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Abstract 20 

 21 

Meteotsunamis are atmospherically forced ocean waves with characteristics similar to seismic 22 

tsunamis.  Several recent hazardous meteotsunamis resulted in damage and injuries along U.S. 23 

coastlines, such that National Oceanic and Atmospheric Administration (NOAA) is investigating 24 

ways to detect and forecast meteotsunamis to provide advance warning.  Better understanding 25 

meteotsunami occurrence along U.S. coastlines is a necessary step to pursue these objectives.  26 

Here a meteotsunami climatology of the U.S. East Coast is presented.  The climatology relies on 27 

a wavelet analysis of 6-minute water level observations from 125 NOAA tide gauges from 1996-28 

2017.  A total of 548 meteotsunamis, or about 25 per year, were identified and assessed using 29 

this approach along the U.S. East Coast.  There were a total of 30 instances when gauges 30 

observed waves of more than 0.6 m, which is assumed to be a potentially impactful event, and 31 

several cases with wave heights more than 1 m.  Tide gauges along the open coast observed the 32 

most frequent events, including more than five events per year at Atlantic City, NJ, Duck, NC, 33 

and Myrtle Beach, SC.  The largest waves were observed by gauges in estuaries that amplified 34 

the meteotsunami signal, such as those in Providence, RI and Port Canaveral, FL.  Seasonal 35 

trends indicate that meteotsunamis occur most frequently in the winter and summer months, 36 

especially July.  This work supports future meteotsunami detection and warning capabilities at 37 

NOAA, including the development of an impact catalog to aid National Weather Service 38 

forecasters. 39 

 40 

 41 

 42 
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Capsule 43 

 44 

About 25 meteotsunamis per year were observed by NOAA tide gauges along the U.S. East 45 

Coast with wave heights exceeding 1 m in several cases 46 

  47 
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On the afternoon of June 13, 2013 a group of divers in Barnegat Inlet, NJ suddenly found 48 

themselves picked up by a large wave and placed over a breakwater towards the entrance of the 49 

Inlet.  Several minutes later a second wave picked them back up and placed them back over the 50 

breakwater (Bailey et al. 2014).  Nearby eyewitnesses describe a wave about 2 meters in height 51 

that crashed into a jetty, knocking several people into the water and resulting in multiple injuries 52 

(Bailey et al. 2014).  There were other eyewitness reports along the U.S. East Coast of a large 53 

wave with impacts similar to what might be expected from a tsunami wave.  It quickly became 54 

apparent that this large wave was a meteotsunami, or an atmospherically induced ocean wave in 55 

the tsunami frequency band (Bailey et al. 2014; Wertman et al. 2014).  An intense squall line, 56 

known as a derecho, propagating offshore in the mid-Atlantic likely generated the wave from an 57 

associated atmospheric pressure perturbation, amplified from resonance over the continental 58 

shelf and eventual reflection off of the shelf break (Pasquet and Vilibić 2013).  The wave was 59 

observed at more than 16 National Oceanic and Atmospheric Administration (NOAA) tide 60 

gauges, with peak-to-trough wave heights exceeding 0.5 m at several locations (Figure 1). 61 

 62 

Though meteotsunamis have been known to occur for some time (initially Nomitsu 1935; and 63 

later Defant 1961), the term was only recently accepted by the research community (Rabinovich 64 

and Monserrat 1996, 1998). Recent instances of more impactful events occurring in the coastal 65 

U.S. (Bailey et al. 2014; Vilibić et al. 2014b) and Great Lakes (Anderson et al. 2015) have 66 

spurred increased interest.  In particular, the NOAA National Weather Service is investigating 67 

how best to warn on detection of a significant meteotsunami and potentially to forecast 68 

hazardous events, which are goals pursued elsewhere as well (Renault et al. 2011; Šepić and 69 

Vilibić 2011; Vilibić et al. 2016).  To accomplish these goals it is first necessary to have a 70 
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reliable detection method for meteotsunamis and to understand the frequency, magnitude and 71 

underlying meteorological conditions of meteotsunami occurrence.  This paper presents a 72 

method for automated detection of meteotsunami signals at NOAA tide gauges and then applies 73 

this approach to 22 years of water level observations from 125 gauges along the U.S. East Coast, 74 

the Caribbean and Bermuda.      75 

 76 

Meteotsunamis 77 

 78 

Meteotsunamis are atmospherically forced ocean waves in the tsunami frequency band with 79 

periods ranging from 2 minutes to 2 hours (Rabinovich and Monserrat 1996).  They are typically 80 

caused by moving atmospheric disturbances such as sharp pressure gradients and/or changes in 81 

wind speed associated with a range of underlying atmospheric conditions, such as frontal 82 

passages, convective systems, squall lines, tropical cyclones or nor'easters (Monserrat et al. 83 

2006; Pasquet et al. 2013; Vilibić et al. 2016 and many others).  The initial ocean wave caused 84 

by the atmospheric disturbance is typically quite small (~ cm) and it is through Proudman 85 

(1929), Greenspan (1956) or shelf (Monserrat et al. 2006; Pattiaratchi and Wijeratne 2015) 86 

resonance that the wave reaches a larger open-sea height (~ 10s cm) prior to reaching the coast.  87 

These types of resonance are most significant in places with fairly shallow water depths (40-160 88 

m; Monserrat et al. 2006) and broad continental shelves, such that the translational speed of the 89 

atmospheric disturbance, U, is equal to the edge wave speed or to the longwave speed, 𝑐 =90 

 √𝑔ℎ, where h is water depth.  Further amplification of the wave can occur due to harbor 91 

resonance (Raichlen 1966), in which the shape of the harbor or estuary is such that oscillations 92 

reach an even greater and potentially destructive (~ m) height. 93 
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Meteotsunamis have been observed on coastlines throughout the world’s oceans and large lakes 94 

(Vilibić et al. 2014a).  Observations have been documented along the U.S. East (Pasquet et al. 95 

2013), Gulf (Olabarrieta et al. 2017) and Pacific Northwest (Thomson et al. 2009) coasts and 96 

throughout the Great Lakes (Bechle et al. 2015; Bechle et al. 2016; Linares et al. 2016).  97 

Meteotsunamis along European coastlines have been observed particularly along the 98 

Mediterranean in Spain (Marcos et al. 2009; Rabinovich and Monserrat 1996) and Croatia (Šepić 99 

et al. 2009; Šepić et al. 2012), but also in the Black Sea (Šepić et al. 2015), the Netherlands (de 100 

Jong and Battjes 2004), the UK (Ozsoy et al. 2016; Tappin et al. 2013) and elsewhere.  In the 101 

western Pacific, meteotsunamis have been observed in Japan (Tanaka 2010), China (Wang et al. 102 

1987), Korea (Cho et al. 2013; Choi et al. 2014), Australia (Pattiaratchi and Wijeratne 2014) and 103 

New Zealand (Goring 2005).   104 

 105 

There have been multiple instances of large, destructive meteotsunamis estimated at over 4 m in 106 

the Balearic Sea, Spain (Jansá et al. 2007; Rabinovich and Monserrat 1996) and at Nagasaki Bay, 107 

Japan (Hibiya and Kajiura 1982) and 6 m in Croatia on the Adriatic (Vučetić et al. 2009).  In the 108 

U.S., there have been meteotsunami waves estimated to be over 3 m on the Florida Gulf Coast 109 

(Paxton and Sobien 1998), and at Daytona Beach on the Florida Atlantic Coast (Churchill et al. 110 

1995; Sallenger et al. 1995) and 4 m in Boothbay Harbor on the coast of Maine (Vilibić et al. 111 

2014b).  Many of these cases included substantial human casualties or damages to boats and 112 

infrastructure.         113 

 114 

 115 

 116 
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Finding meteotsunamis in water level observations 117 

 118 

Meteotsunamis have certain characteristics that must be considered for identification in a water 119 

level record.  There must be significant wave energy within the tsunami frequency band and an 120 

observed atmospheric forcing mechanism like sharp gradients in atmospheric pressure or wind 121 

(Monserrat et al. 2006).  Further, meteotsunamis are often only considered if they exceed some 122 

minimum peak-to-trough wave height, typically anywhere from 0.1 m to 0.4 m (for example 123 

Monserrat et al. 2006; Olabarrieta et al. 2017; Pasquet et al. 2013).  Because of their generation 124 

and propagation characteristics, substantial meteotsunamis occurring on the U.S. East Coast 125 

typically have a spatial extent > 100 km (Pasquet et al. 2013).   126 

 127 

Here a meteotsunami is defined by wave frequency characteristics and potential meteorological 128 

forcing.  Following similar approaches used to identify both seismic tsunamis (Heidarzadeh and 129 

Satake 2013; Rabinovich and Thomson 2007) and meteotsunamis (Bechle et al. 2016; Monserrat 130 

et al. 2006; Olabarrieta et al. 2017; Pattiaratchi and Wijeratne 2014) in tide gauge records, a 131 

meteotsunami is detected when: 132 

 133 

● Wavelet energy in the tsunami frequency band (12 to 120 minutes) > 6 standard 134 

deviations from the mean tsunami-band wavelet energy 135 

● The maximum peak-to-trough wave height > 0.20 m 136 

● The event is observed by a minimum of two tide gauges within the same geographic 137 

region (regions indicated in the appendix) 138 
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● An air pressure perturbation exceeding 0.9 mb per 6 minute interval or a wind speed 139 

exceeding 10 m/s is observed in the same geographic region within 12 hours prior to the 140 

observed wave 141 

 142 

These criteria were tested through prototyping with known meteotsunami events and are used in 143 

the automated detection approach described in detail below. The primary differences between 144 

this approach and other identification schemes, is that here the wavelet energy is the initial and 145 

primary criteria to identify an event.  The wavelet energy is used to determine that some 146 

significant amount of energy exists within the tsunami frequency band, and then the wave height 147 

threshold ensures that the result of this energy is a wave that reaches some physically meaningful 148 

height.  The wavelet approach improves efficiency and better enables automation by ensuring 149 

that the oscillations identified are in the appropriate frequency range prior to further analysis.  150 

This automation was a critical component of completing the climatology, as a more manual 151 

review of a total of over 1500 years of 6 minute water level data would be time prohibitive. 152 

 153 

Water level observations 154 

 155 

Water level observations were collected from 125 NOAA and NOAA partner tide gauges along 156 

the U.S. East Coast, in the Caribbean and at Bermuda (Figure 2).  These gauges have all 157 

collected at least 1 year of 6-minute water level data from 1996 through 2017 with 70 of the 158 

stations collecting at least 10 years of data and 43 stations collecting at least 20 years of data.  159 

All 6-minute observations included in the analyses undergo both automated and manual quality 160 

control to ensure data quality (as in CO-OPS 2000).  In addition to 6-minute water level 161 
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observations, there are 1-minute water level observations at 81 gauges collected and processed 162 

since 2007.  Both 6-minute and 1-minute observations are collected via the same sensor at each 163 

gauge, which for this time period of observations is usually an acoustic sensor with a PVC 164 

protective well (Edwing 1991), though vented pressure sensors and microwave radar sensors are 165 

also used (Heitsenrether and Davis 2011).  Since meteotsunami wave periods are relatively long 166 

oscillations, the observed wave signal is not expected to be influenced by the type of sensor used 167 

or the acoustic sensor’s protective well, which has been shown to primarily filter high frequency 168 

wind waves (Park et al. 2014).  Although 1-minute observations are primarily collected and 169 

utilized to observe seismic tsunamis (Dunbar et al. 2017; Dunbar et al. 2008), the much shorter 170 

time series and substantial gaps prevent using these observations for a climatology.  Instead, 1-171 

minute data is used to assess the potential biases introduced by using the lower frequency 6-172 

minute data for peak-to-trough wave height and wave period estimates (See sidebar). 173 

 174 

Identifying the meteotsunami signal 175 

 176 

To isolate the meteotsunami signal the tide is removed or ‘de-tided’ from the 6-minute water 177 

level time series at each gauge by subtracting NOAA tide predictions (Paker 2007), and then the 178 

time series is filtered using a low-pass Chebyshev Type 2 digital filter with a stop band period of 179 

4 hours, a pass band period of 6 hours and cut-off of 5.7 hours (following the filter design 180 

process as described in Thomson and Emery 2014).  High-pass filtered water level time series 181 

are calculated by subtracting the low-pass time series from the original.  This approach is 182 

consistent with previous meteotsunami research (Olabarrieta et al. 2017; Pasquet et al. 2013 and 183 

others), and ensures that most tidal energy is removed without modifying oscillations close to the 184 
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2 hour maximum expected meteotsunami frequency.  Since the wavelet analysis identifies the 185 

meteotsunami signal, the filtered time series is only used for peak-to-trough wave height 186 

calculation. 187 

 188 

A wavelet analysis is performed on the 6-minute water level time series in 1-year segments as 189 

the first step to detect a potential event.  A continuous wavelet transform using the Morlet 190 

wavelet (Kumar and Foufoula-Georgiou 1997; Torrence and Compo 1998) is used to identify 191 

time varying peaks of wavelet energy in the tsunami frequency band.  Though similar to 192 

traditional spectral analysis, wavelets excel at identifying discontinuities or time varying events 193 

in time series data and thus are ideal for tsunami (Heidarzadeh and Satake 2013) or 194 

meteotsunami (Pattiaratchi and Wijeratne 2014) identification.  Potential events are identified 195 

when a 6-minute peak in wavelet energy in the tsunami-band exceeds 6 standard deviations from 196 

the mean of the 1-year segment at each gauge.  This threshold is similar to previous studies 197 

(Monserrat et al. 2006; Olabarrieta et al. 2017), was found to be conservative, and was chosen 198 

based on prototyping with known meteotsunami events.  All wavelet energies exceeding this 199 

threshold with +-24 hour groupings are identified as the same potential event. 200 

 201 

Once a potential event is detected, the peak wave frequency is determined from the wavelet 202 

transform and the largest peak-to-trough wave height is calculated from the high-pass filtered 203 

water level time series (Figure 3).  To avoid potentially measuring seiche or surge heights that 204 

were not filtered out (i.e. oscillations with peak period > ~120 minutes), the peak-to-trough wave 205 

height was calculated as the difference between maximum concurrent peak and trough elevations 206 

constrained by the peak observed frequency (similar to Dunbar et al. 2017).  An event is 207 
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considered only when wave height > 0.20 m for at least two tide gauges within the same 208 

geographic region (regions are listed in the appendix).  The wave height threshold was chosen 209 

through prototyping with known meteotsunami events and was found to be the smallest threshold 210 

to reliably identify events and avoid false positives.  As discussed, this threshold is similar to 211 

wave height thresholds used in previous studies (Monserrat et al. 2006; Olabarrieta et al. 2017; 212 

Pasquet et al. 2013).  The multiple gauge criteria can be established and used due to the dense 213 

spatial coverage of tide gauges along the East Coast and is essential to minimize false positives 214 

in an automated detection approach. 215 

 216 

A meteorological assessment is made after this stage of event identification to ensure that the 217 

event is meteorologically forced.  Similar to the method used in the Great Lakes (Bechle et al. 218 

2016), the assessment seeks to identify either a 0.9 mb per 6 minute air pressure perturbation or 219 

wind speed a exceeding 10 m/s within 12 hours prior to the observed wave.  These thresholds 220 

were derived from the lower bounds of perturbations observed to lead to meteotsunamis in the 221 

literature (Linares et al. 2016; Šepić et al. 2012).  A 12 hour threshold was used because in many 222 

cases the observed maximum wave height at some gauges occurred hours following the 223 

measurement of the meteorological disturbance.  For example, in the June 13, 2013 case (Figure 224 

1) the maximum wave height was observed at Cape Hatteras, NC about 10 hours following the 225 

initial disturbance measured at Lewes, DE.   Since 2004, both air pressure and wind speed are 226 

collected at most NOAA tide gauges, and the automated approach relies on these observations 227 

over the region(s) where the event occurred.  In the limited cases where events did not meet the 228 

meteorological threshold, a manual assessment of additional wind and pressure data was 229 

performed.  Out of the 355 potential meteotsunami events since 2004, only four events failed the 230 
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meteorological check.  Six-minute air pressure data is not available at NOAA tide gauges prior to 231 

2004, and is limited in availability at other sources as well.  This data limitation results in a 232 

larger number (54 out 193) of potential events that fail the meteorological check from 1996-233 

2003.  These events are also manually checked for data inconsistencies and against known 234 

seismic tsunamis and so non-meteorological forcing is highly unlikely.  The primary purpose of 235 

the meteorological check is to provide additional quality control and to ease automation.  Given 236 

the severe atmospheric data limitations prior to 2004 and given that only 1% of cases failed the 237 

meteorological check after 2004, it was determined that the more unbiased approach was to 238 

retain the 54 events that failed the meteorological check prior to 2004. 239 

 240 

Lastly, a rigorous manual quality assessment of all 580 potential identified events was 241 

performed.  The assessment resulted in 32 events completely removed and 24 events partially 242 

removed (often due to questionable data spikes at the Fort Pulaski, GA gauge), leaving a total of 243 

548 meteotsunami events observed from 1996-2017.  An event capturing the December 2004 244 

Sumatra seismic tsunami (Rabinovich et al. 2006) was also removed, though it occurred 245 

concurrently with a meteotsunami (Thomson et al. 2007) as the resultant meteotsunami wave 246 

height could not be adequately resolved by this approach.   247 

 248 

U.S. East Coast Meteotsunami climatology 249 

 250 

A total of 548 meteotsunami events were detected on the U.S. East Coast from 1996-2017, for an 251 

average of about 25 events per year.  On average, 3.8 gauges observed each event, for a total of 252 

2,065 event-gauge pairs.  The majority of events were measured at only a few gauges and 84% 253 



 
 

13 
 

of all events were measured at five or fewer gauges.  There were several widespread events 254 

including 26 cases of a single meteotsunami event observed at 10 or more gauges.  Twice a 255 

meteotsunami was observed at 24 gauges, including the event on December 8, 2011 (Figure 4).   256 

 257 

The distribution of peak-to-trough wave heights suggest that most meteotsunamis that occur on 258 

the East Coast are relatively small (Figure 5).  Roughly 73% of all events were under 0.30 m in 259 

height, and about 91% were under 0.40 m.  There were 30 instances when a gauge measured a 260 

wave height exceeding 0.60 m, with three of these instances exceeding 1 m.  Peak wave period 261 

was somewhat more evenly distributed across the tsunami frequency band with a slight skew 262 

towards longer frequencies (66% > 1 hour).  Though there isn’t a strong correlation between 263 

wave height and wave period, the largest waves were generally relatively long waves.  None of 264 

the events exceeding 0.6 m wave height had a peak period under 40 minutes. 265 

 266 

Meteotsunamis occur along most of the East Coast, from northern Maine to Key West, FL 267 

(Figure 6), but with some notable variations in event magnitude and frequency.  Myrtle Beach, 268 

SC and Duck, NC observed the greatest number of events with 148 (7.2 per year) and 130 (6.0 269 

per year), respectively, while Wrightsville Beach, NC (8.7 per year) and Cape Hatteras, NC (8.9 270 

per year) had the highest averages per year for any station with at least 5 years of data.  Events 271 

were also common in Long Island Sound, particularly New Haven, CT and Providence, RI which 272 

both average 5.4 meteotsunamis each year.  Atlantic City, NJ (5.6 per year) observed frequent 273 

events, at least in part due to its exposed, open coast location.  Lastly, meteotsunamis were fairly 274 

common along the northern Florida coast, especially at both St Augustine (4.2 per year) and Port 275 

Canaveral (3.3 per year). 276 
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 277 

The largest meteotsunamis tend to occur in places that observed frequent events (Figure 6).  278 

Atlantic City, NJ, Cape Hatteras, NC, Providence, RI and Port Canaveral, FL all observed events 279 

exceeding a wave height of 0.8 m.  The largest meteotsunamis recorded over the 22 year data 280 

record include a 1.04 m event at Providence during a winter storm on December 9, 2005 and a 281 

1.19 m event at Port Canaveral on June 19, 1996 (Figure 7).  Both Providence (five) and Port 282 

Canaveral (eight) have multiple large events exceeding a wave height of 0.6 m. 283 

  284 

Temporal variability in meteotsunami occurrence is apparent over a range of time scales.  285 

Annually, the number of observed events ranges from 16 to 33 depending on the year (Figure 8).  286 

In addition to the total number of events, a meteotsunami anomaly was calculated to account for 287 

differences in the number and locations of gauges active during any one year.  The meteotsunami 288 

anomaly is the difference between the average observed meteotsunami events per station for a 289 

given year and the average expected number of meteotsunami events per station for a given year.  290 

The anomaly largely tracks the total events so network bias does not appear to be substantial.   291 

 292 

There are summer and winter seasonal peaks in meteotsunami occurrence.  The greatest monthly 293 

frequencies are in June and July with a second peak in occurrence from December through 294 

March (Figure 8).  Meteotsunamis tend to be less common in May and from August to 295 

November.  However, the meteotsunamis that occur from August to October are occasionally 296 

coincident in time with tropical cyclones, for example during Hurricane Irma in 2017 (Figure 9).  297 

Tropical cyclones were associated with 19 out of the 92 meteotsunamis that were observed 298 

during these months.  The monthly distribution of only the largest 10% of meteotsunami events 299 
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further elucidates the seasonal cycle, with larger events more evident in the winter and in 300 

September (Figure 8 bottom).  The time-of-day when meteotsunamis are most likely to occur is 301 

also seasonally driven.  During the summer months, events are most common in the afternoon 302 

and early evening (e.g. 77% of all events in July), while the winter distribution is much more 303 

even throughout the day (57% occur in the afternoon and early evening in January). 304 

 305 

Seasonal variability in meteotsunami occurrence is also apparent when comparing different 306 

regions along the East Coast (Figure 10).  The Northeast and portions of the Southeast (North 307 

and South Carolina) tend to be active in the winter months (Dec, Jan, Feb), while the Mid-308 

Atlantic gauges, with the exception of Atlantic City, NJ, observe relatively few winter events.  309 

This suggests that wintertime meteotsunamis tend to not impact the Chesapeake and Delaware 310 

Bays (where many of the mid-Atlantic gauges are located), potentially because the bays are more 311 

protected from coastal winter storms and nor'easters.  Whereas in the summer months (Jun, Jul, 312 

Aug) the mid-Atlantic, including the Chesapeake and Delaware Bays, and portions of the 313 

Southeast see a relatively large number of meteotsunamis and the Northeast observes relatively 314 

fewer.  In particular, the coastline north of Woods Hole through the Maine have almost no 315 

summertime events, despite being relatively active at other times of the year.     316 

 317 

In addition to regional characteristics, there are a number of gauges that observe frequent events 318 

regardless of season.  In particular Atlantic City, NJ, Duck, NC and Myrtle Beach, SC tend to 319 

observe similarly large numbers of events throughout much of the year.  These gauges are some 320 

of the most exposed coastal gauges on the East Coast, and are on long straight coastlines with 321 



 
 

16 
 

relatively little topographic variability.  Thus, they tend to be exposed to events regardless of 322 

season or mechanism.   323 

 324 

Return period estimates are made for some of the more active locations with longer time series.  325 

A Generalized Pareto Distribution (GPD; Coles 2001) is typically utilized to fit peaks over 326 

threshold data, is used in similar studies (Bechle et al. 2016; Geist et al. 2014), and was found to 327 

be the optimal fit for these data.  A GPD fit was made for 29 gauges with at least 10 years of data 328 

and 15 observed meteotsunami events with 95% confidence limits calculated via a bootstrap 329 

approach (Figure 11; Caires 2007; Coles and Simiu 2003).  Here, return periods of 1, 5 and 50 330 

years are calculated (Figure 12).  The 50 year return period was selected to provide some 331 

indication of extreme events, however it is important to note the relatively large confidence 332 

bounds due to the 22 year observation record. 333 

 334 

One-year events are typically small regardless of location and range, with wave heights of 335 

around 0.2 to 0.4 m.  Only two locations, Port Canaveral, FL and Providence, RI have a height 336 

for the 1-year return period exceeding 0.4 m.  Both of those locations also have the largest 5-year 337 

return period heights, with Providence exceeding 0.60 m and Port Canaveral exceeding 0.70 m.  338 

Atlantic City, NJ also has a fairly substantial 5-year return period, reaching a height of 0.57 m.  339 

A majority of gauges (22 out of 29) have 5-year return periods between 0.30 and 0.50 m.  Fifty-340 

year return periods suggest fairly extreme events are possible at some locations.  In particular, 341 

Port Canaveral (1.26 m), Woods Hole (1.12 m) and Providence (0.97 m) have high wave height 342 

estimates, consistent with the largest observed events over the past 22 years.  In all, seven gauges 343 

have 50-year return period heights exceeding 0.60 m.   344 
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 345 

 346 

Discussion and Conclusions 347 

 348 

The climatology suggests that meteotsunamis frequently occur along much of the U.S. East 349 

Coast.  Though more numerous in the summer and winter months, they can occur during all 350 

times of the year and from a range of underlying meteorological conditions.  Similar to what has 351 

been observed in the Great Lakes and Gulf Coast (Bechle et al. 2016; Olabarrieta et al. 2017) the 352 

vast majority of observed meteotsunamis are quite small (91% of the total 2065 gauge-event 353 

pairs have wave heights of less than 0.40 m).  This is an important distinction to make when 354 

communicating about meteotsunamis to the general public, as many people associate the term 355 

tsunami with a large or even catastrophic wave event.  Assuming a wave height exceeding 0.60 356 

m is a potentially impactful event (the June 2013 event reached 0.57 m; Figure 1), these occur 357 

much less frequently, only about one time per year on average.  The likelihood of observing an 358 

impactful event at most gauge locations is fairly low, as the wave height for the 5-year return 359 

period exceeds 0.60 m at only two locations (Providence, RI and Port Canaveral, FL) and the 50-360 

year return period exceeds 0.60 m at only seven locations. 361 

 362 

Some important location characteristics were observed in the number of events, the magnitude of 363 

events and the seasonality of events.  One of the underlying factors that dictates whether 364 

locations observe frequent events is whether the tide gauge is located on the exposed open coast 365 

or is in a more protected inland location.  The gauges in Atlantic City, NJ, Duck, NC, 366 

Wrightsville Beach, NC and Myrtle Beach, SC are all located on exposed, oceanic piers and all 367 
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observed over 100 total events (> 5 per year).  Meanwhile, locations that are up-estuary 368 

(especially narrow, riverine estuaries) not surprisingly observed few or no events.  For example, 369 

Wilmington, NC is less than 20 km away from the gauge at Wrightsville Beach, but is located 370 

within the Cape Fear River and thus, only observed one event for nearly 22 years of 371 

observations. 372 

 373 

The exception to this rule are places in more exposed estuarine locations, for which the 374 

topography, shape and orientation of the estuary favors amplifying the meteotsunami signal.  The 375 

best examples of this are Providence, RI, New Haven, CT and Port Canaveral, FL.  The 376 

Providence gauge is located on the Providence River, nearly 50 km up-estuary at the head of 377 

Narragansett Bay, yet it observed over 100 events, including five events with a wave height over 378 

0.60 m.  Oscillations in the tsunami frequency band appear to be amplified at this location, and 379 

are often coincident with slightly lower frequency oscillations (periods of 3 to 4 hours).  The 380 

New Haven gauge is on an exposed pier only 5 km up New Haven Harbor on the northern side 381 

of Long Island Sound.  Therefore, the gauge is fairly exposed to impacts from the Sound while 382 

also potentially further amplifying meteotsunami signals due to the shape of the harbor.  This 383 

location observed 98 events over about 18 years (> five events per year).  Lastly, the Port 384 

Canaveral gauge is less than 1 km inside the Canaveral Barge Canal, and is fairly exposed to 385 

oceanic forcing.  The Port Canaveral gauge observed slightly fewer events (about three per year 386 

on average), however observed eight events over 0.60 m, including the largest meteotsunami 387 

observed for all gauges at a wave height of 1.19 m (Figure 7).  The shape of the canal is 388 

apparently such that oscillations in the tsunami frequency band are significantly amplified.  389 

 390 
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There are location specific seasonal dependencies on meteotsunami occurrence which 391 

correspond well to U.S. East Coast storm occurrence.  There is one seasonal peak in 392 

meteotsunami occurrence in June and July (Figure 8), especially for the mid-Atlantic and 393 

southeast regions (Figure 10).  This corresponds well to the frequencies of severe thunderstorms, 394 

which peak in June and July for much of the East Coast, with spatial maximums in the Carolinas 395 

and from the Del-Mar-Va region (northern Chesapeake Bay and Delaware Bay) into New Jersey 396 

and Long Island Sound (Doswell et al. 2005).  Derechos, intense mesoscale squall lines like the 397 

one that caused the June 13, 2013 meteotsunami (Figure 1), also peak in June and July in similar 398 

regions as severe thunderstorms (Guastini and Bosart 2016).  Both severe storms and derecho 399 

occurrence reduce rapidly as the calendar progresses into August and the fall months (Doswell et 400 

al. 2005; Guastini and Bosart 2016), which is when meteotsunami occurrence is correspondingly 401 

at its lowest point of the year for most of the East Coast.  The increase in occurrence in the early 402 

summer is similar to what has been found in the Great Lakes (Bechle et al. 2016), which is not 403 

unexpected given that severe weather often propagates from the Midwest to the East Coast.  Not 404 

surprisingly, the time-of-day dependence of meteotsunami occurrence in the summer months 405 

(Figure 8) aligns closely with the peak occurrence of convective storms in the range of 1500-406 

2100 EST (Murray and Colle 2011).  It is notable that the northeast region (north of Woods 407 

Hole, MA) has very little meteotsunami occurrence in the summer months, which is likely due to 408 

the relatively low frequency of convective and severe storms (Doswell et al. 2005; Murray and 409 

Colle 2011).  Though not a sizeable contributor to the total number, tropical cyclones also appear 410 

to force meteotsunamis in the summer and fall months (for example Hurricane Irma in 2017; 411 

Figure 9), and are associated with about one event per year.   412 

 413 
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A second peak in meteotsunami occurrence is in the winter months (Dec – Feb; Figure 8) for 414 

most open coast gauges along the East Coast from the Carolinas northward (Figure 10).  This 415 

peak corresponds well to winter storm occurrence, which reaches a maximum during the same 416 

months, especially for winter storms that impact most of the coastline (Hirsch et al. 2001).  417 

Average winter storm strength and speed are also at a maximum from December to February 418 

(Bernhardt and DeGaetano 2012), with storm speed potentially being an important consideration 419 

given the role resonance plays in meteotsunami generation.  Winter storm tracks are often such 420 

that storms travel along the coast from the Carolinas up to New England (Eichler and Higgins 421 

2006), which explains the often large number of gauges observing a meteotsunami event (e.g. 422 

Figure 4).  The more inland regions of Chesapeake and Delaware Bay tend to observe fewer 423 

winter storms than along the open coast (Eichler and Higgins 2006), which in part explains the 424 

small number of meteotsunamis observed in these regions during the winter months (Figure 10). 425 

 426 

The season of meteotsunami occurrence dictates what impacts from these events are most 427 

important to consider.  Summertime meteotsunamis tend to be associated with thunderstorm or 428 

convective systems which are often short-lived and isolated (Figures 1, 7).  In these cases the 429 

weather and coastal conditions could be unaffected only a relatively short distance away from the 430 

convective system and yet be substantially impacted by the meteotsunami event.  Thus, there is 431 

potentially greater exposure for boaters, swimmers, beachgoers and others to the hazard.  432 

Conversely, wintertime meteotsunamis are associated with large East Coast storm systems which 433 

directly impact broad areas (Figure 4), and include other hazardous oceanographic conditions 434 

(storm surge, large waves).  As such, a direct public safety impact is less likely, however the 435 

contribution of the meteotsunami to storm surge and potential inundation may be important to 436 
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consider.  These same considerations hold true for meteotsunamis occurring from tropical 437 

cyclones (Figure 9).     438 

 439 

There are some important limitations to the method and results presented here.  Relying only on 440 

point observations of meteotsunami events is one limitation.  Many NOAA tide gauges are 441 

positioned to reduce the influence of high frequency water level oscillations to minimize wind 442 

wave noise in the water level signal.  As such, some gauge locations might be protected from 443 

meteotsunami waves, potentially reducing amplitudes to the point of being below the 0.20 m 444 

threshold.  Further, in many cases individual gauges will likely not observe the maximum wave 445 

height occurring for a specific event, and the true size and impacts of larger events might remain 446 

uncertain.  An example of this is the Boothbay Harbor, ME meteotsunami of October 28, 2008.  447 

This event is widely documented as one of the more impactful meteotsunami events in recent 448 

history, with witnesses reporting a wave height of approximately 4 m (Vilibić et al. 2014b).  449 

Although this event was observed by NOAA tide gauges, the maximum observed wave height 450 

was only 0.23 m at the Portland, ME gauge less than 60 km away.  451 

 452 

Another limitation of this approach is that, similar to seismic tsunami waves (Dunbar et al. 453 

2017), water level oscillations of varying frequencies near the meteotsunami band often occur 454 

concurrently with the meteotsunami, thus complicating the separation of the signals and 455 

identification of peak-to-trough wave height.  For example, at Providence, RI there are often 456 

longer period oscillations (with periods of 3 to 4 hours) occurring simultaneously with a 457 

meteotsunami.  This causes difficulties when attempting to measure peak-to-trough wave height 458 

as these different oscillations interfere and cannot be separated.  Other water level variability that 459 
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can be difficult to differentiate from the meteotsunami signal is the direct contribution of the 460 

atmospheric pressure change and wind to water level.  For example, during the June 13, 2013 461 

event the Lewes, DE gauge observes the meteotsunami signal before all other gauges and it is 462 

coincident in time with the passing front in the radar imagery (Figure 1).  It is unclear if this is 463 

the signal of a progressive wave or just the influence of the pressure change on the water level.   464 

Another example is the storm surge that occurred in many southeast locations during Hurricane 465 

Charley on August 14, 2004.  There were significant oscillations in the tsunami frequency band 466 

identified at 12 gauges, but concurrent to those oscillations was an extremely rapid storm surge 467 

event which increased water levels in some locations by over 1.5 m in less than 90 minutes.  468 

Clearly some of this rapid increase was caused by storm surge, but an apparent meteotsunami 469 

was concurrently observed.  It was impossible to differentiate the signals from the time series 470 

alone and therefore this instance was removed from the meteotsunami climatology.  471 

 472 

It is important to recognize that modifying the meteotsunami identification criteria will alter the 473 

number of events observed.  For instance, using a minimum absolute wave height threshold 474 

greater than 0.20 m or choosing a relative wavelet energy threshold greater than 6 standard 475 

deviations will result in fewer observed events.  Choosing to detect events with only an absolute 476 

threshold (equivalent for all gauges) or only a relative threshold (gauge independent) would also 477 

potentially impact the results.  The primary goal of this study was to identify all potential events, 478 

however, in other cases it may be desirable to use higher thresholds to focus only on the most 479 

impactful or potentially damaging events.   480 

 481 
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Some potential approaches to better understand meteotsunami propagation and to separate 482 

different wave signals are to utilize additional observations or hydrodynamic numerical models.  483 

High Frequency (HF) Radar has been utilized to observe some tsunami and meteotsunami events 484 

(Lipa et al. 2012; Lipa et al. 2014).  This climatology can be used to select appropriate HF Radar 485 

observations to further investigate for meteotsunami signals.  High resolution numerical models 486 

have been utilized to better understand meteotsunami propagation (Anderson et al. 2015; Renault 487 

et al. 2011).  Similar modelling approaches are presently being investigated for the U.S. East 488 

Coast, again relying on this climatology for potential events.  In addition to better understanding 489 

meteotsunami events on the East Coast, there are plans to assess performance of this approach on 490 

NOAA tide gauges in other coastal regions across the U.S.   491 

 492 

In conclusion, this automated meteotsunami detection approach will be invaluable to a range of 493 

future applications.  In the near-term, the database of East Coast events will be utilized by 494 

NOAA NWS to develop a meteotsunami impact catalogue.  This catalogue will be used by NWS 495 

Weather Forecast Offices to better understand what underlying meteorological conditions lead to 496 

potentially impactful events, and how likely impactful events are to occur depending on region 497 

and season.  The database of events will also be utilized to provide meteotsunamis with a range 498 

of different forcing mechanisms for the development and validation of hydrodynamic numerical 499 

models.  Models will enable better understanding how meteotsunamis are generated from 500 

different underlying meteorological conditions (e.g. summer time convective system or winter 501 

storm), and enable assessing wave height and potential impacts away from the gauge locations.   502 

 503 
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This automated approach also enables the potential for near real-time meteotsunami detection at 504 

NOAA tide gauges.  Tide gauge detection combined with the detection capability that already 505 

exists with off-shore DART buoys (Mungov et al. 2013) can enable the NWS to issue special 506 

meteotsunami warning statements upon event detection (as highlighted in Finucane 2018).  507 

Though the use of wavelets will result in some time lag in identification (presumably up to the 508 

maximum wave period of 2 hours), event identification even with a 2 hour delay has the 509 

potential to be useful given that meteotsunami events often consist of multiple waves and can 510 

take substantial time to propagate along the coastline.  Eventually, through a combination of 511 

observations and numerical modeling, a meteotsunami forecast system could be developed, 512 

similar to other efforts ongoing in other global locations (Jansá et al. 2007; Šepić and Vilibić 513 

2011; Vilibić et al. 2016).  514 

 515 

 516 
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Sidebar 709 

 710 

Comparison with 1-minute water level observations 711 

 712 

The majority of previous meteotsunami studies have relied on 6-minute water level observations, 713 

however 1-minute water level observations have been used in some cases (Pasquet et al. 2013).  714 

Using 1-minute data would be ideal, as the high frequency oscillations and sometimes extreme 715 

peak water level can be either aliased or underestimated when using the 6-minute observations.  716 

However, quality controlled 1-minute observations (Dunbar et al. 2008) are not available at any 717 

locations until 2007 and even quality controlled time series have significant data gaps making 718 

filtering and wavelet analyses impractical.   719 

 720 

Meteotsunami wave height and period calculated from the 6-minute and available 1-minute 721 

water level data were compared to estimate potential bias or error.  A total of 219 gauge-event 722 

pairs (i.e. multiple gauges observe each event) were compared.  The 1-minute time series were 723 

processed through the same algorithm as the 6-minute time series when events were detected and 724 

when the 1-minute data record was complete.  Wave height estimates from 6-minute 725 

observations are on average biased low by 3.8 cm, with a standard error of 5 cm.  Peak wave 726 

period demonstrates a positive bias of 1.7 minutes and standard error of 11.9 minutes.  The 1-727 

minute peak wave period was below 12 minutes for only 11 out of the 219 pairs, indicating that 728 

aliasing is generally not a concern.  This assessment demonstrates that 6-minute observations are 729 

generally sufficient to accurately observe meteotsunami events, though wave height estimates 730 

will slightly underestimate the true wave height. 731 
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Figure Captions List 732 

 733 

Figure 1. The filtered high frequency water level (top) and the radar imagery and maximum 734 

observed wave height (bottom) for the June 13, 2013 meteotsunami.  Stations are listed generally 735 

north to south sorted by state.  Times of maximum peak-to-trough wave height are identified by 736 

the vertical black lines (top) and spacing between axes indicates a peak-to-trough wave height of 737 

0.5 m.  Vertical red lines indicate the times of the radar imagery on June 13 (bottom).  The 738 

maximum wave heights are shown by the size of the markers (bottom).  A total of 16 gauges 739 

observed the event with a maximum wave height of 0.58 m at Providence, RI.   740 

 741 

Figure 2. The locations of the 125 NOAA and NOAA partner tide gauges with at least 1 year of 742 

water level observations from 1996-2017, which are utilized for the meteotsunami climatology.  743 

Seven of the stations which observe frequent events and are discussed in the text are labeled.  744 

The red lines indicate the breakdown between geographic regions from Northeast, Mid-Atlantic, 745 

Southeast and Caribbean.  The corresponding list of stations can be found in the Appendix. 746 

 747 

Figure 3. Example of a wavelet spectrogram (bottom) and filtered high frequency water level 748 

time series (top) from Woods Hole, MA during the June 13, 2013 meteotsunami.  Contour units 749 

are wavelet energy x 10-3. 750 

 751 

Figure 4. The filtered high frequency water level (top) and the radar imagery and maximum 752 

observed wave height (bottom) for the December 8, 2011 meteotsunami.  Stations are listed 753 

generally north to south sorted by state.  Times of maximum peak-to-trough wave height are 754 
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identified by the vertical black lines (top) and spacing between axes indicates a peak-to-trough 755 

wave height of 0.5 m.  Vertical red lines indicate the times of the radar imagery on December 8 756 

(bottom).  The maximum wave heights are shown by the size of the markers (bottom).  A total of 757 

24 gauges observed the event with a maximum wave height of 0.80 m at Providence, RI. 758 

 759 

Figure 5. Scatter plot of the distribution of peak wave period to peak-to-trough wave height of 760 

all identified station-event pairs (center), and thus one point is shown for each station per event.  761 

The binned distributions of wave height (right) and peak period (top) are shown. 762 

 763 

Figure 6. The average number of events observed per year at each gauge location (left) and the 764 

top decile (center) and maximum (right) peak-to-trough wave height observed at each gauge 765 

location.  Small black dots indicate no events observed at those locations. 766 

 767 

Figure 7. The filtered high frequency water level (top) and the radar imagery and maximum 768 

observed wave height (bottom) for the June 19, 1996 meteotsunami.  Stations are listed north to 769 

south.  Times of maximum peak-to-trough wave height are identified by the vertical black lines 770 

(top) and spacing between axes indicates a peak-to-trough wave height of 0.5 m.  Vertical red 771 

lines indicate the times of the radar imagery on June 19 (bottom).  The maximum wave heights 772 

are shown by the size of the markers (bottom).  Two gauges observed the event with a maximum 773 

wave height of 1.19 m at Port Canaveral, FL being the largest event recorded from 1996-2017. 774 

 775 

Figure 8. Shown are the total number of meteotsunami events each year (top - left, y-axis), and 776 

the normalized meteotsunami anomaly (top - right, y-axis).  The center plot shows the average 777 
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number of meteotsunami events each month broken down by time of day and the bottom plot 778 

shows the monthly average of only the events with the top 10% of maximum wave heights 779 

(largest 55 events). 780 

 781 

Figure 9. The filtered high frequency water level (top) and the radar imagery and maximum 782 

observed wave height (bottom) for the September 10-11, 2017 meteotsunami.  Stations are listed 783 

north to south.  Times of maximum peak-to-trough wave height are identified by the vertical 784 

black lines (top) and spacing between axes indicates a peak-to-trough wave height of 0.5 m.  785 

Vertical red lines indicate the times of the radar imagery (bottom).  The maximum wave heights 786 

are shown by the size of the markers (bottom).  The event was associated with Hurricane Irma 787 

and reached a maximum wave height of 0.97 m at Port Canaveral, FL. 788 

 789 

Figure 10. The monthly distribution of all observed meteotsunami events across all stations 790 

partitioned by season.  Note that the total number of events per month exceeds 15 for some 791 

gauges.  The location of the breaks between regions are noted on the tide gauge map (Figure 2). 792 

The numbers on the y-axis correspond to the row numbers for stations in the appendix and the 793 

top (unlabeled) region is Bermuda. 794 

 795 

Figure 11. Example of Generalized Pareto Distribution (GPD) fit for all observed meteotsunami 796 

events with the 95% confidence limits for Providence, RI and Port Canaveral, FL.  Note the large 797 

confidence limits for long return period events. 798 

 799 
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Figure 12. The GPD estimated 1-year (left), 5-year (center) and 50-year (right) return period 800 

wave heights for 27 locations with at least 10 years of data and 15 observed meteotsunami 801 

events.  802 
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 803 

Figure 1. The filtered high frequency water level (top) and the radar imagery and maximum 804 

observed wave height (bottom) for the June 13, 2013 meteotsunami.  Stations are listed generally 805 

north to south sorted by state.  Times of maximum peak-to-trough wave height are identified by 806 

the vertical black lines (top) and spacing between axes indicates a peak-to-trough wave height of 807 

0.5 m.  Vertical red lines indicate the times of the radar imagery on June 13 (bottom).  The 808 

maximum wave heights are shown by the size of the markers (bottom).  A total of 16 gauges 809 

observed the event with a maximum wave height of 0.58 m at Providence, RI.    810 
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 811 

Figure 2. The locations of the 125 NOAA and NOAA partner tide gauges with at least 1 year of 812 

water level observations from 1996-2017, which are utilized for the meteotsunami climatology.  813 

Seven of the stations that observe frequent events and are discussed in the text are labeled.  The 814 

red lines indicate the breakdown between geographic regions from Northeast, Mid-Atlantic, 815 

Southeast and Caribbean.  The corresponding list of stations can be found in the Appendix. 816 

 817 
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 818 

Figure 3. Example of a wavelet spectrogram (bottom) and filtered high frequency water level 819 

time series (top) from Woods Hole, MA during the June 13, 2013 meteotsunami.  Contour units 820 

are wavelet energy x 10-3. 821 

  822 
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 823 

Figure 4. The filtered high frequency water level (top) and the radar imagery and maximum 824 

observed wave height (bottom) for the December 8, 2011 meteotsunami.  Stations are listed 825 

generally north to south sorted by state.  Times of maximum peak-to-trough wave height are 826 

identified by the vertical black lines (top) and spacing between axes indicates a peak-to-trough 827 

wave height of 0.5 m.  Vertical red lines indicate the times of the radar imagery on December 8 828 

(bottom).  The maximum wave heights are shown by the size of the markers (bottom).  A total of 829 

24 gauges observed the event with a maximum wave height of 0.80 m at Providence, RI.  830 

 831 
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 832 

Figure 5. Scatter plot of the distribution of peak wave period to peak-to-trough wave height of 833 

all identified station-event pairs (center), and thus one point is shown for each station per event.  834 

The binned distributions of wave height (right) and peak period (top) are shown. 835 

  836 
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 837 

Figure 6. The average number of events observed per year at each gauge location (left) and the 838 

top decile (center) and maximum (right) peak-to-trough wave height observed at each gauge 839 

location.  Small black dots indicate no events observed at those locations. 840 

  841 
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 842 

Figure 7.  The filtered high frequency water level (top) and the radar imagery and maximum 843 

observed wave height (bottom) for the June 19, 1996 meteotsunami.  Stations are listed north to 844 

south.  Times of maximum peak-to-trough wave height are identified by the vertical black lines 845 

(top) and spacing between axes indicates a peak-to-trough wave height of 0.5 m.  Vertical red 846 

lines indicate the times of the radar imagery on June 19 (bottom).  The maximum wave heights 847 

are shown by the size of the markers (bottom).  Two gauges observed the event with a maximum 848 

wave height of 1.19 m at Port Canaveral, FL being the largest event recorded from 1996-2017. 849 

  850 



 
 

44 
 

 851 

 852 

Figure 8. Shown are the total number of meteotsunami events each year (top - left, y-axis), and 853 

the normalized meteotsunami anomaly (top - right, y-axis).  The center plot shows the average 854 

number of meteotsunami events each month broken down by time of day and the bottom plot 855 

shows the monthly average of only the events with the top 10% of maximum wave heights 856 

(largest 55 events). 857 

  858 
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 859 

Figure 9.  The filtered high frequency water level (top) and the radar imagery and maximum 860 

observed wave height (bottom) for the September 10-11, 2017 meteotsunami.  Stations are listed 861 

north to south.  Times of maximum peak-to-trough wave height are identified by the vertical 862 

black lines (top) and spacing between axes indicates a peak-to-trough wave height of 0.5 m.  863 

Vertical red lines indicate the times of the radar imagery (bottom).  The maximum wave heights 864 

are shown by the size of the markers (bottom).  The event was associated with Hurricane Irma 865 

and reached a maximum wave height of 0.97 m at Port Canaveral, FL. 866 

  867 
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 868 

 869 

Figure 10. The monthly distribution of all observed meteotsunami events across all stations 870 

partitioned by season.  Note that the total number of events per month exceeds 15 for some 871 

gauges.  The location of the breaks between regions are noted on the tide gauge map (Figure 2). 872 

The numbers on the y-axis correspond to the row numbers for stations in the appendix and the 873 

top (unlabeled) region is Bermuda.   874 
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 875 

Figure 11. Example of Generalized Pareto Distribution (GPD) fit for all observed meteotsunami 876 

events with the 95% confidence limits for Providence, RI and Port Canaveral, FL.  Note the large 877 

confidence limits for long return period events. 878 

  879 
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 880 

Figure 12. The GPD estimated 1-year (left), 5-year (center) and 50-year (right) return period 881 

wave heights for 27 locations with at least 10 years of data and 15 observed meteotsunami 882 

events. 883 

  884 


