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Abstract. Extreme atmosphere-induced seiche oscillations occasionally occur in specific inlets and
bays of the world ocean causing severe damage to coastal areas, ships and port constructions. Ciu-
tadella inlet (Menorca Island, Western Mediterranean) can be singled out as a place where such large
seiches, locally known asrissaga, are quite common. Similar (although weaker) oscillations are also
regularly observed in bays of Shikotan Island (South Kuril Islands, northwestern Pacific). Several
spectacular events in these regions, identified in the first part of this study (Rabinovich and Monserrat,
1996), are analysed to determine the atmospheric parameters responsible for the generation of large-
amplitude seiches. Their generation mechanism was shown to be quite different from that causing
ordinary background oscillations. Coincidence of some external factors and certain resonance effects
seem to be necessary to produce the destructive waves. In particular, rissaga waves in Ciutadella inlet
were found to be related to significant atmospheric disturbances propagating from the southwest,
coinciding with the orientation of the inlet, and having a phase speed of about 30 m/s, which is close
to the phase speed of long waves offshore from Menorca. Pronounced resonant properties of the inner
basin strongly amplify incoming waves in Ciutadella inlet. In contrast, the bays of the northwestern
coast of Shikotan Island are protected from normally incident atmosphere-induced waves by the
elongated Kunashir Island, hence the whole situation there is not so favorable for the excitation of
large seiches.

Key words: long waves, seiches, wave generation, tsunami, harbour resonance, atmospheric pres-
sure oscillations, bottom pressure measurements, rissaga, Ciutadella, Balearic Islands, Kuril Islands.

1. Introduction

Extremely strong seiche oscillations are regularly observed in specific sea areas
around the world, in particular in Nagasaki Bay, Japan (Hondaet al., 1908; Hibiya
and Kajiura, 1982), Longkou Harbour, China (Wanget al., 1987), near Sicily and
in Trieste Bay, Italy (Defant, 1961; Wilson, 1972), in the Adriatic Sea (Hodžić,
1979) and the Aegean Sea (Papadopoulos, 1993), etc. These oscillations have the
same temporal and spatial scales as ordinary tsunami waves and affect coasts in
a similarly destructive way, but they are related to meteorological rather than to
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seismic forcing. Nomitsu (1935) and Defant (1961) used the term‘meteorological
tsunamis’for this type of waves.

Ciutadella Harbour (Menorca Island, Spain) is one of the places where such
meteorological tsunamis are quite common. They are known by the local name
of ‘rissaga’ (Ramis and Jansà, 1983; Monserratet al., 1991).Rissagawaves with
heights more than 3–4 m, causing severe damage to the coastal area, ships and
harbour constructions, have been observed in Ciutadella several times. Similar
oscillations also occur in some other harbours and inlets of the Balearic Islands
and the Mediterranean coast of the Iberian Peninsula, although they are typically
not so strong as in Ciutadella.

A lack of reliable observation data is the main factor limiting the understanding
of the generation mechanism ofrissagawaves (as well as large amplitude seiches
in other regions of the world ocean). For that reason, in 1988, La Universitat de les
Illes Balears (UIB), Palma de Mallorca, Spain, began field experiments to obtain
simultaneous records of long sea surface waves and atmospheric fluctuations in
the region of Ciutadella Harbour. A few spectacular cases of strong oscillations
recorded during these experiments were examined by Monserratet al. (1991) and
Garcieset al. (1996).

Similar experiments were made by the Institute of Marine Geology and Geo-
physics (IMGG), Yuzhno-Sakhalinsk, Russia, in 1987–1988 on the southwestern
shelf of Kamchatka (Kovalevet al., 1991) and later in the region of Shikotan
Island, the South Kuril Islands (Rabinovichet al., 1993; Djumagaliev and Rabi-
novich, 1993). The main target of these observations was tsunami monitoring and
the investigation of the resonant properties of the local topography. In 1989–1991
Vladimir Djumagaliev (Hydrophysical Observatory ‘Shikotan’, IMGG) installed
three accurate inshore microbarographs and several bottom pressure stations in
various bays and inlets of Shikotan Island.

It is interesting to generalize and compare the results of these experiments in
two different areas of the world ocean (Balearic and Kuril islands). In the first part
of this study (Rabinovich and Monserrat, 1996, referred to in the following text as
RM1) the authors presented a review of abnormal seiche oscillations (meteorologi-
cal tsunamis) observed in various sites of the world ocean with particular attention
to therissagaphenomenon and described the experiments and observation data in
the areas of the Balearic and Kuril islands. The main purpose of analysing these
data was to compare the response of various basins to the same atmospheric distur-
bance, and the same basin to different disturbances. The general spectral features
of ocean waves and atmospheric pressure oscillations, as well as some particular
cases of abnormal amplitudes, were studied for both regions. The strongest events
were selected and examined and three different types of seiche oscillations were
identified (‘impulse’, ‘resonance’,and ‘complex’). Two key questions arose from
this analysis:

• Why are disastrous seiche oscillations generated only in some specific places
in the world ocean, in particular in Ciutadella inlet?
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• What kind of external factors (conditions) cause these strong events?

The possible reasons why extreme seiches are observed only in a few inlets and
harbours were discussed by Rabinovich (1993, section 3.11). Tintoréet al. (1988)
and Gomiset al. (1993) tried to explain the origin of this phenomenon in Ciu-
tadella; however, a lack of statistical significance prevented them from coming to
definite conclusions. More detailed investigations are necessary to find an answer
to this question.

The main purpose of the present study is to use the observation data to find
an answer to the second question. Comparative analysis of seiche oscillations and
atmospheric pressure fluctuations shows an evident correlation between these two
processes. At the same time the nature of this correlation is far from straightfor-
ward: sometimes relatively weak pressure fluctuations generated significant seiches
or, vice versa, strong atmospheric events did not cause noticeable seiche oscilla-
tions. Investigation of the inlet/bay response to fluctuations of atmospheric pressure
and the external parameters determining the nature of this response is the main
topic of the present paper. The atmospheric factors causing the generation of de-
structiverissagawaves in Ciutadella Harbour is the principal question. However,
extensive statistical material obtained in other bays/inlets of the Balearic and Kuril
Islands enable us to pose a wider problem to look at:What kind of conditions are
generally favorable for effective seiche generation?

For the region of the Balearic Islands we used two sets of data (Figure 1a):

• 1989 – sea level at stations CS (Ciutadella inlet, Menorca Island), PS (Palma de
Mallorca) and SS (Sol de Mallorca), the latter two in Palma Bay on Mallorca
Island; atmospheric pressure at two stations, CP (Ciutadella) and PP (Palma);

• 1990 – sea level at station CS and atmospheric pressure at four stations, one
in Ciutadella (CP), and three others in the vicinity of Palma de Mallorca (PP1,
PP2, PP3) forming a triangle.

The 1989 atmospheric pressure data were not of high quality and there were many
gaps in the record. The accuracy of the microbarographs were significantly im-
proved in 1990; however that year was not so ‘rich’ inrissagaevents as 1989
and there were no other sea level recorders working in 1990 except the Ciutadella
station (CS).

For Shikotan Island we used fortnightly simultaneous records of May 1991 of
long waves in three neighbouring bays on the northern coast of Shikotan: MS (Mal-
okurilskaya Bay), OS (Otradnaya Bay) and KS (Krabovaya Bay), and atmospheric
pressure fluctuations at stations MP (Malokurilsk), KP (Krabozavodsk), and DP
(Dimitrova), forming a triangle sited 8–10 km apart (Figure 1b).

The detailed information on observation sites, instruments and data is presented
in RM1. The main attention in the present paper is paid to strong events, i.e. to
oscillations with trough-to-crest wave heights of more than 40 cm in Ciutadella
(8 events in 1989 and 2 events in 1990) and more than 20 cm in Krabovaya Bay (3
events).
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Figure 1. Location of the instruments in the region of the Balearic Islands, Western Mediter-
ranean (a) and Shikotan Island, northwestern Pacific (b).

2. Comparative Analysis of Seiche Oscillations in Different Bays

Spectral analysis of long wave records in bays of the Balearic Islands (Ciutadella
and Palma Bay) and Shikotan Island (Krabovaya, Otradnaya and Malokurilskaya)
demonstrated that the corresponding spectra at these bays (with the exception only
of Otradnaya) have prominent peaks caused by resonant features of the associated
basins. In particular, dominant oscillations in Ciutadella inlet (10.6 min), Krabo-
vaya (29.0 min) and Malokurilskaya (18.6 min) bays are related to the fundamental
(Helmholtz) modes of these basins. Waves with a period of 24.0 min at Palma Bay
are apparently excited by the first ‘rocking’ bay mode with a nodal line across
the bay. The sets of eigenoscillations in different bays are strongly localized and
independent of each other. At the same time, if seiches in neighbouring bays are
generated by the same external forcing, then the intensity of these oscillations
should be correlated and vary in time in a similar way. Comparison of wave heights
(or rms) of seiches in different bays is important for the estimation of relative
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Figure 2. Rms variations of sea level (a) and atmospheric pressure (b) in the region
of Shikotan Island during May 1991, and in the vicinity of the Balearic Islands during
July–September 1989 (c, d).

topographic resonant features of the bays and for local marine hazard zoning of
the corresponding coasts.

The residual (nontidal) series of sea levels (bottom pressure) were subjected to a
high-pass Kaiser–Bessel filter (Harris, 1978) with a 3-hour cutoff period to isolate
seiche oscillations observed in the bays. The statistical characteristics (variance,
rms, maximum, and minimum) of seiches were computed over 6-hour overlapping
segments with 3-hour shift. The same analysis was also carried out for atmospheric
pressure fluctuations. As an example, rms time variations of sea level and at-
mospheric pressure in the region of Shikotan Island and in the vicinity of the
Balearic Islands (for 1989) are presented in Figure 2. The plots show the simul-
taneous character of seiche activity in various bays of both regions. At the same
time, it is clearly seen that there is a different reaction in different basins to similar
forcing, thereby demonstrating the significant influence of local topography.

Scatter plots of 6-hour time-averaged rms sea level oscillations were constructed
for various pairs of stations to examine the correlation and regression of seiches in
different bays (Figure 3).
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Figure 3. Scatter plots of six-hour time-averaged rms sea level oscillations for various pairs
of stations in Shikotan Island (a)–(c) and the Balearic Islands (d)–(f). Regression relationships
are indicated by solid lines. Dashed lines in (d) and (e) show the regresion relationships for
σCS> 10 cm.

For Shikotan Island we obtained the following estimates:

Krabovaya–Malokurilskaya→ Cor(KS–MS) = 0.61, σMS = 0.89σKS,

Krabovaya–Otradnaya → Cor(KS–OS) = 0.83, σOS= 0.51σKS,

Malokurilskaya–Otradnaya→ Cor(MS–OS) = 0.72, σOS= 0.57σMS.

(1)

The same kind of analysis was also done using the maximum values and the results
were very similar to those for the rms.
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The ratios in (1) show a quantitative relationship between background long
wave oscillations in three bays of Shikotan Island. The correlation is sufficiently
high and the regression coefficients are stable, at least forσKS < 7 cm. It is inter-
esting, however, that for a few cases when relatively strong seiches were observed
in Krabovaya (σKS > 7 cm), seiches in Malokurilskaya and Otradnaya bays were
much weaker than the regression coefficients in (1) suggest (Figure 3a, b).

For Ciutadella inlet and Palma Bay (Balearic Islands) the corresponding esti-
mates calculated from simultaneous segments of the records CS, PS, SS were the
following:

Ciutadella–Palma → Cor(CS–PS) = 0.76, σPS= 0.34σCS,

Ciutadella–Sol de Mallorca→ Cor(CS–SS) = 0.69, σSS= 0.21σCS,

Palma–Sol de Mallorca → Cor(PS–SS) = 0.93, σSS= 0.54σPS.

(2)

It is not surprising that two stations located in the same bay (PS and SS) had
much higher correlation than stations located in different bays. Nevertheless, the
latter coefficients(Cor(CS–PS), Cor(CS–SS)) were sufficiently high, demonstrating
the mutual source of oscillations in Ciutadella and Palma Bay.

The estimates presented in (2) were obtained using all the accessible data.
However, as is clearly seen in Figures 3d, e, the relationships between CS–PS and
CS–SS are quite different for small and large values ofσCS. For Ciutadella inlet the
same effect as was mentioned above for Krabovaya Bay is present, but much more
evidently. Here we have better statistics and can obtain independent estimates for
two σCS ranges:

Background oscillations(for σCS< 10 cm)

σPS = 0.66σCS

σSS = 0.38σCS; (3)

Rissaga waves(for σCS> 10 cm)

σPS = 0.26σCS

σSS = 0.18σCS.
(4)

The difference between (3) and (4) is quite significant. Comparison of Figure
2d with a plot of Ciutadella wave heights (Figure 11b in RM1) shows that the
mean rms ofσCS = 10 cm corresponds approximately to an extreme wave height
HCS = 40 cm chosen in RM1 as a criterion to select rissaga events. The larger
background seiche heights in Ciutadella inlet, in comparison with Palma Bay, are
probably related to the influence of local topography, i.e., to a specific form (elon-
gated and shallow) and higherQ-factor in Ciutadella inlet (Q-factor is a parameter
indicating energy decay at a resonant frequency: the higherQ is, the slower is the
decay). It is well known (see, for example, Hondaet al., 1908; Nakano and Unoki,
1962) that seiche heights in elongated, narrow-mouthed and shallow inlets, like
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Krabovaya or Ciutadella, are normally much larger than in wide open-mouthed
bays, like Palma Bay. However, from (3) and (4) we see also that during the rissaga
events,relative amplificationof seiche oscillations in Ciutadella (in comparison
with background oscillations) is much stronger than in Palma Bay. This implies
that in Ciutadella different mechanisms are responsible for the generation of back-
ground seiches andrissagawaves. In explaining this effect we will probably also
be able to explain why such strong seiches are regularly observed specifically in
Ciutadella inlet.

Atmospheric pressure fluctuations measured at different stations, both of
Shikotan and the Balearic Islands, were also compared. The 1990 data in Ciutadella
and Palma, which were of higher quality than in 1989, were used in a correlation
analysis. The results were as follows:

Krabozavodsk–Malokurilsk→ Cor(KP–MP) = 0.95, Lij = 8.2 km,
Krabozavodsk–Dimitrova → Cor(KP–DP) = 0.84, Lij = 9.2 km,
Malokurilsk–Dimitrova → Cor(MP–DP) = 0.88, Lij = 9.8 km;

(5)

Palma 2–Palma 1 → Cor(PP2–PP1) = 0.96, Lij = 3.7 km,
Palma 2–Ciutadella→ Cor(PP2–CP) = 0.63, Lij = 109.5 km,

(6)

whereLij means the distance between the stations. The correlation of atmospheric
pressure fluctuations measured at the same island was quite high, but that between
Palma (Mallorca Island) and Ciutadella (Menorca Island), separated by more than
100 km was also significant. So when CP station was not working, we can use PP
station for qualitative comparison with seiche activity in Ciutadella (see Figure 2c,
d as an example). The regression coefficients for all pairs of microbarographs were
close to 1.0. Hence, these stations have no specific orographic features amplifying
or attenuating atmospheric waves.

3. ‘Rissaga’ of 10–11 August 1989 in Ciutadella

Observations during 1989 (July–September period)were rich in strong events.
However, several gaps in the atmospheric data (1989 CP record) allowed us to
investigate fully only a few cases. Monserratet al. (1991), using the CP and CS
records, examined the strongest rissaga event observed in Ciutadella on 4–7 July
1989 and found a good correlation between sea level oscillations and atmospheric
pressure. The maximum oscillation was recorded at about 21.20 UT on 6 July with
a trough-to-crest wave height of 197 cm occurring just when an abnormal train
of atmospheric waves was crossing the region. The degree of matching between
the increase of energy at a period band around the resonant period of the inlet for
both sea-level and atmospheric pressure suggests that the large oscillations could
be explained by local harbour resonance.

The event on 10–11 August 1989 was another and maybe even more inter-
esting example. For this event all instruments were in operation and accurately
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recorded the corresponding abnormal atmospheric pressure/sea level oscillations
in the investigation area (Figure 4). The PP record clearly shows a strong zigzag-
like disturbance of atmospheric pressure with a double amplitude of about 200 Pa
(2 mbar) which arrived at the Palma instrument about 19.00 UT on 10 August. This
disturbance caused a noticeable intensification of seiche oscillations in Palma (PS)
and Sol de Mallorca (SS). The same disturbance (but about twice the amplitude)
reached the region of Ciutadella approximately one hour later, generating large-
amplitude seiches in the inlet with a maximum trough-to-crest wave height of 87
cm slowly decaying with time (see CP and CS records in Figure 4). About 4 hours
later, another atmospheric disturbance arrived first at Palma and then at Ciutadella,
causing a significant increase in seiche oscillations. Just after this second distur-
bance a maximum wave height of 103.8 cm was recorded in Ciutadella inlet. There
were no strong atmospheric pressure disturbances afterwards and subsequently the
seiche oscillations in Ciutadella inlet slowly damped over a period of about 20
hours, apparently because of continuous energy pumping from the open sea and the
the highQ-factor of this basin. This type was addressed in RM1 as an ‘impulse’
type and we clearly see that the trains of seiche oscillations were caused mainly by
two impulses of atmospheric disturbances.

Some wave parameters can be estimated for this case. Simultaneous 4-hour
records of the atmospheric pressure in Palma and Ciutadella (PP, CP) and sea level
in Ciutadella (CS) during the initial period of the event are presented in Figure 5.
The distance,1r, between PP and CP stations is about 110 km. The time differ-
ence,1t ' 1h, between wave crests observed at PP and CP stations indicates that
atmospheric waves propagated from the area of Palma Bay to Ciutadella inlet with
a phase speedU = 1r/1t ≈ 30 m/s. A very similar value of the atmospheric wave
speed for this event was obtained by Monserratet al.(1991) from cross-correlation
estimates using PP and CP records. Such phase speed is typical for atmospheric
buoyancy waves (Gossard and Hooke, 1975). The most energetic period of the
corresponding oscillation (Figure 5a) is approximately 1 hr, which means that the
atmospheric wave had a length of about 110 km; i.e., the wavelength was about the
same as the distance between Palma and Ciutadella.

From Figure 5 we see that the first atmospheric disturbance (1P ), ranging from
200 Pa (2 mbar) in Palma to 400 Pa (4 mbar) in Ciutadella, generated seiches in
the inlet with a maximum height of 87 cm, which was reached during the third
oscillation. The wavelength of the atmospheric disturbance was two orders higher
than the length of the inlet (about 1 km), so the direct generation of seiches is
highly unlikely (this question was discussed by Gomiset al., 1993). The dominant
atmospheric period (1 hr) was much greater than the resonant period of Ciutadella
Harbour (10.6 min). Thus, the observed strong seiches could not be explained by
local resonance in the harbour. We may hypothesize that the atmospheric distur-
bance generated long waves in the open sea and then these waves approached the
western coast of Menorca, exciting the large seiches in Ciutadella.
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Figure 4. High-pass filtered atmospheric pressure records in Palma (PP) and Ciutadella
(CP) (a), and simultaneous residual sea level records in Sol de Mallorca (SS), Palma (PS),
and Ciutadella (CS) (b), during the‘rissaga’ event on 10–11 August 1989. Signals have a
different offset for better visualization.
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Figure 5. Atmospheric pressure records in Palma (PP) and Ciutadella (CP) and sea level
record in Ciutadella (CS) during the initial period of the event shown in Figure 5. The time
difference between the initial wave crests observed at PP and CP stations is indicated (1t).

The barotropic response of sea level to an atmospheric pressure disturbance1P

can be expressed as (Proudman, 1953)

ζ = ζ0

1− U2/c2
, (7)

wherec = √gh is the phase speed of long waves,h is the depth,ρ is the water
density,ζ0 = −1P/ρg is the static sea level, andg is the acceleration of gravity.
WhenU � c (a typical situation for the open ocean)ζ ' ζ0, i.e. 1 cm of sea
level rise corresponds to 1 mbar of atmospheric pressure fall (‘inverted barometer
law’). In our caseζ0 = 2–3 cm only. However, the outer shelf between Mallorca
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and Menorca islands has a depth of approximately 100 m, so the long waves prop-
agating over the shelf have the speedc ' 31 m/s, very close to the phase speed
of the atmospheric disturbances. The practically simultaneous amplification of the
atmospheric waves and seiches in the vicinity of Ciutadella Harbour clearly demon-
strates the coincidence of these speeds. Thus, the so called‘Proudman resonance’
(Rabinovich, 1993) was very likely to occur during this event, and the observed
efficient generation of long waves propagating over the shelf might be expected.

A very similar situation was described by Hibiya and Kajiura (1982), who
tried to explain 278 cm‘abiki’ waves recorded on 31 March 1979 in Nagasaki
Bay, Kyushu Island. They found that open sea waves were generated by a distant
atmospheric pressure disturbance with an amplitude of about 3 mbar. This distur-
bance propagated over the East China Sea with a speed of 31 m/s, comparable with
the long wave speed 22–38 m/s on the wide shelf in the region. Due to the resonant
situation, the generated long waves were amplified to about 15 cm by the time they
reached the entrance of Nagasaki Bay. Additional amplification of these waves in
the bay was related to local resonant features of the inner basin.

Hibiya and Kajiura (1982) pointed out that (7) is not suitable for the resonant
situation, whenU ' c. Instead, the problem should be treated as an initial value
problem; the generated wave height in this case increases linearly with time and
can be estimated as

ζ = ζ0

LP

χw

2
, (8)

whereχw is the distance over the sea travelled by the atmospheric disturbance,
LP = U1tP is the spatial scale of the frontal side of the disturbance (a dis-
tance between the disturbance maximum and and undisturbed surface),1tP is the
corresponding temporal scale. The ratioζ0/LP in (8) is in fact the gradient of
atmospheric pressure. Expression (8) shows that sea level response to atmospheric
activity increases with an increase of pressure gradient and travel distance. In our
caseU = 30 m/s,1tP = 15 min,ζ0 = −1P/ρg = 2–3 cm. Thus, if we assume
that χw = 200 km,ζ would increase by a factor of approximately 3 and reach
8–12 cm. The further growth of this wave in Ciutadella inlet up to 87 cm was appar-
ently related to resonant amplification inside the inlet. This example demonstrates
the evident similarity of generation of extreme seiches in two different regions and
the important role of Proudman resonance in this process (see also Ewinget al.,
1954; Donn and Balachandran, 1969).

4. Correlation of Atmospheric Activity and Seiche Oscillations

As follows from expressions (7) and (8) the response of sea level to an atmospheric
disturbance is linearly proportional to the magnitude of the disturbance. So it is
worth considering the correlation of atmospheric pressure fluctuations and seiches
in bays and inlets of the Balearic and Kuril Islands.
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These disturbances can be quite different. In particular, consider the following
examples (Wilson, 1972; Rabinovich, 1993):
• barometric fluctuations, atmospheric internal gravity waves, trapped

atmospheric waves;
• atmospheric fronts (especially cold fronts), pressure jumps, squall lines, wind

gusts, and gales;
• deep cyclones, typhoons, hurricanes and related atmospheric pressure oscilla-

tions.
It is natural to assume that various types of disturbances affect the sea surface

in a different way, probably explaining the different types of observed seiches.
Defant (1961) emphasized that in mid-latitudes these disturbances move ap-

proximately eastward, therefore larger and more frequent seiches are normally
observed in bays and inlets with westward-facing entrances. This is just the case
of Ciutadella inlet (Figure 1a), in contrast, for example, to Mahon, another narrow
elongated inlet located on the eastern side of Menorca Island, where very strong
seiches have never been reported (see RM1). Three Shikotan bays (Malokurilskaya,
Otradnaya, and Krabovaya) are situated on the northwestern side of Shikotan Is-
land (Figure 1b), i.e. are also affected by prevailing eastward-moving atmospheric
processes.

Unquestionable correlation of atmospheric activity and seiches is clearly seen
for the regions of the Kuril and Balearic islands. All cases of seiche amplifications
in Shikotan bays occurred during an increase of intensity of atmospheric pressure
fluctuations (Figure 2a, b). The same picture was observed also in 1989–1990 in
Ciutadella inlet: intensification and weakening of seiche oscillations corresponded
well to changes of atmospheric pressure (Figures 2c, d, and 6a). Ramis and Jansà
(1983) also reported that rissaga events in the vicinity of the Balearic Islands occur
under particular atmospheric conditions and that significant atmospheric pressure
oscillations were recorded by barographs during such events. Three cases of extra-
ordinary sea level oscillations in the eastern Adriatic, described by Hodžić (1979),
were also associated with trains of intense atmospheric waves.

Thus, the increase of seiche intensity normally corresponds to atmospheric ac-
tivity with the exception of seiches generated by tsunamis (cf. Murty, 1977) or
internal sea waves (cf. Chapman and Giese, 1990).

However, the opposite is not true: sometimes even very strong atmospheric
events do not excite seiches. For example, a train of significant atmospheric waves
propagated over Shikotan Island on 15 May 1991 but did not cause any seiche
oscillations at Malokurilskaya, Krabovaya, and Otradnaya bays (Figure 2a, b). The
same situation was observed in the region of Ciutadella on 31 August, 9 and 13
September 1990 when atmospheric pressure disturbances did not generate note-
worthy seiches in the inlet (Figure 6a). We also see that the disturbances of very
similar intensity on 24 and 25 September 1990 both generated large seiches, but of
different magnitude, in the latter case they were much stronger than in the former
(Figure 6a).
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Figure 6. Rms variations of sea level and atmospheric pressure in Ciutadella inlet for
August–September 1990 (a), and the same for resonant deviations (T = 10.66 min) (b).
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The complicated character of the correlation between atmospheric pressure fluc-
tuations and seiches is clearly seen in Figure 7a (scatter plots for Krabovaya and
Malokurilskaya bays, not shown here, are similar). The scatter points of rms sea
level and atmospheric pressure (estimated using 6-hour segments of filtered data
with an overlapping of 3 hours) are mainly located within specific ranges:

0.28σCP≤ σCS≤ 2.49σCP,

0.07σKP ≤ σKS ≤ 0.57σKP,

0.10σMP ≤ σMS ≤ 0.67σMP,

(9)

where sea level is in cm and atmospheric pressure is in Pa
These points were used to estimate correlation and regression of the correspond-

ing oscillations:

Ciutadella, 1990→ Cor(CP–CS) = 0.54, σCS= 0.79σCP,

Krabovaya → Cor(KP–KS) = 0.46, σKS = 0.19σKP,

Malokurilskaya → Cor(MP–MS) = 0.37, σMS = 0.15σMP,

(10)

The atmospheric pressure fluctuations were weaker in Ciutadella (in 1990) than
in the region of Shikotan. However, the sea level oscillations were significantly
stronger in Ciutadella. The corresponding regression coefficients for Ciutadella are
approximately 5 times larger than for Shikotan. This means that the extreme seiches
observed in Ciutadella are related specifically to certain resonant features of the
inlet itself but not to extraordinary atmospheric events occurring in the region.

The correlation between atmospheric pressure and sea level is significant but
not high. So, we can conclude that there are some other important parameters of
atmospheric processes (besides intensity) which determine heights of the generated
seiches. In particular, the effectiveness of seiche generation probably depends on
the amount of atmospheric energy atresonant frequenciesrather than on the total
energy of the atmospheric disturbances.

A multiple filter technique (Dziewonskiet al. (1969); Kulikovet al., 1996) was
used to study changes of the wave amplitudeA(f, t) for specific extreme events as
function of the frequencyf and timet . The constructed ‘f −t diagrams’ (Figure 8)
show that the frequencies of dominant oscillations during the events remain steady
in time and correspond to the fundamental resonant frequencies of the basins (10.6,
29.0, and 18.6 min for Ciutadella inlet, Krabovaya and Malokurilskaya bays, re-
spectively). At the same time there are several trains of oscillations probably related
to a ‘pumping’ of atmospheric energy (directly or through the waves generated
over the shelf) into seiches. Assuming that oscillations in a bay present a linear
response of the system to external forcing, we expect a higher correlation between
seiche intensity and atmospheric energy specifically at the resonant frequencies of
the corresponding bays.
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Figure 7. Scatter plot of six-hour time-averaged rms for sea level and atmospheric pressure in
Ciutadella (a), and the same for the resonant deviations (b). The dashed line indicates linear
regression for the active period (23–30 September 1990).
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Figure 8. Spectral amplitude evolution (f − t diagrams) for Ciutadella (a), Krabovaya (b)
and Malokurilskaya (c) for 20 hours around selected events. The fundamental resonance
frequency of each inlet is marked.
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Standard deviations at resonance frequencies (‘resonant deviations’ hereafter)
both for sea level and atmospheric fluctuations were estimated as

σ̂ =
1f j=k+1∑

j=k−1

S(fj )

1/2

, (11)

whereS(fj ) is the spectral density at the frequencyfj , fk is the frequency nearest
to the resonance and1f is the frequency resolution of the corresponding spectrum.
We used1f = 0.00782 cpm for Ciutadella and1f = 0.00391 cpm for Krabovaya
and Malokurilskaya bays. The parameterk was chosen to be:k = 12 for Ciutadella
(Tk = 1/fk = 10.66 min),k = 9 for Krabovaya (Tk = 28.4 min) andk = 14 for
Malokurilskaya (Tk = 18.3 min).

Figure 6b presents simultaneous evolution of resonant deviations of sea level
and atmospheric fluctuations in Ciutadella computed using independent time seg-
ments of 256 min. Agreement between these two graphs is much better than be-
tween the general rms deviations (Figure 6a). In particular, the amplification of
atmospheric activity observed on 31 August, 9 and 13 September 1990 were not ac-
companied by intensification of seiches. However, the corresponding atmospheric
maxima disappeared in Figure 6b. Apparently, they were associated with
atmospheric waves having periods very different from the resonance period
10.6 min of Ciutadella inlet and this is the reason why they did not generate
significant seiches.

It becomes also clear why atmospheric disturbances of similar intensity on 24
and 25 September 1990 generated seiches of quite different height (Figure 6a):
the latter disturbance had much more energy at frequencies close to the resonance
frequency of the inlet (Figure 6b).

A scatter plot for resonance deviations similar to the one computed for general
rms deviations (Figure 7a) is shown in Figure 7b. The results were found to be quite
different for the relatively quiet period between 10 August and 22 September 1990
and for the active period at the end of September. For the quiet period the general
picture was similar to that observed for general rms deviations (Figure 7a), the
correlation value was practically the same and the scatter points were also located
within the particular range:

Ciutadella (calm)→ Cor(CP–CS) = 0.53, 1.97σ̂CP≤ σ̂CS≤ 12.4σ̂CP. (12)

However, for the active period between 23 and 30 September 1990 the correlation
between resonant atmospheric and sea level deviations was very high:

Ciutadella (active)→ Cor(CP–CS) = 0.92, σ̂CS= 4.85σ̂CP+ 1.02. (13)

Such a character of the correlation apparently has an important physical meaning.
Atmospheric oscillations in the vicinity of Ciutadella are probably the most im-
portant but not the only source for the seiches in the inlet. These seiches could
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also be caused by wind waves, internal waves, or external long waves generated
by wind or atmospheric pressure far away from Menorca Island. The constant term
in the linear fit expression (13) just shows that seiches in Ciutadella exist even
when there are no atmospheric oscillations at all. In a quiet period these secondary
factors plays a role comparative with the role of atmospheric oscillations. However,
in an active period the role of the latter increase significantly. As a consequence,
the relative percentage of the correlated resonant energy is much higher for active
than for quiet periods.

Results of a similar analysis applied to the region of Shikotan Island are pre-
sented in Figure 9. The correlation coefficients between resonant atmospheric and
sea level deviations increased in comparison with the values presented in (10), but
they were still not high; the scatter points were located in particular ranges:

Krabovaya → Cor(KP–KS) = 0.53, 0.17σ̂KP ≤ σ̂KS ≤ 1.60σ̂KP,

Malokurilskaya→ Cor(MP–MS) = 0.56, 0.45σ̂MP ≤ σ̂MS ≤ 3.53σ̂MP.
(14)

All attempts to further improve the results by varying the averaging intervals failed.
Apparently very similar correlation values for Krabovaya, Malokurilskaya and
Ciutadella inlet (quiet period) presented in (14) and (12) are not just accidental,
but reflect the similar sources and generation mechanisms of background seiche
oscillations in all three basins. In contrast, two abnormal events in Ciutadella on 24
and 25 August 1990 evidently had a different nature and accordingly much higher
correlation coefficient.

The main unsolved problem for the region of Shikotan Island remained the
same: why the train of remarkable atmospheric waves on 15 May 1991 did not
generate seiches in Krabovaya and Malokurilskaya bays? As is clearly seen in
Figure 9, the atmospheric deviations at resonance periods 28.4 and 18.3 min on 15
May were not weaker than on 9 and 13 May when significant seiches were recorded
in these two bays. We assume that the reason is related to the direction and phase
speed of the corresponding atmospheric waves. This question is examined in the
next section.

There is one more item which should be noted. It was shown in RM1 that the
spectra of atmospheric pressure fluctuations both in the region of the Balearic and
Kuril islands are normally smooth and monotonic and decrease with increasing
frequency according to anω−2.3 power law in good agreement with observations
in other regions (cf. Kovalevet al., 1991). So, we expect that the relative role of
atmospheric pressure in seiche generation also decreases with an increase in the
resonance frequency of the corresponding bays. However, the strong seiches in
Ciutadella, having the shortest period of the three bays, demonstrates once again
the importance of peculiar topographic features of the inlet in seiche generation.
At the same time the results show also that the generation of strong seiches by
resonance with external forcing is only one of the possible forcing mechanisms. As
was demonstrated in Section 3,rissagawaves on 10–11 August 1989 in Ciutadella
inlet with wave height more than 1 m were generated when the most energetic
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Figure 9. As in Figure 6b but for Krabovaya and Malokurilskaya bays.

atmospheric waves had a typical period of about 1 hr, i.e. approximately 6 times
larger than the resonance period of the inlet.

5. Influence of Atmospheric Wave Parameters on Seiche Generation

In the two previous sections we examine the correlation between atmospheric ac-
tivity and the intensity of seiche oscillations in three bays. However, the direct
generation of seiches by atmospheric disturbances in such small basins is scarcely
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effective. In fact, as was discussed in Section 3, these seiches would be induced by
the atmosphere througha two-step generation mechanism: (1) Generation of long
waves in the external area by direct atmospheric forcing; (2) generation of seiches
in the inner basin by the long waves coming through the bay mouth. Consequently,
high correlation of seiches and atmospheric fluctuations is expected only if this
long wave generation occur in the vicinity of the bay or if the characteristics of
the atmospheric waves become stable over large distances. From this point of view
examination of spatial coherence of atmospheric fluctuations is a question of high
importance. The parameters and efficiency of long wave generation over the shelf
strongly depend on the direction (relative to the coastline) and phase speed of the
propagating atmospheric waves. Estimation of these atmospheric wave properties
are the topics of this section.

5.1. SPATIAL COHERENCE OF ATMOSPHERIC FLUCTUATIONS

We may assume that the spatial scale of the atmospheric forcing of sea level does
not exceed the scales of the coherent atmospheric processes with similar periods.
Different pairs of microbarographs in the region of the Balearic and Kuril Islands
allowed the comparison of these scales for both areas. For this analysis we used
four pairs of stations, two pairs for the Balearic Islands: PP2–PP1 (distance 3.7 km)
and PP2–CP (109.5 km); and two pairs for the Kuril Islands: MP–KP (8.2 km), and
MP–MP1 (1.0 km). The coherence estimated for the latter pair was taken from
Rabinovich (1993). The microbarograph MP1 was temporarily deployed at the
Hydrometeorological station Malokurilsk on the opposite side of Malokurilskaya
Bay from the Hydrophysical Observatory in Shikotan (see Figure 1). So, having
four pairs separated by different distances, we were able to examine variations of
coherence as a function of period and distance.

The presented estimates (Figure 10) show that in the general case the
atmospheric pressure has negligible coherence for oscillations with periods less
than 1 hour at distances greater than 10 km. For waves with periodsT < 10 min
the radius,L, of coherenceγ 2 > 0.2 was only about 3 km. In one of the few papers
related to this question, Herronet al.(1969) observed a similar coherence structure
but with a little slower decay (L = 30 km forT = 1 hour,L = 7 km forT = 10 min).

Weak spatial coherence of high-frequency background atmospheric processes
demonstrates that they cannot be an effective mechanism of the generation of
sea level oscillations. The whole picture changes dramatically during strong at-
mospheric events. Monserrat and Thorpe (1992) found a train of significant at-
mospheric waves propagating over the region of the Balearic Islands on 24–26
September 1990. The estimates of spatial coherence for the most energetic 12
hours of this event show a considerable increase of coherence (Figure 10c) and
a corresponding decrease of the minimum periods of significant coherence. Such
a situation is clearly much more favorable for the generation of long waves in the
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Figure 10. Coherence of atmospheric pressure between pairs of stations separated by different
distances: MP–MP1 (1.0 km), and MP–KP (8.2 km), both located in Shikotan Island (a);
PP2–CP (109.5 km) and PP2–PP1 (3.7 km), located in the Balearic Islands (b); the same as
(b) but for a short period of high atmospheric activity (c).
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sea. The two strongest rissaga events in 1990 (on 24 and 25 September) occurred
just in this period.

A similar result was found for the region of the Kuril Islands. The spatial coher-
ence has been estimated for three time-intervals of 17 hours corresponding to the
moments when major atmospheric activity was recorded in this region. A remark-
able increase of coherence has been found in each of these cases. For example, the
minimum periods with a coherence greater than 0.4 for the MP–KP pair (8.2 km)
was 12 min (for the event on 9 May), 18 min (for 13–14 May) and 13.5 min (for
19 May). The corresponding period estimated for the whole record (i.e. for both,
active and quiet periods) was 90 min.

So for spatial atmospheric coherence we also found significant difference for
relatively quiet periods and periods of high activity. This may be one additional
factor influencing the different generation mechanism of ordinary seiches and de-
structive oscillations (meteotsunamis).

5.2. ESTIMATION OF PHASE SPEED AND DIRECTION OF ATMOSPHERIC WAVES

Monserrat and Thorpe (1992) performed a correlation analysis of several cases
of significant atmospheric waves over Mallorca Island during August–September
1990, the strongest one of which was observed on 24–26 September. Using three
microbarographs (PP1, PP2, and PP3) deployed in the vicinity of Palma (Figure
1a) they estimated certain parameters (wavelength, phase speed, and direction of
propagation) of the corresponding wave train observed in the area and found that
it travelled from the southwest with a phase speed of about 29 m/s. Such direction
of propagation coincides with the orientation of the southeastern coast of Mallorca
Island (Figure 1a), so the atmospherically induced long waves would propagate
along the adjusted shelf specifically in the direction of Ciutadella (see Figure 1).
In addition, this direction coincides with the orientation of Ciutadella inlet itself.
Moreover, the estimated atmospheric wave speedU = 29 m/s is very close to the
phase speed of long wavesc = √gh '31 m/s (see Section 3). Thus, the parame-
ters of atmospheric waves were apparently quite favorable for seiche generation in
Ciutadella inlet and two rissaga events occurred in this particular period.

Unfortunately, lack of necessary atmospheric data in the immediate vicinity
of Ciutadella prevents a more detailed analysis of this case or the cases related
to the 1989 rissaga events. However, we were able to examine the parameters of
atmospheric waves for the region of Shikotan Island where three microbarographs
(MP, KP, and DP) were working simultaneously with bottom pressure stations (MS,
OS, and KS).

In contrast to Monserrat and Thorpe (1992), we used results of spectral analy-
sis instead of correlation analysis to estimate the corresponding parameters. The
method was described by Likhachevaet al. (1985). For any fixed frequency,ωn, a
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phase angleϕij between stationsi andj determined by cross-spectral analysis of
the respective series can be presented as

ϕij (ωn) = k(ωn) · r ij + η(ωn) = k(ωn)xij + l(ωn)yij + η(ωn), (15)

wherek, l are the components of the wave vectork, r ij is the radius-vector with the
componentsxij andyij connecting two stations, andη is the random noise. For an
arbitrary number of stationsN ≥ 3 the componentskn andln can be found using
the least squares method by minimizing the following expression:

σ 2 =
N−1∑
i=1

N∑
j=i+1

wij (ωn)
[
ϕij (ωn)− knxij − lnyij

]2
, (16)

wherewij is the weighting factor that depends on the relative significance of the
respective pair of stations.

The accuracy of the estimates ofϕij depends on the coherence,γ 2 (Bendat
and Piersol, 1986). So we used specifically the coherence as the weighting factor
wij (ω) = γ 2

ij (ω).
To eliminate unreliable values ofϕij (ωn) used for the computation of the wave

numbers, we applied the following criteria:

ϕij (ωn) ≥ εij (ωn), (17)

ϕij (ωn) ≥ ωn1t, (18)

γ 2
ij (ωn) ≥ 0.35, (19)

where1t = 1 min is the sampling interval. If any of these criteria were not fulfilled
the corresponding pair was excluded from computations. Because of these crite-
ria we could analyse processes only in a relatively narrow frequency band where
coherences and phase differences were sufficiently high.

We focussed our attention on three events when large seiches were observed
in the bays of Shikotan Island and the event on 15 May 1991 when a strong at-
mospheric disturbance propagated over the island, but no noticeable seiches were
induced. For all these cases the coherence between three microbarographs for peri-
ods more than 15–20 min was sufficiently high and we could do this examination.
For the computations, used time segments of 1024 points (about 17 hr) in associ-
ation with the corresponding events (see Figure 2a), providing spectral resolution
1f = 0.00782 cpm and degrees of freedomν = 30.

The results of the computations are presented in Table I. They look a little
surprising if we do not take into account specific geometry of this region. In the two
cases when the strongest seiches were recorded in Krabovaya and Malokurilskaya
bays (on 9 and 13 May, 1991), the associated atmospheric waves propagated from
the west or southwest, i.e. in thelongshoredirection for the corresponding coast of
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Table I. Parameters of the atmospheric waves for a few strong events in the area of Shikotan Island

Period Events

(min) 9 May 13 May 15 May 19 May

λ (km) U (m/s) φ (◦) λ (km) U (m/s) φ (◦) λ (km) U (m/s) φ (◦) λ (km) U (m/s) φ (◦)

42.7 43.6 17 262 53.7 21 208 71.9 28.1 49 64.3 25.1 130

32 32.4 16.9 259 65.7 34.2 190 39.8 20.7 52 51.7 26.9 122

25.6 22.5 14.7 265 47.2 30.7 200 31.7 20.7 62 42 27.3 125

21.3 21.5 16.8 258 34.3 26.8 199 27.3 21.3 70 37.1 29 131

18.3 – – – – – – 21.9 20 66 – – –

Shikotan Island (see Figure 2b). In contrast, the wave train of 15 May propagated
onshore, which normally is the most favorable direction for seiche generation (as
for example, in Ciutadella inlet). However, for Shikotan Island this direction is
almost closedby the elongated Kunashir Island (see inset in Figure 2b), so at-
mosphere induced long waves formed in the southern part of the Sea of Okhotsk
cannot come into the area of Shikotan and generate seiches there. From this point
of view even opposite (offshore) direction is more favorable because long waves
generated in the Pacific can go around Shikotan Island and cause seiche oscilla-
tions in bays of the northwestern coast. This is the way that earthquake generated
tsunamis usually come into the area (Rabinovichet al., 1993). Specifically this is
the situation for the third event (of 19 May 1991) when the atmospheric waves
approaching the coast of Shikotan Island from the southeast caused noticeable
seiches.

So the results of this analysis demonstrate that the direction (and partly also
speed) of propagating atmospheric disturbances near the resonant frequency of the
bay play a very important role in the formation of seiches in coastal regions. Taking
these parameters into account allowed us to explain certain peculiarities of seiche
character that could not be explained before.

6. Discussion and Conclusions

We analysed what kind of external conditions are favorable to produce large se-
iches (meteotsunamis) in Ciutadella inlet on Menorca Island (Balearic Islands,
Western Mediterranean) and Shikotan Island (South Kuril Islands, northwestern
Pacific) and found essential similarities in seiche generation in both regions. Alto-
gether there were 10 strong events in the observation period of 1989–1990 in Ciu-
tadella inlet and 3 events in the area of Shikotan Island (May, 1991). All these 13
events were well correlated with significant disturbances of atmospheric pressure
observed simultaneously.
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The general tendency of the correlation between atmospheric pressure and sea
level is clear: stronger atmospheric disturbances normally generate larger seiche
oscillations. However, the detailed character of this correlation is not so simple:
there are several exceptions to this general tendency; now and then even quite
powerful disturbances do not excite noticeable seiches.

So it is natural to suppose that there are certain additional factors influencing
the response of sea level to atmospheric forcing. We tried to identify and exam-
ine these factors. All three bays investigated (Ciutadella inlet on Menorca Island;
Krabovaya and Malokurilskaya bays, both on Shikotan Island) have very definite
resonance structures of eigen-oscillations strongly dominated by the fundamental
(Helmholtz) mode with periods 10.6, 29.0 and 18.6 min, respectively. Hence, we
attempted to compare the intensity of seiche oscillations with atmospheric wave
activity specifically for the frequency bands corresponding to the bay resonances.
This approach improved the results and increased the estimated correlation. A high
correlation between resonant deviations of atmospheric pressure and sea level (Cor
= 0.92) was found for Ciutadella inlet for the ‘active’ period of the last week
of September 1990, when two significant rissaga events occurred. However, for
the ‘quiet’ period in this region, as well as for the whole observation period in
the region of Shikotan Island, this correlation was much smaller (Cor' 0.50),
apparently because background seiches are generated by several different factors
(e.g. by wind or wind waves).

Also, it was found that the phase speed of atmospheric waves in some spec-
tacular cases of significant rissaga waves was about 30 m/s, i.e. very close to the
phase speed of long waves on the shelf of Mallorca. Moreover, for long waves
generated by atmospheric disturbances propagated over the Balearic Islands from
the southwest, the southeastern shelf of Mallorca Island acts as a wave guide. The
associated wave trains crossing Menorca Channel between Mallorca and Menorca
islands would head specifically for the area of Ciutadella, this probably being
the reason for the abnormally large seiches generated there. The orientation of
Ciutadella inlet itself, in this particular direction, is a key factor amplifying the
corresponding effect.

It is well known that the wave heights of seiches generated in various bays and
inlets depend strongly on the resonant characteristics of the inner basin and the
adjusted shelf (cf. Wilson, 1972; Murty, 1977). The different responses of different
bays to the same forcing demonstrate the significant influence of local topography.

Gomiset al. (1993) showed theoretically that Ciutadella inlet has very promi-
nent resonant properties providing significant amplification of incoming waves.
Similar atmospheric forcing generates much larger seiches in Ciutadella than in
the other bays and inlets of the region such as Palma Bay, for example. However,
there are many other basins worldwide with pronounced resonant properties where
atmosphere-generated seiches are much weaker than in Ciutadella. We do not
specifically address this question in the present paper, but it is worth emphasizing
that seiches are in fact the product of resonant properties of the local topography
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and external forcing. The former is an inherent feature of the corresponding region
and independent of time, the latter essentially depends on time but only slightly
on the region. Apparently disastrous meteotsunamis are observed only where and
when specific resonance interaction between topography and atmospheric forcing
occurs.

Analysing the data from two different regions we distinguished several fac-
tors favorable for seiche generation: (1) strong atmospheric disturbances travelling
over the area; (2) essential amounts of energy at the frequency bands close to the
resonant frequencies of the corresponding basins; (3) onshore atmospheric wave di-
rection coinciding with the orientation of the inlet; (4) phase speed of atmospheric
waves matching the phase speed of long waves on the shelf. The coincidence of all
these factors is quite rare, as is therefore the formation of extreme seiches. Rissaga
events with wave heights 1.0–1.5 m are normally observed in Ciutadella inlet 1–2
times a year, but really destructive oscillations with trough-to-crest heights more
than 3 m occur here only once every few years. However, in many other regions
such coincidence is never possible. For example, Kunashir Island protects Shikotan
Island from long waves coming from the northwest, which would be the most effec-
tive direction to generate seiches in Krabovaya and Malokurilskaya bays. Seiches
in these bays can be induced only by waves propagating along the northwestern
coast of Shikotan Island or around the island. This is probably one of the reasons
why atmosphere generated seiches there are much weaker than in Ciutadella.

Another interesting result was the different character of formation of back-
ground seiches, continuously existing in the basins, and extraordinary events occur-
ring only occasionally. One of the reasons for this difference is that the background
oscillations are formed by many various mixed sources, including tides, internal
waves, wind, wind waves, long waves coming from remote regions, etc. Generation
of particular events (significant seiches) is determined by the specific dominant
forcing, mainly by the atmospheric disturbances moving in the vicinity of the
observation regions. Another reason is that, as was found, the spatial scales of
coherence of atmospheric processes (and therefore the forcing area) increase sig-
nificantly during strong atmospheric events. However, probably the most important
reason is that these specific events are the result of theresonance responseof the
sea surface to the atmospheric forcing, so that relative amplification of such seiches
is much stronger than usual.
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