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Conventional synthetic aperture radar (SAR) interferometry (InSAR) has been successfully used to pre-
cisely measure surface deformation in the line-of-sight (LOS) direction, while multiple-aperture SAR
interferometry (MAI) has provided precise surface deformation in the along-track (AT) direction.
Integration of the InSAR and MAI methods enables precise measurement of the two-dimensional (2D)
deformation from an interferometric pair; recently, the integration of ascending and descending pairs
has allowed the observation of precise three-dimensional (3D) deformation. Precise 3D deformation mea-
surement has been applied to better understand geological events such as earthquakes and volcanic
eruptions. The surface deformation related to the 2016 Kumamoto earthquake was large and complex
near the fault line; hence, precise 3D deformation retrieval had not yet been attempted. The objectives
of this study were to① perform a feasibility test of precise 3D deformation retrieval in large and complex
deformation areas through the integration of offset-based unwrapped and improved multiple-aperture
SAR interferograms and ② observe the 3D deformation field related to the 2016 Kumamoto earthquake,
even near the fault lines. Two ascending pairs and one descending the Advanced Land Observing Satellite-
2 (ALOS-2) Phased Array-type L-band Synthetic Aperture Radar-2 (PALSAR-2) pair were used for the 3D
deformation retrieval. Eleven in situ Global Positioning System (GPS) measurements were used to vali-
date the 3D deformation measurement accuracy. The achieved accuracy was approximately 2.96, 3.75,
and 2.86 cm in the east, north, and up directions, respectively. The results show the feasibility of precise
3D deformation measured through the integration of the improved methods, even in a case of large and
complex deformation.

� 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Conventional synthetic aperture radar (SAR) interferometry
(InSAR) is a powerful tool that can measure precise surface defor-
mation over a large area of greater than 1000 km2. The technique
has been successfully applied to earthquake deformation [1–6],
volcanic deformation [7–11], glacier movement [12–15], land sub-
sidence [16–19], temporary and seasonal wetland water-level vari-
ation [20,21], and so forth. However, because the InSAR method
can only observe one-dimensional (1D) deformation in the satel-
lite’s line-of-sight (LOS) direction, along-track (AT) deformation
measurement is nearly impossible using this method.

However, multiple-aperture SAR interferometry (MAI) was pro-
posed by Bechor and Zebker [22] and further improved by Jung
et al. [23–26]. The MAI method enables precise measurement of
1D surface deformation in the AT direction. This method over-
comes the limitation of the InSAR method. MAI processing includes
the following steps: ① generation of a forward-looking differential
interferogram using the forward-looking Doppler spectrum;
② generation of backward-looking differential interferograms
using the backward-looking Doppler spectrum; and ③ creation
of an MAI interferogram by estimating the phase difference of
the two interferograms. It is well known that MAI performance is
several times better than that of azimuth offset tracking [22–26].
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Two-dimensional (2D) surface deformation can be precisely
measured from one interferometric pair using InSAR and MAI inte-
gration. Moreover, the integration enables the observation of
three-dimensional (3D) deformation using the ascending and
descending interferometric pairs. The feasibility of the SuperSAR
multi-azimuth SAR system has been tested for precise 3D deforma-
tion measurement [27]. 3D retrieval has been widely used to mea-
sure volcanic deformation [8,9,28–32], co-seismic deformation
[4,5,33–38], glacier movement [39,40], and more. The archived
3D measurement performance using an X-band Constellation of
Small Satellites for the Mediterranean Basin Observation-SkyMed
(COSMO-SkyMed) InSAR and MAI integration method in the east,
north, and up directions was approximately 0.86, 1.04, and
0.55 cm, respectively [29]. However, 3D deformation retrieval
remains challenging in large and complex deformation areas due
to MAI coherence loss and InSAR phase unwrapping error.

Recently, Jung et al. [26] introduced forward- and backward-
looking residual interferograms to reduce the phase noise level. As
a result, the method largely enhanced MAI coherence, particularly
for decorrelated areas because of large and complex deformation.
Baek et al. [41] introduced the multi-kernel offset tracking method
[13,15,42] to minimize the phase unwrapping error in high steep
deformation areas. They showed that the Advanced Land Observing
Satellite-2 (ALOS-2) Phased Array-type L-band Synthetic Aperture
Radar-2 (PALSAR-2) offset maps estimated using the multi-kernel
offset tracking method are as precise as those used to minimize the
phase unwrapping error. Because InSAR measurement is not avail-
able in large and complex deformation areas but the offset map is
valid, it is possible to measure the LOS deformation using the
multi-kerneloffset trackingmethod.The integrationof the improved
InSAR andMAImeasurements enables precisemapping of 3D defor-
mationeven in areas that are decorrelated because of large and com-
plex surface deformation. However, this method of integration had
never been applied to generate a 3D deformation map.

In this study, we show that the integration of the offset-based
unwrapped InSAR [41] and improved MAI methods [26] enables
observation of the 3D deformation field deformation even in areas
that are decorrelated because of large and complex surface defor-
mation. The 2016 Kumamoto earthquake 3D deformation field
was observed by integrating the improved InSAR and MAI meth-
ods. The earthquake struck Kumamoto, Japan, on 14 April 2016
and surface deformation occurred along northeast–southwest
(NE–SW)-trending strike-slip faults. The earthquake-related sur-
face deformation was large and complex near the fault line; hence,
precise 3D surface deformation retrieval had not yet been
attempted using InSAR and MAI integration. For this study, two
ascending pairs and one descending ALOS-2 PALSAR-2 interfero-
metric pair were acquired and processed to retrieve the 2016
Kumamoto earthquake 3D deformation field. Eleven Global Posi-
tioning System (GPS) station measurements were used to evaluate
the achieved performance of the 3D deformation measurement via
the improved InSAR and MAI integration.
2. Study area and data

Two earthquakes of moment magnitude Mw 6.2 and Mw 6.0
struck Kumamoto, Japan, on 14 April 2016; more than 140 after-
shocks were observed following the main events. Subsequently,
Table 1
Co-seismic interferometric pairs acquired from ALOS-2 PALSAR-2 data in the ascending an

Orbit Master Slave

Ascending 19 November 2015 16 June 2016
Ascending 11 February 2016 2 June 2016
Descending 7 March 2016 18 April 2016
the main shock of Mw 7.0 occurred after approximately 28 h. It
has been reported that the 2016 Kumamoto earthquake resulted
in large and complex deformation along NE–SW-trending strike-
slip faults [38,43,44]. Subsidence of approximately 2.1 m was
observed near the fault zone and uplift of approximately 0.3 m
was measured. Eastward deformation of approximately 2.0 m
was also observed [40]. Therefore, the surface deformation related
to the 2016 Kumamoto earthquake was large and complex, particu-
larly near the fault zone.

Two ascending pairs and one descending ALOS-2 PALSAR-2 co-
seismic interferometric pair were used for this study. One of the
ascending pairs was obtained on 19 November 2015 and 16 June
2016 (20151119_20160616), and the other was acquired on 11
February 2016 and 2 June 2016 (20160211_20160602). The
descending pair was obtained on 7 March 2016 and 18 April
2016 (20160307_20160418). The perpendicular baselines of the
three pairs were as short as 30, �74, and �121 m and the temporal
baselines were 210, 140, and 42 days. Table 1 summarizes the
interferometric parameters of the co-seismic interferometric pairs
used for this study. Fig. 1 shows a shaded relief map of Kumamoto,
Japan, including the boundaries of the two ascending pairs and the
one descending interferometric pair. As shown in Fig. 1, GPS sta-
tion measurements, marked by solid triangles, were used to evalu-
ate the achieved accuracy of the measured 3D deformation.
3. Method

In largeandcomplexdeformationareas, 3Ddeformationretrieval
is difficult because of the unwrapping error in InSAR processing and
the coherence loss in MAI processing. An offset-based phase
unwrapping has been successfully applied to the ALOS-2 PALSAR-2
interferogram [41]. Thus, it has been reported that InSAR-
measured LOS deformation can be observed even in large and
complex deformation areas through the improved InSAR method
proposed in Ref. [41], which includes offset-based phase unwrap-
ping. Meanwhile, the MAI processing method has been developed
to mitigate the MAI coherence reduction since it was first proposed
by Bechor and Zebker [22]. Recently, the MAI processor was
improved by calculating MAI interferograms via residual forward-
and backward-looking interferograms [26]. The improved MAI
processor, as discussed in Ref. [26], is effective in mitigating the
MAI coherence loss. Therefore, precise MAI-measured AT deforma-
tion can be acquired even in a large and complex deformation area
[26]. These technical improvements enable InSAR and MAI integra-
tion to be applied to the precise measurement of large and complex
3D deformation. Fig. 2 shows a detailed workflow of the improved
InSAR and MAI integration for 3D deformation retrieval. A precise
2D deformation map can be generated using the InSAR and MAI
processors improved by Baek et al. [41] and Jung et al. [26]. Given
both the ascending and descending acquisitions, a 3D deformation
map can be precisely created from the ascending and descending
2D deformation maps, as shown in Fig. 2 [26,41].
3.1. Short description of improved InSAR method

The improved InSARmethod has five main steps:①wrapped dif-
ferential interferogram creation; ② range offset image calculation
and filtering; ③ residual interferogram generation by subtracting
d descending orbits.

Perpendicular baseline (m) Temporal baseline (d)

30 210
�74 140
�121 42



Fig. 1. RGB map (Sentinel-2) of Kumamoto city, Japan, including the boundaries of two ascending and one descending interferometric pairs. The grey lines are ruptures and
the yellow stars denote the epicenters of the 2016 Kumamoto earthquake. The white and black triangles indicate the location of the GPS station. Among them, the white
triangles were used for validating 3D measurements. The labels ‘‘asc1” and ‘‘asc2” indicate the interferometric pairs of 20151119_20160616 and 20160211_20160602,
respectively, and ‘‘dsc” refers to the 20160307_20160418 interferometric pair.

Fig. 2. Detailed workflow for 3D deformation retrieval. SLC: single-look complex.
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the filtered range offset image from the wrapped differential inter-
ferogram; ④ unwrapped residual interferogram generation; and
⑤ unwrapped differential interferogram creation by summing the
unwrapped residual phase and filtered range offset. More details
for the process can be found in Ref. [41]. In this InSAR method, the
generation of a valid residual interferogram is the key. Usually, it
is nearly impossible to generate a valid residual interferogram
because the accuracy in the offset method is much lower than the
accuracy in the InSAR method. However, this limitation can be over-
come by using an ALOS-2 PALSAR-2 interferometric pair and by
applying an improved offset tracking method using multiple kernels
to the pair [41,42]. The offset tracking performance of the ALOS-2
PALSAR-2 interferometric pair is high due to its higher spatial reso-
lution and improved offset tracking measurement [13,41,42]. This
InSARmethodmakes it possible to measure precise LOS deformation
even in large and complex deformation areas.

3.2. Short description of the improved MAI method

The improved MAI method mainly consists of five steps:
① creating three single-look complex (SLC) images via band-pass
filtering using full-aperture and forward- and backward-aperture
bandwidths for master and slave images, respectively; ② generat-
ing three differential interferograms from the three SLC master and
slave images; ③ creating two residual interferograms by subtract-
ing the full-aperture differential phase from the forward- and
backward-aperture differential phases; ④ creating an MAI inter-
ferogram by calculating the phase difference between the two
residual interferograms; and ⑤ correcting the residual phases,
which includes the topographic and flat-Earth phase corrections,
and adaptive filtering of the MAI interferogram. During the first
step, the three SLC images must have the same image position,
which is achieved by applying the same range cell migration cor-
rection. During the second step, the co-registration parameters
are estimated by using the full-aperture interferometric pair and
then applied to the three interferometric pairs. During the third
step, the full-aperture differential interferogram should be hard-
filtered by using an adaptive filter such as the Goldstein filter.
Hard-filtering can be performed by iteratively applying filters with
large window kernel sizes. It is better if the two residual interfer-
ograms are lightly filtered before the phase difference calculation
during the fourth step. More details of the processing can be found
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in Ref. [26]. In MAI processing, it is key for the MAI interferogram
to be generated from two residual interferograms. Importantly, the
hard-filtered full-aperture differential interferogram should be
carefully generated because it is assumed to be a noise-free inter-
ferogram. To generate a better hard-filtered interferogram, the
small kernel size of 8 � 8 or 16 � 16 pixels can be iteratively
applied to the adaptive filter. This MAI method permits the precise
measurement of AT deformation even in large and complex defor-
mation areas.

3.3. 3D deformation retrieval

The 3D deformation can be retrieved by combining the ascend-
ing and descending 2D deformation measurements. The deforma-
tion vector (r) can be defined by using the ascending and
descending InSAR deformations as well as the ascending and
descending MAI deformations, as provided by Refs. [3,8,43], as
follows:

r ¼ U � d ð1Þ
where d is the 3D surface deformation vector and U can be defined
as follows:

U ¼ uInSAR uMAI � � � uInMARn uMAIm½ � ð2Þ

where uInSARn
and uMAIm are the nth and mth unit vectors of the

InSAR and MAI measurements, respectively. The unit InSAR vector
is defined as follows:

uInSAR ¼ sin h cos/ � sin h sin/ � cos h½ �T ð3Þ

where [ ]T means the transpose of the vector, and h and / are the
radar incidence and satellite track angles from the north, respec-
tively, and the unit MAI vector can be defined as follows:

uMAI ¼ sin h cos/ 0½ �T ð4Þ
Finally, the 3D surface deformation can be generated by the

least-squares solution as follows, where R is the covariance matrix
of the InSAR and MAI measurements [8]:

d ¼ UTR�1U
� ��1

� UTR�1r
� �

ð5Þ

The InSAR measurement contains both horizontal and vertical
deformation components but fewer north components. However,
the MAI measurements in the east and up directions have nearly
no relation. In addition, the MAI geometries acquired from the
ascending and descending orbits are in the opposite direction but
similar. Thus, if one of the two MAI measurements is not good,
one of the MAI measurements is not used to retrieve the northward
deformation. Therefore, to optimally separate east, north, and ver-
tical deformations, the total measurements should be greater than
three, including at least two InSAR measurements from both
ascending and descending orbits and one MAI measurement,
respectively, as in Eq. (2).
4. Results

3D deformation retrieval using InSAR and MAI integration was
applied to the 2016 Kumamoto earthquake to test the feasibility
of precisely measuring 3D surface deformation via the improved
InSAR and MAI integration in a large and complex deformation
area. It is well known that the 2016 Kumamoto earthquake was
generated along a right-lateral strike-slip fault. It has been
reported that the earthquake-related deformation was approxi-
mately 2.1 m in the vertical direction and approximately 2.0 m
in the horizontal direction [40,44].
Two ascending pairs and one descending co-seismic interfero-
metric pair were acquired to analyze the 2016 Kumamoto earth-
quake (Table 1). Three wrapped differential interferograms were
created via seven processing steps, as follows:① azimuth common
band filtering; ② offset parameter estimation; ③ slave SLC image
resampling; ④ interferogram generation; ⑤ synthetic interfero-
gram generation using the Shuttle Radar Topography Mission
digital elevation model; ⑥ wrapped differential interferogram
generation and multilooking using (15 � 12)-pixel looks in the azi-
muth and range directions; and ⑦ wrapped differential interfero-
gram filtering with a kernel size of 32. Fig. 3 shows the wrapped
differential interferograms of the ascending pairs 20151119_
20160616 and 20160211_20160602 and the descending pair
20160307_20160418. The InSAR phase gradient is steep because
a large co-seismic deformation exists, as shown in Fig. 3. The steep-
est deformation is seen near the fault zone (Fig. 3).

The interferometric phase in these areas could not be properly
observed because it was not possible to unwrap the phase in the
steep and complex deformation. To overcome this limitation, the
multi-kernel offset tracking method was used to process the three
pairs. A total of 16 offset measurements were obtained using 16
different kernel sizes from 32 � 32 to 256 � 256 pixels. The final
offset measurement at each pixel was estimated using 3D median
filtering with a kernel size of 3 � 3 � 16 pixels. The final range off-
set maps were converted from pixels to radians and then smoothed
using the non-local (NL) means filter with a (11 � 11)-pixel kernel
size to generate the wrapped residual interferogram. Conse-
quently, the wrapped residual interferograms were easily and pre-
cisely unwrapped using the traditional minimum cost flow (MCF)
algorithm [45].

Fig. 4 shows the unwrapped differential interferograms of the
ascending pairs 20151119_20160616 and 20160211_20160602
and the descending pair 20160307_20160418. Notably, one fringe
in Fig. 4 is different from that in Fig. 3. The one fringe in Fig. 4
corresponds to 4p. As seen in Fig. 4, the interferometric phase was
properly unwrapped in the high fringe rate areas near the fault zone.
The properly unwrapped phasewas found even in areas that did not
have any fringe patterns near the fault line. In these areas, the inter-
ferometric phase has no fringe pattern while the range offset has a
valid measurement. This is because the deformation is complex
and large in these areas, while the decorrelation factor is low. Thus,
the measured interferometric phase is valid although it does not
create any fringe patterns because of the low decorrelation. The
results indicate that the large and complex deformation near the
fault zone was well measured using the improved InSAR method.
The measurement results were well matched in comparison with
GPS-derived LOS deformation. The archived accuracies of the final
interferograms were approximately 2.88, 1.96, and 1.90 cm for the
asc1, asc2, and dsc pairs [41,44]. Hence, we consider that additional
ionospheric correction was not essential.

To generate the MAI interferograms, ALOS-2 PALSAR-2 SLC
images were Fourier-transformed in the azimuth direction and
Doppler spectra were split into forward- and backward-looking
bandwidths using the Hamming window. During this step, because
the Doppler spectra were already applied using a windowing func-
tion, we first removed the applied window and then applied the
split-band filtering to the Doppler spectra. Then, to generate the
residual interferograms, we applied the full-aperture differential
interferograms to hard filters, which were designed with kernel
sizes of 256 � 256, 128 � 128, and 64 � 64 pixels. The hard-
filtered differential interferograms were assumed to be noise-free
interferograms; hence, we could create the forward- and
backward-looking residual interferograms through phase subtrac-
tion between the hard-filtered interferogram and the forward- and
backward-looking interferograms. After the forward- and
backward-looking residual interferograms were slightly filtered



Fig. 3. Wrapped InSAR interferograms generated from the interferometric pairs of (a) 20151119_20160616, (b) 20160211_20160602, and (c) 20160307_20160418.
1 rad = 180�/p.

Fig. 4. Unwrapped InSAR interferograms created using the improved InSAR processor from the (a) 20151119_20160616, (b) 20160211_20160602, and
(c) 20160307_20160418 interferometric pairs. White boxes show the coverage of 3D measurements.
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using the Goldstein filter, the MAI interferogram was generated by
the complex conjugate of the two residual interferograms. Because
the MAI interferograms had topographic and flat-Earth phases, the
phases were corrected using a method proposed in Ref. [23]. Some
of the MAI interferograms had ionospheric effects, which should be
mitigated; thus, we applied the directional filtering approach to
the MAI interferograms. More details of the directional filtering
can be found in Refs. [13,15,46,47].

Fig. 5 shows the MAI interferograms generated from the
ascending pairs of 20151119_20160616 and 20160211_20160602
and the descending pair of 20160307_20160418. When the MAI
interferograms in Fig. 5 were compared with the InSAR interfero-
grams in Fig. 4, the MAI interferograms had a much lower spatial
resolution because they were generated using sub-aperture pro-
cessing. It is notable that one fringe in Fig. 5 corresponds to 0.2p.
As seen in Fig. 5, the MAI phase was properly measured in the high
fringe rate areas near the fault zone as well as in the areas that did
not have any fringe patterns near the fault line. This is because the
forward- and backward-looking residual interferograms have valid
Fig. 5. Ionosphere-corrected MAI interferograms created using the improved MA
(c) 20160307_20160418 interferometric pairs. White boxes show the coverage of 3D m
measurements because of the low decorrelation. The results indi-
cate that the large and complex deformation near the fault zone
was well measured using the improved MAI method. The achieved
accuracies of the two ascending AT deformation measurements
were approximately 8.13 and 9.87 cm (Figs. 5(a) and (b)), while
the accuracy of the descending AT deformation was approximately
3.36 cm (Fig. 5(c)). The larger error in the former two measure-
ments was because the ascending MAI interferograms included
severe ionospheric distortion, as seen in Figs. 6(a) and (b). To
mitigate the ionospheric distortion shown in Fig. 6(a), we itera-
tively applied a directional median filter with a rotation angle of
45� and a window kernel of 151 � 63 pixels in the along and cross
ionospheric streak directions. In addition, a directional median fil-
ter with a rotation angle of 50� and a window kernel of 751 � 63
pixels was iteratively applied to the MAI interferogram shown in
Fig. 6(b). More details of the ionospheric mitigation can be found
in Refs. [13,46]. The mitigation of the ionospheric distortions via
directional median filtering can be seen in Figs. 5(a) and (b).
Through this mitigation, we improved the accuracies from
I processor from the (a) 20151119_20160616, (b) 20160211_20160602, and
easurements.
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approximately 52.29 and 47.55 cm to approximately 8.13 and
9.87 cm in the ascending pairs 20151119_20160616 and
20160211_20160602, respectively. Nevertheless, the accuracy of
the ascending AT deformation was much lower than that of the
descending AT deformation. Thus, the ascending AT deformation
was not used to retrieve the 3D deformation field.

Interferometric decorrelation is a principal factor to estimate
the measurement precision of InSAR and MAI interferograms. In
particular, the MAI measurement precision is more sensitive to
the decorrelation than the InSAR. Thus, the decorrelation factor
needs to be considered before using MAI interferograms [26]. Spa-
tial, temporal, thermal, and volume decorrelations are well known
to be the decorrelation components [48]. Coherence can well
describe the phase decorrelation and is usually utilized to estimate
the theoretical error level [25,48]. As the coherence calculates the
spatial stability of the phase signal, it can be underestimated in a
high-gradient deformation area [41]. In other words, the coherence
cannot be used to decide whether a valid deformation in a large
Fig. 6. MAI interferograms before the ionospheric correctio

Fig. 7. (a) Coherence map of a descending forward-looking residual interferogram; (b) th
Black pixels indicate an area of lower coherence than 0.5; q means the coherence value

Fig. 8. 3D surface deformation field of the 2016 Kumamoto earthquake created using th
deformations. Colored diamonds on (a)–(c) indicate the surface deformation from the G
and complex deformation area exists or not. It should be more
carefully analyzed in large and complex deformation areas.

Fig. 7 shows the coherence map estimated from the descending
forward-looking residual interferogram and the descending MAI
interferogram masked by less than 0.5 coherence. The coherence
was calculated using a 5 � 5-pixel moving window. The coherence
values in most areas were near 1.0; coherence values from 0.5 to
0.7 were observed near fault lines. As shown in Fig. 7(b), the low
coherence values were mainly distributed in the very steep defor-
mation areas. In these areas, the calculated coherence values could
not be used to estimate the MAI precision; hence, we could not
decide whether the deformation measurement in these areas was
valid using the coherence or not. Therefore, offset tracking infor-
mation was additionally used to decide upon a valid measurement.

Fig. 8 shows the 2016 Kumamoto earthquake 3D surface defor-
mation field created by integrating the improved InSAR and MAI
methods. We used the LOS deformation maps measured from
the two ascending pairs and one descending pair and the AT
n: (a) 20151119_20160616; (b) 20160211_20160602.

reshold map of coherence by a criterion of 0.5 on the descending MAI interferogram.
.

e integrated InSAR and MAI method: (a) eastward, (b) northward, and (c) upward
PS stations.
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deformation map measured from the descending pair. As shown in
Fig. 8, the 3D deformation field was well retrieved, even given the
large and complex deformation. The positive and negative maxi-
mum deformations were approximately 1.78 and �1.81 m in the
east direction (Fig. 8(a)), approximately 1.57 and �1.04 m in the
north direction (Fig. 8(b)), and approximately 2.49 and �0.56 m
(Fig. 8(c)) in the up direction, respectively.

Fig. 9 shows the horizontal deformation vector field calculated
by combining the eastward and northward deformations. As
shown in Fig. 9, the base map of the vector field originates from
the upward deformation. The vector field shows that the 2016
Kumamoto earthquake was generated along a right-lateral strike-
slip fault. Moreover, approximately 2.49 m of uplift was observed
on the west part of the fault while approximately 0.56 m of subsi-
dence was measured on the east part of the fault. This means that
the 2016 Kumamoto earthquake was characterized by both right-
lateral strike-slip and normal fault motions.

To test the achieved accuracy of the 3D surface deformation
field derived using InSAR and MAI integration, we compared the
SAR-derived deformation with the in situ GPS deformation data
acquired from 11 stations (Fig. 10). The SAR-derived deformation
was extracted from the 11 station positions using the cubic inter-
polation method. The root-mean-square errors (RMSEs) between
the SAR-derived and in situ GPS deformations were approximately
2.96, 3.75, and 2.86 cm in the east, north, and up directions, respec-
Fig. 9. Horizontal deformation vector field calculated by combining the eastward
and northward deformations. The base map of the vector field is the upward
deformation.

Fig. 10. Comparison of SAR-derived deformationwith the in situGPS deformation in the (a
tively. The agreement between the InSAR and MAI integration and
the in situ GPS measurements of the northward deformation field
was worse than those of the eastward and upward deformation
fields because the LOS deformation using InSAR is more precise
than the AT deformation using MAI.

From the results, we can conclude that the precise 3D deforma-
tion field was retrieved in a large and complex deformation area
using the improved InSAR and MAI integration, as long as the
decorrelation factor was low. To assess whether the decorrelation
is low in a complex and large deformation area, the offset tracking
method can be used. If a valid offset measurement can be obtained
from the area, it is possible to obtain a valid 3D deformation mea-
surement because of the high correlation. Otherwise, the measured
3D deformation in the area is not valid. Precisely measured 3D
deformation allows for a better understanding of geological events
such as earthquakes and volcanic eruptions.
5. Conclusions

We tested the feasibility of obtaining precise 3D deformation
measurements in large and complex deformation areas via the
integration of the improved InSAR and MAI methods. To do so,
the 2016 Kumamoto earthquake 3D surface deformation field
was observed using the integration method. The 2016 Kumamoto
earthquake-related deformation was large and complex near the
fault line; hence, precise 3D surface deformation retrieval had
not been yet performed using InSAR and MAI integration. Two
ascending pairs and one descending ALOS-2 PALSAR-2 interfer-
ometric pairs were used in this study for the 3D deformation
retrieval.

Conventional InSAR processing was applied to the SLC interfer-
ometric pairs to create three wrapped differential interferograms,
and the multi-kernel offset tracking method was used to generate
three range offset maps. The range offset tracking method well
measured the complex and large deformation field near the fault
line. This means that the decorrelation was low near the fault line.
Thus, we attempted to unwrap the three differential interfero-
grams using the offset-based unwrapping approach; the unwrap-
ping approach was well applied to the three interferograms. This
indicates that the large and complex deformation near the fault
zone was successfully observed using the unwrapping approach
based on the offset measurement. Three MAI interferograms were
generated using forward- and backward-looking residual interfero-
grams. They well measured the complex and large deformation
field near the fault line because of the low decorrelation. Two
ascending MAI interferograms had severe ionospheric distortion,
which was corrected. However, the RMSEs of the corrected ascend-
ing MAI interferograms were three times lower than that of the
) east (ux), (b) north (uy), and (c) up (uz) directions. RMSE: the rootmean square errors.
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descending MAI interferogram. Thus, the two ascending MAI inter-
ferograms were not used to retrieve the 3D deformation.

The 2016 Kumamoto earthquake 3D surface deformation field
was retrieved from the three unwrapped differential interfero-
grams and the descending MAI interferograms. The 3D deforma-
tion map clearly shows that the 3D deformation field was well
retrieved, even in the large and complex deformation area. It is
clear from the 3D deformation map that the 2016 Kumamoto
earthquake was characterized by both right-lateral strike-slip and
normal fault motions. A performance test of the 3D deformation
field was performed by comparing the SAR-derived result with
the in situ GPS deformation. The RMSEs in the east, north, and up
directions were approximately 2.96, 3.75, and 2.86 cm, respec-
tively. These results prove that a precise 3D deformation field
was retrieved in this large and complex deformation area using
the improved InSAR and MAI integration, as long as the decorrela-
tion was low. Precisely measured 3D deformation allows for a bet-
ter understanding of geological events such as earthquakes and
volcanic eruptions.
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