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Abstract 

 
Meteotsunamis, or meteorological tsunamis, are water waves generated by an 

atmospheric disturbance that behave similar to seismic tsunamis in both physical characteristics 

and disastrous potential. The Laurentian Great Lakes have a particularly impactful meteotsunami 

history, as many events have resulted in damage, injury, and even death. The objective of this 

dissertation is to characterize Great Lakes meteotsunamis in terms of both physical mechanisms 

and their occurrences and causes. 

The behavior of meteotsunami waves in the Great Lakes is examined through simulation 

of two notable Lake Michigan meteotsunami events, on June 26, 1954 and July 6, 1954. For both 

events, atmospheric pressure and wind perturbations were found to be essential to explain the 

magnitude of the wave activity. In the June 26 meteotsunami, long wave resonance was the 

primary cause of the destructive wave, though the storm also generated edge waves which 

persisted for many hours, hindering rescue efforts. The maximum wave heights for the July 6 

event were revealed to be the product of a superposition of edge waves and long waves. The 

results from these simulations demonstrate the enclosed Lake Michigan basin retained and 

focused wave energy, leading to their large magnitude, long duration, and destructive nature. 

The occurrence of meteotsunamis in Lake Michigan is quantified at 10 locations from up 

to 20 years of water level records. Meteotsunami height data are fit with the Pareto Type 1 

distribution to estimate exceedance probabilities. The largest annual return level (0.62 m) occurs 

at Calumet Harbor, IL. Analysis of radar imagery indicates that Lake Michigan meteotsunamis 

are associated primarily with convective storm structures, with a secondary contribution from 

frontal storms. Meteotsunami association with convective storm structures is more prevalent in 

southern Lake Michigan while frontal storm structures have a greater association with 
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meteotsunamis in northern Lake Michigan. Meteotsunamis occur primarily from late spring to 

early summer, which is before the peak convective season but after the peak cyclone season.  

Expanding upon the Lake Michigan analysis, meteotsunami occurrence is quantified at 

water level stations across the Great Lakes. Consistent with the Lake Michigan analysis, Great 

Lakes meteotsunamis tend to occur in the late-spring to mid-summer and are primarily 

associated with convective storms. Meteotsunami characteristics are analyzed with respect to the 

physical and atmospheric setting of the Great Lakes to investigate regional patterns. Within a 

lake, meteotsunami size tends to increase along the major axis of the lake in the direction of 

storm propagation. The specific type of convective storm structures associated with 

meteotsunamis varies longitudinally across the region, consistent with the spatial distribution of 

mesoscale convective complexes. Relationships between meteotsunami seasonality and lake 

depth and shelf slope suggest that bathymetry may have a role in the timing of meteotsunamis 

occurrences throughout the Great Lakes. Overall, the regional-scale analysis of meteotsunamis in 

the Great Lakes reveals valuable insight into the role of physical and atmospheric setting on 

meteotsunami occurrence. 

Finally, a database of meteotsunamis reported worldwide is gathered and regions of high 

meteotsunami activity are identified. Reported meteotsunamis are located primarily in the 

northern hemisphere in temperate or continental climates and over wide shelfs. Globally, 

reported meteotsunamis tend to occur during the warm season. Compared with the Great Lakes, 

meteotsunamis in Northern Europe and the Mediterranean tend to occur later in the warm season. 
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1. Introduction 

1.1. Meteotsunami Background 

Meteotsunamis (or meteorological tsunamis), are propagating water waves generated by a 

moving atmospheric disturbance. Meteotsunamis exhibit many similarities with seismic 

tsunamis, as both have wave periods of 2 minutes to 2 hours and undergo resonant amplification 

that transforms relatively small waves in the open water into destructive forces at the coast 

[Monserrat et al. 2006]. As atmospherically forced shallow water waves, meteotsunamis can be 

considered a specialized type of storm surge [Rao 1967], with the term meteotsunami used to 

describe waves that behave more like seismic tsunamis than hurricane surges [Monserrat et al. 

2006]. Meteotsunamis are also distinct from seiche, which is a standing wave that occurs at a 

free gravitational oscillation mode of an enclosed or semi-enclosed basin [Rabinovich, 2009] 

whereas meteotsunamis occur at the sub-basin scale.  

The formation of destructive meteotsunamis requires three processes: (i) wave 

generation, (ii) propagation resonance, and (iii) local amplification, as shown in Figure 1-1. 

 

Figure 1-1 Schematic of meteotsunami formation involving (i) wave generation by an 

atmospheric disturbance moving at a speed to (ii) excite a propagation resonance. 

As the wave moves to the coast, (iii) local mechanisms such as shoaling and harbor 

resonance transform the wave to dangerous heights. 
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First, the pressure and wind perturbations of an atmospheric disturbance, such as a frontal 

passage, gravity wave, or cyclone, generates an initial water level oscillation in the open water, 

termed a meteorological wave [Rabinovich 2009]. These meteorological waves are either long 

waves, which travel in open water and are governed by shallow water wave speed, or edge 

waves, which are coastally trapped by topographic refraction and are governed by an edge wave 

dispersion relation [Ursell 1952]. Second, propagation resonance occurs when the atmospheric 

disturbance and the meteorological wave travel at a similar speed, e.g. U≈clong or U≈cedge, which 

allows atmospheric energy to be constantly fed into the meteorological wave and can increase 

wave amplitude by up to an order of magnitude [Donn and Balachandran, 1969]. Long waves 

are amplified under the condition of Proudman resonance, in which the generating atmospheric 

disturbance propagates with a speed U approximately equal to the long wave phase speed 

[Proudman, 1929]. Edge waves are amplified under the condition of Greenspan resonance, when 

the atmospheric disturbance and the generated edge wave mode have similar speeds and 

wavelengths [Greenspan, 1956]. Finally, local mechanisms enhance meteotsunamis as the waves 

approach the shore and coastal features. Wave height can be amplified by up to two orders 

through a combination of shoaling, shelf resonance, reflection, refraction, and harbor resonance 

[Vilibić, 2008]. A strong atmospheric disturbance that propagates over a water body with the 

characteristics to produce a combination of wave generation, propagation resonance, and local 

amplification can lead to a meteotsunami with destructive potential [Hibiya and Kajiura, 1982].  

Meteotsunamis of up to 6 meters have occurred worldwide [Monserrat et al., 2006; 

Rabinovich et al., 2009, Vilibić et al., 2014c]. Single events have caused tens of millions of 

dollars in economic loss by inundating coastal towns [Vilibić et al., 2004; Orlić et al., 2010], 

sinking boats [Vilibić et al., 2008; Asano et al., 2012], and damaging coastal structures [Mercer, 
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2002; Tanaka, 2010; Whitmore and Knight, 2014]. The human impact of meteotsunamis can be 

devastating, with meteotsunamis having resulted in numerous injuries [Churchill et al., 1995; 

Vučetić et al., 2009; Šepić et al., 2009a] and deaths [Hibiya and Kajiura, 1982; Haslet and 

Bryant, 2009; Cho et al., 2013] throughout the world.  

1.2. Meteotsunamis in the Great Lakes 

The Laurentian Great Lakes are a region with an active and impactful meteotsunami 

history, illustrated by many events which have resulted in destruction and multiple deaths [Ewing 

et al., 1954; Donn, 1959; Irish 1965; Murty and Freeman, 1973; As-Salak and Schwab, 2004]. 

While meteotsunamis have been reported in all Great Lakes, they are particularly destructive in 

Lakes Michigan and Erie. In Lake Michigan, a retreating 6 meter wave pulled ten people to their 

deaths at Grand Haven, MI on July 4, 1929 [Grand Haven Tribune, 1929] and three people 

drowned at Holland, MI on July 13, 1938 when a series of long waves swept many people off of 

piers [Joint Archives of Holland, 2001]. The most notorious Great Lakes meteotsunami occurred 

on June 26, 1954, when a large wave reported to be 3 meters impacted the coast of Lake 

Michigan near Chicago and swept many fishermen off of piers at Montrose Harbor, with a total 

of seven people drowning [Ewing et al., 1954]. More recently, a strong meteotsunami capsized a 

tug boat at the White Lake, MI harbor in 1998 [NOAA, 1998] and seven people drowned on July 

4, 2003 at Sawyer, MI in an incident initially attributed to rip currents [Daniels, 2004] though the 

water level records indicates a moderate meteotsunami occurred around the time of the 

drownings. In Lake Erie, a 4 meter wave struck Cleveland on the morning of June 23, 1882. One 

person drowned, barges were grounded, and fires were extinguished at a steel rolling mill, with 

estimated damages totaling $30,000 ($700,000 in current dollars) [Cleveland Plain Dealer 
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1882]. On the evening of April 12, 1912, a large wave at Ashtabula, OH broke a steamship loose 

from her moorings, sending the vessel into a collision with a freighter [New York Times 1912]. 

The most tragic Lake Erie meteotsunami occurred on May 31, 1942, when a 4 meter wave struck 

the coast surrounding Cleveland [Toledo Blade 1942]. The wave pulled many fishermen into the 

lake and capsized small boats, with seven drowning. Recently on May 27, 2012 in Madison, OH 

a 2 meter meteotsunami swept three swimmers a half-mile offshore where they were fortunately 

rescued by a jet skier [Anderson et al., 2015]. Clearly, meteotsunamis pose a threat to Great 

Lakes coastlines and understanding meteotsunami behavior and occurrence in the Great Lakes is 

vital to mitigate the impacts of these coastal hazards.  

Many key knowledge gaps remain in the understanding of meteotsunami behavior in the 

Great Lakes. First, historical records of Great Lakes meteotsunamis indicate that significant wind 

stress has been present in many of these events [Ewing et al., 1954; Donn and Ewing, 1956; As-

Salak and Schwab, 2004], a unique feature compared with many meteotsunamis across the globe 

that are primarily attributed only to pressure perturbations [Orlić et al., 2010; Renault et al., 

2011]. Nevertheless, the question remains: What is the relative importance of wind stress 

compared with atmospheric pressure perturbations on these events? Second, though Great Lakes 

meteotsunami events have been classified generally as either long wave [Ewing et al., 1954; 

Irish, 1965] or edge wave [Donn and Ewing, 1956; Donn, 1959], these two types of wave likely 

do not occur in isolation. This leads to the question: Do long waves and edge waves interact to 

create meteotsunamis. Third, because destructive meteotsunamis are likely the combination of 

the “perfect” combination of atmospheric disturbance propagation speeds and directions over the 

right bathymetry and coastlines [Harris, 1958], the following question arises: How sensitive are 
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Great Lakes meteotsunamis to the propagation speed and direction of the causative atmospheric 

disturbance? 

Beyond the known historic events, the overall meteotsunami climate of the Great Lakes is 

poorly understood, which leaves many key knowledge gaps in the understanding of Great Lakes 

meteotsunami occurrence. First, as the number of known Great Lakes meteotsunamis is limited 

only to a handful of reported large events, challenges remain in quantifying meteotsunami 

occurrence frequency, leaving the question: How often do meteotsunamis occur in the Great 

Lakes? Second, as a local phenomenon, the meteotsunami occurrence is expected to vary 

spatially, leading to the question: Where do meteotsunamis occur in the Great Lakes? Third, 

while the reported meteotsunami events generally happened in the warm season, little 

information is available to answer the question: When to meteotsunamis occur in the Great 

Lakes? Fourth, the specific types of atmospheric disturbances associated with historic 

meteotsunamis in the Great Lakes are poorly documented, leading to the question: What types of 

storms are associated with meteotsunamis on the Great Lakes? Finally, as meteotsunami 

formation is dependent upon the interaction between an atmospheric disturbance and the water 

body, meteotsunamis can be influenced by variations in storm climate and bathymetry. Thus, to 

understand the similarities and differences in meteotsunami occurrence across the Great Lakes, 

the following question is posed: How do patterns in meteotsunami characteristics in the Great 

Lakes region correspond to the physical and atmospheric setting of the region? 

1.3 Research Objectives 

The aim of this dissertation is to characterize meteotsunamis in terms of both physical 

mechanisms and historical meteotsunami occurrences. To address this goal, the research is 
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focused initially on the behavior of meteotsunamis in Lake Michigan, followed by an 

examination of meteotsunami occurrences throughout the Great Lakes region and worldwide. 

Guided by key knowledge gaps in the understanding of meteotsunamis in the Great Lakes, 

specific objectives of the dissertation are as follows: 

1) Investigate the detailed physical behavior of historic meteotsunamis in Lake Michigan to 

reveal interaction between edge waves and long waves, the relative contribution of 

pressure and wind perturbations, and the sensitivity to storm speed and direction. 

2) Characterize the occurrence of meteotsunamis in Lake Michigan in terms of size-

frequency, seasonal distribution, and associated storm structures 

4) Identify patterns in meteotsunami occurrence in view of the physical and atmospheric 

features of the Great Lakes region; and 

4) Quantify worldwide meteotsunami occurrence characteristics from reported events. 

1.4. Introduction to the Dissertation 

Chapter 2 examines the behavior of two historically significant Lake Michigan 

meteotsunamis which occurred in 1954 with numerical simulation to reveal the role of long and 

edge waves in these events, quantify the relative contribution of wind and pressure forcings to 

the meteotsunami waves, and examine the sensitivity of the waves to the causative atmospheric 

disturbance speed and orientation. In Chapter 3, water level and radar records are analyzed to 

characterize the meteotsunami occurrences in Lake Michigan in terms of meteotsunami 

magnitude, seasonal occurrence, and corresponding atmospheric forcing. Chapter 4 extends this 

analysis to the entire Great Lakes basin to characterize meteotsunamis throughout the region and 

investigate patterns in the context of the physical and atmospheric features of the region. A 
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database of meteotsunamis across the globe is compiled in Chapter 5 to understand global 

patterns in meteotsunami occurrence. Finally, conclusions and recommendations for future work 

are offered in Chapter 6. 
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2. The Lake Michigan Meteotsunamis of 1954 Revisited 

The following is re-produced with permission from Springer. The final publication is available at 

http://link.springer.com/article/10.1007%2Fs11069-014-1193-5 

Bechle, A. J., and C. H. Wu (2014), The Lake Michigan meteotsunamis of 1954 revisited, 

Nat. Hazards, 74, 155–177, doi:10.1007/s11069-014-1193-5. 

2.1 Introduction 

In the summer of 1954, the Chicago coastline was impacted by two large tsunami-like 

wave incidents just 10 days apart. On June 26, 1954, a large wave occurred at the coast of Lake 

Michigan near Chicago, with heights of up to 3 meters reported in some locations (Ewing et al. 

1954). The wave initially struck the North Shore of Chicago and swept many fishermen off of 

piers at Montrose Harbor, with a total of seven people drowning. News of the wave spread 

quickly along the lakefront and police and lifeguards cleared people from the waterfront, where 

many beaches were inundated up to 50 meters inland. Strong oscillations persisted in the lake 

long after the disaster, with the Chicago Daily News reporting that rescue and recovery efforts 

were hindered by strong currents for up to 34 hours after the initial wave arrival. Just 10 days 

later, on July 6, another series of large waves impacted the Chicago shoreline, with a maximum 

recorded wave height exceeding 1.25 meters, followed by 0.3 m waves which persisted for over 

24 hours (Donn and Ewing 1956). In fact, the harbormaster at Belmont Harbor reported to the 

Chicago Tribune that lake conditions on July 6
th

 meteotsunami were much more severe than on 

June 26
th

. Fortunately, owing to the heightened awareness from the fatal event 10 days prior, 

sufficient warnings were issued and no loss of life occurred (Hughes 1965). Both events 

exhibited tsunami-like behavior and were revealed to be meteorologically induced. For that 

http://link.springer.com/article/10.1007%2Fs11069-014-1193-5
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reason, they are called meteorological tsunamis, or meteotsunamis (Monserrat et al. 2006). 

Nevertheless, major disparities in the metrological forcings of these two events caused the 

subsequent meteotsunami waves to have quite different behaviors. 

 

Figure 2-1: Unstructured model grid mesh overlaid on Lake Michigan bathymetry.  Bottom 

slopes along the west and east coasts are shown at the bottom-left; and at the top-

left is a zoomed view of the coast near the Chicago lakeshore. 

The June 26, 1954 meteotsunami was associated with a squall line storm with wind of 

approximately 25 m/s and a rapid jump in atmospheric pressure of approximately 300 Pa over 4 
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minutes. From the arrival times of the pressure disturbance at meteorological stations around the 

lake, the squall line was determined to move across the lake at 29 m/s with a direction of 135° 

from north (Ewing et al. 1954). The propagation pathway coincided with a long stretch of water 

depths between 75 to 90 meters (Figure 2-1), corresponding to an estimated long wave speed of 

27 to 30 m/s. Ewing et al. (1954) deduced that the large wave event was caused by Proudman 

resonance (Proudman 1929), which occurs when the atmospheric disturbance speed matches that 

of the long wave speed such that atmospheric energy is constantly fed into the water wave, 

growing amplitude by up to an order of magnitude. The amplified wave first impacted the 

southeast coast of the lake, where wave heights of 1.5 to 2 meters were reported. The wave then 

reflected off of the coast, returned westward across the lake, and finally struck the Chicago 

lakefront with a destructive 3 meter magnitude. The assertion of Proudman resonance by Ewing 

et al. (1954) was supported by numerical modeling of the event by Platzman (1958). 

Specifically, the moving speed of the squall line was perturbed in multiple simulations, with the 

maximum amount of energy transmitted to the lake by a squall line moving at 29 m/s, suggesting 

that the June 26, 1954 meteotsunami event may have been a worst-case scenario of Proudman 

resonance. Nevertheless, this early modeling study was limited in resolution, as the 4km grid did 

not resolve significant higher frequency wave content (T~10 minutes) that appeared in the 

observations. In addition, the model atmospheric disturbance only considered atmospheric 

pressure fluctuations while excluding the wind forcing, yielding wave heights that 

underpredicted the observations by a factor of two. Platzman (1965) used this model to conduct a 

sensitivity study of the response of Lake Michigan to a generic pressure and wind forcing, 

producing nomograms of maximum wave height and wave arrival time with respect to various 

disturbance speeds and directions. These nomograms suggest that wind stress, which was 
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neglected in the model of Platzman (1958), was responsible for over half of the wave energy of 

the destructive June 26 meteotsunami. While these results provide insight into the general 

behavior of meteotsunamis in Lake Michigan, Platzman (1965) recognized the limitations of the 

“rudimentary” representation of pressure and wind forcings. Furthermore, Platzman (1965) 

suggested constructing meteorological forcings from observations combined with a higher 

resolution computational grid to reveal the true character of these waves. Overall, the findings in 

Ewing et al. (1954), Platzman (1958), and Platzman (1965) lay out a basic understanding of the 

devastating June 26, 1954 Lake Michigan meteotsunami. Nevertheless, important aspects of the 

wave behavior have remained unresolved, including the final wave magnitude, observed high 

frequency waves, and long-lasting oscillations. 

The July 6, 1954 meteotsunami was associated with a large pressure jump propagating 

over the lake, though with a much different character than the squall line which occurred 10 days 

prior (Donn and Ewing 1956). The atmospheric pressure raised 350 Pa over a period of 30 

minutes and then decreased by 500 Pa over the next 4 hours. The pressure fluctuation was 

accompanied by strong northern winds of 30 m/s over a similar time scale. Isochrones for this 

event indicate that the pressure fluctuation propagated at 22 m/s in a direction of 155° from 

north. Compared to the June 26
th

 event, this atmospheric disturbance propagated slower and in a 

more meridonal direction with a much more gradual pressure fluctuation. The passage of the 

pressure fluctuations coincided with large waves along the west coast of the lake, with the wave 

height in excess of 1.25 meters observed near Chicago. Donn and Ewing (1956) concluded that 

these oscillations were edge waves, which are waves trapped to the coast by topographic 

refraction. The speed of edge waves, cedge, is governed by the dispersion relationship   

𝑐𝑒𝑑𝑔𝑒 = 𝑔𝑇𝑡𝑎𝑛[𝛽(2𝑛 + 1)] 2𝜋⁄       (2-1)  
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where β is the lake bottom slope, T is the edge wave period, and g is the acceleration due to 

gravity (Ursell 1952). Based on the average bottom slope of β = 0.0022 along the southwest 

coast of Lake Michigan calculated at the 50 m contour (Figure 2-1) and an observed wave period 

of 110 minutes, the estimated edge wave speed is 23 m/s, nearly identical to the atmospheric 

disturbance speed. Thus, the large magnitude of the waves was attributed to a match between the 

speed of the atmospheric disturbance and the edge waves; this process is known as Greenspan 

resonance (Greenspan 1956). The modeling results of Platzman (1965) indicate that a storm of 

this speed and direction would generate edge waves of approximately 1 meter in magnitude, with 

wind stress as the dominant forcing. Nevertheless, the arrival time of the waves after the passing 

of the storm predicted by Platzman (1965) (120 minutes) is much greater than was observed (34 

minutes), likely owing to the generic pressure and wind forcings used to drive the model which 

deviate greatly from the recorded meteorology. In addition, maximum wave heights in the 

observations were not achieved in the first wave arrival, as would be expected from pure 

Greenspan edge wave resonance (Greenspan 1956). Instead, the maximum wave height occurred 

with the second wave, suggesting that interaction between multiple waves may have occurred in 

this event. Donn and Ewing (1956) also observed small shorter period waves (H~0.15m, T~20 

minutes) superposed on top of the larger edge waves, but no resolute explanation for these 

oscillations was made. Despite producing large waves, the July 6
th

 wave did not garner as much 

attention compared with the fatal June 26
th
 meteotsunami. As a result, the understanding of this 

edge wave resonance has been limited to the data analysis of Donn and Ewing (1956) and 

generic modeling of Platzman (1965). Many features of the July 6 meteotsunami remain 

unknown, including the nature of the resonant wave growth, the occurrence of the maximum 

waves later in the wave train, and the source of the high frequency waves. 
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 The overall objective of this paper is to address the uncertainties which remain in the 

explanations of these two historic Lake Michigan meteotsunami events regarding the 

atmospheric forcing, wave growth, high frequency fluctuations, and the long duration of the 

oscillations. First, we address the relative weighting between atmospheric pressure and wind 

stress on the meteotsunami generation. Whereas for most observed meteotsunamis, the wind 

speeds have not been great enough to dominate the wave behavior (Vilibić et al. 2005; Orlić et 

al. 2010; Renault et al. 2011), the modeling sensitivity study by Platzman (1965) in Lake 

Michigan suggests that the wind speeds in these events did contribute a significant portion of the 

meteotsunami energy. Nevertheless, as the “rudimentary” implementations of pressure and wind 

speed recognized by Platzman (1965) do not faithfully represent the meteorology of these events, 

we examine the response of the lake to the observed meteorological forcings. Second, we aim to 

explain the character of the wave growth, specifically the largest wave in the July 6
th

 event which 

occurred in the middle of the wave train. Furthermore, the sensitivity of the wave growth 

mechanisms to atmospheric disturbance orientation and speed is explored. Third, we investigate 

the significant higher frequency content of these meteotsunami events (T<20 min) that were not 

explained by the effects of Proudman and Greenspan resonances (Ewing et al. 1954; Donn and 

Ewing 1956). Finally, we aim to explain the long duration of the water level oscillations in these 

meteotsunamis, specifically the unexpectedly long lasting waves present in the June 26
th
 event.  

The paper is structured as follows. Section 2.2 details the hydrodynamic modeling and 

atmospheric data. In Section 2.3, the results are presented for the two meteotsunami events, June 

26 and July 6, 1954. In Section 2.4, salient features of these meteotsunamis are discussed to 

address the aforementioned uncertainties that remain for these events. Finally, conclusions are 

drawn in Section 2.5. 
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2.2. Hydrodynamic modeling and data 

The hydrodynamic model Semi-Implicit Eulerian-Lagrangian Finite Element (SELFE) 

(Zhang and Baptista 2008a; Zhang et al. 2011) is employed in this paper. SELFE is a well 

validated model and has been used to study hurricane response (Cho et al. 2012), tsunami 

propagation (Zhang and Baptista 2008b; Zhang et al. 2011), and inundation (Witter 2011; 

Fortunato et al. 2013). SELFE solves the three dimensional Reynolds-averaged Navier Stokes 

Equations  
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where x, y, and z are Cartesian coordinates; u, v, and w are velocity components; ρo is density; η 

is free surface elevation; h is the bathymetric depth; Pa is surface atmospheric pressure; g is 

gravitational acceleration; f is Coriolis factor; Km is vertical eddy viscosity; and Fx and Fy are 

horizontal eddy viscosity. Wind stress is applied at the surface boundary and is calculated from a 

quadratic drag formulation: 

𝐾𝑚 (
𝜕𝑢

𝜕𝑧
,

𝜕𝑣

𝜕𝑧
) =

𝜌𝑎

𝜌𝑜
𝐶𝐷|𝑊|(𝑊𝑥 , 𝑊𝑦) at z = η      (2-6) 

where |W| is the magnitude of the wind speed, (Wx,Wy) are the wind speed components, ρa is the 

density of air, ρo is the density of water at the surface, and CD is the drag coefficient. A linear 

relationship between drag coefficient and wind speed is assumed (Sheppard 1958), as the winds 

used in this study approach but do not exceed observed drag coefficient saturation thresholds, 

above which linearity breaks down (Powel et al. 2003; Donelan et al. 2004); specifically, the 
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empirical linear relationship used is that of Smith (1980). Bottom friction is applied at the bottom 

boundary and is calculated from the quadratic drag law: 

𝐾𝑚 (
𝜕𝑢

𝜕𝑧
,

𝜕𝑣

𝜕𝑧
) = 𝐶𝑓√𝑢2 + 𝑣2(𝑢, 𝑣) at z = -h      (2-7) 

where Cf is the bottom drag coefficient. The governing equations are solved on an unstructured 

horizontal grid with a hybrid S-Z vertical coordinate system. A Galerkin finite element scheme is 

used to solve the pressure gradient while advection terms are treated with a higher-order 

Eulerian-Lagrangian scheme. Semi-implicit time-stepping is used to avoid mode splitting and 

allow for large time steps.  

The model domain encompasses the entire Lake Michigan basin. The horizontal grid is a 

triangular unstructured mesh with a resolution ranging from 1000 meters in the open water down 

to 30 meters along some sections of the coast, yielding 109892 computational elements. The 

vertical grid is composed of 10 layers (Song and Haidvogel 1994). A time step of Δt = 25 s is 

chosen based on the semi-implicit scheme. A bottom drag coefficient of Cf=0.0025 is used based 

on calibration against water level results from the Great Lake Coastal Forecasting Model (Kelly 

et al. 1998; O’Connor et al. 1999) (not be shown here for brevity). The model is forced with 

moving disturbances of atmospheric pressure and wind stress constructed to emulate historical 

observations of the two meteotsunami events. The atmospheric pressure gradients characteristic 

of meteotsunami-causing disturbances are calculated based upon an integral approach in which 

the line integral of pressure around the perimeter of each computational element is used to 

calculate the pressure gradient of the element. As the atmospheric disturbances in this study are 

approximated by analytical definitions, these line integrals can be calculated numerically with 

high precision to give a better representation of the rapidly varying pressure disturbance than the 

original vertex-based gradient calculation in SELFE. 
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The first event is the June 26, 1954 meteotsunami, caused by a squall line thunderstorm 

propagating across the lake. Atmospheric pressure and wind speed observations of this event 

from the Wilson Avenue Crib meteorological station (see Figure 2-1for location) were originally 

published by Platzman (1958), shown as black lines in Figure 2-2. Atmospheric pressure 

experienced a rapid increase of 300 Pa over a period of 4 minutes starting at 6:25 Central 

Standard Time (all subsequent times are in CST), maintained a constant pressure over 90 

minutes, and ended with a slow 200 Pa decrease over an additional 90 minutes. Wind speed 

sharply increased to 25 m/s over the course of a minute with the arrival of the squall line at 6:21 

and subsequently decreased to zero over a period of 30 minutes. In the model, we approximated 

the atmospheric pressure disturbance spatially as a trapezoidal pressure perturbation (blue lines 

in Figure 2-2), with an initial 300 Pa increase over 7 km, 160 km of constant pressure, and a 200 

Pa decline over a subsequent 160 km. Similarly the wind stress of the squall line was represented 

using a triangular wind speed perturbation, with an initial 25 m/s increase over 2 km and a 25 

m/s decline over a subsequent 54 km. Due to limited available spatial information, both the 

atmospheric pressure and wind speed perturbations were assumed to be a straight linear front 

constant over the lake and propagated at 29 m/s at a direction 135° from north (Ewing et al. 

1954). 
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Figure 2-2: Observed June 26, 1954 atmospheric pressure and wind records (black lines) at 

Wilson Avenue Crib station (taken from (Platzman 1958)) and corresponding input 

meteorological forcing functions (blue lines) used for the hydrodynamic model.  

 

The second meteotsunami occurred on July 6, 1954 and was associated with a pressure 

disturbance, though strong winds were also noted. Pressure observations of this event from the 

Wilson Avenue Crib meteorological station were originally published by Donn and Ewing 

(1956), shown as a black line in Figure 2-3. An increase in atmospheric pressure of 350 Pa 

occurred over a period of 30 minutes starting at 15:02, followed by a much slower 500 Pa 

decrease in pressure over an additional 4 hours. The atmospheric pressure disturbance was 

spatially approximated as a triangular pressure perturbation (blue line in Figure 2-3), with an 

initial 350 Pa pressure increase over 40 km and a 500 Pa decline in pressure over a subsequent 

315 km. Donn and Ewing (1956) did not report wind anemometer data though wind speed was 

noted to have sharply increased from 10 m/s to 32 m/s over the 30 minute period of pressure rise. 

The best available data for this event are from the hourly wind record at the Glenview Naval Air 
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Station (shown as dots in Figure 2-3), which confirm this wind speed but are temporally too 

coarse to infer more detail about the wind field. Based on the descriptions of the wind behavior 

by Donn and Ewing (1956), a triangular wind speed perturbation is assumed here with an 

increase in wind to 32 m/s over 40 km and a subsequent decrease back to 10 m/s over an 

additional 80 km, shown as a blue line in Figure 2-3. Both the atmospheric pressure and wind 

speed perturbations are assumed to be a straight linear front constant over the lake and are 

propagated across the model domain at 22 m/s at a direction 155° from north, in accordance with 

the observations by Donn and Ewing (1956). 

 

Figure 2-3: Observed July 6, 1954 atmospheric pressure records at Wilson Avenue Crib station 

(taken from (Donn and Ewing 1956)) and hourly wind records available at the 

Glenview Naval Air Station, IL. The blue lines are the input meteorological forcing 

functions for hydrodynamic model. 
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2.3. Results 

2.3.1. June 26, 1954 Meteotsunami 

  Model results are first compared with the water level observations at Wilson Avenue Crib 

(Figure 2-4), located at (41.97°N, 87.59°W), 4 km east of Montrose Harbor where the main 

disaster occurred (Platzman 1958). Since Wilson Avenue Crib was the only open-water water 

level station to record the June 26, 1954 meteotsunami, these observations provide insight into 

the nature of the propagating meteotsunami wave, unlike shore-based gauges which can be 

adulterated by local mechanisms such as harbor oscillations (Rabinovich 2009). To elucidate the 

importance of pressure and wind on the meteotsunami formation, we run the model for three 

separate forcing scenarios: i) pressure only, ii) wind only, and iii) pressure and wind. Figure 2-4 

shows that neither the pressure nor wind forcing alone is sufficient to reach the magnitude of the 

water level oscillations but the wave height resulting from the combination of both pressure and 

wind forcing closely matches the observed wave time series. Interestingly, the time series 

resulting from a superposition of the “pressure only” and “wind only” records is nearly identical 

to the time series of the simultaneous pressure and wind forcing scenario, suggesting that the 

wave behaves in a linear manner. Pressure accounted for approximately 60% of the wave height 

and wind stress contributed the remaining 40% of the event.  
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Figure 2-4: Time series of modeled water levels (line) and observations (dot) at Wilson Avenue 

Crib in response to the meteorological forcings on June 26, 1954 from Figure 2-2. 

 

This finding agrees with an analytical comparison of the pressure and wind terms of Equation 2-

2 and 2-3; the atmospheric pressure term is calculated as ∂(Pa/ρ)/∂x, the fourth term of Equation 

2-2, whereas the wind term is τ/ρH, derived from fifth term of Equation 2-2 where wind stress, τ, 

is calculated from the formulation of Equation 2-6 and the vertical derivative is taken as a linear 

gradient over depth, H (Orlić et al. 2010). From the pressure rise of 300 Pa over 7 km, the 

pressure term is 4.3x10
-5

 m/s
2
 and from a maximum wind speed of 25 m/s over a resonant depth 

of 80 meters, the wind term is 2.1x10
-5 

m/s
2
. This analytical analysis attributes 67% of the wave 

height to pressure and 32% to wind, which is a greater imbalance than depicted in the model. 

Nevertheless, as shown in Figure 2-2, the pressure gradient rise acted over 4 minutes, while the 

wind speed varied linearly over 30 minutes. To account for the effects of the different pressure 

and wind disturbance forms, these two terms are integrated over the pressure and wind 
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perturbations of Figure 2-2. When averaged over the duration of the perturbations, the pressure 

term is 7.2x10
-6

 m/s
2
 and wind is 5.7x10

-6 
m/s

2
. This yields a pressure and wind partitioning of 

56% and 44%, respectively, closer to the model result of 60%/40% split between pressure and 

wind. As the wind term is dependent upon depth, wind is expected to have a greater influence 

than pressure over depths shallower than 60 m (see Figure 2-1) (Orlić et al. 2010), though the 

subsequently slower shallow water speeds (c<24 m/s) would not promote significant Proudman 

resonance (Platzman 1958). The model of Platzman (1965), which forced the lake with generic 

pressure and wind disturbances, suggested that pressure accounted for 43% of the wave height 

and wind for 57%; the majority of the wave height is incorrectly attributed to wind stress because 

the Platzman (1965) model was forced with a both lower pressure gradient and a longer duration 

wind stress field than was observed in the actual disturbance. Thus, while generic atmospheric 

disturbances provide an approximate indication of meteotsunami behavior, properly represented 

meteorological conditions are crucial to capture detailed meteotsunami wave mechanisms.  

With both pressure and wind forcing included, the model represents the magnitude and 

arrival time (8:20) of the devastating initial wave and the subsequent oscillations (t>8:25) which 

the simulations of Platzman (1958) could not replicate. This result illustrates the importance of 

the higher resolution grid used in this study (~1 km) compared to the coarse resolution grid 

employed in Platzman (1958) (~4km). The source of the first of these subsequent oscillations 

(T=15 min) was initially thought to be a “second surge” indicative of a high frequency wave 

front with the remaining oscillations (T=9 min) attributed to background lake level fluctuations 

(Platzman 1958). The simulations in this study reveal the first subsequent oscillation (8:33) to 

instead be the long wave reflected off of the west coast of Lake Michigan and propagating 

eastward towards open water while the successive oscillations that persisted for the duration of 



26 

 

the reported water level record (t>9:15) were a train of anticyclonic propagating edge waves. 

Details of these oscillations will be analyzed through the spatial wave propagation through the 

entire lake. 

 

Figure 2-5: Lake Michigan water level in response to meteorological forcings on June 26, 1954 

from Figure 2-2 (times are in CST). 
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 The spatial propagation of the meteotsunami wave in response to the combined pressure 

and wind forcing is given in series of snapshots in Figure 2-5. The first snapshot at 6:30 depicts 

the long wave that has propagated with the squall line for nearly 100 minutes, resulting in a 

resonant growth in the open water to a 0.2 m crest height. The location of the largest crest height 

corresponds to the Proudman resonance depths of 75 to 90 meters, where the shallow water wave 

speed closely matched the squall line speed. The lowest heights of this wave front occurred in 

the middle of the lake, i.e., between longitudes of 87.0°W and 86.5°W, corresponding to the 

deepest point in southern Lake Michigan with the water depth of 160 meters (see Figure 2-1). As 

a result, the disturbance did not meet the Proudman resonance condition at this location and 

wave growth was limited. Fifteen minutes later at 6:45, two distinct waves existed between 

longitudes of 87.0°W to 86.5°W, where the leading wave traveled at the faster free wave speed 

of the 150 meter deep water and the trailing wave was the forced wave aligned with the squall 

line. Meanwhile, the northern edge of the wave front first impacted the east coast of the lake at 

(42.6°N, 86.4°W). By 7:00 much of the long wave impacted the east coast of the lake while the 

northern extent of the wave (42.7°N, 86.4°W) already began to reflect back westward. At 7:15, 

the long wave hit the southeast shore of the lake, reaching crest heights of 0.65 m, while north of 

42.2°N, the wave reflected off the coast and travelled westward. By 7:30, the incident long wave 

fully reflected off the east coast. As the reflected wave approached the Chicago lakeshore at 

7:45, the large horizontal extent of the original long wave (~150 km) that spanned diagonally 

across the lake converged to approximately 50 km. This was caused by the concave shape of the 

east coast of Lake Michigan, which acted to focus the reflected wave and direct the propagation 

towards Chicago. Between 8:00 and 8:15, the reflected wave crest was refracted by the 

bathymetry to align with the coastline (Hibiya and Kajiura 1982), reaching a maximum offshore 
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wave crest height of 0.43 m. Finally, the reflected wave struck the Chicago lakefront at 8:30, 

with maximum wave heights in the model occurring less than 2 km south of Montrose Harbor 

where the seven fatalities occurred. As seen at 8:45, the long wave reflected off of the Chicago 

lakeshore and propagated back eastward. This phenomenon explains the high frequency “second 

surge” observed by Platzman (1958) at 8:35 in the Wilson Avenue Crib water level record 

(Figure 2-4). Indeed, this wave should be considered neither a second surge nor a high frequency 

component of the meteotsunami but instead a reflected wave propagating in the offshore 

direction. The reflected wave gave the appearance of a high frequency wave when described by 

Platzman (1958) because the water level record was taken from Wilson Avenue Crib, located 4 

km offshore such that a reflected wave would appear rather quickly after the incident wave in the 

water level measurements. The 4 km grid of the model by Platzman (1958) was too coarse to 

resolve a reflected wave at this location, as the simulated Wilson Avenue Crib record was 

derived from a node adjacent to the model boundary. Thus, the cause of this apparent high 

frequency fluctuation was mistaken as a “second surge” when in reality, the source of this 

oscillation was a reflected wave which was propagating offshore and did not contribute to the 

disaster at the coast. 

A series of 0.5 m high waves occurred along the coast for many hours after the initial 

meteotsunami wave struck Chicago, starting at approximately 9:15 (Harris 1957). While these 

waves were not responsible for the drownings that occurred, the waves were still troublesome, as 

the Chicago Daily News reported that rescue and recovery efforts were hindered by strong 

currents and turbid waters that persisted for over a day. As seen in Figure 2-5 between 8:45 and 

9:15, a large portion of the wave energy caused by the Produman resonance dissipated as the 

reflected long wave propagated back towards the eastern shore of Lake Michigan, likely owing 
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to the convex shape of western coastline near Chicago where the wave reflected. Thus, the 

persistent oscillations were likely not due to a continual reflection of the destructive wave. The 

results of this simulation reveal that the strong waves that long-lasting oscillations were instead 

an edge wave train generated by the squall line simultaneous to the long wave meteotsunami. 

Figure 2-5 at 6:30 shows that edge waves were generated by the squall line along the east coast 

at (43.1°N, 86.4°W). This edge wave structure has two alongshore antinodes, characteristic of 

the first harmonic edge wave mode (Ursell 1952). The existence of first harmonic edge waves is 

verified by calculating the expected wave speed based upon the edge wave dispersion relation 

given by Equation 3-1, with the wave period of 12 minutes observed in the model, the bottom 

slope β = 0.008 from Figure 2-1, and a mode number n = 1. The calculated speed of 29 m/s 

matches the disturbance propagation speed of 29 m/s, confirming the existence of first harmonic 

mode edge waves. As these harmonic edge waves traveled with the squall line, Greenspan 

resonance grew the waves to a relatively large 0.2 m crest height. A train of edge waves 

developed by 6:45, evident by the trough following the forced edge wave at (43.2°N, 86.6°W). 

By 7:00, the squall line crossed the shoreline and no longer travelled in resonance with the edge 

waves, resulting in a freely propagating edge wave train led by the 0.2 m trough at (43.1°N, 

86.3°W). Between 7:00 and 7:45, the edge wave train encountered a slope change from β = 

0.006 to β = 0.002. Free edge waves propagating over gradually shallowing slopes slow in 

celerity and increase height in an effect similar to shoaling (Kurkin and Pelinovsky 2003). 

Indeed, at 7:45, the edge wave velocity slowed to 15 m/s and the trough reached a height of 0.38 

m at (42.3°N, 86.3°W), exceeding the maximum height of the Proudman resonant long wave 

which struck this location at 7:08. This evidence indicates the importance of the harmonic edge 

wave in this event, which was never reported before. As seen at 8:15, the edge wave reduced to a 
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trough height of 0.25 m as the waves propagated around the convex shoreline near (42.1°N, 

86.5°W). As the long wave meteotsunami wave struck the Chicago lakefront and reflected back 

into the open water, the edge wave train continued to propagate anticylonically around the lake 

shore, eventually impacting the Chicago lakefront from 9:15 onward. This can also be seen in the 

Wilson Avenue Crib water level record (Figure 2-4), in which oscillations persisted at this 

station for the extent of the record. The edge wave train revealed here likely explains the strong 

currents and turbid waters reported by the Chicago Daily News which impeded rescue and 

recovery efforts for over a day after the initial wave struck. 

 

Figure 2-6: Time series of modeled water levels (line) and observations (dot) at shore-based 

locations throughout Lake Michigan in response to the meteorological forcings on 

June 26, 1954. For gauge locations, see Figure 2-1. 
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To verify the spatial patterns observed in the model snapshots, in Figure 2-6 model 

results are compared with water level observations reported by Harris (1957) at shore-based 

gauges located at Milwaukee, WI; Waukegan, IL; Gary, IN; and Ludington, MI (see Figure 2-1 

for map of locations). Note that as the shore-based gauges are within harbors, the observed wave 

signal is likely masked by harbor oscillation modes (Rabinovich 2009). In this paper the model 

grid does not resolve the scale of harbors at these locations, as simulating the interactions was 

not the intent. Nevertheless, a comparison of the observations with nearby model results provides 

an indication of wave magnitude and arrival time at the harbor. At Milwaukee (43.0°N, 87.9°W), 

which is 140 km north of Chicago, the model predicts an initial 0.25 m high wave arrival at 7:08, 

15 minutes after the observed wave actually arrived with similar magnitude. This oscillation is 

associated with a small edge wave train propagating along the west coast of the lake, visible in 

Figure 2-6 at 7:15. While the main destructive wave did not extend north to Milwaukee, a 0.3 m 

wave appears in both the observation and model time series at approximately 9:00; this wave 

was a weak long wave reflection off the east coast of the lake and can be seen in Figure 2-6 at 

8:15 propagating to the northwest at (42.7°N, 87.8°W). Subsequent oscillations occurred at 

Milwaukee from 11:00 onward in both the observations and model results, attributed to the 

anticyclonic edge waves which were generated on the east coast of the lake. At Waukegan 

(42.4°N, 87.8°W), which is 70 km north of Chicago, the model predicts an initial wave arrival at 

8:09 with crest height of 0.18 m followed by a second wave at 8:31 of 0.5 m height. Both waves 

can be seen in Figure 2-6 at 8:15, with the first wave already at Waukegan and the second wave 

approaching the coast. The modeled waves arrived at Waukegan slightly ahead of the observed 

waves, which appeared in the record at 8:12 and 8:41 with similar magnitude. Subsequently, 

both the model and observations depict reasonably large (H~0.5 m) oscillations for the remainder 
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of the wave record (t>9:30) at Waukegan which are the anticyclonic edge waves. At Gary 

(41.6°N, 87.3°W) near the southern extent of the lake, the model predicts a wave arrival at 8:38, 

which is well after the observed arrival at 8:12. Overall, the character of the observed water level 

time series is replicated by the model, specifically between 8:00 and 10:00 (corresponding to 

~8:30 to 10:30 in model results), and this temporal discrepancy exists throughout the record. At 

Ludington (43.9°N, 86.5°W), which is located on the east side of the lake, waves of moderate 

height (H~0.2 m) appear early in the model time series, associated with the passing of the 

simulated disturbance over Ludington at 5:40. Water level oscillations were not noticeable in the 

observations until 10:00. This discrepancy may be explained by the location of the water level 

gauge, which is separated from Lake Michigan by a harbor and a narrow channel, an 

arrangement which likely damped the small open lake oscillations. The oscillations that appear in 

the water level observations after 10:00 are revealed by the model to be a train of cyclonic edge 

waves. Overall, the model time series capture the nature of the water level observations well. The 

slight deviations in wave arrival times between the model and observations are likely due to the 

assumption of a straight linear disturbance front used in the model whereas isochronal analysis of 

the event indicate that the front may have been slightly curved (Harris 1957). Nevertheless, over-

lake surface meteorology observations are not available to accurately depict the actual shape of 

the disturbance. Discrepancies in oscillation frequency and magnitude are likely due to the 

harbors within which the observations were made, which were not resolved in the computational 

grid but modify the open water wave signal with local oscillation periods. 

Finally, the sensitivity of the June 26
th

 meteotsunami event to atmospheric disturbance 

velocity is examined by perturbing the simulated disturbance propagation direction. Platzman 

(1958) determined that meteotsunami wave energy wave for this event is maximized for a squall 
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line moving at 29 m/s, concluding that this speed most effectively matches the long wave speed 

for optimum Proudman resonance. The nomograms of Platzman (1965) provided further insight 

into the response of Lake Michigan to a combination of disturbance speeds and directions. In this 

paper we aim to examine the detailed behavior of the June 26
th

 event. Thus the focus of this 

sensitivity is on the time series at Wilson Avenue Crib; for more general discussion of lake-wide 

response, readers are referred to Platzman (1965). The propagation direction of the disturbance is 

perturbed in 10° increments, with the resulting water level time series at Wilson Avenue Crib 

plotted in Figure 2-7.  

 

Figure 2-7: Time series of water levels at Wilson Avenue Crib in response to perturbation of 

meteorological disturbance direction for the June 26, 1954 meteotsunami. 

 

Compared to the actual event (θ = 135°), a more zonal propagation pathway (θ = 125°) results in 

an 8% reduction in maximum wave height and an earlier wave arrival by 19 minutes. Subsequent 
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oscillations are on the same order of magnitude as the original event. An even more zonal 

propagation (θ = 115°) results in a 33% reduction in the maximum wave height with a 40 minute 

earlier arrival. A more meridonal propagating storm (θ = 145°) results in a 6% increase in 

maximum wave height and an 18 minute later arrival; this is consistent with the nomograms of 

Platzman (1965) which indicated the largest possible wave height would occur at this orientation. 

Spatial snapshots similar to Figure 2-5 at 8:30 (not shown for brevity) reveal the extent of the 

Chicago coastline impacted by the destructive wave is minimized for θ = 145°, suggesting that 

this disturbance orientation leads to the most optimal reflected wave focusing off of the concave 

east coast. This may explain why the 145° orientation of the event results in the largest wave 

magnitude. In addition, a pronounced 0.1 m wave crest appeared ahead of the destructive wave at 

7:15, which is attributed to a forced edge wave caused by a disturbance orientation that is more 

perpendicular to the coast than the actual event. Large oscillations (H~0.4m) occurred after the 

destructive wave (10:00 and 11:00), which are anticyclonic edge waves generated on the east 

coast. An even more meridonal propagation (θ = 155°) yields a 12% reduction in wave height 

and a later arrival time (8:50), but larger edge waves before (7:40, H~0.3m) and after (11:00, 

H~0.7m) the destructive long wave. Overall, the perturbations reveal that a slightly more 

meridonal propagating storm (i.e., θ = 145) on June 26
th
 may have resulted in not only a larger 

long wave, but also much larger edge waves preceding and proceeding the disastrous event. 

 

2.3.2. July 6, 1954 Meteotsunami 

Model results for the July 6, 1954 meteotsunami are compared with the water level 

observations at Wilson Avenue Crib (see Figure 2-8), originally reported by Donn and Ewing 

(1956). The relative role of pressure and wind in this event is assessed by forcing the model with 
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pressure only, wind only, and combined pressure and wind scenarios. Figure 2-8 illustrates that 

the model with combined pressure and wind forcings matches the overall magnitude and phase 

of the water level fluctuations but underpredicts the maximum water level rise at 16:30. In 

addition, the model exhibits the high frequency oscillations (T~20 min) observed by Donn and 

Ewing (1956); these oscillations are due to a first harmonic edge wave mode, with more details 

provided later. In comparison with “pressure only” and “wind only” scenarios, the model with 

the combined forcings yields the better agreement with observations, in particular for the time 

between 15:30 and 19:00. Much like the June 26
th
 event, the sum of the “pressure only” and 

“wind only” time series is almost equal to that of the simultaneously forced case, suggesting that 

nonlinear effects are negligible to the open water shallow water meteotsunami waves considered 

in this study. Nonlinear effects are expected to be more important in nearshore harbors where the 

waves would become steeper and more asymmetric (Vilibić et al. 2008), though these features 

were not resolved by the computational grid in this study. The result suggests that both pressure 

and wind forcings were essential to cause the water level oscillations, with wind stress as the 

dominant source of wave energy, accounting for 68% of the wave height and pressure 

responsible for approximately 32% of the wave height.  
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Figure 2-8: Time series of modeled water levels (line) and observations (dot) at Wilson Avenue 

Crib in response to the meteorological forcings on July 6, 1954 from Figure 2-3. 

 

The dominance of wind in this event is to be expected based on an analytical comparison 

of pressure and wind terms, owing to the shallower depths over which the edge waves propagate. 

From the pressure rise of 350 mb over 40 km, the pressure term of Equation 2-2 is 8.8x10
-6

 m/s
2
. 

As the main waves in this case were edge waves generated over coastal slopes, a maximum wind 

speed of 32 m/s is applied over the mean shelf depth of 25 meters to give a wind term from 

Equation 2-2 of 1.1x10
-4

 m/s
2
. This partitioning would attribute only 7% of the wave height to 

pressure and 93% to wind, which is a greater imbalance than depicted in the model. As in 

Section 3.1, this estimate is revised by integrating and averaging the pressure and wind terms 

over the temporal perturbation forms in Figure 2-3. This procedure yields a pressure term of 

8.9x10
-6

 m/s
2
 and wind term of 3.2x10

-5
 m/s

2
, a pressure and wind partitioning of 22% and 78%, 

respectively. This partitioning of wave energy source is similar to that found by Platzman (1965) 
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for a disturbance of the same propagation speed and direction but narrower, generic pressure and 

wind forms, with 76% of the wave height attributed to wind stress and 24% to pressure. The 

major difference with the Platzman (1965) results, however, is the wave arrival times; whereas 

the nomogram of Platzman (1965) indicated that the wave train would arrive at Wilson Avenue 

Crib approximately 120 minutes after the disturbance passes, the model in this study simulates a 

37 minute lag in wave arrival, much closer to the observed 34 minutes and a critical 

improvement if such model results were to be used in a predictive capacity. 

 

Figure 2-9: Lake Michigan water level in response to meteorological forcings on July 6, 1954 

from Figure 2-3 (times are in CST). 
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The spatial propagation of the July 6
th

 meteotsunami is examined in detail in a series of 

snapshots in Figure 2-9. By 13:45, the atmospheric disturbance generated edge waves on both 

the west and east coasts of the lake. At 43°N on the west coast, the slope is β=0.004 (see Figure 

2-1) and the edge waves had a period of T=60 min, yielding an edge wave speed of 23 m/s from 

Equation 2-1, which is a near Greenspan resonant match with the atmospheric disturbance speed 

of 22 m/s. Along the east coast, slopes are too steep, i.e. β=0.007 at 43.5°N, to experience 

Greenspan resonance, yielding a much small edge wave compared with the west coast. At 14:15, 

the leading edge wave along the west coast grew to a crest height of 0.34 m over constant slopes 

and the edge wave train increased in duration. The length of an edge wave train continuously 

increases because edge wave group velocity is half the phase velocity, giving an edge wave train 

a duration that is equal to the length of time the edge waves have been propagating (Munk et al. 

1956). Along the east coast, the edge waves grow over the shallower slope of β=0.005 at 43.1°N, 

a more optimal condition for Greenspan resonance than to the north. At 14:45, the edge waves on 

the west coast grew to 0.6 m and a significant first harmonic component developed, evident by 

the offshore antinode. At this location along the west coast (42.1°N), the slope decreases to 

β=0.0035 and the oscillations had a period of 20 minutes. These properties yield a first harmonic 

edge wave speed of 20 m/s from Equation 2-1, a near Greenspan resonant match with the 22 m/s 

disturbance speed. Edge wave growth along the east coast became steady at this time with a 0.25 

m crest height. In addition, a long wave with a 0.2m crest height formed across the lake and 

moving with the atmospheric disturbance. The lake depth in this area is 50~60 meters, 

corresponding to a long wave speed of 22~24 m/s which matched the disturbance speed to 

induce Proudman resonant wave growth. By 15:15, the west coast edge wave propagated to the 

Chicago lakefront with a crest height of 0.4 m, corresponding to the first wave arrival at the 
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Wilson Avenue Crib gauge (see Figure 2-8). The first harmonic edge wave mode was 

responsible for the high frequency component (T~20 min) of this first arrival wave in Figure 2-8. 

Meanwhile at the offshore, the long wave grew to a crest height of 0.4 m as it propagated into 

shallower (~40 meters) water depths. This long wave growth is in agreement with the findings of 

Vilibić (2008) for a Proudman resonant wave which propagates over upward sloping bathymetry. 

Specifically, wave heights increase owing to shoaling, as well as the superposition of the forced 

wave, which maintains the disturbance speed, and a free wave which now travels slower over the 

shallower bathymetry. At 15:45, the leading west coast edge wave propagated south of Chicago 

with the trough of the edge wave train corresponding to the Wilson Avenue Crib low water level 

at 15:40 (Figure 2-8). The long wave also impacted the southern coast of the lake, yielding water 

level fluctuations in which the long wave was indistinguishable from the cyclonic west coast 

edge waves. At 16:00, the long wave reflected off the southern coast of the lake and, as seen at 

16:15, propagated northwest towards Chicago. Coincidently, an edge wave crest (42°N, 87.6°W) 

from the west coast edge wave train was also propagating towards Chicago at this time. This 

edge wave and the reflected long wave met at 16:30, leading to a superposed wave that was 

responsible for the largest peak (0.65 m) recorded at the Wilson Avenue Crib gauge, though the 

model results do not fully resolve this peak wave at Wilson Avenue Crib (see Figure 2-8). This 

may be attributed to the use of a spatially homogenous atmospheric disturbance to force the 

model; in reality, the actual disturbance was undoubtedly spatially heterogeneous, though could 

not be characterized due on the limited available atmospheric data. Nevertheless the model 

faithfully depicts the interactions of edge and long waves just 5 km south of the Wilson Avenue 

Crib gauge location with a resulting wave crest height of 0.7 m. Also at 16:30, the leading trough 

of the cyclonic edge wave train generated along the west coast propagated to (41.6°N, 87.2°W) 
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while the leading trough of the anticyclonic edge wave train generated along the east coast 

propagated to (41.9°N, 86.7°W), with the two edge wave trains propagating towards each other. 

At 16:45 the edge wave trains generated on the east and west coasts met at (41.6°N, 87.3°W) and 

superposed to a 0.7 m trough. By 17:00, the long wave trough began to reflect off the southern 

coast of the lake and was responsible for the 0.6 m trough in the Wilson Avenue Crib water level 

record (Figure 2-8). The cyclonic and anticyclonic edge wave trains further interacted to create a 

1.1 m wave trough at (41.6°N, 87.4°W). The subsequent water level fluctuations in the lake were 

primarily due to the edge waves generated from both the east and west coasts, as the long wave 

reflected to the north of Lake Michigan. Of note is an additional superposition of the oppositely 

propagating edge wave trains which occurred at 18:45 (41.6°N, 87.2°W), where the two distinct 

edge waves can be seen just after the cyclonic and anticylonic edge waves met 7 minutes 

previous with a resulting crest height of 1.2 m; these edge waves can further be seen propagating 

away from each other at 19:15, with the cyclonic edge wave at (41.8°N, 86.7°W) and the 

anticylonic edge wave at (41.6°N, 87.3°W). The edge wave energy persisted in the lake for the 

duration of the 24 hour model run, consistent with the observations of Donn and Ewing (1956). 
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Figure 2-10: Time series of modeled water levels (line) and observations (dot) at shore-based 

locations throughout Lake Michigan in response to the meteorological forcings on 

July 6, 1954. For gauge locations, see Figure 2-1. 

 

To verify the spatial patterns observed in the model snapshots, Figure 2-10 compares 

model results with water level observations reported by Donn and Ewing (1956) at shore-based 

gauges located at Waukegan, IL; Calumet Harbor, IL; and Ludington, MI (see Figure 2-1for map 

of locations). Similar to Figure 2-6, the shore-based gauges are all located within harbors which 

are not resolved in the model. As a result the observed wave signal is likely contaminated by 

harbor oscillation modes whereas the model results could not exhibit these effects. At 

Waukegan, the first wave arrived in the observations at 14:55 with crest height of 0.25 m, 

consistent with the leading cyclonic edge wave generated on the west coast (Figure 2-9, 14:45). 
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The model predicts the edge waves to arrive 15 minutes earlier at 14:40 with a larger height of 

0.4 m. The anticyclonic edge wave train generated on the east coast arrived at Waukegan at 

17:14 in the observations with initial wave heights of approximately 0.8 m which diminished to 

0.25 m by 22:00. The model depicts this edge wave train arrival 26 minutes later at 17:40 with 

smaller heights of 0.5 m persisting for the duration of the model run. The oscillations in the 

observations occurred at a slightly higher frequency (T~17 minutes) and magnitude (H~0.8 m) 

compared with the model (T~22 minutes, H~0.5 m), though the effects of the harbor may be the 

source of these discrepancies. At Calumet Harbor (41.7°N, 87.5°W), the leading edge wave 

arrivals in the observations (18:51) and the model (18:42) were within 10 minutes, with the 

observed wave crest height (H~0.7 m) slightly smaller than the model (H~0.8 m). Subsequent 

oscillations at Calumet Harbor exhibited similar character in the observations and the model, 

with the modeled waves slightly larger than in observations. Interestingly, while both Calumet 

Harbor and Waukegan are near Chicago, the impact of the reflected long wave which struck 

Wilson Avenue Crib at 16:45 was not apparent in either record, illustrating the focused and 

episodic nature of the edge wave/long wave superposition. At Ludington, early oscillations were 

small (H~0.2m) in both the observations and the model since the edge waves along the east coast 

were fairly early in development at this location and had not yet achieved large Greenspan 

resonant growth. A relatively large wave (H~0.4m) appeared at 18:25 in the model results, 

associated with the long wave reflection propagating back northward. The cyclonic edge waves 

generated on the west coast propagated around the lake and reached Ludington at 21:15 in the 

observations and 20:40 in the model, with heights eventually reaching 0.4 m in the observations 

and 0.5 m in the model. These oscillations persisted at Ludington for the duration of both the 

observation and model records. Overall, the model time series reasonably match the 
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observations, with some slight discrepancies in arrival time likely due to the assumed linear 

atmospheric disturbance front whereas isochrones suggest that the actual disturbance front may 

have been slightly curved (Donn and Ewing 1956).  

The sensitivity of the July 6
th

 meteotsunami event to atmospheric disturbance velocity is 

examined by perturbing both propagation direction and speed. While the nomograms of 

Platzman (1965) provide the maximum wave height in response to a wide range of disturbance 

velocities, in this paper we aim to examine the detailed wave behavior specific to the July 6
th

 

event. First, disturbance direction is perturbed ±10° from the original 155°, with the resulting 

time series at Wilson Avenue Crib plotted in Figure 2-11. The more meridonal propagation 

pathway (θ=165°) results in a later arriving yet a slightly larger initial edge wave at 15:30, owing 

to the fact that the disturbance propagates closer to direction of edge wave propagation along the 

coast. Nevertheless, the angle of long wave reflection changes, which alters the superposition of 

long wave and edge wave and results in a 25% smaller trough height at 17:10. For the more 

zonal propagation (θ=145°), the initial edge wave arrives earlier (14:45) but with 75% of the 

height of the base case, the result of the disturbance pathway being less aligned with the 

alongshore edge wave propagation direction. In comparison with the original base case (θ=155°), 

the wave heights in this case are lower (i.e. at 16:55) due to a combination of the reduced edge 

wave heights and the change in long wave reflection angle. Overall, the perturbations reveal that 

edge wave height in this event could have been greater with a more meridonal disturbance 

propagation but the edge wave/long wave superposition was maximized at Wilson Avenue Crib 

for the actual disturbance orientation (θ=145°). 
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Figure 2-11: Time series of water levels at Wilson Avenue Crib in response to perturbation of 

meteorological disturbance direction for the July 6, 1954 meteotsunami. 

The atmospheric disturbance speed is perturbed from the original 22 m/s in 2 m/s 

increments, yielding 20, 24, and 26 m/s disturbances, with a comparison of the resulting water 

levels at Wilson Avenue Crib plotted in Figure 2-12. The slower disturbance (U=20 m/s) results 

in later arriving (15:29) and slightly smaller water level fluctuations, with mechanisms similar to 

the base case. The slightly faster disturbance (U=24 m/s) leads to an earlier arriving wave train 

(14:53) with a 10% smaller height, likely owing to a deviation from the ideal Greenspan resonant 

speed. An appreciable change in behavior is observed for U=26 m/s, in which a 66% smaller 

initial edge wave occurs at 14:18, as this disturbance speed further departs from the Greenspan 

resonant edge wave speed. Nevertheless, the faster disturbance speed approaches the Proudman 

resonant speed for the open water of Lake Michigan (c = 29 m/s), so a much larger long wave is 

generated, reflecting back to the gauge at 15:38 with a 0.6 m crest height. At this disturbance 



45 

 

speed, the hypothetical meteotsunami event would be attributed primarily to the long wave 

instead of edge waves, drawing more similarities to the June 26
th
 wave than the July 6

th
 event 

under consideration. Overall, the sensitivity study of the July 6
th

 event conducted here reveals 

that changes in disturbance speed and direction can dramatically affect the character of 

meteotsunami wave produced, including changing the dominant wave type. 

 

Figure 2-12 Time series of water levels at Wilson Avenue Crib in response to perturbation of 

meteorological disturbance speed for the July 6, 1954 meteotsunami. 

 

2.4. Discussion 

2.4.1. Role of edge waves and long waves  

The modeling results, in particular the snapshots in Figure 2-5 and Figure 2-9, uncover 

that both events generated long waves and edge waves simultaneously in Lake Michigan. 

Previously, Donn (1959) described an atmospheric disturbance on the Great Lakes which 
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generated edge waves on Lake Huron and long waves in Lake Erie, owing to the disturbance 

orientation relative to the shorelines of each lake. Nevertheless, simultaneous generation of edge 

waves and long waves on the same lake has yet to be documented as far as the authors are aware. 

While edge waves did not play a major role in the destructive wave that struck Chicago in the 

June 26
th

 event, significant oscillations (H>0.5 m) due to edge waves occurred hours after the 

initial wave. These persistent large waves were noted in witness accounts to hinder rescue and 

recovery efforts for hours after the deadly wave. The late arrival of these waves would have had 

no apparent connection to the squall line storm that had passed hours earlier and may have posed 

a threat to public safety had beaches not been cleared due to the fatal long wave. In the July 6
th

 

event, the largest wave observed was the result of edge wave and long wave superposition. The 

superimposed edge wave and long wave resulted in a peak water level 60% larger than the other 

waves in the edge wave train. Nevertheless, the presence of the long wave was not considered in 

the original analysis of Donn and Ewing (1956) because large Proudman resonance was ruled out 

as a source, owing to the slower disturbance speed. The hydrodynamic model results presented in 

this paper indicate that edge waves and long waves can be generated simultaneously by the same 

disturbance despite the fact that these waves may not achieve an optimal resonant condition. 

Indeed, interaction between long and edge waves can create a destructive event, as occurred on 

July 6, 1954. Therefore, study of future events in Lake Michigan and other enclosed basins is 

highly recommended to take both long and edge waves into consideration.  

2.4.2. Effects of an enclosed basin 

 The simultaneous appearance of both edge waves and long waves in the two events can 

be attributed in part to the enclosed basin of Lake Michigan. For long waves, the enclosed basin 

allows for reflection and subsequent retention of wave energy in the southern basin of the lake. 
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In addition, the concave shape of the east coast of Lake Michigan acts to focus the reflected long 

waves propagating westward, as illustrated in Figure 2-5. This spatial focusing can result in a 

reflected wave on the west coast of the lake which exceed the wave incident at the east coast, as 

occurred on June 26, 1954. This type of directional spatial focusing is one of the mechanisms 

identified to cause freak waves (Nepf et al. 1998; Wu and Nepf 2002; Kharif and Pelinovsky 

2003). Edge waves can persist for long durations as they travel around an enclosed coast, evident 

in the late wave arrivals on the west coast by anticyclonic edge waves generated on the east coast 

for the June 26 event. If edge waves are generated on both coasts, the two edge wave trains may 

meet and interact, as seen in Figure 2-9 for July 6, 1954 at 16:45 (41.6°N, 87.3°W) and 18:45 

(41.6°N, 87.2°W). The resulting waves in this case were rather large, with the superposition 

leading to waves in excess of one meter crest height in some cases. The enclosed nature of the 

Lake Michigan basin makes these meteotsunamis unique and potentially more dangerous 

compared to meteotsunamis along an ocean or sea coast where wave reflection and propagation 

leads to energy leaving the area of concern. 

2.4.3. Wind Stress versus atmospheric pressure 

While the potential of wind stress to significantly contribute to meteotsunami height has 

been recognized (Vilibić et al. 2005; Orlić et al. 2010), in events studied to date wind stress has 

been viewed as a secondary forcing compared to atmospheric pressure (Šepić et al. 2008; Orlić et 

al. 2010; Renault et al. 2011). Coincidentally, the previous studies of these Lake Michigan 

meteotsunamis did not consider wind stress to be significant. The description of the July 6 event 

by Donn and Ewing (1956) merely mentioned that wind speeds exceeded 30 m/s whereas the 

modeling exercise by Platzman (1958) on the June 26 meteotsunami event only considered 

atmospheric pressure and neglected to account for wind stress. The generic modeling results of 
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Platzman (1965) indicated the potential for wind stress to dominate meteotsunami wave 

behavior, though not for a specific event. The model results in our study indicate that wind stress 

was responsible for 40% and 68% of the wave heights in the June 26 and July 6 events, 

respectively. Clearly, wind disturbance can play a significant role in generating meteotsunamis in 

Lake Michigan. It is also important to note that the observed wind speeds of 25 and 32 m/s for 

June 26 and July 6, respectively, are much greater than that of any other meteotsunami discussed 

in the literature. This may be an indication that squall line storms, which are characterized by 

strong winds (Rotunno et al. 1988; Wakimoto et al. 2006), may be a meteotsunami source unique 

to the Great Lakes. Furthermore, the occurrence of derechos, which are strong squall lines, have 

risen recently in the United States from approximately 10 events per year in 1986 to about 30 

events per year by 2003 (Ashley et al. 2005), with the lower Great Lakes region emerging as a 

dominant corridor of derecho activity at the end of the 20
th

 century (Bentley and Sparks, 2003). 

An increase in the number and severity of high-speed squall line events suggest the potential for 

more frequent and intense Great Lakes meteotsunamis in the near future. 

 

2.5. Summary 

In this paper, two distinct meteotsunami events that occurred on Lake Michigan in 1954 

were revisited using a hydrodynamic modeling approach. Data analysis immediately following 

the events concluded that first event (June 26) was caused by Proudman resonance between a 

long wave and a squall line (Ewing et al. 1954), whereas the second event (July 6
th

) was 

attributed to a Greenspan resonance between a propagating pressure jump and an edge wave train 

(Donn and Ewing 1956). Nevertheless, the high resolution hydrodynamic modeling results in this 

paper reveal details on these events that the data analysis and early modeling could not resolve, 
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including the role of pressure and wind stress on meteotsunami formation, the character of the 

wave growth, significant higher frequency content present in the waves, and the long duration of 

the water level oscillations.  

On June 26, 1954, a squall line with a rapid pressure jump and strong winds propagated 

southeast across the lake. The squall line propagation speed, approximately equal to the long 

wave speed in southern Lake Michigan, led to Proudman resonance that amplified a long wave. 

When this long wave struck the east and south coasts of the lake, the wave reflected back west 

and owing to the curvature of the shore, focused the wave front at the Chicago lakeshore. While 

the main wave front had a period of 90 minutes, observations revealed what appeared to be high 

frequency component (T=15 min) to this wave, termed a “second surge” by Ewing et al. (1954); 

the model results indicate that this apparent high frequency content was actually the reflection of 

the destructive wave off of the west coast and not a complex high frequency wave front as 

originally conjectured. Furthermore, model results reveal waves that arrived hours after the first 

wave struck Chicago were associated with a harmonic edge wave generated on the east coast of 

the lake by the squall line. The edge waves then propagated anticyclonically around the lake to 

impact the Chicago lakefront hours after the long wave energy had dissipated. Though the long 

wave was the cause of the fatal meteotsunami that struck Chicago, the significant edge wave 

energy persisted in the lake for a long duration, proving a hindrance to rescue missions and a 

potential danger owing to the arrival long after the squall line and long wave had passed.  

Ten days later on July 6, another series of large waves struck the Chicago coast. Initially 

attributed to edge wave resonance by Donn and Ewing (1956), model simulations reveal that the 

largest of these waves was the product of a resonant edge wave superposed with a reflected long 

wave. This outcome stresses the role that the enclosed basin of Lake Michigan played in creating 
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a complex wave environment, as a significant portion of the wave energy was retained through 

reflection compared to the open sea condition. In addition, high frequency oscillations observed 

with the large waves were attributed to first harmonic edge wave modes. Another major finding 

was that the main source of energy for this event was wind stress, which is contrary both to the 

initial hypothesis of Donn and Ewing (1956) and the conventional conclusion in the 

meteotsunami literature that pressure gradient is the main driver of these large waves. Indeed, the 

importance of wind stress in both of the events examined in this study may indicate that the 

squall line storms which generate Great Lakes meteotsunamis may be fundamentally different 

from meteotsunami-causing storms elsewhere in the world. 
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3. Meteotsunami Occurrences and Causes in Lake Michigan 

The following is re-produced with permission from AGU. The final publication is available at: 

http://onlinelibrary.wiley.com/doi/10.1002/2015JC011317/full 

Bechle, A. J., Kristovich, D. A.R. and Wu, C. H. (2015), Meteotsunami occurrences and 

causes in Lake Michigan. J. Geophys. Res. Oceans. Accepted Author Manuscript. 

doi:10.1002/2015JC011317 

 

3.1. Introduction 

Meteotsunamis (or meteorological tsunamis) are propagating shallow water waves which 

exhibit many similarities to seismic tsunamis but are generated by a moving atmospheric 

disturbance [Nomitsu, 1935]. Meteotsunamis of up to 6 meters have occurred worldwide 

[Monserrat et al., 2006; Vilibić et al., 2014c], with single events capable of causing tens of 

millions of dollars in economic loss by inundating coastal towns [Vilibić et al., 2004; Orlić et al., 

2010], damaging coastal structures [Mercer et al., 2002; Tanaka, 2010; Whitmore and Knight, 

2014], and sinking boats [Vilibić et al., 2008; Asano et al., 2012]. The human impact caused by 

meteotsunamis can be considerable, with numerous reported injuries [Churchill et al., 1995; 

Vučetić et al., 2009; Šepić et al., 2015a] and deaths [Hibiya and Kajiura, 1982; Cho et al., 2013]. 

The Laurentian Great Lakes have a particularly impactful meteotsunami history, illustrated by 

many events which have resulted in destruction [Donn, 1959; Irish, 1965; Murty and Freeman, 

1973; As-Salek and Schwab et al., 2004] and death [Ewing et al., 1954]. In view of the threat 

posed by meteotsunamis, it is important to quantify the occurrence frequencies and characterize 

causes of meteotsunamis to better understand the risk posed by these coastal hazards.  
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A meteotsunami is generated by an atmospheric disturbance, typically associated with a 

combination of rapid atmospheric pressure perturbations and strong winds. Meteotsunamis can 

occur as non-trapped long waves or trapped edge waves. Non-trapped long waves are amplified 

under the condition of Proudman resonance, in which the generating atmospheric disturbance 

propagates with a speed U approximately equal to the non-dispersive long wave phase speed 

Clong=√𝑔 ∗ 𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑝𝑡ℎ, where g is the acceleration due to gravity [Proudman, 1929]. Trapped 

edge waves propagate parallel to the coast and are amplified under the condition of Greenspan 

propagation resonance [Greenspan, 1956] which depends upon a match between both the speed 

and wavelength of the atmospheric disturbance and the edge wave [Munk et al., 1956]. In Lake 

Michigan, past meteotsunamis have been caused by both Proudman and Greenspan resonances 

[Bechle and Wu, 2014]. For example, a deadly meteotsunami which stuck Chicago on June 26, 

1954 was revealed to be caused by Proudman resonance [Ewing et al., 1954; Platzman, 1958]. 

Just 10 days later a significant meteotsunami occurred at Chicago as the result of Greenspan 

resonance [Donn and Ewing, 1956]. 

Atmospheric disturbances that have been recognized to induce meteotsunami propagation 

resonances are atmospheric gravity waves, frontal passages, cyclones, and mesoscale convective 

systems [Monserrat et al., 2006]. Atmospheric gravity waves yield rapid atmospheric pressure 

and horizontal wind oscillations that have been the cause of many major meteotsunamis 

worldwide [Donn and McGuinness, 1960; Paxton and Sobien, 1998; Tanaka, 2010], especially 

in the Mediterranean Sea [Monserrat et al., 1991; Jansa et al., 2007; Šepić et al., 2015b]. 

Tropical and extratropical cyclones can trigger both Proudman [Mercer et al., 2002; Mecking et 

al., 2009; Pasquet et al., 2013] and Greenspan [Greenspan, 1956; Munk et al., 1956] resonances, 

notably along the North American East Coast. Mesoscale convective storms can also produce 
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strong pressure and wind perturbations, leading to meteotsunamis in the United Kingdom 

[Tappin et al., 2011], Finland [Pellikka et al., 2014]; Australia [Pattiaratchi and Wijeratne, 

2014], and the U.S. East Coast [Churchill et al., 1995; Pasquet and Vilibić, 2013; Wertman et 

al., 2014]. In the Great Lakes, meteotsunami events have been linked with strong convective 

storms [Ewing et al., 1954; Donn and Ewing, 1956; As-Salek and Schwab, 2004; Šepić and 

Rabinovich, 2014], atmospheric gravity waves [Donn, 1959], and extratropical cyclones [As-

Salek and Schwab, 2004]. Overall our knowledge of meteotsunami causative storm meteorology 

is typically based upon episodic analysis of individual large events whereas statistical 

characterization of the specific storms responsible for meteotsunamis is rare [Vilibić et al., 

2014b] and has yet to be conducted for the Great Lakes. 

Statistical analysis of historical records can be used to quantify the occurrence frequency 

of meteotsunamis and associated risks. Typically, digitized water level records of high temporal 

resolution (<10 min) are of insufficient length to estimate meteotsunami probability with 

certainty [Geist and Parsons, 2011; Geist et al., 2014]. While analog water level records of up to 

55 years have been analyzed to identify and analyze large meteotsunami events [Šepić et al., 

2009b, 2012], tremendous efforts have to be made to digitize these records and perform good 

quality control procedures for use in an occurrence frequency analysis. Recently, Geist et al., 

[2014] followed the Probabilistic Tsunami Hazard Assessment (PTHA) framework used in 

seismic tsunamis [Geist and Parsons, 2006; González et al., 2009] to calculate squall line storm 

probabilities, simulate meteotsunami heights in response to stochastically sampled storms using a 

hydrodynamic model, and aggregate the simulation results into meteotsunami frequency-size 

distributions along the U.S. East Coast. Nevertheless, challenges in representatively 

characterizing the probability of meteotsunami associated with all possible atmospheric 
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disturbances are recognized [Geist et al., 2014]. As a result, information on meteotsunami 

occurrence frequency remains a critical knowledge gap in determining meteotsunami-induced 

hazard risks. 

The objective of this paper is to quantify the occurrence of meteotsunamis in terms of 

size-frequency statistics and characterize the associated causative storm structures. In particular, 

we aim to examine the Lake Michigan meteotsunami climate by answering the questions of how 

often, where, when, and why meteotsunamis occur. Water level records at a temporal resolution 

of 6 min that span up to 20 years are analyzed to quantify meteotsunami occurrence in terms of 

the size-frequency relationship, as well as the spatial and temporal distribution of meteotsunamis. 

Radar imagery is examined to determine the storm structures associated with the identified 

meteotsunamis. In the following, Section 3.2 details the study site of Lake Michigan. 

Observational data and analysis techniques are described in Section 3.3. Results of the analysis 

are then presented in Section 3.4 and discussed in Section 3.5, leading to suggestions for future 

work. Finally, conclusions are given in Section 3.6. 

3.2. Study Site 

Lake Michigan, one of the five Laurentian Great Lakes of North America, spans 

approximately 500 km in the north-south and 100 km in the east-west directions. The bathymetry 

of Lake Michigan, illustrated in Figure 1-1Figure 3-1, can be classified into three main basins 

based on water depth: a southern basin, a northern basin, and Green Bay. The Two Rivers Ridge 

divides the main basin of Lake Michigan into northern and southern basins along a latitude of 

approximately 44° N. In the southern basin, mid-lake water depths are between 50 m to 160 m, 

corresponding to Proudman resonant long wave speeds between C = 22and 40 m/s. Average lake 
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shelf slopes calculated at the 50 m contour range from 0.007 to 0.0015. The northern basin is 

deeper than the southern basin, with mid-lake depths from 150 m to 270 m (C = 38 to 52 m/s). 

Shelf slopes are also steeper in the northern basin, ranging from 0.007 to 0.012. Green Bay, the 

northwest arm of the lake, is the shallowest basin, with depths ranging from 10 m to 30 m (C = 

10 m/s to 17 m/s) and shelf slopes of 0.0005.  

 

Figure 3-1: Lake Michigan bathymetry and locations of NOAA-NOS water level and NWS-

ASOS surface meteorology stations. 
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As an enclosed basin, Lake Michigan is subject to basin-scale water level oscillations 

known as seiche [Rao et al., 1976; As-Salek and Schwab, 2004]. A seiche is a standing wave 

which occurs at a free gravitational oscillation mode of the basin [Rabinovich 2009]. In contrast, 

for this study, a meteotsunami is defined as a sub-basin scale water level fluctuation which 

propagates similar to a seismic tsunami. Water level fluctuations with a dominant frequency that 

matches a natural seiche mode are not regarded as a meteotsunami. Rao et al., [1976] and  As-

Salek and Schwab [2004] revealed that Lake Michigan water levels have the first five natural 

longitudinal seiche modes to have periods of 9.02, 5.20, 3.68, 3.11, and 2.52 hours whereas the 

fundamental transverse mode occurs at 2.12 hours and the second transverse mode at 1.26 hours. 

The Green Bay basin has distinct natural seiche modes at 10.67, 5.38, 4.16, and 3.42 hours [Rao 

et al., 1976]. Meteotsunamis in this study are also distinguished from conventional storm surges 

on the Great Lakes, which classically refer to water level fluctuations in response to atmospheric 

disturbances which exceed the basin scale [Irish and Platzman, 1962; Rao, 1967]. In short, 

meteotsunami refers to waves at the sub-basin scale which behave more like seismic tsunamis 

than hurricane surges [Monserrat et al., 2006]. 

3.3. Methods 

3.3.1. Data Sources 

Water level data are recorded at six-minute intervals at ten stations in Lake Michigan, 

operated by the National Ocean and Atmospheric Administration (NOAA) National Ocean 

Service (NOS). The location of gauges is illustrated by blue circles in Figure 1. Water level 

station names, abbreviations, and first full year of data are summarized in Table 1. All but one 
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water level station (Menominee) began operations by the year 2001, with the oldest record 

starting in 1995. 

Meteorological data are analyzed to characterize the storms associated with Lake 

Michigan meteotsunamis. NEXRAD (WSR-88D) Base Reflectivity Radar composite imagery 

provide spatial depictions of storm structure and are made available by the Iowa Environmental 

Mesonet at 5-minute intervals with 1 km resolution. National Weather Service (NWS) 

Automated Surface Observing System (ASOS) stations provide wind speed, wind direction, and 

atmospheric pressure at 1-minute intervals starting January 1, 2001; prior to this date, ASOS 

hourly data are used to characterize the surface meteorological conditions. The ASOS stations 

used in this this study are illustrated as red and white towers in Figure 1, selected based upon 

proximity to the water level gauges and data availability. Surface pressure maps are made 

available at 12-hour intervals from the National Weather Service Storm Prediction Center 

archives.  

An example meteotsunami event at Calumet Harbor on August 4, 2008 is illustrated in 

Figure 3-2 using these data sources. Atmospheric pressure and wind speed records are obtained 

from the KORD ASOS station whereas the water level record is obtained from the CAL water 

level station. In this event, sudden rises in atmospheric pressure (Figure 3-2a) and wind speed 

(Figure 3-2b) were observed at 12:15 at the KORD station. These atmospheric perturbations 

preceded a 0.91 m meteotsunami observed at the CAL water level record (Figure 3-2c), which 

began at 14:30. Note that atmospheric pressure and water level data are high-pass filtered with a 

cutoff period of 6 hours to remove low frequency background oscillations. Radar imagery 

indicates a linear convective system crossed the lake shoreline at 10:00 (Figure 3-2d) and 

reached KORD at 12:15 (Figure 3-2e), consistent with rises in the atmospheric pressure and 
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wind speeds measured at KORD. Thus, the linear convective system is deemed to be the likely 

meteorological cause of the meteotsunami observed at CAL. Details of the data analysis involved 

in the meteotsunami identification and subsequent meteorological analysis are described in the 

following sections. 

 

Figure 3-2: Observations of a meteotsunami event at Calumet Harbor (CAL) on August 4, 2008. 

At the KORD ASOS station, sudden rises in (a) atmospheric pressure and (b) wind 

speed occur at 12:15. At 14:30, (c) a 0.91 meter meteotsunami is observed in the 

CAL water level record. Note that atmospheric pressure and water level data are 

high-pass filtered with a cutoff period of 6 hr.  Radar imagery indicates this 

meteotsunami is associated with a linear convective system which (d) crossed the 

lake shoreline at 10:00 and (e) reached KORD (black square) at 12:15, consistent 

with rises in the atmospheric pressure and wind speeds measured at KORD.  
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3.3.2. Meteotsunami Identification 

Meteotsunami waves are identified based on criteria given by Monserrat et al. [2006]: 

period in the tsunami frequency band (2 minutes to 2 hours) and size exceeding a station-specific 

threshold. To isolate waves near the tsunami frequency band, the water level time series are 

high-pass filtered with a Kaiser-Bessel filter with a cutoff period of 6 hours [Rabinovich and 

Monserrat, 1996]. Individual waves in the filtered record are identified using the zero-crossing 

method [Demirbilek and Vincent, 2002]. A potential meteotsunami occurrence is indicated when 

a wave height exceeds an objective statistical meteotsunami height threshold, quantified as the 

smallest height wave for which a desired statistical distribution holds [Coles, 2001]. The Pareto 

Type 1 distribution is selected to describe the wave height statistics, consistent with seismic 

tsunami analysis [Geist and Parsons, 2014]. The height threshold, denoted as xm, is determined 

from the failure-to-reject method [Choulakian and Stephens, 2001] by sorting the height 

observations, fitting the observations to the distribution, and iteratively deleting the lowest value 

observations until the distribution is no longer rejected by the Anderson-Darling test (see Section 

3.3.3 for detailed discussion). Multiple oscillations that meet the meteotsunami threshold criteria 

within the same 12 hour period are consolidated to a single event represented by the largest 

wave. Events with a dominant frequency that matches one of the free gravitational oscillation 

periods for Lake Michigan [Rao et al., 1976; As-Salek and Schwab, 2004] are discarded. Figure 

2c illustrates an example of a meteotsunami wave identified with these criteria on August 4, 

2008, bounded by zero down-crossings (i.e. where the water level passes from positive to 

negative relative to the mean water level) at 14:30 and 16:18 with a height of 0.91 meters. 
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3.3.3. Cumulative Frequency Analysis 

 Cumulative frequency analysis is a statistical technique that uses past event magnitude 

data to estimate exceedance probability. To maximize usage of the available data, A Peaks Over 

Threshold (POT) approach [Coles, 2001] of extreme value statistics is chosen. For a random 

variable x, which in this case represents wave height, sampled events which exceed the locally 

defined height threshold xm are sorted by magnitude to yield an empirical cumulative frequency 

distribution. To represent the event size-frequency relationship mathematically, the empirical 

cumulative frequency distribution is fit to a continuous probability distribution. In this paper, 

meteotsunami height data are fit to both the Pareto Type 1 (PT1) distribution, commonly used for 

seismic tsunami height statistics [Geist and Parsons, 2014], and the Generalized Pareto 

Distribution (GPD), typically used for extreme significant wind wave height statistics [Aarnes et 

al., 2012; Anderson et al., 2015b]. These two distributions are chosen for the meteotsunami size-

frequency data because the physical behavior of meteotsunamis are similar to that of seismic 

tsunamis whereas the causative meteorological mechanisms of meteotsunamis are more closely 

related to extreme significant wave height events. Both distributions can be mathematically 

represented by a complimentary cumulative distribution function Φ(x), also known as a survivor 

function that gives the probability for an event exceeding a given magnitude. For example, the 

survivor function of the Pareto Type 1 distribution is given by: 

                                        1   m
PT

x
x

x


 

  
 

                                                   (3-1) 

where x is a wave height, xm is the location parameter (i.e. height threshold), and β is the shape 

parameter. The PT1 imposes no upper limit so that wave height can increase to an infinite 
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magnitude for a finite probability. On the other hand, the survivor function for the Generalized 

Pareto Distribution is given by: 

                                       
1/
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x x
x








  
     

  
                                   (3-2) 

where xm is the location parameter, σ is the scale parameter, and ξ is the shape parameter. The 

GPD contains the PT1 as a special case where ξ= β
 -1 

with the condition that σ=xmξ. The GPD is 

bounded by a wave height upper limit of xm-σ/ξ when ξ<0 and unbounded when ξ≥0 [Coles, 

2001]. The parameters of both distributions, i.e. Equations 4-1 and 4-2, are estimated using the 

Maximum Likelihood Estimate [Coles, 2001; Geist and Parsons, 2014].  

Extreme event probabilities are often represented in terms of mean recurrence intervals 

(MRI), the inverse of which expresses the probability that a specified return level (RL) 

magnitude xRL will be exceeded in any one year. For a given return level xRL, the mean recurrence 

interval MRI is expressed as:  
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                                      (3-3) 

where Φ(xRL) is the survivor function of the exceedance distribution, Ntotal is the total number of 

waves in the record, Nexceed is the total number waves in the record above the threshold xm, and 

nyears is the length of the record in years. Meteotsunami occurrences at each station are assumed 

to be a stationary Poisson process such that the mean recurrence intervals do not change over 

time and meteotsunami occurrences are independent of past events [Geist et al., 2014]. 

To test the fit of the distributions, the Anderson-Darling Goodness-of-Fit test is used 

here. The Anderson-Darling test is particularly suited for extreme value statistics, as the test 

heavily weights the tails of the distribution. The test statistic is given by 
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where N is the total number of observations under consideration and Φ(xi) is value of the 

survivor function for the i
th

 largest observation, calculated with Equation 1 or 2. Critical values 

for the Anderson-Darling test are derived from the tables provided by Choulakian and Stephens 

[2001]. The lower limit to xm (i.e. a meteotsunami minimum height threshold) is obtained from 

the failure-to-reject method [Choulakian and Stephens, 2001] by sorting the observations and 

deleting the lowest value observations until the distribution is no longer rejected by the 

Anderson-Darling test at a significance level of α = 0.1. 

As the PT1 is a restricted special case of the GPD, the likelihood ratio test is used to 

determine if the difference in fit between the models is statistically significant. The likelihood 

ratio test statistic is   

 12 GPD PTD l l                                            (3-5) 

where lGPD and lPT1 are the maximum log-likelihoods associated with the GPD and PT1 fits, 

respectively. With one degree of freedom from the reduction of one parameter from the GPD to 

PT1, the critical value for this likelihood ratio test is 3.84 at α = 0.05 significance level. 

 

3.3.4. Conditional Occurrence Analysis 

To investigate spatial connections of meteotsunami events between stations, the 

percentage of meteotsunami events for which a meteotsunami occurs in close temporal proximity 

at a different station is quantified. We follow the method used by Šepić et al. [2009b] to identify 

meteotsunamis in the Adriatic Sea under the condition that a meteotsunami also occurred in close 

temporal proximity at the Balearic Islands. Specifically, for each event at a given station (termed 
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reference station), the other stations (termed co-occurring stations) are polled to identify a 

meteotsunami which also occurred within +/- 6 hours. A co-occurrence limit of 6 hours is chosen 

based upon the time needed for a wave to travel the long axis of the lake moving at a speed of 10 

m/s, the minimum edge wave resonant speed for Lake Michigan [As-Salek and Schwab, 2004]. 

For each possible pair of reference and co-occurring stations, a conditional occurrence 

percentage is defined as the percent of events at the reference station for which a meteotsunami 

also occurs within 12 hours at a co-occurring station. 

 

3.3.5. Monthly Occurrence Statistics 

The monthly distribution of events is quantified to obtain seasonal patterns in 

meteotsunami occurrence. The monthly distribution of meteotsunami events at each station is 

calculated by binning the identified events by month. Monthly bins are subdivided into 

meteotsunami height quartiles to further examine seasonal distribution by event size. To reveal 

the seasonal patterns in causative storms, events are also binned monthly by storm structure 

classification (see Section 3.6). The overall monthly distribution of meteotsunami events for the 

entire lake is calculated by binning the total number of events at all stations.  

 

3.3.6. Storm Structure Classification 

Radar imagery analysis is used to classify the structure of the storm associated with each 

identified meteotsunami event. Storm structure is classified at the time the radar-measured 

reflectivity associated with the storm initially crosses the Lake Michigan shoreline. Based upon 

criteria for various types of events in the Great Lakes area [Fowle and Roebber, 2003; Gallus et 

al., 2008; Kunkel et al., 2012; Workoff et al., 2012], storms are classified into one of seven 
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categories: cluster, complex, linear, bow, extratropical cyclone, frontal, or atmospheric gravity 

wave. Schematics of each storm structure are shown in Figure 3-3. Criteria for defining storm 

structures are described as follows. 

 

Figure 3-3 Schematics of common storm structures associated with meteotsunamis: (a) cluster, 

(b) complex, (c) linear, (d) bow, (e) frontal, and (f) extratropical cyclone. 
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Cluster (CL): “Areas of unorganized convection, with several (three or more) reflectivity 

maxima located within a distance equivalent of two diameters of the 45-dBZ reflectivity area of 

each individual storm; areas of >45-dBZreflectivity were generally small (<40 km
2
) for 

individual storms and were separated by reflectivities >35 dBZ” [Workoff et al., 2012] (Figure 

3-3a). For convective structures, areas of high reflectivity exceeding 45 dBZ are likely to contain 

meteotsunami-causing surface wind and pressure perturbations, as the strongest pressure 

anomalies in developed mesoscale convective systems have been shown to be well correlated 

with areas of reflectivity greater than 40 dBZ [Wertman et al., 2014]. 

Complex (C): “nonlinear, organized storm structure having an area of >500 km
2
 with 

continuous reflectivity values of >45 dBZ” [Workoff et al., 2012] (Figure 3-3b). 

Linear (L): “an area with reflectivity values >45 dBZ organized in a curvilinear manner; 

storms were considered linear if they were organized in a line <50 km wide, exhibited a length–

width ratio of at least 3:1 [Fowle and Roebber 2003], and areas of reflectivity >45 dBZ were 

separated by less than two of their diameters” [Workoff et al., 2012] (Figure 3-3c). 

Bow (B) – a convective structure organized similar to a linear storm system but with a 

curved region (bow) of less than 100 km diameter (distance from top to the bottom of the bowed 

segment), and the pinnacle of the bow is greater than 2 times the width of the area exceeding 45 

dBZ reflectivity (Figure 3-3d). 

Frontal (FRT): An area of reflectivity that does not match the convective structures above 

and is associated with an extratropical cyclone system. For the event to be considered frontal, the 

area reaching the Lake Michigan shoreline must be greater than 200 km from the center of low 

pressure as indicated by synoptic surface charts [Kunkel et al., 2012] (Figure 3-3e). 
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Extratropical cyclone (ETC): A frontal event, except that the area reaching the Lake 

Michigan shoreline is less than 200 km from the center of low pressure [Kunkel et al., 2012] 

(Figure 3-3f). 

Atmospheric Gravity Waves (AGW): Strong pressure or wind fluctuations observed at 

ASOS stations which occur in the absence of convective or frontal systems. It is important to 

note that atmospheric gravity waves are commonly produced by and propagated with convective 

systems [Belušić et al., 2007; Šepić et al. 2009a; Vilibić et al., 2014a]. Detailed analyses of each 

storm would be required to determine the relative importance of AGW and meteorological 

systems, which is out of the scope of this climatological analysis. In this study, we choose to 

identify an event as AGW only for those propagating without a convective system. 

In the cases where multiple storms move over Lake Michigan within several hours of a 

meteotsunami, we classify the storm propagating across the lake closest in time (within 3 hours) 

and location of the event. If a convective structure is situated near a frontal boundary, the storm 

is classified as the convective structure [Kunkel et al., 2012]. If no reflectivity, frontal, or 

atmospheric gravity wave activity is observed within 3 hours of the potential meteotsunami, the 

possible meteotsunami event is deemed to be not directly meteorologically generated and was 

removed from further analysis. 

3.4. Results 

3.4.1. Exceedance Probability 

 Meteotsunamis are identified from the water level record using an absolute height 

threshold calculated from the failure-to-reject method with the Pareto Type 1 distribution. The 

resulting absolute height thresholds for each station are summarized in Table 3-1, with the 
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largest height threshold at Calumet Harbor of xm = 0.62 m. The frequency of wave heights above 

this local absolute height threshold at Calumet Harbor is shown as a histogram in Figure 3-4a, 

with a total of 48 events for an average of 2.4 events per year. The largest meteotsunami height is 

at Calumet Harbor is 1.28 m, over twice the absolute threshold at this station. The smallest 

height threshold is observed at Menominee, with xm = 0.14 m, yielding 5.8 events per year 

(Figure 3-4b). With a maximum height of 0.21 m, the ratio between the maximum height and 

threshold at Menominee is 1.5, the smallest among all stations. In contrast, the Green Bay station 

(Figure 3-4c) has a relatively low threshold of xm = 0.23 m but a maximum height of 0.80 m, 

yielding the largest ratio between the maximum height and the threshold of 3.5.  

 

Table 3-1: Summary of water level stations and probability distribution fits 

    
 Pareto Distribution 

 
GPD  

Station Abrv. 
Start 

Year  

xm 

(m) 
β 

RMSE 

(m) 
PPCC 

 

 xm 

(m) 
     ξ σ 

RMSE 

(m) 
PPCC 

Menominee MEN 2006  0.14 8.07 0.003 0.98  0.14 -0.221 0.026 0.003 0.99 

Green Bay GRB 1998  0.23 2.73 0.025 0.97  0.23 0.070 0.112 0.030 0.99 

Port Inland PTI 1995  0.32 5.54 0.015 0.98  0.32 -0.091 0.075 0.007 0.97 

Mackinaw City MAC 1998  0.19 5.12 0.009 0.98  0.19 0.084 0.041 0.011 0.97 

Sturgeon Bay STG 2000  0.25 6.29 0.010 0.97  0.25 -0.132 0.054 0.005 0.98 

Kewaunee KEW 2001  0.38 5.55 0.015 0.99  0.38 -0.053 0.088 0.010 0.97 

Ludington LUD 1998  0.43 6.68 0.011 0.96  0.43 -0.133 0.086 0.014 0.99 

Holland HOL 2001  0.17 3.47 0.017 0.98  0.17 0.122 0.062 0.014 0.99 

Milwaukee MKE 1996  0.38 6.73 0.017 0.97  0.38 -0.155 0.075 0.010 0.99 

Calumet Harbor CAL 1996  0.62 4.95 0.026 0.98  0.62 -0.041 0.162 0.033 0.97 
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Figure 3-4: Histogram of events exceeding the absolute height threshold at Calumet Harbor, 

Menominee, and Green Bay. Note that the horizontal axis is scaled identically for 

each station with the y-intercept shifted to reflect differences in absolute thresholds. 

 

Cumulative frequency distributions of sorted meteotsunami event sizes are plotted in Figure 3-5 

for all stations. Both Pareto Type 1 (PT1) and Generalized Pareto Distributions (GPD) are 

chosen to fit to the data and plotted in Figure 5 as solid and dashed lines, respectively. All 
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distributions fail to be rejected by the Anderson-Darling goodness-of-fit test. Table 3-1 

summarizes the probability distribution parameters for each station, as well as the root mean 

square error (RMSE) for the fits. The probability plot correlation coefficient (PPCC) is also 

reported, calculated as the Pearson correlation coefficient of the quantile-quantile plots 

corresponding to each fitted distribution(quantile-quantile plots not shown for brevity). The GPD 

tends to provide slightly larger wave height return levels for mean recurrence intervals less than 

2 years whereas the PT1 yields much greater return levels for higher mean recurrence intervals. 

This is due to unbounded power law behavior of the PT1 such that wave height return levels 

grow infinitely with increasing mean recurrence interval while the GPD is upper bounded if the 

shape parameter is negative (ξ<0). Based upon the RMSE and PPCC, the PT1 provides a slightly 

better fit for Green Bay, Mackinaw City, Ludington, and Calumet Harbor whereas the GPD 

provides a slightly better fit for Menominee, Port Inland, Sturgeon Bay, Kewaunee, Holland, and 

Milwaukee. All of the stations where the GPD give the best fit have negative GPD shape 

parameters except Holland, indicating the size-frequency relationships at these stations exhibit 

bounded growth for the observed data. In reality, meteotsunami size is physically limited by 

processes such as non-linear propagation, wave-breaking, strength of surface forcings, and 

duration of resonance [Korycansky and Lynett, 2005]. Nevertheless, the likelihood ratio test fails 

to reject the PT1 in favor of the GPD at the α = 0.05 level for any station, indicating that the 

GPD does not provide a statistically significant better fit to the data than the PT1. This result 

suggests that longer historical records are needed to confidently determine an upper bound on 

meteotsunami size from statistics, consistent with findings for seismic tsunami size data [Geist 

and Parsons, 2014]. Thus, subsequent analysis will be based upon the Pareto Type 1 distribution, 

though similar conclusions can be drawn from the Generalized Pareto Distribution. 
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Figure 3-5: Meteotsunami size observations (dots) fit with the Pareto Type 1 (solid line) and 

Generalized Pareto Distributions (dashed line). 

 

Return levels are calculated from the Pareto Type 1 distribution fits to represent 

meteotsunami probability at each station. The annual (1-year) meteotsunami height exceeds 0.25 

meters for all stations except Menominee and Mackinaw City. Calumet Harbor has by far the 
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largest annual meteotsunami height of 0.75 m, nearly 50% greater than the next largest at 

Kewaunee (0.54 m). The 10-year mean recurrence interval exceeds 0.45 meters for all stations 

except Menominee and Mackinaw City. The largest 10-year return level occurs at Calumet 

Harbor at 1.2 m, indicating that Calumet Harbor is at risk of the largest meteotsunamis. The 

meteotsunami size-frequency distribution at Green Bay is of particular interest, as this station has 

only the 7
th
 largest 1-year return level but the 3

rd
 largest 10-year return level, demonstrating rapid 

growth in return level relative to the other stations. The character of these distributions and their 

implications for meteotsunami behavior at each station will be discussed in more detail in 

Section 5.5.2. 

 

3.4.2. Conditional Meteotsunami Occurrence 

The occurrence of meteotsunamis at multiple stations is calculated as the percentage of 

events at a given station (reference station) that satisfy the condition that a meteotsunami also 

occurs at another station (co-occurring station) within 6 hours [Šepić et al., 2009b]. These 

conditional occurrence percentages are summarized in Table 3-2 for each combination of 

reference and co-occurring stations. Overall, 59% of the identified meteotsunamis occurred at 

only one station, 20% occurred at two stations, and 21% concurrently occurred at three or more 

stations. The largest conditional occurrence percentages are between Ludington-Sturgeon Bay 

(75%), Surgeon Bay-Kewaunee (66%), Ludington-Kewaunee (57%) and Kewaunee-Sturgeon 

Bay (52%). These three stations are located within closest spatial proximity of any three stations 

in the main basin of Lake Michigan. The next largest conditional occurrence percentages are 

between Calumet Harbor-Milwaukee (52%), Calumet Harbor-Sturgeon Bay (52%), and Calumet 

Harbor-Kewaunee (52%), with all stations located on the west shore of the main lake basin. The 
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strong conditional occurrence percentages between these stations suggest that one can “predict” 

the occurrence of a meteotsunami at the co-occurring station based upon meteotsunami arrival at 

the reference station [Marcos et al., 2009; Šepić et al., 2009b]. The only stations that have no 

conditional percentages in excess of 40% are Green Bay and Menominee, which are both located 

in the Green Bay basin. Despite the close spatial proximity between the Green Bay and 

Menominee stations, conditional occurrence percentages are not strong between these two 

stations. Overall, these results suggest that spatial proximity can be a considerable influence in 

the conditional occurrence of meteotsunamis between stations but other factors like bathymetry 

can also dictate the meteotsunami occurrence.  

 

Table 3-2: Conditional occurrence of meteotsunamis between station pairs represented by the 

percent of meteotsunamis at a reference station for which meteotsunamis also occur at 

a co-occurring stations within +/- 6 hours. 

  Co-occurring Station 

 

Reference 
  Station MEN GRB PTI MAC STG KEW LUD HOL MKE CAL 

 

MEN   12% 12% 12% 15% 6% 4% 21% 6% 8% 

GRB 36%   19% 11% 24% 5% 3% 10% 14% 11% 

PTI 22% 13%   27% 42% 41% 18% 16% 20% 12% 

MAC 22% 13% 47%   39% 27% 7% 35% 17% 10% 

STG 19% 7% 27% 17%   66% 23% 22% 25% 25% 

KEW 7% 1% 23% 8% 52%   14% 23% 22% 18% 

LUD 33% 3% 28% 11% 75% 57%   24% 44% 47% 

HOL 18% 4% 13% 15% 30% 42% 8%   25% 19% 

MKE 10% 9% 21% 9% 43% 50% 24% 35%   34% 

CAL 21% 7% 17% 7% 52% 52% 33% 32% 52%   

 

3.4.3. Seasonal Occurrence 

To examine seasonal trends in meteotsunami occurrence, events at each station are 

binned based upon the month of incidence. The monthly distribution of meteotsunamis is 
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illustrated in Figure 3-6, with events grouped into quartiles based upon wave height. In general, 

lake-wide, meteotsunamis primarily occur in the late spring and early summer, with 60% of the 

observed meteotsunamis occurring in the months of April, May, and June (AMJ). At each 

individual station, peak AMJ seasonality is shared by Port Inland, Mackinaw City, Kewaunee, 

Sturgeon Bay, Ludington, and Holland. Meteotsunami seasonality at Calumet Harbor is slightly 

later, peaking in May and June (MJ), while in Milwaukee the peak season extends from April to 

July (AMJJ). Peak meteotsunami occurrence at Green Bay is in the summer season, with nearly 

80% of events reported in June, July, and August (JJA). A later seasonality for these three 

stations (Calumet Harbor, Milwaukee, and Green Bay) suggests that the causative atmospheric 

conditions may differ from those associated with the AMJ stations. Different from all other 

stations, Menominee does not have a clear meteotsunami season, with the most occurrences in 

May but also 44% of events in the fall and winter months. The monthly distributions of the 

height quartiles exhibit similar seasonality as the full collection of events, suggesting that the 

meteotsunami seasonality is irrespective of event size.  
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Figure 3-6: Monthly distributions of meteotsunamis at each station, with bars subdivided into 

height quantiles (i.e. 75% to 100% are the largest 25% of events at a given station). 

 

3.4.4. Storm Structures Associated with Meteotsunamis 

The cause of each identified meteotsunami is classified based upon storm structures (see 

Figure 3-3). The distribution of storm structures for each station is illustrated in Figure 3-7, with 
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warm colors (red, orange, and yellow) representing convective structures, cool colors (blues) 

representing frontal-type structures, and green representing atmospheric gravity waves. 

Generally, most meteotsunamis at every station are associated with convective activity, with 

meteotsunamis at Calumet Harbor and Milwaukee almost exclusively associated with convective 

structures at 94% and 84% of events, respectively. Complex convective systems are the most 

prevalent storm structure at every station except Green Bay and Calumet Harbor, where linear 

structures are most common. Linear structures also account for over 30% of meteotsunamis at 

Milwaukee and Holland. Cluster and bow structures are associated with no more than 13% of the 

meteotsunamis at any station. Frontal-type structures are associated with over 40% of the 

meteotsunamis at Menominee, Port Inland, Mackinaw City, and Kewaunee. Of the frontal-type 

structures, fronts are over twice as common as extratropical cyclones. Atmospheric gravity 

waves (in the absence of strong convective or frontal structures) are only associated with one 

meteotsunami, which occurred at Holland. Atmospheric gravity waves likely play a role in some 

of the meteotsunamis classified as convective structures, as convection can trigger atmospheric 

gravity waves and promote their ducting [Belušić et al., 2007; Šepić et al., 2009a; Vilibić et al., 

2014a]. Overall, meteotsunami events in Lake Michigan are strongly associated with convective 

and frontal activity, with convective structures generally more prevalent in southern Lake 

Michigan while frontal structures have increased importance in the north.  
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Figure 3-7: Distribution of storm structures associated with meteotsunamis at each station. 

 

Seasonal trends in meteotsunami-causing storm structures are quantified by binning the 

storm classifications by month of occurrence. The monthly distribution of storm structures 

summed over all stations in Lake Michigan is shown in Figure 3-8. For this lake-wide aggregate, 

the storm structures associated with concurrent meteotsunamis at multiple stations (defined 

based upon the guidelines of Section 3.4) are only represented once. Meteotsunamis associated 

with convective storm structures occur primarily in the late spring to mid-summer, peaking 

between April and July (AMJJ). Meteotsunamis associated with complex convective structures 

occur primarily in April, May and June (AMJ), while those associated with linear structures peak 

later in the year from May through August (MJJA). The largest number of bow associated 

meteotsunamis occur in June while meteotsunamis associated with convective clusters do not 



82 

 

show a strong seasonal trend. Meteotsunamis associated with frontal-type structures occur 

primarily in the cold seasons between October through May, peaking in April and May before 

sharply dropping off in occurrence in the summer months. The only event classified as an 

atmospheric gravity wave, with no associated storm, occurred in April. This study presents 

statistics of the specific storm structures associated with meteotsunamis for the first time, as far 

as the authors are aware. 

 

Figure 3-8: Monthly distribution of storm structures associated with meteotsunamis aggregated 

across all stations. 
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3.5. Discussion 

3.5.1. Meteotsunami Statistics versus Storm Structure Statistics 

To better understand the causative mechanisms of meteotsunamis in Lake Michigan, the 

spatial and temporal patterns in meteotsunami occurrence are compared with statistics of storms 

in the Great Lakes region. Meteotsunamis at Milwaukee and Calumet Harbor are caused almost 

exclusively by convective systems, including a much larger contribution from linear systems 

than any station besides Green Bay. Studies by Johns and Hirt [1987] and Ashley and Mote 

[2005] showed that intense and long-lived convective windstorms, also called derechos, exhibit a 

distinct corridor of activity that crosses southern Lake Michigan and drops off sharply over 

northern Lake Michigan. Conversely, northern Lake Michigan stations experience an increased 

proportion of meteotsunamis from frontal-type storms compared with southern Lake Michigan. 

Consistent with this spatial meteotsunami occurrence pattern, the average frequency of strong 

cyclones over Lake Michigan is highest in the north, owing to the origination of many of these 

cyclones from Canada [Angel, 1996].  

The spatial differences in the observed storm structures associated with meteotsunamis in 

Lake Michigan have implications for the likely resonance mechanisms in meteotsunami 

generation. Observations by Johns and Hirt [1987] showed that derecho propagation speeds 

averaged 23 m/s with a top speed of 33 m/s. The median Great Lakes cyclone forward speeds 

observed by Angel [1996] ranged from 13 m/s in the winter to 10 m/s in the summer. The depth-

based Proudman resonance speeds in the southern Lake Michigan basin range from 22 to 40 m/s. 

As a result, convective storms moving across southern Lake Michigan is a favorable situation for 

meteotsunami generation. In contrast, in the deeper northern basin Proudman resonant speeds 

range from 38 to 52 m/s, which rarely occurred in the convective storms observed in the Great 



84 

 

Lakes. In other words, Proudman resonance is not likely to generate meteotsunamis in the open 

waters of northern Lake Michigan. Instead, Greenspan edge wave resonance is possible 

throughout the entire Lake Michigan basin for convective and frontal storms traveling at speeds 

in excess of 10 m/s, based upon shelf slopes [As-Salek and Schwab, 2004]. Consequently, 

meteotsunamis in the northern basin of Lake Michigan are likely to be produced primarily 

through Greenspan resonance while southern basin experiences a combination of Greenspan and 

Proudman resonant meteotsunamis.  

The monthly distribution of meteotsunami causative storms in Lake Michigan (Figure 

3-8) indicates that convectively associated events occur primarily between April and July. 

Intense mesoscale convective systems over Lake Michigan have been observed to occur 

primarily in May, June, and July [Graham et al., 2004]. In a study that is more representative of 

the storm structure classifications used in this paper, Workoff et al. [2012] found that both 

complex and linear convective storms over Lake Erie from 2001 to 2009 occurred primarily from 

May to August, peaking in July. The monthly occurrence of convectively associated 

meteotsunamis is earlier than the peak convective storm seasonality by approximately one 

month. This discrepancy could be related to climatological differences in storm speed and 

direction that may exist between the early and late convective season. Another possible 

explanation for the occurrence of convectively-caused meteotsunamis early in the convective 

storm season is the patterns in storm evolution over Lake Michigan. As observed by Graham et 

al. [2004], mesoscale convective systems which occurred earlier in the season (May and June) 

were more likely to maintain intensity whereas storms later in the summer were more likely to 

weaken or dissipate over the lake. In both Lakes Michigan and Erie, storms which maintained 

intensity were correlated with a strongly-stable overlake boundary layer [Graham et al., 2004; 
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Workoff et al., 2012], which tends to be strongest in late spring and early summer when air 

temperatures are warm and the lake temperatures are still cool from winter. Nevertheless, the 

overall impact of overlake boundary layer physics on meteotsunami formation is unclear, which 

necessitates the further study. Future research is needed to compare meteotsunami-causing 

storms with those not causing meteotsunamis to better understand the discontinuity between peak 

meteotsunami and convective storm seasonality. 

Meteotsunamis associated with frontal-type events occur from the late fall through 

spring, peaking in April and May (Figure 3-8). Strong cyclones over the Great Lakes occur 

primarily from November through April, with cyclone intensity peaking in January [Angel, 1996; 

Angel and Isard, 1998]. While meteotsunamis associated with frontal events do occur in the peak 

cyclone season, meteotsunami occurrences do not follow these increases in cyclone frequency or 

strength. Interestingly, in months when frontally-associated meteotsunamis occurrences peak, a 

reduction in cyclone frequency and intensity occurs between March and May during the 

transition to the warm season [Angel and Isard, 1997]. As with convectively associated 

meteotsunamis, future research which compares meteotsunami events with null frontal storms is 

needed to address these discrepancies in seasonal patterns. 

 

3.5.2. Size-Frequency Distribution Parameters 

The probability distribution fit parameters reveal insight into the behavior of 

meteotsunamis at each station. We focus on the PT1 parameters xm and β for the following 

discussion though similar results can be drawn from the GPD parameters xm and ξ. The height 

threshold xm describes the minimum height for which a wave is considered a meteotsunami at 

each station. The height threshold likely indicates the strength of local processes such as the 
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harbor amplification, as a water level station located within a harbor with high amplification 

potential will consistently produce larger meteotsunamis than nearby harbors with lesser 

amplification potential [Marcos et al., 2009]. As summarized in Table 1, the smallest height 

thresholds (in ascending order) occur at Menominee, Mackinaw City, Holland, Green Bay, and 

Sturgeon Bay. The water level stations at Green Bay and Mackinaw City are not located within 

harbors so no amplification is possible. Stations at Holland, Menominee, and Sturgeon Bay are 

located within small harbors which feed almost directly into river channels and are expected 

yield low amplification potential. On the other hand, the stations with the largest height 

thresholds (Calumet Harbor, Ludington, Milwaukee, and Kewaunee) are located in the four 

largest harbors among the stations of comparison with geometries that are more favorable to 

energy transmission and amplification. While other factors certainly impact the height threshold, 

the association with harbor configuration suggests that local processes can have a large influence 

on the meteotsunami height threshold xm. 

The PT1 shape parameter β describes the growth of the return levels, where a smaller 

shape parameter indicates a more tail-weighted distribution (i.e. return levels grow more 

rapidly). The shape parameter is indicative of the potential for meteotsunami generation at a 

station through processes such as propagation resonance and spatial focusing [Geist et al., 2014]. 

As summarized in Table 1, the most tail-weighted distribution occurs at Green Bay, suggesting 

that this station may suffer from the most abnormally large meteotsunamis. Indeed, Green Bay 

has only the 7
th

 largest 1-year return level but the 3
rd

 largest 10-year return level, demonstrating 

the rapid growth in return level relative to the other stations. In contrast, Menominee has the least 

tail-weighted distribution, suggesting this station is the least sensitive to anomalously large 

meteotsunami events. Though the Menominee and Green Bay stations are located within in close 



87 

 

proximity of each other in the shallow basin of Green Bay, the difference in coastline shape 

between the two stations may explain the large discrepancy in shape parameter. Whereas 

Menominee is located along a straight reach of coast, the Green Bay station is at the end of 

Green Bay, where meteotsunami energy can be geometrically focused as the bay narrows 

[Rabinovich, 2009]. Furthermore, of the four most tail-weighted stations, three are located at the 

ends of the elongated lake (Mackinaw City and Calumet Harbor) and bay (Green Bay), 

suggesting the spatial focusing in these concave ends of the basins may lead to more extreme 

meteotsunami heights than along the open coast. In contrast, the five least tail-weighted stations 

are located in the middle of the basins along relatively straight stretches of coast.  

 

3.5.3. Role of Wave Reflection  

The frequent occurrence of large meteotsunamis along the west coast of Lake Michigan 

indicates the importance of meteotsunami wave reflection in the enclosed basin of Lake 

Michigan. As the propagation of both convective and frontal storms in the Great Lakes generally 

have a significant eastward component [Angel, 1996; Graham, 2004], the occurrence of 

meteotsunamis on the west coast is likely due to wave reflection off the east coast of the lake. 

This may explain why the largest 10-year return levels occur at Calumet Harbor and Kewaunee, 

both located on the west coast of the lake. Interestingly, meteotsunami wave reflection was a key 

mechanism in the fatal 1954 Lake Michigan meteotsunami which struck Chicago [Ewing et al., 

1954]. This reflection decoupled the damaging wave from the causative storms and recreational 

users returned to the coast after the passage of the storm, only to be struck with the non-coupled 

meteotsunami over an hour after the storm had passed. Furthermore, the enclosed basin retained 

wave energy that created hazardous conditions for over a day after the initial meteotsunami 
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[Bechle and Wu, 2014]. Recently, Anderson et al., [2015a] showed another example of a series 

of multiple wave reflections in the enclosed basin, leading to a dangerous, non-coupled 

meteotsunami in Lake Erie. Similar effects of meteotsunami wave reflection have also been 

observed in semi-enclosed basins [Orlić et al., 2010; Šepić et al., 2015]. Overall, the danger of 

non-coupled, reflected meteotsunami waves is recognized and ubiquitous with enclosed basins 

like the Great Lakes. 

In comparison, along a non-enclosed sea coasts, meteotsunami wave reflection may occur 

in the onshore or offshore direction. In the case of a storm propagating towards the coastline, the 

meteotsunami wave is reflected off of the coast and radiates to the offshore [Vilibić et al., 2004; 

2008]. Coastal reflection in non-enclosed water bodies leads to wave energy transmission into 

the open sea and typically does not add to the meteotsunami hazard. In the case of a storm 

propagating away from the coastline over a steep bathymetric change, some meteotsunami wave 

energy may reflect back onshore towards the coast [Vennell, 2007; 2010]. This topographic 

reflection is a significant factor in non-coupled meteotsunamis along the U.S. East Coast in 

response to storms moving eastward [Mercer et al., 2002; Pasquet and Vilibić, 2013; Šepić and 

Rabinovich, 2014; Wertman et al., 2014]. Nevertheless, along non-enclosed coasts much of the 

wave energy can leak out to the open ocean [Vennell, 2007; 2010]. Thus, meteotsunami wave 

energy is typically not as efficiently reflected and retained along non-enclosed coasts as 

compared with enclosed or semi-enclosed basins. 

 

3.5.4. Comparisons with Worldwide Meteotsunami Occurrence 

Lake Michigan meteotsunami occurrences peak in the late spring to early summer (April 

through June) and are primarily associated with convective storms and frontal systems. These 
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climatological characteristics for Lake Michigan meteotsunamis are compared with those derived 

from episodic analyses of meteotsunamis at major meteotsunami regions worldwide, including 

the U.S. East Coast, the Mediterranean, Northern Europe, and Japan. Along the U.S. East Coast, 

recent destructive meteotsunamis have been observed in the summer season (June and July) and 

are associated with strong convective activity [Churchill et al., 1995; Šepić and Rabinovich, 

2014; Wertman et al., 2014] or atmospheric gravity waves [Paxton and Sobien, 1998; Vilibić et 

al., 2014a]. A large number of East Coast meteotsunamis also occur in the winter and early 

spring and are associated with frontal storms [Pasquet et al., 2013], a pattern that is similar to 

Lake Michigan. In the Mediterranean, peak meteotsunami seasonality is primarily in the summer 

months of June, July, and August [Rabinovich and Monserrat, 1996; Šepić et al., 2009b; Šepić et 

al., 2012], later than in Lake Michigan. Mediterranean meteotsunamis are commonly associated 

with atmospheric gravity waves [Monserrat et al., 1991; Jansa et al., 2007; Šepić et al., 2012], 

Future work to discern the effects of atmospheric gravity waves from convective storms in Lake 

Michigan may shed light on differences between the causative atmospheric processes in the 

Mediterranean and Great Lakes regions. In Northern Europe, damaging meteotsunamis in the 

United Kingdom and Finland occur mostly in the summer (June, July, August) and were 

attributed to strong convective activity [Haslet and Bryant, 2009; Tappin et al., 2013; Pellikka et 

al., 2014]. On the other hand, most meteotsunamis in Japan have been reported to occur in the 

winter and early spring [Hibiya and Kajiura, 1982; Tanaka, 2010; Asano et al., 2012]. In 

general, most meteotsunami regions exhibit a peak season in the summer, though Lake Michigan 

has the earliest peak in meteotsunami occurrences among these regions. Convective activity is 

the dominant driver for many of these warm season meteotsunamis, consistent with the findings 

for Lake Michigan. As these comparisons were based upon collections of episodic analyses, 
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future work is desired to statistically characterize meteotsunami occurrence worldwide to 

improve the understanding of the differences in meteotsunami behavior and climatology around 

the world. 

 

3.6. Summary and Conclusions 

In this paper, the occurrence of meteotsunamis in Lake Michigan in terms of size-

frequency statistics, seasonality, and meteorological cause is quantified. Historic water level 

records of up to 20 years are analyzed at ten sites around the lake to identify meteotsunamis 

using a statistically-based height threshold criterion. Meteotsunami height data are fit to Pareto 

Type 1 and Generalized Pareto Distributions, yielding estimates of meteotsunami probabilities 

that are crucial for hazard risk assessment. Return levels calculated from these distributions 

reveal that meteotsunamis in excess of 0.25 m are expected to occur annually throughout the 

lake, with the largest events at Calumet Harbor in southern Lake Michigan. A clear seasonal 

pattern exists in meteotsunami occurrence, with most events occurring in the late spring and 

early summer. Analysis of storm structure data reveals that strong convective and frontal storm 

structures are associated with the nearly all of the identified meteotsunamis, with convective 

structures generally more prevalent in southern Lake Michigan while frontal structures have 

increased importance in the north. The southern Lake Michigan basin has water depths ideal for 

Proudman resonance with convective storms whereas the northern basin, too deep for consistent 

Proudman resonance, is likely prone to meteotsunamis from Greenspan resonant edge waves. 

While there is a strong association between meteotsunamis and convective and frontal storm 

structures, the seasonality of these storms over the Great Lakes differs slightly from 



91 

 

meteotsunami seasonality, suggesting that storm patterns alone does not dictate meteotsunami 

occurrence.  

Overall, this study presents meteotsunami statistics and associated causative storm 

structures for the first time, as far as the authors are aware. Specifically, the occurrences of Lake 

Michigan meteotsunamis occurrences peak in the late spring to early summer and primarily 

associated with convective storms and frontal systems. These climatological characteristics are 

compared with those derived from episodic analyses of meteotsunamis at major meteotsunami 

regions worldwide, including the U.S. East Coast, the Mediterranean, Northern Europe, and 

Japan. From another aspect, the statistical analysis of water level and storm structure records in 

Lake Michigan has revealed spatial and temporal patterns in meteotsunami occurrence that were 

previously unattainable through episodic event analysis. This information fills important 

knowledge gaps in the assessment meteotsunami-induced hazard risks. 
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4. Regional Characteristics of Meteotsunamis in the Laurentian Great 

Lakes 

The following is to be submitted to Geophysical Research Letters 

 

4.1. Introduction 

Meteotsunamis are water waves generated by perturbations in atmospheric pressure and 

wind [Monserrat et al., 2006] and are similar to seismic tsunamis in both physical behavior and 

ability to cause disastrous effects to property and life [Nomitsu, 1935, Ewing et al., 1954; Hibiya 

and Kajiura, 1982; Vilibić et al., 2008; Haslett and Bryant, 2009; Orlić et al., 2010; Cho et al., 

2013]. Individual large meteotsunamis have been investigated to understand the hydrodynamic 

processes of meteotsunamis [Vilibić et al., 2004; 2008; 2010; Bechle and Wu, 2014; Anderson et 

al., 2015] as well as the causative synoptic [Jansa et al., 2007; Šepić et al., 2008; 2015; Tanaka, 

2012] and mesoscale atmospheric processes [Belušić et al., 2007; Orlić et al., 2010; Vilibić et al., 

2014]. While the study of individual events has revealed many detailed insights into 

meteotsunami causes and characteristics, the findings of episodic analyses may not be 

representative of the variety of possible meteotsunami conditions. Long-term water level records 

of up to 55 years at a single location have been examined to characterize site-specific occurrence 

statistics and the synoptic scale meteorological conditions typically associated with 

meteotsunamis at specific locations [Rabinovich and Monserrat, 1996; Šepić et al., 2009b; 

2012]. To evaluate meteotsunami events across a region, several studies have focused on 

identifying areas vulnerable to large meteotsunamis [Vilibić and Šepić, 2009; Šepić et al., 2015a; 

2015b] as well as the associated hydrodynamic [Pasquet and Vilibić, 2013] and atmospheric 

processes common to meteotsunamis in the region [Haslett et al., 2009; Šepić et al., 2009; 
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Pasquet et al., 2013; Orlić et al., 2015]. To date, a comprehensive regional characterization of 

spatial patterns in meteotsunami occurrence, seasonality, and causes has yet to be carried out, 

particularly for the Laurentian Great Lakes region. 

 The characteristics of meteotsunamis can vary throughout a region due to local 

differences in climate and bathymetry, as meteotsunami formation is the result of interactions 

between an atmospheric disturbance and the water body [Monserrat et al., 2006]. Meteotsunamis 

have been associated with the atmospheric pressure and wind perturbations of frontal passages 

[Tanaka, 2010], cyclones [Mercer et al., 2002; Pasquet et al., 2013], mesoscale convective 

systems [Šepić and Rabinovich, 2014; Wertman et al., 2014], or atmospheric gravity waves 

[Monserrat and Thorpe, 1996; Belušić et al., 2007]. The height of a meteotsunami wave can 

grow when the propagation speed of the atmospheric disturbance is approximately equal to the 

local free wave speed, which is dependent upon water depth for long waves [Proudman, 1929] 

and shelf slope for edge waves [Greenspan, 1956]. This hydrodynamic process, termed 

propagation resonance, allows atmospheric energy to constantly amplify the wave. Furthermore, 

meteotsunami heights can increase at the coast through local amplification mechanisms such as 

shoaling, shelf resonance, and harbor resonance [Rabinovich, 2009]. Long-term analysis of 

meteotsunami characteristics over a region may thereby shed light on the hydrodynamic and 

atmospheric conditions salient to meteotsunami generation in the region. 

The Laurentian Great Lakes is a region with a long history of impactful meteotsunami 

events. As illustrated in Figure 4-1, numerous damaging or deadly meteotsunamis have been 

reported in each of the Great Lakes [Ewing et al., 1954; Donn et al., 1959; Murty and Freeman, 

1973; Chaston, 1979; Šepić and Rabinovich, 2014; Anderson et al., 2015] (see Appendix A Table 

A1 for tabulated list of historic events reported in the literature and news articles), with most 
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reported meteotsunamis near densely populated areas in the southern Great Lakes. It remains 

unclear whether this spatial distribution is representative of meteotsunamis in the Great Lakes or 

if it reflects a reporting bias towards population centers. Alternatively, the distribution of 

meteotsunami events may be the result of spatial variations in the physical features of the lake 

basins (i.e. locations, sizes, shape, water depths) and the storm climate of the region. As seen in 

Figure 1, bathymetry varies throughout the region in terms of both water depth and shelf slope. 

Convective storms, particularly strong storms, occur most frequently over the southern portion of 

the Great Lakes (Michigan and Erie) [Kelley et al., 1985; Johns and Hirt 1987; Ashley et al., 

2005]. The greatest number of cyclones occur in the north-central portion of the Great Lakes 

(Michigan and Huron) [Angel, 1996] whereas frontal passages peak over the eastern lakes 

(Ontario and Erie) [Payer et al., 2011]. Statistical analysis of long-term water level and radar 

data in the Lake Michigan basin has revealed spatial variations in seasonal occurrence and the 

associated storm structures throughout the lake [Bechle et al., 2015]. To date, the meteotsunami 

occurrences and causes across the other Great Lakes basins have yet to be investigated to 

examine potential spatial patterns in meteotsunami characteristics throughout the region. 
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Figure 4-1: Map of Great Lakes meteotsunamis. Historic meteotsunami events from the literature 

and news reports are classified by impact. Meteotsunami 10-year return levels are 

calculated from fitting the Pareto Type 1 distribution to waves observed in 

NOAA/NOS water level records and plotted as scaled circles at the each station 

location. Also depicted are lake bathymetry contours and county-level population 

density.  

 The objective of this paper is to characterize regional patterns in Great Lakes 

meteotsunami magnitude, temporal occurrence, and causative storms. Water level and radar 

records are analyzed to quantify meteotsunami return levels, seasonal and annual distributions, 

and associated storm structure types. Great Lakes-wide patterns in meteotsunami characteristics 

are analyzed in the context of the physical and atmospheric settings of the region. Meteotsunami 

characteristics are also compared on a lake-by-lake basis to reveal similarities and differences in 

meteotsunami occurrence and causes between each of the lakes. The results of this study provide 

insight into the role physical features and storm climate have on the regional meteotsunami 
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characteristics of the Laurentian Great Lakes. Furthermore, the characterization of 

meteotsunamis at the regional scale would facilitate the comparison of meteotsunami climates 

throughout the world to identify areas which are most vulnerable to the meteotsunami threat. 

 

4.2. Methods 

Long-term water level data is obtained from 31 monitoring stations operated on the Great 

Lakes by the National Oceanic and Atmospheric Administration (NOAA) National Ocean 

Service (NOS), with gauge locations illustrated by yellow circles in Figure 1. Each station 

provides 6-minute water level records with an average record length of 17 years. The water level 

time series are high-pass filtered with a cutoff period of 6 hours [Rabinovich and Monserrat, 

1996] and individual waves are identified using the zero-crossing method [Demirbilek and 

Vincent, 2002].  

 A Peaks Over Threshold (POT) approach of extreme value statistics is used to represent 

the meteotsunami size-frequency data [Bechle et al., 2015]. Wave heights which exceed a 

station-specific height threshold xm are fit to the Pareto Type 1 (PT1) distribution [Coles, 2001; 

Geist and Parsons, 2014] which is described by the shape parameter β. To establish xm, a failure-

to-reject method is employed by sorting the height observations and deleting the lowest value 

observations until the distribution is no longer rejected by the Anderson-Darling test (α = 0.1) 

[Choulakian and Stephens, 2001]. Meteotsunami event probabilities are represented in terms of 

mean recurrence intervals (RI), the inverse of which expresses the probability that a specified 

return level (RL) magnitude will be exceeded in any one year.  

 NEXRAD base reflectivity radar imagery analysis is used to classify the structure of 

storms associated with meteotsunami events greater than the 1 year return level at each station. 



107 

 

Storms are classified as one of seven categories: convective cluster, convective complex, linear 

convection, bow convection, extratropical cyclone, frontal, or atmospheric gravity wave [Fowle 

and Roebber, 2003; Gallus et al., 2008; Kunkel et al., 2012; Workoff et al., 2012]. Detailed 

descriptions of the criteria used to classify storm structures are given in Bechle et al. [2015]. 

Regional meteotsunami characteristics (occurrences, sizes, and causes) are analyzed 

using two approaches. First, a Great Lakes basin-wide analysis is employed that aggregates the 

observed meteotsunami characteristics from all water level stations in the region. Linear 

regression analysis [Seber and Lee, 2003] is used to examine relationships between these 

meteotsunami characteristics (response variables) versus the physical features and atmospheric 

storm occurrences at the station location (explanatory variables). Specifically, the response 

variables used are 10 year return level, mean month of occurrence, the fraction of events 

associated with a linear storm structures, and fraction of events associated with a convective 

complex storm structures. Explanatory variables include the physical location, bathymetry, and 

frequency of storm occurrence at each gauge stations. The location of each station is represented 

by the latitude, longitude, and relative location along each lake’s major axis. Similar to fetch for 

wind waves, the location along the lake axis is quantified as the distance a station is from the 

eastern (for east-west orientation) or northern (for north-south orientation) end of the lake 

divided by the length of the major axis of the lake. The bathymetry at each station is defined by 

both the depth of the lake sub-basin the station is located in as well as the bottom slope along the 

coast, calculated at 20 km offshore. Convective storm environment is represented by the annual 

frequency of strong thunderstorms wind gusts in excess of 28.5 m/s [Kelley et al., 1985]; other 

measures of convective storm occurrence were also considered, including lightning strikes 

[Zajac et al., 2001] and average annual days with severe thunderstorm potential [Brooks et al., 
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2003]. Similarly, the frontal-type storm environment at each station is quantified from contours 

of cyclone storm counts composed by Angel [1996]. The Pearson correlation coefficient is used 

as a measure of the degree of linear relationship between response and explanatory variables. 

Linear relationships are considered statistically significant at the α = 0.05 level. To check 

relationships against the influence of outliers, regressions are calculated both with and without 

outliers, which are defined in this study as data points with a Cook’s distance which exceeds 

three times the mean Cook’s distance. Relationship which are not statistically significant upon 

removal of outliers are not considered for further analysis 

Second, a lake-by-lake comparison is conducted where the identified meteotsunami 

events are aggregated for each individual lake to compare distributions of meteotsunami size, 

occurrence, and cause between the lakes. To address concerns with treating a meteotsunami 

which impacts multiple stations as numerous independent events, meteotsunamis that occurred in 

the same lake within the same 12 hour period are consolidated to a single event represented by 

the largest wave [Bechle et al., 2015]. Meteotsunami magnitude data for each lake are fit with 

the Pareto Type 1 distribution to establish event size return levels. The seasonal distribution of 

meteotsunami events is calculated by binning the identified events by month, with a 

meteotsunami season defined as the consecutive three month period which experiences the 

largest number of meteotsunamis. Annual distributions of meteotsunami occurrences are 

obtained by binning events by year. The fraction of events associated with each storm structure is 

also calculated on a lake-by-lake basis. 
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4.3. Results 

4.3.1. Great Lakes Basin-Wide Characteristics 

Figure 1 shows the 10-year return levels of meteotsunami magnitude calculated at each 

station (as a yellow circle scaled by return level magnitude). Calumet Harbor, IL in Lake 

Michigan has the largest return level (1.2 m). Other stations with large 10-year return levels are 

Alpena, MI in Lake Huron (0.98 m), Buffalo, NY in Lake Erie (0.88 m). The mean month of 

meteotsunami occurrence is between April and August for all but three stations (Appendix A 

Figure A1). Convective storm structures are the dominant atmospheric cause of meteotsunamis 

at each station and are associated with 78% of the events overall (see Appendix A Figure A2). 

Overall, complex (39%) and linear (33%) convective storm structures are the two most common 

storm structures (see supplemental material in Appendix A Figure A3 and Figure S4, 

respectively). Linear regressions are fit between the meteotsunami characteristics at each station 

(response variables) and explanatory physical and atmospheric variables of the water level 

stations, with the associated Pearson correlation coefficient for each regression is given in Table 

4-1. Significant linear relationships (α=0.05) are highlighted in bold in Table 1 and discussed in 

the following. 

 

 

 

 

 

 



110 

 

Table 4-1: Pearson correlation coefficients of the linear regressions between meteotsunami 

characteristics (columns) and parameters which describe of the physical and 

atmospheric settings of each station (rows). Linear trends that are significant at the 

95% level are in bold. 

 

10 Year 
Return 
Level 

Mean 
Month 

Convective
Storm 
Events 

Linear 
Storm 
Events 

Complex 
Storm 
Events 

Latitude -0.30 -0.19 -0.11 -0.30 0.24 

Longitude -0.03 0.36 -0.11 0.54 -0.51 

Lake Axis Pos. 0.41 0.32 0.01 0.36 -0.21 

Depth of Basin 0.01 -0.32 -0.02 -0.28 0.35 

Shelf Slope -0.05 -0.41 -0.04 -0.08 0.19 

T-Storm Freq. 0.28 0.11 0.32 0.11 0.15 

Cyclone Freq. 0.12 -0.41 -0.04 -0.49 0.13 

The 10 year return level has a positive relationship with the relative location of a station 

along the lake’s major axis (r = 0.41, p = 0.024, Figure 4-2a). This relationship indicates that 

meteotsunamis tend to be larger for the eastern-most stations of east-west oriented lakes 

(Superior, Erie, Ontario) and the southern-most stations of north-south oriented lakes (Michigan, 

Huron). For east-west oriented lakes, meteotsunami size growth eastward along the major axis of 

the lake is consistent with the prevailing storm direction in the region, which has a significant 

easterly component for both convective storms [Johns and Hirt, 1987; Graham, 2004] and 

cyclones [Angel, 1996]. Indeed, as a storm propagates along a water body, the meteotsunami 

wave amplification from propagation resonance grows with the distance traveled [Hibiya and 

Kajiura, 1982; Greenspan, 1956]. Thus, based on propagation resonance mechanisms, water 

level stations in the leeward direction of storm propagation would be expected to experience 

larger meteotsunamis, consistent with the observed relationship. 
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Figure 4-2: Scatterplots of (a) lake axis location vs 10 year return level, (b) bottom slope vs mean 

month of occurrence, (c) longitude vs the fraction of events associated with linear 

storms, and (d) longitude vs the fraction of events associated with complex 

convective storms. The observed data from each station are plotted as dots (●), the 

regression line as a dashed line (---). Identified outliers are denoted with a cross (x) 

but remain included in the regressions. 

The mean month of meteotsunami occurrence has a negative relationship with lake 

bottom slope (r = -0.41, p = 0.024, Figure 4-2b). This relationship indicates that meteotsunamis 

tend to occur earlier in the year at water level stations which are located on steeper bottom 

slopes. In terms of meteotsunami mechanisms, as bottom slope increases, the speed at which 

edge waves travel along the shoreline also increases [Ursell, 1952]. In turn, propagation 

resonance of edge waves over steeper bottom slopes requires faster storm propagation speeds 

[Greenspan, 1956]. Thus, meteotsunamis tend to occur earlier in the year at locations where 
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faster moving storms are likely to cause propagation resonance. Indeed, cloud level winds (300 

mb to 850 mb), which are positively related to convective storm speed [Corfidi et al., 1996], tend 

to be greatest early in the year and decrease to a minimum in the mid-summer according to 

observed Great Lakes-region upper air sounding climatologies complied by the NOAA Storm 

Prediction Center. Thus, variations in the monthly occurrence of meteotsunamis in the Great 

Lakes region may be explained by the propagation resonance characteristics of local bathymetry 

and seasonal patterns in storm speed. 

The fraction of events which are associated with linear storm structures has a positive 

relationship with the longitude of the water level station (r = 0.54, p = 0.002, Figure 4-2c) and a 

negative relationship with cyclone frequency at the water level station (r = -0.49, p = 0.006, not 

shown for brevity). Thus, meteotsunamis tend to be associated with a greater fraction of linear 

storms in the eastern portion of the Great Lakes as well as in areas where cyclone frequencies 

decrease. The fraction of events associated with complex convective storm structures has a 

negative relationship with the longitude of the water level station (r = -0.51, p = 0.003, Figure 

4-2d). While studies which compare linear and complex storms at the sub-regional scale are rare, 

the distribution of linear-type and complex-type storms through the Great Lakes region provide 

insight into these relationships. Contours of mesoscale convective complex activity vary 

longitudinally across the Great Lakes with peak activity in the west [Ashley et al., 2003]. On the 

other hand, derechos, which are intense convective windstorms that are typically arranged in a 

linear manner, have a primarily latitudinal variation in activity across the Great Lake, with peak 

activity located to the south [Ashley and Mote, 2005]. Thus, spatial variations in mesoscale 

convective complex activity may explain the longitudinal patterns in linear and complex storm 

structures associated with meteotsunamis in the Great Lakes. 
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4.3.2. Lake-by-Lake Comparisons 

Meteotsunami size-frequency distributions for each lake are shown in Figure 4-3. 

Overall, Lake Michigan experiences the largest meteotsunamis with a 10 year return level of 1.3 

m. Lakes Superior and Ontario experience the smallest meteotsunamis, with 10 year return levels 

of 0.65 m and 0.70 m, respectively. Lakes Erie and Huron have nearly identical 10-year return 

levels at 0.96 m and 0.98 m, respectively, though the distribution of Lake Huron meteotsunami 

sizes is more tail-weighted. This difference is evident in the shape parameter β at each lake, 

which is inversely related to the in growth of return level [Geist and Parsons, 2014]. Amongst 

the five lakes, Lake Erie has the least tail-weighted distribution of meteotsunami heights (β = 

6.5) whereas Lake Huron has the most tail-weighted distribution (β = 4.2). A similar difference 

can also be seen between the distributions of Lake Superior (β = 6.1) and the less tail-weighted 

Lake Ontario (β = 5.0). 
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Figure 4-3: Lake-wide meteotsunami height observations (dots) fit with the Pareto Type 1 

distribution (solid line). 

The monthly distribution of meteotsunami occurrences in the Great Lakes is illustrated in 

Figure 4-4a-f. Great Lakes meteotsunami occurrences as a whole rise sharply in April, reach a 

maximum in May, and gradually decrease in frequency until October, yielding a peak three 

month season of April, May, and June. Meteotsunamis in Lake Michigan were revealed by 

Bechle et al. [2015] to occur is primarily in the spring and early summer (April, May, and June). 

Lakes Huron and Ontario exhibit similar seasonality as Lake Michigan (April, May, June). Lake 

Superior meteotsunamis occur later in the year (May, June, July), with a peak in June. Of all the 

Great Lakes, meteotsunamis in Lake Erie meteotsunamis occur latest in the year (May, June, 

July) with maxima in June and July. Interestingly, Lakes Michigan, Huron, and Ontario, which 
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share a  peak three month meteotsunami season, also have similar average depths (85 m, 59 m, 

and 86 m) when compared with Lake Superior (147 m) and Lake Erie (19m). Thus, similar to the 

results of the Great Lakes-basin wide regression analysis, bathymetry may be associated with the 

monthly occurrence of meteotsunamis. 

 

Figure 4-4: (a)-(f) Monthly distributions of meteotsunamis observed in each lake. (g)-(l) Annual 

distribution of meteotsunamis observed in each lake, normalized for the number of 

stations operational in each year. A five year moving average in annual 

meteotsunami occurrences is also plotted. 
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The annual distribution of meteotsunami events is illustrated for each lake in Figure 4-4f-

l. For all lakes, individual years with the greatest number of meteotsunami are between 1996 to 

2002 and 2011 to 2013. A five-year moving average is calculated to visualize longer-term trends. 

For the entire Great Lakes as a whole, there is a bimodal annual distribution with local maxima 

in five-year moving average at 2000 and 2012 and a local minima at 2006. Lakes Superior, 

Michigan, and Ontario all have a bimodal distributions in the five-year moving average of annual 

occurrence, with a shared local maxima in 2012, another local maxima in 2000, 2000, and 1998, 

respectively, and a local minima in 2008, 2007, and 2005, respectively. Lakes Huron and Erie 

have maxima in the five year moving average of annual occurrence in 2012. The source of these 

annual variations in meteotsunami occurrences is yet unknown, as the temporal trends are not 

correlated well with climactic oscillations such as the El Nino Southern Oscillation, Pacific 

Decadal Oscillation, or the North Atlantic Oscillation. In general, frequent meteotsunami activity 

occurred in the Great Lakes in the late 1990s to early 2000s, decreased through the mid to late 

2000s, and increased again in the 2010s. 

The storm types associated with meteotsunamis classified for each lake are illustrated in 

Figure 4-5. For all lakes, convective storm structures are associated with at least 70% of 

meteotsunamis. Lake Superior meteotsunamis has the largest portion of convective structures 

(87%). Convective complexes are associated with the greatest number of meteotsunamis for all 

lakes except for Lake Ontario, where linear structures are associated with nearly 43% of the 

meteotsunamis. This lake-by-lake comparison agrees with the longitudinal pattern in storm 

structures observed in the Great Lakes-wide regression analysis. For non-convective events, the 

fraction of meteotsunamis associated with frontal storms is the greatest in Lake Ontario, which 

also has been observed to experience the largest density of frontal passages among the five lakes 
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[Payer et al., 2011]. Lakes Michigan and Huron experience the greatest fraction of events 

associated with cyclones, consistent with peaks in the frequency of strong cyclones over the 

Great Lakes [Angel et al., 1996]. Atmospheric gravity waves in the absence of convective or 

frontal systems are a minor contributor to Great Lakes meteotsunamis, consistent with Bechle et 

al., [2015]. Overall, meteotsunamis in the Great Lakes are primarily associated with complex 

and linear convective storm structures, with a secondary contribution from frontal-type 

structures.  

 

Figure 4-5: Distribution of storm structures associated with meteotsunamis which exceed the 1-

year return level, with warm colors (red, orange, and yellow) representing 

convective structures, cool colors (blues) representing frontal-type structures, and 

green representing atmospheric gravity waves. 
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4.4. Discussion and Conclusions 

Regional analysis of Laurentian Great Lakes water level records and radar data reveal 

that meteotsunamis in generally occur from the late-spring to mid-summer and are associated 

primarily with convective storms. Regional patterns in meteotsunami magnitude, season, and 

causative storms are examined with both a Great Lakes-wide regression analysis and a lake-by-

lake comparison. Across the region, meteotsunami height tends to increase along the major axis 

of the lake in the leeward direction of storm propagation, consistent with the propagation 

resonance mechanism in which amplification grows with the distance traveled by the wave 

[Greenspan, 1956; Hibiya and Kajiura, 1982]. The monthly distribution of meteotsunamis is 

found to be negatively related with lake bottom slope in the regression analysis. In a lake-by-lake 

perspective, similarities in the seasonal distribution of meteotsunamis were found between lakes 

with comparable average depths. As bottom slope and water depth dictate propagation speed for 

edge [Greenspan, 1956] and long waves [Proudman, 1929], respectively, these relationships 

suggest that the seasonal distribution of meteotsunamis may be related to the resonance 

characteristics of the water body. Linear and complex convective storms are the dominant storm 

structures associated with meteotsunamis in the Great Lakes. The role of complex convective 

storms tends to increases westward across the region whereas the role of linear storms decreases 

along the same direction. This pattern is consistent with longitudinal variations in mesoscale 

convective complex storms across the region [Ashley et al, 2003]. 

Interestingly, while meteotsunamis in the Great Lakes are strongly connected with 

convective storms, the peak season for meteotsunami occurrence in the Great Lakes precedes 

that of the mid-summer peak in convective activity [Kelley et al., 1985]. Bechle et al. [2015] 

noted that the late-spring to early summer meteotsunami seasonality in Lake Michigan 
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corresponded well with the occurrence of the strongly-stable overlake boundary layer [Graham, 

2004; Workoff et al., 2012], though a mechanistic connection of boundary layer physics to 

meteotsunami formation was unclear. Analysis of meteotsunamis in the Great Lakes at the 

regional scale has revealed another possible explanation for this disconnect between peak 

meteotsunami and convective activity. Both the positive relationship between monthly 

occurrence of meteotsunamis and lake bottom slopes as well as shared meteotsunami seasonality 

for lakes of similar depth suggest that the propagation resonant characteristics of the lake may 

control the seasonal occurrence of meteotsunamis. While convective activity may peak in the 

mid-summer, storm speeds in the late-spring and early summer may be more conducive to 

propagation resonance with Great Lakes bathymetry than storm speeds in the mid-summer. 

Further study into the storm velocities of meteotsunami-causing storms compared with null cases 

which do not cause meteotsunamis is needed to address this relationship in detail. Overall, the 

regional-scale analysis of meteotsunamis in the Great Lakes reveals valuable insight into the role 

of physical and atmospheric setting on meteotsunami occurrence which can be useful to identify 

both the times and locations which may be most vulnerable to destructive meteotsunami events. 
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5. Worldwide Meteotsunami Occurrence 

The following is to be submitted to Nature Geoscience 

 

5.1 Introduction 

Meteotsunamis occur throughout the world’s ocean and large lakes, where individual 

meteotsunami events have reached heights of 6 meters [Vučetić et al., 2009], inflicted millions of 

dollars in damage [Vilibić et al., 2008; Orlić et al., 2010; Tanaka, 2010], and claimed numerous 

lives [Ewing et al., 1954; Hibiya and Kajiura, 1982; Haslett and Bryant, 2009; Cho et al., 2013]. 

The formation of a destructive meteotsunami involves three main processes: wave generation by 

an atmospheric disturbance, propagation resonance with the atmospheric disturbance 

[Proudman, 1929; Greenspan, 1956], and local amplification at the coast through shoaling, shelf 

resonance, and harbor resonance [Rabinovich, 2009]. Owing to the dependence on multiple 

resonant mechanisms, meteotsunamis are considered a local process much like landslide 

tsunamis [Lynett and Liu, 2002] compared with the potential transoceanic scale of seismic 

tsunamis [Titov et al , 2005]. Nevertheless, atmospheric disturbances can yield a tsunami threat 

to regions which are not traditionally recognized as seismically tsunamigenic [ten Brink et al., 

2014]. Owing to their local scale, meteotsunamis have been studied primarily on an episodic 

basis [Wang et al., 1987; Akamatsu, 1982; Rabinovich and Monserrat, 1996; Šepić et al., 2009; 

Šepić et al., 2011] or more recently at a regional scale [Bechle et al., 2015; Orlić, 2015; Šepić et 

al., 2015]. While meteotsunamis are recognized worldwide [Pattiaratchi and Wijeratne, 2015], 

meteotsunami occurrences have yet to be assessed in global perspective. Here the spatial and 

temporal occurrence of meteotsunamis recorded throughout the world is investigated to identify 
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regions of meteotsunami activity, seasonal patterns in meteotsunami occurrence, and relations to 

local storm climate.  

5.2. Methods 

A database of historic meteotsunami events is aggregated from the published literature, 

National Geophysical Data Center (NGDC)/World Data Service Global Historical Tsunami 

Database, the Novosibirsk Tsunami Laboratory (NTL) Historical Tsunami Databases for the 

World Ocean, and unpublished anecdotal accounts. Tsunamis of meteorological origin were 

selected from the NGDC and NTL databases based upon the reported cause code. Events from 

the NGDC database are categorized based upon reported numbers of deaths, injuries, or damages 

whereas events from the NTL database only report a damage code. As many events appear in 

both the NGDC and NTL databases, events were cross-referenced by date and location to 

remove coincident reports. Unpublished reports of meteotsunamis were collected from a survey 

of newspaper databases, web search engines, and social media (Twitter, YouTube) using 

keywords “meteotsunami”, “meteo-tsunami”, and “meteorological tsunami”. Furthermore, a 

targeted search of newspaper databases was performed with expanded search terms including 

“tidal wave” and “tsunami”, similar to the work of Haslet and Bryant [2009] in the United 

Kingdom. Identified meteotsunami events are mapped based on impact (i.e. death, injury, or 

damage, or no reported impact) and compared with bathymetry and climate. Zones of high 

meteotsunami activity are identified based upon event groupings in close geographic proximity 

and hydrodynamic connectivity. Seasonal distributions of meteotsunamis are obtained by 

binning events by month of occurrence. 
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5.3. Results 

The occurrence of reported meteotsunamis throughout the world is illustrated in Figure 

5-1. To date, reported meteotsunamis are primarily located in the northern hemisphere. The 

majority of meteotsunamis occur in relatively shallow water (H<200m) along wide shelves 

(>100 km) (see Appendix B Figure B1). Depths in this range correspond to long wave speeds 

less than 45 m/s, which would allow for long wave resonance on the shelf to occur at realistic 

atmospheric disturbance speeds [Proudman, 1929]. In contrast, significant propagation 

resonance is unlikely to occur in deeper water or over narrow shelf slopes. For example, 

meteotsunamis in the Mediterranean Sea tend to occur in shallower sub-basins such as the 

Adriatic [Šepić et al., 2012] and Aegean Seas [Papadopoulos, 1993] rather than the much deeper 

Laguarian, Tyrrhenian, and Ionian Seas. The majority of meteotsunamis occur in the temperate 

and continental Kӧppen climate zones, [Chen and Chen, 2013], whereas very few events occur 

in tropical, dry, or polar climates (see Appendix B Figure B2). While dry and polar climates do 

not frequently experience convective storms, a common atmospheric disturbance type associated 

with meteotsunamis [Belušić et al., 2007; Šepić et al. 2009; Bechle et al., 2015], many tropical 

regions experience high convective activity [Brooks et al., 2003; Christian et al., 2003; Zipser et 

al., 2006]. Nevertheless, the lack of reported meteotsunami occurrences in tropical regions 

suggests that these storms may not meet the resonant criteria of the water bodies, which 

coincidentally tend to have greater depths and narrower shelfs compared with the water bodies in 

the temperate and continental climate zones (see Appendix B, Figure B2). Overall, the spatial 

distribution of meteotsunamis throughout the World Ocean demonstrates the importance of both 

the bathymetry and atmospheric setting of the water body in meteotsunami formation.  
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Figure 5-1: Occurrence and impact of meteotsunamis worldwide 

 The seasonal distribution of reported meteotsunamis is illustrated in Figure 5-2 as a 

histogram of monthly occurrences. Overall, worldwide meteotsunamis occurrences peak from 

May to August, during the warm season for the northern hemisphere. To examine the seasonal 

meteotsunami occurrence in different parts of the world, the monthly distribution are broken into 

six major meteotsunami regions: the Laurentian Great Lakes, the North American East Coast, the 

North American West Coast, the Mediterranean, Northern Europe, and Eastern Asia (see 

Appendix B Figure B3 for a map of these regions). The overall pattern of warm season 

meteotsunamis is consistent in the Mediterranean, Northern Europe, and the Great Lakes regions 

(note that the Great Lakes monthly distribution of reported meteotsunamis has a higher 

percentage of events in May compared with the distribution derived from water level records in 

Chapter 5). In all three of these regions, meteotsunamis are typically associated with convection 

[Belušić and Strelec Mahovic, 2009; Haslett et al., 2009; Bechle et al., 2015]. In each of these 

regions, convective activity also peaks during the mid-summer (June, July, August) [Morel and 
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Sensi, 2002; Kolios and Feidas, 2010; Mikus et al., 2012; Workoff et al., 2012]. Interestingly, 

Great Lakes meteotsunami seasonality precedes peak convective seasonality [Bechle et al., 2015] 

whereas Mediterranean and Northern European meteotsunami seasons align well with the 

convective season. Cold season peaks in reported meteotsunamis occur along the North 

American East and West coasts as well as Eastern Asia. Meteotsunamis reported along the North 

American East Coast are primarily linked with tropical and extratropical cyclones in the cold 

season [Mercer et al., 2002; Pasquet et al., 2013] and convective storms in the warm season 

[Churchill et al., 1995; Pasquet and Vilibić, 2013; Wertman et al., 2014]. The origins of cold 

season meteotsunamis along the North American West Coast are less clear [Thomson et al., 

2009], though some events are associated with extratropical cyclones [Rabinovich and 

Stephenson, 2004]. Similarly, cold season meteotsunamis in Eastern Asia are associated with a 

variety of sources, including cyclones [Tanaka et al., 2012], fronts [Tanaka, 2010; 2012], and 

convection [Cho et al., 2013; Tanaka et al., 2013]. 

 

Figure 5-2: Monthly distribution of meteotsunami events reported in the literature, databases, and 

news reports. 
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5.4. Discussion and Conclusions 

 Meteotsunamis are potentially damaging and deadly water waves that have been reported 

worldwide. Overall, these destructive waves have been reported mostly in the northern 

hemisphere in water depths below 200 meters and in temperate or continental climates. 

Consistent with meteotsunami generation mechanisms, these characteristics allow for 

propagation resonance with relatively fast moving storms. Reported meteotsunamis occur 

primarily in the warm season and are associated with convective storms, though some regions 

experience a meteotsunami peak in the cold season, associated with cyclone activity. Owing to 

their dependence on atmospheric processes, it is possible that meteotsunami patterns will shift 

under a changing climate. For example, simulations of future climate scenarios over the United 

States indicate a likely increase in the number of days favorable to severe thunderstorm 

formation over both the Great Lakes and East Coast, particularly in the spring season [Trapp et 

al., 2007; Diffenbaugh et al., 2013; Seeley and Romps, 2015]. This would suggest that the 

convectively associated meteotsunamis in these regions may see an overall increase in 

occurrence frequency or a temporal shift in occurrence to earlier in the warm season. On the 

other hand, the frequency of tropical and extratropical cyclones may decrease under a changing 

climate [Christensen et al., 2013], suggesting that meteotsunamis associated with cyclones may 

become less prevalent. In summary, a growing body of research has revealed that meteotsunamis 

pose a clear risk to many regions of the world, particularly those areas located in temperate or 

continental climates with wide areas of water depths less than 200 meters. While these general 

patterns are revealed from reported meteotsunamis, ongoing efforts are required both to 

characterize meteotsunami climatology and predict damaging events in order to mitigate the 

threat from these coastal hazards. 
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6. Conclusion 

6.1 Summary 

The Laurentian Great Lakes are a region with an active and impactful meteotsunami 

history, illustrated by many events which have resulted in destruction, injury, and death [Ewing 

et al., 1954; Donn and Ewing, 1956; Irish 1965; Murty and Freeman, 1973; As-Salak and 

Schwab, 2004; Šepić and Rabinovich, 2014; Anderson et al., 2015]. Nevertheless, many detailed 

meteotsunami processes in these large events remain unclear. Beyond these large events, the 

meteotsunami climate of the Great Lakes is also unknown in terms of size frequency, seasonal 

occurrence, and causative storms. In view of these knowledge gaps, the objective of this research 

was to characterize Great Lakes meteotsunamis in terms of both physical mechanisms as well as 

historic meteotsunami occurrence statistics.  

In Chapter 2, two large meteotsunami events on Lake Michigan were simulated with a 

numerical model to investigate the detailed behavior of these events. Both atmospheric pressure 

and wind perturbations were found to be essential to explain the magnitude of the wave activity. 

Long waves and edge waves were found be critical to each event, with the superposition of edge 

and long waves responsible for the greatest meteotsunami height observed in the second event. 

The relative importance of long and edge waves in these events was shown to be sensitive to 

changes the atmospheric disturbance speed and direction. The findings of this analysis 

demonstrate that the enclosed Lake Michigan basin retained and focused wave energy, leading to 

the large magnitude, long duration, and destructive nature of the events.  
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In Chapter 3, the occurrence of meteotsunamis in Lake Michigan was quantified at 10 

locations from up to 20 years of historical water level records. The Pareto Type 1 distribution 

was used to estimate meteotsunami exceedance probabilities in the lake, with the largest annual 

return level found at Calumet Harbor, IL (0.62 m). Analysis of radar imagery indicates that Lake 

Michigan meteotsunamis are associated primarily with convective storm structures, with a 

secondary contribution from frontal storms. Meteotsunami events occur primarily in the late 

spring and early summer, which precedes the peak convective storm season over the lake. 

Overall, this statistical analysis provides valuable insight into the spatial and temporal 

occurrence of meteotsunamis in Lake Michigan. 

In Chapter 4, a regional analysis of meteotsunami characteristics across the Great Lakes 

was performed, expanding upon the results of Chapter 3. Meteotsunamis generally occur in the 

Great Lakes from the late-spring to mid-summer and are associated primarily with convective 

storms. Across the region, meteotsunami height tends to increase along the major axis of the lake 

in the leeward direction of storm propagation. The monthly distribution of meteotsunamis is 

found to be negatively related with lake bottom slope which suggests that the seasonal 

distribution of meteotsunamis may be related to the resonance characteristics of the water body 

[Proudman, 1929; Greenspan, 1956]. Complex convective storms tend to be the dominant storm 

structure associated with meteotsunamis in the western Great Lakes whereas linear storm 

structures tend to dominate in the eastern Great Lakes. Overall, the regional-scale analysis of 

meteotsunamis in the Great Lakes reveals valuable insight into the role of physical and 

atmospheric setting on meteotsunami occurrence. 
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In Chapter 5, a worldwide data base of reported meteotsunami events is compiled to 

examine global patterns in meteotsunami occurrence. In general, reported meteotsunamis are 

located in temperate or continental climates of the northern hemisphere that have wide shelfs 

(>100 km) with water depths below 200 m. Meteotsunamis in the Great Lakes, Mediterranean, 

and Northern Europe tend to occur in the warm season and are associated with convection 

whereas meteotsunamis on the North American East Coast, North American West Coast, and 

Eastern Asia tend to occur in the cold season in response to cyclone or frontal-type events. This 

global assessment of meteotsunamis provides insight into the physical and atmospheric 

characteristics that make regions vulnerable to meteotsunamis. 

6.2 Conclusions 

 Atmospheric pressure perturbations and wind stress are both important to 

meteotsunami formation in the Great Lakes 

While the potential of wind stress to significantly contribute to meteotsunami height has 

been recognized [Platzman, 1965; Vilibić et al., 2005; Orlić et al,. 2010], to date wind stress has 

been viewed as a secondary meteotsunami forcing compared to atmospheric pressure [Šepić et 

al., 2008; Orlić et al., 2010; Renault et al., 2011]. Previous studies of the Lake Michigan 

meteotsunami events did not consider wind stress in their analysis [Ewing et al., 1954; Platzman, 

1958; Donn and Ewing, 1956]. The model results in Chapter 2 indicate that wind stress was 

responsible for 40% and 68% of the wave heights in the June 26, 1954 and July 6, 1954 Lake 

Michigan meteotsunami events, respectively. Clearly, wind stress can play a significant role in 

generating meteotsunamis in Lake Michigan. It is also important to note that the observed wind 

speeds of 25 and 32 m/s for June 26, 1954 and July 6, 1954 events, respectively, are much 
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greater than that of any other meteotsunami that had been discussed in the literature. Recent 

work by Anderson et al. [2015] also revealed that both pressure and wind perturbations were 

responsible for the formation of a 2012 Lake Erie meteotsunami. This suggests that the role of 

wind stress in Great Lakes meteotsunamis may be unique compared with the rest of the word.  

 Long waves and edge waves can interact to create large meteotsunamis, especially in 

enclosed basins 

The simulation results of Chapter 2 reveal that long waves and edge waves were 

generated simultaneously in the two historic Lake Michigan meteotsunami events studied. While 

edge waves did not play a major role in the destructive wave that struck Chicago in the June 26, 

1954 event, significant oscillations (H>0.5 m) due to edge waves occurred hours after the initial 

wave. The enclosed nature of the Lake Michigan allowed this edge wave energy to remain in the 

basin and propagate for over a day, hindering rescue efforts. In the July 6, 1954 event, the largest 

wave observed was the result of edge wave and long wave superposition, with a height 60% 

larger than the other waves in the lake. Nevertheless, the presence of the long wave was not 

considered in the original analysis of Donn and Ewing [1956]. Furthermore, the enclosed nature 

of the Lake Michigan basin enabled edge waves generated on both the east and west coasts of the 

lake to meet and superpose to heights in excess of 1 meter along the coast. The role of edge 

waves and long waves in these meteotsunamis is sensitive to storm speed and direction. Long 

waves and edge waves were also found to both have significant role in the 2012 Lake Erie 

meteotsunami studied by Anderson et al. [2015]. Overall, the hydrodynamic model results 

presented in this dissertation indicate that edge waves and long waves can be generated 

simultaneously and interact to create a large meteotsunami.  



144 

 

 Great Lakes meteotsunamis occur primarily in the late-spring to mid-summer and are 

associated with convective storm structures 

Long term analysis of Great Lakes meteotsunami water level records reveals that 

meteotsunamis primarily occur from April to June. The majority (78%) of meteotsunamis are 

associated with convective storm structures, particularly convective complexes and linearly 

organized convection. Frontal-type storms have a secondary contribution to meteotsunami 

generation in the Great Lakes. Interestingly, while meteotsunamis in the Great Lakes are strongly 

connected with convective storms, the peak season for meteotsunami occurrence in the Great 

Lakes precedes that of the mid-summer peak in convective activity [Kelley et al., 1985]. 

Compared with two other warm season meteotsunami regions (Mediterranean and Northern 

Europe), the Great Lakes is the only region where this disconnect in meteotsunami and 

convective season is apparent. Possible explanations for this discrepancy include the strength of 

the strongly-stable overlake boundary layer [Workoff et al., 2012] and seasonal variations in 

convective storm speed over the lakes. 

 

 Patterns in Great Lakes meteotsunami characteristics are associated with physical and 

atmospheric features of the Great Lakes region 

Regional patterns in Great Lakes meteotsunami magnitude, season, and causative storm 

characteristics exhibit relationships with the physical and atmospheric features of the region. 

Across the region, meteotsunami height tends to increase along the major axis of the lake in the 

leeward direction of storm propagation, consistent with the propagation resonance mechanism in 

which amplification grows with the distance traveled by the wave [Greenspan, 1956; Hibiya and 

Kajiura, 1982]. Across the region, mean month of meteotsunami occurrence has a significant 
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negative linear relationship with lake bottom slope whereas lakes of comparable average depths 

were found to have similar monthly distributions in meteotsunami occurrence. As bottom slope 

and water depth dictate propagation speed for edge and long waves, respectively, these 

relationships suggest that the seasonal distribution of meteotsunamis may be related to the 

propagation resonance characteristics of the water body [Proudman, 1929; Greenspan, 1956]. 

The role of complex convective storms tends to increases westward across the region whereas 

the role of linear storms decreases along the same direction, consistent with longitudinal 

variations in the historical occurrence frequency of mesoscale convective complex storms across 

the region [Ashley et al, 2003]. These regional patterns in Great Lakes meteotsunamis reveal 

valuable insight into the role of the physical and atmospheric setting of the region on 

meteotsunami occurrence. 

 

6.3 Recommendations for Future Work 

A future detailed investigation into the storms which cause meteotsunamis in the Great 

Lakes could explain patterns observed in this research. While this dissertation revealed the storm 

types responsible for meteotsunamis in the Great Lakes, an assessment of the associated storm 

propagation speed, direction, atmospheric pressure perturbations, and surface wind stress would 

reveal how these storms interact with the water surface to generate the meteotsunamis. An 

analysis of the null storms which do not generate meteotsunamis over this same period would 

provide further information to better identify the storm motion and surface perturbations 

favorable to meteotsunamis in the Great Lakes. Seasonal variations in meteotsunamigenic and 

non-meteotsunamigenic storms could be used to shed light on the seasonal patterns in 
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meteotsunami occurrence observed in this dissertation. Specifically, this analysis would reveal if 

seasonal variations in storm speed could explain why the monthly distribution of meteotsunamis 

precedes the months of peak convective storm activity in the region. Furthermore, detailed 

analysis of the atmospheric environment during these meteotsunamis would shed light into the 

role of atmospheric gravity waves in Great Lakes meteotsunamis. While atmospheric gravity 

waves are recognized as a main cause of meteotsunamis in the Mediterranean [Monserrat et al., 

1991; Šepić et al., 2009, 2012], the level of analysis required to attribute surface perturbations to 

atmospheric gravity waves was out of the scope of the climatological analysis performed in this 

dissertation. Nevertheless, understanding the role of atmospheric gravity waves in Great Lakes 

meteotsunamis remains important in order to compare the Great Lakes meteotsunami processes 

to those in other regions. 

A probabilistic tsunami hazard assessment (PTHA) type study [Geist and Parsons, 2006; 

González et al., 2009] could provide spatial depiction of meteotsunami occurrence frequency 

throughout the Great Lakes that goes beyond the discrete return levels established in this 

dissertation. PTHA uses probabilities of tsunami source parameters to stochastically simulate 

tsunami events using a numerical model to estimate tsunami return levels. Geist et al. [2014] 

applied this concept to estimate the meteotsunami probabilities along the U.S. East Coast, though 

source probabilities were limited to squall line thunderstorms, which were recognized as a 

limited subset of possible meteotsunami sources. To apply PTHA for meteotsunami in the Great 

Lakes, the probability of causative atmospheric disturbance parameters such as speed, direction, 

and surface perturbations would need to be estimated for all storm structure types identified in 

this dissertation to be associated with meteotsunamis. This probability space could be built from 

the comprehensive storm analysis recommended earlier in this section. Hydrodynamic models 
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such as Lake Michigan model employed in Chapter 2 would be used to simulate the 

meteotsunami response throughout the lakes in response to a stochastically sampled set of storm 

conditions. This approach would provide return levels at a higher spatial resolution than the 

empirical analysis of Chapter 3 and 4 of this dissertation to improve estimates of the 

meteotsunami threat in the Great Lakes. Nevertheless, the empirical analysis performed in this 

dissertation would be critical to validate the return levels established in a PTHA study of 

meteotsunamis in the Great Lakes.  

Great Lakes risk and vulnerability to meteotsunamis could also be assessed based on 

meteotsunami probabilities. Meteotsunami heights at specified return levels would be used to 

assess potential damage to coastal infrastructure using software such as Hazus-HM, the FEMA 

standard for estimating economic losses due to earthquakes, floods, and hurricanes. While 

Hazus-MH has default generic flood depth-to-damage relationships, these relationships may 

need to be modified for meteotsunamis to account for the large currents and dynamic velocities 

of meteotsunamis [Vilibić et al., 2008; Asano et al., 2012] in addition to their inundation 

potential. The resulting spatial assessment of the impacts of meteotsunamis on infrastructure 

would provide decision makers risk-based information to develop mitigation and resiliency 

strategies. 

Finally, short-term meteotsunami forecasts should be developed to provide warning of 

imminent events to coastal users. An empirical warning system could be created in which real-

time storm conditions such as propagation speed, direction, and pressure and wind perturbations 

could be compared against the database of historic meteotsunamigenic storms to assess whether 

a storm with those characteristics has produced meteotsunamis in the past. Furthermore, a 

heuristic model could be created which invokes analytical solutions to propagation resonance 
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and an understanding of local wave transformations to provide a rapid estimate of potential 

meteotsunami height. To provide a more complete forecast of a potential meteotsunami, a real 

time hydrodynamic model could be developed, though two major barriers exist. First, the 

computational costs of running a high-resolution hydrodynamic model that resolves detailed 

meteotsunami processes would be prohibitive to real-time simulation. A “forecast laboratory” 

could be used to simulate historic events to determine the necessary balance between model 

resolution and accuracy to achieve real-time meteotsunami simulation. Second, current real-time 

meteorological conditions used to force Great Lakes operational hydrodynamic models are not of 

high spatial and temporal resolution to faithfully represent meteotsunami processes [Anderson et 

al., 2015]. High-resolution meteorological simulations (space~1 km, time~6 sec) have been 

shown to provide reasonable forcing conditions for hydrodynamic models to simulate 

meteotsunami processes [Horvath and Vilibić, 2014; Anderson et al., 2015]. The development of 

a real-time hydrodynamic meteotsunami simulation system requires close collaboration with 

researchers who develop and implement state-of-the-art weather forecasts models. 
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Appendix A Supplemental Material for Chapter 4 

 

Figure A1: Map of the mean month of meteotsunami occurrence at each water level station 

 

Figure A2: Map of the fraction of meteotsunami events associated with convective storm 

structures observed at each water level station 

Mean Month 
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Figure A3: Map of the fraction of meteotsunami events associated with linear convective storms 

structures observed at each water level station 

 

Figure A4: Map of the fraction of meteotsunami events associated with complex convective 

storm structures observed at each water level station 
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A.2 Supplemental Tables 

Table A1: Historic Great Lakes meteotsunamis from literature and news reports 

Lake Location Date Height (m) Injury Damage Deaths Reference 

Superior Ashland, WI 1895/09/14 2.0 
 

Y 
 

Quebec Saturday Budget [1895] 

Superior Rossport, ON 1933/10/03 - 
 

Y 
 

Montreal Gazette [1933] 

Superior Keweenaw Bay, MI 2011/05/31 1.0 
   

https://youtu.be/bYI1zIjJr4g [2011] 

Superior Sault St. Marie 2014/09/04 1.0 
 

Y 
 

www.sootoday.com [2014] 

Michigan St. Joseph, MI 1893/04/07 1.5 
 

Y 
 

Mortimer [2004] 

Michigan Chicago, IL 1954/06/26 3.0 
  

7 Ewing et al. [1954] 

Michigan Michigan City, IN 1954/06/26 1.0 
   

Harris [1957] 

Michigan Calumet Harbor 1998/05/31 1.7 
   

As-Salek and Schwab [2004] 

Michigan White Lake, MI 1998/05/31 1.7 
 

Y 
 

As-Salek and Schwab [2004] 

Michigan Waukegan, IL 1960/08/03 1.5 
   

Donn and Ewing [1956] 

Michigan Grand Haven, MI 1929/07/04 6.0 
  

10 Grand Haven Daily Tribune [1929] 

Michigan Holland, MI 1938/07/13 3.0 
  

3 Joint Archives of Holland [2001] 

Michigan Warren Dunes, IN 2003/07/04 1.5 
  

7 Guenther [2003] 

Michigan Kenosha, WI 1912/05/12 1.5 
 

Y 
 

Sandusky Star Journal [1905] 

Michigan Ludington, MI 1956/07/01 3.0 
 

Y 
 

Ludington Daily News [1956] 

Michigan Traverse City, MI 2015/06/10 - 
 

Y 
 

www.mlive.com [2015] 

Huron Presque Isle, MI 1925/05/23 3.0 
   

Ludington Daily News [1925] 

1
5
5
 



156 

 

Lake Location Date Height (m) Injury Damage Deaths Reference 

Huron Harbor Beach, MI 1952/05/05 1.5  Y  
 
Donn [1959] 

Huron Goderich, ON 1971/08/22 0.5    Murty and Freeman [1973] 

Huron Fort Gratiot, MI 1971/08/22 1.0 
   

Murty and Freeman [1973] 

Erie Cleveland, OH 1882/06/23 4.0 Y Y 1 Cleveland Plain Dealer [1882] 

Erie Ashtabula, OH 1912/04/12 - 
 

Y 
 

New York Times [1912] 

Erie Cleveland, OH 1942/05/31 5.0 
  

7 Toledo Blade [1942] 

Erie Cleveland, OH 1952/05/05 0.5 
   

Donn [1959] 

Erie Buffalo, NY 1952/05/05 1.0 
   

Donn [1959] 

Erie Madison, OH 2012/05/27 2.0 Y 
  

Anderson et al. [2015] 

Erie Perry, OH 2012/05/27 - 
 

Y 
 

Anderson et al. [2015] 

Ontario Sodus Point, NY 1925/05/23 1.3 
 

Y 
 

Montreal Gazette [1925] 

Ontario Rochester, NY 1979/08/07 1.5 
 

Y 
 

Chaston [1979] 

Ontario Greece, NY 2012/07/07 1.3 
   

13WHAM Rochester, NY [2012] 
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Appendix B   Supplemental Material for Chapter 5 

B.1 Supplemental Figures 

 

Figure B1: Bathymetry compared with world meteotsunami occurrences, plotted as dots (○). 
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Figure B2: Köppen climate classifications compared with world meteotsunami events, plotted as 

dots (○) 
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Figure B3: World meteotsunami zones defined based upon geographic proximity and water 

body. 

 



162 

 

B.2 Supplemental Tables 

Table B1: Worldwide meteotsunami events from the literature 

Lat Lon Country Body of Water Date Injury Damage Death Source 

-34.60 -58.38 Argentina Atlantic Ocean 1985/10/12 
   

Dragani et al. 2002 

-33.65 115.35 Australia Indian Ocean 2013/06/10 
   

Pattiaratchi and 
Wijeratne 2014 

40.40 49.88 Azerbaijan Caspian Sea - 
   

Bondarenko and 
Bychkov 1983 

-22.91 -43.20 Brazil Atlantic Ocean 2002/09/07 
   

Candella 2009 

43.41 28.38 Bulgaria Black Sea 2007/05/07 
   

Vilibic et al. 2010 

48.94 -125.25 Canada Straits of Juan de Fuca 2005/12/09 
   

Thomson et al. 2009 

48.37 -53.38 Canada Atlantic Ocean 1999/10/25 
 

Y 
 

Mercer et al. 2002 

47.49 -52.85 Canada Atlantic Ocean 2000/09/25 
 

Y 
 

Mercer et al. 2002 

43.74 -81.71 Canada Lake Huron 1971/08/22 
   

Murty and Freeman 
1973 

37.63 120.33 China Bohai Bay 1980/09/01 
   

Wang et al. 1987 

45.29 14.56 Croatia Adriatic Sea 2006/08/20 
   

Sepic et al. 2008 

44.27 14.77 Croatia Adriatic Sea 2007/08/22 Y Y 
 

Sepic et al. 2009 

44.53 14.47 Croatia Adriatic Sea 2008/08/14 
 

Y 
 

Belusic et al. 2007 

42.96 16.72 Croatia Adriatic Sea 1978/06/21 Y $25,000,000 
 

Vucetic et al. 2009 

43.18 16.58 Croatia Adriatic Sea 2003/06/27 
 

$2,000,000 
 

Vilibic et al. 2004 

43.18 16.58 Croatia Adriatic Sea 2003/06/28 
 

$2,000,000 
 

Vilibic et al. 2004 

43.51 16.45 Croatia Adriatic Sea 2000/08/31 
   

Vilibic and Mihanovic 
2003 

45.08 13.63 Croatia Adriatic Sea 1955/06/13 
   

Sepic et al. 2012 

45.08 13.63 Croatia Adriatic Sea 1955/07/04 
   

Sepic et al. 2012 

45.08 13.63 Croatia Adriatic Sea 1955/07/26 
   

Sepic et al. 2012 

45.08 13.63 Croatia Adriatic Sea 1958/08/22 
   

Sepic et al. 2012 

45.08 13.63 Croatia Adriatic Sea 1960/08/12 
   

Sepic et al. 2012 

45.08 13.63 Croatia Adriatic Sea 1965/07/04 
   

Sepic et al. 2012 

45.08 13.63 Croatia Adriatic Sea 1965/07/22 
   

Sepic et al. 2012 

1
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45.08 13.63 Croatia Adriatic Sea 1968/08/02 
   

Sepic et al. 2012 

45.08 13.63 Croatia Adriatic Sea 1974/06/29 
   

Sepic et al. 2012 

45.08 13.63 Croatia Adriatic Sea 1976/07/22 
   

Sepic et al. 2012 

45.08 13.63 Croatia Adriatic Sea 1976/10/30 
   

Sepic et al. 2012 

45.08 13.63 Croatia Adriatic Sea 1992/09/04 
   

Sepic et al. 2012 

45.08 13.63 Croatia Adriatic Sea 1994/08/17 
   

Sepic et al. 2012 

45.08 13.63 Croatia Adriatic Sea 2000/11/06 
   

Sepic et al. 2012 

45.08 13.63 Croatia Adriatic Sea 2005/06/29 
   

Sepic et al. 2012 

45.08 13.63 Croatia Adriatic Sea 2008/08/15 
   

Sepic et al. 2012 

60.01 24.53 Finland Gulf of Finland 2010/07/29 
   

Pellikka et al. 2014 

64.62 24.40 Finland Gulf of Bothinia 2010/08/08 
   

Pellikka et al. 2015 

60.47 22.03 Finland Archipelago Sea 2011/06/04 
   

Pellikka et al. 2016 

60.29 26.10 Finland Gulf of Finland 1924/05/15 
   

Renqvist 1926 

35.33 25.13 Greece Aegean Sea 1928/04/24 
   

Papadopoulos 1993 

40.65 22.90 Greece Aegean Sea 1959/02/23 
   

Papadopoulos 1993 

37.83 26.97 Greece Aegean Sea 1991/05/07 
   

Papadopoulos 1993 

45.63 13.80 Italy Adriatic Sea - 
   

Defant 1961 

37.65 12.58 Italy Straits of Sicily 1994/05/17 
   

Candella 1999 

32.78 129.87 Japan East China Sea 1979/03/31 Y Y 3 
Hibiya and Kajiura, 
1982 

32.78 129.87 Japan East China Sea 1988/03/16 
   

Rabinovich and 
Monserrat 1998 

31.83 129.87 Japan East China Sea 2009/02/25 
 

Y 
 

Tanaka et al. 2010 

32.30 130.02 Japan East China Sea 2009/02/25 
 

Y 
 

Tanaka et al. 2013 

34.65 129.39 Japan East China Sea 2009/07/15 
 

Y 
 

Tanaka 2012 

35.88 14.50 Malta Mediterranean Sea - 
   

Airy 1878 

51.92 4.50 Netherlands North Sea 1995/01/01 
   

de Jong 2003 

-35.84 174.49 New Zealand Pacific Ocean - 
 

Y 
 

Goring 2009 

43.80 146.75 Russia Sea of Okhotsk 1991/05/01 
   

Rabinovich and 
Monserrat 1996 

-32.70 18.23 South Africa Atlantic Ocean 1969/08/27 
 

Y 
 

Okal et al. 2014 

-34.18 22.13 South Africa Atlantic Ocean 1981/04/16 
   

Shillington 1984 

1
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36.03 129.37 South Korea Sea of Japan 
    

Park et al. 1986 

35.28 126.51 South Korea Yellow Sea 2007/03/31 1 Y 7 Cho et al. 2013 

36.33 126.62 South Korea Yellow Sea 2008/05/04 
 

Y 9 Cho et al. 2013 

42.02 3.22 Spain Mediterranean Sea 1981/07/02 
   

Rabinovich and 
Monserrat 1996 

41.12 1.25 Spain Mediterranean Sea 1972/07/11 
   

Rabinovich and 
Monserrat 1996 

40.02 3.82 Spain Mediterranean Sea 1975/09/16 
 

Y 
 

Rabinovich and 
Monserrat 1996 

40.02 3.82 Spain Mediterranean Sea 1977/07/14 
   

Rabinovich and 
Monserrat 1996 

40.02 3.82 Spain Mediterranean Sea 1981/07/02 
   

Rabinovich and 
Monserrat 1996 

40.02 3.82 Spain Mediterranean Sea 1981/07/18 
   

Rabinovich and 
Monserrat 1996 

40.02 3.82 Spain Mediterranean Sea 1982/07/29 
   

Rabinovich and 
Monserrat 1996 

40.02 3.82 Spain Mediterranean Sea 1984/06/21 
 

Y 
 

Rabinovich and 
Monserrat 1996 

40.02 3.82 Spain Mediterranean Sea 1985/06/14 
   

Rabinovich and 
Monserrat 1996 

40.02 3.82 Spain Mediterranean Sea 1985/06/19 
   

Rabinovich and 
Monserrat 1996 

40.02 3.82 Spain Mediterranean Sea 1985/07/03 
   

Rabinovich and 
Monserrat 1996 

40.02 3.82 Spain Mediterranean Sea 1985/07/31 
   

Rabinovich and 
Monserrat 1996 

40.02 3.82 Spain Mediterranean Sea 1989/07/07 
 

Y 
 

Monserrat et al. 1991 

40.02 3.82 Spain Mediterranean Sea 1989/08/11 
   

Monserrat et al. 1991 

40.02 3.82 Spain Mediterranean Sea 1990/07/28 
   

Monserrat et al. 1992 

40.02 3.82 Spain Mediterranean Sea 1990/09/07 
   

Monserrat et al. 1992 

40.02 3.82 Spain Mediterranean Sea 1990/09/24 
   

Monserrat et al. 1992 

40.02 3.82 Spain Mediterranean Sea 2006/06/15 
 

$1,000,0000 
 

Vilibic et al. 2008 

41.55 2.35 Spain Mediterranean Sea 1972/07/11 
   

Rabinovich and 
Monserrat 1996 

50.60 -2.52 
United 
Kingdom English Channel 1824/11/23 

 
Y 60 

Haslett and Bryant 
2009 

 1
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50.31 -4.07 
United 
Kingdom English Channel 1892/08/18 

 
Y 

 

Haslett and Bryant 
2009 

51.21 -4.12 
United 
Kingdom 

Bristol Channel/Celtic 
Sea 1910/12/16 

 
Y 

 

Haslett and Bryant 
2009 

51.08 1.17 
United 
Kingdom English Channel 1929/07/20 Y Y 2 

Haslett and Bryant 
2009 

51.04 -4.25 
United 
Kingdom Atlantic Ocean 1966/07/31 

 
Y 

 

Haslett and Bryant 
2009 

54.08 -0.19 
United 
Kingdom North Sea 1938/08/05 

   
Haslett et al. 2009 

50.69 -1.10 
United 
Kingdom English Channel 1957/07/06 

 
Y 

 
Haslett et al. 2009 

50.35 -4.00 
United 
Kingdom English Channel 2011/06/27 

   
Tappin et al. 2013 

29.20 -81.03 USA Atlantic Ocean 1992/07/02 75 Y 
 

Churchill et al. 1995 

27.53 -82.75 USA Gulf of Mexico 1995/03/25 
   

Paxton and Sobien 
1998 

43.85 -69.62 USA Atlantic Ocean 2008/10/28 
 

Y 
 

Vilibic et al. 2014 

39.75 -74.11 USA Atlantic Ocean 2013/06/13 
 

Y 
 

Lipa et al. 2014 

41.97 -87.66 USA Lake Michigan 1954/06/26 
  

7 Ewing et al. 1954 

41.73 -86.92 USA Lake Michigan 1954/06/26 
   

Harris 1958 

41.62 -87.32 USA Lake Michigan 1954/06/26 
   

Harris 1958 

41.53 -70.66 USA Long Island Sound 1953/11/23 
   

Donn and 
Balachandran, 1960 

39.38 -74.45 USA Atlantic Ocean 2008/03/05 
   

Pasquet et al. 2013 

36.18 -75.75 USA Atlantic Ocean 2008/06/17 
   

Pasquet et al. 2013 

39.38 -74.45 USA Atlantic Ocean 2009/01/08 
   

Pasquet et al. 2013 

36.18 -75.75 USA Atlantic Ocean 2009/01/29 
   

Pasquet et al. 2013 

34.21 -77.79 USA Atlantic Ocean 2009/03/29 
   

Pasquet et al. 2013 

42.31 -71.06 USA Atlantic Ocean 2010/02/26 
   

Pasquet et al. 2013 

39.38 -74.45 USA Atlantic Ocean 2010/03/13 
   

Pasquet et al. 2013 

28.42 -80.59 USA Atlantic Ocean 2011/04/05 
   

Pasquet et al. 2013 

36.18 -75.75 USA Atlantic Ocean 2011/10/28 
   

Pasquet et al. 2013 

36.18 -75.75 USA Atlantic Ocean 2010/05/16 
   

Pasquet and Vilibic 
2013 
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36.18 -75.75 USA Atlantic Ocean 2012/02/20 
   

Pasquet and Vilibic 
2013 

43.85 -82.65 USA Lake Huron 1952/05/05 
 

Y 
 

Donn 1959 

41.48 -81.67 USA Lake Erie 1952/05/05 
   

Donn 1959 

42.90 -78.85 USA Lake Erie 1952/05/05 
   

Donn 1959 

43.04 -82.41 USA Lake Huron 1971/08/22 
   

Murty and Freeman 
1973 

43.92 -88.33 USA Lake Michigan 1998/05/31 
   

As-Salek and Schwab 
2004 

43.38 -86.43 USA Lake Michigan 1998/05/31 
 

Y 
 

As-Salek and Schwab 
2004 

42.36 -87.82 USA Lake Michigan 1954/07/06 
 

Y 
 

Donn and Ewing 1956 

41.84 -81.05 USA Lake Erie 2012/05/27 3 
  

Anderson et al. 2015 

41.81 -81.14 USA Lake Erie 2012/05/27 
 

Y 
 

Anderson et al. 2015 

42.10 -86.48 USA Lake Michigan 1893/04/07 
 

Y 
 

Mortimer 2004 

43.24 -77.57 USA Lake Ontario 1979/08/07 
 

Y 
 

Chaston 1979 

43.92 -88.33 USA Lake Michigan 2012/06/29 
   

Sepic and Rabinovich 
2014 
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Table B2: Worldwide meteotsunami events from news and web reports 

Lat Lon Country Body of Water Date Injury Damage Death Source 

-38.65 143.07 Australia Indian Ocean 2012/07/09 
   

https://www.youtube.com/watch?v=LyI7hE
AD0Pc 

-32.19 -52.15 Brazil Atlantic Ocean 2014/02/09 
 

Y 
 

http://www.telegraph.co.uk/news/worldne
ws/southamerica/brazil/10632745/Meteor
ological-tsunami-hits-Brazilian-beach.html 

-23.85 -46.63 Brazil Atlantic Ocean 2009/04/11 Y 
  

https://www.youtube.com/watch?v=F4FGh
p2Dk3A 

42.96 16.72 Croatia Adriatic Sea 2009/11/28 
   

https://www.youtube.com/watch?v=X1j54
QGoNqQ&list=PL169EB76838AE117F&in
dex=3 

52.46 4.62 Netherlands North Sea 2012/01/03 
   

http://www.weer.nl/weer-in-het-
nieuws/weernieuws/ch/d05d0c68d11417a
125c0f9343b59c354/article/meteotsunami
_aan_nederlandse_kust.html 

41.16 -8.62 Portugal Atlantic Ocean 2014/01/06 
   

https://www.youtube.com/watch?v=McyPx
ZK6ZXE 

30.18 -85.81 USA Gulf of Mexico 2014/03/29 
 

Y 
 

http://www.extremestorms.com/meteo_tsu
nami.htm 

46.98 -88.43 USA Lake Superior 2011/05/31 
   

https://www.youtube.com/watch?v=bYI1zIj
Jr4g 

46.60 -90.89 USA Lake Superior 1895/09/14 
   

Quebec Saturday Budget 1895 
48.84 -87.52 USA Lake Superior 1933/10/03 

   
Montreal Gazzette, 1933 

46.54 -84.41 USA Lake Superior 2014/09/04 
   

www.sootoday.com 2014 
43.06 -86.23 USA Lake Michigan 1929/07/04 

  
10 Grand Haven Daily Tribune 1929 

42.78 -86.10 USA Lake Michigan 1938/07/13 
  

3 Reynolds 2001 
42.10 -86.48 USA Lake Michigan 1893/04/07 

 
Y 

 
Mortimer 2004 

41.92 -86.59 USA Lake Michigan 2003/07/04 
  

7 Guenther 2003 
42.58 -87.85 USA Lake Michigan 1912/05/12 

 
Y 

 
Sandusky Star Journal 1905 

43.96 -86.44 USA Lake Michigan 1956/07/01 
 

Y 
 

Ludington Daily News 1956 
44.75 -85.53 USA Lake Michigan 2015/06/10 

 
Y 

 
www.mlive.com 2015 

45.21 -82.65 USA Lake Huron 1925/05/23 
 

Y 
 

Ludington Daily News 1925 
41.48 -81.67 USA Lake Erie 1882/06/23 Y $700000 Y Cleveland Plain Dealer 1882 
41.88 -80.80 USA Lake Erie 1912/04/12 

 
Y 

 
New York Times 1912 

41.48 -81.67 USA Lake Erie 1942/05/31 
  

7 Toledo Blade 1942 
43.28 -77.57 USA Lake Ontario 1925/05/23 

 
Y 

 
Montreal Gazzette 1925 

43.24 -77.74 USA Lake Ontario 2012/07/07 
   

13WHAM Rochester, NY 2012 
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Table B3: Worldwide meteotsunami events from the National Geophysical Data Center (NGDC)/World Data Service Global 

Historical Tsunami Database 

Lat Lon Country Body of Water Date Injury Damage Death 

57.00 -152.00 USA Pacific Ocean 1792 
 

Y 
 38.08 -75.21 USA Atlantic Ocean 1821/09/03 

   35.60 139.70 Japan Pacific Ocean 1856/09/01 
   35.00 -120.00 USA Pacific Ocean 1877/04/16 
   40.00 -122.00 USA Pacific Ocean 1884/11/12 
   38.20 -122.40 USA Pacific Ocean 1898/03/31 
   33.80 -118.50 USA Pacific Ocean 1899/12/25 
   -14.21 -169.58 USA Territory Pacific Ocean 1915/02/11 
  

3 

10.00 138.00 Micronesia Pacific Ocean 1925/12/22 
 

Y 
 32.50 -115.50 USA Pacific Ocean 1927/01/01 

 
Y 1 

17.00 -104.00 Mexico Pacific Ocean 1927/09/06 
   -23.70 -70.40 Chile Pacific Ocean 1929/08/09 
   39.35 -74.42 USA Atlantic Ocean 1931/08/19 
  

4 

33.62 -117.97 USA Pacific Ocean 1933/03/11 
   33.70 -118.20 USA Pacific Ocean 1934/08/21 
 

Y 
 19.50 -155.50 USA Pacific Ocean 1935/11/21 

 
Y 

 39.95 -74.12 USA Atlantic Ocean 1938/09/21 
 

Y 
 38.93 -74.90 USA Atlantic Ocean 1944/09/14 

   43.10 -82.40 USA Lake Huron 1952/05/06 
 

Y 
 41.70 -86.88 USA Lake Michigan 1954/06/26 

  
8 

37.13 26.83 Greece Aegean Sea 1991/05/07 
   44.40 -67.97 USA Atlantic Ocean 1994/01/04 
   43.80 -69.70 USA Atlantic Ocean 2008/10/28 

 
Y 

 50.50 -3.00 United Kingdom English Channel 2011/06/27 
    

  1
6
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Table B4: Worldwide meteotsunami events from the Novosibirsk Tsunami Laboratory (NTL) Historical Tsunami Databases for the 

World Ocean 

Lat Lon Country Body of Water Date Damage 

34.40 138.40 Japan Pacific Ocean 1406/10/16  

34.50 137.60 Japan Pacific Ocean 1510/10/10  

34.50 135.30 Japan Pacific Ocean 1657/10/28 Y 

34.50 135.20 Japan Osaka Bay 1670/08/31  

36.90 140.90 Japan Pacific Ocean 1696/07/25  

57.50 -154.00 USA Pacific Ocean 1792/11/30  

38.00 -122.00 USA Pacific Ocean 1827/01/18  

37.00 -122.00 USA Pacific Ocean 1840/01/16  

38.00 139.00 Japan Pacific Ocean 1844/03/08  

35.40 139.80 Japan Pacific Ocean 1856/08/31  

20.70 -157.00 USA Pacific Ocean 1872/01/13  

20.70 -157.00 USA Pacific Ocean 1872/01/22  

35.00 -120.00 USA Pacific Ocean 1877/04/16 Y 

-33.10 -71.70 Chile Pacific Ocean 1878/11/23 Y 

-33.10 -71.70 Chile Pacific Ocean 1879/08/08 Y 

40.00 -122.00 USA Pacific Ocean 1884/11/12  

20.00 -155.00 USA Pacific Ocean 1895/01/28  

38.20 -122.40 USA Pacific Ocean 1898/03/31  

33.50 -116.50 USA Pacific Ocean 1899/12/25  

19.00 -155.50 USA Pacific Ocean 1903/10/08  

20.00 -155.00 USA Pacific Ocean 1903/11/17  

21.50 -157.00 USA Pacific Ocean 1903/11/29 Y 

-35.30 -72.40 Chile Pacific Ocean 1923/02/17 Y 

47.00 -2.00 France Bay of Biscay 1924/01/09 Y 

-16.09 -171.84 Kingdom of Tonga Pacific Ocean 1926/03/16 
 

29.00 -115.00 Mexico Pacific Ocean 1927/01/01 Y 
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-23.60 -70.40 Chile Pacific Ocean 1928/03/31 
 

36.60 53.40 Iran Caspian Sea 1932/05/07  

33.53 -118.07 USA Pacific Ocean 1933/03/11  

33.75 -118.23 USA Pacific Ocean 1934/08/21 Y 

19.50 -155.50 USA Pacific Ocean 1935/11/21  

40.00 -74.00 USA Atlantic Ocean 1938/09/21 Y 

51.80 2.40 Belgium North Sea 1953/02/01  

-12.05 -77.15 Peru Pacific Ocean 1958/04/09  

37.10 26.80 Turkey Aegean Sea 1991/05/07  

51.00 -127.50 Canada Pacific Ocean 2005/12/09  

 

1
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