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The hazards associated with tsunamis are well known and have been studied 

for decades. The majority of research is, however, focused on open coastlines which 

bear the brunt of a tsunamis force. Other regions that can be strongly impacted by a 

tsunami are large estuaries. Here, the tsunami encounters a long shallow body of water 

and is able to propagate much further than it would on land. Understanding the extent 

of tsunami propagation in rivers and the speed at which they propagate is important 

for the creation of timely and effective warning systems for communities along large 

estuaries. The present study investigates tsunami inundation and propagation up 

estuaries as a function of geometric shape, river discharge, and tidal state. This is 

accomplished by modeling tsunami wave-trains in three highly idealized estuaries, 

modeling a single tsunami wave-form in a local Columbia River Estuary grid, and by 

modeling an actual Cascadia Subduction Zone earthquake in a regional Eastern North 

Pacific grid. Comparison of water surface elevations in the three idealized estuaries 

indicate that faster estuary convergence causes greater energy dissipation but focuses 

the remaining energy resulting in higher energy density and larger tsunami waves. 

Changes in river discharge proved to have a minimal impact on tsunami propagation 

while changes in tidal state had large impacts. 
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Tsunami Propagation in Large Rivers: Idealized Cases and the Columbia River 

Estuary 

 

CHAPTER 1 – INTRODUCTION 

In the past several decades, earthquake generated tsunamis have taken large 

regions by surprise and caused some of the most destructive and deadliest natural 

disasters of our time.  While much of the world appears to be relatively safe from 

tsunamis due to the apparent lack of tectonic activity, accepted knowledge of earth’s 

tectonics is not always correct. Until the 1980s, it was believed that the Cascadia 

region of the United States’ Pacific Northwest (PNW) was incapable of producing 

earthquakes greater than magnitude 7.5 (Atwater et al., 2005). Research in the last 

three decades, however, has led to the conclusion that the Cascadia Subduction Zone 

(CSZ), located approximately 200 miles of the coast of the PNW, is capable of and has 

a history of generating earthquakes of magnitude 8.0 to 9.0 (Atwater et al., 2005). This 

earthquake hazard along the CSZ also poses a major tsunami threat to the entire 

coastline. While tsunamis hazards along the open coast have been relatively well 

studied, the dynamics’ of tsunami propagation into estuaries and up rivers have 

received considerably less attention. The intent of this study is threefold: (i) to model 

tsunami propagation up idealized estuaries, in order to investigate how inundation and 

propagation characteristics vary with estuary geometry, river discharge, and tidal state, 

(ii) to model idealized tsunami propagation up the Columbia River Estuary, and (iii) to 

model an actual CSZ event in a eastern north Pacific regional domain.  

 

1.1 Recent tsunamis 

While historical Japanese records of tsunamis go back hundreds of years 

(Satake et al., 1996; Atwater et al., 2005) and geologic evidence in North America 

goes back thousands of years (Atwater et al., 2005) the past decade has seen two 

particularly large tsunamis that have highlighted the need for awareness of this major 

coastal hazard.  The 2004 Indonesian tsunami impacted the entire Indian Ocean basin 

causing more casualties than any other tsunami in recorded history (USGS, 2013a). 
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The 2011 Japanese tsunami impacted the entire Pacific Ocean basin, caused over $390 

billion (US) in damage (USGS, 2013b), and took the lives of at least 15,641 people 

(Mori et al., 2011) 

On December 26, 2004 a megathrust earthquake released the built-up tension 

between the subducting India continental plate and the overriding Burma plate (USGS, 

2013a). This 1300 km rupture along the Sunda Trench resulted in seabed uplift of as 

much as 15 m (Lay et al., 2005) and was determined to be a Magnitude 9.1 earthquake 

by the USGS, making it the 3
rd

 largest earthquake in the world since 1900.  The 

sudden uplift of the seafloor triggered a tsunami that was measured by tide gauges 

worldwide (USGS, 2013a) and had a death toll of 230,000 (Spence et al., 2009).  

While the majority of those lost were in nearby Indonesia, the effects of the tsunami 

were felt by the entire Indian Ocean basin. Figure 1 presents a modeled hindcast of the 

tsunamis offshore amplitude and arrival time, showing how quickly the tsunami 

traveled and how widely it was felt. Tsunami casualty reports were made by Sri 

Lanka, India, Thailand, Somalia, and many other countries and over 1.1 million people 

were displaced (Spence et al., 2009).   
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Figure 1: Energy propagation of the 2004 Indonesian Tsunami based upon NOAA’s 

MOST model showing the extent of tsunami propagation. Figure from Titov et al., 

(2005). Reprinted with permission from AAAS.  

 

 After the 2004 earthquake a number of large earthquakes, including the 2010 

Chilean earthquake, occurred but for a variety of reasons the resulting tsunami did not 

cause the same sort of catastrophic damage. On March 11, 2011, however, the second 

major tsunami within a decade happened, drawing intense media coverage and 

bringing this natural hazard to the public’s attention again. This time the earthquake 

was a magnitude 9.0 and occurred 130 km off the coast of Tohoku, Japan (Mori et al., 

2011).  

This earthquake was caused by thrust faulting at the Japanese Trench 

Subduction Zone, located between the Pacific and North American plates. Here, the 

Pacific plate slips westward under the North American plate at a rate of approximately 

83 mm/yr (USGS, 2013b). The release of tension between the plates caused slip over 

an area of roughly 450 km by 200 km (Mori et al., 2011).  The ensuing tsunami set the 

Japanese record for tsunami run-up height with a measurement of 39.7 m at Miyako 

bay (Mori et al., 2011).  Along the coastline, maximum run-up heights of over 20 m 

were distributed along 290 km of coast and maximum run-up heights of over 10 m 
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were distributed along 425 km of coast. The tsunami propagated up to 5 km inland on 

the Sendai plain (Mori et al., 2011) and over 10 km inland along the Masuda river 

(Adityawan et al., 2012).  While not as deadly as the 2004 tsunami, the death toll of 

15,641 was still significant (Mori et al., 2011). Furthermore there were 4,647 reported 

missing, 5,314 injured, 130,927 people displaced, and a staggering $390 billion (US) 

in economic loss (USGS, 2013b). 

 

1.2 Cascadia Subduction Zone 

As previously mentioned, the CSZ was not considered to be a possible source 

for major earthquakes until recently.  This belief was largely a result of seismic 

inactivity during the PNW’s 200 years of recorded history.  Since 1990, however, it 

has become increasingly clear that the lack of recorded seismic activity is not due to a 

lack of plate-convergence, but rather to long period build-ups of energy between each 

earthquake (Clague, 1997).  It is now widely accepted that the Juan de Fuca plate is 

sliding under the North American Plate along the 1300 km CSZ. Recent scientific 

literature suggests that the CSZ releases its energy every 300-600 years in a massive 

earthquake resulting in a tsunami. Atwater et al. (2005) has shown that this last 

occurred 313 years ago on January 26, 1700.  
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Figure 2: The Cascadia Subduction Zone. Figure reproduced from CREW (2005). 

 

The CSZ (illustrated in Figure 2) has caused a number of magnitude 8 to 9 

earthquakes over the past several millennia and is expected to produce another such 

earthquake soon.  With geology similar to the Sunda Trench (both are 1300 km long 

subduction zones) it is informative to look to the 2004 Indonesian tsunami to get an 

idea of the size of a tsunami that could be produced.  Furthermore, the PNW coastline 



6 

 

has similarities to the coastline of northeastern Japan in that they are steep and 

mountainous with a number of small plains and river valleys.   

These similarities alone, however, do not necessarily make the case justifying 

major funding for tsunami research and education along the PNW Coast. The threat of 

a tsunami combined with a large at risk population, however, calls for close 

investigation of the matter. Research by the National Tsunami Hazard Mitigation 

Program (NTHMP) revealed 1.18 million people at risk in 108 coastal communities 

along the California, Oregon, and Washington coasts. Fifty of these communities and 

nearly 10% of this population are in OR and WA (Gonzalez et al., 2005). Given this 

significant human presence, the importance of understanding the extent of the threat 

along this coastline cannot be understated.   

 

1.3 Columbia River Estuary 

As noted earlier, the Oregon and Washington coasts are steep and mountainous 

with many small plains and valleys.  One particularly large feature along this 

coastline, however, is the Columbia River Estuary, where North America’s 4
th

 largest 

river empties into the Pacific Ocean. Over the past 21 years (1992-2012), the 

Columbia River has had an average discharge rate of 6640 m
3
/s (USGS, 2013c) 

measured at the Beaver Army Terminal (USGS Station # 14246900). The estuary is 

also a vital part of the Port of Portland, given that all marine traffic destined for 

Portland must travel through the estuary. Since 1991 the annual freight tonnage 

passing through the Port of Portland has exceeded 10,000,000 tons with a maximum 

of 14,415,537 tons in 2007 (Port of Portland, 2012). Furthermore, the population 

surrounding the estuary is significant and growing. US Census data from 2010 shows 

a combined population of 61,937 in the three counties surrounding the estuary (Pacific 

County, Wahkiakum County, and Clatsop County) 15,868 of which live right next to 

the estuary in the cities of Astoria, Warrenton, Ilwaco, and Chinook (US Department 

of Commerce, 2010). 
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Figure 3: The Columbia River Estuary. Image from Google Maps (top) and image 

from highly resolved model with bathymetric contours shown in colors (bottom). 

 

Given the size, economic significance, and resident population of this region, 

tsunami research specific to this estuary is warranted. Hydrodynamic modeling of 

tsunamis in this region is complicated by a number of factors. Figure 3 shows a 

regional view of the PNW, a satellite image, and the bathymetric relief of the 

Columbia River Estuary itself. One can see that while the open coastline is relatively 

straight, the details of the Columbia River Estuary are extremely complicated. In 

addition to numerous small islands, sand bars, and steep bathymetric gradients within 

the tight confines of the estuary, there are two large jetties at the mouth further 

complicating the domain. Geography of this nature will cause complex hydrodynamics 

and flow separation as well as significant intermittent inundation with the rising and 

falling of both tides and tsunamis. For these reasons, it is clear that careful 
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construction of any hydrodynamic model will be required in order to achieve accurate 

results. 

 Beginning with idealized estuaries, proceeding to idealized tsunamis in a 

realistic Columbia River Estuary domain, and finishing with a CSZ tsunami event in a 

regional grid, this thesis will investigate the behavior of tsunamis propagating up 

estuaries and rivers. Key factors considered in this study are the influence of tidal 

state, river discharge, and estuary shape on tsunami propagation and inundation. 

Chapter 2 will present recent and relevant studies of this topic. The materials and 

methods used to generate the grids and run the models for this study will be discussed 

in Chapter 3. Chapter 4 will provide a summary of the results, highlighting items of 

particular interest. This will be followed by a discussion of the results and conclusions 

in Chapters 5 and 6. 
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CHAPTER 2 – LITERATURE REVIEW 

 

2.1 Tides in Channels and Estuaries 

 The study of long-wave propagation in narrow channels with varying width 

and depth has been a topic of interest for over 150 years (Jay, 1991).  Early work by 

Green (1837) suggests that wave amplitude varies as b
-1/2

h
-1/4

 in a frictionless channel 

with slowly changing width (b) and depth (h) (Jay, 1991). Green’s Law has been 

found to be asymptotically correct as friction goes to zero in situations with slowly 

converging topography and no river discharge resulting in minimal wave damping 

(Jay, 1991). Given that tidal estuaries typically have significant discharge and are 

short (strongly convergent) relative to the wavelength of a tide (Jay, 1991) they tend to 

be strongly frictional. As such, direct application of Green’s Law to tidal estuaries is 

inappropriate.  

 Derivation of one-dimensional wave equations for conservation of mass and 

along-channel momentum are necessary for any analysis of long-wave propagation in 

tidal channels (Jay, 1991). Presented in various forms by different researchers 

(LeBlond, 1978; Prandle and Rahman, 1980; Jay, 1991) these equations can take the 

following form (Friedrichs and Aubrey, 1994): 

 
  

  
  

 

  
                                                       (1) 

  

  
  

  

  
   

  

  
  ,                                               (2) 

in which b is the estuary width, ζ is the tidal elevation, t is time, x is the along channel 

coordinate, A is the cross-sectional area of the channel, u is the cross-sectionally 

averaged velocity, g is gravity, and F is the friction term. The friction term is 

commonly proportional to velocity (LeBlond, 1978; Prandle and Rahman, 1980; 

Friedrichs and Aubrey, 1994) resulting in greater tidal wave damping when stronger 

currents exist.  

 Three important estuarine parameters affecting tidal wave propagation in 

channels are depth, estuary convergence, and river discharge. The interaction and 
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relative importance of these factors has been studied by many researchers and will 

only be briefly discussed here.   Van Rijn (2011) found that shallow converging 

channels were dominated by bottom friction resulting in damped tidal ranges. On the 

other hand, in deep and long channels the width convergence was dominant and 

yielded amplified tidal ranges (Van Rijn, 2011). Studying the effects of river discharge 

on tidal waves, Cai et al. (2012) found that increased discharge resulted in faster 

dissipation of the tidal wave and a decrease in the wave celerity.   

 

2.1 Tsunamis in Rivers and Channels 

The majority of current research and the existing body of literature on the 

subject of tsunamis focus on the coastline. While this is important, tsunami 

propagation in rivers and estuaries is also very important for risk evaluations (Viana-

Baptista et al., 2006).  In this configuration, the tsunami wave encounters a long 

shallow body of water and is able to propagate much further inland. Figure 4 

illustrates a tsunami bore travelling up the Natori River in Japan. Determining the 

extent and depth of inundation, along with propagation speed, is extremely important 

in defining hazard zones, making damage estimates, and creating timely warning 

systems – crucial information to communities along estuary and river shores. 
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Figure 4: Tsunami propagating up the Natori River. Figure reproduced from 

Adityawan et al. (2012); originally obtained from Japanese Self Defense Force video. 

 

Kowalik et al. (2006) investigated the dynamics of a tsunami in coastal regions 

and examined its interaction with tides. Their investigation was based upon the 

rotational long-wave equations of motion (Kowalik et al., 2006): 

  

  
  

  

  
  

  

  
      

  

  
 

   

  
 

  
 

  
                           (3) 

  

  
  

  

  
  

  

  
      

  

  
 

   

  
 

  
 

  
                           (4) 

A full mathematical description of these equations is given in the article by Kowalik et 

al. (2006). The variables are also defined in the list of abbreviations and acronyms at 

the beginning of this thesis.  

 Using these equations they examined waves in two one dimensional (1D) 

channels. The first used a bathymetric cross-section representative of their study area 

(coastal shelf of the Gulf of Alaska) as shown in the left panel of Figure 5. The second 

extended this channel by adding a 30 m deep, 100 km long idealized channel to it as 

shown in the left panel of Figure 6. The ocean boundary was forced with known tidal 

amplitudes and currents while the land boundary had a run-up algorithm applied. In 

order to examine the dynamic impact of tides in tsunami run-up, multiple runs were 
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completed for each case: a tsunami-only run, a tide-only run, and a coupled tsunami-

tide run. The results from the tsunami-only run were then added to the tide-only run 

and compared to the coupled run (right panels of Figure 5 and Figure 6). 

For the first case, linear superposition of the tide and tsunami resulted in a 

maximum sea level along the coast of approximately 11 m with 1700 m of inundation 

while the coupled run produced a maximum sea level of approximately 11.5 m with 

approximately 2700 m of inundation, demonstrating that the coupled interaction 

caused a slight amplification of the tsunami and a significant increase in inundation 

distance. For the second case, however, the coupled tsunami-tide interactions appear 

to have reduced the maximum tsunami height, while increasing the inundation 

distance relative to the linear superposition case. While the coupled effects in the first 

case have produced different results than the coupled interaction within the long 

shallow channel, both cases indicate that tsunami modeling should be done using 

coupled tsunami-tide modeling rather than linear superposition of the two waveforms. 

 

 

Figure 5: Bathymetric cross-section (left) of initial 1D channel. Depths are in meters. 

Maximum sea levels (in cm) and velocities (right) for tide-only run (green), tsunami-

only run (blue), linear superposition of tide and tsunami (red), and non-linear coupled 

run (dashed). Figure reproduced from Kowalik et al., 2006. 
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Figure 6: Bathymetric cross-section (left) of 1D channel with 100 km extension. 

Depths are in meters. Maximum sea levels and velocities (right) for linear 

superposition of tide and tsunami (orange line) and non-linear coupled run (dotted 

line). Figure reproduced from Kowalik et al., 2006. 

 

A contemporary study by Viana-Baptista et al. (2006) investigated tsunamis 

propagating up the Tagus estuary and inundating a portion of Lisbon, Portugal. They 

used the SWAN (Mader, 1988, 2001) model with a 2 km grid and 5 s time step for the 

open ocean tsunami propagation and the TUNAMI N2 code (Imamura, 1995) with a 

50 m grid and 1 s time step for estuary propagation and flooding (Viana-Baptista et al., 

2006). Using measurement locations inside and outside of the estuary (in the modeled 

domain) they were able to identify differences in tsunami speed and amplitude. 

Analysis of the results indicated that tsunami waves will slow down and decrease in 

amplitude in the confines of the Tagus estuary (Viana-Baptista et al., 2006). 

A more in-depth study of tsunami propagation in river channels is presented by 

Yasuda (2010). Beginning with laboratory experiments he examined wave 

propagation against an opposing current. The experimental matrix included three 

water depths, five river discharge conditions, and two slopes. The wave form results of 

select runs were compared to three equations: (i) assumed hydrostatic pressure 

conditions and resulted in a saw-tooth shape wave form; (ii) used Boussinesq-type 

equations to extend shallow-water theory and yielded good results for small 

amplitudes; and (iii) adjusted the second equation for larger amplitudes. Using the 

third equation, Yasuda (2010) then modeled the propagation of the 2003 Tokachi-Oki 
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tsunami up the Tokachi River. When compared to observations, the model accurately 

reproduced tsunami arrival times in the river and satisfactorily reproduced water 

levels. While the effects of river discharge, depth, and slope on tsunami propagation 

are not directly discussed, examination of Yasuda’s Figure 5 (Yasuda, 2010) indicates 

the following: (i) increased river discharge will result in greater maximum changes in 

water level, (ii) increased river depth will result in smaller maximum changes in water 

level, (iii) steeper rivers will have greater maximum changes in water level. 

Adityawan et al. (2012) investigated tsunami propagation in rivers and 

compared it to propagation on land by examining videos of the 2011 Tohoku tsunami 

in three rivers, one flood plain location, and four land locations on the Sendai plain.  

Suggesting differences in friction as the cause, he concludes that tsunami celerity in 

rivers is much faster than on land, reaching 25-30 km/h (only about 10 km/h on the 

flood plain) and that the deceleration of a tsunami is much greater on land. 

Furthermore, inundation distances within rivers were found to be greater than on land. 

Comparison of inundation distances in each river with average bed slope (defined as 

the average from the river mouth to the extent of inundation) showed that rivers with 

steeper slopes experienced less inundation. 

 

2.1.1 Tsunami Modeling 

While several of the previous references discussed tsunami modeling, two of 

them only conducted 1D models (Kowalik et al., 2006; Yasuda, 2010) and another 

(Viana-Baptista et al., 2006) used 2D models but simply mentioned the models 

without any notable discussion of them. Given the nature of the project at hand, a 

review of literature discussing 2D tsunami modeling in greater detail is appropriate. 

 Treating tsunamis as shallow water waves with negligible vertical acceleration 

and horizontal velocity assumed to be uniform, Satake (1995) developed numerical 

models of the 1992 Nicaragua tsunami and compared them to the observed data. 

Based upon these comparisons he concluded that: (i) using detailed bathymetry and a 

small grid size is more important than using non-linear terms in the equations, (ii) 
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linear models produce larger amplitudes than their nonlinear counterparts, and (iii) 

observed run-up heights are still larger than their modeled counterparts. 

The Advanced Circulation (ADCIRC) Model (Luettich and Westerink, 1991) 

has been used by a number of researchers (Myers and Baptista, 1995, 1996, 2001; 

Myers, 1998; Myers et al., 1999) to study tsunamis. Myers et al., (1999) modeled 

potential CSZ earthquake-driven tsunamis on regional and local scales with elements 

as small as 5 meters for the local scale grids. Their work was conducted using a ‘static 

tide,’ in which the water level was globally set to a specific elevation rather than 

forced with tidal constituents, set to mean higher high water (MHHW) to achieve the 

‘worst case’ scenario. This allows for tsunami modeling at different tidal states but 

does not include the hydrodynamics of tsunami-tide interactions. The regional models 

highlight the importance of bathymetric data, coastline data, and earthquake 

deformation predictions in determining the propagation, dispersion, and focusing of 

the tsunami waves. The local models, focusing on Seaside, OR and Newport, OR, 

highlight the importance of topography, shoreline geometry, and estuary geometry in 

determining tsunami propagation and inundation. 

Myers and Baptista (2001) conducted an analysis of influencing factors on 

tsunami models by modeling the 1993 Hokkaido tsunami and the 1964 Alaska 

tsunami. A series of unstructured grids with varying resolution were created for each 

case and the results compared to observed data.  They found that models based on 

unstructured grids were able to reproduce past events as well as structured grids (such 

as those used by Satake, 1995). More importantly, they identify the need for extremely 

fine resolution along coastlines, noting elements as small as 4.62 m across.   

Traditionally tsunami modeling has been conducted with static tides (Myers 

and Baptista, 2001) as was done by Myers et al. (1999). While this is thought to be a 

reasonable assumption due to the length of a tidal wave, it removes the tsunami-tide 

interaction from the model. The other option is to use ‘dynamic tides’ where the model 

is forced with tidal constituents and the tsunami is forced on top of this already 

dynamic environment. Myers and Baptista (2001) examined the differences between 
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static tides and dynamic tides using models of the 1964 Alaskan tsunami and 

comparisons with observations. Their results indicate that models based on static tides 

can produce non-negligible errors on a local level. As such, they recommend the 

inclusion of dynamic tidal-tsunami interactions in future tsunami inundation studies. 

Tsunami modeling conducted by Zhang et al., (2011) using the SELFE model 

(Zhang and Baptista, 2008) yielded similar results. Like Myers and Baptista (2001), 

they modeled the 1964 Alaskan tsunami, comparing the results to observed data 

points.  The unstructured grid they used contained extremely high resolution (3 m 

element size) near observation sites (Zhang et al., 2011). The model was run using 

static and dynamic tides. Results once again indicated that the dynamic tide-tsunami 

interaction was important, accounting for as much as 50% of the observed run-up 

(Zhang et al., 2011). 

 

2.2 Idealized Estuaries 

Development of idealized estuaries for the present study used size and shape 

parameters that reflect the general shape of real estuaries. Prandle and Rahman (1980) 

assume generic estuarine geometry based upon exponential equations.  Breadth and 

depth variation are assumed to change based on distance from the estuary head in 

accordance with the following equations:  

 ( )      
                                                       (5) 

 ( )      
 .                                                      (6) 

Here, b is the estuary width, B0 is the estuary width at the mouth, h is the estuary 

depth, h0 is the estuary depth at the mouth, x is the longitudinal distance measured 

from the estuary head, and n and m are variables used to adjust the rate of change of 

the estuary geometry. The cross-section is assumed to be rectangular. Fitting this 

idealized shape to ten real world estuaries yielded the following results in terms of the 

m and n parameters. The majority of the estuaries (6/10) had n-values greater than 1.0 

with an average of 1.3 and the majority of the estuaries (7/10) had m-values less than 

1.0 with an average 0.66. 
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Friedrichs and Aubrey (1994) estimate estuarine shape based upon data from 

three estuaries: the Tamar, the Delaware, and the Thames. The estuary cross-section 

uses a rectangular shape at low tide with depth equal to the cross-sectional average 

and width equal to the low tide estuary width. Above low tide, the edges slope 

upwards and away, allowing for the inundation of “tidal flats” during higher tides.  

Estuary width as a function of distance from the mouth is based upon measured data – 

thus increasing the accuracy of the estuary but reducing its idealized nature – requiring 

significantly greater work to create it.   

Based upon observations of numerous estuaries, Savenije (1986) found that the 

estuary width of funnel-shaped alluvial estuaries typically varies exponentially with 

distance from the mouth. He presents the following equations to determine idealized 

versions of estuaries: 

     
                                                            (7) 

  
  .   

   
,                                                           (8) 

where b B0 , and x are the same as above and c is a negative constant based on an 

estuary’s tidal range (TR), spatially-averaged depth (H), and constant tidal excursion 

(E0). An analysis of the longitudinal depth profiles of estuaries shows that the slopes 

are small and that in the wide portions of an estuary the bottom and tidal-average 

surface slope are negligible (Savenije H. H., 1986). Thus, the depth of the estuaries is 

assumed to be constant.  

Other studies (Savenije, 1992; 1993b; 2012; Davies and Woodroffe, 2010) 

have continued to use an exponential variation of estuarine width, but with a slight 

variation to the equations presented above: 

     
  

  ⁄ .                                                       (9) 

This form of the equation uses the estuary’s width convergence length (b*) rather than 

the negative constant used previously. The width convergence length is the length 

scale of the exponential function obtained by calibrating (9) against measured data 

(Nguyen and Savenije, 2006). For these studies, estuary depth is again deemed to be 

constant. Comparison of values of c presented in 1986 with values of b* presented in 
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1993 demonstrate that while b* may be more accurate, it is of the same order of 

magnitude as the inverse of c and in some cases is nearly the same suggesting that the 

earlier form of the equation creates fairly accurate idealized estuarine shapes. 

 Work by Nguyen and Savenije (2006) use this equation to approximate the 

estuarine shape as well. Rather than using a constant depth, however, Nguyen and 

Savenije suggest a longitudinal depth variation based upon a depth convergence length 

(similar to the width convergence length, but for depth). Using the same equation 

format as used for width, the depth is defined as (Nguyen and Savenije, 2006): 

     
  

  ⁄ ,                                                       (10) 

where d* is the depth convergence length and the other variables have been defined 

above. 

 

2.3 Cascadia Subduction Zone 

Located approximately 200 miles off the Pacific Northwest Coast, the 

Cascadia Subduction Zone (CSZ) received little attention until the late 20
th

 century.  

Since the late 1980’s, however, a great volume of literature has been published, 

documenting the research on the history of this subduction zone. Rather than a 

detailed investigation of all of these sources, the present literature review will focus on 

summarizing the results of these sources. 

Atwater (1987) and Heaton and Hartzell (1987) were among the first to publish 

work on the potential threat from the Cascadia Subduction Zone (CSZ). Prior to this, 

scientists were aware of the CSZ, but no historical data existed concerning its 

significant earthquake potential. Heaton and Hartzell (1987) compared the CSZ to 

similar subduction zones in southern Chile, southwestern Japan, and Colombia – 

subduction zones that have been known to create large earthquakes. Atwater (1987) 

took a different approach, examining geologic evidence along the Washington coast. 

While this approach was new to the PNW it proved to be effective. Evidence removed 

from low-lying wetlands indicated that at least six cases of sudden coastal subsidence, 

on an order of 0.5 to 2.0 m, had occurred over the past 7000 years. This data, 
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correlated with tsunami-like sand sheets found on top of the subsided areas, indicated 

great (M 8.0 to 9.0) earthquakes in the region followed by large tsunamis. 

In the 26 years since these articles were published, significant steps have been 

made in determining Cascadia’s Earthquake potential.  Atwater et al. (1995) 

summarized the geologic evidence to date, noting that more than 12 estuaries had 

evidence of sudden subsidence of over 0.5 m. Again, these areas of subsidence were 

covered with layers of sand, similar to tsunami deposits observed elsewhere. Layers of 

such deposits at each location suggest earthquakes of Magnitude 8.0 or larger with a 

recurrence interval of hundreds to slightly more than 1000 years.   

In 1996, Japanese records of a small tsunami not connected to a ‘parent’ 

earthquake were used to pinpoint the most recent CSZ earthquake to the evening of 26 

January 1700 (Satake et al., 1996). The geologic evidence and examination of tree 

rings on buried roots in the PNW presented by Atwater (2005) had indicated that the 

most recent CSZ earthquake had occurred around 1700, lending significant credibility 

to this date. Further examination of the Japanese tsunami records mentioned above, 

has led researchers to estimate the magnitude of this earthquake at 9.0 (Satake et al., 

1996).    

Further research (Clague, 1997; Myers and Baptista, 1999; Priest et al., 2000; 

Priest et al., 2001; CREW, 2005; and Atwater et al., 2005) has demonstrated 

considerable agreement regarding the magnitude and recurrence interval of Cascadia 

earthquakes. Most authors agree that CSZ earthquakes can have magnitudes as great 

as 8.0 – 9.0, and that coastal management should plan for a magnitude 9.0 event. They 

agree that the interval between earthquakes ranges from a couple hundred years to 

slightly more than a thousand years with an average of 300-600 years between events, 

indicating that the PNW could be due for its next big earthquake.  

In his second summary of evidence to date, Atwater et al., (2005) presents the 

graphic reproduced in Figure 7. Here, the historical timeline is presented directly next 

to an image of the tsunami sand deposits discussed previously. 
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Figure 7: CSZ subsidence history. Figure reproduced from (Atwater et al., 2005). 

 

Faced with this data, the most important question to ask is: “when will the next 

CSZ earthquake occur, and how big will it be?”  While there is some debate regarding 

the answers to these questions, the consensus appears to be that there is a 10% chance 

of Cascadia producing a magnitude 9.0 earthquake in the next 50 years (Atwater et al., 

2005). 
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CHAPTER 3 – MATERIALS AND METHODS 

The two dimensional (2D) depth integrated Advanced Circulation model, 

ADCIRC-2DDI (Leuttich and Westerink, 1991) was used to determine water surface 

elevations and depth averaged velocities in the present study.  Running ADCIRC-

2DDI (referred to as ADCIRC from here on) requires an input file with the model 

domain’s grid and boundary information. Generation of this file was completed with 

the Surface Modeling Solution (SMS) Version 11.0. 

 

3.1 Numerical Model – ADCIRC 

Designed for modeling the hydrodynamics of coastal shelves and estuaries, 

ADCIRC is able to produce lengthy numerical simulations over large geographical 

regions. It has been successfully used to model storm surges (Blain et al., 1994; Blain 

et al., 1998) and tides (Blain and Rogers, 1998; Edwards and Blain, 2002; Mukai et 

al., 2002). Use of ADCIRC by Myers and Baptista (1999) to model tsunamis in the 

PNW resulted in apparent success (model verification is more difficult for tsunamis 

than for tides and storm surges). A considerable volume of literature (in addition to 

what is referenced here) exists, documenting the theory, application, and validation of 

the model. As such, the following discussion concerning ADCIRC’s theory will be 

brief. 

ADCIRC uses the Generalized Wave Continuity Equation (GWCE) to solve 

for water surface elevations and depth averaged velocities. Use of the GWCE avoids 

the spurious oscillations associated with the early, or “primitive,” finite element 

continuity equations. It is based on the principles of continuity and conservation of 

momentum. The vertically-integrated continuity equation is (Luettich and Westerink, 

2004): 
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(  )  0,                                          (11) 

where the total water column thickness (D) is equal to ζ + h, in which h is the still 

water line depth and ζ is the free surface departure from the still water line. u and v are 

the depth integrated velocities in the x and y directions respectively and t is time. The 
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2DDI conservation of momentum equations, without surface stress terms, are 

(Luettich and Westerink, 2004): 
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where f is the coriolis parameter, g is acceleration due to gravity, Ps is atmospheric 

pressure, ρo is the reference density of water, α is the effective Earth elasticity factor, η 

is the Newtonian equilibrium tidal potential, τb is the bottom stress, and M is the 

vertically integrated horizontal stress gradient (Luettich and Westerink, 2004). 

Within the model control file the user can turn several non-linear terms on and 

off including bottom friction, finite amplitude terms, and convective acceleration 

terms. The model runs for the present study were conducted using version 48.4629 of 

ADCIRC, allowing for the use of an important additional feature in the control file: 

bathymetric deformation. While tides, river discharge conditions, and synthetic 

tsunamis can be easily applied at boundaries, one of the author’s primary goals was to 

self-generate the tsunami within the model using bathymetric deformation - 

maximizing the realism of the model. This version of ADCIRC allowed for this. 

In order to increase model efficiency, ADCIRC was designed to use 

unstructured grids in which triangles (rather than squares) are used. This allows for 

increased mesh resolution in areas of interest (e.g. the coastline, inside estuaries) and 

lower resolution in the open ocean, thus reducing computation time. 

 

3.2 Mesh Generation - SMS 

SMS 11.0 was used to generate the grid and boundary information files for 

each case. The SMS visual interface allows users to input raw data (e.g. coastline 

information and bathymetric/topographic data) as layers and generate finite element 

meshes from the data. It provides a number of tools to help refine the mesh in areas of 

interest (or difficulty), locate bathymetric contours, and transform data between 

different projections and datums. Once generated, the mesh can be manually edited 
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and smoothed within SMS to achieve model stability. Furthermore, SMS has a model 

control toolbox that can be used to generate ADCIRC’s model control file. While the 

model control files for this study were primarily created and edited manually in 

Notepad++, this toolbox proved to be very useful in the generation of tidal forcing 

constituents for the model control file. 

 

3.2.1 Idealized Estuaries 

The idealized estuaries for this study were constructed using Savenije’s (1986) 

methodology. The estuary parameters were selected based upon averages of estuary 

geometries presented in Savenije’s works. Table 1 summarizes these parameters: 

 

Table 1: Idealized Estuary Parameters. Rounded averages based on Savenije, 1993b, 

p. 208, 212. 

Parameter Value Reason 

Depth, H (m) 6 Rounded average of 15 estuaries (p. 208) 

River Discharge,         

Q (m
3
/s) 

100               

(0 and 1000) 

Rough estimate based upon estuaries with 

similar parameters (p. 212). 0 and 1000 also 

used to represent no flow and flood stage. 

Tidal Range, TR (m) 2 (+/- 1) 
Selected by author to reflect small tidal 

range near the Columbia River 

Tidal Excursion, E0 (m) 12,750 Rounded average of 14 estuaries (p. 212) 

Length, L (m) 65,000 Rounded average of 14 estuaries (p. 212) 

Max Width, B0 (m) 10,000 Rounded average of 15 estuaries (p. 208) 

 

Using these parameters and (7) and (8) the coastline boundaries for the 65 km long 

idealized “exp estuary” were created. In order to remove the effect of reflected waves 

and introduce river flow in a more natural fashion, a 65 km extension was added to the 

estuary as shown in Figure 8. The coastline boundaries of the extension narrowed in a 

linear fashion to a width of 470 m (the reason for this width will be discussed 
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momentarily). An artificial scatter set was than created with a constant depth of 6 m in 

the region of interest and bathymetry sloping to a depth of 2 m in the extension. The 

paving function within SMS was then used to generate a mesh with element sizes of 

400 m near the estuary mouth and 50 m at the opposite end.   

 

 

Figure 8: Plan view of “exp estuary” with 65 km extension (top). Depth profile 

(bottom). Note: length-to-width and length-to-depth ratios skewed for presentation 

purposes . 

 

 In order to investigate tsunami propagation in varying estuarine geometry, two 

other idealized estuaries were created, based upon the same parameters. Figure 9 

shows the “narrow exp estuary” and the “square estuary.” The narrow exp estuary was 

generated in the same way as the exp estuary, except the value of c in (7) is multiplied 

by two, thus creating an estuary that gets narrow much quicker. The width of the 

narrow exp estuary decreases to 470 m within the 65 km estuary. The 65 km extension 

maintains this width and for consistency at the river boundary, this was chosen to be 

the width that the extensions of the exp estuary and square estuary eventually reach. 

The square estuary uses the same B0, L, and H parameters as above but does not 

narrow exponentially, it simply extends straight back in a rectangular fashion as its 

name implies. 
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Figure 9: Plan views of “narrow exp estuary” (top) and “square estuary” (bottom) 

with 65 km extensions. Note: length-to-width ratios slightly skewed for presentation 

purposes. 

 

3.2.2 Columbia Idealized Tsunami 

The ultimate goal of this project was to model tsunami inundation of the 

Columbia River using a regional grid with high resolution in vicinity of the Columbia 

River. An intermediate step in this study, however, was a local Columbia River grid 

forced with a synthetic tsunami. High resolution bathymetric and topographic data of 

the Columbia River estuary (USACE, 2010) were used in conjunction with 

bathymetric data from the National Oceanic and Atmospheric Administration’s 

(NOAA) National Geophysical Data Center (NGDC). The extremely fine (2 x 2 m 

grid) Columbia River data were in an Oregon State Plane Coordinate North (NAD27 - 

in meters) horizontal projection and had a vertical datum of NAVD88 (also in meters). 

In order to translate the data to a more useful vertical datum, SMS’s transform feature 

was used to offset the data by 1.5 m to align it with mean sea level (MSL). The value 

of 1.5 m was chosen based upon the difference between NAVD88 and MSL listed at 

NOAA’s four tidal stations within the model domain as shown in Table 2. 
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Table 2: Vertical difference between NAVD88 and MSL at four locations within the 

Columbia River Estuary 

NOAA Tidal Station 
River 

Kilometer 

NAVD88 

(m) 

MSL      

(m) 

Difference 

(m) 

1. Hammond, OR 12 0.780 2.135 1.355 

2. Astoria, OR 25 0.615 2.054 1.439 

3. Skamokawa, WA 50 -0.402 1.152 1.554 

4. Wauna, OR 62 -0.770 1.049 1.819 

Average: 

 

0.056 1.598 1.542 

 

Data for the open ocean portion of the model was retrieved from NOAA’s 

NGDC website, using the Coastal Relief Model (CRM) layer (NOAA, 2013a). It was 

downloaded with a 3-second resolution (~90 m) in XYZ format in geographic 

coordinates. The vertical datum of the CRM data can be treated as MSL with vertical 

accuracy no better than 1 m (NOAA, 2013a). For the purposes of the present study, 

this is sufficient since this data is only being used to fill in the open ocean and the 

areas around the Columbia River data described above.  

After performing the 1.5 m vertical transformation of the Columbia River data, 

SMS was used to re-project the data into geographic coordinates. With both data sets 

in the same horizontal projection and vertical datum, they were then merged into a 

single scatter set in geographic coordinates with a vertical datum of MSL. The 

coastline was than defined by selecting the 0 m contour line and the mesh was 

generated using SMS’s paving feature. Figure 10 shows the model domain and 

bathymetry. Note that the color bar is limited to 100 m depth to better show shallow 

water features. The initial mesh was generated with 100 m elements within the estuary 

and gradually transitioned to 4000 m elements along the ocean boundary. Two 

features that posed some difficulty in this mesh were the north and south jetties at the 

river mouth. Too narrow (25-40 m) to be properly resolved with the 100 m elements 

used elsewhere, the jetties also posed problems due to numerical instabilities around 

the extremely sharp bathymetric gradients. To resolve these problems, the jetties were 

outlined with island boundaries refined to 40 m vertex spacing. When the mesh was 
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regenerated, this refined the element sizes in the vicinity of the jetties and excluded the 

jetties themselves from the domain. Thus the jetties were satisfactorily resolved and 

model stability was achieved.  

 

 

Figure 10: Local Columbia grid with elements not shown. Numbers indicate the 

location of the NOAA Tidal Stations referenced in Table 2. 

SPACER 

 

Figure 11: Tidal predictions for tidal validation period and ENPAC grid (see Section 

3.2.3) tsunamis. The numbers in the bottom cell indicate the times at which tsunamis 

occur for the ENPAC grid. 

 

Verification of this model’s accuracy was completed by comparing modeled 

tides at the four locations shown in Figure 10, with NOAA predictions at the same 

locations (NOAA, 2013b). The tidal validation period was chosen to be March 28-29, 

2013, a spring tide as shown in Figure 11. The model control toolbox in SMS was 

2 1 
3 

4 
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used to prescribe 13 tidal forcing constituents along all three sides of the model’s 

ocean boundary. The tidal constituents were based on the LeProvost (Le Provost et al., 

1994) tidal database. Using ADCIRC’s ramp-up feature, the tidal forcing was slowly 

increased to full strength over four days of model time (March 20-23) and allowed to 

continue running for four more days (March 24-27) prior to commencing the two day 

comparison period. By doing this, model instabilities due to sudden changes in forcing 

were avoided and the model was given time to settle into normal tidal rhythms prior to 

the comparison. During the two day validation period water surface elevations (WSE) 

were output every 30 seconds at the four locations shown in Figure 10. The 

comparison was made to NOAA’s predictions rather than observations in order to 

avoid any error due to un-modeled phenomena such as meteorological events. 

Validation results, shown in Table 3 and Figure 12, demonstrate this model’s ability to 

satisfactorily reproduce tides. 

 

Table 3: Tidal Validation for the Local Columbia Grid. RMSE is between the 

modeled elevation and NOAA’s predicted elevation. Percent error is based on the 

Diurnal Tidal Range since the validation period was during a spring tide. 

NOAA Tidal Station 
River 

Kilometer 

Diurnal 

Range (m) 

RMSE 

(m) 

% 

Error 

1. Hammond, OR 12 2.61 0.155 5.9% 

2. Astoria, OR 25 2.62 0.230 8.8% 

3. Skamokawa, WA 50 2.30 0.239 10.4% 

4. Wauna, OR 62 2.15 0.283 13.2% 

Average: 

 

2.42 0.227 9.6% 

 



29 

 

 

Figure 12: Tidal Validation Plots for the Local Columbia grid. 

 

3.2.3 Columbia ENPAC 

The final model involved stitching a detailed Columbia River mesh into the 

established Eastern North Pacific (ENPAC) regional grid (Spargo et al., 2004) shown 

in Figure 13. After uploading the ENPAC grid into SMS, it was truncated by 

removing portions far from the domain of interest (Figure 14): the portions south of 

California and West of 137.2
o
 W. The purpose of this was to reduce computation time 

while maintaining a large regional grid. Once truncated, the merged scatter set created 

previously was overlaid on the ENPAC grid and the corresponding portion of the 

ENPAC grid was removed. 
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Figure 13: Original ENPAC Grid, elements not displayed (Spargo et al., 2004). 

 

 

Figure 14: Truncated ENPAC with Columbia River Estuary, elements displayed. 
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Development of the Columbia River Estuary portion of this grid began with 

defining the land boundary for this segment. Using tools within SMS the 30 m contour 

line was determined. The land boundary was then placed behind the 30 m contour line. 

The purpose of this was to allow for inundation of low-lying areas near the estuary and 

to make it unlikely that the tsunami would ever reach the land boundary. Following 

this, the 0 m contour line was found (using SMS) and an SMS tool known as a feature 

arc was created along this line. The purpose of this feature arc (not kept in the final 

model), was to help refine the mesh when SMS’s paving function was used to generate 

it. Vertex spacing of 100 m was used along this feature arc and the coastline boundary 

resulting in elements of similar size when the paving process was run. In order to 

achieve model stability, the final model required a portion of the estuary in the NW 

corner to utilize vertex spacing of 150 m.   

 

 

Figure 15: Columbia River Estuary: with color contours and elements displayed (top), 

and with color contours and NOAA Tidal stations, indicated by black dots (bottom).  
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As was the case with the previous grid, resolving the jetties required some 

extra work. In this final, most realistic case, as much realism as possible was desired, 

and as such, island boundaries could not be used. In order to realistically resolve the 

jetties, the feature arc tool mentioned previously was again used. Rather than 

following the 0 m contour line, a feature arc with vertex spacing of 40 m was created 

along the crest of each jetty and additional feature arcs were created, approximately 40 

m to each side of the crest.  Thus, when the paving function was used, the crest of each 

jetty was forced into the mesh and extra fine mesh resolution of about 40m elements 

surround the jetties as shown in Figure 16. Since these feature arcs were not assigned a 

boundary condition, they do not appear in the grid and boundary information file. 

 

  

Figure 16: Close-up of Columbia River mouth (left) and the north jetty (right).  

 

 The final step in this process was the creation of an entrance channel, 8 m 

deep, 1000 m wide, and nearly 200 km long. The purpose of this channel is to extend 

the river domain beyond the influence of tides, removing the possibility of wave 

reflection from the river boundary and allowing for a more realistic transition of river 

flow into the domain of interest. It can be seen in Figure 14 and part of it is visible on 

the east side of Figure 15. The depth and width parameters were chosen to reflect the 

estuary at the point the channel enters the estuary. The length was chosen based on 

trial and error, in an attempt to find a distance that removed the tidal signal. (For 

perspective, the distance from where this model ends to the Bonneville dam is about 

140 km but has many turns that dampen the tidal signal faster than a straight channel) 

(a) 
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 Once the model was complete and shown to work with a number of tsunami 

conditions, it was validated using historic tidal predictions in the same fashion 

discussed previously. In this case, however, an additional NOAA Tidal Station was 

included in the validation in order to check the model’s accuracy along the open coast. 

The results, shown in Table 4 and Figure 17 show that this model is also capable of 

satisfactorily reproducing tides. 

 

Table 4: Tidal Validation for the regional ENPAC grid. RMSE is between the 

modeled elevation and NOAA’s predicted elevation. Percent error is based on the 

Diurnal Tidal Range since the validation period was during a spring tide. 

NOAA Tidal Station 
River 

Kilometer 

Diurnal 

Range (m) 

RMSE 

(m) 

% 

Error 

1. Hammond, OR 12 2.61 0.195 7.5% 

2. Astoria, OR 25 2.62 0.298 11.4% 

3. Skamokawa, WA 50 2.30 0.299 13.0% 

4. Wauna, OR 62 2.15 0.296 13.8% 

5. Port Orford, OR open coast 2.22 0.089 4.0% 

Average: 

 

2.38 0.236 9.9% 
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Figure 17: Tidal Validation Plots for the regional ENPAC grid. 

 

3.4 Tsunami input data: MOST Model 

 As previously discussed, tsunami generation within the final model was 

completed by using a version of ADCIRC that allows for bathymetric change over a 

specified period of tide – thus producing the tsunami in a “natural” fashion rather than 

manually prescribing a tsunami along a forcing boundary. The change in bathymetry 

used for this was obtained using the Community Modeling Interface for Tsunamis 

(ComMIT) model (Titov et al., 2011). Using a Magnitude 9.0 earthquake, distributed 

along 1000 km of the CSZ, the ComMIT model was used to determine the changes in 

bathymetry that we could expect along the PNW coast.  Using this data, the regional 
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ENPAC grid was adjusted to correspond to the post-earthquake bathymetry. Figure 18 

shows the change in bathymetry used.   

 

 

Figure 18: The bathymetric deformation used to generate tsunamis for the regional 

ENPAC grid. Note: ADCIRC treats positive numbers as depths, so the negative (blue) 

deformation represents upheaval and the positive (red) deformation represents 

subsidence. 
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CHAPTER 4 – RESULTS 

 

4.1 Idealized Cases 

 The idealized cases were run first using the experimental matrix shown in 

Table 5 for each estuarine geometry. Using the periodic forcing option in the model 

control file (fort.15) the ocean boundary (estuary mouth) was forced with a continuous 

synthetic tsunami wave form. This waveform had a period of 15 minutes and 

amplitude of 1.5 m.  Selection of these parameters was based upon an estimated guess 

of what a tsunami might look like at an estuary mouth. Comparison to tsunamis in the 

final ENPAC grid indicate that these are reasonable parameters. The low and high 

tides used for these runs were static tides and were achieved by globally offsetting the 

WSE in the model. In effect, subtracting 1 m of depth (low tide) or adding 1 m of 

depth (high tide) to the entire estuary. This was accomplished using ADCIRC’s nodal 

attributes file (fort.13). 

 

Table 5: The following experimental matrix was used for three estuarine geometries 

resulting in a total of 27 runs. Within each estuarine geometry the following labels for 

each run was used. 

 No Discharge  

(Q=0 m
3
/s) 

Average Discharge     

(Q=100 m
3
/s) 

High Discharge   

(Q=1000 m
3
/s) 

High Tide (+1m) T1 Q1 T1 Q2 T1 Q3 

Neutral Tide (0m) T2 Q1 T2 Q2 T2 Q3 

Low Tide (-1m) T3 Q1 T3 Q2 T3 Q3 

 

Each of these model runs used a two-day ramp ramp-up function (NRAMP=1, 

hyperbolic tangent ramp) which was followed by a one day simulation. Output was 

obtained for the last 6 hours of the third day.  Nonlinear parameters including 

nonlinear bottom friction, finite amplitude terms, and advective terms were turned on 

for all runs. Values of .005 (dimensionless) and 5.0 (m
2
/s) were used for the minimum 
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bottom friction coefficient and spatially constant horizontal eddy viscosity for the 

momentum equations respectively.  

 

4.1.1 Influence of River Discharge 

Figure 19 - Figure 21 show the maximum WSEs seen at points along the 

centerline of each estuarine geometry. They show that the difference between Q1 and 

Q2 is negligible and that as you approach the estuary mouth, the influence of Q3 

becomes less and less to the point of being negligible in the last 10 km. Further 

upstream the Q3 cases clearly have higher maximum WSEs. This is likely due to the 

increased amount of flowing water, rather than any significant impact on the tsunami 

from the flow. This is supported by the narrow estuary as shown in Figure 20 where 

the maximum WSE actually decreases between river kilometer 65 and 35 where the 

estuary begins to widen significantly resulting in greater distribution of the river flow 

and lower WSE. 

 

 

Figure 19: Maximum Water Surface Elevation (WSE) along the centerline of the Exp 

Estuary. 

SPACER 
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Figure 20: Maximum WSE along the centerline of the Narrow Estuary. 

SPACER 

 

Figure 21: Maximum WSE along the centerline of the Square Estuary. 

 

An interesting feature in Figure 19 – Figure 21 is the apparent tsunami 

amplification around river kilometer 10, seen most easily in the Narrow Estuary cases 

and almost absent in the Square Estuary cases.  These points of amplifications are 

believed to be caused by the interaction of waves reflected diagonally off the sides of 

the estuary. Hence the magnified amplification in the Narrow case and the minimal 

amplification in the Square case. This theory is supported by Figure 22 which shows 

the maximum WSE for T2 Q2 conditions in all three estuaries. In the Exp and Narrow 

Estuaries a significant amplification occurs along the north and south boundaries 

(greater than the centerline amplification) between river kilometers 0 and 7 and then 
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suddenly drops below the centerline values before river kilometer 10. This suggests 

that the tsunami wave is reflecting off the confining estuary walls resulting in the 

initial boundary amplifications. When the two reflected waves meet in the middle of 

the estuary around river kilometer 10, their amplitudes are superimposed on each 

other, resulting in the centerline amplification. 

 

 
Figure 22: Maximum WSE for T2 Q2 conditions: Exp Estuary (top), Narrow Estuary 

(center), and Square Estuary (bottom). 

 

In an attempt to quantify the differences imposed by river discharge on the 

tsunamis, the maximum and minimum water surface elevations were taken from the 

estuary centerline at river kilometer 65. This was where the estuary ended, and the 65 

km channel with sloping bottom began. Taking the difference between these two 

values for each run yielded the maximum range of water surface elevations at this 

point. This “tsunami envelope” will hereafter be referred to as the representative 

tsunami height (TH). Table 6 shows these heights for all 27 cases, normalized by the 

initial tsunami height (TH0) of 3 m. Within each estuarine geometry and tidal state 

changes in river discharge are seen to have a negligible effect. Even in the Narrow 
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Estuary cases where the greatest impact is seen, the change in TH / TH0 of 0.024 to 

0.03 is only equivalent to 7 – 9 cm. This suggests that regardless of tidal state, the 

river discharge will not be a major contributor in damping a tsunami wave form unless 

it results in a significant current in a very narrow region. 

 

Table 6: Normalized tsunami wave height at river kilometer 65. 

    TH / TH0 

Tide Discharge Square 

Estuary 

Exp 

Estuary 

Narrow 

Estuary 

T1 

Q1 0.110 0.179 0.289 

Q2 0.110 0.179 0.288 

Q3 0.111 0.180 0.262 

T2 

Q1 0.085 0.139 0.231 

Q2 0.086 0.140 0.228 

Q3 0.087 0.138 0.201 

T3 

Q1 0.067 0.107 0.185 

Q2 0.067 0.106 0.185 

Q3 0.067 0.105 0.161 

 

4.1.2 Influence of Geometry and Static Tides 

Figure 23 plots the maximum WSEs for all nine cases with average river 

discharge. Plots for Q1 and Q3 discharge conditions (not shown) yield similar results. 

By holding the river discharge constant, changes in maximum WSE as a result of 

estuary geometry are more readily apparent. Figure 23 clearly shows that the square 

estuary dissipates the tsunami amplitude quickest and most consistently and the 

narrow estuary appears to funnel the tsunami energy and keep the amplitude higher 

than in the other geometries.  There is some interesting behavior near the mouth of the 

narrow estuary, where the tsunami appears to suddenly decrease in amplitude prior to 

the amplification discussed earlier. The sudden decrease, particularly apparent in the 

narrow estuary could be the consequence of frictional effects along the estuary wall 

causing wave refraction. This “boundary friction induced refraction” slows the wave 

along the estuary boundary, effectively bending the wave rays away from the center 
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and causing a wave height decrease. These wave rays then reflect of the estuary walls 

and are superimposed on each other resulting in wave height amplification as 

discussed in Section 4.1.1. 

 

Figure 23: Maximum WSEs for constant discharge: Q=100 m
3
/s 

 

 While this figure visually shows a difference between geometries and tidal 

states, quantification of these differences is presented in Table 6. Comparing the 

columns, the differences resulting from changes in geometry are readily apparent. At 

Low tide, the Exp and Narrow Estuary have tsunami heights that are 58% and 164% 

higher than the Square Estuary. Similar results are found at Neutral and High tides. 

Comparison between tidal states also resulted in noticeable differences. The Neutral 

and High tides had tsunami heights 28% and 64% higher than low tide in the Square 

Estuary. Analysis of the Exp and Narrow Estuaries columns resulted in comparable 

differences between tidal states. 

 

4.2 Idealized Tsunamis in the Columbia River Estuary 

The idealized Columbia River Estuary model was run using the experimental 

matrix shown in Table 5 except with discharge conditions of 0 m
3
/s, 6640 m

3
/s and 

15,000 m
3
/s. The value of 6640 m

3
/s for the average discharge (Q2) cases was based 

on the average over the past 21 years as discussed in Chapter 1. The value of 15,000 

m
3
/s for the high discharge cases was arbitrarily chosen to represent flood state 
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without losing model stability. A larger discharge of 24,460 m
3
/s was desired to 

represent the historical record discharge, measured at the Beaver Army Terminal 

(USGS Station # 14246900) on Feb 10, 1996. Unfortunately, use of this discharge 

condition led to model instabilities and 15,000 m
3
/s was used instead. Rather than 

generating synthetic tsunamis using the periodic forcing option as above, this case 

used ADCIRC’s non-periodic elevation boundary condition file to force a single 

synthetic tsunami along the ocean boundary. This was another step towards reality, 

since tsunami wave-trains are finite. In order to achieve model stability the waveform 

for this case had a period of 20 minutes and height of 1.2 m. The low and high tides 

used for these runs were again, static tides and were achieved in the same manner as 

before.  

No ramp-up function was needed for the Q1 cases, but for the Q2 and Q3 cases 

a two-day ramp ramp-up function (NRAMP=1, hyperbolic tangent ramp) followed by 

a two-day simulation, for a total of four days prior to the tsunami, was used. This was 

done to give the river discharge time to fill the estuary and reach a normal state after 

the boundary forcing reached full strength, but before the tsunami occurred. At the 

beginning of the fifth day (1
st
 day for Q1 cases), the 1.2 m tsunami was forced along 

the open boundary. In this case the bottom friction and finite amplitude terms were 

turned on and the advective terms were turned off. This was done because the model 

was found to be more stable without them. Trial runs in simpler models indicated that 

they did not significantly impact the model. Values of .005 (dimensionless) and 5.0 

(m
2
/s) were again used for the minimum bottom friction coefficient and spatially 

constant horizontal eddy viscosity for the momentum equations respectively.  

A significant difference between the current and previous set of runs was the 

wetting and drying of nodes. While present for the idealized estuary cases, the vertical 

walls of those model grids resulted in no wetting or drying occurring.  
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4.2.1 Influence of River Discharge 

 In order to compare the influence of Q3 and Q1 conditions for each tidal state, 

the maximum WSEs for each node from a Q1 case are subtracted from the maximum 

WSEs for a Q3 case yielding Figure 24. As expected, the upstream portions of the 

estuary reveal noticeably higher WSEs for the Q3 case. This is primarily a result of 

increased river discharge in the confined channel. It is particularly evident in the T1 

case, where the combined river discharge and high tide results in inundation of several 

large islands. In the lower portions of the estuary, however, the influence of river 

discharge on the maximum WSEs appears to be small. This agrees with what was 

found in the idealized cases, where river flow impacts on tsunami heights were 

minimal. 
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Figure 24: River discharge impact on maximum WSEs. Q3 – Q1 for T3 (top), T2 

(center), and T1 (bottom). 

SPACER 
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Figure 25: Mainstream recording stations from the open ocean to the estuary top 

(top). Normalized tsunami heights (TH/TH0) at each recording station (bottom). 

 

Figure 25 shows the normalized tsunami height from 48 recording stations 

along the estuary mainstream for three different discharge conditions at low tide. The 

plot starts 69 km offshore, in order to show the effects of shoaling prior to entering the 

estuary. Figure 25 shows that below river kilometer 40, changing the river discharge 

condition has minimal impact on tsunami propagation, but above river kilometer 40, 

changes in river discharge does make a difference. Table 7 looks specifically at seven 

of the recording stations and quantifies the differences.  This table confirms that while 

there is some difference between the river discharge conditions at any given tidal state, 

the difference is very small in the lower portions of the estuary. In the upper portions 

of the estuary, the influence of river discharge grows in importance. At river 

kilometers 60 and 81 there is a significant difference with the Q1 cases having much 

higher amplitudes then the Q3 cases. This suggests that strong currents will have a 

dampening effect on tsunami propagation. 
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Table 7: Influence of river discharge and tidal state on normalized TH at seven 

recording stations along the estuary mainstream, starting 15km off shore. 

    TH / TH0 

    Station Location, by River Kilometer 

Tide Discharge -15 0 17 23 41 60 81 

T1 

Q1 1.77 2.06 0.87 1.33 0.28 0.24 0.37 

Q2 1.74 2.07 0.83 1.30 0.28 0.18 0.20 

Q3 1.74 2.07 0.79 1.25 0.30 0.14 0.09 

T2 

Q1 1.84 2.06 0.79 0.92 0.22 0.22 0.40 

Q2 1.80 2.07 0.73 1.07 0.24 0.18 0.22 

Q3 1.80 2.07 0.72 1.05 0.21 0.13 0.09 

T3 

Q1 1.89 2.05 0.94 0.86 0.24 0.22 0.36 

Q2 1.85 2.06 0.91 0.81 0.24 0.19 0.19 

Q3 1.85 2.06 0.88 0.79 0.20 0.11 0.06 

 

While tsunami propagation up the estuary is important, an analysis of 

inundation area is also useful.  Figure 26 displays the inundated area for T1 Q2. The 

inundation area was determined by plotting the maximum WSE at all areas and then 

removing all elements that were initially wet.  

 

 

Figure 26: Inundated area at T1 Q2. 

 

Table 8 shows the inundated area (km
2
) as a result of the tsunami, for each 

case. These values were determined by first calculating the inundated area for model 
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runs without tsunamis for each set of conditions. This provided the inundated area 

resulting from the tidal state and river discharge. Repeating this process for each case 

with a tsunami gave the total inundated area and taking the difference yielded the area 

inundated as a result of the tsunami. These results show that river discharge has a 

small impact on tsunami inundation.  

 

Table 8: Tsunami caused inundation (km
2
) for each case. 

River Discharge T1 T2 T3 

Q1 12.33 6.58 5.71 

Q2 12.84 6.84 5.79 

Q3 10.29 7.40 5.79 

 

 

4.2.2 Influence of Static Tides 

In order to compare the influence of high and low tidal states for each 

discharge condition, the maximum WSEs for each node from a no tsunami case are 

subtracted from the maximum water surface elevations for a tsunami case at each tidal 

state yielding Figure 27. In all three cases, significant tsunami shoaling is observed 

along the coastline and minimal tsunami activity is seen in the upper portion of the 

estuary.  In the main portion  (west of 123.6
o
, about river kilometer 40) of the estuary, 

however, some clear differences between high and low tide are observed, with the 

high tide case showing deeper penetration of higher tsunami wave heights than the low 

tide case. 
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Figure 27: Tidal state impact on maximum WSEs. Tsunami run minus no tsunami run 

at Q2. T1 (top), T2 (center), and T3 (bottom). 

 

Figure 28 shows the normalized tsunami height from the same 48 recording 

stations shown in Figure 25. Here, river discharge was held constant while the tidal 

state varied. Figure 28 shows that the tidal state doesn’t make much of a difference in 

the open ocean or above river kilometer 40, but in the main portion of the estuary 

appears to have a significant impact. The values provided in Table 7 quantify the 

differences at seven recording stations. Two areas of particular interest occur around 
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river kilometers 5 and 22 where there exists a particularly large difference (0.2 – 0.6 

m) between tidal states. The area around river kilometer 5, just inside the estuary 

mouth could be a result of variations in how the waves reflect and interact at different 

tide states in this very complex region. It should be noted that the low tide (T3) cases 

appears to have the higher values for 5-10 kilometers. This is likely a result of current-

induced shoaling. The region around river kilometer 22 is just north of the Astoria 

peninsula. Examining the global output files at this location for the high and low tide 

cases reveals a nearby sandbar that is visible at low tide. The main tsunami wave 

appears to stay north of the recording stations between river kilometers 10 and 22 and 

then pass over this bar, hit the north coast of Astoria, and then continue upstream. In 

the low tide case this sand bar appears to dampen the wave height in this region but 

minimally impact the wave height in the neutral and high tide cases. As a result, the 

neutral and high tide cases have considerably higher values at this location than the 

low tide case. 

 

 

Figure 28: Normalized tsunami (TH/TH0) height along the estuary mainstream. 

 

Given that larger differences in maximum WSE are seen between high and low 

tide than between Q3 and Q1, similar results are expected in the analysis of inundation 
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area. Looking back at Table 8 shows that this is correct. On average, the T2 and T1 

cases resulted in 20% and 105% more inundation than the T3 cases. 

 

4.3 ENPAC Grid Tsunamis 

The ENPAC model was run using the experimental matrix shown in Table 9. 

River discharge conditions were chosen based on the reasons previously discussed. 

Tsunami forcing was done using bathymetric deformation as discussed in Section 3.4. 

This allowed for the continued use of tidal forcing during the tsunami runs resulting in 

the desired “dynamic tide” scenarios. Doing this facilitated the comparison of tsunami 

propagation and inundation characteristics at peak flood and ebb tides, in addition to 

high and low tide tides.  

 

Table 9: Experimental matrix for the ENPAC grid. 

 No Discharge  

(Q=0 m
3
/s) 

Avg Discharge 

(Q=6640 m
3
/s) 

High Discharge 

(Q=15000 m
3
/s) 

High Tide T1 Q1 T1 Q2 T1 Q3 

Max Ebb T2 Q1 T2 Q2 T2 Q3 

Low Tide T3 Q1 T3 Q2 T3 Q3 

Max Flood T4 Q1 T4 Q2 T4 Q3 

 

Each of these models was run with a four day hyperbolic tangent ramp 

followed by six days of model time. The tsunamis occurred on the 11
th

 day of model 

time at the times shown in Figure 11 to achieve the four desired tidal states. Bottom 

friction and finite amplitude terms were turned on and the advective terms were turned 

off as was the case for the Columbia model. Values of .008 (dimensionless) and 8.0 

(m
2
/s) were used for the minimum bottom friction coefficient and spatially constant 

horizontal eddy viscosity for the momentum equations respectively. Wetting and 

drying was once again enabled to facilitate studying inundation as a result of the 

tsunami.  
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4.3.1 Influence of River Discharge 

Comparison of Q3 and Q1 discharge conditions was achieved in the same 

manner as before. The results (not shown) proved to be very similar to Figure 24. The 

upper portions of the estuary are again dominated by the Q3 conditions while the 

lower portions of the estuary are minimally affected by river discharge.  

While dynamic tides add realism to the model, they also require more care 

during data analysis. Using maximum and minimum WSEs to determine 

representative tsunami heights (TH) as was done in the Columbia case cannot be done 

without removal of the tidal signal. Having conducted identical runs minus a tsunami 

for each case in Table 9, removal of the tidal signal did not prove to be difficult. The 

tide and river discharge only cases were simply subtracted from the combined 

tsunami, tide, and river discharge cases, giving the isolated tsunami signal as shown in 

Figure 29. 
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Figure 29: Removal of tidal signal at model recording station 15 km offshore for T1 

Q2. Combined signal (top), tide signal (center), and isolated tsunami signal (bottom) 

 

After the tidal signal was removed, determination of the TH was again 

completed for a given tidal state as shown in Figure 30. In this case, however, it was 

not normalized since the initial tsunami height was not known exactly. The same 

trend, seen in Figure 25 is here repeated, with river discharge having a minimal impact 

in the lower estuary and open ocean, but having a noticeable impact in the upper 

estuary. This shift from the river discharge having no impact to having a measurable 

impact once again occurs around river kilometer 40. 
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Figure 30: TH at recording stations from 15 km offshore to 81 km upstream. 

 

Table 10 summarizes the tsunami heights at eight locations in the ENPAC grid. 

The trends previously seen regarding the impact of river discharge on tsunami 

propagation are once again apparent. A new dimension of analysis – the differences 

between ebb and flood tides – is, however, added and will be discussed in the next 

section. 

 

Table 10: Influence of river discharge and tidal state on TH (m) at eight recording 

stations along the mainstream, starting 15km off shore. 

    TH (m) 

    Station Location, by River Kilometer 

Tide Discharge -15 0 17 23 41 60 81 87 

T1 

Q1 2.84 3.94 1.56 1.34 0.85 0.61 0.48 0.36 

Q2 2.80 3.90 1.59 1.37 0.86 0.55 0.39 0.32 

Q3 2.80 3.90 1.59 1.38 0.78 0.34 0.18 0.14 

T2 

Q1 2.90 4.05 1.57 1.27 0.57 0.35 0.28 0.26 

Q2 2.80 3.95 1.49 1.23 0.45 0.31 0.21 0.19 

Q3 2.80 3.95 1.45 1.18 0.43 0.24 0.15 0.13 

T3 

Q1 2.66 3.52 1.57 1.29 0.65 0.18 0.12 0.10 

Q2 2.47 3.34 1.54 1.31 0.46 0.11 0.08 0.07 

Q3 2.46 3.32 1.51 1.31 0.32 0.05 0.04 0.03 

T4 

Q1 2.63 3.86 2.06 1.23 0.67 0.48 0.45 0.40 

Q2 2.55 3.79 1.65 1.18 0.59 0.33 0.14 0.11 

Q3 2.55 3.79 1.75 1.23 0.51 0.10 0.04 0.03 
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4.3.2 Influence of Dynamic Tides 

Comparisons between high and low tide cases in the ENPAC grid revealed the 

same trends that were observed in the Columbia grid, suggesting that inclusion of 

dynamic tides may not be important when modeling the tidal elevation extremes. The 

study of ebb and flood tide cases, however, could not be done with the neutral tide 

used for the Columbia grid. Table 10 reveals some interesting features regarding this. 

In the river mouth and just offshore, TH is about 0.2 m higher for the ebb tide cases 

than for the flood tide cases. This may be a result of current induced shoaling as strong 

tidal currents exit the river mouth at ebb tide. Figure 31, which shows that the relative 

maximum WSEs in the whole region outside the estuary mouth are higher for the ebb 

tide case, lends credibility to this suggestion. Further up the estuary, the data in Table 

10 shows some differences between ebb and flood tide cases, but no strong trends. 

Figure 31, however, suggests that while the flood tide case results in more inundation 

near the mouth, the ebb tide case actually has slightly more tsunami inundation of the 

estuary. The difference is not, however, significant. 
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Figure 31: Relative maximum WSEs for T4 Q2 (top) and T2 Q2 (bottom) with tide 

and river only cases subtracted from combined tsunami cases. 

 

 Studying the inundated area in the ENPAC cases proved to be more interesting 

than the Columbia grid cases. Not only was the added dynamic tide factor included, 

but placing the land boundary behind the 30 m contour line (rather than at the 0 m 

contour line) allowed for much more significant inundation. Figure 32 shows the 

inundated area for the T1 Q3 case. Comparison with Figure 26 shows how much more 

inundation was possible in this grid than in the Columbia grid. 
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Figure 32: Inundated area for T1 Q3. Blue line represents the 0 m contour line. 

 

 Table 11 shows the total area inundated as a result of the tsunami. These values 

were calculated by determining the inundation area resulting from the tide and river 

discharge alone and subtracting this from the total inundation in the tsunami run. 

While the total inundation at Q2 and Q3 is greater than Q1, the tsunami imposed 

inundation at Q1 is actually greater at all tidal states. This is simply a result of the 

inundation of islands and sandbars being included in the tsunami values, whereas in 

Q2 and Q3 cases, these islands and sandbars are already inundated by the river prior to 

tsunami arrival. The difference between high and low tide seen previously is again 

evident. Interestingly, while comparisons between ebb and flood tide tsunami 

propagation have shown little difference, here there is a significant difference in 

inundation.  Looking back at Figure 31 reveals significant inundation in the flood tide 

case that does not occur in the ebb tide case. The reason for is likely connected to ebb-

current induced shoaling of the tsunami wave. While this causes higher amplitudes 

offshore, it also slows the tsunami wave. A plot similar to Figure 31 but displaying the 

maximum velocities reveals significantly higher velocities entering the estuary at 

flood tide. Given that one of the large areas inundated at flood tide (but not at ebb tide) 

is just south east of the estuary mouth, this could partially explain the inundation 
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differences. This was not detected in the study of tsunami heights along the main stem 

because this magnification did not occur along that line of recording stations. 

 The surprisingly low figure for T3 Q2 poses another interesting question. 

Looking at ADCIRC’s global output file for this run confirms that the tsunami did 

occur as expected but does not inundate large regions of Long Beach and the 

peninsula just south of the mouth – regions that are partially or fully inundated in the 

other 11 cases. The author is currently unaware of a physical explanation for this. 

 

Table 11: Tsunami caused inundation (km
2
) for each case. 

 River Discharge T1 T2 T3 T4 

Q1 48.05 15.39 6.80 36.55 

Q2 38.37 10.83 4.33 27.18 

Q3 36.86 11.13 4.25 25.08 

 

4.3.3 The 379 Line  

The extent of inundation alone is extremely important and interesting, but 

comparison between this model and accepted inundation predictions is also important. 

The 379 line (named after Senate Bill 379) in Oregon is a line depicting the expected 

extent of inundation by tsunamis along the entire Oregon Coast (Priest, 1995). While 

the purpose of the present project was focused on tsunami dynamics in large rivers, 

comparison of the results with the 379 line is interesting and will be briefly presented 

here. Figure 33 displays a portion of the Columbia River Estuary near the mouth with 

the 0 m contour line, the 379 line, and the inundation plotted for worst case (T1 Q3) 

and best case (T3Q1) scenarios.  In the best case scenario, model inundation is 

significantly less than the 379 line in the majority of the domain. In the worst case 

scenario, however, the inundation line is equal to, or slightly beyond the 379 line in 

many cases. This may be partially a result of the datum offset being about 0.15 m 

below what it should be (see Table 2) in the lower portion of the estuary. That being 

said, in the interest of including reasonable safety margins, further research regarding 

the placement of the 379 line may be warranted. 



58 

 

 

 

Figure 33: Tsunami inundation compared to the 379 line (dashed black line). Tsunami 

inundation at T1Q3 (top) and T3Q1 (bottom)  

 

4.3.4 Maximum Velocities 

 This study focused primarily on analyzing the differences in water surface 

elevation while varying river discharge and tidal states. Another important factor to 

study, however, is the impact these same variables have on water velocities. This 

subject could be the topic of further research using the same modeling results and will 

only be briefly discussed here. Figure 34 shows the spatial variation of maximum 

depth averaged velocities throughout the Columbia River for a number of cases with 

the “no tsunami” run subtracted out as before. The top three panels show the T1 Q1 

case (panel a), T3 Q1 case (panel b), and the difference between the two (panel c). 

This third panel shows that, with the exception of a few small points, the depth 

averaged velocities associated with the tsunami throughout the estuary, are much 

higher at high tide than at low tide, consistent with the WSE elevation results. Panel 

(d) shows the spatial difference between T4 Q2 and T2 Q2. Here, a very strong 
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difference between flood and ebb tides is seen in the lower portion of the estuary and 

especially near the mouth where the flood tide velocities are much greater than the ebb 

tide velocities. The final panel (e) compares T1 Q3 with T1 Q1 and reveals minimal 

difference compared to panels (c) and (d), confirming what was seen previously; that 

changes in river discharge are less important than changes in tidal state. 

 

 

 
Figure 34: Spatial variation of maximum velocity. T1 Q1 (a), T3 Q1 (b), T1 Q1 – T3 

Q1 (c), T4 Q2 – T2Q2 (d), and T1 Q3 – T1 Q1 (e). 

(a) 

(b

) 

(c) 

(d) 

(e) 



60 

 

4.4 Tsunami Arrival Time 

While the extent of inundation may be one of the most important factors to 

determine when planning for a tsunami event, being able to accurately determine the 

tsunami’s arrival time is also very important.  The following discussion briefly 

examines tsunami arrival time at three locations in the grid, looking at the influences 

of river flow and tidal state on tsunami propagation. 

Table 12 shows the arrival time (in hours after the tsunami occurred) of the 

first tsunami crest in the Columbia grid with an idealized tsunami. Measurement 

locations were at the river mouth and at points 37 and 64 km upstream. Table 12 

shows that the tsunami’s arrival at the river mouth, was virtually unaffected by tidal 

state or river discharge. At 37 km upstream the tides influence on tsunami propagation 

can be seen, with the high tide tsunami’s arriving in 11% less time than the low tide 

tsunami. Moving further upstream the impact of tidal state decreases and the impact of 

river discharge begins to be noticeable. While the impact is very small (on the order of 

2-3%) the tsunami appears to be slowed down by the increased river discharge. 
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Table 12: Tsunami arrival times (hrs) in the Columbia grid. 

  Estuary Mouth 

Tide Q1 Q2 Q3 Average 

T1 0.83 0.83 0.83 0.83 

T2 0.83 0.83 0.83 0.83 

T3 0.84 0.83 0.83 0.83 

Average: 0.83 0.83 0.83   

  37 km upstream 

Tide Q1 Q2 Q3 Average 

T1 1.92 1.92 1.92 1.92 

T2 2.02 2.02 2.02 2.02 

T3 2.15 2.15 2.15 2.15 

Average: 2.03 2.03 2.03   

  64 km upstream 

Tide Q1 Q2 Q3 Average 

T1 3.24 3.26 3.31 3.27 

T2 3.38 3.45 3.46 3.43 

T3 3.41 3.57 3.58 3.52 

Average 3.34 3.43 3.45   

  

 Table 13 shows the arrival time of tsunamis at the estuary mouth and 37 km 

upstream in the ENPAC grid. The presence of river discharge and dynamic tides made 

it difficult to determine arrival time of the first tsunami crest at points further 

upstream. While the effect is small, Table 13 shows that tidal state does have an 

impact on the arrival time of the tsunami at the estuary mouth, namely that the tsunami 

arrives about one minute earlier for the high tide cases than for the low tide cases. 

Once again, moving to a point upstream shows that the influence of tides on tsunami 

celerity is significant, while the influence of river discharge is negligible. On average 

the tsunami in the high tide cases arrives 14 minutes earlier than the tsunami in the 

low tide, a difference of 16%. The ebb and flood cases, however, have nearly equal 

arrival times. Given that river discharge has not been found to be a major influencing 

factor in the lower estuary and the primary difference between ebb and flood tides is 

the direction of tidal currents, this is not surprising.  
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Table 13: Tsunami arrival times (hrs) in the ENPAC grid. 

  Estuary Mouth 

Tide Q1 Q2 Q3 Average 

T1 0.53 0.53 0.53 0.53 

T2 0.54 0.54 0.54 0.54 

T3 0.55 0.55 0.55 0.55 

T4 0.54 0.54 0.54 0.54 

Average 0.54 0.54 0.54   

  37 km upstream 

Tide Q1 Q2 Q3 Average 

T1 1.52 1.51 1.51 1.51 

T2 1.63 1.63 1.63 1.63 

T3 1.78 1.75 1.73 1.75 

T4 1.7 1.65 1.65 1.63 

Average 1.63 1.62 1.64   
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CHAPTER 5 – DISCUSSION 

 The results presented in the previous chapter show that estuary geometry, river 

discharge conditions, and the tidal state will affect how a tsunami propagates into and 

up an estuary.  The following discussion will summarize these results, making 

comparisons between each set of model runs in order to find common themes. 

 

5.1 Impact of estuarine geometry on tsunami  

It was found that varying the rate at which an idealized estuary converged had 

a significant impact on how quickly a tsunami’s height was damped in an estuary. A 

rectangular estuary resulted in the most damping, leaving only 6.7 – 11.0% (depending 

on the tide) of the original tsunami height after travelling 65 km upstream (Table 6).  

An estuary that varied according (7) and (8), however, maintained 10.6 – 18.0% of the 

original tsunami height while the narrow version of this estuary maintained 17.7 – 

28.0%. The difference between these cases is most likely a result of energy 

conservation. Using tsunami wave heights (TH) from Table 6 and linear wave theory 

the energy per unit width and total energy of the tsunami wave was calculated at river 

kilometer 65 for all idealized estuary cases (Table 14). (Note that since the wavelength 

was equal for all cases, the values in Table 14 were all normalized by it.) While the 

Narrow Estuary dissipates the most energy overall, its funneling effect results in 

greater energy density leading to greater tsunami heights. 
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Table 14: Wave energy at river kilometer 65 in the Idealized estuaries. 

    Energy per unit width (J/m) Total Energy (KJ) 

Tide Flow 
Square 

Estuary 

Exp 

Estuary 

Narrow 

Estuary 

Square 

Estuary 

Exp 

Estuary 

Narrow 

Estuary 

T1 

Q1 133 353 924 1326 769 434 

Q2 133 353 915 1326 771 430 

Q3 136 358 757 1364 780 356 

T2 

Q1 80 212 587 805 463 276 

Q2 81 216 574 808 470 270 

Q3 84 210 444 839 459 209 

T3 

Q1 49 126 378 490 275 178 

Q2 49 125 377 495 273 177 

Q3 50 121 284 496 263 134 

 

5.2 Impact of river discharge on tsunami 

While the impact of river discharge on WSEs was seen in the upper portions of 

the estuary, its impact on the tsunami, particularly in the lower portions of the estuary 

appears to be negligible.  Table 6 shows that, at river kilometer 65 in the idealized 

estuaries, changing the river discharge from 0 to 1000 m
3
/s has minimal results. In the 

square estuary, increased river discharge yielded slightly higher tsunami heights, 

whereas in the exp and narrow estuary cases, increased river discharge resulted in 

decreased tsunami height. The increased wave height seen in the square estuary case is 

likely due to the raised water level resulting from the presence of river discharge. The 

increased water level would reduce bottom friction, allowing the wave to travel more 

efficiently.  In the exp and narrow estuary cases, however, the effect of a higher water 

level was counter-acted by the presence of a strong current, not present in the square 

estuary due to its great breadth.  

 Visual comparison of maximum WSEs throughout the Columbia River Estuary 

also indicated that river discharge has minimal impact in the lower portions of the 

estuary. This is shown in Figure 24 for the Columbia grid. The significant difference 

between Q3 and Q1 conditions observed in the upper portion of the estuary in these 

figures is believed to be the result of high water volume from the river discharge, not 

the impact of the tsunami. This is confirmed by examination of Figure 27 which 
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subtracts tide and river only runs from the tsunami, tide, and river runs. The majority 

of the upper estuary has a difference of nearly 0 m between these maximum elevations 

which means that the tsunami does not change much in this region. 

 Examination of the TH for representative cases in Figure 25 and Figure 30 

reveals some interesting differences between Q3 and Q1 conditions. While the 

maximum WSEs in the upper portions of the estuary are greatest during Q3 

conditions, the tsunami signal appears to propagate further in Q1 cases. In the open 

ocean and in the lower portion of the estuary, TH is nearly the same for all discharge 

conditions, but as you progress upstream, TH in Q1 conditions begins to dominate the 

Q3 cases. This change occurs around river kilometer 40 (Figure 25 and Figure 30). 

Examination of seven recording stations along the estuary’s mainstream shows this 

trend to be consistent for all cases. Figure 35 summarizes the data from Table 7 

(neglecting the T2 and Q2 cases which clutter the figure) confirming what has been 

suggested earlier: that the tidal state is the dominating factor in the lower estuary while 

the river discharge is the dominating factor in the upper estuary, starting around river 

kilometer 40. 

 

 

Figure 35: Comparison of averaged tidal and discharge data from Table 7. 
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In terms of inundation, the impact of river discharge is not significant. 

Summarizing Table 8 and Table 11, Table 15 compares the average tsunami 

inundation by river discharge condition in the Columbia and ENPAC grids. On 

average, the Q3 cases in the Columbia grid have 5% less inundation than the Q1 cases.  

In the ENPAC grid, this number is 28%. It is important to note that this does not mean 

less inundation occurs; the opposite is in fact true. It means that less inundation can be 

directly attributed to the impact of the tsunami.  

 

Table 15: Average inundation (km
2
) by discharge condition - Summary of Table 8 

and Table 11 

Discharge Condition Columbia Grid Average ENPAC Grid Average 

Q1 8.21 26.70 

Q2 8.49 20.18 

Q3 7.82 19.33 

 

5.3 Impact of tidal state on tsunami 

The impact of tidal state on tsunami propagation appears to be more significant 

than the impact of river discharge. Whereas changing the river discharge condition 

form Q1 to Q3 had minimal impact on tsunami propagation in the idealized cases, 

shifting from T3 to T1 had a significant impact on tsunami propagation. Table 6 shows 

the normalized tsunami height at river kilometer 65 in all three idealized estuaries. In 

each estuary, the tsunami maintained a significantly greater portion of its height at T1 

than at T3. Visual comparison of maximum WSEs for tsunami events occurring at 

different tidal states in the Columbia grid reveals similar results. Figure 27 shows that 

the T1 case has greater tsunami wave heights penetrating deeper into the estuary than 

the T2 and T3 cases. 

 The normalized tsunami heights shown in Figure 28 indicate that river 

discharge conditions control in the upper estuary while tidal conditions control in the 

lower estuary. Where Figure 25 and Figure 30 show variances in tsunami envelope 

height in the upper estuary for changing discharge conditions, Figure 28 shows that 
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these differences occur primarily in the lower estuary for changing tidal states. The 

averaged tidal and discharge data, displayed in Figure 35, provides supporting 

evidence for this claim. Similar figures (not shown) created from the data in Table 10 

for the ENPAC grid display similar trends, though not as strongly. The averaged T1 

and T3 cases once again appear to result in greater tsunami heights in the lower 

estuary than the averaged Q1 and Q3 cases. In the upper estuary, however, there does 

not appear to be a clear difference between the influence of tides and discharge 

conditions. This is believed to be a function of the dynamic tides constantly changing. 

Using the dynamic tides in the ENPAC model runs, a study of differences 

between T2 and T4 cases was conducted. Figure 31 compares maximum WSEs for a 

T2 run with maximum WSEs for a T4 run. While there does not appear to be a 

noticeable difference in the upper portions of the estuary, the lower portion of the 

estuary and the open ocean were clearly affected. The tsunami at T4 appears to have 

lower maximum WSEs throughout much of the open ocean and lower estuary than the 

tsunami at T2 but causes more inundation. As was stated in section 4.3.2, adjusting the 

color bar reveals that the T4 case has higher WSEs right next to the coastline near the 

north and south jetties, causing more inundation. 

In terms of inundation, the impact of tidal state is much more significant than 

the impact of discharge flow. Table 16 summaries Table 8 and Table 11 comparing the 

average inundation by tidal state in the Columbia and ENPAC grids. On average, the 

T1 cases in the Columbia grid have 106% more inundation than the T3 cases. This is 

significantly greater than the impact of Q3. In the ENPAC grid this number is 700% 

for T1 compared to T3 and 138% for T4 compared to T2. This is an important and 

interesting fact. Given that no strong differences between T4 and T2 were seen in the 

discussion of tsunami propagation, it appears that inundation is not directly related to 

tsunami propagation. 
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Table 16: Average inundation (km
2
) by tidal state - Summary of Table 8 and Table 11 

Tidal State Columbia Grid Average ENPAC Grid Average 

T1 11.82 41.09 

T2 6.94 12.45 

T3 5.76 5.13 

T4  29.60 

 

 

5.4 Tsunami Arrival Time. 

Treating tsunamis as shallow water waves, linear wave theory (LWT) was used 

to analyze tsunami arrival times. Table 17 shows the arrival time (in hours after the 

tsunami reached the river mouth), its averaged celerity based on this arrival time, and 

the average estuary depth based on linear wave theory. Comparison of the range of 

these calculated averaged tidal depths with the prescribed tidal range of 2 m yields 

interesting results. At 37 km upstream, the calculated tidal range is nearly 3 m, 

whereas at 64 km the calculated tidal range is approximately 1 m. The top panel of 

Figure 25 displays the recording stations along the mainstream of the estuary from 

which the curvilinear river kilometer axis was determined. Given that the tsunami will 

not necessarily follow this axis, it could actually arrive at river kilometer 37 after 

traveling only 31 km’s. Using this value in place of 37 km results in a roughly 2 m 

tidal range, consistent with the prescribed condition. A similar result is obtained using 

this process for the ENPAC grid data in Table 13. The small calculated tidal range at 

river kilometer 65 cannot be explained in the same way but is related. Between river 

kilometers 37 and 65 the estuary has many islands, gets markedly narrower, and has a 

major turn. These factors would increase frictional effects other processes that would 

effectively slow and dampen the wave. This in turn would yield the smaller calculated 

tidal range seen in Table 17. 
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Table 17: Average depth of Columbia River Estuary based on tsunami arrival times 

and LWT. Columbia Grid. 

  37 km upstream 64 km upstream 

Tidal 

State 

 Δt       

(hrs) 

Celerity 

(m/s)                                        

Average Depth           

(m) 

 Δt       

(hrs) 

Celerity 

(m/s)                                        

Average Depth           

(m) 

T1 1.09 9.43 9.06 2.44 7.29 5.41 

T2 1.19 8.64 7.60 2.60 6.84 4.77 

T3 1.32 7.79 6.18 2.69 6.61 4.45 
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CHAPTER 6 – CONCLUSION 

 

 Using a phased approach, this thesis studied tsunami propagation 

characteristics as a function of estuary geometry, river discharge, and tidal state in 

three stages: (i) modeling a synthetic tsunami train in three idealized estuaries, (ii) 

modeling an idealized tsunami propagating up a local Columbia River grid, and (iii) 

modeling an actual CSZ event in an eastern north Pacific regional domain. Focusing 

primarily on water surface elevation comparisons to determine tsunami propagation, 

analysis of the results for each model and each set of forcing factors was conducted. 

 The comparison between estuarine geometry in the three idealized estuary 

showed that greater estuary convergence rates result in higher tsunami heights at a 

point deep in the estuary (Table 6). The wave energy present at this point varies 

significantly between estuary shapes. Total wave energy is greatest in the square 

estuary and least in the narrow estuary (Table 14). Energy per unit width, however, is 

greatest in the narrow case where the estuary walls funnel the energy into a small area 

(Table 14). 

 The impact of river discharge on tsunami propagation was smaller than 

expected, particularly in the case of the idealized estuaries.  In the square estuary, 

increased river discharge was accompanied by a very slight increase in tsunami height 

at river kilometer 65. In the exp and narrow estuaries, however, increased river 

discharge resulted in a slight decrease in tsunami height at river kilometer 65 (Table 

6). In the Columbia River and ENPAC grids, it was seen that the river discharge had 

minimal impact on tsunami propagation in the lower estuary, but appeared to be a 

dominating factor in the upper estuary (Figure 25, Figure 30, and Figure 35).  

 The most influential factor on tsunami propagation and inundation in each grid 

was the tidal state. High tide did not always result in the tallest tsunami waves near the 

estuary mouth, but did consistently lead to the greatest tsunami signal furthest up the 

estuary (Table 6, Table 7, and Table 10). Figure 27, Figure 28, and Figure 30 show 

that the tidal influence was greatest in the lower portion of the estuary.  Tsunami 
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inundation resulting from changes in the tide also proved to be significant. Table 8, 

Table 11, and Table 16 show this data, highlighting that a tsunami occurring at high 

tide will result in much more inundation in addition to the area already inundated by 

the tide. This difference, however, was primarily between high and low tide. The 

neutral, flood, and ebb tides all seemed to result intermediate amounts of propagation. 

Surprisingly, while the flood and ebb tides appeared to have similar propagation 

characteristics, they resulted in very different amounts inundation (Table 16). Possible 

reasons for this are discussed in Section 4.3.2.  

 While the goals for the present project have been achieved, much more could 

be done to cover the subject more thoroughly. A study of how the factors considered 

in this thesis affect depth-integrated velocities throughout the model could be 

conducted using the existing velocity output files for all model runs. An additional 

parameter that would be interesting to study would be the effect of dynamic tides 

compared to static tides. This could be accomplished by re-running the ENPAC grid 

with static tides, proportional to the actual tidal range and making comparisons to the 

output data used in this study. A final, important piece that the author recommends 

including in future work is the construction of an idealized grid based upon the 

Columbia River Estuary parameters. This would facilitate direct comparison between 

an idealized case and an actual estuary, the results of which could lend credibility to 

the use of idealized models for simplifying real and complex scenarios.   
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