-4614



iii

CONTENTS

Abstract...........................................................................................................................................................................1
Introduction.....................................................................................................................................................................1
Project background: Regional and historical context.....................................................................................................3
	 Setting......................................................................................................................................................................3
	 Regional seismotectonics........................................................................................................................................4
Methodology and data.....................................................................................................................................................4
	 Grid development and data sources........................................................................................................................4
	 Numerical model of tsunami wave propagation and runup....................................................................................6
	 Historic tsunamis in Sitka.......................................................................................................................................8
	 (a)	 Tsunami of the Great Alaska Earthquake of March 28, 1964..........................................................................8
		  Simulation of the 1964 event: Source function based on coseismic deformation model  
			   by Johnson and others (1996) (JDM)...........................................................................................................9
		  Simulation of the 1964 event: Source function based on coseismic deformation model  
			   by Suleimani (2011) (SDM).........................................................................................................................9
	 (b)	 The Tohoku tsunami of March 11, 2011..........................................................................................................9
	 (c)	 The Haida Gwaii tsunami of October 28, 2012...............................................................................................9
	 Hypothetical tectonic tsunami sources..................................................................................................................12
	 (a)	 Models of a hypothetical earthquake in the rupture area of the 1964 Great Alaska Earthquake...................15
		  Scenario 1. Multi-Segment JDM event: Source function based on extension of the JDM............................15
		  Scenario 2. Multi-Segment SDM event: Source function based on extension of the SDM..........................15
		  Scenario 3. Multi-Segment JDM event: The PWS and KP segments of the 1964 rupture,  
			   and the YY segment...................................................................................................................................20
		  Scenario 4. Multi-Segment SDM event: The PWS and KP segments of the 1964 rupture,  
			   and the YY segment...................................................................................................................................20
		  Scenario 5. Multi-Segment event: The PWS, KP, and KI segments with Tohoku-type slip distribution  
			   in the down-dip direction...........................................................................................................................20
	 (b)	 Source models of hypothetical tsunamigenic earthquakes in the Alaska Peninsula segment of the  
		  Alaska–Aleutian subduction zone..................................................................................................................21
		  Scenario 6. The SAFRR Tsunami Scenario: Segments SH and SEM...........................................................21
		  Scenario 7. Multi-Segment event: SEM, SH, UN, and FOX segments.........................................................21
	 (c)	 Model of the Cascadia Subduction Zone Earthquake....................................................................................21
	 (d)	 Source model of a hypothetical tsunamigenic earthquake in the Haida Gwaii area......................................23
		  Scenario 9. A hypothetical earthquake in the Haida Gwaii area....................................................................23
	 Landslide tsunami hazard potential.......................................................................................................................24
Modeling results............................................................................................................................................................25
	 Results of hypothetical tsunami scenarios............................................................................................................25
	 Time series and other numerical results................................................................................................................25
	 Sources of errors and uncertainties.......................................................................................................................25
Summary.......................................................................................................................................................................26
Acknowledgments.........................................................................................................................................................26
References.....................................................................................................................................................................26

FIGURES

Figure	1.	 Map of south-central and southeastern Alaska, with rupture areas of the major historical earthquakes......1
	 2.	 Map identifying location of Sitka in Sitka Sound, on Baranof Island..........................................................2
	 3.	 Aerial view of Sitka, looking from southeast...............................................................................................3
	 4.	 Map showing earthquakes in southeastern Alaska, from the Alaska Earthquake Information Center  
		  catalog...........................................................................................................................................................5
	 5.	 Telescoping embedded bathymetry/topography grids for numerical modeling of tsunami propagation  
		  and runup......................................................................................................................................................7



	 6.	 Vertical coseismic deformation for Johnson and Suleimani deformation models......................................10
	 7.	 Recorded sea level at Sitka during tsunami generated by the 1964 Great Alaska Earthquake, and the  
		  calculated time series for two different source functions of the 1964 tsunami, JDM and SDM................ 11
	 8.	 Vertical coseismic deformation for the source model of the 2011 Tohoku tsunami................................... 11
	 9.	 Recorded sea level at Sitka during the 2011 Tohoku tsunami, compared with the time series  
		  calculated for the source function shown in figure 8..................................................................................12
	 10.	 Vertical coseismic deformation patterns corresponding to three different slip models of the  
		  October 28, 2012, Haida Gwaii earthquake................................................................................................13
	 11.	 Recorded sea level at Sitka during the 2012 Haida Gwaii tsunami, compared with the time series  
		  calculated for three source functions shown in figure 10...........................................................................14
	 12.	 Map of Alaska with rupture zone of the 1964 Great Alaska Earthquake and segments of the  
		  Alaska–Aleutian megathrust.......................................................................................................................14
	 13.	 Vertical coseismic deformations corresponding to scenarios 1–9..............................................................16
	 14.	 Sections of the eastern Aleutian megathrust interface discretized using the Slab 1.0 model.....................22
	 15.	 Segment of the Aleutian megathrust interface between Kodiak Island and Yunaska Island,  
		  discretized using the Slab 1.0 model...........................................................................................................23
	 16.	 Calculated potential inundation in Sitka for Scenarios 2, 5, 6, and 8 with respect to the  
		  MHHW shoreline........................................................................................................................................27

TABLES

Table	 1.	 Nested grids used to compute propagation of tsunami waves to the city of Sitka........................................6
	 2.	 Tsunami effects at Sitka as summarized by Lander......................................................................................8
	 3.	 Observed peak tsunami amplitudes at Sitka, taken from the West Coast/Alaska Tsunami Warning  
		  Center catalog of recent tsunamis.................................................................................................................8
	 4.	 All hypothetical scenarios used to model tsunami runup in Sitka..............................................................15
	 5.	 Fault parameters for the Yakataga–Yakutat segment..................................................................................21
	 6.	 Fault parameters for the hypothetical Haida Gwaii earthquake..................................................................23

APPENDIX 

Appendix	 A-1 Maps showing locations of time series points....................................................................................33
	 A-2 Time-series plots of water level and velocity at selected locations for scenarios 2–5........................37
	 A-3 Time-series plots of water level and velocity at selected locations for scenarios 6–9........................57

iv



Abstract
The purpose of this study is to evaluate potential tsunami hazards for the community of Sitka. We numerically model 

the extent of inundation from tsunami waves generated by near- and far-fi eld tectonic sources. We performed numeri-
cal modeling of historic events at Sitka, such as the tsunami triggered by the 1964 Great Alaska Earthquake, and the 
tsunami waves generated by the recent 2011 Tohoku and 2012 Haida Gwaii earthquakes. Hypothetical tsunami sce-
narios include variations of the extended 1964 rupture, megathrust earthquakes in the Alaska Peninsula region and in 
the Cascadia subduction zone, and a thrust earthquake in the region of the Queen Charlotte–Fairweather fault zone. 
Results of numerical modeling combined with historical observations in the region are intended to provide guidance to 
local emergency management in tsunami hazard assessment, evacuation planning, and public education for the reduc-
tion of future tsunami risk.

1Alaska Earthquake Information Center, Geophysical Institute, University of Alaska, P.O. Box 757320, Fairbanks, AK 99775-7320; 
elena@gi.alaska.edu; djnicolsky@alaska.edu

2Alaska Division of Geological & Geophysical Surveys, 3354 College Rd., Fairbanks, AK 99709-3707; richard.koehler@alaska.gov

TSUNAMI INUNDATION MAPS OF SITKA, ALASKA
by

E.N. Suleimani1, D.J. Nicolsky1, and R.D. Koehler2

INTRODUCTION
Subduction of the Pacifi c plate under the North American 

plate has caused numerous great earthquakes and still has the 
greatest potential to generate tsunamis in Alaska. The Aleu-
tian megathrust, where the Pacifi c plate is being subducted, 
is the most seismically active tsunamigenic fault zone in the 
United States (fi g. 1). Several historic tsunamis generated by 
earthquakes on the Alaska–Aleutian subduction zone have 

resulted in widespread damage and loss of life after traveling 
for hours across the Pacifi c and impacting exposed coastal 
locations. However, tsunamis originating in the vicinity of the 
Alaska Peninsula, Aleutian Islands, and the Gulf of Alaska 
are considered to be a near-fi eld hazard for Alaska, and can 
reach Alaska’s coastal communities within minutes of the 
earthquake. Saving lives and property depends on how well a 
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Figure 1. Map of south-central and southeastern Alaska, with rupture areas of the major historical earthquakes shaded in 
lavender. Red stars indicate epicenters of two September 1899 earthquakes. CSE=Chugach–St. Elias fold and thrust 
belt; FW–QC=Fairweather–Queen Charlotte fault system.
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community is prepared, which makes it essential to estimate 
the potential fl ooding of the coastal zone in the event of a 
local or distant tsunami. 

On March 27, 1964, the largest earthquake ever recorded 
in North America struck south-central Alaska. This Mw9.2 
megathrust earthquake generated the most destructive tsu-
nami in Alaska history and, farther south, impacted the west 
coasts of the United States and Canada. In addition to the 
major tectonic tsunami, which was generated by an ocean 
fl oor displacement between the trench and the coastline, 
more than 20 local tsunamis were generated by landslides in 
coastal Alaska. They arrived almost immediately after shak-
ing was felt, leaving no time for warning or evacuation. Of 
the 131 fatalities associated with this earthquake, 122 were 
caused by tsunami waves (Lander, 1996). Local tsunamis 
caused most of the damage and accounted for 76 percent 
of tsunami fatalities in Alaska. The city of Sitka on Baranof 

Island (fi g. 2) was the only port in southeastern Alaska that 
suffered signifi cant damage from tsunami waves. 

The production of tsunami evacuation maps for a com-
munity consists of several stages. First, we develop credible 
hypothetical tsunami scenarios on the basis of relevant local 
and distant sources and tsunami generation mechanisms. 
We characterize tsunami sources using the level of detail 
that is necessary to describe the essential characteristics of 
the wave, with local tsunami sources having more detailed 
characterization. Next, we perform model simulations for 
each of these scenarios. The results are then compared with 
historical tsunami observations, if such data exist. Finally, we 
develop a “worst case” inundation line that encompasses the 
maximum extent of fl ooding based on model simulation of 
all source scenarios and historical observations. The “worst 
case” inundation line becomes a basis for local tsunami haz-
ard planning and for developing evacuation maps. 
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Figure 2. Location of Sitka in Sitka Sound, on Baranof Island.
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The tsunami inundation maps of Sitka described in this 
report represent the results of the continuous effort between 
state and federal agencies3 to produce inundation maps for 
many Alaska coastal communities. In this report, we gener-
ally provide both metric and imperial units of measure. If it 
is necessary to quote some existing data, we state the data 
in the original and metric units of measure. Recall that one 
inch (1 in) is approximately 2.54 centimeters (2.54 cm), one 
foot (1 ft) is approximately 0.305 meters (0.305 m), and one 
mile (1 mi) is approximately 1.609 kilometers (1.609 km). 

PROJECT BACKGROUND: REGIONAL 
AND HISTORICAL CONTEXT
Setting

The community of Sitka, the former capital of Russian 
Alaska, is in southeastern Alaska, on the west coast of Ba-
ranof Island, facing the Pacifi c Ocean (fi g. 2). It is about 
950 km (590 mi) east–southeast of Anchorage and 150 km 
(95 mi) southwest of Juneau at approximately 57°3’ North 
latitude and 135°20’ West longitude, and it is only acces-
sible by boat or plane. When the United States purchased 

Alaska from Russia in 1867, Sitka became the fi rst capital 
of the Alaska Territory and remained so until the capital was 
moved to Juneau in 1906. The population of Sitka in 2011 
was 9,000, with approximately 3,500 households. By popu-
lation, it is the fourth largest city in the State of Alaska. The 
U.S. Coast Guard Air Station Sitka and the Rocky Gutierrez 
Sitka Airport are both on Japonski Island in Sitka Sound. 
According to the Alaska Division of Community Advocacy 
(2011) database, the Borough of Sitka is known historically 
for resource extraction including fi shing, mining, and lumber. 
A large fi shing fl eet is based in Sitka Harbor and specializes 
in salmon, halibut, and sablefi sh. Sitka is the sixth largest port 
in the United States by the value of seafood harvest. Recently, 
the economy has been diversifi ed into accommodating sum-
mer cruise ships and eco-tourists. Cruise ships bring more 
than 120,000 people to Sitka annually (Sitka, 2012–2013). 
Figure 3 shows an aerial view of Sitka Sound.

Due to its remote location, low-lying population center, 
and high infl ux of seasonal tourists, the potential impact of 
a tsunami event on the economy and infrastructure of Sitka 
is high. To manage this risk, we have developed tsunami in-
undation maps for Sitka in the scope of the National Tsunami 

3To help mitigate the hazard that earthquakes and tsunamis pose to Alaska coastal communities, the Alaska Tsunami Mapping Team (ATMT) was 
created. It consists of personnel from the Geophysical Institute at the University of Alaska Fairbanks and from the State of Alaska Division of 
Geological & Geophysical Surveys. The ATMT participates in the National Tsunami Hazard Mitigation Program by evaluating and mapping potential 
inundation of selected parts of the Alaska coastline using numerical tsunami modeling.

Figure 3. Aerial view of Sitka, looking from southeast.
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Hazard Mitigation Program. Sitka, as a high-priority region 
for tsunami inundation mapping, will benefi t from tsunami 
hazard maps that summarize potential tsunami impact on the 
population and infrastructure. 

Regional seismotectonics
The primary tectonic elements of the Pacific/North 

American plate boundary in southern Alaska are the Alaska–
Aleutian megathrust, Chugach St. Elias (CSE) fold and thrust 
belt, and the >1,000-km-long (>620-mi-long) Fairweather–
Queen Charlotte (FW–QC) fault system (fi g. 1). In the Sitka 
area, plate motion is accommodated along the Fairweather 
fault, a transform fault that extends primarily offshore 
along the entire southeastern Alaska coastline, becoming 
the Queen Charlotte fault to the south in British Columbia 
(fi g. 4). Fletcher and Freymueller (2003) estimate a slip rate 
of ~44.6 ± 2.0 mm/yr (~1.8 ± 0.08 in/yr) for the northern 
Fairweather fault, one of the highest rates observed across 
any strike-slip fault in the world. Figure 4 shows rupture 
areas of large historic earthquakes and seismic activity in 
southeastern Alaska with locations determined by the Alaska 
Earthquake Information Center (AEIC) at the University of 
Alaska Fairbanks. Prior to initiation of a regional seismic 
network in Alaska in the early 1970s, only larger events with 
Mw≥6 could be located. Since the installation of the network, 
events of smaller size can be detected. 

The entire Fairweather–Queen Charlotte fault system 
has ruptured in large strike-slip earthquakes over the last 
century: 1927 (Ms7.1), 1949 (Ms8.1,), 1958 (Ms7.9), and 
1972 (Ms7.6) (Sykes, 1971; Page, 1973; Tocher, 1960). The 
1958 event, known as the “Lituya Bay earthquake”, triggered 
a large landslide into Lituya Bay that generated a 530-m-high 
(1,740-ft-high) wave (Miller, 1960). These events indicate 
that seismic slip along the FW–QC fault system is parallel to 
the direction of motion between the North American and the 
Pacifi c plates (Doser and Lomas, 2000). Most of the modern 
seismic events along the Fairweather fault in this area are 
larger magnitude aftershocks of these historic sequences. 
Fletcher and Freymueller (2003) estimate that only 75 years 
is required to build up slip equivalent to the Ms7.9 1958 earth-
quake along the northern Fairweather fault, and Nishenko and 
Jacob (1990) have estimated a recurrence interval of 120 to 
130 years for earthquakes similar to the 1972 Ms7.6 Sitka 
and 1949 Ms8.1 Queen Charlotte earthquakes, respectively. 

In the vicinity of Haida Gwaii (formerly known as the 
Queen Charlotte Islands), relative plate motion is also mainly 
transform, and accommodated by oblique strike-slip defor-
mation. A Ms7.5 earthquake north of Haida Gwaii occurred 
on January 5, 2013, as a result of shallow strike-slip faulting 
along the plate boundary, rupturing a 140-km-long (87-mi-
long) segment of the fault (AEIC event page). The epicenter 
of this event was 326 km (203 mi) south of Juneau (fi g. 4) 
and straddles the rupture areas of the 1972 and 1949 events. 
This event could possibly be related to the October 28, 2012, 
Mw7.8 earthquake that occurred to the south in Haida Gwaii 
along the same plate boundary system. The velocity of the 
relative plate motion in the area is about 49 mm (2 in) per 
year (DeMets and Dixon, 1999). Mazzotti and others (2003) 

used GPS data to constrain a change in the relative plate mo-
tion from mainly transform to oblique strike-slip from north 
to south along the plate boundary, respectively. Their results 
indicate that convergence rates change from about 8 mm (0.3 
in) per year to about 15 mm (0.6 in) per year from northern to 
southern Haida Gwaii (fi g. 4). Plate motion models indicate 
about 20 of current oblique convergence that started about 
5 Ma (DeMets and others, 1990; DeMets and Dixon, 1999). 
Two models exist to explain the accommodation of conver-
gence off Haida Gwaii: Internal shortening (for example, 
Rohr and others, 2000) versus underthrusting of the Pacifi c 
plate (for example, Smith and others, 2003). Mazzotti and 
others (2003) concluded that the GPS data cannot discrimi-
nate between the two models, showing that while 6–7 mm 
(0.23–0.27 in) per year of convergence is accommodated by 
internal shortening, the remaining 6–10 mm (0.23–0.39 in) 
per year of convergence cannot be unambiguously assigned 
to any of the two proposed mechanisms. Recent studies of 
oblique convergence across the Queen Charlotte fault (Smith 
and others, 2003; Bustin and others, 2007) compiled different 
geophysical data and demonstrated strong evidence for an 
underthrusting model that was also supported by a detailed 
teleseismic receiver function analysis. The studies concluded 
that the 10-km-thick (6.2-mi-thick) low-velocity zone dip-
ping to the east at 28 defi nes the underthrusting oceanic 
crust located beneath a thin continental crust (Bustin and 
others, 2007). The mechanism of the recent Mw7.8 Haida 
Gwaii earthquake (fi g. 4) was mostly shallow thrust on the 
eastward-dipping fault plane, with a dip of 18.5 and strike of 
317.1 corresponding to that of the plate boundary (Lay and 
others, 2013), supporting the proposed underthrusting model.

METHODOLOGY AND DATA
Grid development and data sources

One of the problems in tsunami modeling is that the gov-
erning equations for water dynamics are continuous. In this 
work, we discretize the shallow-water equations in spherical 
coordinates on Arakawa C-grid (Arakawa and Lamb, 1981) 
using a fi nite difference method. To resolve a wave, the grid 
must be fi ne enough, with at least four points per wavelength 
(Titov and Synolakis, 1995); more points than that are often 
necessary to achieve satisfactory accuracy (for example, 
Titov and Synolakis, 1997). To compute a detailed map of 
potential tsunami inundation triggered by local and distant 
earthquakes, we employ a series of nested computational 
grids. A nested grid allows for higher resolution in areas 
where it is needed, without expending computer resources 
in areas where it is not. The bathymetric and topographic 
relief in each nested grid is based on digital elevation models 
(DEMs) developed at the National Geophysical Data Center 
(NGDC) of the National Oceanic & Atmospheric Adminis-
tration (NOAA), in Boulder, Colorado. The extent of each 
grid used for Sitka mapping is listed in table 1. The coarsest 
grid spans the central and northern Pacifi c Ocean and has 
a resolution of 2 arc-minutes (≈ 2 km), while the highest 
resolution grid is localized near the town of Sitka. The spatial 
resolution of the high-resolution grid, 15×16 m (49×52 ft), 
satisfi es NOAA minimum recommended requirements for 
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Table 1. Nested grids used to compute propagation of tsunami waves to the city of Sitka. The high-resolution grid is used 
to compute the inundation. Note that the grid resolution in meters is not uniform and is used to illustrate grid fineness 
near Sitka. The first dimension is the longitudinal grid resolution, while the second is the latitudinal one.

Grid name Resolution West – East 
boundaries

North – South 
boundariesArc-seconds Meters (near Sitka)

Northern Pacific, 
Level 0 120 × 120 1,850 × 3,700 120°00'E – 100°00'W 10°00'N – 65°00'N

Southeastern 
Alaska, Level 1 24 × 24 402 × 740 130°00'W – 141°00'W 54°00'N – 60°00'N

Juneau West, Level 
2 8 × 8 132 × 246 133°15'W – 137°15'W 55°45'N – 59°36'N

Chatham Strait, 
Level 3 2.67 × 2.67 44 × 82 133°17'W – 135°41'W 56°45'N – 58°00'N

Sitka, high 
resolution grid 0.89 × 0.53 15 × 16 135°12'45''W –

135°31'06''W
57°01'14''N –
57°08'50''N

computation of tsunami inundation (National Tsunami Haz-
ard Mapping Program [NTHMP], 2010).

The bathymetry data for the 2-arc-minute resolution grid 
shown in fi gure 5 is extracted from the ETOPO2 data set 
(NOAA, National Geophysical Data Center). To develop 
15-meter, 2.67-, 8- and 24- arc-second resolution grids, 
shoreline, bathymetric, and topographic digital datasets 
were obtained from several U.S. federal and academic agen-
cies, including: NOAA’s National Ocean Service, Offi ce of 
Coast Survey, and NGDC; the U.S. Fish & Wildlife Service 
(FWS); the U.S. Geological Survey (USGS); and the U.S. 
Army Corps of Engineers (USACE). All data were shifted 
to World Geodetic System 1984 (WGS 84) horizontal and 
Mean Higher High Water (MHHW) vertical datums. The 
data sources and methodology used to create the 24-, 8-, 
and 2.67- arc-second DEMs are described in greater detail in 
Caldwell and others (2012) and Lim and others (2011). The 
development of the high-resolution grid for Sitka, which was 
used to calculate the extent of inundation and fl ow depths, is 
described in Hickman and others (2012). The horizontal da-
tum for this grid is WGS84, and the vertical datum is MHHW. 

Numerical model of tsunami wave 
propagation and runup

NOAA recently published a technical memorandum 
outlining major requirements for numerical models used in 
inundation mapping and tsunami forecasting, and describes 
a procedure for model evaluation   (National Tsunami Hazard 
Mapping Program [NTHMP], 2010). There are two major 
components to this process. The fi rst is model validation, 
which ensures that the model correctly solves appropriate 
equations of motion by comparing model results with known 
solutions. This is achieved through analytical and laboratory 
benchmarking. The second component is model verifi cation, 
which is testing the model, using observations of real events 
through fi eld data benchmarking. The numerical model cur-
rently used by the AEIC for tsunami inundation mapping 
has been validated through a set of analytical benchmarks, 
and tested against laboratory and fi eld data (Nicolsky and 
others, 2011; Nicolsky, 2012). The model solves nonlinear 

shallow-water equations using a fi nite-difference method 
on a staggered grid. For any coarse–fi ne pair of computa-
tional grids, we apply a time-explicit numerical scheme as 
follows. First, we compute the water fl ux within a coarse-
resolution grid. These values of computed fl ux are used to 
defi ne the water fl ux on a boundary of the fi ne-resolution 
grid. Consequently, the water level and then the water fl ux 
are calculated over the fi ne-resolution grid. Finally, the water 
level computed in the fi ne-resolution grid is used to defi ne the 
water level within the area of the coarse-resolution grid that 
coincides with the fi ne grid. Despite the fact that developed 
nested grids decrease the total number of grid cells needed 
to preserve computational accuracy within certain regions 
of interest, actual simulations are still prohibitive if parallel 
computing is not implemented. Here, we use the Portable 
Extensible Toolkit for Scientifi c computation (PETSc), which 
provides sets of tools for the parallel numerical solution of 
shallow-water equations. In particular, each computational 
grid listed in table 1 can be subdivided among an arbitrary 
number of processors. The above-mentioned passing of in-
formation between the water fl ux and level is implemented 
effi ciently using PETSc subroutines.

We assess tsunami hazard in Sitka Sound by perform-
ing model simulations for each tsunami source scenario. To 
simulate tsunami dynamics caused by a seafl oor deforma-
tion from an earthquake, we assume some simplifi cations. 
First, an initial displacement of the ocean surface is equal to 
the vertical displacement of the ocean fl oor induced by the 
earthquake rupture process. Second, we do not account for 
the fi nite speed of the rupture propagation along the fault and 
consider the ocean bottom displacement to be instantaneous. 

At the end of a tsunami simulation, each of the grid 
points has either a value of 0 if no inundation occurs or 1 if 
seawater reaches the grid point at any time. The inundation 
line approximately follows the 0.5 contour between these 0- 
and 1-point values but was adjusted visually to accommodate 
obstacles or local variations in topography not represented 
by the DEM. Although the developed algorithm has passed 
through the rigorous benchmarking procedures (Nicolsky 
and others, 2011; Nicolsky, 2012), uncertainties in the loca-
tion of the inundation line are still present. This uncertainty 
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marked by a red rectangle. Refer to table 1 for grid parameters.



8 Report of Investigations 2013-3

is diffi cult to quantify due to complexities in the modeling 
process. Many factors can affect the accuracy of the inun-
dation line, including suitability of the earthquake source 
model, accuracy of the bathymetric and topographic data, 
and the adequacy of the numerical model in representing the 
generation, propagation, and run-up of tsunami waves. In this 
report, we do not attempt to adjust the modeled inundation 
limits to account for these uncertainty factors.

One of the limitations of the model is that it does not take 
into account the periodic change of sea level due to tides. We 
conducted all model runs using bathymetric data that corre-
spond to MHHW. As a result, the elevation of the inundation 
line could be lower or slightly higher than that given in this 
report, depending on the tides at the time of a tsunami. 

Historic tsunamis in Sitka
Sitka’s location on the Pacifi c coast exposes it to tsunami 

waves coming from multiple directions. Table 2 summarizes 
the tsunami effects at Sitka from the most signifi cant earth-
quakes of the last century. We have also analyzed the Sitka 

Table 2. Tsunami effects at Sitka as summarized by Lander (1996).

Date Magnitude (MS)a Origin Max. runup (m) Comments
11/10/1938 8.3 Alaska Peninsula < 0.1
04/01/1946 7.3 Eastern Aleutian Islands 0.4
08/22/1949 8.1 British Columbia < 0.1
03/04/1952 8.1 Hokkaido, Japan < 0.1
11/04/1952 8.2 Kamchatka Peninsula 0.2
03/09/1957 8.3 Central Aleutian Islands 0.4
07/10/1958 7.9 Southeastern Alaska < 0.1
05/22/1960 8.6 Chile 0.5
03/28/1964 8.5 Gulf of Alaska 2.4 Dock collapsed
02/04/1965 8.2 Western Aleutian Islands < 0.1
10/17/1966 8.0 Peru < 0.1
05/16/1968 7.9 Honshu, Japan < 0.1
07/30/1972 7.6 Southeastern Alaska < 0.1
02/28/1979 7.1 Gulf of Alaska 0.1
11/30/1987 7.6 Gulf of Alaska 0.1
07/30/1995 7.8 Chile <0.1

aMS is lower than MW for very large events because the MS scale saturates at high magnitudes.

Table 3. Observed peak tsunami amplitudes at Sitka taken from the West Coast/Alaska Tsunami Warning Center catalog 
of recent tsunamis. 

Date Magnitude (Mw) Origin Peak amplitude (above 
state of tide in m)

03/28/1964 9.2 Gulf of Alaska 2.0
11/15/2006 8.1 Kuril Islands 0.125
01/13/2007 8.2 Kuril Islands 0.08
02/27/2010 8.8 Chile 0.21
03/11/2011 9.0 Honshu, Japan (Tohoku) 0.42
10/28/2012 7.8 Haida Gwaii, Canada 0.1
01/05/2013 7.5 Southeastern Alaska 0.07

tidal gauge records of the most recent trans-Pacifi c and local 
tsunamis and compared them with the 1964 record (table 3). 

In the following section we describe results of numerical 
modeling of the three historic tsunamis that affected Sitka: 
(a) Alaska 1964; (b) Tohoku 2011; and (c) Haida Gwaii 2012. 
We modeled these events for the purpose of the site-specifi c 
model verifi cation, and to evaluate their coseismic deforma-
tion models for future use in the development of hypothetical 
tsunami sources. We chose the 1964 Alaska tsunami because 
it generated the highest recorded wave at Sitka, while the 
Tohoku 2011 and the Haida Gwaii 2012 events represent 
the far- and near-fi eld tsunami sources, respectively, with 
different directional properties.

(a) Tsunami of the Great Alaska Earthquake of March 
28, 1964
The analysis of recorded tsunami data shows that the 

only tsunami event that produced signifi cant wave ampli-
tudes and runup at Sitka was the tsunami of the 1964 Great 
Alaska Earthquake. Sitka was the only port in southeastern 
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4$1 in 1964 had about the same buying power as $7.49 in 2013.

Alaska that reported signifi cant damage. The vessels at sea 
were undamaged, and most of the boats lost were tied up at 
docks and in small boat harbors. The total damage to docks 
and other harbor structures by tsunami waves was estimated 
at about $1 million4. The 1964 tsunami affected numerous 
communities along the Pacifi c Northwest coast, Hawaii, and 
Alaska and was studied in depth by several investigators 
(e.g., Plafker, 1967; Wilson and Tørum, 1968; Plafker and 
others, 1969). In this study, we use two coseismic deforma-
tion models of the 1964 earthquake, namely the Johnson and 
others (1996) and the Suleimani (2011) models, to generate 
the vertical displacements of the sea fl oor during the earth-
quake. We hereafter reference Johnson and others (1996) as 
the Johnson deformation model (JDM) and Suleimani (2011) 
as the Suleimani deformation model (SDM).

Simulation of the 1964 event: Source function based on 
coseismic deformation model by Johnson and others 
(1996) (JDM). 

A detailed analysis of the 1964 rupture zone was 
presented by Johnson and others (1996) through joint 
inversion of tsunami and geodetic data. To derive a slip 
distribution, they inverted far-fi eld tsunami waveforms 
from 23 tidal stations in the Pacifi c Ocean, and geodetic 
data in the form of vertical and horizontal displacements. 
The fault model consisted of eight subfaults represent-
ing the Kodiak Island (KI) asperity, nine subfaults in the 
Prince William Sound (PWS) asperity, and one subfault 
representing the Patton Bay fault, one of the two mega-
thrust splay faults that ruptured during the earthquake 
(Plafker, 1967). The contribution of the Patton Bay fault 
to the far-fi eld tsunami waveform was negligible. The 
inversion results indicated two regions of high slip cor-
responding to areas of high moment release derived by 
Christensen and Beck (1994) from long-period P-wave 
seismograms: the Prince William Sound asperity with an 
average slip of 18 m (59 ft), and the Kodiak asperity with 
an average slip of 10 m (33 ft). The fault parameters re-
quired to compute sea fl oor deformation are the epicenter 
location, rupture area, dip, rake, strike, and amount of slip 
on the fault. We use the equations of Okada (1985) to cal-
culate the distribution of coseismic uplift and subsidence 
resulting from this slip distribution. This source function 
was previously applied to calculation of the 1964 tsunami 
inundation in Kodiak and Kachemak Bay communities. 
The results are described in Suleimani and others (2002, 
2003, 2005). The coseismic vertical deformation resulting 
from the JDM is shown in fi gure 6a.

Simulation of the 1964 event: Source function based on 
coseismic deformation model by Suleimani (2011) (SDM).

This newly revised coseismic slip distribution of the 
1964 rupture is based on a model of Suito and Freymuel-
ler (2009), which was developed as a 3-D viscoelastic 
model in combination with an afterslip model, using 

realistic geometry with a shallow-dipping elastic slab to 
describe the postseismic deformation that followed the 
1964 earthquake. The authors used the inversion-based 
model by Johnson and others (1996) as a basis for their 
coseismic slip model, adjusting it to the new geometry 
and critically reinterpreting the coseismic data. Suleimani 
(2011) used results of the near-fi eld modeling of the 
1964 tsunami to constrain the amount of slip placed on 
intraplate splay faults, and to evaluate the extent of the 
Patton Bay fault. The revised model included contribu-
tion of coseismic horizontal displacements into the initial 
tsunami wave fi eld through the component of the ocean 
surface uplift due to horizontal motion of the steep ocean 
bottom slopes. The tsunami simulations revealed that 
including deformation due to horizontal displacements 
in the source function resulted in an increase of far-fi eld 
tsunami amplitudes. The coseismic vertical deformation 
resulting from the SDM is shown in fi gure 6(b).

Figure 7 shows a comparison of the tsunami wave re-
corded by the Sitka tidal station on March 28, 1964, with 
the predictions of the AEIC tsunami model (see page 6) 
(Nicolsky and others, 2011; Nicolsky, 2012) that employs 
the two source functions of the 1964 earthquake described 
above, the JDM and the SDM. Despite differences in the 
coseismic deformation pattern (fi g. 6), both models provide 
good agreement with the observed wave phase for up to 8 
hours of wave propagation, and also a good fi t to the wave 
amplitudes recorded by the Sitka tidal station. 

(b) The Tohoku tsunami of March 11, 2011
The catastrophic Tohoku tsunami of March 11, 2011, 

produced a small wave in Sitka, with the maximum recorded 
wave amplitude of 42 cm (16.5 in). The tsunami source 
function that represents the slip distribution of the 2011 
Tohoku earthquake was provided by Shengji Wei of Caltech 
Tectonic Observatory (http://www.tectonics.caltech.edu/). 
We calculated vertical coseismic deformation resulting from 
the given slip model using the equations of Okada (1985). 
The resulting tsunami source function is shown in fi gure 8. 
Figure 9 shows a comparison between the observed wave 
history at Sitka as recorded by the Sitka tidal station, and the 
calculated time series at the same location. The plot illustrates 
that the far-fi eld Tohoku tsunami did not produce a signifi cant 
wave at Sitka due to directivity of the tsunami source (waves 
directed primarily to the northwest and southeast) and the re-
sulting energy propagation patterns (Tang and others, 2012).

(c) The Haida Gwaii tsunami of October 28, 2012
The Haida Gwaii earthquake of October 28, 2012, gener-

ated a tsunami that was recorded at the Sitka tide gauge as 
well as at a number of tide stations along the west coast of 
the U.S. The tsunami produced signifi cant local runup (> 7 
m in places) along the west coast of Haida Gwaii (James 
and others, 2013). We obtained three source models of this 
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Figure 6. Vertical coseismic deformation for (a) Johnson and (b) Suleimani deformation models.
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Figure 7. Recorded sea level at Sitka during tsunami generated by the 1964 Great Alaska Earthquake, and the calculated 
time series for two different source functions of the 1964 tsunami, Johnson Deformation Model (JDM) and Suleimani 
Deformation Model (SDM).

Hon
sh

u 
    

Is
la

nd

Displacement, m Figure 8. Vertical co-
seismic deformation 
for the source model 
of the 2011 Tohoku 
tsunami. 



12 Report of Investigations 2013-3

Figure 9. Recorded sea level at Sitka during the 2011 Tohoku tsunami, compared with the time series calculated for the 
source function shown in fi gure 8.

event that were based on seismic waveform inversion of the 
slip distribution: the Caltech source (http://www.tectonics.
caltech.edu/), the USGS source (http://earthquake.usgs.
gov/), and the source function by Chen Ji (http://www .geol.
ucsb.edu/ faculty/ji/ big_earthquakes/ 2012/10/ canada.
html). These three source functions are shown in fi gures 10, 
a–c, respectively. We simulated the tsunami wave history at 
the point that corresponds to the location of the Sitka tidal 
station using our validated tsunami model (Nicolsky and 
others, 2011; Nicolsky, 2012). Figure 11 demonstrates a 
comparison between the recorded wave and the simulated 
time history corresponding to the three source functions. The 
time series point was located in the Sitka numerical grid of 
15-m resolution. The simulated time series demonstrates that 
the model by Chen Ji provides the best fi t to the amplitudes 
of the recorded wave at Sitka for up to 2.5 hours after the 
arrival of the fi rst wave. All three models provide a good fi t 
to the wave phases of oscillations recorded by the Sitka tidal 
station (fi g. A-1a) for the fi rst 2 hours. We use the source 
mechanism of the Haida Gwaii earthquake as a basis for the 
hypothetical near-fi eld tsunami source in the area of Haida 
Gwaii (scenario 9). 

Numerical modeling of three historic tsunamis at Sitka 
demonstrates that the employed numerical model of tsu-
nami propagation and runup generates tsunami waveforms 
that are in good agreement with the observed arrival times 
and wave phases. The model also provides a good fi t to the 
recorded tsunami amplitudes at Sitka, which indicates that 
the proposed coseismic deformation models for the three 
historic earthquakes adequately describe the coseismic slip 
distribution. 

Hypothetical tectonic tsunami sources
Based on the analysis of historic tsunamis that affected 

Sitka, we consider several tectonic tsunami sources for the 
construction of the tsunami hazard map for the Sitka area. 

Taking into account the directional properties of a tsunami 
source and previous studies of the far-fi eld effects of the 
1964 tsunami (Myers and Baptista, 2001; Suleimani, 2011), 
we conclude that the section of the Aleutian megathrust that 
includes the Alaska Peninsula, Kodiak Island, and Prince 
William Sound (fi g. 12) is the area best positioned to generate 
a tsunami wave that will signifi cantly affect Sitka.

Table 2 shows that tsunami effects at Sitka due to long-
distance historic events are minor. Tang and others (2012) 
performed a detailed study of the energy distribution during 
the 2011 Tohoku tsunami and concluded that the propagated 
energy and the location of the tsunami source are the most 
important source parameters for predicting tsunami impacts. 
The energy fl ux is redirected by the seafl oor topography, re-
sulting in tsunami impacts of very different levels of severity 
along a relatively short section of the coastline, compared 
with the distance from the tsunami source. For example, 
neither the 2006 Kuril Islands tsunami, nor the devastating 
2011 Tohoku tsunami generated any wave damage at Sitka, 
while both events resulted in signifi cant damage, high wave 
amplitudes, and strong currents in the harbor at Crescent 
City, California (Dengler and others, 2009; Wilson and oth-
ers, 2011). To assess a potential tsunami impact on Sitka 
from a far-fi eld tectonic scenario, we considered multiple 
segments of subduction zones around the Pacifi c Ocean that 
could potentially generate a trans-oceanic tsunami with an 
impact on Sitka. The tsunami sources included segments 
of the Kuril–Kamchatka and the Yap–Marianas–Izu Bonin 
subduction zones (Gica and others, 2008) that have the ap-
propriate directional properties with respect to the coast of 
southeastern Alaska. Numerical experiments demonstrated 
that none of these hypothetical far-fi eld tsunami sources re-
sulted in a sizable wave at Sitka, therefore we did not include 
these sources in the fi nal list of scenarios (table 4). 

To construct regional tsunami scenarios for Sitka, we ana-
lyzed historic events along the Fairweather–Queen Charlotte 
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Figure 10. Vertical coseismic deformation 
patterns corresponding to three different 
slip models of the October 28, 2012, Haida 
Gwaii earthquake. 
a. 10/28/12 Haida Gwaii deformation 

model by Caltech.
b. 10/28/12 Haida Gwaii deformation 

model by U.S. Geological Survey.
c. 10/28/12 Haida Gwaii deformation model 

by Chen Ji.
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Figure 11. Recorded sea level at Sitka during the 2012 Haida Gwaii tsunami, compared with the time series calculated for 
three source functions shown in fi gure 10.
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Figure 12. Map of Alaska with rupture zone of the 1964 Great Alaska Earthquake and segments of the Alaska–Aleutian 
megathrust: the Yakataga–Yakutat (YY), Prince William Sound (PWS), Kenai Peninsula (KP), Kodiak Island (KI), Semidi 
Islands (SEM), Shumagin Islands (SH), Unimak Island (UN), and the Fox Islands (FOX) segments. The star indicates 
the epicenter of the 1964 earthquake. The dashed contour delineates regions of coseismic uplift (shaded) and subsid-
ence above the 1964 rupture area (Plafker, 1969).
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fault system (fi g. 4). Another hypothetical tsunamigenic 
earthquake worth considering is rupture of the Cascadia 
subduction zone, involving subduction of the Juan de Fuca 
plate beneath the North America plate along the Pacifi c 
Northwest coast (from Vancouver Island, British Columbia, 
to California). 

In modeling the considered tsunami sources, we assume 
that the initial displacement of the ocean surface is equal to 
the vertical displacement of the ocean fl oor induced by the 
earthquake rupture process. We do not account for the fi nite 
speed of the rupture propagation along the fault and consider 
the ocean bottom displacement to be instantaneous. 

For the purpose of constructing tsunami source scenarios 
that span from south-central Alaska to the eastern Aleutians, 
we follow the notations of Nishenko and Jacob (1990) for 
the segments of the megathrust that have been repeatedly 
ruptured by large and great earthquakes, or for gaps between 
the rupture segments: Yakataga–Yakutat (YY), Prince Wil-
liam Sound (PWS), Kenai Peninsula (KP), Kodiak Island 
(KI), Semidi Islands (SEM), Shumagin Islands (SH), Unimak 
Island (UN), and Fox Island (FOX) segments (fi g. 12). 

We describe below all tectonic tsunami sources that were 
used to calculate propagation and runup of tsunami waves at 
Sitka and then included in calculation of the composite extent 
of inundation and the composite distribution of fl ow depths. 
The coseismic deformation pattern for each scenario is shown 
in fi gure 13, and table 4 provides a summary of all scenarios. 

(a) Models of a hypothetical earthquake in the rupture 
area of the 1964 Great Alaska Earthquake
The rupture area of the 1964 earthquake is at the eastern 

end of the Aleutian megathrust (fi g. 12). Although the PWS, 
KP, and KI segments ruptured together during the 1964 
earthquake, they have different earthquake histories. As 
summarized by Nishenko and Jacob (1990) and Carver and 
Plafker (2008), the KI segment has produced large and great 
earthquakes independently of the PWS and KP segments, 
with the recurrence interval for the Kodiak asperity estimated 
as low as 60 years, while that for the PWS–KP asperity ap-
pears to be several hundred to 900 years. 

The YY segment, at the eastern end of the megathrust, 
represents a complex collision zone where the Yakutat mi-
croplate moves northwest toward central Alaska at 48 mm 
(1.9 in) per year (Carver and Plafker, 2008). This segment lies 
within a transition from predominantly strike-slip motion to 

the east and southeast to shallow-dipping subduction to the 
west (Nishenko and Jacob, 1990). The interaction between 
the Yakutat block and the Pacifi c and North American plates 
is complex and not well characterized.

Shennan and others (2009) tested the hypothesis that 
in some seismic cycles megathrust segments can combine, 
as proposed in the segmentation model by Nishenko and 
Jacob (1990), and produce earthquakes larger than historical 
earthquakes. The authors present paleoseismic evidence that 
earthquakes 900 and 1,500 years B.P. ruptured three segments 
of the Aleutian megathrust (the PWS, KP, and KI segments) 
in addition to an eastward extension of the PWS segment that 
involved the western margin of the Yakutat microplate. Shen-
nan and others (2009) suggested that an increase in seismic 
moment is less signifi cant in terms of tsunami hazard than 
an increase in tsunami generation area of this multi-segment 
rupture, due to coseismic uplift over a large segment of the 
shallow continental shelf off the Yakataga coast. To model 
inundation at Sitka from this potential event, we applied the 
following constraints based on the hypothetical earthquake 
model of Shennan and others (2009). The extended source 
function includes four segments of the Aleutian megath-
rust: the PWS, KP, KI, and YY segments. The total seismic 
moment is about 15 percent greater than that of the 1964 
earthquake. The new source function produces coseismic 
vertical uplifts along the Gulf of Alaska coastline segment 
between the Copper River basin and Yakataga area, in order 
to match the coseismic deformation pattern with the paleo-
seismic data (Shennan and others, 2009). 

To construct a rupture model for the YY segment, we as-
sume four subfaults whose parameters are listed in table 5. We 
calculate coseismic deformations produced by this segment 
using the Okada algorithm (Okada, 1985), and then combine 
them with the 1964 coseismic deformations produced either 
by the JDM (scenario 1) or by the SDM (scenario 2).

Scenario 1. Multi-Segment JDM event: Source function based 
on extension of the JDM.
The JDM (segments KI, KP, and PWS) is extended by includ-
ing coseismic deformation for the YY segment. 

Scenario 2. Multi-Segment SDM event: Source function 
based on extension of the SDM.
The SDM (segments KI, KP, and PWS) is extended by includ-
ing coseismic deformation for the YY segment. 

Table 4. All hypothetical scenarios used to model tsunami runup in Sitka.

Scenario 1 Multi-Segment event based on the JDM (PWS, KP, KI, and YY segments)
Scenario 2 Multi-Segment event based on the SDM (PWS, KP, KI, and YY segments)
Scenario 3 Modified multi-segment event: rupture of the PWS, KP, and YY segments of the JDM
Scenario 4 Modified multi-segment event: rupture of the PWS, KP, and YY segments of the SDM
Scenario 5 Multi-Segment event: the Tohoku-type rupture of the PWS, KP and KI segments
Scenario 6 The SAFRR tsunami scenario (SEM and SH segments)
Scenario 7 Rupture in the Eastern Aleutians, from Semidi Islands to Fox Islands (SEM, SH, UN and FOX 

segments)
Scenario 8 Rupture on the Cascadia subduction zone
Scenario 9 Mw8.2 thrust earthquake in the Haida Gwaii area
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Scenario 1

Scenario 2

Displacement, m

Displacement, m

Figure 13. Vertical coseismic deformations corresponding to scenarios 1–9.
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Scenario 3

Scenario 4

Displacement, m

Displacement, m

Figure 13 (cont’d). Vertical coseismic deformations corresponding to scenarios 1–9.
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Figure 13 (cont’d). Vertical coseismic deformations corresponding to scenarios 1–9.
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Figure 13 (cont’d). Vertical coseismic deformations corresponding to scenarios 1–9.
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Scenario 3. Multi-Segment JDM event: The PWS and KP 
segments of the 1964 rupture, and the YY segment.
The model includes the coseismic deformations in the PWS 
and KP segments of the 1964 rupture as defi ned in the JDM, 
and deformations in the YY segment.

Scenario 4. Multi-Segment SDM event: The PWS and KP 
segments of the 1964 rupture, and the YY segment.
The model includes the coseismic deformations in the PWS 
and KP segments of the 1964 rupture as defi ned in the SDM, 
and deformations in the YY segment.

Scenario 5. Multi-Segment event: The PWS, KP and KI 
segments with Tohoku-type slip distribution in the down-dip 
direction. 

We used a recently published model of global subduction 
zone geometries, called Slab 1.0 (Hayes and others, 2012), to 
construct hypothetical tsunami sources along the eastern end 
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Figure 13 (cont’d). Vertical coseismic deformations corresponding to scenarios 1–9.

of the Aleutian megathrust (fi g. 12). In the Slab 1.0 model, the 
plate interface is defi ned by the slab surface isodepth contours 
with a contour interval of about 2 km. We discretized the 
interface into subfaults with the down-dip dimension equal 
to the contour interval, and with the along-strike dimension 
ranging from about 4 to 6 km (~2.5 to ~3.7 mi). We chose 
to discretize the interface with rectangular subfaults, since 
coseismic deformations are calculated using Okada’s formu-
las (Okada, 1985) that require rectangular fault geometry. 
The resulting high-resolution mosaic allows for prescribing 
fi ne variations of slip in both down-dip and along-strike di-
rections. We constructed four hypothetical tsunami sources 
using the discretized interface for the section of the megath-
rust between the PWS and SH segments (fi g. 12). The four 
sources included the following segments: (a) PWS–KP–KI, 
(b) KP–KI, (c) KP–KI–SEM, and (d) KI–SEM–SH. Figure 14 
shows sections of the discretized interface overlaid with the 
slip distribution pattern, which is identical for all four sources. 
The slip is distributed almost uniformly along the strike, 
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Table 5. Fault parameters for the Yakataga–Yakutat segment

Lat
[deg. N]

Lon
[deg. W]

Deptha

[km]
Length
[km]

Width
[km]

Strike
[deg.]

Dip
[deg.]

Rake 
[deg.]

Slip
[m]

59.17 144.12 1 50.1 190 256 12 90 15
59.36 143.23 3 51.1 141 250.4 10 90 15
59.54 142.42 5 47.8 114.8 245.8 6 90 15
59.94 141.21 5 79.7 99.6 237.8 8 90 15

aDepth is to the top of the subfault plane.

except for the edges of the ruptures, where slip tapers. As 
for the down-dip direction, we assume the concentration of 
higher slip closer to the shallow part of the rupture, similar 
to that in the Tohoku 2011 earthquake. During that event, 
unexpectedly large displacements were recorded up-dip of 
the epicenter of the main shock, based on seafl oor GPS and 
seafl oor pressure gauge observations, suggesting up to 80 m 
(262 ft) of coseismic slip beneath the frontal wedge on the 
plate boundary (Ito and others, 2011). 

We conducted a numerical experiment to select the hypo-
thetical source that produces the highest tsunami amplitudes 
and runup values at Sitka. All sources had the same seismic 
moment that corresponds to a Mw9.2 rupture. Using the Oka-
da algorithm, we calculated vertical coseismic displacements 
for each source, and modeled tsunami wave propagation and 
runup at Sitka. The simulated maximum wave amplitudes at 
the Sitka Harbor for the sources described above (a-d) are 
2.8 m, 2.4 m, 2.3 m and 1.9 m, respectively. The PWS-KP-
KI source generated the largest tsunami effects at Sitka and 
was chosen as scenario 5.

(b) Source models of hypothetical tsunamigenic earth-
quakes in the Alaska Peninsula segment of the 
Alaska-Aleutian subduction zone.

Scenario 6. The SAFRR Tsunami Scenario: Segments SH 
and SEM.

The USGS Science Application for Risk Reduction 
(SAFRR) project, in collaboration with NOAA and State of 
California agencies, has developed a plausible hypothetical 
tsunami scenario to describe the impacts of a tsunami generat-
ed by an earthquake in the Alaska Peninsula region (Ross and 
others, 2012). The USGS Tsunami Source Working Group 
defi ned the scenario source as a M9.0 earthquake similar to 
the Tohoku 2011 event, but located between the Shumagin 
Islands and Kodiak Island, in the SH and SEM segments of 
the megathrust (fi g. 12). The rupture area, represented by 
56 subfaults, is about 350×200 km (217×124 mi), with an 
average slip of 15.7 m (51.5 ft) and a maximum slip of 75 m 
(246 ft). The concentration of higher slip closer to the trench 
was adopted for the SAFRR scenario following the derived 
slip distributions for the Tohoku earthquake.

Scenario 7. Multi-Segment event: SEM, SH, UN, and FOX 
segments.  

This scenario is based on the slip model of a hypothetical 
earthquake that incorporates the entire rupture areas of the 

1788, 1938, and 1946 events as well as the eastern end of 
the 1957 rupture zone (Ryan and others, 2010). The authors 
proposed a great earthquake of Mw~9.0 that ruptures most 
of the eastern Aleutian megathrust, noting that in order to 
generate an earthquake of this magnitude in the eastern Aleu-
tians, it is necessary to rupture through multiple segments 
of the megathrust, including sections that may be weakly 
coupled. The authors also chose these particular sections 
of the megathrust because of the absence of any tectonic 
features that might work as barriers to the rupture. Figure 15 
shows the discretized Slab 1.0 interface (Hayes and others, 
2012) in the area of the proposed source, overlaid with the 
slip distribution pattern. The largest amount of slip is placed 
at the eastern end, which is a nearly fully locked segment 
of the megathrust beneath the Semidi Islands, based on the 
GPS studies by Freymueller and others (2008). We assign a 
much smaller amount of slip to the middle part of the rupture, 
where coupling of the plate interface changes from about 30 
percent locked at the Shumagin Islands to freely slipping 
west of the Shumagins (Fournier and Freymueller, 2007). 
The amount of slip increases again at the western end of 
the rupture, where little moment was released in 1957. This 
scenario is similar to the 1957 event that ruptured a long sec-
tion of the megathrust with highly variable slip along strike 
(Johnson and others, 1994). The moment magnitude for this 
hypothetical event is 9.2.

(c) Model of the Cascadia Subduction Zone Earthquake
Paleoseismic records reveal that great tsunamigenic 

earthquakes repeatedly occur on the Cascadia subduction 
zone with irregular intervals averaging about 500 years 
(Atwater and others, 2004). The latest trans-Pacifi c tsunami 
generated by an earthquake at Cascadia occurred in January 
1700 (Satake and others, 1996; Atwater and others, 2005). 
The impact of this tsunami on Alaska coastal communities 
was not documented, likely due to low population density 
along the Alaska coast at that time. Multiple models of 
Cascadia subduction zone ruptures are presented by Satake 
and others (2003) and Priest and others (2009), and by refer-
ences therein. These models describe hypothetical coseismic 
displacement fi elds with various levels of detail. Because a 
Cascadia subduction zone earthquake is considered to be 
a medium-fi eld tsunami source to the southeastern Alaska 
coast, a relatively simple “worst-case credible” rupture of 
the Cascadia subduction zone is used in this report.
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Figure 14. Sections of the eastern Aleutian megathrust interface discretized using the Slab 1.0 model. The four sources cor-
respond to the following combinations of segments shown in fi gure 12: (a) PWS–KP–KI, (b) KP–KI, (c) KP–KI–SEM, 
and (d) KI–SEM–SH. The interface mosaic is overlaid with the slip distribution patterns. Green contour is the shoreline, 
and blue labeled contours show depth in km to the plate interface.
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Figure 15. Segment of the Aleutian megathrust interface between Kodiak Island and Yunaska Island, discretized using the 
Slab 1.0 model. The interface mosaic is overlaid with the slip distribution pattern. Green contour is the shoreline, and 
blue labeled contours show depth in km to the plate interface.

Scenario 8. Rupture of the Cascadia subduction zone, in-
cluding portions of the margin along the British Columbia, 
Washington, Oregon, and northern California shore.

Wang and others (2003) concluded that the down-dip limit 
of the rupture in the 1700 Cascadia earthquake could not be 
constrained using the tsunami heights in Japanese historical 
records. The authors suggested a conservative approach for 
Cascadia coseismic deformation assuming that full coseismic 
rupture takes place over the entire locked zone and that slip 
decreases linearly down-dip to zero halfway into the present 
effective transition zone. The most recently updated and prob-
ably more reasonable model assumes that the slip distribution 
in the down-dip direction is bell-shaped (Witter and others, 
2011). In this report, the assumed Mw9 rupture (fi g. 13) re-
covers 1,200 years’ worth of plate convergence with about 
36 m (118 ft) of maximum slip (Witter and others, 2011).

d) Source model of a hypothetical tsunamigenic earth-
quake in the Haida Gwaii area

Scenario 9. A hypothetical earthquake in the Haida Gwaii 
area.

Following the proposed underthrusting model of the 
oblique convergence across the Queen Charlotte fault (Bustin 
and others, 2007), and the source mechanism of the recent 
Mw7.8 Haida Gwaii earthquake of October 28, 2012, we 
assume a hypothetical rupture in the southern part of the 
Haida Gwaii on a 150-km-long (93-mi-long) subduction fault 
plane dipping at 28, with a strike equal to that of the Queen 
Charlotte fault (table 6; fi g. 13). The moment magnitude for 
this event is 8.2, assuming a value of 2.75 × 1011 Pa for shear 
modulus. Leonard and others (2012) estimated a recurrence 
interval of events of similar magnitude in the Haida Gwaii 

Table 6. Fault parameters for the hypothetical Haida Gwaii earthquake.

Lat
[deg. N]

Lon
[deg. W]

Deptha

[km]
Length
[km]

Width
[km]

Strike
[deg.]

Dip
[deg.]

Rake 
[deg.]

Slip
[m]

51.5736 130.9405 7 150 60 325 28 110 10
aDepth is to the top of the fault plane.
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area at about 800 years, under the assumption that there is 
no signifi cant deformation of the Pacifi c plate. The authors 
note that accommodating even 2 mm (0.08 in) per year of 
convergence by internal shortening of the Pacifi c plate would 
increase this interval by about 30 percent. Even though a 
similar event further north along the Queen Charlotte fault 
would generate a larger wave at Sitka, we do not consider 
such an event a credible scenario, because the relative plate 
motion north of Haida Gwaii is transform, and all recorded 
earthquakes there had strike-slip mechanism.

Landslide tsunami hazard potential
Tsunamis caused by underwater slope failures are a 

signifi cant hazard in the fjords of coastal Alaska and other 
high-latitude fjord coastlines (Lee and others, 2006). Kulikov 
and others (1998) analyzed tsunami catalog data for the North 
Pacifi c coast and showed that this region has a long record of 
tsunami waves generated by submarine and subaerial land-
slides, avalanches, and rock falls. For example, as a result of 
the 1964 earthquake, about 20 local submarine and subaerial 
landslide tsunamis were generated in Alaska (Lander, 1996), 
which accounted for 76 percent of the tsunami fatalities. 

The coast of southeastern Alaska has numerous fjords. 
In a fjord setting, glacial rivers and streams form a delta at 
the head of a fjord and deposit sediment that easily loses 
strength during an earthquake. A primary cause of submarine 
landslides in fjords is the accumulation of sediments on steep 
underwater slopes. Masson and others (2006) divide all fac-
tors that contribute to initiation of submarine landslides into 
two groups: factors related to geologic properties of landslide 
material (such as overpressure due to rapid deposition), and 
those associated with external events (such as earthquakes or 
sea level change), noting that usually more than one factor 
contributes to a single landslide event. Hampton and others 
(2002) note that in a fjord environment, where the deltaic 
sediment is deposited rapidly, the sediment builds up pore-
water pressures and could liquefy under extreme low tide 
conditions or ground shaking during an earthquake, due to 
low static shear strength. While ground shaking is one of the 
most common triggering mechanisms for submarine slope 
failures, a close relationship has been demonstrated between 
coastal landslides and extreme low tides (Thomson and oth-
ers, 2001; Kulikov and others, 1998). On November 3, 1994, 
a massive submarine landslide destroyed a timber dock on 
the east shore of Skagway harbor. A resultant wave killed 
one worker, and damaged and destroyed boats and docks in 
the harbor, causing about $2 million in repairs. A numerical 
modeling study by Thomson and others (2001) demonstrated 
that the primary cause of the 1994 Skagway slide was the 
critical overloading of the slope materials at a time of ex-
treme low tide. Human activities can also trigger submarine 
landslides (Masson and others, 2006; Bornhold and others, 
2001). Because of these diverse mechanisms, assessment of 
landslide-generated tsunami hazard is a challenging task. 

Fjords in southeastern Alaska are also prone to tsunami 
waves generated by subaerial rockfalls caused by fractures 
in the bedrock along fjord sidewalls. Evans and Clague 

(1994) described the process of glacier debuttressing as an 
important mechanism that generates instability of the rock 
slopes due to relaxation of internal stress after deglaciation. 
Southeastern Alaska is a tectonically active area, and rock-
slope failures in such environments are often triggered by 
earthquakes. Although it is hard to separate the contribution 
of a seismic event into the triggering of a rockfall, Cossart 
and others (2008) found that glacial unloading and associated 
stress release play an important role in triggering rock-slope 
failures. The largest known historic tsunami wave generated 
by a subaerial rock-slope failure followed an estimated 30 
million m3 (1,050 million ft3) landslide in Lituya Bay, Alaska, 
on June 9, 1958. The slope failure was triggered by a M7.9 
earthquake on the nearby Fairweather fault (fi g. 4). When 
the landslide entered the water, it produced tsunami runup 
up to 530 m (1,740 ft) high on the opposite shore of the bay 
(Miller, 1960). A comprehensive study of an unstable rock 
slump, which was identifi ed on the northern shore of Tidal 
Inlet in Glacier Bay National Park, concluded that a rapid 
failure of the landslide would result in signifi cant hazard 
to park visitors (Wieczorek and others, 2007). Results of 
numerical modeling indicate that landslide-generated waves 
of extremely high amplitude can be expected in Tidal Inlet, 
and waves up to 10 m (33 ft) high outside of the inlet, with 
signifi cant wave activity lasting for several hours. 

The recent tsunami hazard assessment study by Leonard 
and others (2012) was the fi rst attempt to quantify tsunami 
hazard for the entire Canadian coast. The study provided, in 
particular, an overview of potential tsunami sources along the 
Pacifi c coast of Canada, including both tectonic and landslide 
sources. This tsunami-hazard assessment report includes 
the description of several historic landslide tsunamis that 
occurred in fjords along the Pacifi c coast of North America. 
It was concluded, however, that the current knowledge of 
landslide tsunami sources in the fjords of the Pacifi c coast 
of Canada is not suffi cient to perform probabilistic tsunami 
modeling of potential failures in the area. The analysis of 
submarine continental slope landslides has led to the conclu-
sion that this hazard is negligible compared to other Pacifi c 
tsunami sources (Leonard and others, 2012). 

While we acknowledge that communities in southeastern 
Alaska are considered at risk from locally generated waves 
because of their proximity to landslide-prone fjords in the 
seismically active zone, we do not quantify this category of 
landslide tsunami hazard for Sitka in the current report due 
to poor constraints on the parameters of potential slides, 
such as locations, volumes, and geotechnical properties. A 
record of tsunami waves generated by slides off the conti-
nental slope in southeastern Alaska does not exist, and the 
authors are not aware of any geotechnical investigations in 
the area for the evidence of underwater slides. Because of 
the limited evidence for past tsunamigenic landslide events 
off the continental slope along the southeastern Alaska coast, 
and the absence of any slope stability analysis for the area, 
it is not possible to develop a credible landslide tsunami 
scenario for Sitka. 
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MODELING RESULTS
Results of hypothetical tsunami scenarios

We performed numerical calculations for all scenarios 
described above. In every case, we modeled the water dy-
namics in each grid listed in table 1, and computed the extent 
of inundation and fl ow depths only in the highest-resolution 
grid. Figure 16 shows calculated inundation limits for those 
scenarios that resulted in measurable inundation zones in 
Sitka, namely scenarios 2, 5, 6, and 8. Since none of the 
tsunami sources that correspond to the scenarios in fi gure 16 
are near-fi eld events, they do not produce any tectonic land 
changes in Sitka, and therefore the inundation zones have 
the same reference level of the MHHW shoreline. Scenario 
5, the Tohoku-type event that ruptures the PWS, KP, and KI 
segments of the megathrust, produces the largest inundation 
zone in Sitka. A large section of Sitka downtown adjacent to 
the City Harbor gets fl ooded, as well as the area around the 
harbor on Japonski Island, and the buildings for University 
of Alaska Southeast and Mt. Edgecumbe High School. Sce-
narios 6 and 8, the SAFRR tsunami source and the Cascadia 
subduction zone rupture, respectively, result in very similar 
inundation zones, which are signifi cantly smaller than the 
extent of inundation from scenario 5. This is explained by the 
directional properties of the tsunami sources: the rupture in 
the Cascadia subduction zone will generate a wave that has 
the maximum energy fl ux perpendicular to the source area in 
the near fi eld (that is, to the west and east), and later during 
the trans-Pacifi c propagation the energy will be redistributed 
and directed toward the coast of the Philippines. Similarly, the 
SAFRR tsunami source will produce the maximum energy 
fl ux perpendicular to the trench in the near fi eld, and the 
propagated energy is directed mostly to the coast of South-
ern California and Mexico. Scenario 2, which simulates the 
extended 1964 rupture, produces a slightly larger inundation 
zone compared to that of scenarios 6 and 8. 

Map sheet 1 shows the maximum composite calculated 
extent of inundation for all scenarios, and the maximum 
composite fl ow depths over dry land. The tsunami fl ow depth 
is an important indicator of potential damage, and must be 
differentiated from runup height (Synolakis and Bernard, 
2006). For easier visual reference, we indicate the values of 
0.3 m (1 ft), which approximately corresponds to shin height, 
and 1.8 m (6 ft), which is just above the average person’s 
body height. 

In the northern part of the town, noticeable inundation 
occurs in the area along Halibut Point Road between its north 
end, which is close to the delta of Starrigavan Creek, and 
Kuhnle Drive in the south. The section of the road between 
the dock and the road’s dead end is fl ooded with fl ow depths 
up to 4 m (13 ft). 

In the central part of the town, which includes downtown, 
harbors, and Japonski Island, the entire coastline is inun-
dated, according to the composite worst-case scenario. The 
maximum fl ow depths are expected along the shores of the 
northern harbor and in the channel that separates Japonski 
Island from the mainland. 

In the southeastern part of the town, the area between 
Sawmill Creek Road and the shoreline next to the Sitka 
southeast subdivision is completely inundated. Sawmill 
Creek Road, which follows the shoreline, is fl ooded in 
several places, as does the Industrial Park in Sawmill Cove. 
The maximum fl ow depths in both areas reach 5 m (16 ft). 

Time series and other numerical results
To provide a more accurate assessment of tsunami hazards 

in Sitka, we have supplemented the inundation maps with the 
time series of the modeled water level and velocity dynam-
ics at certain locations around the town and in Sitka Sound. 
The time of arrival of the fi rst wave, the maximum wave 
amplitude, and the duration of wave action are important 
factors that should be considered by emergency managers 
during evacuation planning. The appendix contains plots of 
sea level and velocity time series for selected scenarios at 
critical locations in Sitka Sound. For each location shown 
by a number in fi gures A-1a, A-1b, and A-1c, we plot the sea 
level and water velocity in fi gures A-2 and A-3 for scenarios 
2–5 and 6–9, respectively. The zero time corresponds to the 
epicenter origin time, and elevations correspond to the post-
earthquake MHHW datum. Velocity magnitude is calculated 
as water fl ux divided by water depth, thus the velocity value 
can have large uncertainties if the water depth is small. In the 
plots shown, the velocity is computed only where the water 
depth is greater than 0.3 m (1 ft). 

Sources of errors and uncertainties
The hydrodynamic model used to calculate tsunami 

propagation and runup is a nonlinear, flux-formulated, 
shallow-water model (Nicolsky and others, 2011; Nicolsky, 
2012). The model passed the verifi cation and validation tests 
required for numerical codes used in production of tsunami 
inundation maps (Synolakis and others, 2007; NTHMP, 
2012). 

The source mechanism remains the biggest unknown in 
the problem of tsunami modeling. Since the initial condition 
for the modeling is determined by the displacement of the 
ocean bottom, the largest source of errors is the earthquake 
model. When the tsunami is generated in the vicinity of the 
coast, the direction of the incoming waves, their amplitudes 
and times of arrival are determined by the initial displace-
ments of the ocean surface in the source area because the 
distance to the shore is too small for the waves to disperse. 
Therefore, the near-fi eld inundation modeling results are 
especially sensitive to the fi ne structure of the tsunami source. 
The modeling process is highly sensitive to errors when 
the complexity of the source function is combined with its 
proximity to the coastal zone. Finally we mention that the 
horizontal resolution of the grid used for inundation modeling 
is 15 m. This scale is limited by the resolution of the topo-
graphic and bathymetric data used for the grid construction. 
The 15 m resolution is high enough to describe major relief 
features, but the existing model cannot accurately resolve 
small topographic features, buildings, and other facilities. 
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SUMMARY
We present the results of numerical modeling of earth-

quake-generated tsunami waves for the town of Sitka in 
southeastern Alaska. The presented maps have been com-
pleted using the best information available and are believed 
to be accurate; however, their preparation required many 
assumptions. We have considered several tsunami scenarios 
and have provided an estimate of maximum credible tsu-
nami inundation. Actual conditions during a tsunami event 
may vary from those considered, so the accuracy cannot be 
guaranteed. Landslide tsunami sources are not included in 
the current study due to unknown potential impact of such 
events on Sitka. The limits of inundation shown should only 
be used as a guideline for emergency planning and response 
action. Actual areas inundated will depend on specifi cs of 
earth deformations, on-land construction, and tide level, and 
may differ from areas shown on the map. The information 
on this map is intended to permit state and local agencies to 
plan emergency evacuation and tsunami response actions in 
the event of a major tsunamigenic earthquake. These results 
are not intended for land-use regulation. 
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Figure 16. Calculated potential inundation in Sitka for Scenarios 2, 5, 6, and 8 with respect to the MHHW shoreline.
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MAPS SHOWING LOCATIONS OF TIME SERIES POINTS

Figure A-1a. Map showing locations of time series points. The red triangle indicates the location of the Sitka tidal station.
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Figure A-1b. Map showing locations of time series points.
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