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ABSTRACT
On 6 February 2018 at 23:50 local time, a Mw 6.4 earthquake struck eastern
Taiwan. We characterize the instantaneous surface ground motion and the permanent displacement induced by this event from continuous GPS data and SAR images
within a short time after the mainshock. We use high-rate GPS positioning techniques to obtain epoch-by-epoch positions peak ground displacement to assess potential seismic damage. The maximum coseismic GPS horizontal displacement of
about 450 mm trending to the northeast is observed at the station HUAL located on
the hanging wall of the Milun fault. The PEPU located on the footwall of the Milun
fault shows a coseismic horizontal displacement of 280 mm trending to the southwest
and a coseismic uplift of about 70 mm. Moreover, ascending and descending tracks
of ALOS-2 and Sentinel-1 SAR images are processed to estimate coseismic surface
deformation along the line-of-sight (LOS) toward the satellite. Then, wide coverage
from east-west and uplift components of surface deformation is fulfilled by combining the LOS displacement from ascending and descending interferograms. The
main deformation area revealed by both GPS results and D-InSAR interferograms is
concentrated around the Milun and Lingding faults. Significant uplift on the footwall
of the northern Lingding Fault implies that the Milun fault and an unknown westdipping fault close to the Lingding fault were triggered. Both the two nodal planes of
the Mw 6.4 Hualien event could be different with the kinematic behavior of the Milun
fault and Lingding fault. Thus we suggest that slip on multiple faults was triggered
during the 0206 event.

1. INTRODUCTION
At 21:56:41 local time on 4 February 2018, a Mw 6.0
(0204 event) occurred in the Hsinchen Ridge offshore the
city of Hualien (Fig. 1). According to the focal mechanism
of this event, the possible seismogenic fault is a nearly E-Wstriking and gently north-dipping thrust fault with a minor
dextral strike-slip component. This event could be interpreted as a regular subduction zone earthquake that occurred
at the complex junction of convergence boundary of the
Philippine Sea plate and Eurasian plate. Two days later, a
Mw 6.4 earthquake (0206 event) occurred near the epicenter
of 0204 event with a different focal mechanism. The epicenter of this second event was located in the offshore area
* Corresponding author
E-mail: jchu@ntu.edu.tw

~16.5 km northeast of city of Hualien at a depth of 6 km
resulting in 17 deaths with 285 injured. Based on the Central Weather Bureau (CWB) intensity scale, the peak ground
acceleration (PGA) larger than 400 gals were measured in
Hualien. This extremely large ground shaking caused severe
building damage, including four that had partially collapsed.
Thousands of aftershocks were recorded by Geophysical
Database Management System (https://gdms.cwb.gov.tw/
index.php) of CWB within 14 days (Kuo-Chen et al. 2019).
Aftershocks were propagated southward from the hypocenter of the mainshock to the Longitudinal Valley (Chang et
al. 2019; Chen et al. 2019).
According to field investigations, the major surface
rupture was identified along the Milun fault (Huang et al.
2019; Lin et al. 2019; Wu et al. 2019), an active fault that

286

Tung et al.

ruptured during a ML 7.1 earthquake in 1951 (Hsu 1962,
1971; Bonilla 1975, 1977). Based on the focal mechanism
solution, a NE-striking and NW-dipping nodal plane is considered as the seismogenic fault plane indicating a reverse
faulting with a sinistral strike-slip component. An alternative
nodal plane is close to a EW-striking south-dipping reverse
fault with dextral slip component. However, both these two
nodal plane are hard to connect to any known active fault
near the epicenter. Furthermore, the coseismic deformation
patterns revealed by continuous GPS measurements and
SAR interferograms were observed both on the hanging
wall and footwall of the Milun fault, which is a NE-striking
and east-dipping reverse fault with a sinistral motion based
on geological data (e.g., Shyu et al. 2005). In addition, significant coseismic deformation behavior also observed on
the footwall part of the Lingding fault which is the northern
segment of the Longitudinal Valley fault, suggesting that
the 0206 Hualien earthquake triggered multiple ruptures on
different fault systems (Huang and Huang 2018; Yang et al.
2018), similar to multiple fault slip founded during the 2010
Mw 6.2 Jia-Shian earthquake (Lin et al. 2016), the 2016 Mw
6.4 Meinong earthquake in southern Taiwan (Huang et al.
2016; Le Béon et al. 2017) and the 2016 Mw 7.8 Kaikōura

earthquake in New Zealand (Hamling et al. 2017). The shallow rupture of the Milun fault and its kinematic behavior are
also revealed by optical satellite and numerical modeling
(Kuo et al. 2019). They proposed the different locking depth
and kinematic behavior in the north and south segment of
the Milun fault. In addition, the detailed insights of seismogenic deformation near the Milun fault by 3D displacement field by GPS, InSAR and pixel offsets from ALOS-2
radar image are deduced to suggest the Milun and Lingding
faults belong to same fault zone (Yen et al. 2019). The coseismic deformation also conducted by using strong motion
recordings (Tian et al. 2019). They indicated that the Milun
fault could have experienced a left-lateral motion during the
Hualien event.
To better characterize coseismic deformation of multiple fault slip triggered by the 0206 offshore Hualien earthquake, we use continuous GPS (cGPS) data from the Taiwan cGPS array and 12 cGPS sites operated by the NDHU
to estimate the coseismic displacement around the epicenter
as well as along the Milun and Lingding fault systems. In
addition, differential interferometry synthetic aperture radar (D-InSAR) technique from ALOS-2 and Sentinel-1 radar images are used to characterize coseismic deformation

Fig. 1. Locations for continuous GPS stations (blue triangles), SAR coverage (rectangle) and focal mechanism of the 2018 0204 Mw 6.0 and 0206
Mw 6.4 earthquakes in Taiwan. White star is the ML 7.1 event of the 1951 Hualien-Taitung earthquake sequence, and gray circles are the aftershocks
occurred within two weeks after the 0206 event. Yellow rectangle indicates study area. ASC represents ascending orbit while DES represents descending orbit. ST-1 represents Sentinel-1 satellite. Blue arrow shows the plate convergence rate between the Philippines Sea plate and Eurasian
plate (after Lin et al. 2010). Offshore bathymetry and tectonic structures are based on Malavieille et al. (2002). HSR represents Hsinchen Ridge, HB
represents Hoping Basin, and RAP indicates Ryukyu Accretionary Prism.
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patterns and fault ruptures associated with the mainshock.
Furthermore, high-rate GPS data (1 Hz sampling rate) of
cGPS are used to estimate the peak ground displacement
(PGD) adjacent to the hypocenter for assessing the potential
seismic damage. Finally, we calculate the arrival time of the
PGD from cGPS stations to infer the multiple fault slip triggered by the Mw 6.4 event.
Although there are several papers have been published
using geodetic data such as campaign GPS, InSAR, precise
leveling and pixel offtrack techniques based on optical and
SAR images to explain the coseismic deformation and to inverse the coseismic slip on patches of the seismogenic fault
or triggered fault systems. However, all these geodetic results might be contaminated by interseismic and postseismic
displacements. In this paper, we provide both instantaneous
surface ground motion and the permanent displacement
from continuous high-rate GPS data within a short time after
the event with detail processing strategy. We also provide
reliable high-rate GPS waveforms which could be used for
time-dependent modeling of this event for the future study.
2. DATA ACQUISITION AND PROCESSING
To study the instantaneous surface ground motion and
the permanent displacement caused by the earthquake, we
used GPS observations and SAR images to measure precise positioning coordinates and the differential movements
around the epicenter. GPS data provide a nice temporal resolution for the rupture process where as SAR images offer a
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better spatial coverage of deformation pattern.
2.1 GPS Observations
Taiwan’s cGPS array is one of the densest GPS networks in the world. There are more than 400 stations over
an area of 36000 km2 (Tsai et al. 2015). To enhance the near
real-time applications, internet transmission and latest generation dual-frequency receiver with multi-satellites recording function were installed in most stations. The data are
mainly collected by the Central Weather Bureau (CWB),
the Ministry of Interior Affairs (MOI), the Institute of Earth
Sciences, Academia Sinica (IESAS), the Central Geological
Survey (CGS), and the Water Resources Agency (WRA).
Furthermore, the National Dong Hwa University also provides GPS data in Hualien (Fig. 1). In order to precisely determine the coseismic displacement and surface ground motion, we collected cGPS data from 1st to 11th February with
sampling rate of 30-s to estimate instantaneous positioning and daily solutions, respectively (Fig. 2). Furthermore,
high-rate GPS positioning techniques have been developed
to obtain epoch-by-epoch positions and these solutions are
capable of recording seismic motion acting as GPS Seismology (e.g., Nikolaidis et al. 2001; Bock et al. 2004). In
this study, 1 Hz sampling rate data of cGPS are used both to
estimate the instantaneous positioning (Fig. 2) and PGD of
the GPS station for assessing the potential seismic damage
(detail in discussion).
We utilize the GIPSY-OASIS II software (Webb and

Fig. 2. Coseismic displacements of cGPS stations for the Mw 6.4 Hualien earthquake. Blue arrows represent position difference using the average
of 30-s solutions 60 min prior to and post the mainshock; red arrows represent 1-hz solutions using 60 s GPS before and after the mainshock, and
green arrows represent position differences between the averages GPS positions 5 days prior to and post the mainshock.
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Zumberge 1997) to estimate the coordinates in precise point
positioning (PPP) method. The PPP technique acquires absolute position using a single GPS station, which has a lower precision than the differential technique (GAMIT from
Herring et al. 2009 or Bernese from Dach et al. 2007) with
the capability of removing the common errors from two or
more stations. The accuracy of PPP depends on the ability of
mitigating all kinds of errors. In this study, the International
GNSS Service (IGS) final products were used to reduce satellite orbit and clock errors in the data procedures. Besides,
Vienna Mapping Function (VMF1) and antenna calibration
provided from NOAA’s National Geodetic Survey were
used to reduce atmosphere delay and receiver error.
2.2 D-InSAR
We combined both ALOS-2 and Sentinel-1 ascending
and descending SAR data to measure the coseismic deformation fields of the Hualian earthquake. Table 1 presents the
detailed information of the used SAR data, and the coverage
of the four tracks is shown in Fig. 1. After the 0206 event,
Advanced Land Observing Satellite-2 (ALOS-2) launched
by Japan Aerospace Exploration Agency (JAXA) passed
over the Hualien area on 10 and 11 February for emergency
observation with stripmap mode SAR images. Thus, one
ascending interferogram (2016/11/05 - 2018/02/10) and
one descending interferogram (2017/06/18 - 2018/02/11)
could be generated with two historical images. In addition,
Sentinel-1 satellite constellation launched by the European
Space Agency (ESA) also provided Wide (IW) mode ascending and descending images in 3 days and 5 days after
the 0206 event, respectively. After that, two interferograms
with a six-days interval could be generated (2018/02/03 2018/02/09 for ascending pair and 2018/02/05 - 2018/02/11
for descending pair). The four interferograms were generated using the ISCE (InSAR Scientific Computing Environment) software developed by the JPL/Caltech (Rosen et al.
2012). One-arc-second resolution Shuttle Radar Topography Mission (SRTM) digital elevation model (Farr et al.
2007) was used to remove the topography phase component
during interferogram processing to estimate surface defor-

mation in the area covering the Milun fault and the northern
part of the Lingding fault (Fig. 3). Finally, Snaphu version
1.4.2 (Chen and Zebker 2000) has been applied to process
phase unwrapping (Fig. 4).
3. COSEISMIC DISPLACEMENT OBSERVED
FROM CGPS AND D-INSAR
GPS observations and SAR interferograms can be used
to estimate coseismic displacements at different time scales.
First, we use GPS daily solution and 1 Hz sampling data to
determine the coseismic deformation. Second, we use DInSAR technique with Sentinel-1 and ALOS-2 images to
evaluate the regional deformation patterns over a week after
the mainshock and over a longer time period which might
include both coseismic and postseismic deformation of the
Mw 6.4 Hualien earthquake.
3.1 cGPS Result
From the different precise orbit and clock products
released from JPL, we estimate 3 coseismic displacement
fields from (1) GPS positions difference between the averages of 30-s solutions 60 min prior to and post the mainshock
with rapid orbit in two days after the 0206 event; (2) positions difference between the averages of 1-hz solutions 60 s
prior to and post the mainshock; (3) difference between the
averages daily solutions 5 days prior to and post the mainshock with final orbit in 14 days after the 0206 event (Fig. 2
and Table 2). Unfortunately, due to the data exchange policy and failure of power supply after the Hualien earthquake,
only few GPS stations were available for estimates of daily
solutions. However, the results of the 3 different processing
strategies indicate similar coseismic deformation patterns
observed along the Milun fault and Lingding fault (Fig. 2).
The maximum horizontal displacement is measured in
the GPS station HUAL, which is sat in downtown of Hualien and hanging wall of the Milun fault, with a horizontal
displacement of about 450 mm trending to northeast and
varies in uplift from 35 - 115 mm. Furthermore, the GPS
station NDH5 and HGC9 located on the hanging wall of the

Table 1. Parameters of differential SAR interferometric pairs of ALOS-2 and Sentinel-1 images.
Pair
1
2
3
4

Satellite
ALOS-2
ALOS-2
ALOS-2
ALOS-2
Sentinel-1A
Sentinel-1B
Sentinel-1A
Sentinel-1B

Image Resolution
(m)

Flight direction

6

Ascending

10

Descending

5 × 20
5 × 20
5 × 20
5 × 20

Ascending
Descending

Acquisition
Date
2016/11/05
2018/02/10
2017/06/18
2018/02/11
2018/02/03
2018/02/09
2018/02/05
2018/02/11

Time Interval
(days)

Heading
Angle

Incidence
Angle

Perpendicular Baseline
(m)

461

347.9°

27.8°

-160.7

238

192.1°

40.6°

229.2

6

347.6°

41.6°

-9.8

6

192.4°

34.2°

-44.0
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Fig. 3. Wrapped DInSAR interferograms derived from ALOS-2 (upper two figures) and Sentinel-1 radar images (lower two figures) acquired before
and after the Mw 6.4 Hualien Earthquake.
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Fig. 4. Unwrapped DInSAR deformation derived from ALOS-2 (upper two figures) and Sentinel-1 radar images (lower two figures) acquired before
and after the Mw 6.4 Hualien Earthquake by using Snaphu version 1.4.2 (Chen and Zebker 2000).

23.8972

24.0179

24.1278

24.1257

121.6128

121.6135

121.7464

121.5956

121.5653

121.5199

121.6181

121.5508

121.6103

121.6516

121.6544

121.5982

121.6018

HGC9

HUAL

HUAP

NDH1

NDH3

NDH4

NDH5

NDHU

PEPU

SCHN

SICH

SOFN

YENL

23.9035

23.8703

24.0100

23.9168

23.9955

23.9624

24.3090

23.9754

23.9902

24.1157

121.6051

HGC8

Latitude
(°)

Longitude
(°)

Station

192.0 ± 3.0

103.5 ± 4.4

-94.8 ± 3.8

-94.2 ± 4.1

-270.0 ± 6.6

-28.6 ± 2.7

170.3 ± 2.1

-48.1 ± 2.0

-112.5 ± 1.8

-279.9 ± 1.9

-16.8 ± 5.6

414.1 ± 4.3

N (mm)

-16.8 ± 4.0

-17.5 ± 4.6

3.2 ± 4.2

6.4 ± 2.3

-41.4 ± 12.7

-90.0 ± 4.2

58.5 ± 4.9

-81.1 ± 4.4

-120.7 ± 4.9

25.3 ± 4.5

9.4 ± 6.3

146.3 ± 5.4

E (mm)

1-s solutions

-52.8 ± 11.0

41.8 ± 9.7

-32.6 ± 11.4

-22.6 ± 10.5

88.3 ± 10.5

16.4 ± 9.1

74.1 ± 12.2

8.9 ± 11.0

64.9 ± 10.8

-41.0 ± 9.7

-23.1 ± 20.9

42.3 ± 16.2

U (mm)

204.3 ± 4.8

84.7 ± 12.9

-65.7 ± 6.2

-273.9 ± 17.3

-45.7 ± 8.6

166.4 ± 3.9

-40.6 ± 4.7

-130.8 ± 5.9

-283.8 ± 4.3

37.8 ± 21.6

446.7 ± 9.7

469.0 ± 14.2

-87.5 ± 4.2

N (mm)

-24.5 ± 5.4

8.2 ± 14.0

14.4 ± 4.2

-68.6 ± 23.1

-83.0 ± 6.2

55.4 ± 3.0

-88.5 ± 2.9

-119.3 ± 4.4

32.2 ± 4.7

17.4 ± 12.8

156.5 ± 8.2

41.3 ± 12.9

2.8 ± 3.8

E (mm)

30-s solutions

-31.0 ± 14.6

75.6 ± 65.4

45.6 ± 14.8

65.2 ± 61.7

69.9 ± 19.4

112.9 ± 7.1

23.9 ± 7.9

45.5 ± 13.9

-17.1 ± 14.8

14.4 ± 58.6

112.1 ± 27.0

150.5 ± 32.0

29.7 ± 10.6

U (mm)

Table 2. cGPS coseismic displacements of the Mw 6.4 Hualien earthquake.

188.5 ± 2.3

-136.1 ± 7.7

-286.1 ± 7.4

-64.5 ± 3.3

-77.6 ± 5.2

-12.9 ± 2.0

29.7 ± 8.7

-53.9 ± 3.4

-94.7 ± 1.8

20.0 ± 3.4

167.7 ± 7.0

E (mm)

59.2 ± 3.0

U (mm)

-34.4 ± 5.7

-30.9 ± 7.1

51.2 ± 7.9

32.6 ± 2.8

-31.1 ± 8.9

24-h static solutions

432.0 ± 2.9

N (mm)
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Milun fault also show significant northeastward horizontal
displacement of 175 and 470 mm and uplift of about 100
and 150 mm, respectively. In contrast, on the footwall of
the Milun fault, the GPS station PEPU recorded a horizontal
displacement of about 280 mm trending to the southwest
and a coseismic uplift of about 70 mm. The coseismic motion indicates Milun fault is a left-lateral strike-slip faults
with reverse motion which is consistent with the reverse
sense based on geological investigations and kinematic behavior of coseismic deformation of the 1951 ML 7.1 Hualien earthquake (e.g., Hsu 1962, 1971; Bonilla 1975, 1977;
Yamaguchi and Ota 2004).
Further south, the GPS station YENL located on the
hanging wall of the Lingding fault measured a horizontal
displacement of about 200 mm trending to the northwest
and a coseismic subsidence of 35 mm; the station NDHU located on the footwall of the Lingding Fault shows a coseismic uplift behavior, the vertical motion of these two stations
is inconsistent with the kinematic behavior of the Lingding
fault considered as a NS-striking east-dipping reverse fault
with left-lateral slip component from geological investigations (Chen et al. 2007) and geodetic measurements during
the interseismic period (Chen 1974; Yu and Liu 1989; Yu
and Kuo 2001). Thus an unknown west-dipping fault with
left-lateral strike-slip component could be triggered during
this Mw 6.4 Hualien event.
3.2 D-InSAR Result
D-InSAR is complementary with GPS observations
but with more spatial extensive measurements. The main
surface deformation with numerous of fringes in interferograms can be observed around the Milun fault and northern
Lingding fault. In contrast, only two fringes (representing
56 mm in range difference) are observed from the ascending
orbit of Sentinel-1 near the epicenter (Fig. 3). After phase
unwrapping, a significant shortening along the LOS can be
observed on the hanging wall of the Milun fault in the descending orbit, which implies coseismic uplift and/or eastward motion in this area. Significant shortening along the
LOS is presented on the footwall of the Lingding fault in
the ascending orbit, suggesting a coseismic uplift and/or a
westward motion dominated in this area (Fig. 4).
One of the limitations of for detecting deformation
with InSAR is that it only provides one component of the
surface deformation along line of sight (LOS) towards the
satellite. Previous studies have investigated to map surface
deformation in three dimensions by using multiple interferograms with different imaging geometries (e.g., Wright
et al. 2004; Biggs et al. 2007). In general, the north-south
component of surface deformation is always the most difficult to detect with the lager errors than the signals using data
from near-polar orbiting satellites. If we assume north-south
component is negligible, the eastward and vertical motion

can be well determined. However, the coseismic deformation along the NE-striking left-lateral strike-slip Milun fault
is not the case for the assumption of negligible north-south
component, because the north-south component of deformation is significant. For measuring coseismic deformation
the, the pixel offset tracking techniques have been applied
to characterize the coseismic deformation of the Milun
fault (Huang and Huang 2018; Kuo et al. 2019; Yen et al.
2019). These studies provide the valuable information for
coseismic deformation along and across the left-lateral
strike-slip dominated Milun fault. However, the accuracy
of the sub-pixel correlation method highly depends on pixel
size. Previous studies suggested that the sub-pixel correlation method using a pair of SPOT panchromatic images
could provide fault slip measurements with an accuracy of
0.1 pixel in theory (Michel and Avouac 2002; Dominguez
et al. 2003; Leprince et al. 2007). For the coseismic deformation calculated by using offsets tracking with sub-pixel
correlation of SAR amplitude (Simons et al. 2002; Fialko
et al. 2005; Pathier et al. 2006; Elliott et al. 2007; Huang
and Huang 2018), however this technique does not directly
provide horizontal displacement. It measures track-parallel
(azimuth offsets) and track-perpendicular (range offsets)
displacement components (Fialko et al. 2005), thus the eastwest and north-south component could be inferred according to azimuth and range offsets. In addition, the accuracy
of the displacement filed inferred from offset tracking technique is affected by topographic complexity of the study
area and ionospheric distortions. That could be the reason
why Huang and Huang (2018) didn’t incorporate the offset
tracking coseismic deformation filed near the Milun fault in
their inversion of rupture model of the Hualien.
To better characterize the coseismic deformation pattern
around the Milun and Lingding faults, we combined ascending and descending interferograms to obtain E-W and vertical
displacement components (Fig. 5) by following equations:
Ecomponent =

(1)
LOS (des) $ cos (iasc) - LOS (asc) $ cos (ides)
cos (ades) $ sin (ides) $ cos (iasc) + cos (aasc) $ sin (iasc) $ cos (ides)

Ucomponent =

LOS (asc) + Ecomponent $ cos (aasc) $ sin (iasc)
cos (iasc)

(2)

Where i is the incidence angle and a is intersection angle
between the trace of satellite (Heading Angle) and the north;
asc represents ascending orbit while des represents descending orbit (Table 1). Results obtained from ALOS-2 and Sentinel-1 both show that the uplift area is mainly located on the
hanging wall of the Milun fault with the maximum uplift of
55 mm. Meanwhile, minor coseismic uplift is also observed
on both sides of the Lingding fault. The maximum coseismic
subsidence, reaching to 35 mm, is located in the southmost
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Fig. 5. E-W and vertical component coseismic deformation and profiles across the main deformation area. Red color represents eastward surface
rupture and uplift; green color represents westward movement and blue color represents subsidence. Blue arrows represent the GPS horizontal displacements and solid triangles indicate the vertical movements of cGPS stations. Pink dots in profiles represent the deformation signals extracted
from ALOS-2, and blue dots represent the deformation signals extracted from Sentinel-1.
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footwall of the Milun fault. In general, the coseismic uplift
obtained using ALOS-2 data is larger compared to that from
Sentilnel-1 data. This difference could have resulted from
the ionosphere effect of ALOS-2 pairs.
Five profiles across the main deformation area are
shown in Fig. 5. Significant coseismic uplift is observed in
the hanging wall of the Milun fault along profiles 1 and 2 in
both ALOS-2 and Sentinel-1 data. Furthermore, coseismic
uplift is larger in the northern part of the hanging wall of
the Milun fault compared to that in the southern part of the
hanging wall. On the other hand, moderate coseismic uplift
can be observed on the footwall of the Lingding fault, this
observation is inconsistent with the kinematic behavior for
a NE-striking and east-dipping left-lateral strike-slip fault
with a reverse component (Chen et al. 2007). It is worth
noting that significant coseismic subsidence observed in an
area separating the Milun fault and Lingding fault. For E-W
coseismic component, the significant eastward motion of
about 55 and 30 mm are observed in ALOS-2 and Sentinel-1 images on the hanging wall of the Milun fault, respectively (Profiles 1 and 2 in left panel of Fig. 5). Although InSAR technique could not well detect along-track coseismic
displacement (subparallel to the strike of the Milun fault),
however if we decompose of the fault-parallel displacement
revealed by the optical image correlation of aerial photos
(the maximum offset of 1 m from Kuo et al. 2019) and
field survey (the maximum offset of ~ 77 cm from Huang
et al. 2019), the eastward motions are consistent with our
results. The main westward coseismic motion dominates in
the footwall of the Lingding fault, which is consistent with
the observation from GPS stations showing a NW motion
in this area. Thus, the coseismic uplift and westward motion also imply that an unknown west-dipping fault system
might exist close to the Lingding fault.
4. DISCUSSION

4.1 Hourly Solution
24-hour static solution at GPS station HUAP and
SCHN located at northern Hualien show a significant subsidence of 31 mm (Table 2). However, estimates of vertical
motion from the kinematic solutions do not show the same
feature (subsidence of 20 mm in 1-s and uplift of 14 mm
in 30-s solutions). Thus, we divide daily data into 6 hours’
intervals for static positioning. Here we use two stations
HUAP and HUAL to show the time series of 6-hours solutions prior to, during and post the 0204 Mw 6.0 event and
the 0206 event (Fig. 6). The subsidence and southeastward
displacement could only be observed in stations (HGC1~7
and HUAP) located northwest to the epicenter of the 0204
Mw 6.0 event. In contrast, coseismic displacement of 0204
Mw 6.0 event is insignificant at the station HUAL in the city
of Hualien. Thus, we suggest that the coseismic vertical
motion of HUAP is contaminated by the 0204 event and

kinematic solutions will be useful to distinguish coseismic
displacements of multi-events occurred in a short time span
compared to the daily solutions.
4.2 Seismic Ground Motion - Peak Ground
Displacement
Following the study of magnitude scaling properties of
peak ground displacement (Melgar et al. 2015), Eq. (1) is
used to determine peak ground displacement, where N(t),
E(t), and U(t) are the north, east, and vertical displacement
in each epoch, respectively.
PGD = max 6 N (t) 2 + E (t) 2 + U (t) 2@

(3)

The peak ground displacement (PGD) derived from
GPS waveform in Stations HUAL and PEPU are shown in
Fig. 7, the PGD is about 1135 and 386 mm, respectively. We
also use the waveform data from two strong motion seismometers HWA019 and HWA028 close to GPS stations
HUAL and PEPU to compare with the GPS displacement
waveform. The good agreement from two data set suggests
the high-rate GPS measurements could be used as strong motion data. In addition, we also calculated the arrival time of
the PGD estimated from GPS waveforms. Surprisingly, the
earliest arrival time of 12 s recorded at the both sides of the
Milun fault from 4 GPS stations (PEPU, NDH5, NDH1, and
HUAL) and shows a southward increase (Fig. 8). However,
two GPS stations SCHN and SICH located in Hsinchen near
the epicenter of the 0206 event revealed an arrival time of
the PGD of about 15 s. If we assume the S wave velocity of
6.5 km s-1, the shear wave should arrival at these two stations
in about only 3 s. This implies that the PGD observed in
the epicenter area and along the Milun fault should resulted
from the triggered Milun fault after the mainshock.
4.3 Candidate of Unknown West-Dipping Fault
Yang et al. (2018) used three faults to explain the deformation pattern derived from D-InSAR and GPS after the
0206 event. They suggested a NE-striking and west-dipping
fault subparallel to the east-dipping Lingding fault responsible for the observed deformation pattern. An alternative
fault model proposed by Lee et al. (2019) by using joint
inversion of teleseismic and GPS data suggesting a faultto-fault jumping rupture. They implied that both the slip on
Milun and Lingding faults were triggered by 0206 event.
They suggested that the initial rupture started from a N-S
striking and west-dipping fault and propagated southward
with a high rupture speed, then the rupture then jumped to
the shallower east-dipping Milun fault. The rupture jumped
again to the east-dipping Lingding fault. Wen et al. (2019)
also suggested the mainshock ruptured southward on two
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fault segments, with a weak but fast imitation in the main
west dipping segment and low yet significant slip on shallow east-dipping segment. Moreover, Huang and Huang
(2018) suggested this event initiated from a south-dipping
fault in offshore near Hsinchen ridge, and slip transferred in
to the main west-dipping oblique fault and the east-dipping
Milun fault in order by applied joint inversion of seismic,
GPS, InSAR, and leveling data. They consider the main
west-dipping main fault belongs to a different fault system
that is different from the east-dipping Longitudinal Valley
fault system (LVF). The west-dipping fault and eastingdipping LVF could be very close in the shallow depth, but
close in space at the shallowest part. However, Yen et al.
(2019) used 3D displacement field and numerical modeling to characterize the coseismic behavior of the Milun and
Lingding faults. They suggest that the Milun and Lingding
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faults merge downward into a fault zone, thus they inferred
that the Milun and Lingding faults belong to same fault zone
with similar kinematic behavior during the Hualien event.
This suggestion is quite different with previous models
which suggest the west-dipping fault is the major seismogenic fault or trigger rupture around the Lingding fault during the Hualien event (Huang and Huang 2018; Yang et al.
2018; Lee et al. 2019; Wen et al. 2019).
In addition, the ML 6.4 Ruisui earthquake occurred
in the Central Range of eastern Taiwan in 2013 also gave
a clue for the existence of NE-striking and west-dipping
seismogenic fault in Central Range. The seismogenic fault
responsible for the surface deformation was a NNE-SSWstriking and west-dipping fault with a major slip located at
a depth between 10 and 20 km (Lee et al. 2014). The seismogenic fault was considered as the central segment of the

Fig 6. Upper-panel: time-series of cGPS stations HGC7 and HUAL. Two gray lines represent occurring time of the two main shocks of the 0204 Mw
6.0 and 0206 Mw 6.4 events. Numbers represent the coseismic displacements in three components of the two earthquakes. Lower-panel: coseismic
displacement of 6-hours solutions of continuous GPS stations for the 0204 (left) and 0206 (right) events. Blue and black arrows represent the GPS
horizontal displacements and solid triangles indicate the vertical movements of cGPS stations.

Fig 7. Comparison of GPS displacement waveform in N-S, E-W and vertical (U) components with adjacent strong motion stations and the Peak Ground Displacement (PGD) derived from GPS waveforms used in this study. Locations of GPS station and strong motion
stations are shown in Fig. 8.

Fig. 8. Peak ground displacement estimation based on epoch-by-epoch solution from highrate (1-Hz) GPS data. The size of red circles represents the amplitudes of the PGD for each
station, and the number represents the arrival time of the PGD in second. The contour lines
of PGD values are shown in gray lines.
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Central Range fault, where fault tip could propagate to a
shallow depth intersecting with the NE-striking and eastdipping Longitudinal Valley fault (Fig. 9, profile BB’). The
west-dipping Central Range Fault has been also observed
along the northern segment near the Hualien area as revealed
by a study of repeating earthquakes (Chen et al. 2009). This
west-dipping Central Range Fault is also proposed cutting across the Lingding fault by geological profile (Fig. 9,
modified from Chen 2016). Based on tomography data, focal mechanism and background seismicity, this NE-striking
and west-dipping Central Range fault could extend offshore
up to the epicenter area of the 0206 event (Wen-Shan Chen,
personal communication), this tectonic model could support
the possible candidate of the west-dipping fault which was
triggered during the 0206 Mw 6.4 Hualien event.

(a)
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5. CONCLUSION
In this study, we investigate the coseismic deformation field associated with the 2018 Mw 6.4 Hualien earthquake using GPS data and four tracks of InSAR measurement. The GPS-derived coseismic deformation based on
kinematic and static positioning show significant coseismic
deformation occurred along the Milun fault and extended
southward to the northern part of the Lingding fault. The
InSAR-derived coseismic deformation field shows similar
features with most deformation located on the both sides of
the Milun fault and in the footwall of the Lingding fault. In
summary, the major coseismic deformation zone occurred
along the Milun fault and in the footwall of the Lingding
fault far from the epicenter. Additionally, the arrival time of

(b)

Fig. 9. (a) Simplified tectonic framework of eastern Taiwan and location of the geological map. (b) Simplified geological map of eastern Taiwan
with two geological profiles across the Lingding and Ruisui fault (modified from Chen 2016).
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the peak ground motion based on high-rate GPS waveforms
indicate a long delay compared to a typical wave propagation velocity, suggesting the hypothesis of multi-fault slip
triggering during the 0206 event.
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