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Atmospheric pressure-wave bands around a cold front resulted in a
meteotsunami in the East China Sea in February 2009
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Abstract. A meteotsunami hit southwest Kyushu on 25 tsunamis are calledbiki, which means “the dragging away
February 2009, with an estimated maximum amplitude ofof a fishing net” (Kakinuma et al., 2009).

290 cm, which was higher than that recorded for the 1979 According to a report by Shiga et al. (2007), meteo-
Nagasaki event. This study investigated mesoscale metedsunamis are recorded approximately five times per year
rological systems over the East China Sea during the timeon average, with some tidal observatories recording them
leading up to the February 2009 event using a Weather Remore than ten times per year. The statistical record shows
search and Forecast model. The disturbance in the sedhat the maximum amplitude of a meteotsunami has ex-
level pressure originated from a gravity wave over south-ceeded 100 cm for most of southern Kyushu. Until the 2009
eastern China. The sea-level pressure disturbance observedent, the greatest amplitude for a meteotsunami in Japan
and modelled over the East China Sea had its source ovexas 279 cm in Nagasaki Bay, western Kyushu, on 31 March
the southeastern China mountains and was then propagatd®79.

by a jet stream toward western Japan with the help of both There are many mechanisms that can create a meteo-
wave-duct and wave-CISK (conditional instability of the sec- tsunami source such as the occurrence of an extratropical
ond kind) mechanisms. Two synoptic systems supported theyclone (e.g., Goring, 2009), the passage of a typhoon or
momentum convergence and the formation of band-shapeturricane (excluding storm surges) (Shiga et al., 2007), the
unstable layers in the mid-troposphere. The high-latitudepassage of a cold front (de Jong et al., 2003), a synoptic
trough extended from eastern Siberia and there was subtrofrigh-pressure system (Shiga et al., 2007), atmospheric pres-
ical high pressure over the western Pacific Ocean. The phasaure jumps (Akamatsu, 1982), and the propagation of low-
speed of the atmospheric wave was as high as 25-38ms troposphere gravity waveSépt et al., 2009a, b). However,
corresponding to the phase speed of long ocean waves on thikese atmospheric sources have typical scales of a few hPa,
East China Sea. Improvements in determining the amplitudeequivalent to a few centimetres of sea-level change. Reso-
and timing of the disturbance remain for future work. nant effects occurring at the oceanic-atmospheric interface,
such as those reported by Proudman (1929) or Greenspan
(1956), may significantly amplify ocean waves reaching the
coast (Monserrat et al., 2006; Rabinovich, 2009).

Hibiya and Kajiura (1982) conducted a numerical simula-
Meteotsunamis are long-period waves in the tsunami frelion using an idealized single pressure wave. They showed
quency band generated by a travelling atmospheric disturthat the atmospheric pressure disturbance was amplified over
bance (Vilibt and éepb, 2009). With high phase veloci- the broad continental shelf region because of near-reso_n_ant
ties and high amplitudes, meteotsunamis can be destructivePUPling to the pressure disturbance and was also amplified
in coastal areas (e.g., Monserrat et al., 2006; Haslett et al@t €igenperiods of the bay. Dotsenko and Mikashevskaya

2009; Goring, 2009). In western Japan (Fig. 1), meteo-(2008) simulated the case of a baric front moving over the
Black Sea in which the pressure distribution was given as a

function of distance from the front. Vilibiet al. (2008) at-
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Fig. 1. Maps of the western Kyushu Islan@s), Koshiki Islandgb), and Urauchi Bayc) of Kamikoshiki Island.
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Fig. 2. Water-level anomalies observed at Nagasaki and Maku-
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second kind) mechanisms (e.g., Batet al., 2007). Belsic

et al. (2007) applied a mesoscale meteorological model to
reproduce a meteotsunami event over the Adriatic Sea and
proved that the wave-CISK mechanism may efficiently pre-
serve the energy of an atmospheric disturbance over a large
distance.

This study investigated the causal mechanism of an at-
mospheric pressure wave using a mesoscale meteorological
forecast model. On 25 February 2009, a meteotsunami with
the largest amplitude yet recorded landed in the Koshiki Is-
lands west of Kyushu. In this event, the stationary front and
the low-pressure system related to the pressure wave evolved
in the East China Sea. The event is briefly overviewed before
the numerical simulation is presented.

2 Overview of the meteotsunami event in
February 2009
2.1 Meteotsunami event

Long-wave oscillations began on the night of 24 February
2009 over the entire western coast of Kyushu. Table 1 lists

pointed out the importance of the fine spatial resolution ofthe maximum amplitudes recorded at the tidal observatories
bathymetric data. Field studies have also revealed a higlyf the Japan Meteorological Agency (JMA), Japan Coast
correlation between the pressure disturbance and sea-levelyard and Geographical Survey Institute. The maximum
oscillations (Rabinovich and Monserrat, 1996). amplitude exceeded 100cm at Nagasaki, Makurazaki and
With respect to a pressure perturbation that induces a@akanoshima (see the locations in Fig. 1). Figure 2 shows
meteotsunami, it is known that there are basically two mechthe water-level anomalies observed at Nagasaki and Maku-
anisms that can enable a generated gravity wave to maintairazaki, provided by the Nagasaki Meteorological Bureau and
or recover its energy while propagating away from the sourcelJapan Meteorological Society. The oscillations began to
region at long scales, i.e., wave-duct (e.g., Monserrat andncrease at 22:00 Japan Standard Time (JST) at both Na-
Thorpe, 1996) and wave-CISK (conditional instability of the gasaki and Makurazaki. The maximum anomaly at Nagasaki
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Table 1. Record of secondary oscillations observed in western Japan, reported by the Nagasaki, Marine Observatory et al. (2009).

. Max. amp. Period Time of recording Max. water Time of recording
Station (cm) (min) (3ST) level (cm) (sT)
Fukue 81 19 23:19, 24 Feb 121 10:25, 25 Feb
Nagasaki 157 29 23:34, 24 Feb 174 10:25, 25 Feb
Makurazaki 141 12 23:27, 24 Feb 94 07:55, 25 Feb
Tanegashima 85 14 02:07, 25 Feb 159 06:22, 25 Feb
Nakanoshima 153 5 09:46, 25 Feb 118 08:11, 25 Feb

9 (d) 2009/2/25 8:32

(e) 2009/2/25 8:35

e —
() 2009/2/25 8:30 (f) 2009/2/25 8:40

Fig. 3. Sequence of photographs taken on 25 February 2009 at the Oshima port, Kamikoshiki Island, provided by the Kamikoshiki Branch
Office, Satsuma-Sendai City.
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Fig. 4. Photographs of dike damage at Urauchi Bay, Kamikoshiki Island, provided by T. Asano, Kagoshima University.

According to a report by the Nagasaki Marine Observa-
tory et al. (2009), 30 vessels had capsized and damaged in
western Kyushu; 24 of these were located in the Koshikijima
Islands. Eight residences were inundated below floor level in
the Segami community along Urauchi Bay on Kamikoshiki
Island. A field survey by Kakinuma et al. (2009) showed that
the base of the Urauchi Bay dike was damaged and partly dis-
integrated, as shown in Fig. 4. The trail of flooding showed
that the amplitude between 08:30 and 08:40 JST was as high
as 290cm, and the maximum high-water level was 68.cm
higher than the benchmark level at the Oshima fishing port.
The recorded maximum amplitude was higher than the pre-
vious record for western Kyushu (278 cm in Nagasaki on 31
March 1979).

The characteristics of the secondary oscillations in
Urauchi Bay were examined by Yamashiro et al. (2009) by
observing water levels and current speeds in October 2008
and March 2009. They found that the oscillation periods
were 24.8-25.5min for the first mode (a nodal mode at the
mouth of the bay) and 7.2-12.6 min for the secondary mode
(a nodal point at a junction).

140

Fig. 5. Weather charts of the surface level from 22 February 2009 to

25 February 2009, provided by the Japan Meteorological Agency. 2.2 Weather record

reached almost 1 m at 10:25 JST, corresponding to the max§urface weather charts provided by the JMA are shown in

mum high-water level, as listed in Table 1. {:Ig. S Qn 22 F?brugry 20?h9, I'(Eherfcv;/lgs aSIOW-_pI)_LgsTure sys-
On the morning of 25 February 2009, the oscillations in- €m moving eastward over the Last'.na Sea. 1nis low pres-

creased and the water level was higher than the dike on th ure brought a long and stationary cold front extending from

harbour at Urauchi Bay on Kamikoshiki Island (Fig. 1c). he cEntref ofztgeFlo;v-pressu(r)e azrzaFtobmamlarr:(_j CItha (S(?e
Urauchi Bay has a “T” shape, with a length of approximatelyt e chart for ebruary). On ebruary, this low pres
3.0km in the latitudinal direction and a length of approx- sure moved eastward toward.Japan (150 however,. the
imately 2.5km in the longitudinal direction. Figure 3 is western end of the front remained over the East China Sea.

a sequence of photographs taken during the meteotsunang)ln the same day, a depression appeared over the northern

event. A fishing boat was capsized by the amplified oscilla—p.art of the Korean Peninsula (48, 125 E); this depres-

tions (Fig. 3a) and its bow was damaged. The photograph ion then moved to northern Japan on 25 Februgry. Another
in Fig. 3b—d show that the water level rose rapidly within the ow-pressure system evolved over the East China Sea and

12 min between 08:20 and 08:32 JST. At 08:30 JST, the watef"Ved along the Pacific coast of Japan. The stationary front

. . L remained over the East China Sea on 24 February, however
level reached the top of the dike (Fig. 3c), and the fishing-port . ! '
area was partly flooded (Fig. 3d). Afterward, the water Ievelthe cold front extended over the East China Sea on 25 Febru-
decreased rapidly within 10 min (Fig. 3e and f). ary. A change in the front structure over the East China Sea

seemed to generate the local pressure disturbance.
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Fig. 7. Vertical profile of the relative humidity (solid line) and verti-
cal gradient of the equivalent potential temperatigédotted line)
obtained from rawinsonde observations.
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! : ! vatories: Cheju Island, South Korea (33:28126.16 E),
1008 ] ] ] ! ! ' ' i and Fukuoka, Kagoshima, and Naze (28.88.29.55 E). A

T T T T T T T . . .
00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00 dry air mass in the mid-troposphere (3—6 km above sea level
2009-02-24 Time ST 2009-02-25 (a.s.l.)) can be seen clearly in the Fukuoka and Kagoshima
ime

profiles at 12:00UTC on 24 February, with the unstable
Fig. 6. Sea-level pressure observed in western Kyushu. All obser-Iayer located at the bottom of the dry air. At that time,

vations were by the Japan Meteorological Agency except for thosdN€ Vertical profile of the relative humidity on Cheju Island
at Kamikoshiki, which were by the Kamikoshiki Island branch of fluctuated with a wavelength of approximately 500m. The
the Satsuma Sendai City Office. equivalent potential temperature on Cheju Island also fluc-
tuated rapidly. At 00:00UTC on 25 February, the dry air
mass in the mid-troposphere can be seen in Fukuoka and
Figure 6 shows the sea-level pressure at Nagasaki, wher€heju Island and unstable layers can be seen between 3km
the data from Fukue, Ushibuka, Akune, Kagoshima andand 4km a.s.|. However, in Kagoshima, the stratification
Makurazaki were observed at the Japan Meteorologicaln the low- and mid-troposphere (2-6km a.s.l.) was neu-
Society at 10-min intervals. The sea-level pressure atral or weakly stable, with the dry air covering upwards of
Nakakoshiki in the Koshikijima Islands is also shown in 6km a.s.l. The convective-inhabitation index in Kagoshima
Fig. 6. The sea-level pressure oscillated with an amplitudevas—110J kg! at the time.
of 0.5-1 hPa. A pressure depression of 2 hPa was observed at The infrared imagery from the Multifunctional Transport
both the Ushibuka (06:50 JST) and Akune (07:00 JST) obserSatellite (MTSAT) (Fig. 8) shows that a wave pattern of low-
vatories on the morning of 25 February. On Kamikoshiki Is- to-mid-level clouds, marked “A’ in the upper panel, appeared
land, the pressure jumped by 2 hPa at 09:00 JST on 25 Februwver the middle of the East China Sea and approached the
ary. The surface pressure jumped by 3 hPa at Fukue betweeagyushu Islands. The cloud-top level in the wave-pattern area
13:40 and 14:10JST, and similar pressure jumps were ob¢A) was not much higher than that in the surrounding regions.
served at Nagasaki and Ushibuka. In the water-vapour channel of the MTSAT image (lower
Figure 7 shows the vertical profiles of the relative humid- panel in Fig. 8), a darkish area, labelled “B”, is seen near
ity and the vertical equivalent potential-temperature gradi-30° N over the East China Sea, covering the wave-pattern
ent obtained from rawinsonde observations at four obserarea. The sinking of the dry air in that region capped the

www.nat-hazards-earth-syst-sci.net/10/2599/2010/ Nat. Hazards Earth Syst. Sci., 12628592610
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IR-1 channel

Fig. 8. MTSAT visible images over the East China Sea. A snapshot
at 23:30 UTC on 24 February 2009.

convective clouds, corresponding to the vertical structure o
served at Kagoshima in Fig. 7.

The upper air field in the East Asia region is plotted in
Fig. 9 using the reanalysis data provided by the JMA Global
Spectrum Model (Mizuta et al., 2006). Over Japan and
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Fig. 9. Upper air field over the East Asia Region. Black solid lines
indicate the geopotential height at 500 hPa. Red solid lines indicate
the wind speed at the 250-hPa isobar. Colour bars show the relative
humidity at the 500-hPa isobar.

system with the aim of advancing the understanding and pre-
diction of mesoscale weather and accelerating the transfer of
research advances to practical applications. The WRF ef-
fort has been a collaborative partnership, principally among
the National Centre for Atmospheric Research (NCAR), the
National Oceanic and Atmospheric Administration (the Na-
tional Centres for Environmental Prediction (NCEP) and
the Forecast Systems Laboratory), the Air Force Weather
Agency, the Naval Research Laboratory, the University of
Oklahoma and the Federal Aviation Administration in the
United States. The source code of the WRF model supports

piwo solvers. One is the Advanced Research WRF (ARW), a

research tool for simulation using a meteorological dataset or
numerical experiments under ideal conditions such as a two-
dimensional squall line, gravity wave, or sea breeze. The
other is the Nonhydrostatic Mesoscale Model (NMM), which

mideastern China, the 250-hPa wind speed was stronger thdh designed for real-time prediction. The source code is open

60ms 1, whereas the subtropical and polar-front jets were

to users who register with the WRF community.

close. The area between the 5700-m and 5820-m contour of Theé WRF model can compute both large-scale motions
the 500-hPa geopotential height, below the subtropical jets(0ver 1000km) and small-scale motions (under 1km) us-

jogged northward with high pressure over the Pacific Ocean
bringing dry air from the southeast.

3 Numerical simulation of meteorological fields

ing two-way nesting with multiple nests and nesting lev-
els. Four-dimensional data assimilation (FDDA) is avail-
able using meteorological grid-point values combined with
radiosonde/ground-observation data. Full physics options for
land surface, planetary boundary layer, atmospheric and sur-
face radiation as well as microphysics and cumulus convec-

The Weather Research and Forecast (WRF) model is a nution are available.

merical weather-prediction and atmospheric-simulation sys-

There are four steps in simulating meteorological phenom-

tem designed for both research and operational applicationsna using WRF-ARW. The first step is to define the computa-

(Skamarock et al., 2008).
model has been a multi-agency effort in building a next-

The development of the WRFtional domain and map the projection and grid spacing. The

second step is to interpolate grid point values provided by the

generation mesoscale forecast-model and data-assimilatioNCEP, the JMA, the ECMWF (European Centre for Middle

Nat. Hazards Earth Syst. Sci., 10, 252840 2010
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Weather Forecast), and other sources to fit the grid spacingo”™ 90" 100’
the computational domain. These two steps are included in50° K~ )
the WRF Preprocessing System. The third step is to set the .-~
initial conditions, boundary conditions and FDDA dataset by ,
editing the namelist file. The fourth step is to run the main , .| *
forecast programme. Because the output data have coordi :
nates that follow the terrain, it is best for users to convert the
data into a pressure-coordinate system, which can be don@o g &
using a programme provided by NCAR. A flow chart for the ey )
application of the WRF-ARW system is provided in the user - _ <§’"
guide (Wang et al., 2010). Domaif 1
The computational domains in this study are shown in
Fig. 10. The coarse domain (Domain 1) covers the entire
East Asia region (88-160 E, 13-52 N), with a grid spac-  Fig. 10. Computational domain of this study. Colours indicate the
ing of 50 km. The intermediate domain (Domain 2) covers topography of Domain 1.
the East China Plain and the middle-western Japan region
(110-140 E, 23—42 N) with a grid spacing of 10 km. The
fine domain (Domain 3) covers most of the East China Seaonsideration the atmospheric moisture content (Duran and
and Kyushu Island (1¥8133 E, 28-38 N) with a grid Klemp, 1982) using the model outputs. The meteorologi-
spacing of 2.5km. All domains are projected into Merca- cal variables at 500 hPa (i.e., wind, geopotential height and
tor coordinates. The overall forecast duration was 48 h: fromrelative humidity) are also plotted in Fig. 11. The unstable
12:00 UTC on 23 February 2009 to 12:00 UTC on 25 Febru-layer, induced by the atmospheric pressure disturbance, oc-
ary 2009. The time steps selected for the three domaingurred in the coastal area of East China (1933 N) at
were 300, 60, and 155, respectively. Forecast gridded dath4:00 JST on 24 February 2009. In this area, the atmosphere
were output every hour for Domain 1, every 30 min for Do- Was rather moist in the mid-troposphere, as evidenced by the
main 2 and every 10 min for Domain 3. The author logged 50-hPa relative humidity above 80%. A dry air mass was lo-
the surface meteorological variables of the Kamikoshiki Is-cated upstream of the unstable layer at approximatel§y £10
lands (31.849N, 129.850 E; 43.5m in the model topogra- 30° N, with a relative humidity less than 20%.
phy) at each time step. As the time progressed, the unstable layer in East China
Because there was no snow in western Japan during thexpanded toward the East China Sea and then formed a nar-
experimental period, it was not necessary to include the ramrow band with a latitudinal width of approximately 200-
ifications of snow physics. The cumulus scheme of Grell and300km. The dry air mass in the mid-troposphere moved
Devenyi (2002) was applied for the subgrid scale of cumulusnortheast in the period between 14:00JST and 21:00 JST on
convection. Hence, WRF Simple Microphysics three-class24 February 2009. This dry air mass then turned slightly to
simple ice schemes (Hong et al., 2004), which consider onlythe east, steered by the trough extending from east Siberia,
three water phases, i.e., liquid, vapour and ice, were used ifRear 33 N latitude, over the East China Sea. The dry air
this study. Long-wave radiation (Mlawer et al., 2002; Dud- mass finally settled to the north of the unstable band. Hence,
hia, 1989). The Yonsei University scheme (Hong et al., 2006)the unstable layer over the East China Sea became wedged
was applied for atmospheric boundary-layer physics. in between the two dry air masses: the northern air mass de-
Reanalysis data, provided by the JMA, Global Spectrumscribed above and the subtropical high-pressure mass over
Model (Mizuta et al., 2006), were used for generating initial- the western Pacific Ocean.
ization, boundary conditions and FDDA datasets. The daily The vertical-longitude cross-section of the area surround-
sea-surface temperature dataset of the NCEP, with a horizorind the unstable layer over the Chinese coastal area are shown
tal resolution of 0.083 was used for the surface conditions in Fig. 12, as seen by a snapshot at 03:00 JST on 25 Febru-
(Gemmill et al., 2007). ary 2009, using the Domain 2 output. The cross-section of
the vertical wind is also shown in the lower panel of Fig. 12,
however, in this case it is limited to the horizontal region

4 50" | 3500

40°

30°

20°

90° 100° 110° 120" 130" 140" 150"

4 Results and discussion between 128-130C E. At 03:00JST, the surface cold front
was located near 12& and convective cells could be seen
4.1 Unstable layer in the mid-troposphere behind it (at 122-126 E). Additionally, there was a wind

shear along the isograms of the equivalent potential temper-
Figure 11 shows the distribution of the minimum Richard- ature of 290K. The unstable layer, shown by the hatched
son number Ri) in the mid-troposphere (from 400 hPa to areas in both the upper and lower panels, was located be-
700hPa) over Domain 1. The shaded, unstable layer cortween 600 hPa and 800 hPa, ahead of the front system, and
responds tdRi < 0.25. The Richardson number takes into was as high as 500 hPa in the convective area®@225 E).
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Fig. 11. Middle-troposphere instability in which the minimum bulk Richardson number was negative between the 400-hPa and 700-hPa
layers, including a 500-hPa geopotential height, relative humidity (blue contour and the area<d@®bishaded by blue), and wind (each
barb 10 ms1). The land areas are shown in green.

The unstable layer corresponded well to the relative humid-4.2 Atmospheric pressure disturbance
ity of 80—90% in the region between 12a30C E. Updraft
and downdraft couples were observed in the regions 0f123 The surface pressure over the middle of the East China Sea
126°E at 03:00JST and 123127 E at 04:00 JST, respec- (Domain 3) is shown in Fig. 13, which also shows the di-
tively, resulting from the propagation of gravity waves from vergence of the surface wind. The centre of the surface
the mountainous areas of southeast China (see the topqow pressure appeared near Cheju Island at 21:00 JST on 24
graphic map in Fig. 10). The phase speed of the wave wasebruary 2009 and the disturbance in the sea-level pressure
estimated at 25-30 nT$ in the easterly direction and a wind can be seen near the coastal area of Shanghai, China. The
direction of 240-270, as shown in Fig. 12. band of pressure disturbance propagated to Kyushu Island,
The data support the implication of both the wave-duct andmoving the cold front with the low surface surface, corre-
the wave-CISK mechanisms in the propagation of the gravitysponding to the region of the mid-troposphere unstable layer
wave from southeastern China to western Japan. The preshown in Fig. 11. The wavelength of the pressure distur-
ence of the wave duct requires an unstable laiRek(0.25)  bance ranged from 30-100 km, as seen in the coupling of the
in the upper layer that includes a critical (or steering) level ypdraft and downdraft in Fig. 12. Although the horizontal
(e.g., Belic et al.,, 2007; Lindzen and Tang, 1976). The convergence and divergence of surface wind were strong in-
estimated phase speed reported above was as high as tBrle the pressure-wave band, the wind speed itself was not
mean wind speed of 700-600 hPa level inside the unstabl@igh. The mean wind speed ranged from 5-10is the
sublayer. The wave-CISK mechanism denotes the couplingiNw direction. The wave band began to split from the cold
between the gravity wave and convection, where the converfront at approximately 06:00 JST on 25 February, and the dis-
gence associated with the gravity wave forces the moist conturbance gradually decreased.
vection while convective heating provides the energy for the - A ¢jgse_up of the sea-surface wind and pressure in the west
wave (Belsic et al., 2007; Lindzen, 1974). The trough ex- kv shy coastal area is shown in Fig. 14. A convergence band
tended from east Siberia and the subtropical high-pressurg i, 4 intensity over 508 10-6 s~ can be seen in the line
system generated the latitudinal convergence over the area ¢fy 1, 129 E 31° N to 130 E 32° N, corresponding to the cold
the unstable mid-troposphere. front at sea level. A high-pressure anomaly, marked “Q”,
moved northeast, along with the surface-wind convergence.
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Vertical Cross Section (30.5N) 2009/2/25 3:00 JST proximately 06:00JST on 25 February is evident in both the
fgg - e computed and observed curves. The computation resulted in
500 | = the pressure oscillations beginning just before the pressure

- 70
H 60
50
a0

jump, however, observations indicated that the oscillation of
the sea-level pressure began at 21:00JST on 24 February,

Pressure (hPa)
RH (%)

oo [ o ahead of the front system. The computed result was rather
L e o P a4 smoother than the 10-min observed record. It was likely that
i Longitude (deg) the computed result introduced a delay in the variation of the
. - I o sea-level pressure of approximately 2—3 h before the pressure

03
i1 02
0.1
0.0
[ -0.1
-0.2

500
1

jump. The root-mean-square error of the computed sea-level
pressure, taking 10-min averages, was 1.25 hPa throughout
the forecast period and 1.0 hPa during the period of 03:00—
& o fo3 21:00JST on 25 February. This value was not terribly inac-
e e m  m w o m o Bos curate in the overall computation, however, it was as high as
Longude (deg) the pressure disturbance.
Vertical Gross Section (30.5N) 2009/2/25 4:00 JST Applying continuous wavelet analysis (Torrence and
. Compo, 1998) to the pressure-fluctuation data yielded the
! % results presented in Fig. 16. Notice that the wavelet spec-
| o tra are normalized by the maximum spectrum intensity for

B both the model and observation. The peak pattern related
= to the pressure jump at approximately 06:00 on 25 February
; 0 was well matched in the simulation, with a period of 50—
R 100 min. A peak at approximately 09:00 on 25 February was
= : 2 0s also found in both the model calculations and the 10-min ob-
I i servations. The peak period at 09:00 was approximately 25—

35min, which is nearly equal to the eigenoscillation period
of the Urauchi bay. Although the peak appeared at 01:00 on
- g 25 February in the observations, such a peak did not appear
T e R i e W g in the model. Conversely, the peak of the pressure fluctuation
Longftude (deg) can be seen at approximately 18:00 JST in the model, yet this
peak was not seen in the observations.

As the above results indicate, the propagation of the pres-
sure disturbance along the cold front of the low-pressure sys-
ature (black contour with an interval of band the unstable layer tem was well smule_lted. However, the pressure dlsturb_ance
(shaded) with a negative bulk Richardson number. The lower paneP]c anothc;:-r area inside the_ low-pressure system seen in the
shows the vertical wind speed (colour), equivalent potential temper-ObS(':‘rvat'orIS was not dUpI'Cated'. TWO.faCtor.S may have af-
ature, and the unstable layer. fected the accuracy of the numerical simulation: the reanal-

ysis dataset used in this study and the convective intensity
including the microphysics. Both will be improved as the
gumerical model is further developed.
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Fig. 12. Vertical-longitude cross-section of atmospheric variables
at 30.5 N. The upper panel shows the relative humidity (colour),
horizontal wind (each barb 10 m é), equivalent potential temper-

A branch of the surface-wind convergence can be seen to th
east of the anomaly. Comparing the snapshots at 05:30 and

05:50, the anomaly and the convergence branch moved 0.35‘5 Conclusions
to the east in 20 min, i.e., at approximately 27Th.s

According to terrain data such as ETOPO1 obtained by thea numerical study was conducted on the meteorological sta-
National Oceanic and Atmospheric Administration (Amante tus Of the meteotsunami event that occurred in February
and Eakins, 2009), the depth of the targeted area is 60—150 mp009. A large pressure-wave band was found over the middle
except between 128.@& and 129.5E, where the depthis as  of the East China Sea, just to the north of the cold front of
great as 700m. The phase velocity of the ocean long wavene surface low-pressure system. The pressure bands moved
was estimated from the depth to be 25-35thHence, the  eastward and hit the Koshiki Islands, corresponding to the
propagation velocity of the atmospheric pressure-wave bangheteotsunami on the same day. The origin of the pressure-
was nearly as high as the phase velocity of the ocean longyave band was a gravity wave in middle-eastern China, as
wave. seen by the unstable layer in the middle troposphere. The

Figure 15 shows the time series of sea-level pressure meaubtropical high over the western Pacific Ocean and the Ti-
surements at Koshiki Island. The increase in pressure at afbetan plateau played an important role in the evolution of the
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Fig. 13. Computed surface pressure (contour interval: 1 hPa) and divergence of the surface 10-m wind (colour scale). Wind barbs indicate
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Fig. 14. Similar to Fig. 13, but the plotted area is limited to the coastal area of western Kyushu.

wave-CISK mechanism by transporting the dry air mass surSea. After removing the pressure variation with large-scale
rounding the unstable layer. The propagation speed of thenotion, the period of the surface pressure fluctuation was de-
atmospheric wave was 25-30 mis corresponding to the termined to be 10-100 min.

phase velocity of the ocean long wave over the East China
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Sealevel Pressure at Kamikoshiki Island lation that induces a meteotsunami, it is necessary to record
Computed Observed data once every several seconds, as for tidal observations,
5 T e e s e S ! with a resolution of 0.01hPa. The author plans to mea-
L 1016 o ~_ —— ’ sure the pressure oscillations in the coastal area of western
% 1012 Kyushu in a further study.
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