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ABSTRACT: On June 21, 2019, the Japan Meteorological Agency (JMA) began to utilize ocean bottom
seismograph (OBS) data for earthquake early warning (EEW) to provide the public with quick and accurate
EEWs of undersea earthquakes. We describe several improvements of the JMA EEW system for addressing
emerging issues regarding the commencement of using OBS data, such as differences in the installation
environment, amplification factor, and the effects of changes in the OBS attitude angle. We analyzed
acceleration waveforms observed with the Seafloor Observation Network for Earthquakes and Tsunamis along
the Japan Trench (S-net) and the Dense Oceanfloor Network System for Earthquakes and Tsunamis (DONET)
to automatically detect P-wave arrivals, estimate seismic parameters for analysis methods such as the B-A
method and the principal component analysis method, and identify the maximum amplitude of waveforms. We
found that some of the three-component displacement magnitude measurements obtained from OBSs were
overestimates because of anomalous amplitudes attributable to changes in the attitude angle (tilting and
oscillating) of the housing of OBSs, which depends on peak ground acceleration (PGA), occurring in response
to huge PGA inputs. In order to avoid such overestimation, we adopted an up-down (UD) component
displacement magnitude equation to stabilize magnitude estimation by OBSs. We devised a quality control
method for directly detecting attitude angle changes from velocity waveforms obtained by integration of UD
component acceleration waveforms, in order that UD component displacement amplitudes of detected
anomalies are not used in magnitude calculation. For the S-net S6 stations located on the east side of the Japan-
Trench axis, we introduced a travel-time correction approach for correcting travel-time residual differences
between adjacent stations so as to stabilize source determination. The methods presented in this paper
contribute to the stable utilization of OBS data for JMA EEW.
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Fig. 1

Location map of the OBS stations and epicenters used in this study. The yellow inverted triangles indicate (a)

S-net stations and (b) DONET stations. The red circles denote the epicenter of earthquakes and the size of each

circle indicates the magnitude of the earthquake.

X7, F7-, DONET °HFEE OBS (I ¥ v L & #4
WT DL TChETEIMSEZMEFMICHZ D Z LN
TEBDICH L, Snetl TP AL EHHLTELT
BT 2 3N ENENERE DI Z [V 7R T
B XN TS (DONET (22 Tk H - fth (2012),
S-net 2D\ T X Takagietal. (2019) &), £ D7
¥, DONET & #HE#E OBS [2 oW Tk, #EH LA D
BRI O A % Ehig 3 H0E LV 23, S-net (IZHR W TIEH
MBI ALEE & S HRTALEE L LC, HUER OB
ALREFVNADOHELERTLIMLENHD. LITIZ,
S-net THEi 4 2 HEF O 3 Ky EIEMEC OV TR
5.

S-net ([ZFEEI N TWBIMHEEFHIE KD £ T
FLERFIRE R E M TH Y, ERICITRTFTEOMIZ,
BEAMEEIZLD2MEEAS 7y bARTRESNLTD
. XoT, HHOICELE SN D E T RO I E A 7
Ty bR VIR R E 5 10 0§ 72 BNk E
ZRLTWAZ LRI, #iBHORBMEHTT S
ZLENHHRETHD.

Fig. 2 Schema of attitude angle of S-net.
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Fig. 3 Examples of travel-time residual of S-net. The panels indicate (a) the M5.4 earthquake E off Ibaraki Prefecture on
August 19, 2016, (b) the M4.5 earthquake E off Iwate Prefecture on June 23, 2017, (c) the M5.1 earthquake E off
Aomori Prefecture on August 24, 2018, (d) the M5.2 earthquake E off Aomori Prefecture on March 8, 2017 and (e)
the M6.0 earthquake Far E off North Honshu on November 13, 2017, respectively. The circles indicate OBSs and the
inverted triangles indicate land stations. The upper row denotes the map distribution of the travel-time residuals, and

the lower row denotes the relationship between the travel-time residuals and epicentral distance. The colors indicate

the travel-time residuals; blue indicates that the observed time is earlier than the theoretical travel-time, and red

indicates later than that time. A green star indicates the location of the epicenter of JMA-Catalogue.
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off North Honshu on September 21, 2017, (b) the M5.5 earthquake E off Ibaraki Prefecture on September 5, 2018,
(c) the M6.5 earthquake SE off the Kii Peninsula on April 1, 2016 and (d) the MS5.6 earthquake Southern Sea of
Okhotsk on July 9, 2019, respectively. The colors of the symbols on the upper map denote the residuals of estimated
epicentral distance (expressed in term of difference in log values). The black circles indicate OBSs and the gray

inverted triangles indicate land stations.
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Fig. 7 Results of back-azimuth estimated from principal component analysis. The upper and lower panels indicate
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Fig. 10 The maximum attitude angle change ((a) tilt angle and (b) rotation angle) that occurred during seismic motions

and (c) their relationship with PGA.

(a) Attitude angle change

(b) Acceleration waveform

(c) Displacement waveform

~ i ’ 1269.88 162417 NS
9 Theta(anlpf Pitch angle change = -1.1 deg. NS
g i L 5“
2 it 0.00 T 0.00 i
~ [ ' '
: e i
=3 L i — !
g L { #: ,’ﬁ\‘lw_.w..mm — @ -128988 | 16241/
S ambda®e) . % 1269.887 EW § 162419 EW ¢ v
% o i| Roll angle change = -9.9 deg o = l[‘

~1104 '
& i 5 0.00 g o000
) \ =} o H
o l d o !
3 i)
g 1 2 -1269.88 o 16241

Q 2
< 7600 80 120 180 240 300 360 £ 1269887 wD © 162417 UD
Elapsed time from P-wave (s) EL
:
0.00 - 0.00 — S
-1269.88 ++ | ; : ; . ; ; -162.41 ;
-60 0 60 120 180 240 300 360 -60 0 60 120 180 240 300 360

Elapsed time from P-wave (s)

Fig. 11

Elapsed time from P-wave (s)

Examples of waveforms and processing results at the N.S2N14 station for the M7.4 earthquake E off

Fukushima Prefecture on November 22, 2016, (a) time series of attitude angle change estimated at the N.S2N14
station, and the (b) acceleration and (c) displacement waveforms, respectively. The attitude angle changes were
estimated from offset values extracted by applying a median filter (Kinoshita (2008), Hayashimoto et al., (2016))

to the acceleration waveform.
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waveform of the displacement waveform due to the oscillations of the OBS housing.
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Fig. 17 Example of tilting and oscillation detection during the M7.4 earthquake E off Fukushima Prefecture on
November 22, 2016. The upper row shows the integrated acceleration waveform of the UD component and the lower
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Fig. 20 Time series of statistical processing of magnitude for Meew (top) and Mud (bottom) on S-net. The
magnitude was calculated by the median of magnitude at up to five stations for each earthquake. The left column
indicates the time series of the estimated magnitude. The red dashed line is the time of fault formation derived
from the scaling law. The middle column shows the time evolution of the residuals between the estimated M
and Mjma for each earthquake. The right column indicates the mean value at each time. Each circle and each
error bar indicate the mean value and the standard deviation, respectively.
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Fig. 23 Distribution of the travel-time residuals for the M5.0 earthquake SE off Tokachi on November 3, 2017 (left)
and the M6.3 earthquake Far E off North Honshu on September 21, 2017 (right). The upper panel shows the
distribution of the travel-time residuals, the middle panel shows the relationship between the travel-time residuals
and the epicentral distance, and the lower panel shows the relationship between the difference of the travel-time
residuals between N.S6NO1 and the neighboring stations and the distance between the stations. The rhombus and
circle indicate the data of the S6 and other S-net stations, respectively. The pink rhombus indicates the data of the
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Table 2 Travel-time corrections of the S6 station and
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24 Distribution of the differences between the travel-time residuals between the target station and the other
neighboring stations and the distance between the two stations. The upper and lower row denote the results at the
N.S6NO1 and N.S6N12 stations, respectively. The left panel shows the difference between the travel-time residuals
among the S1-S5 stations and the right panel shows the difference between the travel-time residuals compared with
the S6 stations. The red and blue dashed lines each show the average of the data within 100 km between the stations.

statistical results with regard to the differences of
the travel-time residuals. The correction for
N.S6N06 was calculated by comparing with the
surrounding S6 stations, and the other stations were

calculated by comparing with the S1-S5 stations.

3w 2
) Differences from S1-S5 Differences from S6 3 &
Correction Num. Ave. SD. Num. Ave. S.D. E - E
N.S6NO1 0.0 323  -0.11 0.76 132 -0.78 0.63 7‘% %
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N.SENL2 17 220 169 072 153 0.01 0.5 Fig. 25 Same as in Fig. 23, but for the travel-time
N.S6N13 17 363 1.65 0.78 172 0.1 0.44) residuals calculated with the travel-time
N.S6N14 17 17l 176 102 176]  -0.01 0.45 correction.
N.S6N15 17 185] 169 0.95 165 -0.09 0.52
N.S6N16 16 268 155 0.86 138)  0.08 0.5
N.S6N17 15 300 143 0.85 119  -0.04 0.48 . N . . -
N.S6N18 17 3300 170 0.98 126)  0.05 0.51 R IES & & F 2 BIR L, T ORML OB AICE T
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Fig. 26 Likelihood distribution by the IPF method for the M6.4 earthquake E off Fukushima Prefecture on August 4,
2019. The left and right maps show snapshots taken 1.3 and 8.2 seconds after the arrival time at the nearest station,
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that have already detected seismic waves, according to the magnitude of the displacement amplitude. The purple
lines indicate the estimated epicenter distance estimated with the B-A method and the back-azimuth estimated with
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Fig. 27 Three component displacement and UD-component velocity waveform at the N.S2NO5 (left) and the
N.S2NO06 (right) station during the M5.6 earthquake E off Fukushima Prefecture on August 24, 2019.

Table 3 Results of magnitude estimation for the M5.6 earthquake E off Fukushima Prefecture on August 24, 2019.
At the land stations, [P] indicates the P-wave magnitude and [S] indicates the whole wave magnitude, respectively.

Magnitude at each station

Num. lat. lon. dep. Time ’E‘t M sta. N.S2N11 N.S2NOS5 N.S2N10 N.S2N04 N.S2N06 N.S2N09 N.S2N12 N.S2N03 N.S2N08 N.S2N07 KOBUCH KAWAUC MSOUMA IWAKMZ OURI JSENDA OTAMA2
AT  52:54.4 52:545 52547 52:55.1 52:56.9 52:57.0 52:57.7 52:58.4 52:58.4 52:59.8 53:07.9 53:08.4 53:08.7 53:09.8 53:10.5 53:12.8 53:15.7

1 37.4 1424 20 13:53:008 6.4 4.5 4.5 * *

2 37.4 1425 20 13:53:009 6.5 4.8 4.8 * *

3 374 1425 10 13:53:01.6 7.2 4.7 4.7 * * 4.7 | 5.0

4 37.4 1425 10 13:53:044 10.0 5.0 4.8 * * 4.7 5.0 5.0 5.3 -

5 374 1424 30 13:53:07.3 129 5.3 4.9 5.4 * * 5.3 5.2 5.3 -

6 37.4 1425 30 13:53:09.7 153 5.4 4.9 5.4 * * 53 | 54 | 56 -

7 374 1425 70 13:53:15.6 21.2 5.5 5.0 5.5 * * 54 | 55 | 58 -

8 37.4 1425 70 13:53:20.2 25.8 5.4 5.0 5.5 * * 5.4 5.5 5.8 - 5.0[P] 5.4[P]
9 37.3 1425 10 13:53:20.9 26.5 5.4 4.9 5.4 * * 5.4 - 5.7 5.5 5.3[P] 5.8[P]
10 37.3 1425 10 13:53:24.7 30.3 5.5 4.9 5.4 * * 5.4 - 5.7 5.7 5.6[P] 5.5[P]|5.8[P]
11 37.4 1425 10 13:53:32.5 38.1 5.4 4.9 5.4 * * 54 | 55 | 57 | — [59[S]|5.1[8]|5.2[S]|5.6[P]|5.4[S]| — -
12 374 1425 10 13:53:33.9 39.5 5.4 4.9 5.4 * * 54 | 55 | 57 — [5.9[8]1|5.1[S]|5.2[S]|5.4[S]|5.4[S]| — -
13 37.4 1425 10 13:53:53.2 58.8 5.4 4.9 5.4 * * 5.3 5.4 5.8 — |5.9[S]|5.1[S]|5.2[S]|5.4[S]|5.5[S]| — -
14 37.4 1425 10 13:54:02.1 67.7 5.4 4.9 5.4 * * 5.4 5.4 5.8 — |5.9[S]|5.1[S]|5.2[S]|5.4[S]|5.5[S]| — -

* : Station magnitude excluded for magnitude calculation because magnitude was in the top two.
O : Station magunitude selected for magnitude calculation.
— : Station magnitude that was not selected.
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Fig. 28 Likelihood distribution by the IPF method for the M5.7 earthquake Far SE off the Boso Peninsula on June 29,
2020. The triangles denote the stations used in the IPF method, and the red, orange, and gray triangles indicate the
stations that have already detected seismic waves, according to the magnitude of the displacement amplitude.
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Table a-1 Attitude angle of S-net estimated from gravitational acceleration offset (as of June 20, 2019).
s1 6 A s2 6 |a s3 6 [a S4 6 [a S5 R S6 6 [a
SOINOL | -0.54| 41.64| [so2no1 [-3.22| 107.15| [so3noi | 0.81f -123.80] [s04No1 | -3.57 -179.05| [sosNoi | 0.30] 121.26| [soeNo1 | -2.45[ -153.05
SOINO2 | 255 92.26] [so2n02 | -0.16] 66.47] [s03N02 | -1.03] 100.26] [s04N02 | 0.92] 101.20] [sosNo2 | -1.98] 169.46| [s06N02 | 0.21] -106.26
S0IN03 | -401] 8569 [s02N03 | -1.86] 79.02| [so3N03 [ -1.42] 101.52] [so4no03 | 166] 70.20] [sosNo3 | -2.70] 75.21]  [soeno3 | 3.72[ -78.47
SOINO4 | -3.93| -89.16| [s02N04 [ -0.36] 76.75| [s03N04 | 4.00| -86.44| [s04N04 | -0.21] 119.65| [sosNo4 | -2.48] 8479  [S06NO4 | -3.99| -157.49
SOINO5 | 868 8829 [s02N05 [ 0.37] -35.15| [S03N05 | 2.05| -176.55|  [S04N05 | -0.65] 102.91|  [S05N05 | 0.02| -156.20|  [S06NO5 | 2.93] 117.96
SOINO6 | -12.91 -74.83|  [s02N06 | -3.35] -166.65|  [s03N06 | -0.33] 177.22]  [s04No6 | -0.23] 70.95| [sosNo6 | -1.12] 166.64|  [soeNo6 | -0.17] -37.31
SOINO7 | -11.68] -62.58|  [S02NO7 | -1.09] -164.71]  [s03N07 | -2.71] -99.49| [soano07 | 165 9271 [sosNo7 | -2.14] 60.36| [soeNo7 | 4.39] -159.56
SoIN0g | -2.83] -4450] [so2no8 | 154 -169.30] [so3nos [ 0.85[ -111.08] [sos4nos | 0.58] 106.35| [sosNos | -3.51] -173.62|  [soenos | 1.20] 80.34
SOINO9 | -14.27] 99.01]  [s02N09 | -7.34] -68.74] [s03N09 | -0.85] -112.92| [s04No9 | 2.87] 101.23| [sosNo9 | 0.48 -161.12] [so6N09 | 0.15] 98.56
SOIN10 | 537 171.23] [so2N10 | -4.32] 6407 [so3Nio | -1.76] -76.90] [so4ni0 | -3.19] 95.92| [sosNio | -4.01] -121.64| [soeni0 | 0.81] -62.62
SOIN11 | 5.62| 161.95] [s02N11 [ -0.83| -83.56| [S03N11 | -1.02| -103.32] [s04n11 | -0.81] 111.12| [sosN1l | -0.26| 55.52|  [S06N1l | 1.50[ -10.02
SoIN12 | 1.02] 59.50] [so2n12 | -1.32] -74.06] [so3Ni2 | -1.78] 104.00] [s04n12 | -129] 100.45| [sosNi2 | -0.21] 75.33| [soeni2 | 2.87[ -118.97
SOINI3 | -0.14] 8864 [so2N13 | 0.79] -162.31 [s03N13 | -0.40] 106.08] [s04N13 | 028 17.90| [sosN13 | -0.50] 103.63| [soeN13 | 071 4288
SOIN14 | 10.10[ 177.73| [s02N14 [ -1.66| -116.85| [S03N14 | 0.77| 48.66| [S04N14 | -1.58| 105.08| [S0SN14 | 3.05| -36.35| [S06N14 | -2.09| -137.10
SOINI5 | 16.97| -14.34| [s02N15 | -056] 66.76| [S03N15 | -2.00] -82.68| [s04N15 | -1.16] 121.22| [sosN15 | 1.05] 175.73| [soeN15 | 0.21] 145.98
SOIN16 | 3.40[ -176.44| [s02N16 | 2.06] 91.04| [s03N16 | -3.30] -55.86| [S04N16 | 0.80] 124.44| [s05N16 | 1.25| -125.76| [So6N16 | 0.68] -6.92
SOIN17 | 3.37] 9422 [so2n17 | -254 -172.88| [so3ni7 | 208 3370 [soeni7 | 217 73.01] [sosni7 | 0.53] 5098 [soeni7 | 0.14] -88.36
SOIN18 | -2.16] -84.02| [s02N18 [ -4.38] 9530 [so3Nis [ 0.24] -113.38] [so4nig | 0.10] 80.34] [sosNig | -1.88] 13168 [soenis | 0.91] -157.11
soiN19 | -181] -71.97| [so2n19 | 233 -143.72] [so3N19 | 2.12] 25.69| [so4n1o | -0.87] 7480 [sosNio | 0.41] 97.90| [so6N19 | -2.93] 105.16
S0IN20 | 401 7445 [so2n20 | 1.72] 169.43] [so3n20 | -1.18[ -111.48] [s04N20 | 0.38] 59.05| [sosN20 | -0.40] 91.92| [soen20 | 419 -15.54
SoIN21 | -7.91] -9411] [so2n21 | 2.02] 059| [so3n2i | 1.16] 2835 [s04nN21 | 4.90] 51.98) [sosN21 | 0.01] 7269 [S06N21 | 5.98] 120.43
S0IN22 | 202] 79.74] [so2n22 | 0.38] -97.80 [so3N22 [ -0.40[ -77.11| [so4n22 | -0.31] 105.36] [sosn22 | 0.23] -90.29| [soen22 | 6.72[ 054
S02N23 | -1.01] -127.62|  [s03N23 | -0.35 -133.04| [s04N23 | 1.12] 11299 [s05N23 | -1.38] 9871 [soen23 | 275 -89.72
S02N24 | 2.42] -177.20]  [s03N24 | -1.62| -85.38 [s04n24 | -3.92[ 116.07 S06N24 | 1.32[ -99.96
S02N25 | -2.88[ -147.21|  [s03N25 | -0.35| 141.85  [s04N25 | -0.58] 123.26 SO06N25 | -3.54[ 14.85
S02N26 | -1.71] -95.96| [s03N26 | 1.44| 64.12] [s04N26 | -1.16] -119.83
S04N27 | -1.15] 7874
S04N28 | -0.58] -112.75
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