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Mapping Surface Deformation Over Tatun Volcano
Group, Northern Taiwan Using Multitemporal InSAR

Hongyu Liang

Abstract—The Tatun Volcano Group (TVG) is located at the
northern coast of Taiwan Island with only 15 km to the Taipei
metropolis. Recent geothermal and geochemical studies suggest
that the TVG is dormant-active rather than extinct, implying the
eruption potential to devastate the nearby area of 7 million inhabi-
tants. Although some geodetic tools (e.g., global positioning system
and precise leveling) have been utilized to analyze the activity
associated with volcanism, it is still challenging for conventional
interferometric synthetic aperture radar (InSAR) technique to
obtain clear ground surface movement at the TVG due to decorre-
lation and complex atmospheric delay. In this study, we present an
improved multi-temporal InNSAR (MTInSAR) approach to explore
the temporal evolution and spatial extent of displacement at the
TVG from 19 L-band ALOS/PALSAR images acquired between
2007 and 2011. Stratified atmospheric delays and orbit error are
corrected with a patch-based joint model as different phase com-
ponents can be separated according to their distinct spatiotempo-
ral characteristics. The spatial deformation patterns indicate an
uplift of 10 mm/year at the SW-NE ridge and subsidence with a
rate of 10 mm/year at the E-W ridge. The temporal deformation
variations at Mt. Chihshin and Huangzuei have high similarity
with correlation coefficients of 0.9 above. This indicates that the
subsidence at Mts. Chihshin and Huangzuei might be caused by
released hydrothermal fluids related to tectono-magmatic activity
within the hydrothermal system beneath the TVG.

Index Terms—Interferometric synthetic aperture radar
(InSAR), orbital error, Tatun Volcano Group (TVG), tropospheric
delay.

1. INTRODUCTION

HE Tatun Volcano Group (TVG) is located at the northern
T tip of Taiwan adjacent to two metropolises (i.e., Taipei city
and New Taipei city). As the result of subduction of the Philip-
pine Sea plate beneath the Eurasian plate [1], [2], the TVG covers
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an area of 400 km? with more than 20 quaternary volcanoes.
Among them, Mts. Chihshin and Huangzuei are known to have
produced magmatic eruptions between about 23 000 and 13 000
years ago [3], [4]. Although from the general identification of
active volcanoes [5], the TVG has been classified as an extinct
volcano group, and some volcano subgroups thereof (e.g., Mt.
Chihshin) have been proven to be potentially active according
to recent geophysical and geochemical observations [6]—[8].
Considering 7 million inhabitants and two nuclear power plants
are distributed in the vicinity of the TVG, any volcanic activity
may have a significant impact on the surrounding area. Under-
standing the dynamic nature of volcanic activity at the TVG is
not only a fundamental scientific issue but also a societal need
to mitigate damages from the possible eruptions.

Investigating the volcanic activity at the TVG involves mul-
tidisciplinary efforts that have been dedicated to detecting the
early sign of unrest and assessing associated geohazards. Based
on the analysis of volcaniclastic deposits and lava flows, the
geological and geomorphological studies suggest that the last
Plinian eruption may have happened at a period from 23000
to 13000 years ago, and a phreatic explosion at the TVG may
have occurred approximately 6000 years ago [4]. Observations
from the TVG seismic network have been used to detect volcanic
earthquakes and tremors which often relate to the magma reser-
voir [8]—[10]. The seismic waves observed between 2003 and
2016 indicate that a deep magma reservoir might exist beneath
the TVG with a total volume of approximately 350—936 km®
upon the level of partial melting [7]. Geochemical monitoring
from the composition of fumarolic gases and hot springs also
shows that the strong fumarolic activities originate from the
magma source beneath the TVG [6], [11], [12].

In addition to the geophysical and geochemical studies, it
is reported that the ground surface movement can reveal the
underlying volcanic activities, such as volcanic eruption and
volcanic unrest [13], [14]. However, in situ or ground-based
observations from, e.g., global positioning system (GPS) and
sprite leveling [15], [16], are inadequate to reveal the detailed
surface deformation, limiting the capability in constraining the
geometry of magma source underneath. Interferometric syn-
thetic aperture radar (InSAR) provides a remote-sensed way to
explore the ground movement with large spatial coverage, high
spatial resolution, and satisfactory accuracy. This technique has
demonstrated its effectiveness in mapping crustal deformation
associated with earthquakes [17], glacier motion [18], landslides
[19], underground withdrawal [20], etc. However, the dense
vegetation at the TVG poses a challenge for conventional InSAR
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Fig. 1. Topographic map of Taipei Basin generated from SRTM data. The
black solid box outlines the study area covered by ALOS/PALSAR images used
(track 444, frame 490). The black triangles represent the GPS sites.

techniques to extract the detailed spatial extent of deformation
[21]. Other error sources of INSAR measurements at the TVG,
like tropospheric delay and topographic inaccuracy, are strong,
obscuring the retrieval of accurate deformation information.

In this study, we adopt an enhanced multitemporal InSAR
(MTInSAR) approach to explore the temporal evolution and
spatial extent of deformation at the TVG from 19 descending
ALOS/PALSAR images. In this approach, stratified atmospheric
delays and orbit errors are corrected by a patch-based joint
method. The derived time-series displacements are quantita-
tively validated by in sifru GPS measurements. The results allow
us to gain better understanding of the volcanic-hydrothermal
dynamics beneath the TVG. It also demonstrates the capability
of InSAR technology to monitor the underlying activities at
volcanic zones even covered by heavy vegetation and with
complicated atmospheric distortions.

II. METHODOLOGY

A. Data Preprocessing

In this study, we use 19 descending ALOS/PALSAR images
acquired from February 2007 to March 2011 to analyze the
time-series displacements at the TVG. The cropped coverage
of PALSAR images is shown in Fig. 1. Taking advantage of
the excellent penetration ability of L-band (wavelength = 23.6
cm), the ALOS/PALSAR data maintains an acceptable level
of signal-to-noise ratio even within interferograms with long
spatial and temporal baselines. However, it is challenging for
Persistent Scatterer InNSAR (PSInSAR) approach without any
baseline limitation to obtain sufficient ground point measure-
ments at the TVG due to small deformation magnitude and lack
of pointwise scatterers [21]. Alternatively, we use short-baseline
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Fig. 2.  Spatial and temporal baselines of selected interferometric pairs which
are represented by color and length of line, respectively.

interferograms to suppress the decorrelation effect with initial
baseline thresholds of 1600 m and 600 days, respectively. Then
1-arc-second SRTM DEM [22] data is applied to remove to-
pographic contribution to the interferogram phase. The inter-
ferograms are multilooked by 3 pixels in range and 7 pixels
in azimuth, resulting in a spatial resolution of approximately
20 m. To further mitigate the decorrelation noise, we estimate
interferogram coherence and perform low-pass filtering by using
the nonlocal filter [23]. The interferometric combinations are
slimmed down based on interferogram coherence, leading to
40 interferograms remaining (Fig. 2). We further exclude the
points with high noise level according to the average coherence
map. The selected coherent points are then unwrapped using
the minimum cost flow [24] algorithm in each interferogram.
The unwrapped phases of the coherent points serve as the basic
observations for the subsequent MTInSAR analysis.

B. Correction for Orbital Error and Tropospheric Delay

The MTInSAR techniques, no matter PSInSAR or small
baseline subset techniques [25]—[28], have been widely applied
in mapping ground surface deformation. However, the accurate
retrieval of deformation is still potentially affected by abnormal
phase ramps due to orbital error and atmospheric delays. For
ALOS/PALSAR data, the inaccurate orbital determination at
times can cause errors up to 30 cm [29]. The stratified tropo-
spheric delays at the TVG that vary in space and time bring
additional data processing challenges. In this study, we aim to
address these phase ramp errors by modifying the correction
methods proposed by Liang et al. [30] and Zhang et al. [31].

Considering that the troposphere exhibits variability in time
and space, local estimation in predefined windows can better
fit the linear relation between stratified tropospheric delays and
elevation compared with the global fitting [30], [32]. In this
study, we divide the interferogram scene into 8 x 8 regular
patches, each of which has a spatial size of 5 x 5 km and
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Fig. 3. Patch segmentation applied in study area. The shown interferogram

corresponds to the pair 20101023-20101208.

20% overlaps to ensure consistency between adjacent patches.
Because the interferogram represents the linear combination of
two SAR images, in each patch, we model the phase ramp due to
orbital error and stratified tropospheric delays in a SAR image
as [33]

¢Z)rb+trop:a’6+a21'x+a21'y+aé'xy+a§’)'h (1)
where ¢! +trop Tepresents the phase ramp due to orbital error
and stratified tropospheric delays in ith SAR image; z and y
are the coordinate indexes in the range and azimuth directions,
respectively; h is the elevation; af, af, ab, and a} are the
unknown polynomial coefficients. The phase ramp in each patch
of a given interferogram can be expressed as

Qsibertrop:(a'é—i_ali'x—i_ali'y+aé'xy+aé'h)

—(adh+al-a+al y+af-oy+al-h) @

where ¢ and j are the primary and secondary SAR images.
Note that the determination of the polynomial coefficients in
patches is prone to the localized phase contributions, includ-
ing ground deformation and topographic error. Alternatively,
compared with deformation signal, orbital error and stratified
tropospheric delays have a weak temporal correlation [17], [31],
which can be used to separate the orbital error and stratified
tropospheric delays from the deformation signal. Therefore, in
each patch, we model the deformation and topographic error as
follows:
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radar wavelength; r is the slant range distance from satellite to
ground surface; 0 is the incident angle; T;; and B ;; are the
temporal and spatial baseline of interferogram, respectively; v
and Ah represent the unknown parameters of deformation rate
and topographic error, respectively. Assuming that there are M
interferograms formed from N SAR images and K coherent
points are selected in a local patch, the relationship between the
unwrapped phase observations and the phase contributions in
M interferograms can be expressed by combining (2) and (3)

Py T
o = [Borb+trop Bdefo+topo] . |: orbrrt op:| +e (4)

P, defo+topo

where & represents an (M x K) x 1 vector of the un-
wrapped phase observations in the local patch, Bopttrop 18
an (M x K) x 4(N — 1) design matrix whose elements can
be determined by the spatial coordinates and interferometric
combinations; Befo+topo 1 an (M x K) x 2K design matrix
whose element is determined by the temporal and spatial base-
lines of interferograms; Poypttrop isa4(N — 1) X 1 vector con-
taining unknown polynomial coefficients for N — 1 SAR images
with the coefficients of the reference SAR image being zeros;
Pefottopo 18 a 2K x 1 vector containing deformation rate and
topographic error for K points; ¢ represents an (M x K) x 1
phase residual vector due to the unmodeled deformation and
turbulence signals. The large linear system can be solved by
implementing sparse matrix factorization with the constraint
of minimizing ||¢||? [34]. After estimation of orbital error and
stratified tropospheric delays, the associated phase contributions
can be removed from each patch. The correction procedure is
iteratively implemented in all patches. To invert the corrected
patches to interferograms, we construct Delaunay network to
connect the coherent points in each patch. Therefore, the cor-
rected interferograms can be derived by integrating the phase
difference from arcs to points. Note that some repetitive arcs
within the overlapped areas may have unequal phase difference
values. This is reasonable since the spatial variability of tropo-
sphere may cause different phase-elevation relations in different
patches [30], [32]. To address this problem, we only remain
the arcs with the smallest phase difference residuals that are
calculated from (4) [30].

The processing flow of MTInSAR analysis with the correction
of orbital error and stratified tropospheric delays is outlined
in Fig. 4. Starting from the unwrapped coherent points, the
interferogram is divided into regular patches with overlaps. In
each patch, the orbital error and stratified tropospheric delays
are parameterized by (1) and (2) while the deformation rate
and topographic errors are modeled by (3). Then the overall
phase contributions are jointly modeled in (4) which are solved
by sparse matrix factorization. The estimated orbital error and
stratified tropospheric delay are removed from the unwrapped
phases in each patch. Subsequently, we construct Delaunay
network in each patch and obtain the corrected interferograms
by integrating the phase differences from arcs to points. In
the next step, the time-series displacements can be derived
based on the corrected interferograms. Since the deformation
rate and topographic error have been obtained in each patch,
they can be further converted to the interferogram scene along
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Fig. 4. Workflow diagram of time-series deformation estimation with correc-
tions of orbital error and tropospheric delay.
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Fig. 5. Examples of phase ramp correction in interferometric pairs (a)—(d)
20100723-20101208 and (e)—(h) 20101023-20101208. (a) and (e) Original inter-
ferograms before phase ramp correction. (b) and (f) Interferograms after global
correction for orbital error. (c) and (g) Interferograms after global correction for
orbital error and tropospheric delay. (d) and (h) Interferograms after patch-based
correction for orbital error and tropospheric delay.

with patch combination. We further subtract the deformation
rate and topographic error components from the interferogram
after phase ramp correction. The resulted phase residual maps
mainly contain nonlinear deformation and turbulent artifacts.
To mitigate the effect of turbulent artifacts, it is necessary to
perform filtering operation on the phase residuals [25]—[28].
In this case, a spatial and temporal filter proposed in PSInSAR
approach is applied on phase residuals [28]. Once the phase
residuals are filtered, the final time-series displacement can be
derived by combining the linear deformation signal with the
nonlinear displacements.

III. RESULTS AND DISCUSSIONS
A. Orbital Error and Stratified Tropospheric Delay Correction

Fig. 5(a) and (e) presents two typical interferograms generated
from pairs 20100723-20101208 and 20101023-20101208. It can
be seen that the phase variation in pair 20100723-20101208
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[Fig. 5(a)] has a high correlation with topography, while the
pair 20101023-20101208 [Fig. 5(e)] is dominated by global
trend and local phase ramp in mountainous area, indicating
that the interferograms suffer from orbital error and stratified
tropospheric delays. To correct the phase ramps, we apply the
proposed correction method on the interferograms. Fig. 5(d) and
(h) shows the interferograms corrected by the proposed method.
As a comparison, we also apply the conventional methods to
correct the phase ramps. Fig. 5(b) and (f) displays the corrected
interferograms through globally estimating orbital error, and
Fig. 5(c) and (g) corresponds to the results of globally corrected
orbital error and tropospheric delays. As expected, apparent
elevation-dependent phase ramps remain in mountainous area
[Fig. 5(b) and (c)] due to the lack of correction of stratified tro-
pospheric delays. In Fig. 5(c) and (g), although the tropospheric
delays have been mitigated by a global linear fitting, the spatial
variation of troposphere degrades the correction performance,
resulting in phase residual ramp in mountainous area. Alterna-
tively, by implementing the proposed joint estimation in the local
patches, the phase ramps due to orbital error and tropospheric
delays are well corrected despite the presence of spatial variabil-
ity of troposphere and confounding signals. The results suggest
that the proposed method can improve the correction of orbital
error and stratified tropospheric delays, which is vital for the
subsequent time-series displacement retrieval.

B. Comparison With GPS Measurements

In order to validate the accuracy of InSAR measurements, we
compare InSAR time-series displacements with GPS displace-
ments obtained from the Institute of Earth Science of Academia
Sinica. Before comparison, we isolate localized deformation
signal from the tectonic movement in the northern Taiwan. We
select a far-field GPS site with stable time-series displacement
as the reference site (i.e., taip). The displacements of other GPS
sites are calibrated with respect to the reference site. The 3-D
displacements of GPS measurements are then projected into the
LOS direction of InSAR data. A total of 20 GPS stations (shown
in Fig. 1) that have overlapping observations with InSAR for
more than three years are selected to evaluate the accuracy of
time-series displacement measurement in InSAR. As can be
seen, InSAR time-series displacements have good agreement
with GPS measurements, both of which exhibit an annual os-
cillation and a gradual trend. The uncertainties of most InSAR
measurements are smaller than 5 mm. The standard deviation
(STD) of misfit between InSAR and GPS ranges from 2.1 to
8.8 mm. Although some transient deformation signals in GPS
measurements are omitted by the InSAR data (e.g., tans), this
is resulted from limited availability of SAR data in 2009. In
general, most of the differences between InSAR and GPS results
are within the InSAR error bars, confirming the reliability of our
InSAR measurements.

C. Spatial Pattern and Temporal Behavior of Movement

Benefiting from the aforementioned time-series processing,
the deformation measurements at the TVG appear in a dense
spatial extent. Fig. 7 shows the deformation rate map at the TVG
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Fig. 7. Average deformation velocity map line-of-sight (LOS) direction over
the TVG. The black solid lines indicate the fault traces by morphological
evidence. The black dashed boxes indicate the areas that are further analyzed in
the temporal behaviors.

Fig. 8.  Average LOS deformation velocity map over Mt. Chihshin. The black
and magenta lines show the outlines of crater and inferred cater, respectively.
The black dashed line marks the location of displacement profile shown in
Fig. 9.
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at Mt. Chihshin. (d) Cumulative displacement of Point B. The location of profile is indicated in Fig. 8.

during the investigation period. An uplift of about 10 mm/year
in LOS direction is detected at the SW-NE volcanic ridge. The
uplift distribution is consistent with the results from Envisat
data by PSInSAR technique [21]. Considering the Chinshan
Fault as a boundary, the uplift at the SW-NE ridge might be
controlled by the post-collision extensional tectonic regime [2],
[21], [35]. By contrast, subsidence of approximately 10 mm/year
is identified at E-W volcanic ridge, which consists of numerous
well-preserved volcanic features [36]. This is reasonable be-
cause the land surface temperature at E-W ridge is higher than
that at the SW-NE ridge due to strong fumarolic activities. This
indicates that the subsidence at E-W ridge might be caused by
enhanced hydrothermal circulation at depth, probably related to
tectono-magmatic activity [37], [38]. In addition to the ground
movement pattern at the TVG, two isolated subsidence areas are
identified in Taipei Basin, where the average velocity reaches
20 mm/year. Since the study focuses on analyzing the defor-
mation condition at the TVG, we further explore the temporal
behaviors of movements that are enclosed by the dashed boxes,
i.e., Mts. Chihshin and Huangzuei volcano subgroups.

As the youngest volcano at the TVG, Mt. Chihshin has the
most well-preserved edifice. It has the highest summit at the
TVG with an elevation of 1120 m. Because the last phreatic
explosion occurred near Mt. Chihshin about 6000 years ago,
Mt. Chihshin is considered to be potentially active in recent

Fig. 10.

Average LOS deformation velocity map over Mts. Huangzuei, Da-
jianhou, and Dajian. The black and magenta lines show the outlines of crater
and inferred cater, respectively. The black dashed lines mark the location of
displacement profiles shown in Fig. 11.
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displacement of Point A. (d) Profile of elevation and mean LOS deformation velocity along Mt. Dajian. (e) Profile of time-series displacement along Mt. Dajian.

(f) Cumulative displacement of Point B.

years [4]. In Fig. 8, the SW-NE volcanic ridge of Mt. Chihshin
is parallel with the volcanic lineament, where volcanic morpho-
logical feature is observed on the east of the crater and caldera.
This implies an extension caused by tectono-magmatic activity
as evidenced by geochemistry analysis [6]. It also tells that the
deformation mechanism is relative to the subsidence pattern.
Fig. 9 presents the displacements of Point A (crater) and Point B
(caldera) on the volcanic ridge, which is approximately 2300 m
with an elevation change of about 520 m. The figure indicates
that the deformation mechanism of both points is relative to the
subsidence pattern at a maximum rate of —9 mm/year in the LOS
direction over Mt. Chihshin. We further visualize the spatial and
temporal patterns of the volcanic ridge, where the cumulative
displacement indicates consistent deformation rate and subsi-
dence pattern between February 27, 2007 and March 10, 2011
[Fig. 9(b)]. From the time-series displacements of Point A and
Point B [Fig. 9(c) and ()], we further notice that both points have
arather persistent trend, despite the fact that the deformation rate
of Point B is relatively larger with a maximum displacement of
—40 mm. This phenomenon is consistent with the repeated lev-
eling results, indicating a possible relation between subsidence
and magma activity beneath the Earth’s surface [9], [10], [15].
Furthermore, as InSAR time-series data provide information on
the slow-motion collapse, a creeping is therefore observed on
the NW flank of Mt. Chihshin, suggesting an ongoing mass
removal process from the magma chamber. This process, also
known as postvolcanic action, such as fumarole, sulfur fume,
and hot spring, can trigger a hydrothermal eruption as surface
water is stored in and flows through fractures. This indicates that
the observed subsidence is likely caused by the decompression

of water due to mass removal process, which can possibly result
in a hydrothermal eruption in the future [38].

Mt. Huangzuei volcano subgroup is located at the east of
Mt. Chihshin. Fig. 10 shows the mean deformation map over
this area. The results indicate that the summit of SE flank has
undergone small subsidence during the investigation period.
Although the motion in Mt. Huangzuei is not significant, it
is still worth noting since it has the best-preserved volcanic
crater at the TVG [39]. In addition, two persistent subsiding
areas are identified at two young volcanoes, i.e., Mts. Dajian
and Dajianhou. The subsidence of both volcanoes concentrates
at the southern flanks of main bodies. We extract the profiles
of the average deformation rate and cumulative displacements
from two volcanoes (Fig. 11). The profiles extend from SW to
NE and from NW to SE, respectively. We further find that, in
Mt. Dajianhou, the subsidence mainly occurs at the SW flank,
while the subsidence in Mt. Dajian is distributed at the SE
flank. Although two subsidence patterns vary in magnitude, they
present similar temporal deformation changes that constantly
move down following an acceleration after July 2010. We further
calculate the correlation coefficient of the cumulative displace-
ments between Mts. Chihshin and Huangzuei. The results show
that the correlation values are 0.99 between Mts. Chihshin
and Dajian and 0.91 between Mts. Chihshin and Dajianhou.
According to the precise leveling surveys [38], a deflation source
was obtained at approximately 0.5 km northeast of Mt. Chihshin.
We consider that the subsidence at Mts. Chihshin and Huangzuei
represents the same response of released hydrothermal fluid at a
constant rate from 2007 to 2010 with a slight acceleration after
July 2010.
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IV. CONCLUSION

Whether the TVG contains active volcanoes has been debated
for decades. Recent analysis from seismological, geophysi-
cal, and geochemical observations suggests that the volcano-
hydrothermal activity is still significant at the TVG. The in-
creasing concern about the eruption potential necessitates an
urgent need for in-depth investigation toward the status of TVG.
In this study, we adopted an improved MTInSAR approach
to investigate the spatial and temporal deformation involved
in volcano-hydrothermal activities in this area. The stratified
atmospheric delays and orbit error were corrected by applying
a patch-based joint model. The comparison with independent
GPS data validated the derived deformation measurement with
an uncertainty of around 5 mm. The spatial deformation patterns
indicate an uplift of 10 mm/year at the SW-NE ridge and subsi-
dence with a rate of 10 mm/year at the E-W ridge. The temporal
deformation variations at Mts. Chihshin and Huangzuei have
demonstrated the occurrence of subsidence at a constant speed
in the period 2007—2010 and a slight acceleration after July
2010. Although the subsidence magnitudes varied at two vol-
cano subgroups, they exhibited similar time-series changes with
the correlation coefficients of 0.9 above. This indicated that the
subsidence at Mts. Chihshin and Huangzuei may have the same
cause of released hydrothermal fluid driven by a crustal magma
reservoir at depth.
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