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Real-time observation of tsunami by RTK-GPS
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A new tsunami observation systemhas been developed, which employs theRTK-GPS technique to detect a tsunami
before it reaches the coast. The system consists of dual-buoys: the Support-buoy, which is sensitive to wind-waves,
and the Sensor-buoy, which is of a spar-type and is insensitive to wind-waves. Both buoys are equipped with a
GPS antenna. An experiment using this system was carried out for about nine days in March 1999. Observation
data were monitored at the onshore base station. The results showed that hourly averaged data is consistent with
ocean tides for both buoys. The Sensor-buoy was found not to respond much to wind-waves compared to the
Support-buoy. Thus, it may be preferable to use a spar-type buoy for detecting a tsunami efficiently. Furthermore,
a simple frequency analysis showed that a tsunami could be easily separated from higher frequency wind waves if
a tsunami is superimposed on regular wind waves.

1. Introduction
If a large tsunami is detected offshore and a warning is

announced before its arrival at the nearby coast, the disas-
trous effects of the tsunami may be significantly reduced.
A number of offshore tsunami detection systems have been
developed which mostly use ocean bottom pressure gauges,
from which data are transmitted through an ocean-bottom
cable (e.g. Hino et al., 1998), or by satellite via acoustic
transmission from the ocean bottom to the buoy (e.g. Gonza-
lez et al., 1999). We are developing a new tsunami detection
systemwhich employs a real-time kinematic (RTK)GPS sys-
tem installed on a buoy, and is much more cost effective and
robust relative to the alternative techniques.
The authors started the project in 1997 using a simple pro-

totype buoy (Kato et al., 1998). Then a new experimental
system was developed and an experiment using the new sys-
tem in the open sea was carried out in March 1999. This
paper briefly describes the system and the results of the ex-
periments. A brief discussion is added concerning future
possibilities for operational use and the problems that would
need to be solved in such a case.

2. Hardware System
The current tsunami detection system employs real-time

kinematic-GPS technology which monitors a moving plat-
form in real-time with an accuracy of a few centimeters by
relative positioning. If a GPS antenna is placed on top of a
stable buoy at sea, the variations of the sea surface relative to
a stable location on land can be monitored. Only the buoy’s
vertical motion is important for tsunami detection as well as
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other short period wind waves.
In the present experimental system dual GPS receiving

systems are used: two GPS antennas on land and two on
buoys. At the onshore base station, two GPS antennas are
placed for reference purposes, and the base station has the
function of real-time monitoring of the buoys. Sea level is
measured by two buoy systems. Kelecy et al. (1994) and
Born et al. (1994) used GPS buoys to detect sea level height,
but their experiments were not designed to detect tsunamis,
but to calibrate the ERS-1 and TOPEX/POSEIDON altime-
ter, respectively, for a short period of time. The present
system aims to directly detect tsunamis and is required to
operate for a long time.
In this experimental system, two kinds of buoy are tested:

the Support-buoy and the Sensor-buoy. Designs for these
buoys are shown in Fig. 1. GPS antennas are mounted at the
top of each buoy. The Support-buoy is designed tomovewith
wind-waves and is equippedwith GPS receivers, a number of
sealed lead batteries, a wind generator, solar panels for power
supply, and a pair of radio receiver and transmitter devices.
The Sensor-buoy is a spar-type buoy about 8m long designed
to be resistant to wind wavemotion (e.g., Kelecy et al., 1994;
Born et al., 1994). The center of mass of this spar-type buoy
is located at several meters below the sea surface, so that the
buoy reacts more to long frequency waves compared to the
Support-buoy.
A schematic design of the deployment of the buoys at sea

is shown in Fig. 2. In order for the Support-buoy not to
float away or rotate, it has to be anchored by tri-directional
sinkers. On the other hand, the Sensor-buoy, although con-
nected to the Support-buoy with an antenna cable, should be
free from any tension as much as possible, other than sea-
surface displacement. Thus, the Sensor-buoy is loosely tied
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Fig. 1. Support-buoy (left) and Sensor-buoy (right). Sensor-buoy is insensitive to wind-waves compared to Support-buoy.

Fig. 2. Schematic design of the tsunami detection system. Wire is extended in both directions of the Sensor-buoy. The depth of water was about 18 m in
the experiment.

to the supporting ropes. The float at the farthest end from the
Support-buoy is anchored by a single sinker.
The data taken at the Support-buoy and the Sensor-buoy

arefirst stored and processed inGPS receivers installed on the
Support-buoy. Then the processed data are transmitted to the
land base by 429 MHz radio transmissions. The transmitted
data (position of the GPS sensors) are monitored and stored
in the PC at the base station.
Because the data is processed using the RTK software

within the receiver, no correction for tropospheric or iono-
spheric effects could be applied. Thus, in this experiment,
several kilometers would be the practical limit for distance
from buoy to base station in order to achieve an accuracy of
several centimeters.
This system is still experimental and no integrity moni-

toring is performed, as would be required during operational
use. The improved system we are now preparing is planned
to deploy such amonitor system for operational applications.

3. Experiment
The experiment was performed over nine days (March 18–

26, 1999) offshore of theMiura Peninsula, in the SagamiBay,
in central Japan. The buoy system was installed, as shown
in Fig. 2, about 900 m from the land base and about 500 m
offshore at a water depth of about 25 m. GPS satellites were
tracked every second.
The season was early spring and there were both calm

and rough sea conditions. When the wind was strong, at
about 30 m/s, and the surface was rough, the Support-buoy
swayed heavily but the data were obtained without difficulty,
and there were no radio transmission failures throughout the
period of the experiment. A combination of wind generator
and solar batteries was sufficient to charge the lead batteries
in the Support-buoy. Thus real-time monitoring during the
period was entirely successful.
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Fig. 3. Line drawing shows RTK-GPS data by Support-buoy, and cross marks show tidal observatory data at Aburatsubo tidal station.

Fig. 4. A sample of observation data by (a) Support-buoy, and (b) Sensor-buoy at the same time period. Data were taken when the sea-surface was rough.
Sampling interval is one second.

Fig. 5. (a) Measured data (b) Measured data + tsunami (c) FFT of measured data (d) FFT of tsunami data. Tsunami data were read manually from Nagai
(1998).

4. Results
4.1 Measurement of tide and wind-waves
First, the data was examined in order to determine if it

accurately traced the ocean tide variability. For this purpose,
the sampled data from the tsunamimeterwere comparedwith
data at the Aburatsubo tide-gauge station located about 1 km
from the buoy. Figure 3 shows a comparisonwith hourly data
at the Aburatsubo tide gauge shown by cross marks, whereas
the line shows height change of the sea surface observed
with the Support-buoy. Plot interval is 1 minute averaged
for 60 points with a one second sampling, to average out
wind-waves. There is no visible shift or offsets in the plots.
Thus the data collected by the buoy system seems to track
the change of sea-surface.
Figure 4 shows an example of a plot for a short period of

data (10 minutes) observed at each buoy in the same time
window. Plot interval is one second. As readily seen, the

variability of the Sensor-buoy is significantly smaller than
the wind-waves. Although a closer examination may have
to be made, the Sensor-buoy seems not to respond to surface
ripples and wind-waves, and reacts instead to the deeper part
of the water mass, which is preferable for tsunami detection.
4.2 Simulation for detection of tsunamis
The present system demonstrated that it could track the

sea-surface quite well. However, an important consideration
is if the system would be able to detect a tsunami. Because
tsunamis are not generated frequently, the authors have had
to examine them by experimental means . One method is to
simulate a real tsunami record and apply to a mathematical
procedure to check if the tsunami signal could be detected
embedded in the data for non-tsunami surface waves.
Data was taken for the Nihonkai-Chubu earthquake at Oga

(Nagai, 1998). A record of tsunami data was added to the
data under rough sea-surface circumstances. Figure 5(a)
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shows measured sea-surface changes for the Sensor-buoy.
Figure 5(b) shows data added to simulate the tsunami, which
is manually extracted from a publication of Nagai (1998).
The real record of the present tsunami detection system may
look like Fig. 5(b). As is readily seen in Fig. 5, a tsunami
has a much longer period than wind waves, although there
might be large variations in its period. Thus, differentiating
tsunamis fromwind waves may not be so difficult if applying
some filtering technique such as the Fast Fourier Transfor-
mation (FFT) to the RTK directly, or in post-RTK results
processing.
Figure 5(c) shows the frequency analysis (FFT) of the

measured record in Fig. 5(a). There are no waves or noise
in the frequency spectrum lower than 0.06 Hz, which has a
period of about 17 seconds (shown by the part surrounded
by the square). Figure 5(d) shows the result of the FFT from
Fig. 5(b), and includes both wind-wave and tsunami. It can
be readily seen that energy appears in the lower frequency
bands (in the dashed square). Thus, detection of tsunamis
might be possible, if other energy sources of different causes
do not contaminate the record.

5. Discussion
The goal is to detect tsunamis as far offshore as possible in

order to provide an earlywarning system. To realize this goal,
the system should be placed at least 10 km from the coast
and the accuracy of height change measurements should be
smaller than several centimeters.
When the characteristic wavelength of a tsunami is longer

than the water depth, the tsunami propagates approximately
with a velocity of

√
gh where g is gravity at the surface and h

is the depth of water, which gives about 100 km/h at a water
depth of 100 m and 200 km/h at 300 m depth. Suppose the
present system is placed 10 km from the nearest coast and
the tsunami proceeds perpendicular to the coast, the tsunami
may reach the coast several minutes after the tsunami passes
the tsunami-meter. Because it may take at least a few min-
utes for the present system to detect the arrival of a tsunami,
allowance of several minutes is marginal. Therefore, ideally
the tsunami-meter needs to be placed more than 20 to 30
kilometers from the coast. If we use the so-called on-the-
fly (OTF) technique in RTK-GPS, however, it has a distance
limit of about 10 km (or less) because the positioning accu-
racy becomes much worse if the baseline length exceeds this
distance. Because the OTF technique uses combinations of
satellite pairs for ambiguity fixing, the conditions of fixing
ambiguities become much worse when the baseline exceeds
10 km, because the path of a GPS signal propagates in dif-
ferent parts of the ionosphere and the troposphere. Colombo
(1996) states that the positioning accuracy could be within
several centimeters, even if the baseline exceeds 1000 km
in length. His technique does not fix cycle ambiguities, and
only a ‘floating’ solution is usedwith ionosphere-free observ-
ables. However, his technique has not yet been developed for
real-time use (Colombo, personal communication). Tsujii et
al. (1997), on the other hand, developed computer software
for RTK-GPS that could be applied for several tens of kilo-
meters in baseline length using a revised OTF algorithm. It
will be necessary to implement one of the new ambiguity
resolution algorithms in this system in the near future.

Another question that must be answered is what accuracy
level is necessary for detecting tsunamis. The height of a
tsunami, which may cause serious damage, may be only 10
cm high or so in the deep ocean. Tsunami height is greatly
exaggerated when it approaches the coast due to the shal-
lower water depth, and also due to the geometry of coastline.
Therefore, it may be necessary to detect a tsunami that is not
outstanding in the record but is hidden in the wind-waves if
the sea surface is rough. If the present system is used for a
short baseline of several kilometers, it would not be so diffi-
cult to reach this accuracy. However, the condition is more
serious if the system is far from land, for example, several
tens of kilometers.
The authors tested whether the current system could detect

tsunamis using amanually extracted record of a real tsunami.
This kind of simulation may not be sufficient to check the
sensitivity of the system. Further experimental testing may
have to be conducted to check the sensitivity of the system,
in which the buoy is placed on a vibrating bed and the ob-
tained record can be calibrated using an independent sensor
attached to the bed. At an experiment in the sea, other in-
dependent sensors to measure the position of the buoy may
have to be employed to compare the results, at least during the
development phase. These kinds of experiments are being
prepared for the future tests.
In addition to these requirements, the operational system

should have integrity so that the system runs without human
interaction for a long time, in the open sea, for example, for
at least one year. Power supply reliability for long period
operations, durability under bad weather and salt corrosion
conditions, stability of radio transmissions, etc., are thus im-
portant. To overcome these problems, the authors are now
conducting a long-term experiment of the system in Osaka
Bay, in which the system floats and is tied to a harbor wall,
so as to investigate problems and improve the design of the
system.
Furthermore, if the system is to be used as an early warn-

ing system, an automatic detection algorithm should be de-
veloped. Currently, the Japan Meteorological Agency has a
tsunamiwarning systembased on the location andmagnitude
of earthquakes. If JMA judges an earthquake might cause a
tsunami, an announcement is made to the local government
through satellite transmissions. However, it is not sufficient
to rely on this kind of detection system. There are cases of
a tsunami striking without warning, as was experienced in
the Chile earthquake in 1960. The best way to protect local
residents against tsunamis is to directly observe anomalous
changes in sea-level height.
Summing up, further studies should be made in order to

make the system reliable and trustworthy. The current system
is not a conclusive tsunami detection system. Not only hard-
ware, but also the integritymonitor system and data transmis-
sion system, should bemuch improved. In addition, the algo-
rithm for detecting a tsunami should be developed, based on
real-time time series analysis techniques. Moreover, consid-
ering that tsunamis have awide variety of periods, from about
ten minutes to more than one hour depending on earthquake
sources, propagation path and geographical conditions, ex-
tensive numerical simulations will need to be made in order
to ensure that a reliable algorithm for automatic tsunami de-
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tection is developed. These studies are, however, left for the
future.

6. Conclusion
The present article introduces a design for a tsunami de-

tection system using real-time kinematic GPS. The system
employs dual buoys. One is the Support-buoy, which car-
ries two GPS receivers, power supply, wind generator, solar
panels, radio receiving and transmitting equipment, as well
as a GPS antenna. The other is the Sensor-buoy, which is a
spar-type with a GPS antenna at the top and connected to the
Support-buoy with an antenna cable.
Nine days of experimental data demonstrated that the sys-

tem precisely tracks sea-level, when compared to tide-gauge
data. TheSensor-buoydoes not respond to short periodwind-
waves compared to the Support-buoy, suggesting that a spar-
type buoy is preferable for detecting long period waves such
as tsunami. Frequency analysis of the data after adding a
real tsunami record to the observed RTK data suggests that
it is feasible to detect a tsunami, because a tsunami has, in
general, much lower frequency than wind-waves.
Although there are many other problems to be examined

and solved, it would be desirable to develop this type of
tsunami detection system, and implement it within an early
warning system for residents of nearby coasts from the stand-
point of tsunami disaster mitigation.
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