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Abstract

We use the horizontal components of land-based seismometers in the vicinity of shorelines
to apply to meteotsunamis the deconvolution algorithm introduced by Okal (Pure Appl
Geophys 164:325-353, 2007) in order to recover time series of tsunami amplitudes from
seismic recordings. For a selected set of seven such events recorded at 16 seismic stations,
we obtain equivalent wave amplitudes and horizontal polarizations, the latter expressing
the directions of particle motions at the surface of the sea. Our amplitudes are generally on
the same order of magnitude as available regional records or reports, and the direction of
tsunami currents is found mostly parallel to the relevant shorelines. In particular, seismic
records available at three Spanish stations suggest that the unexplained waves which killed
twelve people in Mostaganem, Algeria in 2007, had a meteorological origin. Our results,
of an exploratory nature, suggest that seismic records could play an important role in the
further understanding of the structure of meteotsunamis.

Keywords Meteotsunamis - Seismic deconvolution - Mostaganem

1 Introduction and background

This paper assesses the possibility of recording meteotsunamis on the horizontal com-
ponents of land-based seismometers deployed in the immediate vicinity of the affected
coastlines.

Following the 2004 Indonesian tsunami, Yuan et al. (2005) first reported the record-
ing of tsunami waves by broadband seismic stations deployed at teleseismic distances on
oceanic islands of the Indian Ocean. In very general terms, tsunami waves were found to
be detectable on horizontal components in the frequency band 0.5-10 mHz and at ampli-
tude levels suggesting ground accelerations of 1-10 um/s?. Similar observations were also
reported qualitatively by Hanson and Bowman (2005).

In Okal (2007), we later showed that such recordings could be made worldwide at
stations located within ~30 km of coastlines and that the resulting amplitudes could
be quantified in the framework of Ward’s (1980) representation of tsunami waves as a
special branch of the free oscillations of the Earth, by simply assuming that the station
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was actually sitting on a flat ocean floor, in the absence of the island or continent. This
drastic, if not outrageous, simplification was justified by the very large wavelengths of
earthquake-generated tsunamis (Rabinovich 1997). In this framework, and following
Gilbert (1980), a horizontal seismometer responds not only to the horizontal accelera-
tion of the solid Earth, but also to a component of tilt and to a change in the gravita-
tional potential induced by the Earth’s oscillation. In the case of a standard Rayleigh
mode, those two corrections can alter the precise quantification of its recorded ampli-
tude by at most 10%; by contrast, in the case of tsunami modes, their effect can reach
1.5 orders of magnitude (Okal 2007), thus greatly amplifying the recording of the min-
ute horizontal component of the continuation of the tsunami eigenfunction into a solid
Earth of finite rigidity.

Okal (2007) went on to define a “Gilbert Response Function,” GRF(w), as the ratio,
at each angular frequency w, of the apparent horizontal displacement 1" recorded by
the instrument to the vertical amplitude # of the tsunami at the surface of the ocean:

M(lpp l
GRF(w) = =— =1y, — — -
(@) p Y3 Ca)(gyl ¥s) (D

where, in the notation of Saito (1967), y, and [y, are the vertical and horizontal compo-
nents of ground motion at the bottom of the ocean for a tsunami mode of angular degree
1, and ys is the perturbation of the Earth’s gravitational potential accompanying the oscil-
lation of the mode (for a normalized surface amplitude of 1 unit); C is the phase veloc-
ity of the tsunami mode and g the acceleration of gravity. The Gilbert Response Function
can then be regarded as a frequency-dependent transfer function, to be combined with the
classical instrument response, in order to transform the seismometer into a “tsunameter”
measuring the amplitude # of the tsunami on the high seas. Using this approach, and for six
earthquake-generated tsunamis, Okal (2007) recomputed the seismic moment of their par-
ent earthquakes generally within a factor of 2 of the published Harvard Centroid Moment
Tensors (now GlobalCMT) solutions (Dziewonski et al. 1981; Ekstrom et al. 2012).

As discussed in the Appendix of Okal (2007), the function GRF(®) is essentially
independent of the depth H of the water column. This remarkable property was later
extended to the case of a very shallow basin by Paris et al. (2019), who proposed the
general expression

log,, GRF(w) = —2log,,f — 1.317 )

where f = w/2x is in millihertz, with 0.1 < f < 10 mHz, and for depths H ranging from
100 m to 4 km. They then used a seismic record in the near field to reconstruct a water
amplitude # ~ 1.9 m in the case of the landslide-generated tsunami of June 17, 2017, at
Karrat Fjord, Greenland. We emphasize that, even though the theoretical justification of
the independence of GRF on H was given by Okal (2007) under the shallow water approxi-
mation, the regression (2) was obtained by Paris et al. (2019) using fully dispersed normal
mode theory. Note finally that seismic recordings of local tsunamis had also been made,
but only qualitatively, at an epicentral distance of 21 km during the Stromboli tsunami gen-
erated by a volcanic landslide at La Sciara (La Rocca et al. 2004).

In this context, the purpose of this paper is to use seismic recordings in the near
field to reconstruct wave amplitudes for a sample of meteotsunamis having occurred in
the past 15 years.
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2 Dataset and methods

We refer to Rabinovich (2020) for an extensive compilation of meteotsunamis docu-
mented worldwide in the past 25 years. We list in Table 1 a selection of events from
that study; it is not meant to be exhaustive, but rather to offer, in the present explora-
tory study, a dataset allowing to test the concept of the quantitative seismic recording
of meteotsunamis. We add two events (F and G) not included in Rabinovich (2020), as
they provide a unique perspective. Figure 1 is a world map of the events selected.

For each meteotsunami, we identified appropriate seismic stations, located within a
few km of the affected coastline. Given the seismically low frequencies of meteotsuna-
mis, we targeted coarsely sampled channels, typically the “L” bands sampled at 1 Hz,
but occasionally had to work with “B” channels sampled at 20 Hz, and exceptionally
“H” bands sampled at 100 Hz. Horizontal seismograms were then processed through
a classical spectrogram analysis to extract time and frequency windows containing the
tsunami signal. We then deconvolved the instrument response and the Gilbert Response
Function (Eq. 2) in the 0.1-10 mHz band, to construct equivalent time series of the
surface amplitude of the tsunami wave, #(#), and a classical particle motion algorithm
was used to infer its horizontal polarization and hence the azimuth of the tsunami wave
in the vicinity of the station. We retain and list in Table 1 the maximum zero-to-peak
amplitude 7, of the rotated time series and the dominant period in its spectrum.

3 Results
3.1 Event A: Menorca, Spain, June 15,2006

We first consider this “rissaga” event, which provided the cleanest and sharpest seismic
recording of a meteotsunami. As documented by Monserrat et al. (2006), Jansa et al.
(2007) and Vilibi¢ et al. (2008), it resulted in catastrophic flooding with run-up reaching
5 m in Ciutadella Harbor on the western coast of Menorca. The closest available seismic
record is at Mah6n (MAHO), on the eastern coast, at a distance of ~ 40 km (Fig. 2).
The tsunami is clearly identified on the raw seismograms at MAHO, with impulsive
onsets at 19:14:30 GMT. Spectrograms are shown in Fig. 2. The deconvolved 7 time
series, as shown in Fig. 3, reach an amplitude of 2.4 m, polarized in the N320°E azi-
muth, which is consistent with the orientation of the local inlet at Mahé6n. This ampli-
tude is smaller than reported at Ciutadella (4—6 m), but remains on the same order of
magnitude. The dominant period (30 mn) is also significantly longer than reported at
Ciutadella (10.5 mn); such differences in amplitude and period between the two loca-
tions reflect the nonlinear response of two inlets with differing shapes and dimensions.

3.2 Event B: Mediterranean Sea, June 22-27, 2014

We next analyze this remarkable phenomenon, which involved most of the Medi-
terranean Sea (Fig. 4), from Menorca in the Balearic Islands to the Aegean coast of
Turkey, and into the Black Sea (Sepi¢ et al. 2015). Figure 5 presents a summary of
deconvolved particle motions obtained, from east to west, at Mah6n, Menorca; Ston,
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Fig. 1 World map of the seven events studied, as referenced in the text and Table 1. The red symbols iden-
tify those listed by Rabinovich (2020), including Event B, which stretched over most of the Mediterranean
Sea. The blue symbols (Events F and G) are additional ones

Croatia; Podgorica, Montenegro; Targusor, Romania; Ag. Paraskevi (Lesvos), Greece;
and Dikili, Turkey.

We note significant variations in deconvolved amplitudes and in their polarization. The
former generally agree with the reports by Rabinovich (2020), with the strongest waves
observed in the Adriatic (STON). They remain centimetric in Mahén, where the polariza-
tion is this time NNE-SSW, presumably reflecting the absence of an efficient resonance
of the inlet, which may due to longer periods than during Event A. By contrast, the excep-
tional amplitudes deconvolved at Ston (reaching 5 m) and the pure EW polarization could
be attributed to resonance in the channel featuring an extremely complex geometry imme-
diately off the recording station. At Podgorica, located about 30 km inland, and despite
meager amplitudes, the polarization follows the general direction of the coastline of the
Adriatic Sea; it could also fit the orientation of nearby Lake Skadar, suggesting a possible
seiching, but the depth of the lake is poorly known and this interpretation remains specula-
tive. Similarly, at Targusor, the polarization of the deconvolved wavefield follows the local
coastline of the Black Sea. At Dikili, we reconstruct metric amplitudes, in agreement with
the reports by Rabinovich (2020), with a NE-SW polarization coinciding with the general
orientation of the channel to the east of the island of Lesvos.

Finally, we compare the recordings at Dikili with those at the nearby Greek Station Ag.
Paraskevi, a mere 50 km away on the island of Lesvos (Fig. 4b). While the polarization
at Dikili is remarkably homogeneous, the results on Lesvos are clearly bimodal, with the
first part of the deconvolved time series (from 02:05 to 09:40 on June 27, in red in Fig. 5)
oriented N248°E, only 23° from its counterpart at Dikili, but the later part (from 09:40 on,
in blue) rotated an additional 45°. This indicates that the station at Ag. Paraskevi records a
tsunami wavefield composed of two arrivals at different azimuths and separated by about
7.5h.

3.3 Event C: Northeast U.S. Atlantic Coast, June 13,2013
This event resulted from a so-called derecho weather system (Sepi¢ and Rabinovich 2014)

which affected the eastern seaboard of the USA, from North Carolina to Massachusetts.
We refer to Bailey et al. (2014) and Wertman et al. (2014) for a complete description and
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Fig.2 Top: Map of Menorca, Balearic Islands, showing the locations of Ciutadella where maximum run- p
up was observed during Event A, and of the recording station Mahén (MAHO). Isobaths are contoured at
100-m intervals to 1000 m (green) and at 500 m deeper (blue). Center: Time series (top) and spectrogram
(bottom) for the north—south seismic record at Station MAHO. The time series is a raw seismogram, the
vertical scale being arbitrary digital units. Each pixel in the spectrogram represents the spectral amplitude at
the relevant frequency in a window of length Ar = 1500 s, moving across the time series in steps 6t = 25,
color-coded according to the scale at right, in decibels relative to the strongest pixel. Bottom: Same as center
for the east—west component

to Knight et al. (2013) for a modeling of its generation by Proudman resonance (Proudman
1929) on the continental shelf.

We examine here the seismic records at Station M65A (Falmouth, Massachusetts) and
then operated as part of the Transportable Array.! Figure 6a shows a 24-h window of the
raw east-west LHE channel (sampled at 1 Hz), with the deconvolved equivalent wave
amplitude # (f) shown in Fig. 6b. Note that the peak-to-peak amplitude (114 cm) is about
double that recorded on the tidal gauge station at Woods Hole, less than 5 km away, as
described by Dusek et al. (2019) and confirmed in Fig. 7d, but more in line with news
reports quoted by Rabinovich (2020) of up to 1.5 m (5 ft.; probably peak to trough) at
various locations of the eastern seashore. This discrepancy may be attributable to a differ-
ence in instrumentation, tidal gauges often featuring by design high-pass mechanical filters
and most importantly, a very coarse sampling rate, in this case 1 sample every 6 minutes,
resulting in a Nyquist frequency of 1.4 mHz.

There is also some discrepancy in timing between the arrivals of the tsunami on the
deconvolved M65A time series (around 11,000 s into the time series, or ~15:10 GMT)
and on the Woods Hole tidal gauge (not before 18:20 with a sharp onset at 19:30; Fig. 7d).
However, the spectrogram of the time series shows that the maximum energy does arrive
at M65A around 18:40 (right arrow in Fig. 6¢). This timing difference may illustrate the
fact that the tidal gauge records the arrival at the coast, following passage by the tsunami
over the extremely shallow waters (< 20 m) between Woods Hole and Martha’s Vine-
yard, whereas the deconvolution has the effect of a filter averaging the tsunami field over a
greater area. This interpretation is supported by the polarization of the deconvolved field,
which is perfectly EW, reflecting the general direction of the coasts of Cape Cod, Martha’s
Vineyard and Nantucket, rather than the direction of the straits immediately adjacent to the
receiver (Fig. 6e).

We also examined the waveforms recorded by two hydrophones: WO2H and WO04H,
shown as triangles in Fig. 7, and deployed at the time at the toe of the continental shelf,
respectively, 223 km and 247 km south of M65A. Figure 7 presents equivalent sea surface
amplitudes 7 (¢) after deconvolving the instrument response in the same 0.1-10 mHz band.
The smaller amplitudes reflect the faltering of the meteotsunami, generated in shallow
water, as it penetrates the deeper ocean, an illustration of Green’s law (Green 1838; Synola-
kis 1991). While the waveform at WO4H is generally comparable to the deconvolved # at
M65A, the time series at WO2H is much simpler, consisting of a single pulse. We have no
explanation for this discrepancy, especially since the two hydrophones lay only 56 km apart
at essentially identical depths (2386 and 2288 m, respectively). Slightly farther south, the
meteotsunami was also recorded by DART station 44402 (Rabinovich 2020). We use the
15-s fine-resolution DART time series (at the time, unavailable to Wertman et al. (2014)),
which we also present in Fig. 7 after band-pass filtering between 0.1 and 10 mHz. While its

! We note that even though Wertman et al. (2014) used the auxiliary pressure channels at stations of the
Transportable Array to study the derecho, they did not search the seismic channels for any signals of the
tsunami.
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Fig.3 a Equivalent wave amplitude # for Event A obtained from the NS seismogram at Mahon, by decon-
volving the instrument response and the Gilbert Response Function GRF. b Same as (a) for the EW com-
ponent. ¢ Two-dimensional horizontal particle motion obtained from the time series in (a) and (b); the azi-
muth of the best fitting regression is shown
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(a) Event B -- 22-27 JUN 2014
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Fig.4 a Map of the stations used for Event B, the 2013 trans-Mediterranean meteotsunami. Isobaths are at
100 m (green) and then every 1000 m (blue). b Close-up of main map in the eastern Aegean Sea, showing
the stations Agia Paraskevi (PRK) on Lesvos (Greece) and Dikili (DKL) on the Asia Minor coast of Turkey

waveform is similar to that recorded at WO2H (with the addition of a second arrival ~3.5 hr
after the main one), the difference in amplitude remains unexplained, given the distance of
only 20 km separating the two stations and again the similar depth of the sensors (2539 m
at the DART location); this casts some doubt on the instrumental response of the sensors at
WO2H and WO04H.
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Event B 22-27 JUN 2014
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Fig.5 Horizontal particle motions of deconvolved time series # at six stations in the Mediterranean Basin
during Event B. In the case of Agia Paraskevi (PRK), the time series is split between its initial (red) and
final (blue) phases. See text for details

3.4 Event D: Korea, March 30-31, 2007

The East China Sea (Western Sea in Korean) is a large body of very shallow water rarely
exceeding 100 m in depth, with large sections shallower than 50 m (Fig. 8a), thus favor-
ing the development of meteotsunamis through Proudman resonance. The 2007 event,
described in detail by Cho et al. (2013) and Choi et al. (2014), generated waves of ~2 m on
the Korean coast where it killed four people and wrought considerable damage.

The tsunami was well recorded at station JJU on Jeju Island. Figure 9a presents the raw
north—south seismogram at JJU and the corresponding spectrogram, showing strong energy
over a ~10-h-long window starting around 19:00 GMT on March 30. Figure 8b shows a
strong north—south polarization of the deconvolved wave amplitude time series, illustrating
the arrival of the tsunami from the northern part of the East China Sea, as modeled by Choi
et al. (2014).

In addition, we examined the records at Incheon (INCN), a station of the global seismic
network located 450 km to the north. As shown in Fig. 9b, the tsunami is also present, but
arrives about 6 h earlier; note that the lower-frequency character of the spectrum is prob-
ably due to a difference in instrumentation (STS-1 vs. STS-2). This time shift suggests a
propagation at ~21 m/s, typical of tsunami celerities in a basin of depth 45 m under the
shallow water approximation.

An interesting aspect of the INCN records is that their polarization cannot be resolved
(Fig. 9b). This probably reflects the complexity of the coastlines in Incheon Bay, which
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Fig.6 a East-west raw seismogram at Falmouth (M65A) during the 2013 Atlantic meteotsunami. The time
series starts at 12:00 on June 13. b Equivalent # times series, deconvolved from (a). ¢ Spectrogram of (a);
note maximum energy arriving around 18:40 GMT (right arrow). d Horizontal particle motion combining
(b) and similar NS trace. e Close-up location map for Station M65A, with offshore islands (Martha’s Vine-
yard and Nantucket); the inverted triangle shows the location of the tidal gauge in Woods Hole Harbor

is strewn with multiple islands, coves and headlands. By contrast, the coastline of Jeju,
a young volcanic island, is more regular. This observation illustrates the possible limita-
tions of the use of seismic stations for the recording of meteotsunamis in the presence of
extremely irregular coastlines.
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(a), WO2H (b), plotted after correction for instrument response, and at the DART station 44402 (c) . Right:
(d) Tidal gauge record at Woods Hole Harbor, high-pass filtered at 0.1 mHz. e Location map for hydro-
phones and DART sensor used in this study. Isobaths at 100-m intervals (green) and 500 m (blue) below
1000 m. Colored arrows show arrivals described in text; all time stamps are in universal time (GMT)

3.5 Event E: Lake Michigan, USA, April 13,2018

This event is interesting as it took place in the general area of the famous meteotsunami
of June 26, 1954, which killed at least seven people in Chicago, and which Ewing et al.
(1954) immediately recognized as a case of Proudman resonance, later modeled by Platz-
man (1958) and more recently Bechle and Wu (2014).

The 2018 tsunami ran up ~2 m on the eastern (Michigan) side of the lake, with substan-
tial damage in the area of Ludington, Michigan (Anderson and Mann 2019). We were able
to obtain seismic signals at two stations inherited from the Transportable Array, L44A at
Ryerson Woods, Illinois, and L46A at Eau Claire, Michigan (Fig. 10). Deconvolved ampli-
tudes reach ~30 cm at L44A, but only half as much at L46A, which is double the distance
from the shore. The polarization of the deconvolved time series is in both cases NE-SW,
even though the relevant shorelines are oriented ~50° apart, suggesting that the direction of
the tsunami in the lake is, in this instance, controlled by the weather system, rather than by
interaction with specific beaches.
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Fig.8 a Location map of stations JJU (Jeju Island) and INCN (Incheon), used in the study of Event D. b
Horizontal particle motion deconvolved from seismograms at JJU. ¢ Same as (b) for Station INCN; note
that the wavefield is not clearly polarized

3.6 EventF: Atlantic Seaboard, December 26—-29, 2004

In their overview of meteotsunamis, Rabinovich and éepié (2016) describe the fascinat-
ing coincidence, on tidal gauge records of the Atlantic coast of North America, of a local
meteotsunami and of the distant Sumatra—Andaman tsunami, hitting North America after
propagating some 32 h through the Indian and Atlantic Oceans. In their Fig. 4, they noted
the fundamental difference in moveout of the two arrivals across the line of gauges, with
the meteotsunami propagating slowly northeastward, and the Sumatra tsunami practically
everywhere in phase, its wave front parallel to the coastline.
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Fig.9 Spectrograms of the horizontal seismograms at JJU (fop) and INCN (Bottom) for Event D. Note the
earlier arrival and the lower-frequency spectrum at Incheon. The blue vertical bars delineate the windows of
passage of the meteotsunami and the red ones the time of maximum power; all times are GMT on March 30

Only one broadband seismic station was available for study, New Hope, South Carolina
(NHS), ~40 km NNW of Charleston (Fig. 11a). Long-period oscillations are prominent in
the deconvolved wave amplitude, emphasized in red in Fig. 11b, starting around 07:00 on
December 26 (Julian day 361) (the shorter-period oscillations before that are meaningless
since they result from deconvolving the tsunami correction GRF from a train of seismic
waves from the Sumatra earthquake). Figure 11c documents a NE-SW polarization of the
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Fig. 10 a Location map of the two stations used for the 2018 Lake Michigan meteotsunami (Event E).
The city of Chicago is sketched as the blue rectangle. b Horizontal particle motion deconvolved at Station
L44A. ¢ Same as (b) for Station L46A; note the similar orientations of the polarizations

corresponding (red) deconvolved traces, well correlated with the direction of the seaboard.
In Frame (d), we similarly process a later window of the # time series and find a very simi-
lar polarization, indicating that the Sumatra tsunami does not contribute to them. This is in
agreement with the profile of tidal gauge records shown in Fig. 4 of Rabinovich and gepic’
(2016), which documents a minimum amplitude for the Sumatra tsunami at the relevant
latitude, more specifically at South Capers (NOAA Station 8664941; their number 19),
only 52 km away from NHS. This situation can be explained by the extensive continen-
tal shelf facing South Carolina, which absorbs the self-contained distal Sumatra tsunami,
while sustaining the Proudman resonance forcing the local meteotsunami.
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3.7 Event G: Mostaganem, Algeria, August 03, 2007

We close our selection of events with the tsunami of August 03, 2007, in Mostaganem,
Algeria (Fig. 12). On that Friday afternoon, twelve people were killed on local beaches
by a sudden wave with an estimated run-up of 7-10 m at Petit Port (Pelinovsky and Kha-
rif 2008). The origin of this phenomenon, which affected a 40-km stretch of coastline (El
Watan 2007) but was not reported at other locations in the Mediterranean, has been specu-
lative and controversial.

Amir et al. (2013) suggested that the wave could have resulted from an earthquake
located only 19 km away from Petit Port, at 36.24°N, 0.06°E. This event, given a magni-
tude of m;, = 5.4 by the Euro-Mediterranean Seismological Center (EMSC), is too small
to generate a tsunami by itself, but it could conceivably have triggered a landslide; larger
events are known to have generated tsunamis through this process along the western Alge-
rian coastline, notably in 1954 and 1980 (Heezen and Ewing 1955; Solov’ev et al. 1992).
The problem with this interpretation is that the earthquake took place five days after the
tsunami, on August 08, 2007 at 21:26 GMT, as documented by no fewer than 13 reporting
agencies, including the ISC-EHB and ISC-GEM catalogs (Weston et al. 2018; Storchak
et al. 2015), the origin of this confusion being probably that the news of the tsunami attack
was released by local officials only on Wednesday, August 08. By contrast, no events in the
western Mediterranean are known on August 03, although a small earthquake (M; = 2.4)
was detected on the previous day (August 02, 2007), also at 21:26 GMT (obviously add-
ing to the confusion), but in eastern Algeria, 470 km from Mostaganem and 32 km inland,
which rules out any role in the generation of a tsunami, even through an ancillary landslide.

In this context, the possibility remains, at least in principle, of a “silent” landslide trig-
gered by an unreported seismic event. However, an underwater landslide of a volume suf-
ficient to generate a metric tsunami should have been detected as a hydroacoustic signal by
the numerous seismic stations in the immediate vicinity of the Mediterranean shorelines;
even though the SOFAR channel is less developed than its counterparts in the Pacific, T
waves have been detected in the Mediterranean following seismic events (e.g., Solarino
and Eva 2007; Carmona et al. 2015). We have examined records of the broadband station
CART, ideally located in Cartagena, Spain, directly across from Mostaganem, and only 12
km from a shelf sloping steeply into the basin, thus favoring hydroacoustic-to-seismic con-
version (Talandier and Okal 1998), but we failed to identify any potential signal on August
03, 2007.

Finally, a number of media including French “reference” newspapers (e.g., Le Figaro
2007; Le Monde 2007) reported speculation that the Mostaganem waves had been gener-
ated by the testing of weaponry as part of a secret foreign mission in Algerian waters, even
suggesting the implosion of a submarine. Such a scenario remains highly improbable, since
a gross order-of-magnitude estimate of the yield necessary to generate a metric tsunami
at distances on the order of at least 10 km would approach 1 kt (Mirchina and Pelinovsky
1988); even much smaller explosions are known to give rise to spectacular basin-wide
T waves (Reymond et al. 2003; Talandier and Okal 2004). In addition, a large implosive
source would also have generated strong acoustic waves detectable around the Mediterra-
nean Basin, as evidenced by the case of the ARA San Juan (Dall’Osto 2019), and/or classic
seismic signals as in the case of the Kursk (Koper et al. 2001; Sébe et al. 2005).

Rather, we explore here the possibility of a meteotsunami to explain the Mostaganem
disaster. We were able to document a particularly impressive signal at Cartagena, Spain
(CART), only 200 km from Mostaganem (Fig. 13), where it clearly emerges from the
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Fig. 12 Event G. Top: Map of the western Mediterranean Basin, showing the Algerian city of Mostaga- »
nem, and the three seismic stations used. The 100-m isobath is shown in green; deeper ones (in blue) are at
500-m intervals. Bottom: Close-up of the area affected by flooding on August 03, 2007. The stars indicate
the beaches flooded (El Watan 2007). The cities of Mostaganem and Arzew are sketched as squares. Iso-
baths in meters

background noise in the raw seismograms and lasts on the order of 10 h. In itself, this
property is clearly more characteristic of a meteotsunami than of landslide-generated ones.
The maximum energy in the seismogram occurs around 11:30 GMT or 12:30 local time
(GMT+1), which would be in general agreement with the reports of people being swept
on the beaches during the early afternoon. The polarization of the deconvolved wavefield
is EW, parallel to the local coastline at CART. In addition, anomalous activity of compara-
ble properties was also recorded at Melilla (MELI) and Mah6n (MAHO), with a generally
westward propagation of the signal with time. Differences in polarization suggest that the
signal recorded at MAHO could be a different response of the Mahon inlet to the same
atmospheric system. At Melilla, the signal is polarized NW-SE, generally parallel to the
local coastline.

We note that Mostaganem lies on the eastern shore of the Bay of Arzew, which forms an
~40-km crescent on the western Algerian coast, with depths not exceeding 100 m (Fig. 12).
In this respect, the dimensions of Arzew Bay are comparable to those of St. Helena Bay,
South Africa, in which Okal et al. (2014) successfully modeled the 1969 Dwarskersbos
tsunami as a meteorological event.

In summary, our investigations of seismic records at three Spanish stations reveal the
presence of signals sharing characteristics with those from documented cases of meteot-
sunamis, which suggests that an atmospheric disturbance existed in the western Mediter-
ranean Basin on August 03, 2007. It is then proposed that the tragic events at Mostaganem
were also derived from that system. We emphasize that the above discussion does not con-
stitute a full modeling of the Mostaganem tsunami, which would require a local atmos-
pheric dataset that remains unavailable. Rather, it argues that, among the several possible
sources of this intriguing event, the scenario of a meteotsunami appears most probable.

4 Discussion and Conclusion

We have documented on seven worldwide examples that meteotsunamis are routinely
recorded on the horizontal components of land-based seismometers deployed in the vicin-
ity of the affected coastlines. Using the concept of the Gilbert Response Function, GRF (w),
these records can be interpreted quantitatively in terms of an equivalent wave amplitude #
in the nearby basin.

In general, our deconvolved amplitudes share the same order of magnitude with avail-
able amplitudes reported from the field, e.g., as compiled by Rabinovich (2020), which in
itself lends further justification to the process of GRF deconvolution introduced by Okal
(2007) and Paris et al. (2019). Discrepancies subsist, however, which can be attributed to
the different nature of the relevant measurements. For example, a tidal gauge record con-
stitutes a single scientific datum, i.e., the wave amplitude at the sensor; by contrast, a value
of # deconvolved from seismograms involves a priori a smoothing (or low-pass filtering)
of the field over a scale comparable at the very least to the distance between the land-based
seismometer and the shoreline and more realistically to the dominant wavelength of the
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Fig. 13 a Raw north—south seismogram at Cartagena and its spectrogram. The window starts at 00:00 GMT
on August 03, 2007. The signal at left, ~7000 s into the time series, is from an earthquake south of Aus-
tralia not contributing to the low-frequency spectrum below 0.01 Hz. b Horizontal polarization of decon-
volved wave amplitudes for a window starting at 06:56 GMT and lasting 50000 s. ¢ Same as (b) at Melilla
for the whole day, August 03. d Same as (c) at Mahén

tsunami; as documented in Okal (2007), a station has to be within one wavelength of the
tsunami to be able to record it. In addition, tidal gauges, most often located in harbors, are
known to suffer from nonlinearity inherent in both their construction and the response of
the harbor to an incoming wave. Finally, many of the amplitudes reported, for example,
by Rabinovich (2020) consist of non-instrumental estimates gathered by individuals or the
media.

In this context, and also given the significant distances between available seismic sta-
tions and the locations of reports (e.g., Ciutadella vs. Mahoén (A); Jeju vs. Central Korea
(D)), we chose not to formally compare our results with reported amplitudes.

A remarkable aspect of the deconvolution of seismic records is that it can provide
information on the polarization of the tsunami wave, i.e., on the direction of the associ-
ated currents. This property was used to investigate the structure of seiching in the Pan-
ama Canal by McNamara et al. (2011) and in the Karrat Fjord, Greenland, by Paris et al.
(2019). In this respect, recording by seismometer is clearly superior to the measurement
of a single amplitude, either by a tidal gauge or by a pressure sensor.

In the majority of our cases, we find a deconvolved field in the direction of the local
coastline, which may represent a wave guided by the geometry of the shallow shelf nec-
essary for Proudman resonance. Only in the case of extended shallow structures lacking
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a deep basin is the polarization of the wave controlled by the propagation of the parent
atmospheric disturbance, as for Event D in Korea, in agreement with the findings of
Choi et al. (2014), or in Lake Michigan (E) where the tsunami keeps the same polariza-
tion at beaches oriented differently. Finally, complex structures in the vicinity of the
seismic recorder can control the polarization of the wave, as in the case of Mahodn Inlet
(A) and presumably Ston (B). In the presence of extremely complex coastlines, the
waves can be multipathed, leading to subsequent arrivals of differing polarities (Lesvos,
B), or in the presence of numerous islands, to the eventual loss of the polarity signal
(Incheon, D). Note finally that because a meteotsunami is always generated in shallow
water, it does not undergo the severe refraction of a deep water wave upon shoaling on
a continental shelf, which results in an approach generally perpendicular to the shore.

An additional benefit of seismic data is their much higher sampling rate, which
allows the study of water waves beyond the Nyquist frequencies of tidal gauges, and
even of DART sensors, whose finer sampling may not be triggered, and the data una-
vailable in real time, for smaller tsunamis.

On the other hand, the use of seismic records for early warning of meteotsuna-
mis faces the major obstacle that a proper analysis and deconvolution of the Gilbert
Response Function require working at very long periods and hence very long time
series, which extended over many hours in all the examples studied here. This caveat
would significantly diminish their value in the context of the early warning of an
impending event. However, an interesting point, illustrated in the case of Event C off
the Massachusetts coast, is that a seismic station integrates the tsunami field over a suf-
ficiently large distance to occasionally record the beginning of the disturbance before
its arrival at the shore, where it can be severely delayed by propagation over extremely
shallow waters in the last few km. By the same token, if the meteotsunami is generated
in the center of a very large continental shelf, it can then be significantly delayed before
it reaches the shelf slope and is recorded by a DART sensor in deep water. Under this
combination of conditions, the seismic Station M65A was indeed the first to pick up the
meteotsunami, as evidenced in Figs. 5 and 6.

In conclusion, and as mentioned in the introduction, the present study remains of
an exploratory nature and is by no means exhaustive. It is probable that seismological
archives hold a myriad of similar records, which could prove very useful in the future
study of meteotsunamis, in the framework of the mitigation of their hazards to coastal
communities.
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