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This short paper reviews the role of real-time
global navigation satellite system (GNSS) in near-
field tsunami forecasting. Recent efforts highlight
that coseismic fault model estimation based on real-
time GNSS has contributed substantially to our un-
derstanding of large magnitude earthquakes and their
fault expansions. We briefly introduce the history of
use of real-time GNSS processing in the rapid esti-
mation of the coseismic finite fault model. Addition-
ally, we discuss our recent trials on the estimation of
quasi real-time tsunami inundation based on real-time
GNSS data. Obtained results clearly suggest the ef-
fectiveness of real-time GNSS for tsunami inundation
estimation as the GNSS can capture fault expansion
and its slip amount in a relatively accurate manner
within a short time period. We also discuss the future
prospects of using real-time GNSS data for tsunami
warning including effective combination of different
methods for more reliable forecasting.

Keywords: real-time GNSS, near-field tsunami early
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1. Introduction

Earthquakes beneath the sea-floor possibly generate
tsunamis. Typically, tsunamis caused by large interplate
earthquakes will strike near-field coasts within several
minutes to an hour, depending on the distance between
the trench and the coast.

The major earthquake that struck northeastern Japan on
March 11, 2011 was named as the ‘2011 off the Pacific
coast of Tohoku Earthquake’ by the Japan Meteorolog-
ical Agency (JMA) (hereafter, 2011 Tohoku-Oki earth-
quake). The JMA issued the first tsunami warning (a 3–
6 m height) for coastal Japan three minutes after the event,
based on the magnitude of the short-period seismic wave.
The first warning was clearly underestimated as the esti-
mated magnitude (Mjma) of 7.9, was much smaller than
the actual magnitude of 9.0, which was confirmed by the

actual tsunami height [1]. An offshore Global Position-
ing System (GPS) buoy (Kato et al., 2000 [2]) deployed
off northeastern Japan then recorded a steep rise in sea
level at off Kamaishi and Onahama. And then, the JMA
updated the tsunami warning 28 minutes after the main
shock [1] at heights upgraded to 6–10 m or more. These
results clearly highlight that underestimation of the true
magnitude scale immediately after the large earthquake
led to an underestimation of the height of the resulting
tsunami.

How can large earthquake magnitudes be accurately de-
termined? This is one of the vital questions for reliable
near-field tsunami early warning. In this review, we focus
on the role of real-time Global Navigation Satellite Sys-
tem (GNSS) data for near-field tsunami forecasting based
on the rapid understanding of the coseismic fault model
estimation. Firstly, we briefly review the development of
rapid coseismic fault model estimation based on GNSS
data. Secondly, we introduce the recent trial for rapid es-
timation of tsunami inundation based on real-time GNSS
data in Japan. Finally, we discuss the future of real-time
GNSS in near-field tsunami forecasting.

2. Rapid Coseismic Fault Model Estimation
Based on Real-Time GNSS Data and its Im-
plementation in Japan

Several researches have utilized high-sampling (sam-
pling interval is generally 1 Hz or larger than 1 Hz) GNSS
analysis in the broadband strong motion seismometer [3–
5]. General strong motion seismometers can measure ac-
celeration, whereas GNSS seismometers can measure the
displacement directly and accurately [6].

Strong motion seismometer is very sensitive and serves
as a useful sensor for earthquake signals. However, the
seismometer is band-limited as it is an inertial system con-
sisting of a spring and weight. The GNSS seismometer is
also an inertial system between the earth and satellites, but
the system is larger than its target event, namely, the dis-
placement generated by an earthquake. Thus, in principle,
the GNSS seismometer has no band limit.

Based on these characteristics, Blewitt et al. [7] pro-
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posed that the rapid earthquake magnitude and tsunami-
genic potential can be estimated within a short time period
using inland GNSS data. Additionally, Blewitt et al. [8]
identified the required precision and accuracy of real-time
GNSS time series for rapid earthquake size estimation to
avoid false tsunami warnings. Similarly, Sobolev et al. [9]
proposed a GPS shield concept that used near-field GPS
arrays to predict near-field tsunami forecasts. Based on
numerical simulations, they suggested that the tsunami
waves could be predicted with high accuracy in less than
10 minutes after a large earthquake.

After the 2011 Tohoku-Oki earthquake, several re-
searches have stressed on the advantages of real-time
GNSS data for rapid earthquake size estimation and
its utilization for tsunami early warning [10–17]. For
detailed information on previous researches, refer to
Tsushima and Ohta [18].

What are the advantages of real-time GNSS for near-
field tsunami warning? The most important advantage is
the estimation of the unsaturation magnitude for the large
event. In Japan, the Geographical Information Authority
of Japan (GSI) established GEONET, a nationwide GNSS
network composed of more than 1300 stations. Before the
2011 Tohoku-Oki earthquake, GEONET did not imple-
ment nation-wide real-time GNSS data analysis for rapid
coseismic fault model estimation. However, following the
2011 Tohoku-Oki earthquake, the GSI and Tohoku Uni-
versity developed the real-time GEONET Analysis sys-
tem for Rapid Deformation monitoring (REGARD) to
maximize the performance of the dense GEONET net-
work. The primary purpose of the REGARD system was
to estimate unsaturated magnitude for earthquakes larger
than M8, based on finite coseismic fault model estima-
tion [19]. From April 2016, the REGARD system com-
menced crustal deformation monitoring and automatic
modeling for most GEONET stations. The 2016 Ku-
mamoto earthquake (Mj7.3) occurred on April 16, 2016
(Japan standard time, GMT +9) in southwestern Japan,
which was the first large earthquake with Mj > 7 in
Japan after the launch of the REGARD system. The
REGARD system successfully modeled coseismic dis-
placements and estimated finite single coseismic fault
models, which were consistent with post-processed ones
(Kawamoto et al. [20], this issue). This was the first result
of the REGARD for a large earthquake; this result is ex-
pected to accurately estimate coseismic fault models for
interplate large earthquakes.

Similar to the REGARD system, real-time GNSS can
estimate the finite fault model accurately with compara-
tive ease because the spatial pattern of coseismic displace-
ment strongly depends on the expansion of the coseismic
fault.

In contrast, many techniques for rapid earthquake size
estimation deduced from the seismometer data adopt
point source assumption. The estimated point source can
be translated to the finite fault model experimentally by
applying the scaling law between fault dimension and
magnitude [21].

However, the heterogeneity of the slip distribution and

the possible aspect ratio of the coseismic fault may be sig-
nificantly diverse between each event and the each sub-
duction zone. Especially, it will be difficult to assume
the heterogeneity of the slip distribution before the event.
Such fault model expansion and amount of slip contribute
to timely and accurate tsunami warnings as the initial sea-
surface distribution strongly depends on the spatial distri-
bution of the crustal deformation in the sea-floor. Thus,
the estimation of the magnitude as well as the coseismic
fault model expansion is extremely important for near-
field tsunami forecasting.

In the next section, we briefly introduce the impact of
the rapid coseismic fault model estimation on tsunami in-
undation forecasting.

3. Rapid Estimation of Tsunami Inundation
Based on Real-Time GNSS Analysis

3.1. Approaches of Estimating Rapid Tsunami In-
undation

The rapid tsunami inundation method was developed
following sustained efforts. The pre-computed scenario
database is extremely useful as estimation of the tsunami
inundation can be determined as soon as the hypocen-
ter and magnitude information are identified. For ex-
ample, Abe and Imamura [22] proposed a strategy for
real-time inundation forecasting of near-field tsunamis,
which calculated numerous tsunami inundation scenar-
ios before earthquakes occurred. Following an earth-
quake, several possible scenarios were selected from pre-
calculated inundation scenarios by referring to the infor-
mation available in real-time. The Center for Tsunami
Research (NOAA) has developed a short-term inunda-
tion forecasting scheme [23]. Gusuman et al. [24] de-
veloped a methodology called the Near-field Tsunami
Inundation Forecasting (NearTIF), which requires pre-
computed tsunami inundation and pre-computed tsunami
waveform databases. Tsunami waveforms at near-shore
points can be simulated in real-time after information
about a tsunami source is estimated. The accuracy of the
pre-computed scenario database type approach, however,
will strongly depend on the precomputed scenarios. If the
unexpected event occurs in the database, the accuracy of
the tsunami inundation will be limited.

An alternative approach is the “forward” type, which
means that the initial sea-surface distribution will be as-
sumed on the basis of external seismological, geodeti-
cal, and other geophysical techniques. Tsunami propa-
gation and its inundation can be calculated when initial
sea-surface distribution is obtained. If the initial sea-
surface distribution data is reliable, the reliability of cal-
culated tsunami inundation results will also be high. This
is the one of the advantages of the “forward” approach.
However, the accuracy of the calculated tsunami inunda-
tion will strongly depend on the assumed coseismic fault
model for the initial sea-surface distribution, which can
serve as a disadvantage. Additionally, the computation
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time for rapid tsunami inundation with high spatial reso-
lution is also a problem as the computational cost of non-
linear shallow water equations is high for quasi real-time
purposes. If we can overcome these disadvantages, the
“forward” modeling approach will play an important role
for the near-field tsunami forecasting because we can con-
sider the diversity of the coseismic fault and/or the het-
erogeneity of the its distribution of each events. Thus, we
adopted the “forward” modeling approach. In the next
section, we will briefly describe quasi real-time tsunami
inundation forecasting systems based on the “forward”
approach.

3.2. Quasi Real-Time Estimation of Tsunami Inun-
dation System Based on the “Forward” Ap-
proach

Based on the REGARD system developed by GSI
and Tohoku University and the high spatial and tem-
poral resolution tsunami inundation modeling technique
based on the high-performance computing developed in
Tohoku University, “The research group of real-time es-
timation for tsunami inundation” (Principle Investigator:
Prof. Koshimura from Tohoku University) was launched
in 2014. The group consists of Tohoku University, Os-
aka University, Kokusai Kogyo Corp., NEC Corp., and
A2 Corp. The several authors of this paper are also mem-
bers of this research group. Our group has been devel-
oping rapid tsunami inundation system based on the “for-
ward” modeling approach. The flow chart of the system
is illustrated in Fig. 1.

For the accurate tsunami inundation prediction, we em-
ployed either the finite fault model (single rectangular
fault model and/or slip distribution in the plate interface)
from REGARD issued by GSI or finite coseismic fault
model using EEW information issued by JMA as the
backup system. In the REGARD system, Green’s func-
tion using a triangular dislocation element in a homoge-
neous elastic half-space [25] was adopted for coseismic
slip distribution in the plate interface.

Original source code of Meade [25] was identified us-
ing MATLAB. However, the code was insufficient
performance for our quasi real-time purpose as high spa-
tial density of initial sea-surface is required for accu-
rate tsunami inundation forecasting. Thus, we approx-
imated the slip distribution in the triangular dislocation
elements estimated by REGARD using many small rect-
angular faults [26].

For the fault model deduced from the EEW informa-
tion, the fault dimension and slip amount were assumed
using the scaling law proposed by Wells and Copper-
smith [21]. Interplate reverse fault mechanism was as-
sumed when the hypocenter was located near the plate
interface. The fault geometry (dip angle, strike direction,
rake angle) for other regions was assumed on the basis of
tectonic setting and/or past earthquake catalog. Once ob-
tained the coseismic fault model and/or slip distribution
in the plate interface, we calculated the initial sea-surface
distribution.

Fig. 1. Flow chart of the rapid tsunami inundation estima-
tion system developed by “The research group of real-time
estimation for tsunami inundation.”

We utilized the vector-parallel supercomputer SX-
ACE, at the Tohoku University and/or Osaka University
for calculations. For the calculation of tsunami prop-
agation and its inundation, we used the TUNAMI (To-
hoku University’s Numerical Analysis Model for Investi-
gating Tsunami), which can solve non-linear shallow wa-
ter equations and uses the staggered leap-flog finite differ-
ence method as the numerical scheme.

Computation time strongly depended on the size of the
calculation grid. Although grid size all along the Nankai
trough was 30 m, with calculation period of 6 hours after
the event, the computational time was less than 10 min-
utes. Finally, structural damage caused by the tsunami
inundation was estimated using the fragility curve pro-
posed by Koshimura et al. [27]. Total computation time
for the estimation of the tsunami inundation from finite
fault model estimation, the damage estimation and the vi-
sualization of the result was approximately less than 20 to
30 minutes after the event origin.

In November 2017, the Cabinet Office, Government of
Japan, commenced operation of the system for estimation
of tsunami inundation and damage. The system is to be
adopted as part of the Disaster Information Systems (DIS)
operated by Japan’s Cabinet Office. The system has been
developed based on the results from “The research group
of real-time estimation for tsunami inundation” includ-
ing utilization of the results from the REGARD system.
The system will use information generated for the initial
response of the Government after a tsunamigenic earth-
quake.

In the next section, we will discuss the impact of rapid
coseismic fault model deduced using real-time GNSS on
the estimation of tsunami inundation.

3.3. Impact of Using Real-Time GNSS Data in the
Finite Fault Model for Estimation of Tsunami
Inundation

In this section, we assess the impact of use of real-time
GNSS for the estimation of tsunami inundation. The se-
lected scenario was the 2011 Tohoku-Oki earthquake. We
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Fig. 2. Estimated tsunami height along the coastline in
northeastern Japan and tsunami trace observation results.
Orange, green, purple, and black indicate the single rectan-
gular fault model, slip distribution model in the plate inter-
face, result from “the Cabinet Office model,” and tsunami
trace results compiled by the 2011 Tohoku Earthquake
Tsunami Joint Survey Group, respectively.

adopted the single rectangular coseismic fault model de-
duced using real-time GNSS [15] and the slip distribu-
tion model from the REGARD system [28]. Kawamoto et
al. [28] estimated the slip distribution using the REGARD
system for the same situation under real-time conditions.
For comparison, we also calculated the tsunami inunda-
tion based on the coseismic slip distribution model pro-
posed by an investigative committee held by the Cabinet
Office of the Japanese government (hereafter, “the Cab-
inet Office model”) which was estimated using tsunami
inversion after the event. For detailed information regard-
ing processing, see Inoue et al. [26].

Figure 2 illustrates the tsunami height along the coast-
line obtained using single rectangular fault model (or-
ange), slip distribution model (green), and the Cabinet
Office model (purple). We also plotted the in-situ tsunami
survey result compiled by the “2011 Tohoku Earthquake
Tsunami Joint Survey Group” [29]. The single rectan-
gular fault and slip distribution models underestimated
the tsunami height compared to the observed height.
This may have been caused by the deviation in the esti-
mated location of high coseismic patch in the plate inter-

Fig. 3. Comparison of different models used for estima-
tion of maximum tsunami inundation depth in Ishinomaki-
Matsushima, Miyagi prefecture. Each row figures represents
the result of single rectangular fault model using real-time
GNSS [15], slip distribution in the plate interface by RE-
GARD [28], and coseismic slip model proposed by Cabinet
Office, government of Japan, respectively. Left column rep-
resents estimation results of maximum tsunami inundation
depth with the starting time of the tsunami inundation by
the contours. Right column represents the correlation be-
tween calculated maximum tsunami inundation depth (verti-
cal axis) and in-situ survey results (horizontal axis) at each
site in small circles which place is denoted in the right bot-
tom inserted figure.

face. When only coseismic displacement field in onshore
GNSS data was used, the maximum coseismic patch was
estimated towards a landward portion compared to the ac-
tual position, and the amount of coseismic slip was also
underestimated [30, 31].

Figure 3 shows the maximum tsunami inundation
depth in Ishinomaki-Matsushima area in the Miyagi pre-
fecture and comparison with tsunami height measured by
in-situ survey. The Cabinet Office model showed good
agreement with the observation because the model was
estimated using inversion based on actual tsunami data.
The results of single rectangular fault and slip distribu-
tion model using GNSS data also exhibited good correla-
tion with the observation, although slight underestimation
was noted in the slip distribution model for the place of
high tsunami inundation area (Fig. 3). The area of the
tsunami inundation depends on the tsunami wave length.
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Although the coastal tsunami height was underestimated
in the single rectangular fault and slip distribution model
using real-time GNSS data, the models succeeded in rep-
resenting the characteristics of long wave length during
this event.

As mentioned in Section 2, one of the advantages of
real-time GNSS is the estimation of coseismic fault ex-
pansion along with the earthquake magnitude. Accurate
estimation of fault expansion will lead to accurate esti-
mation of tsunami inundation. This may be an extremely
important functionality of real-time GNSS for near-field
tsunami warning. In the next section, we discuss the fu-
ture prospects of near-field tsunami forecasting and its uti-
lization for disaster mitigation based on real-time GNSS
analysis.

4. Future Prospects of Real-Time GNSS for
Near-Field Tsunami Warning

Real-time GNSS can provide relatively accurate coseis-
mic fault expansion and slip amount in the fault plane
compared to the seismometer. It is clearly more suitable
for near-field tsunami forecasting. In contrast, we also
pointed out the limitations of onshore real-time GNSS
data for the estimation of the coseismic fault in Sec-
tion 3.3.

Tsushima and Ohta [18] highlighted the importance of
combination approaches as they are expected to overcome
the disadvantages of individual sensor types. For exam-
ple, Tsushima et al. [32] proposed the combined use of
onshore GNSS data and offshore tsunami data. In their
algorithm, initial sea-surface height distribution estimated
using onshore real-time GNSS data was modified using
offshore tsunami data.

Japan already possesses offshore tsunami networks
such as the Nationwide Ocean Wave information net-
work for Ports and HArborS (NOWPHAS [33]), S-net
and DONET [34]. Furthermore, the quasi real-time ocean
bottom crustal deformation by GPS-Acoustic measure-
ment have been developing in few research groups. For
example, Takahashi et al. [35] have developed a new sys-
tem for real-time observation of tsunami and crustal de-
formation using seafloor pressure sensors, and array of
seafloor transponders and a real-time Precise Point Posi-
tioning (PPP) based on the moored buoy system. Imano
et al. [36] assessed and improved the accuracy of quasi
real-time GPS-Acoustic measurement using moored buoy
system based on the actual sea-trial data. For the fu-
ture, these offshore network data should be used with
onshore seismic and geodetic data for more robust near-
field tsunami forecasting. Further, new methodology em-
ploying combination of different sensors will be critically
important. Individual sensors types have advantages and
disadvantages, suggesting that multiple sensors should be
used in combination to maximize the advantages of indi-
vidual data sources. Thus, real-time GNSS should be used
as one of the sensors for more robust near-field tsunami
forecasting.

5. Conclusions

In this short paper, we briefly discussed the develop-
ment of rapid coseismic fault model estimation based on
GNSS data. Additionally, we introduced our recent trial
for the development of a rapid tsunami inundation esti-
mation system including the coseismic fault model using
real-time GNSS data. Finally, we pointed out the impor-
tance of the use of a combination of multiple sensors for
more reliable tsunami forecasting. Real-time GNSS data
should be used as one of the sensors for near-field tsunami
forecasting.
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