RECENT TSUNAMIS OBSERVED BY GPS BUOYS OFF THE PACIFIC COAST OF JAPAN
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This paper describes the overview of the 2010 @hiland 2011 Tohoku Foreshock and Main Shock Tsunami
profiles, which were acquired by GPS-mounted buadya spot of 100-400 m in water depth off the Racibast of
Japan. In the case of the first crest on the 20#ioKu Main Shock Tsunami profile acquired off KasmiPort, the
water level rose relatively slowly and quickly aetprimary and subsequent parts, respectively,candequently
exceeded 6 m.

Keywords: GPS buoy; 2010 Chilean tsunami; 2011 Tohoku tsunami; wave crest; shallow-water transformation

INTRODUCTION

The Ports and Harbours Bureau, Ministry of Landrastructure, Transport and Tourism, Japan,
and its associated organizations, including the Bad Airport Research Institute (hereinafter, PARI
have been conducting wave and tide observationgndrdapan, central data processing, and data
dissemination, through the Nationwide Ocean Wavermnation Network for Ports and Harbours
(hereinafter, NOWPHAS) (Nagai et al., 2008). Théadeccumulated through the coastal wave and tide
gauges since 1970 include not only high-wave eydmit also the tsunami triggered by the 1983
Nihonkai-Chubu Earthquake, the 1993 Hokkaido-Nabng&ei Earthquake, the 2003 Tokachi-oki
Earthquake, the 2004 Tokaido-oki Earthquake, th@52Miyagi-ken-oki Earthquake, and the 2006
Kuril Islands Earthquake (Tanimoto et al., 1983kdyama et al., 1994; Nagai et al., 2004, 2005a,
2006b; Shimizu et al., 2007). Recently the operatib GPS buoys, that are moored at a spot of 100-
400 m in water depth and 10-20 km from the coast éind measure the water level every second using
real-time kinematic GPS technology, was startedN@WPHAS, after a research team successfully
used an experimental standalone GPS buoy to acdateeon the tsunami triggered by the 2001 Peru
Earthquake, the 2003 Tokachi-oki Earthquake, amd 2004 Tokaido-oki Earthquake (Kato et al.,
2005; Nagai et al., 2005b, 2006a, 2007). The nafib® network of the GPS buoys as well as the
coastal wave and tide gauges on NOWPHAS was sudatéssacquire the 2010 Chilean and 2011
Tohoku Foreshock and Main Shock Tsunami profileaw#i et al., 2011, 2012; PARI, 2011). This
paper introduces the GPS buoy system on NOWPHASterddescribes the overview of these three
tsunami profiles.

GPS BUOY SYSTEM ON NOWPHAS

Data Acquirement
Fig. 1 shows three categories of the NOWPHAS eaueitt for tsunami detection; they are a
coastal tide gauge (hereinafter, abbreviated amTigures), coastal wave gauge (WG), and GPS buoy

Ej Ej Ej Ej Ej Ej GPS sensor

Base g i
port  Station RTK-GPS system , GPS satellites - Solar panel j
PARI  office e 3PS Signgy 'GP signal
Coastal tide N
auge (TG)  ~4@trang:> = _Solar panel
Ultrasonic GPS buoy (GB)
Tide waves
well 20-60m —_—

Cable for data

transmission and Coastal wave

electric power supply gauge (WG)
|

' 10-20 km

Figure 1. NOWPHAS equipment for tsunami detection

Still water level

! Marine Information Field, Port and Airport Research Institute, 3-1-1, Nagase, Yokosuka, Kanagawa, 239-0826,
Japan

2 Tohoku Regional Development Bureau, Ministry of Land, Infrastructure, Transport and Tourism, 1-1-20, Kakyoin,
Aoba-ku, Sendai, Miyagi, 980-0013, Japan; Formerly a member of Marine Information Field, Port and Airport
Research Institute

1



2 COASTAL ENGINEERING 2012

(GB), in the order of increasing the distance frin@ coastal line. The coastal tide gauge is gegeral
located on a wharf or a seawall and measures ther Vevel in a tide well, which is connected to the
sea with an inlet pipe. The coastal wave gaugeftenadnstalled on a 20-60 m deep seabed and
measures the water surface elevation every 0.5g ulirasonic waves. The tide level can be esthat
by smoothing the time series of the water surfdeeation with a digital filter. The GPS buoy is
moored by a steel chain at a spot of 100-400 matemdepth and 10-20 km from the coastal line.

Acceleration buoys, which measure the acceleratimhtilting angle of the buoy and then calculate
the vertical motion, are very popular in deep-wateras where the installation of a seabed waveegaug
is difficult. These buoys, however, have disadvgesain extracting tide levels owing to the feeble
accelerations. In contrast, the GPS buoy systensunes the buoy altitude above the Earth ellipsoid
WGSB84 every second using the RTK-GPS instrumenti@ibuoy and at the base station, as illustrated
in Fig. 1. Following are the four GPS positioningnditions, in the order of decreasing accuracy; the
fix solution, float solution, DGPS solution, andsotved. According to a positioning experiment
between two immovable points on land, the root-rregprares of the errors in vertical positioning is
only a few centimeters in the case of the fix solufor a distance of 20 km. The positioning coiudit
is affected by several factors, such as the GP&lisatnumber and geometry and the ionosphere
condition above the buoy. The positioning conditieas stable during the tsunami events; for instance
the rate of the fix solution reached 98% and 99%@fand 9 GPS buoys, respectively, while the 2011
Chilean tsunami hit the Japanese coast.

The GPS buoy system relies on an approximatianthieasheight from the water surface to the GPS
receiver on the top of the buoy is constant, bigt ieight actually changes owing to the tiltingtioé
buoy. The system, therefore, measures the heighweakhe Earth ellipsoid and the tilting angle
simultaneously, and then, it estimates the heiglit the buoy was standing vertically upright.

Data Processing and Dissemination

The tidal level at the GPS buoy site is estimditedh the time series of the buoy altitude corrected
with the tilting angle, by using a 120 s long recfalar filter and the Hamming window (Shimizu et al
2006a, 2006b). This calculation uses the buoyudkitdata in the fix solution only. The root-mean-
squares of the errors in the tidal level, therefbezomes much lesser than that in the buoy adtitlada
for each second.

The tide anomaly is calculated by subtracting deronomical tide level from the observed tide
level. The astronomical tide level can be calcualatsing the known tide constituents. Such a progedu
is adopted in a real-time processing work on NOWBHPRIig. 2 shows an example of the acquired and
processed data on the day when the 2011 Tohoku $twck occurred.

The processed data are transmitted to Japan Métgaral Agency (hereinafter, JMA), that is
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responsible for tsunami detection and warning padaon line second by second and are available for
the public on the Real-time NOWPHAS Web (http://wamhit.go.jp/kowan/nowphas/index_eng. html).
Fig. 3 shows the 2011 Tohoku Main Shock Tsunamfilpracquired at the GPS buoy off Kamaishi
Port on the Tohoku region coast. The tsunami mrefihs unfortunately broken onlyn@n after the first
tsunami crest appeared, owing to some problemata communication between the land station and
PARI; however, JMA could find the quick increasehe tide anomaly to update his primary prediction
of the coastal tsunami height to a higher levelvds confirmed that the first crest was highestrgur
the tsunami event, 10 days after the tsunami evérgn the entire data were picked up from the base
station and were post-processed at PARI. In cantilaes continuous profiles of the 2010 Chilean and
2011 Tohoku Foreshock Tsunamis were displayed ®mwdbsite.

Location of GPS Buoys Presented in This Paper

This study collected the water surface elevatiatadwhich were acquired by the NOWPHAS
equipment during three tsunami events; they are26f0 Chilean and 2011 Tohoku Foreshock and
Main Shock Tsunamis. Fig. 4 shows the layout of @RS buoys and coastal wave gauges on
NOWPHAS. Most of the ports have a coastal wave gauma seabed off a breakwater and a tide gauge
on a wharf or a seawall. Among 12 GPS buoys inditat the figure, site GB815 was in a primary test
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phase when the 2010 Chilean Tsunami hit. The &®807 and 804 were undergoing repairs when the
2011 Tohoku Foreshock and Main Shock Tsunami tie Z010 Chilean and 2011 Tohoku Foreshock
Tsunami did not affect any equipment on the Tohagion coast, while the 2011 Tohoku Main Shock
Tsunami broke most of the coastal wave and tidgemon the coast.

THE 2010 CHILEAN TSUNAMI

Earthquake and Wave Condition

According to JMA'’s analysis, a massive earthqu@kg=8.8) occurred in central Chile at 15:34 h,
February 27, 2010, Japanese Standard Time (GMT)+ I8 tsunami traveled across the Pacific Ocean
and reached the Japanese coast nearly one dayttaftearthquake occurred. It was the first event
worldwide that an operational GPS buoy network olest a distinct tsunami profile. On February 28,
the day that the tsunami reached Japan; low-pressstems were affecting the wind wave and swell
conditions around Japan. The significant wave heimghd period were around 2 m and 10 s,
respectively, at GPS buoy GB802 off Kamaishi Pdutther, they were around 1 m and 7 s,
respectively, at the coastal wave gauge near thteeptrance.

Tsunami Profile and Frequency Spectrum at GPS buoy sites

Fig. 5 shows the time series of the tide anomatyumed by the GPS buoys. The tide anomaly
could be extracted from the time series of the t&lel by the operational method; subtracting the
astronomical tide level that was calculated witk #mown tide constituents. This paper, however,
presents the tide anomaly, which was recalculasathua digital filter with a cutoff period of 209im
which is the standard used by JMA. Such a digilédrfis inconvenient use in real-time tsunami
detection because it needs tide level data oveong beriod; however, this filter is useful for
performing detailed analysis of the tide anomahewlthe gap between the observed tide level under
normal conditions and the calculated astronomiickd tevel is critical for estimating small tsunami
amplitudes of a few tens of centimeters or less.

There was a feeble oscillation on the tide anorpabfile before the tsunami reached. The major
causes of the oscillation may be errors in GPStiposig and changes in the tension in mooring chain
The tsunami arrived at GPS buoys GB805, GB807, @B&B802, GB803, GB801, and GB806 off
the Tohoku region coast after 14:00 h on Febru&yaRd it arrived at others GB812, G811, GB813,
and GB814 off the Chubu to Shikoku region coasuadol15:00 h. The GPS buoys off the Tohoku
region coast were located at 38-65 km intervalsnach for the first crest at these GPS buoys can be
found easily, while but not for the second and sghent crests. The crest interval is around 60anin
all the GPS buoys except for GB806 in which caseintkerval is around 90 min. The black triangle in
each site indicates the highest crest between 1460 February 28 and 03:00 h on March 01. The
highest crest with a height of 0.1-0.3 m appeaetdden 15:00 and 19:00 h on February 28 as the firs
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Figure 5. The 2010 Chilean Tsunami profile acquired by GPS buoys
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crest at GB806 and GB813 and appeared as the secosubsequent crest at the other buoys. GPS
buoy GB805 recorded the maximum crest height anadinfpe GPS buoys. One of the reasons may be
that the GB805 site has the shallowest water daypitng all the GPS buoys. It took more than 24 h for
the tide anomaly to approach zero.

Fig. 6 compares the frequency spectra of the idemaly at all the GPS buoys, during
approximately 5.7 h, for 4096 samples with an wdéf 5 s, from 15:00 h on February 28. The
predominant period is around 60 min or shorter BB8®&, GB804, GB802, GB801, GB811, and
GB813; and it is longer than 60 min at the othemysu

Shallow-water Transformation between GPS Buoy and Coastal Tide Gauge Site

There are five geometrically adjacent sets of & ®RBoy, coastal wave gauge, and coastal tide
gauge on the Tohoku and Shikoku region coast. Simgami profiles acquired at these sets are useful t
discuss on tsunami propagation and transformaticallow-water areas. Fig. 7 (a) shows the loaati
of GPS buoy WG219, coastal wave gauge GB807, aadtaltide gauge TG219 in Kuji Port and the
time series of the tide anomaly at these sites. drbsts and troughs of the tide anomaly at GB807
corresponded well with those at WG219. The osailtatvith a period of approximately 15 min at
TG219 was significantly amplified after the tsunamived. Fig. 7 (b) shows the location of GPSybuo
GB802, coastal wave gauge WG204, and coastal tdgeg TG204 in Kamaishi Port and the time
series of the tide anomaly at these sites. The Gadllity belongs to the Japan Coast Guard, ard th
data are transmitted to its system and to NOWPHZA®. tsunami crests and troughs at these three sites
corresponded well to each other until around 160®& short period oscillation was significantly
amplified at TG204. The frequency spectra will lsenpared later among the three sites of these two
geometrically adjacent sets, together with the céslee 2011 Tohoku Foreshock Tsunami.

Fig. 8 shows the first crest height the highest crest heighf, and the lowest trough depfh, at
the five geometrically adjacent sets of a GPS bgowstal wave gauge, and coastal tide gauge. The
four sets, which include GPS buoys GB805, GB8078&B and GB801, are located off the Tohoku
region coast, while the other set, which includ&8®4, is located off the Shikoku region coast. The
tsunami provided the first opportunity to study ttagiations in these parameters with water deptie T
absolute values of these quantities are less ttamOat the water depth of the GPS buoys, quickly
increase in the range of the coastal wave gaugesth@n reach much larger values at the coastal tid
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Figure 6. The 2010 Chilean Tsunami frequency spectra obtained by GPS buoys
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gauges. According to Green’s law based on enetgydbnservation and assuming no wave breaking,
the tsunami wave height is inversely proportiomathte 1/4 power of the water depth and to the 1/2
power of the bay width or wave path interval. le tlange of the GPS buoys and coastal wave gauges,
the plots forz,, andz, are distributed near the equatighs +1.0h** andZ = -1.0h**, respectively,
whereh is the water depth andis the crest height or trough depth. One reason tiva plots for the

five sets are near the curved lines may be thatitfep-water tsunami wave height was almost constant
spatially off the Japanese coast owing to its laligeance from Chile. On the other hand, thosesftmt
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the coastal tide gauge sites are scattered widety the curved lines because the coastal tide gauge
are located in bays of various shape, length, aatémdepth. The breakwater at the bay mouth reduces
the tsunami height entering the bay.

A tsunami travelling time is a quite useful paréendor coastal disaster prevention works, such as
gate operation and evacuation. However, it isdiffito determine the precise arrival time of abfee
tsunami wave on a tide anomaly profile includinghloa oscillations and GPS positioning errors. This
study, therefore, determined the first zero-up-sir@stime rather than the tsunami arrival time.sTisi
a similar approach to previous studies (Nagai eR@04, 2005a, 2006b; Shimizu et al. 2007). Fig. 9
compares the first zero-up-crossing timand the highest crest timgamong GPS buoys, seabed wave
gauges, and coastal tide gauges. The differendkeirfirst zero-up-crossing time between the GPS
buoys and coastal wave gauges is 4-34 min ancbttateen the coastal wave and tide gauges is less
than 4-5 min. The highest crest time does not rseciyg follow the order of a GPS buoy, coastal wave
gauge, and coastal tide gauge.

THE 2011 TOHOKU FORESHOCK TSUNAMI

Tsunami Profile Acquired by GPS Buoys

According to JMA’s analysis, the 2011 Tohoku Fbesk (M,~=7.2) occurred off the Pacific coast
of Tohoku region at 11:45 h, March 09, 2011, thaswne day and 21 h before the main shock. Fig. 10
shows the location of the epicenter and the tidematy profiles, which were acquired by the GPS
buoys using the same filter as the case of the &@ilean Tsunami. The tsunami arrived at GPS buoys
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GB804, GB802, GB803, and GB801 between 11:56 an)11®, those were 11 and 16 min,
respectively, after the earthquake occurred, aed the first crest reached the highest level iretitae
tsunami event between 12:06 and 12:10 h. The tsurmawe periods were 10-20 min, which was much
shorter than the 2010 Chilean and 2011 Tohoku M&iock Tsunami. On the other hand, it is difficult
to determine the tsunami arrival time at GB807 &RB06 owing to small amplitudes of the tsunami
signals.

Shallow-water Transformation between GPS Buoy and Coastal Tide Gauge Site

Fig. 11 shows the time series of the tide anoraatyo geometrically adjacent sets of a GPS buoy,
coastal wave gauge, and coastal tide gauges omaheku region coast, which are the same sets as
those shown in Fig. 7. The tsunami signals wereféeble to determine the time of the tsunami afriva
and highest crest at GPS buoy GB807 off Kuji Balyile it can be easily confirmed that the thirdstre
was highest at coastal tide gauge TG219. The émgnance continued for a long time more than 18 h,
which is presented in the figure. The tsunami digyah GB802 off Kamaishi Bay were distincter than
those at GB807. One of the reasons may be a stdistance from the epicenter. The first crest was
highest during the entire tsunami event at thriess $B802, WG204, and TG204.

Fig. 12 shows the frequency spectra of the 20iile@n and 2011 Tohoku Foreshock Tsunami at
the GPS buoy, coastal wave gauge, and coastabtidge as well as the amplification ratio for the
major tsunamis in 2003 and later. In the frequespgctra of the 2010 Chilean and 2011 Tohoku
Foreshock Tsunami profile at coastal tide gauge 838 Kuji Port, a distinct predominant period can
be found near 23, 15, and 10 min. These periodsvdihin or near the range of a high amplification
ratio between 8 and 16 min, which were obtainetthén2003 Tokachi-oki Earthquake Tsunami and the
2005 Miyagi-ken-oki Earthquake Tsunami (Nagai et2004, 2005a, 2006b). In the frequency spectra
at coastal tide gauge TG204 in Kamaishi Bay, daraispredominant period can be found nearadd
10 min. These periods are also within or near &mge between 5 and 18 min in the 2003 Tokachi-oki
Earthquake Tsunami, the 2005 Miyagi-ken-oki Eartigu Tsunami, and the 2006 Kuril Islands
Earthquake Tsunami (Shimizu et al., 2007). These@minant periods at these coastal tide gauges are
attributed to the natural oscillation frequencytiase bays and their connecting sea bodies.
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Figure 11. The 2011 Tohoku Foreshock Tsunami profile acquired by geometrically adjacent sets of a GPS
buoy, coastal wave gauge, and coastal tide gauge on the Tohoku region coast
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THE 2011 TOHOKU MAIN SHOCK TSUNAMI

Earthquake and Wave Condition

According to JMA'’s analysis, the 2011 Tohoku M&hock ,~=9.0) occurred near the epicenter
of the foreshock off the Pacific coast of Tohokgioa at 14:46, March 11, 2011, as shown in Fig. 10.
Its tsunami height exceeded 6 m at the GPS buaysabt of 204 m in water depth off Kamaishi Port
and reached 10-20 m on the shore. Long breakwateasyalls, and coastal dikes were destroyed and
wide rearward land areas were flooded on the Ramifast from the Hokkaido to Kanto region (Mori et
al., 2011, 2012; PARI, 2011). On the day thatttumami was triggered, low-pressure systems covered
the northern part of Japan and wind blew toward dBEthe Pacific coast of Tohoku region. The
significant wave height and period at the GPS baffyKamaishi Port was only 0.73 m and 6.8 s,
respectively, at 14:40 h. Such a calm wave condisoadvantageous to the extraction of the tsunami
signals from the time series of the water surfdeeagion.

Overview of Tsunami Profile Acquired by GPS Buoys

Fig. 13 shows the time series of the tide anoraatyuired by all the GPS buoys off the Tohoku to
Sikoku region coast. The astronomical tide leveluded in the tidal level was estimated with the
known tide constituents. Only at GB812, the datalmbuoy tilting angle included irregular noises,
which gave unrealistic tsunami profile; therefole buoy altitude was not corrected using the gjltin
angle in this paper. It does not cause a criticablem, because the wave condition was calm and the
wave components can be easily averaged using gfitaldilter. The tsunami signals began with a 0.2-
0.5 m deep trough and the subsequent crest wagdtighuring the entire record at 5 GPS buoys
between GB807 and GB801 off the Tohoku region ¢aelste the second crest was highest at GB806.
These highest crests appeared between 15:12 ab@ i5approximately half hour after the earthquake
occurred, and the appearance time was earliesB80&and GB802. The crest height ranged between
2.6 and 6.7 m above the mean tide anomaly bef@estiithquake, and was highest at GB802 off
Kamaishi Port. The lowest trough depth was 5.1 i5B801. There were 7 major waves at GB802.
The crest height of the first wave was much lathan that of the subsequent ones and the period was
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Figure 13. The 2011 Tohoku main shock tsunami profile acquired by all the GPS buoys

not constant from the first to third wave. The trhsight gradually decreased and the period was
almost constant near 50 min, from the fourth toesélv wave. Similar characteristics can be found at
GB807, GB804, GB803, and GB801.

Fig. 13 shows that the mean tide anomaly line difterearthquake looks higher than that before the
earthquake at 5 GPS buoys between GB804 and GBB86Lith Tohoku region. The variation in the
mean tide anomaly is estimated between 0.24 arfil @.at these sites and is largest at GB801. The
GPS buoy system on NOWPHAS observes the relatiitedd of the buoy from the base station and
then adds the absolute altitude of the base statioch was measured at the time of installatione Th
variation in the mean tide anomaly line, therefavas owing to the subsidence of the base station. |
reality, according to the vertical displacementtef GEONET GPS stations (Nishimura et al., 2011), a
large-scale land subsidence occurred in northegsdn) principally in South Tohoku region by the
main shock and the subsequent aftershocks, anthalxenum subsidence of 1.20 m was recorded at
Oshika. Among these 5 GPS buoys, GB801 is locatzdest from Oshika. Even if the subsidence
effect is removed from the observed tide anomaly,drest height remains 2.1-6.1 m at 6 GPS between
GB807 and GB806 off the Tohoku region coast.

The tsunami reached 4 GPS buoys GB812, GB811, GB81d GB815 off the Chubu to Shikoku
region coast, in the order of the increasing distainom the epicenter. The height of the first tress
0.3-0.5 m and was slightly higher than that of sdsequent ones. The appearance time of the first
crest was between 16:01 and 16:43 h, which is i@ 1 hr later than the earthquake occurrence.

First Crest on Tsunami Profile Acquired by GPS Buoys on Tohoku Region Coast

Fig. 14 magnifies the tsunami profiles near tha&ni arrival time at all the GPS buoys off the
Tohoku region coast. The data on the left sidédhefdotted line were transmitted in real-time frdma t
observation sites to the central data processintgecén PARI and then were transferred to JMA. The
tsunami profiles were displayed on the Real-time/MHAS Web. The data covered the highest crest
at GB804, GB802, and GB803. However, some of thepetent were damaged by the intense seismic
vibration and the massive tsunami flow and the datamunication was cut off owing to congestion of
the line and black out, in Tohoku region. Engingéhterefore, visited the base stations to taketloait
data disks and then connected the data in the distdhe data processed in real-time.

At GPS buoy GB802, which is located off KamaishirtPthe tsunami anomaly increased by about
2 m within 6 min from 15:01 h and then increasedemuickly by more than 4 m in the subsequent 4
min. Such a two-step rise can be found at not @&BB802, but also GB807, GB804, GB803, and
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Figure 15. Time series of the buoy position at GB802 off Kamaishi Port

GB801. The ratio of the local peak height to thelshwave crest height is smaller than half at GB807
GB804, and GB802 on the northern side and is latger half at GB803 and GB801 on the southern
side. The time and magnitude of the two-step risd the variation in the crest height ratio with the
latitude are critical for the identification of tineultiple tsunami source area.

Tsunami Flow off the Tohoku Region Coast

The length of the mooring chain of a GPS buoy-8tRnes as long as the water depth as shown in
Fig. 1. A part of the chain hangs down from theyband the other part lies on the sea bottom near th
anchor. The buoy can drift due to the tsunami fsvwell as the daily astronomical tide and ocean
currents. The horizontal motion of the buoy is @lifint from the horizontal excursion of the water
particle in a tsunami because the behavior of thwylvelies on its inertial force and the tensiorthef
mooring chain. But the drifting direction may gitree tsunami flow direction.

Fig. 15 shows the time series of the 2-min-avedathgee-dimensional position of GPS buoy
GB802 off Kamaishi Port. The altitude in the figusebased on the Earth ellipsoid and includes the
astronomical tide. The crests on the smoothedidétiprofile appear almost simultaneously with those
on the tide anomaly profile, because the chandherastronomical tide level during a tsunami ciest
much smaller than the crest height. The latitudaral longitudinal location in the figure is defined
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Figure 17. Seismic vibration and tsunami flow effects on NOPWHAS equipment on the Tohoku region coast

that the value is zero at 14:00 h before the eadke occurred. The coastal line and the water depth
counter lines run from NNE to SSW around the GP8ypas shown in Figs. 7(b) and 11(b). The
earthquake epicenter is located toward SSE, asrsho®wig. 10. The buoy drifted toward N and W by
about 31 and 63 m, respectively, when the altitedehed the first crest (a). The crests in théudk,

the northern peaks in latitude, and the westerkpealongitude corresponded well to each otheil unt
the third crest (c) and peaks.

Fig. 16 shows the trace of the buoy position dzontal plane, during the same period as Fig. 15
of all the GPS buoys off the Tohoku region coaste Eircles and diamonds in the figure indicate the
positions at the time of the first crest and thbsseguent trough, respectively, on the altitudeiferof
GPS buoys GB807, GB804, GB802, GB803, and GB8dfedrioward W or WNW when the altitude
reached the first crest. GPS buoy GB806 driftecatoMNW, but the distance is within the range of the
normal drifting due to the daily astronomical tidad ocean currents. GB807, GB804, GB802, and
GB803 returned near their original positions and8GB reached near the opposite position, when the
altitude reached the subsequent trough.

Shallow-water Tsunami Transformation
On the Pacific coast of Tohoku region, there areml geometrically adjacent sets of a GPS buoy,
seabed wave gauge, and coastal tide gauge. Thssareeonvenient for the evaluation of the tsunami
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Figure 18. The 2011 Tohoku Main Shock Tsunami profile acquired by geometrically adjacent sets of a GPS
buoy, coastal wave gauge and coastal tide gauge on the Tohoku region coast

propagation time and the shallow-water amplificatiatio as mentioned in the analysis on the 2010
Chilean and 2011 Tohoku Foreshock Tsunami. Unfaittely, most of the coastal wave and tide gauges
on the coast were affected by the 2011 Tohoku Msiack and its tsunami, as illustrated in Fig. 17.
The limited sets shown in Fig. 18, namely WG202-0&2WG203-TG203, GB807-WG219-TG219,
and GB801-WG205, are consequently available.

In Mutsu-Ogawara Port, the tsunami profile coutdaequired by coastal wave gauge WG202 and
coastal tide gauge TG202. The tsunami profile begiah a trough at these sites. The first crest
appeared at WG202 earlier than at TG202. Thetfrédurth crests at TG202 corresponded well with
those arriving at WG202. Short period componenpeaped significantly at TG202 from the fifth wave.

In Hachinohe Port, coastal wave gauge WG203 d=teabe tsunami arrival and coastal tide gauge
TG203 recorded two crests, while GPS buoy GB805 wraergoing repairs. The tsunami recorded at
TG203 was discontinuous from 16:29 to 16:39 h bseaihe water level fell below the range of
measurement, but it shows that the tide anomallydef3.0 m or below and then rose to a 4.6 m high
crest. A survey of high water marks on land in ploet area, which was protected by the breakwater,
revealed an inundation height of 5.4-6.4 m aboeeatronomical tide level (PARI, 2011).

Kuji Port is monitored by GPS buoy GB807, coastale gauge WG219, and coastal tide gauge
TG219. At these sites, the record shows the tsupasfile began with a trough. The time of the lotves
tide anomaly in the trough was recorded earlie@&B807, while the largest trough depth was recorded
at TG219. The time differences between GB807 and2¥¥Gand between WG219 and TG219, were
11 and 9 min, respectively. GB807 recorded a 4Mtigh first crest at 15:19 h, WG219 recorded a 5.4
m high first crest or local peak at 15:28 h, and2I& recorded that the tide anomaly increased until
15:36 h or later. It shows the tsunami crest prafiag time is 9 min or longer between GB807 and
WG219 and 8 min or longer between WG219 and TGa49dicated in the figure. The survey of high
water marks on land in the port area showed andiation height of 8.2-8.5 m above the astronomical
tide level (PARI, 2011).

There are GPS buoy GB801 off the Oshika Peninsnth coastal wave gauge WG205 near the
entrance of Sendai-Shiogama Port. The tsunamilprofigan to rise before 15:00 h and the first crest
passed at 15:16 at GB801, while it began with ai@®eep trough at 15:31 h and then rose quickdy to
6.7 m high first crest or local peak at 15:49 M&5205. Unfortunately, the precise effect of thestal
movement on the tsunami profile recorded at WG2Qknown. The onshore current velocity reached
3.2 m/s at WG205. The survey of high water markdamd in the port area showed an inundation
height of 7.3-8.0 m (PARI, 2011).
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Figure 19. Comparison of tsunami profile at GPS buoy off Kamaishi Port among three tsunamis

COMPARISON OF THREE TSUNAMIS

Fig. 19 compares the 2010 Chilean and 2011 Tohokeshock and Main Shock Tsunami profiles,
which were acquired by GPS Buoy GB802 off KamaRhit. The magnitude of the 2011 Tohoku
Foreshock M,=7.2) is much smaller than that of the main shddik=9.0), therefore the amplitude,
period and duration of the foreshock tsunami ipeetvely smaller than that of the main shock tsnina
Only the similarity between these tsunamis is tiat first crest was higher than the second and
subsequent owing to a short travelling distancenftbe tsunami source. The magnitude of the 2010
Chilean EarthquakeM,,=8.8) is near that of the 2011 Tohoku Main Shaek=9.0), therefore these
tsunami periods were long around 1 h. The amplitfdége 2010 Chilean Tsunami is much less than
that of the 2011 Tohoku Main Shock Tsunami andstheenth crest was highest on the Japanese coast,
owing to a long travelling distance from Chile.

CONCLUDING REMARKS
This paper introduced the GPS buoy system on NOXAS&hd then described the overview of the
2010 Chilean and 2011 Tohoku Foreshock and MairciSA@unami profiles. The following things
were found through the observations.
+  The GPS buoy system could extract tsunami sigriagasspot of 100-400 m in water depth even if
the amplitudes are a few ten centimeters. The mysteiseful for early tsunami detection.
A geometrically adjacent set of a GPS buoy, coastale gauge, and coastal tide gauge could
determine the tsunami propagation time and amatific ratio in the shallow-water area as well as
the predominant periods in the bay oscillationschiSdundamental data are useful for the
calibration of numerical models and the tsunanki aissessment in the coastal area.
In the case of the 2011 Tohoku Main Shock Tsun#mi,GPS buoy off Kamaishi Port recorded
the first crest higher than 6 m with a two-steg riSuch a unique shape of the crest can be critical
for the determination of the spatially and tempyprehraracteristics of the tsunami genesis due to a
mega earthquake.
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