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Abstract

Both the propagation velocity and the direction of atmospheric waves are important factors for analyzing and forecasting
meteo-tsunami. In this study, a total of 14 events of meteo-tsunami over 11 years (2006-2016) are selected through analyzing
sea-level data observed from tidal stations along the west coast of the Korean peninsula. The propagation velocity and
direction are calculated by tracing the atmospheric disturbance of each meteo-tsunami event predicted by the WRF model.
Then, the Froude number is calculated using the propagation velocity of atmospheric waves and oceanic long waves from
bathymetry data. To derive the critical condition for the occurrence of meteo-tsunami, supervised learning using a logistic
regression algorithm is conducted. It is concluded that the threshold distance of meteo-tsunami occurrence, from a propagation
direction, can be calculated by the amplitude of air-pressure tendency and the resonance factor, which are found using the
Froude number. According to the critical condition, the distance increases logarithmically with the ratio of the amplitude of
air-pressure tendency and the square of the resonance factor, and meteo-tsunami do not occur when the ratio is less than 5.11
hPa/10 min.

Key words : Meteo-tsunami, Atmospheric-ocean resonance, WRF, Supervised learning, Threshold, Forecasting
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Fig. 1. A Map of observation sites along the west coast in
the Korean Peninsula; ASOSs (red circles; SS
(Seosan), BR (Boryeong), GU (Gunsan), YG
(Yeonggwang), HS (Heuksando), JN (Jindo), JJ
(Jeju), GO (Gosan)) and tidal stations (blue squares;
AH (Anheung), BR (Boryeong), OC (Ochungdo),
GU (Gunsan), WI (Wido), YG (Yeonggwang), HS
(Heuksando), JN (Jindo), CJ (Chujado), JJ (Jeju),
MS (Moseulpo)).

compressible with non-hydrostatic equations) =@ o]
o] Arakawa-C =2 A, 2|5 7]ke] Helslr) et

&I 2] Z}3EA|(terrain-following and hydrostatic-pressure

ALY YAEA 5 13

vertical coordinate)& ARSIt HEE] oL % 3
W=, ZF2F 30 km, 10 km, 3.33 km 9] Z2H A2 7}
A, 487119] A5 712k Elgof ARgE =v
Q1 FHELE 2 Ao ARG =342 Table 137}
2t DO3 FHof thalir= sjFdute] L8 A
Abel7] 98l National Centers for Environmental
Information (NCEI)2] 1/60°x1/60° -Z7 A =S 2F
+ ETOPOl 4At=aE ARE-Sto] WRF 9
DO3 Azt 5h] 4FQlstAthFig. 2). 7] BA=
7 4¥A= = National Centers for Environmental
Prediction (NCEP)2] 2412721 1°x1°7+24 9] Final
Operational Global Analysis data (FNL)2 AM-3}%1
a1, 4 &%= FEE NCEP 9 1/12°x1/12° 744
9] 71JAF= Real Time Global SST (RTG-SST)E
ALE-3EIT)E A ¥ AR 2= United-States Geological
Survey (USGS) A& A}l=2} MODIS-based land use
classifications 30% A= E ARESIIch 2El= 7|7k
< TElo] oY ey (spin-up)& aeiste] 7]
YA ZER] 24 A17F 21 5E] 24417 S71R] F 48 AIRE
o= Ao

(2000-2016)2] 7|7}l
B2 YA £917HS o) §3) AZghe MNP

o, golE3l A+A ZE|(wavelet reconstruction

Table 1. Configurations for domains and physics parameterization of WRF model

Domain DO1 DO2 DO3
Horizontal grid 165x150 271x226 385x439
Horizontal resolution (km) 30 10 3.33
Vertical grid 48 eta-levels

Microphysics Morrison 2-moment scheme

Longwave radiation RRTMG scheme

Shortwave radiation Dudhia scheme

Surface layer Monin-Obhkov surface layer scheme

Land surface model Noah land surface model

Planetary boundary layer Mellor-Yamada-Janji¢ scheme

Cumulus parameterization Kain-Fritsch
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air-pressure disturbance during At and ¢; means local long wave speed (m/s) of ocean at ¢;.
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Table 2. Mean and Standard Deviation (SD) of high-passed sea level at each tide station for 17 years (2000-2016)

Mean (cm) SD (cm)
AH -0.02 791
BR 0.00 5.50
ocC 0.14 5.23
GU -2.63 7.76
WI 0.89 8.37
YG 0.61 10.17
HS -0.17 7.36
IN -0.60 591
(@) 0.13 7.26
1 -1.51 7.09
MS -0.12 10.23

20 4 OC

1GU

02:22

YG ¥ 02:24

20 —

Sea Level (cm)
]
|

20 -

20 02:30
1 I 1 I I 1 1 I 1 I I
12:00 00:00 12:00 00:00 12:00 00:00 12:00
16 Oct 17 Oct 18 Oct
Time(KST)

Fig. 4. High-passed sea level time series at OC, GU, YG and BR tidal stations from 12KST 15 October to 12KST 18
October. The red crossesrepresent daily maximum of sea level on 17 October.
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Table 3. Event dates of meteo-tsunami and z-score of each tide station for 11 years (2006-2016)
Date AH BR oC GU WI YG HS JN CJ 1 MS
19 Apr 2006 3.38 4.58 *NaN 3.44 422 NaN NaN 1.80 NaN 1.39 1.10
29 Mar 2007 NaN 2.48 NaN 3.78 5.12 4.70 2.25 1.63 NaN NaN 1.25
31 Mar 2007 9.07 4.06 NaN 9.02 16.16 13.71 7.10 2.19 NaN NaN 1.55
01 Apr 2007 1.93 1.22 NaN 0.85 1.81 1.50 3.68 3.06 NaN NaN 4.24
25 Apr 2008 NaN 1.41 1.91 1.70 3.05 NaN 3.07 0.86 2.77 NaN 3.72
15 Apr 2009 5.49 NaN 5.38 2.06 NaN NaN 4.68 2.23 NaN NaN NaN
17 Oct 2009 2.03 4.22 4.17 3.10 NaN 4.06 1.80 1.18 0.04 NaN NaN
10 Feb 2010 244 1.93 3.03 3.29 NaN NaN 3.06 2.78 2.87 NaN 3.24
11 Feb 2010 1.87 1.37 NaN 1.42 NaN NaN 3.60 2.56 3.06 NaN 3.75
24 May 2010 0.54 0.56 2.16 0.84 NaN NaN 5.39 3.69 4.02 NaN 2.02
26 Apr 2011 1.54 1.38 4.93 1.51 NaN NaN 10.21 297 342 NaN 2.74
04 Apr 2015 4.54 2.36 4.31 1.78 2.06 2.61 3.00 2.81 1.65 2.00 1.68
05 Apr 2015 1.68 0.60 1.36 1.10 1.26 1.08 3.63 3.49 3.85 2.59 347
06 Apr 2015 1.26 0.89 1.51 0.21 1.50 1.69 2.08 4.08 6.44 3.90 3.05
*NaN : missing data
e(ﬂ(, + 61y + oy + + B2, ) (GU), 93H(YG), RY(BR) ZYT=LrolA 2=
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Fig. 5. Same as Fig. 4 except for wavelet transform and Scale-Averaged Wavelet Power (SAWP). The red lines represent

daily maximum of SAWP on 17 October.

2 211, A=), 7R, o5(0) =2

=53 AH(0C, GU,
A5p7] $43l golesl

Q]

2|31 SAWP7} Lpel 0123KSTE 7Aks)ele] 2%
ERAoR B4 4 9k GUS| A9, 913

Eo| 7|25 AIZrHETE 48 F 2l 0226KSTo] 68.03
cm’, YG& 0243KSTol| 214.94 cm’2] 21231 SAWP
7} UJeR OCe} np7 A 2 7144l Y 5271 0] sl =]
£ 32-645 700l A] Zhel Xso] HAYSHAICE BR
3k 645 o] Ao Z=7]0) 4] 0350KSTof| 20.68 cm’2] <!
Z|3L SAWPZ}F UER 1204 o] 71438l 719



7V At

SigEl, ot Al ERAZOR ARSI
o}, whebd Z1AEI2ke 20099 109 1720e] OCeA
0123KST, GU9J|A 0226KST, YGoJ|A] 0243KST, BR
ol 03SOKST of 242} uba¥at 2102 A =glck

3.2, 7|YEEXE 2M

29ROl BT ] AS 7R
o] #AE ol &71 fl8l =TS 4 Q1F9] ASOS
A Z(GU, YG, BR) 2] 3l 7]¢}(Sea Level Pressure;
SLP)1} &f|'H 7| ¢ -5(SLP Tendency; SLPT)S £-4
SFHTHOCE QI ASOS7L ¢lo] Al Q) (Fig. 6).
SLPT+= & A SLPof|A] 104 2] SLPE i 7to =2
104 -59H] SLP W3H ek ofm|gtr). 32|14 K5
162 0000KSTX-E] SLP7} A3} 7+ A5tcH} 17<
0000KST o|% 23] Z715}%1.0.09, o] ] SLPT= 7
ZF 2.1 hPa/10 min (GU), 2.2 hPa/10 min (YG), 2.1

GU 00:53 L 20

& 5
= 5
: £
2 s
(=]
[ s
=
H 5
o
& 2
BR 00:28 L 29
s L 18
Lty LR R
085 - -8
L] L] L]
SoB0 BHOB0 1200 BH0:00
18 0ct 7 Qet 8Ost

Time (KST)

Fig. 6. Observed Sea Level Pressure (black lines) and SLP
tendency (red lines) time series at GU, YG and BR
ASOS from O00KST 16 October to OOKST 18
October.

1
to
i

AU YAR w5 19

hPa/10 min (BR)& L}E}L} 2.0 hPa/10 min o4k 7¢
gk 7|9HEo] siEAe Tet Ao EAESL
ok gh, ARt 7] HE ] YA BR, GU, YG
o] &A= UEhg ey 71482 GU, YG, BR| <=
A= AR Ao = Yehdth GUS YG= 7IdHs
AR} 71gE Aol oF 908e] o)z}
L0 BRZ ©F 200:£9] AlAP7F Qs AL 2 A5
Ak olel g2 7] E T} 714U Atole] =EA
At A9 Aoz Z42ke] 29 HSa0] Yo wh
E 7 9 AP o= QIR sidute] = d )t
A7} o2 A ©H85)7] wl(Monserrat et al., 2006).2.
2 AR Eh 53], 200422] v A F A7 A
BR&] 7-9-of th2 28] W55 2] Wisol 914
sh QhH e, AAbe5o] of 2] HE= Qe 54 A
Zo| FHfE AP S5 7Pk AAISHA] = %
Ak 2009 10 17 o] 2] o] AR LoflA %= BRO]|
A 733t 71 HE 0 713 Afel o] Bl =g
A1z e) 2po] 7} AYSto] BRE th7] &=t ol 25t 5
Fdute] S0 dFe € e es FAE
SHAIRE, ole] tisfid= th7-si e 8 7t
29l Aol HadhZloz Helt.

4, TIHULY UAX

=220 O

=
o7

4.1, X7 R

Fig. 7-2 20094 10 17Q0] Bhryal 7|Aks)d A
# o] WRF 4=2]29] A} 5, AR 2HE2] 10 m
Z%, A HoluwhAlE, 1027 7| s E e
o] F7ha, Tl Fof a7 Ske] 1087t o]
FHAE i T1golth 7| E 0] ASOSof| =g
3}7] 21, 17 0000KSTo]| |3 10 m BFEo] £
T FHtY o] A7 ol AFE FALFe 2 AA

Hol o5& BT == AUrhFig. 7(a)). ©] FHFH&
BAR FFL AN MER HekE, oF 15

m/s 0] T4 2ol E Helrh ®3F vighe] gt
U5 40 dBZ o)) |12 75t RIAME S LiE}
Y= Jt(Fig. 7(b))2} 2.0 hPa/10 min ©]4te] 7]9bH
ET(Fig. 7(c))o] EAR e A% 37]9] AR
JEoA 715 LSl 169 1900KSTO
AFEHE 5F s ol A e SEERIsto] dhiteof



20

4'N -

36°N -

36'N

30°N

120°E 122°E 124'E 126°E

128°E

120°E 122°E 124°E 16°E 128°E

[ [T T ([T
'] 1w

40°N —

N

32N +

120°E 122E

124E 126'E 128°E

(L ENEEENES

-1.¢ 0.g 10 240

2.0

1%min

120°E 12Z’E 124'E 126°E 128°E

Fig. 7. Spatial distributions of simulated (a) horizontal wind speed (m/s) and wind barbs (black arrows) above 10 meter
from surface, (b) max radar reflectivity (dBZ) and (c¢) SLP tendency (hPa/10 min) on 17 October 2009 at 00KST.
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Table 4. Confusion matrix resulted by predicting the test data

23

Predicted
P N total
P 6 3 9
Actual N 4 12 16
total 10 15 25
126
(b) o
160 | ; mg.é“'“
ol
80 | o=
= o
£ o
3 b P
g £
e 40 | Egl
"3
_f.
L
/ cut-off= 0.375
T T T T
L 20 4 &0 160
SLPT/RF?

Fig. 11. Predicted (a) probability (%) of classification for meteo-tsunami resulted from logistic regression and (b) functional
relation between SLPT/RF” and Dist when cut off is 0.375.

3FAt) “Actual’ 1} ‘Predicted’ = 7|AFsi L Q] AlA) wF
AYof ot o S5 A offolm BAlE P2, wEhAgS

N’ = FASFAT
AAE 5 A3} F(confusion matrix) S £33 HF

9] AFo F==2 °]&H= H&(accuracy) 2t
W= (precision), A &-E(recall), F13<4~(F1 score)&
AVEE 4= ik AL MR A B el
R EL P B S LR
A8 meo| M= M) gherhi 6|33 AL 7}
- A(True Positive; TP), 5% (True Negative;
TN)o|2} gtk Hith = AA| 2= s A T A st
A ghethal A& AS ABF(False Negative;
FN), AR 2] o3oeh ek ot
2 AA-FA(False Positive; FP)o]g} st} Ashe=
A BEA AS53E Abel 9] BatAQl ARG =

Ehl= A0 2 (TP+TN)Z} (TP+TN+FP+FN) 2]
H|(ratio) 2 AALEH, S w1 d o] 712} w9l 4
Zt=olck Z2u o]l ] ‘P’ o} ‘N’ gho]

é ox ofl

TR )

o=

A=
1=8r3)
=]

=217

o] QIR ghot Holel7t HAEH AL & F o=
o ghol o e Talo] Qs A AT B A
7} 5]7] ek}t 7)AFe| Qo] A9 vRlE)R] o A
churgat 2ol o Pl Bon R Auwel 4s
& efstolof Gt AU BT 53 A
(TP+FP) % A1A| SHAIEH ZU(TP) 2] vl o] 1 A&
AA 9RBSE Z(TP+FN) 5 2hAlsicial of| =35t
(TP)=] lgolck & WARH Al et el
SpIck FI 940 BU5e gaael Xoi
AU} A &g B 1 sith= Utk & o:ﬂ
238 welo] thet B AN A4 477
SollA R 1] 77k ghS melt) 7% A,
3= (.72, F1 9= 0.63 2 AAlE o], B2 mdlo]
24t ol2ele Rk

HelE] 22|48 E2wdS 23 SLPT/RF 9}
Dist 217} (0,100) (0,120) 910l 4] 14 271417
o3 AIE Fig. 11(a)o]l WePch SLPT/RF 7}
27}k, Dist7} s 7|4 uystE o

HUL>E

gl

o

24



(]
=
ﬁl
ko
rlet
ol

jus

2o & Z7}sh, SLPT/RF 7} Ao, Dist7} 2|
o] AYeEo] ezt Hrt. o]= $HA] Fig. 99
L& 3ol e At At ofuf, ALk
=5 YAR]of| wheh 71 s Ay EE o) 37.5%7} =]
L SLPT/RF’$} Dist9] £-Z2 Fig. 11(b)o]] AA|5}3
=g ‘35*‘}5]4 AL F oI IAIE Ak I
o, SLPT/RF’ 9] 70| ule} 7| A¢s]do]
*é@ %A= Dist] AAIZEE onlgith. &, 7175l
o] WS QAL thaat o] mEH

I

(RS
nZi e ri

ol
ne

SLPT

Dist < 37.711n( 5—) —60.88 (8)

2] (8)e] 2] SLPT/RF’] 5.11 hPa/10 min |3}
0] ALof 7|AFS UL vlEHA] ekom, 1 7|7} =
7hatol| whet 7AkElelo] BRAIEF 2 9l Q1A Ag]
(Dist)y= vjAgF o2 Z7I5Ic) FEZH o7 sHe
2 Aafst= 7|80ty el A7)t €19 A4E AAE
3 2= ojrh Mupulsko R HE] 7|Als|elo] HgEH

WA A E A 5= 3l o] & Bl 71Ads

A WSS ol 4 ik
5. 29 % 22
H Ao A= 2006 HHE 2016 W7HA] 11 52t
of ahke M3 slotel WA 7S BAIS
FVAelle] M AARAS EESHC) 71
uPy AR AR, B 14701209 F1sl g At
(=] KN
I=8=1

AL ofof ek WRF 2217|435
3] FQ Ay Alel tir)et sfoF
o] FHe AHsisilrt. o]2 ko s|Aksal
ROl AAZAL F317] ) vrow mx|aE B
stolt). 7|Ake| Bande] Ans &
3] SLPT/RF’¢} Disto] 2714] o QIAS Apg-ah B
Rl 03759 B2 QAN Mo Hetws B
AL, H7HE tlole S Bt muo] A% Az, ou|
G oS Uehiich AgE BRudst B8 ¢

AANE Faf 7141 Qo] 23t SLPT/RF 9} Dist]
THAIS 3 4= 9lon AU ARAS ©
= 4= Uk

1L 17 Uelel thrlet sjopel Hasgo
2 3)4me] Aol ZeHn, dol] THT4E G
ok 3 5o) Aol Alo wuvt urk 24 %
Zxjo] 2 oo S WALk o] BEFHeln 3
291 2210 2 MAYSH= 71 A o5 93]
SR OIAE A B 02 ek e] 42274k

So] 9= Agolck olol 1 AFAAE WRF 4
ZmE A3E 7)o = BA A A
A& 2L o|F Bl /ALY A, o)

Az
71y e] 179} Aukdie 9 Anpiere Aikstel
F1gsdo] MAIE 7 Ael wleket 4 itk ot
ehA B AT A} Sk Asjelel A Mk 7]

Al o Hof| 7|2 o)1 A=kA el wet 22 &
49 5 9 ZoR gt T FF 7Y
A FASE QA= F7HQL 71 s A AL
o B3} 3 SAwEe) A kel o o
T7h 6 BRE Ao AR,

A 2

o] AT A 7147 E/NEAFI(KMIPA2015
-1073)2] Ao & 8= )5k

REFERENCES

Belusi¢, D., Grisogono, B., Klai¢, Z. B., 2007,
Atmospheric origin of the devastating coupled air -
sea event in the east Adriatic, J. Geophys. Res,, 112,
D17111. doi:10.1029/2006JD008204

Belusi¢, D., Strelec-Mahovié, N., 2009, Detecting and
following atmospheric disturbances with a potential to
generate meteotsunamis in the Adriatic, Phys. Chem.
Earth, 34, 918 - 927.

Defant, A., 1961, Physical Oceanography, 2, Pergamon
Press, Oxford, 598.

Eom, H. M., Seung, Y. H., Woo, S. B,, You, S. H., 2012,
Analysis of abnormal wave at the west coast on 31
March 2007, Journal of Korean society of coastal
ocean engineers, 24, 217-227.



7V AR S S

Kidder, S. Q., Vonder Haar, T. H., 1995, Satellite
meteorology: An Introduction, Academic Press, San
Diego, 466.

Kim, H., Kim, Y. K., Woo, S. B., Kim, M. S., 2014,
Atmospheric analysis on the meteo-tsunami case
occurred on 31 March 2007 at the Yellow Sea of South
Korea, Journal of Environmental Science
International, 23, 1999-2014.

Kim, J. H., 2009, Estimating classification error rate:
Repeated cross-validation, Repeated hold-out and
bootstrap, Computational Satistics & Data Analysis,
53,3735-3745.

Kohavi, R., 1995, A Study of cross-validation and
bootstrap for accuracy estimation and model selection,
International  Joint Conference on Artificial
Intelligence, 14, 1137-1143.

Molinaro, A. M., Richard, S., Pfeiffer, R. M., 2005,
Prediction error estimation: A Comparison of
Resampling Methods, Bioinformatics, 21, 3301-3307.

Monserrat, S., Vilibi¢, 1., Rabinovich, A. B., 2006,
Meteotsunamis: Atmospherically induced destructive
ocean waves in the tsunami frequency band, Nat.
Hazards Earth Syst. i, 6, 1035-1051.

Orli¢, M., 1980, About a possible occurrence of the
proudman resonance in the Adriatic. Thalassa
Jugodavica, 16, 79-88.

Proudman, J., 1929, The effects on the sea of changes in
atmospheric pressure, Geophys. Suppl. Mon. Not. R.
Astron. Soc,, 2, 197-2009.

ALY YAEA 5 25

Renault, L., Vizoso, G., Jansa, A., Wilkin, J., Tintoré, J.,
2011, Toward the predictability of meteotsunamis in
the Balearic Sea using regional nested atmosphere and
ocean models, Geophys. Res. Lett., 38, L10601.
doi:10.1029/2011GL047361

Sepié, J., Vilibi¢, 1., Belugié, D., 2009, The source of the
2007 Ist meteotsunami (Adriatic Sea), J. Geophys.
Res, 114, C03016. doi:10.1029/2008JC005092

Tanaka, K., 2010, Atmospheric pressure-wave bands
around a cold front resulted in a meteotsunami in the
East China Sea in February 2009, Nat. Hazards Earth
Syt i, 10, 2599-2610.

Tintoré, J., Gomis, D., Alonso, S., Wang, D. P., 1988, A
Theoretical study of large sea level oscillations in the
Western Mediterranean, J. Geophys. Res., 93, 10797-

10803.
Torrence, C., Compo, G. P., 1998, A Practical guide to
wavelet analysis, Bulletin of the American

Meteorological Society, 79, 61-78.

Vilibi¢, 1., Horvath, K., Strelec-Mahovi¢, N., Monserrat,
S., Marcos, M., Amores, A. Fine, L, 2014,
Atmospheric processes responsible for generation of
the 2008 Boothbay meteotsunami, Nat. Hazards, 74,
25-53. do0i:10.1007/s11069-013-0811-y

Vilibi¢, 1., Monserrat, S., Rabinovich, A. B., Mihanovi¢,
H., 2008, Numerical modelling of a destructive
meteotsunami of 15 June, 2006 on the coast of the
Balearic Islands. Pure and Applied Geophysics, 165,
2169-2195.


https://www.researchgate.net/publication/325467284

