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About 25 meteotsunamis per year were observed by NOAA tide gauges along the  

U.S. East Coast with wave heights exceeding 1 meter in several cases.

A METEOTSUNAMI CLIMATOLOGY 
ALONG THE U.S. EAST COAST

Gregory Dusek, Christopher DiVeglio, Louis Licate, Lorraine Heilman,  
Katie Kirk, Christopher Paternostro, and Ashley Miller

O	n the afternoon of 13 June 2013 a group of  
	divers in Barnegat Inlet, New Jersey, suddenly  
	found themselves picked up by a large wave and 

placed over a breakwater toward the entrance of the 
inlet. Several minutes later a second wave picked them 
back up and placed them back over the breakwater 
(Bailey et al. 2014). Nearby eyewitnesses describe a 
wave about 2 m in height that crashed into a jetty, 
knocking several people into the water and resulting 
in multiple injuries (Bailey et al. 2014). There were 
other eyewitness reports along the U.S. East Coast of 
a large wave with impacts similar to what might be 
expected from a tsunami wave. It quickly became ap-
parent that this large wave was a meteotsunami, or an 
atmospherically induced ocean wave in the tsunami-

frequency band (Bailey et al. 2014; Wertman et al. 
2014). An intense squall line, known as a derecho, 
propagating offshore in the mid-Atlantic, likely 
generated the wave from an associated atmospheric 
pressure perturbation, amplified from resonance over 
the continental shelf and eventual reflection off of 
the shelf break (Pasquet and Vilibić 2013). The wave 
was observed at more than 16 National Oceanic and 
Atmospheric Administration (NOAA) tide gauges, 
with peak-to-trough wave heights exceeding 0.5 m 
at several locations (Fig. 1).

Though meteotsunamis have been known to 
occur for some time [initially Nomitsu (1935) and 
later Defant (1961)], the term was only recently 
accepted by the research community (Rabinovich 
and Monserrat 1996, 1998). Recent instances of more 
impactful events occurring in the coastal United 
States (Bailey et al. 2014; Vilibić et al. 2014b) and Great 
Lakes (Anderson et al. 2015) have spurred increased 
interest. In particular, the NOAA National Weather 
Service is investigating how best to warn on detec-
tion of a significant meteotsunami and potentially to 
forecast hazardous events, which are goals pursued 
elsewhere as well (Renault et al. 2011; Šepić and 
Vilibić 2011; Vilibić et al. 2016). To accomplish these 
goals it is first necessary to have a reliable detection 
method for meteotsunamis and to understand the 
frequency, magnitude, and underlying meteoro-
logical conditions of meteotsunami occurrence. This 
paper presents a method for automated detection 
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of meteotsunami signals at NOAA tide gauges and 
then applies this approach to 22 years of water-level 
observations from 125 gauges along the U.S. East 
Coast, the Caribbean, and Bermuda.

METEOTSUNAMIS. Meteotsunamis are atmo- 
spherically forced ocean waves in the tsunami 
frequency band with periods ranging from 2 min 
to 2 h (Rabinovich and Monserrat 1996). They are 
typically caused by moving atmospheric disturbances 
such as sharp pressure gradients and/or changes in 
wind speed associated with a range of underlying 
atmospheric conditions, such as frontal passages, 
convective systems, squall lines, tropical cyclones, or 

nor’easters (Monserrat et al. 2006; Pasquet et al. 2013; 
Vilibić et al. 2016 and many others). The initial ocean 
wave caused by the atmospheric disturbance is typi-
cally quite small on the order of centimeters and it is 
through Proudman (1929), Greenspan (1956), or shelf 
(Monserrat et al. 2006; Pattiaratchi and Wijeratne 
2015) resonance that the wave reaches a larger open-
sea height on the order of tens of centimeters prior 
to reaching the coast. These types of resonance are 
most significant in places with fairly shallow-water 
depths (40–160 m; Monserrat et al. 2006) and broad 
continental shelves, such that the translational speed 
of the atmospheric disturbance U is equal to the edge 
wave speed or to the long-wave speed, c = √g–h— where 

Fig. 1. (top) The filtered high-frequency water level and (bottom) the radar imagery and maximum observed 
wave height for the 13 Jun 2013 meteotsunami. In the top panel, stations are listed generally north to south 
sorted by state, times of maximum peak-to-trough wave height are identified by the vertical black lines, and 
spacing between axes indicates a peak-to-trough wave height of 0.5 m. Vertical red lines indicate the times 
of the radar imagery on 13 Jun. In the bottom panel, the maximum wave heights are shown by the size of the 
markers. A total of 16 gauges observed the event with a maximum wave height of 0.58 m at Providence, RI.
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h is water depth. Further amplification of the wave 
can occur due to harbor resonance (Raichlen 1966), 
in which the shape of the harbor or estuary is such 
that oscillations reach an even greater and potentially 
destructive height.

Meteotsunamis have been observed on coastlines 
throughout the world’s oceans and large lakes (Vilibić 
et al. 2014a). Observations have been documented 
along the U.S. East Coast (Pasquet et al. 2013), Gulf 
Coast (Olabarrieta et al. 2017), Pacific Northwest 
coast (Thomson et al. 2009), and throughout the Great 
Lakes (Bechle et al. 2015, 2016; Linares et al. 2016). 
Meteotsunamis along European coastlines have been 
observed particularly along the Mediterranean in 
Spain (Marcos et al. 2009; Rabinovich and Monserrat 
1996) and Croatia (Šepić et al. 2009; Šepić et al. 
2012), but also in the Black Sea (Šepić et al. 2015), the 
Netherlands (de Jong and Battjes 2004), the United 
Kingdom (Ozsoy et al. 2016; Tappin et al. 2013), and 
elsewhere. In the western Pacific, meteotsunamis 
have been observed in Japan (Tanaka 2010), China 
(Wang et al. 1987), Korea (Cho et al. 2013; Choi et al. 
2014), Australia (Pattiaratchi and Wijeratne 2014), 
and New Zealand (Goring 2005).

There have been multiple instances of large, de-
structive meteotsunamis estimated at over 4 m in the 
Balearic Sea, Spain (Jansá et al. 2007; Rabinovich and 
Monserrat 1996), and at Nagasaki Bay, Japan (Hibiya 
and Kajiura 1982), and 6 m in Croatia on the Adriatic 
(Vučetić et al. 2009). In the United States, there have 
been meteotsunami waves estimated to be over 3 m 
on the Florida Gulf Coast (Paxton and Sobien 1998) 
and at Daytona Beach on the Florida Atlantic Coast 
(Churchill et al. 1995; Sallenger et al. 1995), and 4 m in 
Boothbay Harbor on the coast of Maine (Vilibić et al. 
2014b). Many of these cases included substantial hu-
man casualties or damages to boats and infrastructure.

FINDING METEOTSUNAMIS IN WATER-
LEVEL OBSERVATIONS. Meteotsunamis have 
certain characteristics that must be considered for 
identification in a water-level record. There must be 
significant wave energy within the tsunami frequency 
band and an observed atmospheric forcing mechanism 
like sharp gradients in atmospheric pressure or wind 
(Monserrat et al. 2006). Further, meteotsunamis are 
often only considered if they exceed some minimum 
peak-to-trough wave height, typically anywhere from 
0.1 to 0.4 m (e.g., Monserrat et al. 2006; Olabarrieta et 
al. 2017; Pasquet et al. 2013). Because of their generation 
and propagation characteristics, substantial meteotsu-
namis occurring on the U.S. East Coast typically have 
a spatial extent >100 km (Pasquet et al. 2013).

Here a meteotsunami is defined by wave-frequency 
characteristics and potential meteorological forcing. 
Following similar approaches used to identify both 
seismic tsunamis (Heidarzadeh and Satake 2013; 
Rabinovich and Thomson 2007) and meteotsunamis 
(Bechle et al. 2016; Monserrat et al. 2006; Olabarrieta 
et al. 2017; Pattiaratchi and Wijeratne 2014) in tide 
gauge records, a meteotsunami is detected when the 
following criteria are met:

•	 Wavelet energy in the tsunami frequency band 
(12–120 min) is greater than six standard devia-
tions from the mean tsunami-band wavelet energy.

•	 The maximum peak-to-trough wave height 
>0.20 m.

•	 The event is observed by a minimum of two tide 
gauges within the same geographic region (regions 
indicated in the supplement online at https://doi 
.org/10.1175/BAMS-D-18-0206.2).

•	 An air pressure perturbation exceeding 0.9 mb 
per 6-min interval or a wind speed exceeding 
10 m s–1 is observed in the same geographic region 
within 12 h prior to the observed wave.

These criteria were tested through prototyping with 
known meteotsunami events and are used in the au-
tomated detection approach described in detail below. 
The primary differences between this approach and 
other identification schemes is that here the wavelet 
energy is the initial and primary criterion to identify 
an event. The wavelet energy is used to determine that 
some significant amount of energy exists within the 
tsunami-frequency band, and then the wave height 
threshold ensures that the result of this energy is a 
wave that reaches some physically meaningful height. 
The wavelet approach improves efficiency and better 
enables automation by ensuring that the oscillations 
identified are in the appropriate frequency range prior 
to further analysis. This automation was a critical 
component of completing the climatology, as a more 
manual review of a total of over 1,500 years of 6-min 
water-level data would be time prohibitive.

Water-level observations. Water-level observations 
were collected from 125 NOAA and NOAA part-
ner tide gauges along the U.S. East Coast, in the 
Caribbean, and at Bermuda (Fig. 2). These gauges 
have all collected at least 1 year of 6-min water-level 
data from 1996 through 2017, with 70 of the stations 
collecting at least 10 years of data and 43 stations 
collecting at least 20 years of data. All 6-min ob-
servations included in the analyses undergo both 
automated and manual quality control to ensure 
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data quality (as in Gill and Schultz 2000). In addition 
to 6-min water-level observations, there are 1-min 
water-level observations at 81 gauges collected and 
processed since 2007. Both 6- and 1-min observa-
tions are collected via the same sensor at each gauge, 
which for this time period of observations is usually 
an acoustic sensor with a polyvinyl chloride (PVC) 
protective well (Edwing 1991), though vented pressure 
sensors and microwave radar sensors are also used 
(Heitsenrether and Davis 2011). Since meteotsunami 
wave periods are relatively long oscillations, the ob-
served wave signal is not expected to be influenced 
by the type of sensor used or the acoustic sensor’s 
protective well, which has been shown to primarily 
filter high-frequency wind waves (Park et al. 2014). 
Although 1-min observations are primarily collected 
and utilized to observe seismic tsunamis (Dunbar 
et al. 2017, 2008), the much shorter time series and 
substantial gaps prevent using these observations for 

a climatology. Instead, 1-min data are used to assess 
the potential biases introduced by using the lower-
frequency 6-min data for peak-to-trough wave height 
and wave period estimates (see sidebar).

Identifying the meteotsunami signal. To isolate the me-
teotsunami signal the tide is removed or “detided” 
from the 6-min water-level time series at each gauge 
by subtracting NOAA tide predictions (Parker 2007), 
and then the time series is filtered using a low-pass 
Chebyshev type-2 digital filter with a stop-band 
period of 4 h, a passband period of 6 h, and cutoff of 
5.7 h [following the filter design process as described 
in Thomson and Emery (2014)]. High-pass-filtered 
water-level time series are calculated by subtracting 
the low-pass time series from the original. This 
approach is consistent with previous meteotsunami 
research (Olabarrieta et al. 2017; Pasquet et al. 2013; 
and others), and ensures that most tidal energy is 
removed without modifying oscillations close to the 
2-h maximum expected meteotsunami frequency. 
Since the wavelet analysis identifies the meteotsu-
nami signal, the filtered time series is only used for 
peak-to-trough wave height calculation.

A wavelet analysis is performed on the 6-min 
water-level time series in 1-yr segments as the first 
step to detect a potential event. A continuous wavelet 
transform using the Morlet wavelet (Kumar and 
Foufoula-Georgiou 1997; Torrence and Compo 1998) 
is used to identify time-varying peaks of wavelet 
energy in the tsunami-frequency band. Though 
similar to traditional spectral analysis, wavelets excel 
at identifying discontinuities or time-varying events 
in time series data and thus are ideal for tsunami 
(Heidarzadeh and Satake 2013) or meteotsunami 
(Pattiaratchi and Wijeratne 2014) identification. 
Potential events are identified when a 6-min peak in 
wavelet energy in the tsunami band exceeds six stan-
dard deviations from the mean of the 1-yr segment 
at each gauge. This threshold is similar to previous 
studies (Monserrat et al. 2006; Olabarrieta et al. 2017), 
was found to be conservative, and was chosen based 
on prototyping with known meteotsunami events. All 
wavelet energies exceeding this threshold with ±24-h 
groupings are identified as the same potential event.

Once a potential event is detected, the peak wave 
frequency is determined from the wavelet transform 
and the largest peak-to-trough wave height is cal-
culated from the high-pass-filtered water-level time 
series (Fig. 3). To avoid potentially measuring seiche 
or surge heights that were not filtered out (i.e., oscilla-
tions with peak period >~120 min), the peak-to-trough 
wave height was calculated as the difference between 

Fig. 2. The locations of the 125 NOAA and NOAA 
partner tide gauges with at least 1 yr of water-level 
observations from 1996 to 2017, which are utilized for 
the meteotsunami climatology. Seven of the stations 
that observe frequent events and are discussed in the 
text are labeled. The red lines indicate the breakdown 
between geographic regions from the Northeast, mid-
Atlantic, Southeast, and Caribbean. The corresponding 
list of stations can be found in the supplement.
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maximum concurrent peak and trough elevations 
constrained by the peak observed frequency (similar 
to Dunbar et al. 2017). An event is considered only 
when wave height >0.20 m for at least two tide gauges 
within the same geographic region (regions are listed 
in the supplement). The wave height threshold was 
chosen through prototyping with known meteotsu-
nami events and was found to be the smallest thresh-
old to reliably identify events and avoid false positives. 
As discussed, this threshold is similar to wave height 
thresholds used in previous studies (Monserrat et al. 
2006; Olabarrieta et al. 2017; Pasquet et al. 2013). The 
multiple gauge criteria can be established and used due 
to the dense spatial coverage of tide gauges along the 
East Coast and is essential to minimize false positives 
in an automated detection approach.

A meteorological assessment is made after this 
stage of event identification to ensure that the event 
is meteorologically forced. Similar to the method 
used in the Great Lakes (Bechle et al. 2016), the 
assessment seeks to identify either a 0.9 mb per 6-min 
air pressure perturbation or wind speed exceeding 
10 m s–1 within 12 h prior to the observed wave. These 
thresholds were derived from the lower bounds of 
perturbations observed to lead to meteotsunamis in 
the literature (Linares et al. 2016; Šepić et al. 2012). 
A 12-h threshold was used because in many cases 
the observed maximum wave height at some gauges 
occurred hours following the measurement of the 
meteorological disturbance. For example, in the 
13 June 2013 case (Fig. 1) the maximum wave height 
was observed at Cape Hatteras, North Carolina, about 
10 h following the initial disturbance measured at 
Lewes, Delaware. Since 2004, both air pressure and 
wind speed are collected at most NOAA tide gauges, 
and the automated approach relies on these observa-
tions over the region(s) where the event occurred. 
In the limited cases where events did not meet the 
meteorological threshold, a manual assessment of 
additional wind and pressure data was performed. 
Out of the 355 potential meteotsunami events since 
2004, only four events failed the meteorological 
check. The 6-min air pressure data are not available 
at NOAA tide gauges prior to 2004, and are limited in 
availability at other sources as well. This data limita-
tion results in a larger number (54 out of 193) of po-
tential events that fail the meteorological check from 
1996 to 2003. These events are also manually checked 
for data inconsistencies and against known seismic 
tsunamis and so nonmeteorological forcing is highly 
unlikely. The primary purpose of the meteorological 
check is to provide additional quality control and to 
ease automation. Given the severe atmospheric data 

Fig. 3. (bottom) Example of a wavelet spectrogram  
and (top) filtered high-frequency water-level time 
series from Woods Hole, MA, during the 13 Jun 2013 
meteotsunami. Contour units are wavelet energy ×10–3.

The majority of previous meteotsunami studies have 
relied on 6-min water-level observations; however, 

1-min water-level observations have been used in some 
cases (Pasquet et al. 2013). Using 1-min data would be 
ideal, as the high-frequency oscillations and sometimes 
extreme peak water level can be either aliased or 
underestimated when using the 6-min observations. 
However, quality-controlled 1-min observations 
(Dunbar et al. 2008) are not available at any locations 
until 2007 and even quality-controlled time series have 
significant data gaps making filtering and wavelet analyses 
impractical.

Meteotsunami wave height and period calculated 
from the 6-min and available 1-min water-level data were 
compared to estimate potential bias or error. A total 
of 219 gauge–event pairs (i.e., multiple gauges observe 
each event) were compared. The 1-min time series were 
processed through the same algorithm as the 6-min 
time series when events were detected and when the 
1-min data record was complete. Wave height estimates 
from 6-min observations are on average biased low by 
3.8 cm, with a standard error of 5 cm. Peak wave period 
demonstrates a positive bias of 1.7 min and standard 
error of 11.9 min. The 1-min peak wave period was 
below 12 min for only 11 out of the 219 pairs, indicating 
that aliasing is generally not a concern. This assessment 
demonstrates that 6-min observations are generally 
sufficient to accurately observe meteotsunami events, 
though wave height estimates will slightly underestimate 
the true wave height.

COMPARISON WITH 1-MIN WATER-
LEVEL OBSERVATIONS
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limitations prior to 2004 and given that only 1% of 
cases failed the meteorological check after 2004, it 
was determined that the more unbiased approach was 
to retain the 54 events that failed the meteorological 
check prior to 2004.

Last, a rigorous manual quality assessment of 
all 580 potential identified events was performed. 
The assessment resulted in 32 events completely 
removed and 24 events partially removed (often 
due to questionable data spikes at the Fort Pulaski, 
Georgia, gauge), leaving a total of 548 meteotsunami 
events observed from 1996 to 2017. An event captur-
ing the December 2004 Sumatra seismic tsunami 
(Rabinovich et al. 2006) was also removed, though 
it occurred concurrently with a meteotsunami 

(Thomson et al. 2007) as the resultant meteotsunami 
wave height could not be adequately resolved by this 
approach.

U.S. EAST COAST METEOTSUNAMI 
CLIMATOLOGY. A total of 548 meteotsunami 
events were detected on the U.S. East Coast from 
1996 to 2017, for an average of about 25 events per 
year. On average, 3.8 gauges observed each event, for 
a total of 2,065 event–gauge pairs. The majority of 
events were measured at only a few gauges and 84% 
of all events were measured at five or fewer gauges. 
There were several widespread events including 26 
cases of a single meteotsunami event observed at 10 
or more gauges. Twice a meteotsunami was observed 

Fig. 4. (top) The filtered high-frequency water level and (bottom) the radar imagery and maximum observed 
wave height for the 8 Dec 2011 meteotsunami. In the top panel, stations are listed generally north to south 
sorted by state, times of maximum peak-to-trough wave height are identified by the vertical black lines, and 
spacing between axes indicates a peak-to-trough wave height of 0.5 m. Vertical red lines indicate the times 
of the radar imagery on 8 Dec. In the bottom panel, the maximum wave heights are shown by the size of the 
markers. A total of 24 gauges observed the event with a maximum wave height of 0.80 m at Providence, RI.
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at 24 gauges, including the event on 8 December 2011 
(Fig. 4).

The distribution of peak-to-trough wave heights 
suggests that most meteotsunamis that occur on the 
East Coast are relatively small (Fig. 5). Roughly 73% 
of all events were under 0.30 m in height, and about 
91% were under 0.40 m. There were 30 instances when 
a gauge measured a wave height exceeding 0.60 m, 
with three of these instances exceeding 1 m. Peak 
wave period was somewhat more evenly distributed 
across the tsunami-frequency band with a slight 
skew toward longer frequencies (66% >1 h). Though 
there is not a strong correlation between wave height 
and wave period, the largest waves were generally 
relatively long waves. None of the events exceeding 
0.6-m wave height had a peak period under 40 min.

Meteotsunamis occur along most of the East Coast, 
from northern Maine to Key West, Florida (Fig. 6 
and supplement), but with some notable variations 
in event magnitude and frequency. Myrtle Beach, 
South Carolina, and Duck, North Carolina, observed 
the greatest number of events with 148 (7.2 yr–1) 
and 130 (6.0 yr–1), respectively, while Wrightsville 
Beach, North Carolina (8.7 yr–1), and Cape Hatteras 
(8.9 yr–1) had the highest averages per year for any 
station with at least 5 years of data. Events were also 
common in Long Island Sound, particularly New 
Haven, Connecticut, and Providence, Rhode Island, 

which both average 5.4 meteotsunamis each year. 
Atlantic City, New Jersey (5.6 yr–1), observed frequent 
events, at least in part due to its exposed, open coast 
location. Last, meteotsunamis were fairly common 
along the northern Florida coast, especially at both 
St. Augustine (4.2 yr–1) and Port Canaveral (3.3 yr–1).

Fig. 5. (bottom left) Scatterplot of peak wave period 
to peak-to-trough wave height of all identified sta-
tion–event pairs, and thus one point is shown for each 
station per event. (right) The binned distributions of 
wave height and (top left) peak period are shown.

Fig. 6. (left) The average number of events observed per year at each gauge location and (middle) the top decile 
and (right) maximum peak-to-trough wave height observed at each gauge location. Small black dots indicate 
no events observed at those locations.
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The largest meteotsunamis tend to occur in places 
that observed frequent events (Fig. 6 and supplement). 
Atlantic City, Cape Hatteras, Providence, and Port 
Canaveral all observed events exceeding a wave height 
of 0.8 m. The largest meteotsunamis recorded over the 
22-yr data record include a 1.04-m event at Providence 
during a winter storm on 9 December 2005 and a 
1.19-m event at Port Canaveral on 19 June 1996 (Fig. 7). 
Both Providence (five) and Port Canaveral (eight) have 
multiple large events exceeding a wave height of 0.6 m.

Temporal variability in meteotsunami occurrence 
is apparent over a range of time scales. Annually, 
the number of observed events ranges from 16 to 
33 depending on the year (Fig. 8). In addition to the 
total number of events, a meteotsunami anomaly was 
calculated to account for differences in the number 
and locations of gauges active during any one year. 
The meteotsunami anomaly is the difference between 
the average observed meteotsunami events per station 
for a given year and the average expected number of 
meteotsunami events per station for a given year. The 
anomaly largely tracks the total events so network bias 
does not appear to be substantial.

There are summer and winter seasonal peaks in 
meteotsunami occurrence. The greatest monthly 
frequencies are in June and July with a second peak in 
occurrence from December through March (Fig. 8). 
Meteotsunamis tend to be less common in May and 
from August to November. However, the meteotsuna-
mis that occur from August to October are occasionally 
coincident in time with tropical cyclones, for example, 
during Hurricane Irma in 2017 (Fig. 9). Tropical cy-
clones were associated with 19 out of the 92 meteot-
sunamis that were observed during these months. 
The monthly distribution of only the largest 10% of 
meteotsunami events further elucidates the seasonal 
cycle, with larger events more evident in the winter and 
in September (Fig. 8, bottom). The time of day when 
meteotsunamis are most likely to occur is also season-
ally driven. During the summer months, events are 
most common in the afternoon and early evening (e.g., 
77% of all events in July), while the winter distribution 
is much more even throughout the day (57% occur in 
the afternoon and early evening in January).

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

Fig. 7. (top) The filtered high-frequency water level and (bottom) the radar imagery and maximum observed 
wave height for the 19 Jun 1996 meteotsunami. In the top panel, stations are listed north to south, times of maxi-
mum peak-to-trough wave height are identified by the vertical black lines, and spacing between axes indicates a 
peak-to-trough wave height of 0.5 m. Vertical red lines indicate the times of the radar imagery on 19 Jun. In the 
bottom panel, the maximum wave heights are shown by the size of the markers. Two gauges observed the event 
with a maximum wave height of 1.19 m at Port Canaveral, FL, being the largest event recorded from 1996 to 2017.
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along the East Coast (Fig. 10). The Northeast and 
portions of the Southeast (North and South Carolina) 
tend to be active in the winter months (December–
February), while the mid-Atlantic gauges, with the ex-
ception of Atlantic City, observe relatively few winter 
events. This suggests that wintertime meteotsunamis 
tend to not impact the Chesapeake and Delaware Bays 
(where many of the mid-Atlantic gauges are located), 
potentially because the bays are more protected from 
coastal winter storms and nor’easters. In the summer 
months (June–August), however, the mid-Atlantic, 
including the Chesapeake and Delaware Bays, and 
portions of the Southeast see a relatively large num-
ber of meteotsunamis and the Northeast observes 

relatively fewer. In particular, the coastline north 
of Woods Hole, Massachusetts, through Maine has 
almost no summertime events, despite being rela-
tively active at other times of the year.

Fig. 8. (top) Shown are the total number of meteotsu-
nami events each year (left y axis) and the normalized 
meteotsunami anomaly (right y axis). (middle) The 
average number of meteotsunami events each month 
broken down by time of day and (bottom) the monthly 
average of only the events with the top 10% of maxi-
mum wave heights (largest 55 events).

Fig. 9. (top) The filtered high-frequency water level and (bottom) the radar imagery and maximum observed 
wave height for the 10–11 Sep 2017 meteotsunami. In the top panel, stations are listed north to south, times 
of maximum peak-to-trough wave height are identified by the vertical black lines, and spacing between axes 
indicates a peak-to-trough wave height of 0.5 m. Vertical red lines indicate the times of the radar imagery. In 
the bottom panel, the maximum wave heights are shown by the size of the markers. The event was associated 
with Hurricane Irma and reached a maximum wave height of 0.97 m at Port Canaveral, FL.
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In addition to regional characteristics, there are 
a number of gauges that observe frequent events 
regardless of season. In particular Atlantic City, 
Duck, and Myrtle Beach tend to observe similarly 
large numbers of events throughout much of the year. 
These gauges are some of the most exposed coastal 
gauges on the East Coast, and are on long straight 
coastlines with relatively little topographic variability. 
Thus, they tend to be exposed to events regardless of 
season or mechanism.

Return period estimates are made for some of 
the more active locations with longer time series. A 
generalized Pareto distribution (GPD; Coles 2001) is 
typically utilized to fit peaks over threshold data, is 

used in similar studies (Bechle et al. 2016; Geist et al. 
2014), and was found to be the optimal fit for these 
data. A GPD fit was made for 29 gauges with at least 
10 years of data and 15 observed meteotsunami events 
with 95% confidence limits calculated via a bootstrap 
approach (Fig. 11; Caires 2007; Coles and Simiu 2003). 
Here, return periods of 1, 5, and 50 years are calculated 
(Fig. 12 and supplement). The 50-yr return period was 
selected to provide some indication of extreme events; 
however, it is important to note the relatively large 
confidence bounds due to the 22-yr observation record.

The 1-yr events are typically small regardless of 
location and range, with wave heights of around 
0.2–0.4 m. Only two locations, Port Canaveral and 
Providence, have a height for the 1-yr return period 
exceeding 0.4 m. Both of those locations also have the 
largest 5-yr return period heights, with Providence ex-
ceeding 0.60 m and Port Canaveral exceeding 0.70 m. 
Atlantic City also has a fairly substantial 5-yr return 
period, reaching a height of 0.57 m. A majority of 
gauges (22 out of 29) have 5-yr return periods between 
0.30 and 0.50 m. The 50-yr return periods suggest 
fairly extreme events are possible at some locations. 
In particular, Port Canaveral (1.26 m), Woods Hole 
(1.12 m), and Providence (0.97 m) have high wave 
height estimates, consistent with the largest observed 
events over the past 22 years. In all, seven gauges have 
50-yr return period heights exceeding 0.60 m.

DISCUSSION AND CONCLUSIONS. The 
climatology suggests that meteotsunamis frequently 

Fig. 11. Example of GPD fit for all observed meteot-
sunami events with the 95% confidence limits for 
Providence, RI, and Port Canaveral, FL. Note the large 
confidence limits for long-return-period events.

Fig. 10. The monthly distribution of all observed 
meteotsunami events across all stations partitioned 
by season. Note that the total number of events per 
month exceeds 15 for some gauges. The locations of 
the breaks between regions are noted on the tide 
gauge map (Fig. 2). The numbers on the y axis corre-
spond to the row numbers for stations in the supple-
ment and the top (unlabeled) region is Bermuda.
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occur along much of the U.S. East Coast. Though more 
numerous in the summer and winter months, they can 
occur during all times of the year and from a range of 
underlying meteorological conditions. Similar to what 
has been observed in the Great Lakes and Gulf Coast 
(Bechle et al. 2016; Olabarrieta et al. 2017), the vast ma-
jority of observed meteotsunamis are quite small (91% 
of the total 2,065 gauge–event pairs have wave heights 
of less than 0.40 m). This is an important distinction to 
make when communicating about meteotsunamis to 
the general public, as many people associate the term 
tsunami with a large or even catastrophic wave event. 
Assuming a wave height exceeding 0.60 m is a poten-
tially impactful event (the June 2013 event reached 
0.57 m; Fig. 1), these occur much less frequently, only 
about one time per year on average. The likelihood of 
observing an impactful event at most gauge locations is 
fairly low, as the wave height for the 5-yr return period 
exceeds 0.60 m at only two locations (Providence and 
Port Canaveral) and the 50-yr return period exceeds 
0.60 m at only seven locations.

Some important location characteristics were 
observed in the number of events, the magnitude 
of events, and the seasonality of events. One of the 
underlying factors that dictates whether locations 
observe frequent events is whether the tide gauge 
is located on the exposed open coast or is in a more 
protected inland location. The gauges in Atlantic 

City, Duck, Wrightsville Beach, and Myrtle Beach 
are all located on exposed, oceanic piers and all 
observed over 100 total events (>5 yr–1). Meanwhile, 
locations that are up-estuary (especially narrow, riv-
erine estuaries) not surprisingly observed few or no 
events. For example, Wilmington, North Carolina, is 
less than 20 km away from the gauge at Wrightsville 
Beach, but is located within the Cape Fear River and 
thus only observed one event for nearly 22 years of 
observations.

The exception to this rule are places in more ex-
posed estuarine locations, for which the topography, 
shape, and orientation of the estuary favors amplifying 
the meteotsunami signal. The best examples of this 
are Providence, New Haven, and Port Canaveral. The 
Providence gauge is located on the Providence River, 
nearly 50 km up-estuary at the head of Narragansett 
Bay, yet it observed over 100 events, including five 
events with a wave height over 0.60 m. Oscillations in 
the tsunami frequency band appear to be amplified 
at this location, and are often coincident with slightly 
lower-frequency oscillations (periods of 3–4 h). The 
New Haven gauge is on an exposed pier only 5 km 
up New Haven Harbor on the northern side of Long 
Island Sound. Therefore, the gauge is fairly exposed 
to impacts from the sound while also potentially 
further amplifying meteotsunami signals due to the 
shape of the harbor. This location observed 98 events 

Fig. 12. The GPD estimated (left) 1-, (middle) 5-, and (right) 50-yr return period wave heights for 27 locations 
with at least 10 years of data and 15 observed meteotsunami events.
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over about 18 years (more than five events per year). 
Last, the Port Canaveral gauge is less than 1 km inside 
the Canaveral Barge Canal, and is fairly exposed to 
oceanic forcing. The Port Canaveral gauge observed 
slightly fewer events (about three per year on aver-
age); however, it observed eight events over 0.60 m, 
including the largest meteotsunami observed for all 
gauges at a wave height of 1.19 m (Fig. 7). The shape 
of the canal is apparently such that oscillations in the 
tsunami frequency band are significantly amplified.

There are location-specific seasonal dependencies 
on meteotsunami occurrence that correspond well to 
U.S. East Coast storm occurrence. There is one sea-
sonal peak in meteotsunami occurrence in June and 
July (Fig. 8), especially for the mid-Atlantic and south-
east regions (Fig. 10). This corresponds well to the 
frequencies of severe thunderstorms, which peak in 
June and July for much of the East Coast, with spatial 
maximums in the Carolinas and from the Delmarva 
region (northern Chesapeake Bay and Delaware Bay) 
into New Jersey and Long Island Sound (Doswell et al. 
2005). Derechos, intense mesoscale squall lines like 
the one that caused the 13 June 2013 meteotsunami 
(Fig. 1), also peak in June and July in similar regions 
as severe thunderstorms (Guastini and Bosart 2016). 
Both severe storms and derecho occurrence reduce 
rapidly as the calendar progresses into August and the 
fall months (Doswell et al. 2005; Guastini and Bosart 
2016), which is when meteotsunami occurrence is 
correspondingly at its lowest point of the year for most 
of the East Coast. The increase in occurrence in the 
early summer is similar to what has been found in 
the Great Lakes (Bechle et al. 2016), which is not un-
expected given that severe weather often propagates 
from the Midwest to the East Coast. Not surprisingly, 
the time-of-day dependence of meteotsunami occur-
rence in the summer months (Fig. 8) aligns closely 
with the peak occurrence of convective storms in 
the range of 1500–2100 eastern standard time (EST; 
Murray and Colle 2011) It is notable that the northeast 
region (north of Woods Hole) has very little meteot-
sunami occurrence in the summer months, which is 
likely due to the relatively low frequency of convective 
and severe storms (Doswell et al. 2005; Murray and 
Colle 2011). Though not a sizeable contributor to the 
total number, tropical cyclones also appear to force 
meteotsunamis in the summer and fall months (e.g., 
Hurricane Irma in 2017; Fig. 9), and are associated 
with about one event per year.

A second peak in meteotsunami occurrence is in 
the winter months (December–February; Fig. 8) for 
most open coast gauges along the East Coast from the 
Carolinas northward (Fig. 10). This peak corresponds 

well to winter storm occurrence, which reaches a 
maximum during the same months, especially for 
winter storms that impact most of the coastline 
(Hirsch et al. 2001). Average winter storm strength 
and speed are also at a maximum from December 
to February (Bernhardt and DeGaetano 2012), with 
storm speed potentially being an important consider-
ation given the role resonance plays in meteotsunami 
generation. Winter storm tracks are often such that 
storms travel along the coast from the Carolinas up 
to New England (Eichler and Higgins 2006), which 
explains the often large number of gauges observing 
a meteotsunami event (e.g., Fig. 4). The more inland 
regions of Chesapeake and Delaware Bays tend to ob-
serve fewer winter storms than along the open coast 
(Eichler and Higgins 2006), which in part explains 
the small number of meteotsunamis observed in these 
regions during the winter months (Fig. 10).

The season of meteotsunami occurrence dictates 
what impacts from these events are most important 
to consider. Summertime meteotsunamis tend to be 
associated with thunderstorm or convective systems 
which are often short lived and isolated (Figs. 1, 7). In 
these cases the weather and coastal conditions could 
be unaffected only a relatively short distance away 
from the convective system and yet be substantially 
impacted by the meteotsunami event. Thus, there is 
potentially greater exposure for boaters, swimmers, 
beachgoers, and others to the hazard. Conversely, 
wintertime meteotsunamis are associated with large 
East Coast storm systems which directly impact 
broad areas (Fig. 4), and include other hazardous 
oceanographic conditions (storm surge, large waves). 
As such, a direct public safety impact is less likely; 
however, the contribution of the meteotsunami to 
storm surge and potential inundation may be im-
portant to consider. These same considerations hold 
true for meteotsunamis occurring from tropical 
cyclones (Fig. 9).

There are some important limitations to the 
method and results presented here. Relying only on 
point observations of meteotsunami events is one 
limitation. Many NOAA tide gauges are positioned 
to reduce the inf luence of high-frequency water-
level oscillations to minimize wind-wave noise in 
the water-level signal. As such, some gauge loca-
tions might be protected from meteotsunami waves, 
potentially reducing amplitudes to the point of be-
ing below the 0.20-m threshold. Further, in many 
cases individual gauges will likely not observe the 
maximum wave height occurring for a specific event, 
and the true size and impacts of larger events might 
remain uncertain. An example of this is the Boothbay 
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Harbor meteotsunami of 28 October 2008. This event 
is widely documented as one of the more impactful 
meteotsunami events in recent history, with witnesses 
reporting a wave height of approximately 4 m (Vilibić 
et al. 2014b). Although this event was observed by 
NOAA tide gauges, the maximum observed wave 
height was only 0.23 m at the Portland, Maine, gauge 
less than 60 km away.

Another limitation of this approach is that, similar 
to seismic tsunami waves (Dunbar et al. 2017), water-
level oscillations of varying frequencies near the 
meteotsunami band often occur concurrently with the 
meteotsunami, thus complicating the separation of 
the signals and identification of peak-to-trough wave 
height. For example, at Providence, there are often 
longer-period oscillations (with periods of 3–4 h) 
occurring simultaneously with a meteotsunami. This 
causes difficulties when attempting to measure peak-
to-trough wave height as these different oscillations 
interfere and cannot be separated. Other water-level 
variability that can be difficult to differentiate from 
the meteotsunami signal is the direct contribution of 
the atmospheric pressure change and wind to water 
level. For example, during the 13 June 2013 event the 
Lewes gauge observes the meteotsunami signal before 
all other gauges and it is coincident in time with the 
passing front in the radar imagery (Fig. 1). It is unclear 
if this is the signal of a progressive wave or just the 
influence of the pressure change on the water level. 
Another example is the storm surge that occurred in 
many southeast locations during Hurricane Charley 
on 14 August 2004. There were significant oscilla-
tions in the tsunami-frequency band identified at 12 
gauges, but concurrent to those oscillations was an 
extremely rapid storm surge event which increased 
water levels in some locations by over 1.5 m in less 
than 90 min. Clearly some of this rapid increase was 
caused by storm surge, but an apparent meteotsu-
nami was concurrently observed. It was impossible 
to differentiate the signals from the time series alone 
and therefore this instance was removed from the 
meteotsunami climatology.

It is important to recognize that modifying the 
meteotsunami identification criteria will alter the 
number of events observed. For instance, using a 
minimum absolute wave height threshold greater 
than 0.20 m or choosing a relative wavelet energy 
threshold greater than six standard deviations will 
result in fewer observed events. Choosing to detect 
events with only an absolute threshold (equivalent 
for all gauges) or only a relative threshold (gauge in-
dependent) would also potentially impact the results. 
The primary goal of this study was to identify all 

potential events; however, in other cases it may be 
desirable to use higher thresholds to focus only on 
the most impactful or potentially damaging events.

Some potential approaches to better understand 
meteotsunami propagation and to separate different 
wave signals are to utilize additional observations or 
hydrodynamic numerical models. High-frequency 
(HF) radar has been utilized to observe some tsunami 
and meteotsunami events (Lipa et al. 2012, 2014). 
This climatology can be used to select appropriate 
HF radar observations to further investigate for 
meteotsunami signals. High-resolution numeri-
cal models have been utilized to better understand 
meteotsunami propagation (Anderson et al. 2015; 
Renault et al. 2011). Similar modeling approaches are 
presently being investigated for the U.S. East Coast, 
again relying on this climatology for potential events. 
In addition to better understanding meteotsunami 
events on the East Coast, there are plans to assess the 
performance of this approach on NOAA tide gauges 
in other coastal regions across the United States.

In conclusion, this automated meteotsunami 
detection approach will be invaluable to a range of 
future applications. In the near term, the database of 
East Coast events will be utilized by NOAA National 
Weather Service (NWS) to develop a meteotsunami 
impact catalogue. This catalogue will be used by 
NWS Weather Forecast Offices to better understand 
what underlying meteorological conditions lead to 
potentially impactful events, and how likely impact-
ful events are to occur depending on region and 
season. The database of events will also be utilized 
to provide meteotsunamis with a range of different 
forcing mechanisms for the development and valida-
tion of hydrodynamic numerical models. Models will 
enable better understanding of how meteotsunamis 
are generated from different underlying meteorologi-
cal conditions (e.g., summertime convective system 
or winter storm), and enable assessing wave height 
and potential impacts away from the gauge locations.

This automated approach also enables the poten-
tial for near-real-time meteotsunami detection at 
NOAA tide gauges. Tide gauge detection combined 
with the detection capability that already exists with 
offshore Deep Ocean Assessment of Tsunami (DART) 
buoys (Mungov et al. 2013) can enable the NWS to 
issue special meteotsunami warning statements upon 
event detection [as highlighted in Finucane (2018)]. 
Though the use of wavelets will result in some time 
lag in identification (presumably up to the maximum 
wave period of 2 h), event identification even with 
a 2-h delay has the potential to be useful given that 
meteotsunami events often consist of multiple waves 
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and can take substantial time to propagate along the 
coastline. Eventually, through a combination of ob-
servations and numerical modeling, a meteotsunami 
forecast system could be developed, similar to other 
efforts ongoing in other global locations (Jansá et al. 
2007; Šepić and Vilibić 2011; Vilibić et al. 2016).
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