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Abstract

We present the initial results of rapid fault estimations for the 2016 Kumamoto earthquake on April 16 (M; 7.3), and
coseismic displacements caused by the two large foreshocks that occurred on April 14 (Mj 6.5) and April 15 (Mj 6.4)
from the GEONET real-time analysis system (REGARD), which is based on a Global Navigation Satellite System (GNSS)
kinematic positioning technique. The real-time finite-fault estimate (M,, 6.85) was obtained within 1 min and con-
verged to M,, 6.96 within 5 min of the origin time of the mainshock (M; 7.3). The finite-fault estimate shows right-
lateral strike-slip fault along the Futagawa fault segment, which is consistent with the finite-fault model inferred from
post-processed GNSS and InSAR analysis. Furthermore, significant coseismic displacements were observed due to the
April 14 and April 15 foreshocks at nearby sites, though these earthquakes were smaller than the pre-assigned system
threshold. Our results also demonstrate the potential for the GNSS-based earthquake early warning system for inland
earthquakes.
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Introduction

The mainshock of the 2016 Kumamoto earthquakes (3f;
7.3) occurred at 01:25 on April 16, 2016 (Japan Stand-
ard Time, +9 GMT; hereafter the April 16 mainshock
[Mj 7.3]), and two large foreshocks (M]- 6.5, M; 6.4; here-
after the April 14 foreshock [M/ 6.5] and the April 15
foreshock [Mj 6.4]) occurred around the northern part
of the Hinagu fault segment at 21:26 on April 14 (JST)
and at 00:03 on April 15 (JST), respectively (Fig. 1; Japan
Meteorological Agency [JMA] 2016a). These successive
earthquakes occurred along the Futagawa—Hinagu fault
zone, which is a well-known active fault zone in Kyushu
Island of western Japan. The earthquakes caused signifi-
cant damage along the fault zones: A total of 7996 houses
were completely destroyed and there were 49 casualties
as of June 16, 2016 (Cabinet Office 2016).
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and indicate if changes were made.

JMA issued an earthquake early warning (EEW; e.g.,
Hoshiba et al. 2008) of “warning level” within 10 s after
the origin of the April 16 mainshock (M/ 7.3). The EEW
provided the hypocenter (32.8°N, 130.8°E, 10 km), mag-
nitude (M 7.1), and predicted seismic intensities of the
earthquake (maximum seismic intensity 7; JMA 2016b)
within 30 s after the origin time. This information is key
for emergency responses in seconds to minutes. Subse-
quent reactions included rescue and evacuation plans
in the severe aftershock environment. Then, the rapid
characterization of both hypocenter and source extent
is extremely important because earthquakes can result
in secondary disasters (e.g., tsunamis, landslides, fires,
and large aftershocks), which often occur just above the
source area of the earthquake.

A possible technology for real-time computation of
a finite-fault estimate is established using real-time
Global Navigation Satellite System (GNSS) position-
ing technology, which provides real-time three-dimen-
sional ground displacements (e.g., Blewitt et al. 2009;
Ohta et al. 2012, 2015; Crowell et al. 2012, 2016;
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Fig. 1 Map showing the distribution of stations around the focal area. Red circles denote the GEONET stations. The black dashed line in the inset
represents the study area. The red stars show the epicenters for the 2016 Kumamoto earthquakes, including the April 16 mainshock (M; 7.3) and two
foreshocks (/\/I/- 6.5; Mj 6.4). The black lines indicate the traces of active faults (HERP 2013). Gray dots represent the aftershock distribution in the JMA
unified hypocenter catalog between April 14,2016, and May 18, 2016. The CMT solutions estimated by JMA are also shown in the inset
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Grapenthin et al. 2014; Kawamoto et al. 2015; Melgar
et al. 2013, 2015; Melgar and Bock 2013). The Geo-
spatial Information Authority of Japan (GSI) has oper-
ated a continuous real-time GNSS network, named
GEONET, which consists of more than 1300 stations.
The real-time GEONET Analysis system for Rapid
Deformation monitoring (REGARD system) using
GEONET has been developed in collaboration with
Tohoku University since 2012. Globally, several GNSS-
based EEW systems are under operation, e.g., GlarmS
in Northern California United States (US; Grapenthin
et al. 2014) and G-FAST in the Pacific Northwest of the
US (Crowell et al. 2016).

The primary purpose of the REGARD system is to pro-
vide unsaturated magnitude estimates for large earth-
quakes greater than M 8 as well as length, width, and slip
amount by computing a single rectangular fault model
for earthquakes with uniform slip, and slip distribu-
tion model for large interplate earthquakes with M,, > 8
(Kawamoto et al. 2015). Furthermore, the fault geometry
of the single rectangular fault model is inverted as free
parameters with loose constraints using a pre-assumed
focal mechanism table as a priori information. Therefore,

the system is capable of modeling events such as inland
or intraplate earthquakes, which rupture unknown faults
because of the fault plane cannot be exactly assumed
compared with interplate earthquake. Real-time kine-
matic-GNSS (RTK-GNSS) may have an ability to capture
the coseismic displacements due to earthquakes with
M,, > 5.5 for near-field stations (Geng et al. 2013).

This paper presents the first operational results from
the REGARD system for real earthquakes. First, we briefly
introduce the procedure of the REGARD system for auto-
matic computation of a single rectangular fault model.
Second, we show actual real-time estimation results for
the 2016 Kumamoto earthquakes including real-time
finite-fault estimates for the April 16 mainshock (M
7.3) and detection of coseismic displacements observed
for the two foreshocks. Finally, simulated real-time fault
model estimates for the two foreshocks are shown.

Methods

REGARD: the Real-time GEONET Analysis System for Rapid
Deformation monitoring

The REGARD system consists of three subsystems: the
real-time positioning subsystem, the event detection
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subsystem, and the fault model inversion subsystem
(Fig. 2). The real-time data stream from the GEONET
stations is processed by the real-time positioning sub-
system using RTKLIB 2.4.2 software (Takasu 2013), and
1-Hz station positions are estimated using dual-fre-
quency phase and pseudo-range data in real time. The
predicted part of the International GNSS Service (IGS)
ultra-rapid orbit (Kouba 2009) is adopted for the satel-
lite orbit information. The elevation cutoff angle is set at
7°. The event detection subsystem detects earthquakes
based on the JMA EEW and/or RAPiD algorithm (Ohta
et al. 2012) with little modification; the subsystem also
simultaneously uses neighboring stations as the detec-
tion threshold to reduce false detections (Kobayashi et al.
2012). If an earthquake with M > 7.0 is issued by the JMA
EEW and/or the observed discrepancy between short-
term (60 s) and long-term (600 s) averages exceeds 10 cm
at three neighboring GEONET stations, an earthquake
event is recognized. According to past experience, first
information of M7-class earthquake is available in ~30 s
from the JMA EEW. Then, the latest static displacements
will be extracted and repeatedly modeled by a single rec-
tangular fault with an a priori model and slip distribution
along an assumed plate boundary.

The single rectangular fault modeling routine esti-
mates 12 parameters: nine fault parameters (latitude,
longitude, depth, length, width, strike, dip, rake, and
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slip) and a translation parameter for the east, north, and
vertical directions that accounts for the common-mode
noise. The translation parameters were introduced to
reduce the influence of the common-mode noise caused
by the reference station in RTK-GNSS processing, e.g.,
the model error of atmospheric delay and the coseis-
mic displacement at the reference station. To assume a
normal prior distribution for the model parameters, we
adopted the inversion method proposed by Matsu'ura
and Hasegawa (1987), which supposes Gaussian errors
in both the observed data and prior data to incorpo-
rate prior information about model parameters into the
observation data. Standard deviations of 0.02L (in °),
0.02L (in °), 5 (km), 2L (m), 2L (m), 10 (°), 10 (°), 10 (°),
and 10 (m) are assumed for the nine fault parameters,
where L is the initial fault length. The initial location and
fault length are assumed using the location and magni-
tude of the JMA EEW and the scaling law of Utsu (2001):
L/W =2and s/L =5 x 107>, where W is the fault width
and s is the slip amount. If the JMA EEW information is
unavailable, the initial location is assumed to be the posi-
tion at the station where the maximum displacement is
observed, and the magnitude is empirically assumed to
be M = 6.2 + 2 log 1(5d,,,,» Wwhere d, ., is the maximum
displacement. Strike, dip, and rake are assumed using a
predetermined focal mechanism database (Fig. 3) simpli-
fied using the results of Terakawa and Matsu’ura (2009).

Early
Earthquake
Warning
(option)

N

model are estimated by the fault model inversion subsystem

DATA .
N Real-time Event detection
GEOnET positioning subsystem
, subsystem - RAPID (Ohta et al., 2012)
Real-time . ) . .
1Hz RTCM RTKLIB 2.4.2 Timeseries of station position
BINEX convert (Takasu, 2013) - |LTA - STAl >0.10m
1 - Early Earthquake Warning
IGS EEW>M7.0
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Fault model inversion
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Automatic estimation of
finite fault models
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Fig.2 Schematic diagram of the REGARD system. The 1-Hz real-time data from the GEONET stations are processed by the real-time positioning
subsystem that implements RTKLIB 2.4.2 for the positioning engine. Earthquake events are detected using either the real-time positioning results
or the earthquake early warning provided by JMA. Once an earthquake event is detected, a single rectangular fault model and a slip distribution
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Fig. 3 Focal mechanism table used as a priori information for the
inversion. The a priori strike, dip, and rake angles are assumed as the
focal mechanism data nearest to the epicenter. For the inversion
of the 2016 Kumamoto earthquake (M, 7.3), the focal mechanism
enclosed in a red circle at (32.75°N, 130.75°E) was used for the initial

model

The parameters are optimized using Newton’s method.
The Green’s function is calculated by a dislocation model
in a homogeneous half-space (Okada 1992). As soon as the
computation of a single rectangular fault is finished, the
next inversion starts with updated static displacements.
Before each inversion, the number of stations is reduced to
200 including 50 near-field stations and randomly selected
150 stations to reduce the computation time. The inver-
sion result is evaluated by a value of variance reduction
(VR) in residual sum of squares of three-dimensional dis-
placements normalized by standard deviations. If the VR
improves from the a priori model, both the model and the
a priori model are modified with the new parameters. A
sequence of single rectangular fault model inversions is
continued for 5 min. Additional details on the inversion
method are provided by Kawamoto et al. (2015).

Results and discussion

During the 2016 Kumamoto earthquakes, the REGARD
system successfully estimated the single rectangular fault
models for the April 16 mainshock (Mj 7.3) in real time.
Furthermore, coseismic displacements could be captured
by the RTK positioning results for the two foreshocks.
However, real-time fault model inversions were not car-
ried out because their magnitude and maximum dis-
placement were lower than the assigned threshold of the
system. Therefore, we show the simulation results of real-
time situations with a decreased threshold of magnitude
for the two foreshocks to check the performance of real-
time fault modeling.
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Real-time finite-fault model estimate for the April 16
mainshock (Mi 7.3)

The final fault model estimate shows a right-lateral strike-
slip with northwest dip along the Futagawa fault segment
of the Futagawa—Hinagu fault zone (Fig. 4, Additional
files 1 and 2: Figures S1, S2). The inferred rupture extends
from around the intersection between the Futagawa fault
segment and the Hinagu fault segment to the western
part of the caldera of the Aso volcano.

The JMA EEW system issued the first warning mes-
sage within 9 s after the event origin time (01:25:05
JST), indicating a value of M 5.9, which was updated to
M 7.1 in 18 s later (JMA 2016b). The magnitude issued
by JMA EEW exceeded the threshold value in REGARD
(M > 7.0); thus, the fault model inversion subsystem was
automatically launched. The REGARD system started the
extraction of static offsets from the estimated real-time
displacement waveforms at 48 s from the origin time,
which were smoothed by the application of the 20 s mov-
ing average filter, and the initial inversion was finished at
58 s. The sequence of the inversions started from the a
priori location (130.8 E, 32.8 N) from the EEW message,
and a priori strike, dip, and rake angles (315°, 90°, and 0°,
respectively) were assumed from the pre-assumed focal
mechanism database (Fig. 3).

The mainshock caused strong ground shaking, which
was observed at the stations within ~100 km from the
epicenter by 60 s with clear permanent displacements
observed at nearby stations (Fig. 5). Some of the stations
were shaking at the time 58 s, from which the initial static
offsets were extracted from the real-time positioning;
the ground shaking of the mainshock had decayed to the
noise level at all stations within ~100 km by 120 s. Large
horizontal displacements of ~96 cm to the southwest
direction were observed at site 0701 and of ~75 cm to the
northeast direction at site 0465 were observed. These dis-
placements were in good agreement with the coseismic
displacements later obtained from the daily coordinates
of the GEONET F3 solution (Yarai et al. 2016), e.g., a hor-
izontal displacements of ~98 cm to the southwest direc-
tion at site 0701 and of ~76 cm to the northeast direction
at site 0465. The time lag between the displacements
from the real-time positioning and the F3 solution is less
than 1 day; thus, the contribution of early post-seismic
deformation should be small. The discrepancies were less
than ~2 cm, and the observed displacements were signifi-
cantly larger than the measurement error.

Table 1 and Additional file 1: Figure S1 show the history
of model parameter updates for single rectangular fault
models. By the third inversion result, the fault model esti-
mates yielded VR > 80% and M,, ~ 6.8 (assumed rigid-
ity was 30 GPa). For these fault model estimates, a length
of ~11 km was stably obtained, but the width ranged
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Fig. 4 Real-time finite-fault model estimation result for the 2016 Kumamoto earthquake mainshock (M; 7.3) in 343 s after the event origin.
Observed (black arrows) and predicted (white arrows) displacements for a horizontal and b vertical components. For the inversions, 200 stations
were used in REGARD. The predicted displacements correspond to the final solution of the real-time fault model estimates. The red rectangle repre-
sents the estimated fault plane, and the blue arrow shows the slip vector. The epicenter of the mainshock is shown as a red star. The aftershocks in

the JMA unified hypocenter catalog between April 14, 2016, and May 18, 2016, are shown as gray dots. Black lines indicate the ground traces of the
active faults (HERP 2013)
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Fig. 5 Record of RTK-GNSS time series within 100 km of the epicenter obtained by REGARD after the event origin time (01:25:05 JST). The real-time
displacements are estimated every second. Notable coseismic permanent displacements are also recorded at nearby sites in the focal area

from 1.4 to 6.8 km and the slip ranged from 10 to 40 m.  displacements are roughly proportional to the product
However, the products of width and slip were approxi- of width and slip. For this reason, M,, estimates were sta-
mately stable because of the relation that the ground ble. From the fourth inversion result, which was obtained
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within 5 min, VR improved to 96%, and all model param-
eters became very stable. The updated finite-fault esti-
mate converged to a fault plane along the Futagawa fault
segment, which was the conjugate fault plane of the pre-
vious fault model estimates. The final fault estimate was
obtained after 343 s from the event origin with M,, 6.96.

The Earthquake Research Committee, Headquarters
for Earthquake Research Promotion (HERP), a govern-
mental committee that evaluates earthquake activities
in Japan, reported that the 2016 Kumamoto earthquake
was considered to be mainly due to the activity of the
Futagawa segment (HERP 2013, 2016). Yarai et al. (2016)
show an earthquake fault model inferred from the post-
processed GNSS data and InSAR observations, which
consists of three rectangular faults dipping northwest
with right-lateral strike-slip, including a main rupture of
M,, 6.90 along the Futagawa fault segment and another
rupture with M, 6.73 along the northern part of the
Hinagu fault segment. A CMT solution by JMA (2016c)
also shows M,, 7.0. Our final fault model estimate is in
good agreement with the M,, estimates described above
and is approximately consistent with the main rupture of
the finite-fault model of Yarai et al. (2016) except for the
strike angle and length: The strike angle was ~7° smaller
and the length was ~6 km longer. These slight differences
would be natural considering the simplicity of the single
rectangular fault model used by the REGARD system.
That is, the discrepancies may have been caused by the
number of fault planes as well as the dense observation
data of InSAR. Because a large part of the displacement
at site 1071 is explained by the rupture along the north-
ern part of the Hinagu fault segment, both the horizon-
tal and vertical displacements at site 1071 were poorly
explained (Fig. 4, Additional file 1: Figure S1). As a result,
the strike angle deviated southward and the length was
estimated to be longer.

Although the single rectangular fault model was suc-
cessfully estimated within 1 min, convergence to the
true fault plane required an additional 4 min. Therefore,
further improvement is required to model inland earth-
quakes stably. Clearly, the inversion results up to the
third model converged to another local minimum com-
pared to the final result because the a priori fault plane
was assumed to be the conjugate fault (Table 1). Then,
the width and slip amount became unstable during the
sequence of the inversions. Changes in the combination
of far-field stations, which were randomly thinned out,
might also have a slight influence. This instability could
be avoided by comparing the VR of an inversion result
using other fault planes as an a priori parameters.

For more reliable fault model estimation, we can con-
sider the other approaches. For example, G-FAST first
estimates CMT using rapidly computed static offsets to
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determine the fault orientation and then picks the bet-
ter model between two slip distribution models on the
main and auxiliary fault planes (Crowell et al. 2016).
BEFORES optimizes the slip distribution together with
the fault geometry using a Bayesian formulation (Minson
et al. 2014). Another approach would be an inversion that
tightly constrains the length and width to avoid the insta-
bility between the width and slip observed for the first
three inversion results. A similar approach is employed
for G-larmS, a GPS-based EEW system in northern Cali-
fornia, which fixes the width, strike, and dip angles to the
predominant seismogenic depth and faults (Grapenthin
et al. 2014). For the kinematics of the fault slip, use of the
seismogeodetic approach is important. The combina-
tion of high-rate GPS data and strong motion data yields
high-rate displacements and velocities (e.g., Bock et al.
2011; Melgar et al. 2013). Such seismogeodetic modeling
should improve the resolution and estimation stability of
the coseismic fault model (Melgar and Bock 2015; Melgar
et al. 2015) that should be important for more accurate
GNSS-based EEW systems.

Coseismic displacements associated with the April 14
foreshock (Mj 6.5) and the April 15 foreshock (Mj 6.4)
The two large foreshocks (the April 14 M 6.5 and April
15 M 6.4 events) occurred in less than 3 h, a span of time
in which it is impossible to separate individual coseis-
mic displacements by daily analysis such as GEONET F3
solutions (Nakagawa et al. 2009). In contrast, the RTK-
GNSS positioning has a great advantage for the separa-
tion of coseismic offsets of these subsequent earthquakes
(e.g., Ohta et al. 2015). Although the fault model inver-
sions were not carried out for these foreshocks in real
time, real-time kinematic positioning results from the
REGARD system were available, providing displacements
at frequencies as high as 1 Hz. We extracted coseismic
static offsets by taking the differences between the aver-
ages of 60 epochs (60 s) before and after the foreshocks.
The extracted coseismic static offsets associated with
the April 14 foreshock are shown in Fig. 6a; those for the
April 15 foreshock are shown in Fig. 7a with black arrows
(for the complete data, see Tables 2 and 3). For compari-
son, we also show post-processed kinematic positioning
results with the IGS final orbit and a higher elevation cut-
off angle of 15° to check for the effect of noise due to low
elevation satellites (Figs. 6a, 7a; white arrows).
Discrepancies between the extracted coseismic off-
sets from the real-time and post-processed solutions
were less than 2—4 cm, except for the site 1070 during
the April 15 foreshock (Fig. 7a). Only the real-time solu-
tions showed a few centimeters of displacement at sites
far from the epicenter, which could not be observed in
the post-processed solutions (Figs. 6a, 7a). The real-time
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Fig. 6 Coseismic displacements caused by the April 14 foreshock (M;6.5). a Static coseismic offsets extracted from the GNSS kinematic position-
ing. Black arrows denote the static offsets extracted from real-time positioning results by the REGARD system. White arrows denote the static offsets
extracted from post-processed GNSS kinematic solutions. The epicenter of the foreshock is shown as a red star. The aftershocks in the JMA unified
hypocenter catalog between April 14,2016, and May 18, 2016, are shown by gray dots. Black lines indicate the ground traces of the active faults.
b Example of GNSS Kinematic positioning results at site 1071. Upper and bottom time series in each component denote the real-time positioning
result by the REGARD system and the post-processed GNSS kinematic solution, respectively. The yellow and blue lines indicate the float solutions and
fixed solutions, respectively

dn

30°45'

du

32°30'

f post-processed
P A8 =, y K ¥ L
130°15' 130°30" 130°45' 131°00" 131°15' 131°30'

(m) site: 1071, period:6/15 00:02:00 - 00:06:00

0.15 F T T T

0.10 b+ reql-time [+ ; 1

A i L o e
|

S 0.00F ! 1

o e et ot

33°00' [ |
=0.05 frmmsnssnsmmnrrempoip i
-0.10 |- H | post-processed 1
-0.15 i i ; 1

T T T ]
"

et mp o i

it sttt o]

1

''''' e post-processed
] B L

dn
o
o
o

32°45'

i i i

0.10 T T T

real-time ey | . 7

/I post-process ==> 1 0.05 - reaf-time-~ I

A sty o

32°30'

post-processed

13015 A P T EFaT 315 TvE "00:02 00:03 00:04 00:05 00:06
Time (JST)

Fig. 7 Coseismic displacements due to the April 15 foreshock (M 6.4). a Static coseismic offsets extracted from the GNSS kinematic positioning.

Black arrows denote the static offsets extracted from real-time positioning results by the REGARD system. White arrows denote the static offsets

extracted from post-processed GNSS kinematic solutions. The epicenter of the foreshock is shown as a red star. The aftershocks in the JMA unified

hypocenter catalog between April 14,2016, and May 18, 2016, are shown as gray dots. Black lines denote the ground traces of the active faults.

b Example of GNSS kinematic positioning results at site 1071. Upper and bottom time series in each component denote the real-time positioning

result by the REGARD system and the post-processed GNSS kinematic solution, respectively. The green and blue lines indicate the fixed solutions

positioning solutions could be contaminated by delays baseline mode. Figure 6b shows the time series of the
of data transmission and by multipath noise that cannot real-time solution at site 0465 during the April 14 fore-
be masked with the current low elevation cutoff angle of = shock. Before and after the earthquake, a slight drift of up
7°. The effect of the data delays is the software-specific  to a few centimeters is observed in the east component.
feature related to RTKLIB 2.4.2 that takes differences of A similar drift can be observed in the north component
the latest carrier phase data between reference and rover  at site 1071 after the April 15 foreshock. Although the
stations ignoring a few seconds of delay in real-time seismic wave captured by the real-time solutions closely
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Table 2 Coseismic displacements caused by the April 14 foreshock (M 6.5)

du (cm) real-time de (cm) post dn (cm) post du (cm) post

site  Lon.(°) Lat. (°) Height (m) de (cm) real-time dn (cm) real-time
0093 130.64560 3254641 404 —45 06
0465 130.76479 3284210 9227 —04 9.9
0466  131.09930 3274065 72532 -19 —0.5
0701 130.99622 32.87075 450.81 —2.1 0.7
0702 130.79490 32.57673 287.80 0.8 —-23
0703 131.09342 3295065 544.65 —1.1 0.0
0704 131.13215 3284500 650.94 0.1 0.8
1070 130.87266 32,99594 289.97 0.0 1.0
1071 130.74837 32.70923  69.51 50 3.6
1169 13098714 3267516 496.70 —1.5 0.7

—14 —-05 —-08 1.5
—6.8 —33 8.5 —-23
1.2 —-17 —09 1.7
1.1 —-14 -0.2 1.7
0.6 0.0 -23 0.5
0.5 -10 —05 04
—17 —0.1 04 0.5
0.5 —-02 0.5 0.9
—4.5 4.6 3.1 —4.1
—08 —-14 0.1 —05

Table 3 Coseismic displacements caused by the April 15 foreshock (M 6.4)

site  Lon.(°) Lat. (°) Height (m) de (cm) real-time dn (cm) real-time du (cm) real-time de (cm) post dn (cm) post du (cm) post
0093 130.64560 32.54641 404 2.8 —37 04 1.2 —0.5 0.0
0465 130.76479 3284210 92.27 —0.1 0.7 —0.1 —-06 1.9 0.0
0466 131.09930 32.74065 72532 04 —-1.0 —0.8 —0.7 —0.2 —0.5
0701 130.99622 32.87075 450.81 —0.5 —40 18 —-0.7 -10 1.7
0702 130.79490 32.57673 287.80 0.1 -39 —15 —04 —36 —20
0703  131.09342 3295065 544.65 04 —0.7 —0.7 —04 —04 0.1
0704 131.13215 32.84500 650.94 —03 —0.7 -1.0 —-09 0.0 —-04
1070  130.87266 32.99594 289.97 1.8 —13.7 —0.5 —0.5 —0.1 —09
1071 130.74837 32.70923  69.51 25 10.6 35 2.0 137 25
1169 13098714 3267516 496.70 —-0.5 —-15 1.0 —14 0.0 —0.7

resembles the post-processed solutions, the slight drifts
were not reproduced by the post-processed solutions.
Thus, these drifts can be regarded as positioning errors.
Moreover, site 1070 shows a large offset of ~14 ¢cm during
the April 15 foreshock (Fig. 7a). During the earthquake,
the solution of site 1070 switched from a float to a fixed
one, indicating that the carrier phase ambiguity was suc-
cessfully resolved to an integer value from a float value.
As a result, this displacement included an offset between
the float and fixed solutions; thus, this offset was an
apparent rather than a real displacement.

To sum up, significant coseismic displacements caused
by the two foreshocks could be detected by the REGARD
system. Significant differences between the deformation
patterns due to the two foreshocks were observed: For
the April 14 event, a maximum horizontal displacement
of ~10 cm to the north direction was observed at site
0465, located ~10 km north of the fault segment. On the
other hand, for the April 15 event, the maximum hori-
zontal displacement of ~11 cm to the NNE direction was
observed at site 1071, which is situated ~5 km south of
the junction of the faults. These results imply that the two
foreshocks ruptured the northern parts of the Hinagu

fault segment, especially the April 15 event ruptured
the southern part of the April 14 event. This is in good
agreement with the slip distribution model inferred from
InSAR analysis by Kobayashi (2016), which shows two
main slip patches along the northern part of the Hinagu
fault segment. The real-time positioning included larger
errors than the post-processed results, and an apparent
offset due to the ambiguity resolution result was also
observed. To achieve more stable real-time positioning,
we will consider a reduction in the data transfer delay, a
better choice of elevation cutoff angle, and use of more
accurate orbit information.

The detected displacement data of Mé6-class earth-
quakes (Tables 2, 3) can be used to infer the geometry
of earthquake faults and their magnitudes. For a further
study on the finite-fault models for these foreshocks, see
Yarai et al. (2016).

Simulated real-time fault model estimates for the two
foreshocks

As discussed in the previous subsection, significant
coseismic displacements were detected in the two large
foreshocks by the real-time positioning. An important
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question is if the threshold of the magnitude was low
enough to detect these foreshocks, how accurately did
the REGARD system estimate the finite-fault models?
Therefore, we simulated the real-time situations, assum-
ing that the threshold for the JMA EEW is M > 6 to trig-
ger the REGARD system.

For the April 14 event (M; 6.5), the first finite-fault
model was derived at 38 s with M,, 5.94 and was updated
to 6.11 at 50 s. Finally, the finite-fault model converged
with M, 6.12 at 1 m 32 s, which is roughly consistent with
the CMT solution by JMA (M,, 6.2). The estimated fault
was, however, an auxiliary fault plane of the Hinagu fault
(Additional file 3: Figure S3). The residual was also large
(VR 27.9%) compared with the mainshock case (Table 1)
because the signal-to-noise ratios in almost all of the sta-
tions were small. For the April 15 event (M; 6.4), the first
finite-fault model was derived at 1 m 7 s with M,, 5.50 and
not subsequently updated (Additional file 4: Figure S4).
The displacement at station 1071 was well explained by
the model; however, the estimated width was very short
compared with the real fault. In this inversion, the model
strongly depended on the a priori parameters and the dis-
placement at station 1071, which is the only near-field sta-
tion that observed a significant displacement. As discussed
in the previous section, the displacement at station 1070
during the April 15 foreshock was apparent offset due to
the switch from a floating to a fixed-integer solution.

Based on these trial simulations, the REGARD sys-
tem could estimate the size of an M6-class earthquake
approximately within 1 min. However, stable estimation
of all the fault parameters for a rectangular fault is dif-
ficult because of the lack of near-field stations with high
signal-to-noise ratio. The freedom of the model can be
decreased using more general a priori information such
as a CMT solution that provides the centroid location
and the mechanism of the earthquake. One possible
implementation is the method proposed by Crowell et al.
(2016). This is a topic that is left for future work on the
REGARD system.

Conclusions

The REGARD system successfully estimated a single rec-
tangular fault model using RTK-GNSS positioning for the
2016 Kumamoto earthquake (A4; 7.3) within 1 min from
the event origin for the first estimation and converged to
the appropriate fault plane within an additional 4 min.
This is the first operational result of the REGARD sys-
tem and demonstrates its reaction to a large earthquake
in real time since the launch of the prototype system in
2012. The finite-fault estimate with M,, 6.96 was con-
sistent with both the fault models of Yarai et al. (2016),
which is inferred from static offsets observed by post-
processed GNSS positioning and InSAR analysis, and
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the IMA CMT solution (JMA 2016c). This result demon-
strates that the REGARD system is capable of modeling
inland intraplate earthquakes as well as large interplate
earthquakes. Thus, the result demonstrates the potential
for a GPS-based EEW system in Japan.

The real-time kinematic positioning results show the
significant coseismic displacements due to the April 14
and the April 15 foreshocks at sites 0465, 1071, and 0702
with different deformation patterns, implying that the
first foreshock ruptured a northern part of the Hinagu
fault segment, after which the neighboring south region
was ruptured by the second foreshock. Although the
finite-fault model inversions were not carried out for
these events in real time because the JMA EEW was not
exceeded the threshold value in REGARD, the observed
coseismic displacements could be still important infor-
mation for rapid investigations of fault geometry.

Although there are still several issues to be improved,
finite-fault estimates are important information for
understanding possible damage situations in a timely
fashion. Furthermore, the finite-fault estimates can be
used to prevent secondary disasters such as seismically
triggered landslides that are approximately correlated
with the spatial distance from the earthquake source.
Future work will involve the development of an inver-
sion routine as well as more stable real-time positioning
for more accurate and robust finite-fault estimation. Spe-
cifically, use of more accurate a priori information such
as rapid CMT solutions based on the seismic and/or the
geodetic data will be key approach to improved modeling
of inland earthquakes.

Additional files

Additional file 1: Figure S1. Update history of the finite-fault models
estimated by the REGARD system during the 2016 Kumamoto earthquake
(/\/I/ 7.3) from top to bottom. Observed (black arrows) and predicted (white
arrows) displacements for horizontal (left) and vertical (right) components
are shown. The red rectangle represents the estimated fault plane, and
the blue arrow shows the slip vector. The epicenter of the mainshock is
shown as a red star. The aftershocks in the JMA unified hypocenter catalog
between April 14,2016, and May 18, 2016, are shown as gray dots. Black
lines indicate the ground traces of the active faults (HERP 2013).

Additional file 2: Figure S2. Same as Figure 4, but for the displacements
predicted by a priori model. The a priori model is shown as gray line. Gray
arrows denote the displacements predicted by a priori model. The initial
VR due to the a priori model is -90.9%.

Additional file 3: Figure S3. Simulated update history of the finite-fault
models estimated by the REGARD system during the April 14 foreshock
(M;6.5) from top to bottom. Observed (black arrows) and predicted (white
arrows) displacements for horizontal (left) and vertical (right) components
are shown. Gray arrows denote the displacements predicted by a priori
model. The red rectangle represents the estimated fault plane, and the
blue arrow shows the slip vector. The epicenter of the April 14 foreshock
(Mj 6.5) is shown as a red star. The aftershocks in the JMA unified hypo-
center catalog between April 14, 2016, and May 18, 2016, are shown as
gray dots. Black lines indicate the ground traces of the active faults (HERP
2013). The model parameters are shown in the table at bottom.
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Additional file 4: Figure S4. Simulated update history of the finite-fault
models estimated by the REGARD system during the April 15 foreshock
(M/ 6.4). Observed (black arrows) and predicted (white arrows) displace-
ments for horizontal (left) and vertical (right) components are shown. Gray
arrows denote the displacements predicted by a priori model. The red
rectangle represents the estimated fault plane, and the blue arrow shows
the slip vector. The epicenter of the April 15 foreshock (M, 6.4) is shown as
a red star. The aftershocks in the JMA unified hypocenter catalog between
April 14,2016, and May 18, 2016, are shown as gray dots. Black lines
indicate the ground traces of the active faults (HERP 2013). The model
parameters are shown in the table at bottom. The finite-fault model was
not updated after the first model in this test.
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