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Abstract

In situ measurements of tide gauge response to tsunamis were conducted at five tide gauge
stations on the coast of Suruga bay, where small tsunamis were recorded from the 2009 Suruga bay
earthquake (M 6.5). At these stations, tide gauges are installed in wells connected to the outer sea
by narrow intake pipes. To make the measurements, water was poured into the well to measure the
outflow response through the intake pipe, and was then drained from the well to measure the inflow
response. The estimated tide gauge response, expressed as recovery times for a 1 m difference, was
5 to 7Tmin at Tago and about 3min at Yaizu. At Uchiura and Shimizu-ko, the estimated recovery
times are less than 1 min, which is much shorter than the tsunami periods. At Omaezaki station, we
could not measure the recovery because the tide gauge response was sufficient to record the short
period component. The corrected tsunami waveforms from the 2009 Suruga bay earthquake are
slightly different from those recorded at Tago and Yaizu, but they are almost identical at the other
three stations.
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Fig. 1. Location of tide gauge stations whose responses
were measured in this study. Circles and squares
indicate the tide gauge stations operated by JMA
(Japan Meteorological Agency) and GSI (Geospatial
Information Authority of Japan), respectively. The

station codes and names are as follows. TGO: Tago,
UCR: Uchiura, SMZ: Shimizu-ko, YIZ: Yaizu, and
OME: Omaezaki. The star shows epicenter of the
2009 Suruga bay earthquake, and gray dots show
the aftershocks within one day of the mainshock,
located by JMA. Bathymetry of the Suruga Bay is
also shown by contours with 500 m interval.
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Fig. 3. Schematic diagrams of (a) typical tide gauge

stations in Japan and (b) Yaizu tide gauge station.
Pressure gauges, a recorder, pump, and generator
(gray color in a) were set up temporarily for the in
silu measurements.
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Fig. 2. Observed tsunami waveforms from the 2009 Suruga bay earthquake at the five tide gauge stations (see

Fig. 1 for their locations).
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Table 1. Location and structure of tide gauge stations

Longitude Intake pipe Well

diameter length diameter

Station Code Operation Latitude
Tago TGO GSI 34.8069
Uchiura UCR JMA 35.0172
Shimizu-ko SMZ JMA 35.0117
Yaizu YIZ GSI 34.8706
Omaezaki OME JMA 34.6083

138.7642 10 850 100

138.8903 16 500 94

138.5175 20 798 120
30 600

138.3272 See Fig.3b

138.2222 10 240 120

Units of latitude and longitude are in

degree (North and East, respectively), of

diameters and lengths are in cm. At Shimizu-ko, the diameter of intake pipe is
different for well side and outer sea side with a total length of 1,398 cm.
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Table 2. Time schedule of the in situ measurements

Operating time of pump

Observed time of well

Date Start End Start End
TGO 2009.11.04 13:44:26 15:30:27
Inflow exp. Ist 13:58:50 14:00:30
2nd 14:09:30 14:13:45
3rd 14:22:00 14:227:30
Outflow exp. Ist 14:52:00 14:55:30
2nd 15:04:00 15:06:30
15:14:00 Break
3rd 15:18:20 15:21:00
UCR 2009.11.05 9:29:52 10:49:11
Outflow exp. Preparatory exp. 9:51:30 9:51:30
Preparatory exp. 9:52:00 9:52:30
Ist 10:11:00 10:12:20
2nd 10:16:00 10:17:30
3rd 10:21:00 10:22:00
Inflow exp. Ist 10:35:00 10:36:00
2nd 10:39:00 10:40:00
3rd 10:43:00 10:44:00
SMZ 2009.11.06 9:08:12 10:31:13
Outflow exp. Ist 9:23:00 9:25:00
2nd 9:29:00 9:31:00
3rd 9:35:00 9:37:00
Inflow exp. Ist 10:12:00 10:14:00
2nd 10:19:00 10:20:00
3rd 10:25:00 10:26:00
YIZ 2009.11.05 13:53:49 15:22:16
Inflow exp. Ist 14:07:00 14:12:00
2nd 14:18:00 14:22:00
3rd 14:28:00 14:33:00
Outflow exp. 14:50:00 Break
Ist 14:55:00 14:59:00
2nd 15:05:00 15:08:00
3rd 15:13:00 15:16:00
OME 2009.11.06 14:42:01 15:52:34
Outflow exp. Ist 15:07:35 15:09:00
2nd 15:13:00 15:14:00
3rd 15:18:00 15:19:00
Inflow exp. Ist 15:35:00 15:37:00
2nd 15:41:00 15:42:00
3rd 15:46:00 15:47:00
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B 5 SRR A D 1 TaliE 9 2 HE N/KRLASBRS  BR)
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Fig. 4. Observed water levels in the wells (solid lines) and the outer sea (dotted lines) during the in situ
measurement at (a) Tago, (b) Uchiura, (¢) Shimizu-ko, (d) Yaizu, and (e) Omaezaki.
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Fig. 6. Results of in situ measurements at (a) Tago, (b) Uchiura, (c) Shimizu-ko, (d) Yaizu,
and (e) Omaezaki. The observed outer sea levels (dotted lines), the observed well levels
(dashed lines), and the calculated well levels (solid lines) using the estimated linear and
nonlinear coefficients G and W (see Table 3) are shown. Because differences of the water
levels between the outer sea and the well are insignificant at the outflow experiments of

Omaezaki, the linear and nonlinear coefficients were not estimated.
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Fig. 6. (continued)

TEMTEIED -1z, TEOLEERLIATIE I OLIAIE
DIEIET G, W DEEHEETX 72,

BEHIT 6 1 2 INE R DRRGEE LS, 2009 FEEL AR
W ORI EDRELET 200HET 5700
12, Fig. 9 O=MHIT/RLIHITB T BIGEEREER W
TR 2 /I L, kAt LRI 2 ok
EAREL, EEIAAFEERTIR SHOINERK ARV, 6
DM IERI 23 H L1z (Fig. 10). T OFER, 6 kD
WIEPETE 13 Fig. T B X U Fig. 8 1o BT 2HIEHE & 13

EAEEDLLT, IR r3ZVuINE 0% Th-7. F
bbb, BERICE T B INE RO BRREE 3K NAERE B
IHARTEROW S DD, = OHEEMEA 2009 FE 5] HIE
R OMIERI I L T EEA G2 0T Ebh -
7c.
5.2 [EMEARED

ik Tld, Fig. 6b @ BED L 51z, #llsh
rz BRI EE D @b SIRENd 2 BRI H Stz
Ihid, EKEEN L TP EIRE S R L 7 &



VERT O - 176 — - BRFIELER - RAIESE - PUABIBE - AHFEORER - REPRPE - LLOTAIS - =F18hE - IiAvEZ

(e) OME Outer sea (obs.) ---- Well (obs) —— Well(cal.
0.1 ———— 0.1...,..(.} 0.1 .(.).,..(.]
Inflow-1 Inflow-2 Inflow-3

E

]

2

@

m

=
0 . L i | A i i i i i | . . . i | " L i
=240 0 240 =240 0 240 =240 0 240
—r—rm——m—r————— 0l ———7———— —

Outflow-1 Outflow-2

E

@

>

@

&

)

=
0 L L L 1 " L L 0 L L L 1 L L L 0 L L L | L L L
-240 0 240 -240 0 240 -240 0 240

Time, sec Time, sec Time, sec

Fig. 6. (continued)

(2) TGO —— Observed ===« Corrected
*“—-—W

W

(c) SMZ

(d) YIZ

(e) OME

I : : | : . 1
0 30 60
Time, min

Fig. 7. The observed (solid lines) and corrected (dashed lines) tsunami waveforms
from the 2009 Suruga bay earthquake. The coefficients used for the corrections
are shown in Table 3. Time indicates the elapsed time (in minutes) from the
earthquake origin time. Enlarged waveforms of TGO and YIZ are shown in Fig. 8.
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Fig. 8. Enlarged waveforms of TGO and YIZ. Symbols
are the same as Fig. 7.
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Table 3. Estimated nonlinear and linear coefficients
W and G

\\Y G,sec T, sec TASR, m2

TGO I-1* 0.00122 23.7 370 4.30E-06
-2 0.00120 16.2 376 1.25E-05
-3 0.00135 35.2 335 4.94E-06
O-1 0.00106 13.6 426 1.34E-05
0-2% 0.00109 17.4 414 4.19E-06
O-3 0.00105 5.9 430 4.45E-05
UCR I-1 0.01057 0.0 43 4.91E-05
[-20.03102 0.0 15 4.78E-05
I-3* 0.01908 0.7 24 3.13E-05
O-1 0.01680 1.0 27 1.87E-05
O-2 0.01533 0.0 29 2.69E-05
0-3*% 0.01473 0.8 31 1.85E-05
SMZ 1-1 0.01255 0.0 36 2.31E-05
1-2* 0.01681 1.2 27 1.99E-05
I-30.02119 1.7 21 2.92E-05
O-1 0.00771 0.0 59 1.25E-05
O-2 0.02392 2.6 19 1.52E-05
0-3* 0.00952 0.9 47 9.93E-06
YIZz 1-1 0.00247 1.3 183 2.78E-06
-2 0.00265 4.9 170 2.66E-06
[-3* 0.00266 5.9 170 1.27E-06
O-1 0.00286 0.0 158 5.53E-06
O-2 0.00289 0.0 156 3.60E-06
0-3* 0.00293 0.0 154 2.05E-06
OME I-1* 0.00258 0.0 175 3.22E-06
-2 0.00313 0.0 144 5.28E-06
-3 0.00314 0.0 144 6.60E-06
O-1 >0.00258 - <175 -
0-2 >0.00258 - <175 -
0-3 >0.00258 - <175 -

After the station code, the first character indi-
cates inflow (I) or outflow (O) experiments and
the numeral indicates the experiment number.
For example, “I-1” and “O-2” indicate the Ist in-
flow and 2nd outflow experiments, respectively.
The estimated coefficients with asterisks “*” were
used for the corrections of the tsunami wave-
forms. TASR is temporally-averaged squared-
residual between the observed and calculated
water levels of the in situ measurements.
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Fig. 9. Contours of the temporally-averaged squared residual (TASR) indicating
the resolution limit associated with the observation at YIZ. Trial combinations
of G and W (triangles) were used for the waveform corrections in Fig. 10.
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Fig. 10. Comparison of corrected tsunami waveforms
using the estimated G and W (dashed line) and
those using the trial G and W in Fig. 9 (gray thin
lines). They are almost identical. The observed
tsunami waveform is also shown by the solid line.
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Fig. 11. Calculated inertial oscillations (solid lines) using the estimated inertial coefficients

Winert. at (a) Uchiura and (b) Shimizu-ko. The observed outer sea levels (dotted lines) and

the observed well levels (dashed lines) are also shown.
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Fig. 12. Corrected (dashed lines) tsunami waveforms from the 2009 Suruga bay
earthquake by using the inertial effect at Uchiura (a) and Shimizu-ko (b). The
original waveforms (solid lines) are also shown. Time indicates the elapsed time

(in minutes) from the earthquake origin time.
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