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ABSTRACT

Secondary undulations caused by meteorological disturbances over the East China Sea are frequently observed
in the sea areas off the west coast of Kyushu Island, Japan. In this study, numerical analyses were carried out to
determine the relationship between the propagation paths of barometric waves over the East China Sea and
characteristics of sea-level fluctuations in these sea areas. The results indicate that a drastic increase in the
propagation velocity causes a strong reflection of water surface waves at the Okinawa Trough (a back-arc basin
with a section more than 1000 m deep and approximately 200 km wide) and that this is an important factor
affecting the behavior of the waves at the edge of the trough. Therefore, the magnitude of sea-level fluctuations
off Kyushu Island strongly depends on the relationship between the propagation path of the barometric wave
and the Okinawa Trough, specifically the incident angle and position of the wave relative to the trough. The
results also suggest that the propagation paths of barometric waves have a significant influence on the timing of
peaks in sea-level fluctuations in the sea areas off Meshima Island, Uji Island, Nagasaki, Kami-Koshiki Island,
and Makurazaki. In some cases, the peak in sea-level fluctuations may occur around 4 h earlier off Kyushu
Island than that off Meshima Island, which is located on the west side of the Okinawa Trough.
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1. INTRODUCTION

A meteorological tsunami, also called a meteotsunami, is a phenomenon similar to earthquake-generated
tsunamis which is caused by the progress of atmospheric disturbances such as fronts, gravity waves, and pressure
jumps (Hibiya and Kajiura, 1982; Monserrat, 1991; Mercer, 2002). Normally, resonance occurs when the speed
of atmospheric disturbances coincides with the speed of ocean waves, leading to a meteotsunami (Renault, 2011;
Vilibi¢ et al., 2008; Monserrat et al., 2006). Semi-closed waters have a natural period, and strong amplification
occurs when the period of ocean waves matches the natural period of the waters. This amplification can result
in damage such as coastal flooding. The process of occurrence and development of meteotsunamis is detailed
in Monserrat (2006) and NOAA (2014). The susceptibility of a geographical location to meteotsunamis is
governed by factors such as seafloor topography, coastline shape, and the presence of landforms that affect the
occurrence of atmospheric turbulences. Places that are particularly susceptible to these events include the port
of Longkou on the coast of Bohai Bay in China (Wang ez al., 1987), the northern and central parts of the Adriatic
Sea (e.g., Vilibi¢ and Sepi¢, 2009; Vuceti¢ et al., 2009), and the Balearic Islands and the eastern part of the
Iberian Peninsula in Spain (Garcies et al., 1996; Rabinovich and Monserrat, 1996, 1998; and many others).

Off the west coast of Kyushu Island (place names are summarized in Figures 1-3), secondary undulations,
locally called “Abiki,” are frequently observed from winter to spring. In particular, Nagasaki Bay, in the
northwestern part of Kyushu Island (hereinafter, Kyushu), experiences unusually frequent occurrences of
secondary undulations. On 31 March 1979, a secondary undulation with a maximum wave height of almost 3
m caused catastrophic damage to the area around Nagasaki Bay. Additionally, secondary undulations have been
reported in southwest Kyushu, for example, off Kami-Koshiki Island and Makurazaki (Akamatsu, 1982;
Odamaki et al., 1982). From 24-26 February 2009, a secondary undulation with a total amplitude of about 3 m
damaged embankments and marine structures, capsized fishing boats, and flooded houses around Urauchi Bay,
Kami-Koshiki Island (Kakinuma et al., 2009).

Pressure disturbances over the East China Sea are thought to cause the long-period waves that lead to secondary
undulations off the coast of Kyushu (Odamaki et al., 1982; Hibiya and Kajiura, 1982). There is an urgent need
to take measures to prevent serious damage from secondary undulations. However, it is difficult to prevent the
generation of long-period waves in the East China Sea and the propagation of long-period waves toward the
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coast of Kyushu. To prevent serious damage, hardware measures such as installing structures to reduce
secondary undulations or strengthening harbor facilities are necessary, but such measures are limited by costs.
Meanwhile, if the occurrence of secondary undulations could be predicted, it would be possible to mitigate
damage by moving ships to safe sea areas and appropriately operating floodgates. Tanaka et al. (2012) attempted
to predict secondary undulations along the west coast of Kyushu using numerical forecasting data from the
Japan Meteorological Agency.

Ikeda et al. (2014) examined the feasibility of monitoring the sea level at Meshima in the Danjyo archipelago
in order to forecast secondary undulations, and reported that the power of sea level fluctuations at Meshima is
a good index for evaluating the possibility of secondary undulations off the west coast of Kyushu. On the other
hand, Kamiuto et al. (2017) reported that the time between sea level fluctuations above a certain level at
Meshima and peaks in secondary undulation along the coast of Kyushu varies by several hours. Additionally,
Matsuo and Asano (2015) pointed out that the arrival time and magnitude of sea level fluctuations along the
coast of Kyushu are strongly affected by changes in the propagation direction of long-period waves at the
Okinawa Trough. These findings indicate that it is necessary to accumulate knowledge of these phenomena by
systematically examining the relationship between the characteristics of barometric waves over the East China
Sea and the occurrence of secondary undulations off the west coast of Kyushu. Accordingly, in this study, the
relationship between the propagation path of barometric waves in the East China Sea and the characteristics of
sea level fluctuations occurring along the Kyushu coast was investigated by numerical analyses.
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2. OUTLINE OF NUMERICAL CALCULATIONS
2.1 Setting of domain and boundary

In this study, the Princeton Ocean Model (Blumberg and Mellor, 1987) was used. The calculation domain was
an area along the west coast of Kyushu and the East China Sea between 120°00'00”E and 131°28'00"E and
between 26°00'00"N and 35°30'00"N, as shown in Figures 1 and 2. The sizes of Ax and Ay in the calculation
grid were set to 1/30°. The number of grid cells was 344 in the east—west direction and 285 in the north—south
direction. The number of layers in the vertical direction was set to 20. The calculation time intervals were 0.5 s



for the external mode and 2.0 s for the internal mode. The salinity and water temperature were kept constant
throughout the calculation domain at 34 and 20 °C, respectively. There seasons were assumed to be winter and
spring when secondary undulations occur frequently. All open boundaries were set for radiation conditions and
all land boundaries were set as complete reflection conditions.

Sea level fluctuations caused by the propagation of barometric waves in the calculation domain were evaluated.
Monitoring points for sea level fluctuations were set in the waters off Nagasaki, Kami-Koshiki, Makurazaki,
Meshima, and Uji, as shown in Figure 3. Of these locations, Nagasaki, Kami-Koshiki, and Makurazaki are
representative points along the coast of Kyushu and are places where secondary undulations occur frequently.
On the other hand, Meshima and Uji were selected as front-line sites for detecting long-period waves
propagating from the East China Sea in advance, because these sites are expected to be usable for a secondary
undulation forecasting off the west coast of Kyushu in the future.

2.2 Modeling of barometric waves

The shape of the barometric waves (that is, the spatial pressure distribution) used in the calculation was
determined by referring to the scale and shape of the barometric waves used in the previous studies of Hibiya
and Kajiura (1982) and Matsuo and Asano (2015). As shown in Figure 4, the pressure increases by 3 hPa in the
30 km in front of the crest of the propagating wave and decreases to the background pressure in the 150 km
behind the crest. The width of the barometric wave is 270 km.

The azimuth angle (6,) of the direction of propagation of the barometric waves was set to 90°, 78.75°, and 67.5°,
as shown in Figure 5. The velocity (C,) of the barometric waves was set to 110 km/h based on a study by Saida
and Asano (2011). When applying the barometric waves to the calculation region, the pressure at the start of the
calculation was set to 0 hPa over the entire calculation region and was then gradually changed to the pressure
distribution described above over 3 h from the start of the calculation. The barometric wave was diminished
east of 129 ° E, and the wave disappeared before reaching the open boundary. We consider 17 cases of
propagating barometric waves: Cases 1-1 to 1-6, Cases 2-1 to 2-6, and Cases 3-1 to 3-5, where the first number
corresponds to azimuth angle and the second number corresponds to latitude (see Fig. 5).
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Figure 4. Shape of the barometric waves used in the calculations.
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Figure 5. Angles of the propagation directions of the barometric waves (&:) used in the calculations.

3. CALCULATION RESULTS
3.1 Behavior of water surface disturbances induced by barometric waves

As an example of the calculation results, Figure 6 shows the spatial distribution of sea level fluctuations in Case
1-5 every 3600 s from 16,200 to 27,000 s.

Focusing on 1=16,200-23,400 s, before the barometric wave reaches the Okinawa Trough, the sea level rises to
the front of the barometric wave (i.e., to the east of the wave front) and decreases behind the wave (i.e., to the
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west of the wave front). The variation of sea level is especially large near the barometric wave. It can also be
seen that the sea level fluctuation gradually increases with the propagation of the barometric wave. This is
considered to be amplification due to the Proudman resonance (Proudman, 1929; Vilibi¢, 2008) caused by the
velocity (C,) of the barometric wave being close to the speed of the long ocean wave on the west side of the
Okinawa Trough. However, the wave speed in the sea area to the west of the Okinawa Trough is slower than
C., and consequently the fluctuation of the sea level generated by the barometric wave propagates only
backward and laterally of the barometric wave, with no forward propagation observed.

A comparison between before (1=23,400 s) and after (#=27,000 s) the barometric wave reaches the northern part
of the Okinawa Trough shows that the water surface wave starts propagating ahead of the barometric wave after
the trough is reached. Then, water surface wave arrives at the west coast of Kyushu with refraction. This is
because the penetration of the water surface disturbance into the deep Okinawa Trough increases the speed of
the water surface disturbance so that it exceeds that of the barometric wave. Figure 7 shows the time courses of
sea level fluctuations that occurred at the sea level monitoring points in the calculation of Case 1-5. In these
cases, the effect of the rising sea level at the front of the barometric wave appears strongly in the first wave
since the path of the barometric wave is relatively close to the sea level monitoring points. In all cases, the
barometric wave propagating over the East China Sea generated strong enough oscillations of the sea surface to
cause a secondary undulation.
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Figure 6. Example of sea level fluctuation (1) in Case 1-5.
The broken lines and rectangles represent the path and position of the barometric wave, respectively.
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Figure 7. Sea level at each monitoring point for Case 1-5.

3.2 Relationship between barometric wave path and magnitude of induced water surface disturbance

In the calculation for each case, the maximum absolute value of sea level fluctuation (Nmax) at the sea level
monitoring points is summarized in Figure 8. For Cases 1-1 to 1-6 with an azimuth angle &, of 90 and for Cases



2-1 to 2-6 with an 6, of 78.75 (Figure 8(a), (b)), except for the cases in which the barometric wave passes
through the north of the Okinawa Trough (Cases 1-6, 2-5, and 2-6), the higher the latitude at which the
barometric wave passes, the larger the magnitude of the sea level fluctuations become at the sea level monitoring
points other than those to the south of Makurazaki and Uji. When the barometric wave travels with 8, of 67.5
(Figure 8(c)), the values of max off the coast of Meshima and Nagasaki in Cases 3-2 to 3-4 are particularly large,
whereas the values of Nmax off the coasts of Kami-Koshiki and Makurazaki do not exceed 0.05 m. In particular,
in Case 3-2, the sea level fluctuation off Kami-Koshiki was not the same as that off Nagasaki, even though the

path of the barometric wave was closest to Kami-Koshiki.

Figure 8. Maximum values of sea level fluctuation (Mmax) at the studied monitoring points.
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Figure 9. Spatial distribution of maximum values of sea level fluctuation (Mmax)-

The broken line shows the path of the barometric wave.
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The spatial distribution of Mmax in Case 3-2 is shown in Figure 9(a). From the figure, it is clear that the influence
of the water surface disturbance generated by the barometric wave extends to Jeju Island and the coast of China
around latitude 33°. This feature is clearer in Case 3-1 (Figure 9(b)), in which the path of the barometric wave
is set further south. This is thought to be the effect of the refraction at the edge of the continental shelf which
was observed by Matsuo and Asano (2015). Reflection is less likely to occur near the northern end of the
Okinawa Trough, where the difference in water depth compared with the continental shelf is relatively small,
meaning that most of the wave energy reaches the Kyushu coast.



On the other hand, the energy of waves reaching the area east of the Okinawa trough becomes smaller due to
strong reflection at the edge of the continental shelf near Kami-Koshiki, where the trough is relatively deep. In
Case 1-5 (Figure 9(c)), in which a barometric wave passes near Kami-Koshiki as in Case 3-2, the effect of
reflection cannot be seen. Among the calculation cases performed in this study, the effect of refraction is the
largest in Case 2-1, in which the barometric wave approaches the Okinawa Trough with an azimuth angle &, of
78.75° at around 28°N (Figure 9(d)). As can be seen from a comparison of the calculation results shown in
Figure 9, the occurrence of reflection at the edge of the continental shelf greatly depends on the angle and
position at which the barometric wave passes through the Okinawa Trough.

3.3 Relationship between path of barometric wave and arrival time of water surface disturbance off Kyushu

Based on the analysis of observational data, Kamiuto et al. (2017) determined that the time lag between the
appearance of the relatively large magnitude of sea level fluctuations at Meshima and Uji and the occurrence of
the maximum total amplitude of sea level fluctuations at Kami-Koshiki and Makurazaki is several hours. The
time lags between the arrival time (7},) of the first wave at Meshima and Uji and the arrival time at Nagasaki,
Kami-Koshiki, and Makurazaki were calculated, and the results are summarized in Figure 10. The time lags
between the times that the root mean square (r.m.s.) values of the sea level fluctuations were maximum
(hereinafter, referred to as the oscillation peak occurrence time [7,,]) are also shown in Figure 10. The r.m.s.
values were calculated by using data for 60 minutes while shifting the time.
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Figure 10. Time lags between the occurrence of sea level fluctuations at each monitoring point. r.m.s: root mean square.

The time lags of T5, (AT},) relative to Meshima were 23 to 63 min, —7 to 35 min, and —36 to 59 min at Nagasaki,
Kami-Koshiki, and Makurazaki, respectively. The values of AT}, relative to Uji were 22 to 59 min, O to 34 min,
and —14 to 28 min at Nagasaki, Kami-Koshiki, and Makurazaki, respectively. Comparing the AT}, values
relative to Meshima with those relative to Uji, there are no significant differences in the case of Nagasaki and
Kami-Koshiki, but the AT}, values at Makurazaki relative to Uji tended to be smaller than those relative to
Meshima. It is presumed that the differences were observed in the AT}, values at only Makurazaki because
monitoring point is closer to Uji than the other two monitoring points. In some cases, the arrival time of the first
wave at Meshima and Uji is later than that at each monitoring point along the Kyushu coast. These are all cases
where the sea level fluctuations are relatively small, which is due to a slight difference in the waveform of the
first wave caused by the superposition of the waves.

The time lags of T,, (AT,p) relative to Meshima were —189 to 221 min, —216 to 103 min, and —248 to 142 min
at Nagasaki, Kami-Koshiki, and Makurazaki, respectively. The AT, values relative to Uji were 25 to 121 min,
—19 to 97 min, and —23 to 111 min at Nagasaki, Kami-Koshiki, and Makurazaki, respectively. At each point,
the variability became larger than the time lags of the first wave arrival time. In the results relative to Uji, there
were cases both where the time lags became larger than time lags of T, and where they became shorter. However,
as a rough tendency, the time lags changed toward the side where they are larger than the time lags of Tj,.
Furthermore, the variations were larger when Meshima was used as a reference than when Uji was used.

In particular, there were cases where the T,, at Meshima was delayed by 3—4 h relative to that at the monitoring
site along the coast of Kyushu. In each of these cases, the barometric wave passed through low latitudes. Uji,
located east of the Okinawa Trough, is affected only by the water surface disturbances that propagate over the
trough. On the other hand, Meshima is affected not only by these disturbances but also by the water surface
disturbances which are reflected at the edge of the continental shelf. In the cases where the barometric waves
pass through low latitudes, it is considered that the first wave is brought to both Meshima and Uji by the water
surface disturbances that entered the Okinawa Trough, and the wave reflected at the edge of the continental
shelf arrives at Meshima later than the first wave. This then leads to larger sea level fluctuations at Meshima.

It might be possible to detect the arrival of the first wave and thereby forecast secondary undulations. However,
in reality, background noise caused by water surface fluctuations due to small-scale pressure disturbances may



make it quite difficult to identify sea level changes that bring about a secondary undulation. The results of this
study suggest that Meshima, located west of the Okinawa Trough, could be a highly useful monitoring point for
the early detection of long-period waves that can cause secondary undulations off the west coast of Kyushu.
However, there are some cases where it is difficult to detect a long-period wave with high accuracy in advance
due to the presence of barometric waves. Additionally, it should be noted that the lead time necessary for disaster
mitigation might not necessarily fall within the range of the time lags shown in this study because the
characteristics of the generated surface waves depend not only on the propagation path but also on the shape
and propagation speed of the barometric waves.

4. CONCLUSIONS

In this study, the relationship between propagation paths of the barometric waves over the East China Sea and
characteristics of water level fluctuations occurring in the sea area off Kyushu Island were examined by
numerical analyses. The main conclusions are as follows.

1) The behavior of the water surface waves caused by the barometric wave propagation to the east of the
Okinawa trough drastically changes depending on the position and angle at which the barometric wave passes
through the Okinawa trough. Consequently, that brings about a great difference in the magnitude of water
level fluctuations occurring along the coast of Kyushu Island.

2) The time lag between the peak time of water level fluctuations off the Kyushu Island (Meshima and Uji) and
that in the coastal areas of Kyushu Island (Nagasaki, Kami-koshiki and Makurazaki) also varies greatly
depending on the propagation path of the barometric wave. In particular, there might be cases where the peak
of water level fluctuation Meshima is around 3-4 hours behind the coastal areas of Kyushu Island.

3) Meshima, located west of the Okinawa Trough, can be a useful monitoring site for early detection of long-
period waves that cause secondary undulations on the west coast of Kyushu Island. There are cases where it
is difficult to detect long-period waves with high accuracy in advance though. Therefore it is considered that
it is preferable to perform monitoring not only on Meshima but also on multiple sites east of the Okinawa
Trough.
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