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1. OBJECTIVES

The objective of our research is to improve our 
understanding of seismic moment and stress accumulation 
rate along the San Andreas Fault system (SAFS) using 
InSAR and GPS deformation measurements.  This will 
involved the following tasks related to ALOS-2: 
• Improve processing methods for ALOS-2 L-band

scansar InSAR, including a more complete
understanding of the spatial characteristics of the
ionosphere at mid-latitudes and its temporal variation
over ¼ phase of the solar cycle.

• Construct a line-of-sight (LOS) velocity and time series
map from a descending look direction to complement the
ascending data already analyzed from ALOS-1.  The two
look directions will enable us to distinguish between
horizontal and vertical motions.

• Develop a time-dependent earthquake cycle model for
the period 2014.5 – 2019.  This will be used to estimate
moment accumulation rate along all major segments of
the SAFS, as well as wide area strain-rate maps accurate
to about 250 nanostrain.

• Identify strain rate features having amplitude > 250
nanostrain that are not associated with the main segments
of the SAFS.

• Collaborate with Japanese scientists to expand the
utilization of ALOS-2 for estimating seismic hazard.

2. SIGNIFICANCE IN RESEARCH FIELD

The San Andreas Fault System is a transform fault 
connecting the seafloor spreading ridges in the Gulf of 
California to the seafloor spreading on the Juan de Fuca 
Ridge off the Coast of Oregon (Figure 1).  The 
metropolitan areas of San Francisco and Los Angeles lie 
along this transform fault and thus are at risk of a 
destructive earthquake.  Major earthquakes have occurred 
in 1906 in San Francisco and 1857 north of Los Angeles 
but a long section of the southern San Andreas fault has 

remained locked for over 300 years, so there is a concern 
that this will be the site of the next major rupture [Fialko, 
2006].  The main objective of our research is to use space 
geodetic tools to measure the present-day seismic moment 
accumulation rate and to convert this measurement to stress 
accumulation rate using a physical model.  When 
combined with historical and paleoseismic information, the 
stress provides critical information for earthquake hazard 
assessment. 

Figure 1   The major sections of the San Andreas Fault 
System labeled with the years of the last major rupture of 
each segment.  The southernmost locked section of the San 
Andreas fault (red) has not experienced a major 
earthquake in at least 300 years.  The next event along this 
section should release more than 7 m of accumulated slip; 
typically large California earthquakes have a maximum 
slip of 6 m.  Pinon Flat Observatory (yellow star) hosts a 
wide array of geodetic and seismic instrumentation, 
including three large radar corner reflectors. 
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3. METHODOLOGY

Deformation along this plate boundary is being monitored 
by 750 continuously-operating GPS (CGPS) receivers. 
While the accuracy of the CGPS data is excellent, the 
typical 10 - 20 km spacing of the CGPS sites is not 
adequate for resolving the small-scale deformation along 
the faults that is needed for estimating seismic moment 
accumulation rate.  Under a previous investigation using 
ALOS-1 data, we developed a straightforward method for 
integrating sparse GPS velocities with spatially dense 
InSAR velocities [Wei et al., 2010; Tong et al., 2013; 
2014]. The first step is to sum up the available 
interferograms, keeping track of the total time span of the 
sum to compute a line-of-sight (LOS) velocity.  This 
stacking enhances the signal-to-noise ratio because, for 
example, the residual tropospheric noise is uncorrelated for 
a time span longer than 1 day [Williams et al., 1998; 
Emardson et al., 2003].  The second step is to develop a 
relatively low-resolution interseismic velocity field using a 
block or plate model constrained by the GPS data. The 
subsequent step is to then project this vector velocity model 
into the LOS velocity of the interferogram and to remove 
this model from the stack.  The third step is to high-pass 
filter the residual stack to further suppress errors at lengths 
greater than a wavelength of 40 km. The final step is to add 
the GPS-based model back to the filtered stack to recover 
the full LOS velocity.  As shown in Figure 2, it is clear that 
the recovered InSAR LOS velocity map provides shorter 
wavelength information not captured by the GPS-based 
model. 

Figure 2 (a) Interseismic deformation of the SAFs derived 
from integrating the GPS observations with ALOS-1 radar 
interferograms (2006-2010) using a 
remove/filter/stack/restore approach.  1222 SAR images 
were processed for this investigation. The positive value 
(red color) shows the ground moving away from the 
satellite at 10 mm/yr (81˚ azimuth, 37° from vertical). The 
areas with low coherence and large standard deviation (> 
6 mm/yr) are masked. (b) Southern part of the SAFs shows 
the broad transition in velocity across the San Andreas and 
San Jacinto faults that are well resolved in previous 
studies, as well as shallow creep across the San Andreas 
near the Salton Sea. Many regions of subsidence due to 
groundwater extraction are apparent (e.g., Indio, CA).  (c) 
Central part of the SAFs shows the sharp velocity gradient 
across the Creeping Section. GPS sites are shown as 
triangles. A full resolution version of this LOS velocity map 
and its relationship to faults and cultural features can be 
downloaded as a KML-file for Google Earth from the 
following site. 
ftp://topex.ucsd.edu/pub/SAF_models/insar/ALOS_ASC_
masked.kmz 

Our geodetic objective is to obtain both horizontal and 
vertical velocities at about 200 m spatial resolution to an 
accuracy of better than 1 mm/yr.  Our ALOS-1 analysis had 
only one LOS direction so we had to rely on the widely-
spaced GPS points to discriminate between horizontal and 
vertical motions.  We are using Sentinel-1 and ALOS-2 
data collected along descending passes (Figure 3) to 
provide a second look direction to uniquely determine the 
vertical component and the E-W horizontal velocity 
component.   

4. ALGORITHMS AND DATA ACCESS

We use standard radar interferometry algorithms to process 
ALOS-2 scansar data to form deformation time series.  Our 
implementation of these algorithms is called GMTSAR. 
The software and documentation are freely available at 
http://topex.ucsd.edu/gmtsar. We developed software to 
process all the modes of ALOS-2 L1.1 data with a focus on 
scansar.   

To download and share the ALOS-2 data within our group 
of co-investigators, we uses the password protected 
computer storage facilities at UNAVCO. ALOS-2 data are 
stored and accessed via the WinSAR Portal system. Data 
are downloaded from JAXA as scenes are delivered and 
they are automatically ingested into the WInSAR system. 
Data are stored on NSF XSEDE cloud infrastructure and 
access is restricted to PIs and authorized users who are 
listed on the corresponding ALOS-2 proposal. All access 
is authenticated to ensure that only approved users are able 
to access data. 
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5. RESULTS

One highlight of this research was the ability to create a 
seamless interferogram of the M7.8 and M7.3 Nepal 
earthquakes (Figure 3) [Lindsey et al., 2015].  Under this 
investigation, we refined this software to work with stacks 
of repeated interferograms.  In addition, we implement a 
new atmospheric/ionospheric correction algorithm 
[Tymofyeyeva and Fialko, 2015] and used it to better 
understand the ionospheric effects on L-band InSAR 
[Liang et al., 2018; Xu et al., 2019].  Since our algorithms, 
software, and funding are independent of JAXA, our group 
provides an independent check of the strengths and 
weaknesses of ALOS-2 PALSAR-2. 

Figure 3  ALOS-2 ScanSAR interferogram of the M7.8 and 
M7.3 Nepal earthquakes processed on May 7, 2015 and 
publish in GRL [Lindsey et al., 2015] highlights the unique 
and advanced attributes of this InSAR system.  (left) The 
single 350 km-wide interferogram completely captures the 
extent of the deformation.  (right) This region of the 
Himalayas has the highest topography on land with snow-
capped peaks, yet it was possible to unwrap and connect 
the phase of all 5 subswaths.  The C-band interferometry 
from Sentinel-1 only captured part of the deformation field 
due to temporal decorrelation even when the temporal 
baseline is short (12-14 days). 

A second major highlight of our research was to use InSAR 
data from ALOS-2 and Sentinel-1 to understand the 
complex rupture patterns of the 2019 Ridgecrest 
Earthquake sequences.  This resulted in 3 major 
publications [Ross et al., 2019; Fielding et al., 2020; Xu et 
al., 2020]. An example of surface fractures mapped with 
InSAR is shown in Figure 4 and a compilation of results is 
available at http://topex.ucsd.edu/SV_7.1/index.html . 

A third highlight of our research was to develop a seismic 
moment accumulation model for the San Andreas Fault 
system that include the effects of lateral variations in the 
thickness of the lithosphere Figure 5.  This model is 
constrained to match both GPS velocity data and ALOS 
line of sight velocity data [Ward et al., 2021]. 

Figure 4. Observations of fractures nearby the Ridgecrest 
earthquake sequence revealed by radar interferometry. (A) 
Phase gradient map from stacked interferograms revealing 
~ 300 surface fractures around the Ridgecrest earthquake 
sequence region (13). (B) These fractures have been 
classified as prograde (red - 109), retrograde (blue - 60), 
and undetermined (black - 122) based on high-pass filtered 
(800 m) and decomposed (13) line-of-sight deformation 
maps (upper and lower rows). The north quadrant of the 
Mw 7.1 rupture (C and D) has both prograde (A-A’) and 
retrograde (B-B’) fractures that occur in areas of positive 
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(orange contours) and negative (green contours) Coulomb 
stress, respectively. Coulomb stress is computed with a 
receiver fault orientation aligned with the Mw 7.1 rupture 
(44 degrees NW). Profile A-A’ has a prominent right-
lateral East-West (E-W) signature but small Up-
Down/South-North (U-D/S-N) signature. Profile B-B’ has 
a prominent left-lateral E-W signature as well as a 
significant combined left-lateral S-N and/or downward U-
D signature. Profile C-C’ is transitional, right-lateral 
(prograde) at the eastern end and mainly U-D at the western 
end with slight right-lateral motion. The south quadrant (E 
and F) near the Mw 6.4 rupture has several right-lateral 
(retrograde) fractures (D-D’ and E-E’) as well as left-
lateral (retrograde) fractures (F-F’). Both sets are in an area 
of negative Coulomb stress based on the respective fault 
orientations. Many of the fractures (D-D’ and F-F’) have 
prominent downward vertical signatures resulting from 
extensional stress. Note that the very straight lines in 
decomposed maps (C, D), marked by bold “PJ-s” and 
arrows, are not real fractures but radar phase jumps (PJ-s) 
across burst boundaries caused by the design of the 
Sentinel-1 radar and mis-registration due to azimuthal 
deformation from the earthquake.   
 
 

 
 
Figure 5. (a) Seismic moment accumulation rates per unit 
length  from the heterogenous elastic plate thickness 
model of the SAFS. (b) Difference in between the elastic 
plate models (heterogenous – homogenous). Seismic 
moment accumulation rate is computed for each fault 
segment and then illustrated here (for enhanced visual 
purposes) using a 25 km Gaussian filter straddling each 
modeled fault. 
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1. INTRODUCTION

We have three studies, in various stages of completion, 
using data from this project: 1) Coseismic/postseismic 
study of the 2019 Ridgecrest, California USA earthquake 
sequence. 2) Postseismic study of the 2016 Kumamoto, 
Japan earthquake sequence. 3) Coseismic study of the 2020 
Mw5.1 Sparta North Carolina, USA earthquake.  

2. RIDGECREST EARTHQUAKE SEQUENCE

Two large earthquakes dominated the Ridgecrest 
sequence: 1) a Mw6.4 on 20190704 and 2) a Mw 7.1 on 
20190706. We used seismic waveform data, GPS data, 
strainmeter data, and InSAR (including ALOS-2) to 
determine the coseismic slip and to determine rupture 
propagation directions and velocities [1]. In Fig. 1 we show 
the InSAR data used in the study, and in Fig. 2 we show 
the coseismic slip determined for each the Mw 6.4 
foreshock and the Mw7.1 mainshock earthquakes. The 
coseismic slip and immediate afterslip will be important for 
an ongoing postseismic study of the earthquake sequence. 

Fig. 1 InSAR data used in Ridgecrest study [1]. ALOS-
2 ScanSAR data is in (g). 

The coseismic slip in the main shock and foreshock 
shown in Fig. 2 excludes afterslip immediately after the 
earthquakes. 

Fig. 2 Coseismic Slip for the Mw 6.4 foreshock and the 
Mw7.1 mainshock. 

3. KUMAMOTO EARTHQUAKE SEQUENCE

The Kumamoto sequence began with two foreshocks on 
20160414, Mw 6.2 and Mw 6.0. The mainshock Mw 7.0 
earthquake occurred on 20160416.  The Kumamoto and 
Ridgecrest sequences are very similar in sequence and size. 
We used our last allotment in March 2021 to acquire the 
last of the scenes on the most populated ALOS-2 stripmap 
path. We are calculating a time series with and without 
ionospheric correction. The results will be used to compare 
to and extend a previous study [2] of the postseismic 
deformation study of the sequence using GPS data from 
GEONET. This is an ongoing study that will extend the 
postseismic time interval of study from ~8.5 months in [2] 
to ~17 months. 

4. SPARTA NORTH CAROLINA EARTHQUAKE

The Mw 5.1 Sparta earthquake occurred on 20200809 in 
the northwest corner of North Carolina, a state on the east 
coast of the United States (Fig. 3). This work is in 
preparation for publication. The only geodetic data 
covering the earthquake are ALOS-2 and Sentinel 1 data. 
The coherence of the ALOS-2 one-year interferogram (Fig. 
3) is much better than the six-day Sentinel interferogram.
Only ascending looks from each satellite have been
acquired. The deformation field is more complex that that
of a simple thrust earthquake expected from the moment
tensor solution (Fig. 3). Models of the deformation field
require the addition of a shallow normal fault that ruptured
to the surface (Fig. 4). The high-slip patch (over 300 mm)
is concentrated between 0.05 and 1.5 km depth. The
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moment magnitude of the normal fault is ~5.1, the same as 
the magnitude of the reverse fault. The normal fault 
earthquake appears to have been an aseismic event 
triggered by the reverse fault. It also appears to have some 
curvature…a curved fault model (Fig. 4) fits the data better 
than a planar fault model. 
 

 
Fig. 3 ALOS-2stripmap interferogram from 20191012 
to 20201010. Positive movement is line-of-sight (LOS) 
movement towards the satellite. The moment tensor is for 
the Mw5.1 reverse fault earthquake and the star is at the 
epicenter. Black filled white circles show foreshocks 
recorded 30 hours to one hour before the main shock. 
White filled black circles show aftershocks. The black on 
white diamonds show damaged roads that were in need of 
repair and the damaged areas correspond to the surface 
rupture of the normal fault. Pixels with LOS values 
beyond the color scale (mostly near the fault rupture) are 
assigned purple values. 

The nearest continuous GPS station is about 100 km in 
distance, so ALOS2 InSAR data are essential to this 
study. 

 

 
Fig. 4 Best-fit model of two faults with distributed slip. 
The reverse fault dips to the east and the normal fault 
(curved to match the surface rupture) dips to the SW. 
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INSAR INVESTIGATION OF THE WORLD’S MOST RAPIDLY SLIPPING 
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1. INTRODUCTION

Understanding how rifting of the earth’s crust is 

accommodated by normal faults is critical to assessing 

earthquake hazard and tectonic processes along extensional 

plate boundaries. Major detachment-type normal faults 

have accrued huge displacements of several 10’s of km. 

Detachment faults are gently inclined (dipping 10-25° from 

horizontal), and are often dome-shaped [1, 2].  The 

existence and origin of detachment faults is enigmatic, as 

rock mechanics experiments suggest that normal faults 

should form at ~60° dips and that they frictionally “lock 

up” and become unable to slip at dips <~30° [1, 3]. This 

proposal aimed to address this paradox by studying the 

Earth’s most rapidly slipping detachment fault, the Mai’iu 

fault in southeastern Papua New Guinea (Figure 1).  

Figure 1.  Tectonic setting of south east PNG and study area modified from [4]. The red lines show the location of normal faults 

and blue lines indicate transform strikes slip faults [5-7]. The green arrows show the horizontal GPS velocities from [8]. 
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The Mai’iu Fault is characterized by a spectacularly 

smooth >20 km-wide scarp and sits within a high-rainfall, 

mountainous setting region making ground based 

observations challenging. Estimates form existing regional 

GPS measurements indicate that it slips at rates of 7.5–9.6 

mm/year [8]. More recently, more densely spaced 

campaign data have been used and suggest ~8 mm/year of 

horizontal extension across the Mai'iu fault which has been 

explained by dislocation models with shallow fault locking 

(above 2 km depth), or by deeper locking (from ~5–16 km 

depth) together with shallower creep [4]. The first aim of 

the proposal was to investigate whether InSAR data 

acquired by ALOS-1/2 could provide additional insights 

into the slip-rate and locking depth of the Mai’iu fault. In 

addition, we wanted to use InSAR data to investigate the 

contemporaneous uplift rates of the nearby the 

D’Entrecasteaux Islands which lie within the Woodlark 

Rift and are <50 km from the Mai’iu fault (Figure 2). The 

D’Entrecasteaux Islands are unique as they are the only 

place on Earth where Ultra-High Pressure rocks once 

buried at 60-100 km depth have breached the surface in the 

last 2-8 million years [9, 10]. Such ascent has required 

vertical rates of motion of >2 cm/yr, similar to the 

horizontal rates of plate motion. At these rates, InSAR is 

an ideal tool to discern if this rapid exhumation occurs 

today, and at what rates. 

 

2. ALOS OBSERVATIONS 

 
For ALOS-1 data we focused on the area where the 

Mai’iu fault comes onshore (Fig. 1). Over the observation 

period of ALOS (2007-2011), there were 15 acquisitions 

available for interferometry along ascending path 359. To 

process the data, we applied the Small baseline algorithm 

using StamPS [11, 12] to estimate the best fitting 

displacement rate through that period. Raw data were 

focused using the NASA/JPL ROI PAC software [13], 

followed by interferometric processing using the DORIS 

software [14]. Topographic corrections were made using a 

3 arc-second (30 m) digital elevation model (DEM) 

generated by the NASA Shuttle Radar Topography 

Mission [15]. In total we processed 39 individual 

interferograms to generate our small baseline network 

(Fig. 2). Many of the interferograms suffer from long 

wavelength orbital and atmospheric errors reducing their 

signal to noise ratio (Fig. 3). To help remove these effects, 

before solving for the displacement rate, we estimated and 

removed a best-fitting plane across each interferogram.  
In addition, due to strong topographic gradients and 

variations in the stratified water vapor content, we also 

estimated and removed a topographically correlated delay 

assuming a linear function with height [16]. 

 
Figure 2. Baseline-time plot for ALOS-1 data used in this 

study along ascending path 359. 

 

Once corrected, interferograms were used to construct a 

time-series and we solved for the best fitting displacement 

rates over the observation period (Fig. 4) 

 
Figure 3. Example interferogram between 06/08/2009 

and 01/10/2009 highlighting a long wavelength signal 

commonly observed. 
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Although the corrections help to reduce some of the noise 

in the interferograms, the large variations in perpendicular 

baseline (Fig. 2) of the ALOS dataset leads to high levels 

of noise within individual interferograms and subsequent 

timeseries (Fig. 5). GPS displacements across the region 

indicate ~10 mm/yr of north eastward motion relative to 

stable Australia. However, due to look direction of the 

satellite, there is less sensitivity to any northward motion 

making it hard to resolve. Vertical rates estimated from 

uplifted corals and geomorphology indicate footwall 

uplift to be 1-4 mm/yr with similar rates of subsidence in 

the hanging wall. With the limited number of acquisitions, 

and high noise levels, resolving this level of displacement 

is challenging (Fig. 4). Generally, the ALOS-1 data shows 

low levels of subsidence within the hanging wall as 

expected; however, there are large areas which show 

apparent uplift.  Unfortunately, due to the heavily 

vegetated areas on the footwall we are only able to 

retrieve a limited number of scatterers which show strong 

residual atmospheric signals, several localized scatterers 

with high displacement rates are also found within marsh 

lands around the coast and within the mountainous 

regions which may be related to landslides (Fig. 4).  

 
Figure 4. Best fitting displacement rate over the Mai’iu 

fault from ALOS-1 data acquired along ascending track 

359. Warm colors indicate motion away from the satellite. 

White dots (P1-4) indicate the location of the points in the 

timeseries shown in Figure 5. 

 
Figure 5. Displacement timeseries derived from ALOS-1 

data for points P1-4 shown in Figure 4.  

 

 

3. ALOS-2 OBSERVATIONS 

 

For the ALOS-2 datasets, we focused on an area of the 

Mai’iu fault to the west of the ALOS-1 dataset where a 

recent campaign GPS survey had been undertaken [4]. 

Additionally, we processed data acquired over the 

D’Entrecasteaux Islands to the North to look for evidence 

of contemporaneous uplift. For both datasets, we followed 

a similar approach to before by applying the Small 

baseline algorithm using StamPS [11, 12] to estimate the 

best fitting displacement rate through that period. The raw 

interferograms were processed using GAMMA [17] with 

topographic corrections made using a 3 arc-second (30 m) 

digital elevation model (DEM) generated by the NASA 

Shuttle Radar Topography Mission [15]. For path 111, 

covering the Mai’iu fault, we processed 17 SAR images 

forming 58 interferograms (Fig. 6). For the 

D’Entrecasteaux Islands, we used ascending path 110 and 

formed 75 interferograms from 22 SAR images (Fig. 7). 

For both datasets, prior to the formation of the timeseries 

we estimated and removed a best-fitting plane across each 

interferogram as well as estimating and removing a 

topographically correlated delay assuming a linear 

function with height [16]. 
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Figure 6. Baseline-time plot for path 111. 

 

 
Figure 7. Baseline-time plot for path 110. 

 

Comparing the final ratemap with recent campaign GPS 

data (Fig. 8, [4]), there are some differences. While the 

overall rates aren’t too dissimilar, residual errors cause 

some significant local deviations. The large topography 

through the middle of the scene, which reaches ~3000 m 

over ~10-20 km distance, leads to topographically 

correlated errors but also causes atmospheric 

perturbations on the hanging wall side of the fault which 

are challenging to remove. Modelling of the GPS data [4] 

suggests that there may be shallow creep along the Mai’iu 

fault or that it has a shallow (~2 km) locking depth. 

However, based in the InSAR analysis, we cannot detect 

any sign of shallow locking or creep with any certainty 

(Figs. 8, 9). 

 
Figure 8. Best fitting displacement rate derived from 

ALOS-2 data over the Mai’iu fault. The black line shows 

the location of the fault through the middle of the scene. 

The colored dots show the LOS displacement rate at 

campaign GPS sites (Biemiller et al., 2020). The yellow 

lines show the location of profiles shown in Figure 9 and 

the white dots (P1-4) show the location of the points in 

the timeseries plot in Figure 10. 

 

Despite the large residual noise terms, we were able to 

extract a timeseries. Interestingly, various points across 

the region show a strong transient in the apparent 

displacement from late 2017 to late 2018 (Fig. 10). 

However, as there were no local earthquakes or other 

obvious causes for the transient it remains an enigma. 

Comparing the perpendicular baseline with the timeseries 

 (Figs 6 and 10), there is a possible correlation between 

the timing of the displacement transient and drift in the 

perpendicular baseline. While not clear if this is the cause, 

the apparent displacement may be an artifact from a DEM 

error which is amplified as the baseline becomes larger. 
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Figure 9. LOS Displacement profiles along the line shown 

in Figure 8. The black dots show all the scatterers from 

within 5 km of the profile lines. The red line shows the 

topography along the profile. 

 
Figure 10. Displacement timeseries for points P1-4 shown 

in Figure 8. The black line shows the best-fitting rate. Note 

the strong gradient in the middle of the timeseries in late 

2017. 

 

In addition to investigating the Mai’iu fault, we also looked 

for evidence of contemporaneous uplift of the 

D’Entrecasteaux Islands which show ~2 cm/yr of uplift 

over the last 2-8 million years [10]. As we the Mai’iu fault 

study area, dense vegetation and strong atmospheric 

gradients make the InSAR analysis challenging. Although 

parts of Goodenough Island suggest apparent uplift of ~5-

10mm/yr, the southeastern side of the island lower 

elevation areas show apparent subsidence and suggest 

residual atmospheric errors (Fig. 11). This is also observed 

in the timeseries of points around the islands that have large 

amounts of scatter (Fig. 12). Due to the tropical climate and 

being surrounded by ocean, one would expect there to be a 

significant amount of water vapor and hence larger noise 

levels in the data. Although we do not detect any significant 

deformation associated with the uplift of the islands, there 

are a number of reasons that we may not be able to resolve 

it. One reason is that the rates of deformation are not 

resolvable within the errors of the dataset, which, because 

of the large atmospheric contribution, are large. Another 

cause could be an issue the reference point in the InSAR 

data. Due to the Islands relatively small size (27 x 28 km), 

if the whole area was being uplifted then it would become 

largely invisible to the relative nature of the InSAR data. 

Alternatively, the large rates of exhumation derived from 

geological data are no longer occurring today. 

 
 

Figure 11. Best fitting displacement rate derived from 

ALOS-2 data over D’Entrecasteaux Islands. The white dots 

(P1-4) show the location of the points in the timeseries plot 

in Figure 12. Warm colors indicate motion away from the 

satellite. 

 

 

4. CONCLUSIONS 

 

Using ALOS-1 and ALOS-2 data we have attempted to 

identify and extract deformation timeseries covering 

Papua New Guinea’s Mai’iu fault and D’Entrecasteaux 

Islands. While the longer wavelength of ALOS-2 makes 

interferometry feasible, the low rates of deformation, 

challenging terrain and strong atmospheric gradients 

make it difficult to resolve any potential deformation 

signals associated with either locking along the fault or 

uplift of the Islands. However, due to the earthquake 

potential across the region and, as demonstrated here, 

ability for L-band interferometry to work it is important 

that these challenging environments continue to be 

regularly imaged for future event responses. 
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Figure 12. Displacement timeseries for points P1-4 shown 

in Figure 11. The black line shows the best-fitting rate. 

Note the strong gradient in the middle of the timeseries in 

late 2017. 
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1. INTRODUCTION

Despite the growing number of Slow Slip Events (SSEs) 

being documented long subduction margins, there are few 

examples which have been captured by Satellite Radar 

Interferometry data [1-3]). The frequent occurrence of 

SSEs in the offshore portion of subduction margins, 

combined with their relatively small signal, make them 

challenging to detect with InSAR. This study aimed to 

utilize data acquired by ALOS and ALOS-2 across the 

Hikurangi subduction zone, New Zealand, to look for 

deformation associated with SSEs along the margin (Fig. 

1). 

Figure 1. Map view of the North Island of New Zealand. 

Black lines show the location of known active faults. 

Major populated areas are indicated by the white squares. 

The heavy black line shows the location of the plate 

boundary with the arrow indicating the relative 

convergence rate between the Pacific (PAC) and 

Australian (AUS) plates. 

In New Zealand, westward subduction of the Pacific 

plate beneath the North Island of New Zealand occurs 

along the Hikurangi trench located less than 100 km 

offshore (Fig. 1). In the North Island, where Australia-

Pacific convergence is oblique, margin normal relative 

plate motion is accommodated by a combination of 

shortening within the overriding plate [4] and slip along the 

shallow subduction thrust (Fig. 1, 2), while the margin 

parallel component is accommodated via a combination of 

strike slip faulting and rotation of the forearc [5]. 

Campaign GPS data has revealed the distribution of 

interseismic locking on the subduction thrust, which varies 

significantly along-strike, from deep (>30 km depth) 

locking in the south to an aseismic creep dominated margin 

in the north (Fig. 2; [5]). Since 2002, more than 20 Slow 

Slip Events (SSEs) have been detected by a network of 

continuous GPS [6-10] with periodicities ranging from 

weeks to years. More frequently occurring, but shorter 

duration, SSEs are located along the northern margin and 

largely occur along the offshore portion of the plate 

boundary. Conversely, SSEs at southern and central 

Hikurangi margin are deeper and typically last for periods 

of years and have previously been captured by InSAR data 

[2]).  

Figure 2. Inferred locking distribution and slip 

distributions of SSEs along the Hikurangi subduction 

interface after Wallace et al., 2012 [8]. Dashed lines 

indicate the depth to the plate interface. Green lines show 

cumulative slip in SSEs between 2002-2012. 
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2. ALOS OBSERVATIONS 

 
Over the observation period of ALOS (2007-2011), there 

were limited SSE targets where we expected to be able to 

resolve any deformation. As a result, we focused on  

ascending pass 322 over East Cape which had three SSE 

events in 2007, 2008 and 2010 ([7], Fig. 3). Between 

December 2006 and 2011, there were 18 ALOS SAR 

scenes acquired and we applied the StamPS time-series 

InSAR technique [11, 12] to estimate the best fitting 

displacement rate through that period. Raw data were 

focused using the NASA/JPL ROI PAC software [13], 

followed by interferometric processing using the DORIS 

software [14]. Topographic corrections were made using a 

3 arc-second (90 m) digital elevation model (DEM) 

generated by the NASA Shuttle Radar Topography 

Mission [15]. Many of the interferograms suffer from 

long wavelength orbital and atmospheric errors reducing 

their signal to noise ratio. To help remove these effects, 

we estimated and removed a best-fitting plane across each 

interferogram. To limit the effects on any tectonic signal, 

we compare the corrected interferograms with the GPS 

velocities and adjust the data as necessary. In addition, 

variations in the stratified water vapor content were 

estimated and removed assuming a linear function with 

height [16]. Once corrected, interferograms we used to 

construct a time-series and we solved for the best fitting 

displacement rates over the observation period. In total we 

use 29 interferograms to estimate the average LOS 

displacement rate over the region. 

 
In general, the large variations in perpendicular baseline 

of the ALOS dataset leads to high levels of noise within 

individual interferograms and subsequent timeseries (Fig. 

4). In some cases, we were able to successfully extract a 

timeseries consistent with co-located GPS sites and one of 

the larger SSEs in 2010 (Fig. 4). However, at other GPS 

sites which show a larger SSE displacement, the ALOS 

timeseries is not able to detect the signal due to the nosier 

interferograms present in the network. Despite the 

analysis of ALOS data being inconclusive to robustly 

detect SSEs, it highlights the potential for using data from 

ALOS-2 with better orbit control and, in some areas, 

better temporal coverage. 

  
3. ALOS-2 OBSERVATIONS 

 

As with ALOS-1 data, the limited temporal extent of 

individual SSEs, combined with the acquisition pattern of 

ALOS-2, adds an additional challenge to capture any SSEs 

along the margin during the observation time period. 

Fortunately, there were two separate periods with SSEs and 

good coverage from ALOS-2. The first was associated with 

a short lived ~10-day event across a large swath of the  

 
Figure 3. Distribution of SSEs derived from GPS data over Hawkes Bay and East Cape between 2007 and 2010. 

Modified from Wallace et al., 2010 [7] 
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margin triggered following the 2016 Kaikoura earthquake 

[17], Fig. 2). Due to the availability of data, we focus on 

the Hawkes Bay region (Fig. 1) using wide swath data 

acquired along descending track 194. Based on terrestrial 

GPS analysis, the SSE started on 16 November and lasted 

for ~10 days [17], Fig. 5) with up to 4 cm of eastward 

motion along the coast (Fig. 5) with ~2 cm of subsidence. 

To look for deformation associated with the SEE, we 

generate a timeseries using a small baseline approach 

(SBAS, [18]) using data from mid-2015 to early 2017. Data 

were processed using GAMMA [19] with topographic 

corrections made using a 1-arc-second (30 m) digital 

elevation model (DEM) generated by the NASA Shuttle 

Radar Topography Mission [15].  

 

 
Figure 4. Left) Best fitting displacement rate based on ALOS-1 observations from 2007 to 2011. Negative LOS values 

indicate motion towards the satellite and positives away. The black dots show the location of GPS sites used to compare 

with the InSAR derived timeseries. Right) InSAR and GPS timeseries for the points shown in the left panel. Blue crosses 

are the LOS converted GPS displacements and the black dots are from ALOS-1. The dashed black lines indicate the 

timing of two SSE events. 

Figure 5. Left) Best fitting LOS displacement rate between 2015 and 2017 over the Hawkes Bay region. Negative values 

indicate motion towards the satellite. White dots show the location of continuous GPS sites. Right) Slip distribution of 

triggered SSEs following the Kaikoura earthquake and observed horizontal displacements from [17]). 
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To validate the InSAR derived timeseries, we take convert 

the east, north and vertical components from collocated 

GPS sites into the satellite line-of-sight and compare with 

the InSAR derived timeseries. (Fig. 6). Overall there is  

 

good agreement between the two datasets, despite the small 

size of the InSAR dataset. Unfortunately, a number of the 

interferograms had large ramps through them, possibly a 

result of uncorrected ionospheric noise, which introduces 

some of the differences. Despite ~4 cm eastward 

displacements associated with the SSE, when imaged in the 

satellites LOS, the vertical and horizontal components 

largely cancel each other out making the SSE undetectable 

(Fig. 6). 

 

For the 2019 SSE event at East Cape, we used strip map 

data from ascending track 99. For this event, there were 19 

acquisitions from late 2014 to 2020. GPS indicate that a 

large SSE started at the beginning of April 2019 and lasted 

close to 1 month with eastward displacements of ~4 cm 

detected long the coast (Figs. 7 and 8), due to slip occurring 

offshore, limited vertical deformation was observed. To 

process the data, we generated a small baseline network of 

interferograms from August 2014 to November 2020 (Fig. 

3) using GAMMA [19]. The final interferograms were then 

fed into StamPS [11, 12]. Using the small baseline 

interferograms generated by StamPS, we first estimated 

and removed a ramp from each interferogram to account 

for any long wavelength atmospheric or orbital errors. 

Because the SSE is expected to cause a deformation signal 

which would be removed by the correction, for 

interferograms which span the event we first remove the 

expected deformation field of the SSE using GPS data. 

Once the corrections have been made the SSE deformation 

is added back to the relevant  

 

interferograms and we solved for the displacement 

timeseries.  

 

To validate the InSAR timeseries, we again compare it with 

co-located GPS which have been converted into the 

satellites LOS (Fig. 7 and 8). Despite the limited number 

of acquisitions and average time interval of 120 days, the 

InSAR derived timeseries is in good agreement to the GPS 

(Fig. 7 and 8). To extract the deformation signal from the 

SSE, we used the timeseries and solved for the best fitting  

displacement rate and static offset associated with the SSE 

(Fig. 8). The displacement field is in good agreement with 

the GPS derived offsets and shows peak LOS 

displacements of ~30 mm along the coast decaying towards 

0 inland (Fig. 8). 

 

 

3. CONCLUSIONS 

 

Using ALOS-1 and ALOS-2 data we have attempted to 

identify and extract deformation timeseries covering SSEs 

over the Hikurangi subduction margin, New Zealand. The 

limited number of acquisitions and large perpendicular 

baselines makes their detection difficult when using 

archived ALOS-1 data. However, using ascending 

stripmap data from ALOS-2 we were able to identify a  

Figure 6. LOS timeseries extracted from ALOS-2 data for co-located pixels and continuous GPS. The blue crosses show the 

three components of the GPS converted into the satellites LOS and the black dots are the timeseries derived from InSAR. 
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signal from a large SSE in April 2019. The large temporal 

baselines and short time span of the SSE limits our ability 

to assess its temporal evolution, but the improved spatial 

distribution of observations is aiding modelling efforts 

(Woods et al 2021). The success of SSE detection  

 with ALOS-2 data, and other SAR systems, is dependent 

on look angle. For Hikurangi, ascending data typically 

works best and should be prioritized for this type of study.  

 

 
Figure 8. Estimated co-SSE displacement field extracted 

from the InSAR timeseries. The colored circles show the 

equivalent displacement from continuous GPS. 
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1. ABSTRACT

In this study, we applied the modified PS INSAR for 
detecting the land slide area under the forest cover region, 
and decomposed the UD and EW components of the 
movement from the time series data A and D InSAR pairs. 
The target area showed L-band SAR (PALSAR-2/ALOS-2) 
could detect the slow movement of the land surface which is 
covered by the deciduous trees.  

Index Terms— ALOS-2, PALSAR-2, Interferometry, 
Subsidence detection 

2. INTRODUCTION

Surface deformation can happen at any areas due to the 
annual land degradation or the earthquake motions. In order 
to detect such area, we found the small area of 4.8 ha which 
gradually slide along the hilly mountain slope. 
Decomposing this movement using the ascending and 
descending orbit data, we found that the ascending image 
detected the deformation in the line of sight and descending 
did not. The 2.5-dimensional analysis found the surface 
movement along the land surface1). The target area locates at 
the forest areas with InSAR low coherence area. Thus, we 
developed the modified PS InSAR extracting the high-
quality phase based on the high coherence and the high 
radar backscatter. Basically, the PS points were selected 
from the man-made targets. Under forested area cannot 
settle such PS points. Thus, this study modified the selection 
strategy in such a way that the high coherence a relatively 
high radar backscatter. This study used the selected target 
and the 2.5-dimension analysis. 

3. METHODS

Interferometric SAR processing of the two individual SAR 
data measures the phase difference or principal value of the 
differential satellite-target distance divided by the phase as f. 
Rs is the satellite-target distance in the slave image, Rm is 
that of master, l is the wavelength. 

(1) 
Using φ and the parallel baseline, Bpara, perpendicular 
baseline Bperp, height z, slant range incidence angelθ , 
displacement Dr in the line of sight can be given by 

        (2) 
Here, the deformation is the lien of sight direction, and 
combination with the different direction allows the 
decomposition in 2-dimensional or 3 dimensional one. Here, 
we decompose the deformation in 2.5 dimensional. Thus, 
the decomposed component can be given by  

 (3)   

 (4) 
Here, DX is the E-W movement, DZ the vertical component. 
Suffix D stands for the descending orbit, and A the 
ascending orbit. d is the deformation is the line-of-sight, the 
incidence angle, f the azimuth direction.  

2.2 Extracting the PS points or higher coherence points 
We will use the coherence and the sigma-zero at the 
following classification. Coherence is defined in (5).  

(5) 
Here, g is the coherence, Sm is the master complex signal, 
and Ss is the slave complex signal. Theoretically expressed 
by Standard deviation of the interferometric phase can be 
Equation (6) and (7).  

(6) 

    (7) 
Here, N is the number of looks. The higher the coherence, 
the standard deviation of the phase reduces. Backscattering 
coefficients of the target can be obtained by the following 
equation (8) 
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             (8) 
Here, DN is the digital number of 16 dat. Using the signals 
whose sigma-zero and coherence exceed the thresholds, the 
phase information with the reliable data can be extracted 
and used for the interferometric analysis. 

 
4. TARGET AREA 

 
As the test field is shown in Fig. 1, the left is the Google 
Image for “Ishizaka no mori”, the center and the right are 
the phase data overlaid for Google Earth. It mentions that 
the ascending image detects the deformation while 
descending image does not. The test files inclined both ways 
at the center area, and deformation area is inclined in east 
way. The red area is settled as the test target area with the 
size of 200mx200m. From here, we will calculate the 
deformation data in this field. 

 

 
Fig.1. Target areas 

 
5. ANALISYS 

 
4.1 Accuracy evaluation 
Before moving into the next step, we have calculated the 
theoretical standard deviation of the InSAR phase and the 
sigma-zero using Equations (7) and (8). The results are 
shown in Table 1 and 2. Observation dates are SAR data 
acquisition time.σ r’ is the phase standard deviation. Its 
average is about 1.0 cm and closer to the theoretical value. 
The sigma-zero is as high as -7 dB. Their data can be 
confirmed with higher accuracy. 

Table.1. Theoretical and actual phase standard deviations. 

 
 

Table.2. Sigma-zeros 

 

 
 Fig.2. Model distribution of the phase 

 
4.2 Threshold 
Averaging the coherence and sigma-zero, and are used for the 
threshold (Fig. 3).  
 

 
Fig.3. Setting the threshold 

Next, using the threshold, we extract the good pixels. Fig. 
4&5 show the screened phase map where the pixel with 
lower threshold is replaced by 0 and the pixels with higher 
threshold remained as is. From the left to the right, phase 

𝜎" = 10 × log*+ 𝐷𝑁. − 83

-5.9cm 0 +5.9cm

䴇体 ㏎㉂㈬䴇体㈨㊓偏㈳㈨㊕

昇交軌道 σr (cm ) σr' (cm ) 降交軌道 σr (cm ) σr' (cm )

20141109-20150621 0.7 0.2 20141009-20150507 0.8 0.3

20150621-20150830 0.8 1.6 20150507-20150827 1.0 1.0

20150830-20151122 0.9 0.9 20150827-20151022 0.8 0.2

20151122-20161120 0.9 0.7 20151022-20161215 1.1 1.2

20161120-20170604 0.8 0.8 20161215-20170713 1.0 1.1

20170604-20180325 0.7 0.2 20170713-20180405 1.0 1.4

20180325-20190224 1.0 3.0 20180405-20181213 1.1 1.8

20190224-20190602 1.0 2.6 20181213-20190404 0.8 0.3

平均 0.8 1.2 平均 1.0 0.9

昇交軌道 後方散乱計数(dB) 降交軌道 後方散乱計数(dB)

20141109 -7.94 20141009 -7.78

20150621 -7.89 20150507 -7.69

20150830 -7.28 20150827 -7.17

20151122 -8.04 20151022 -6.82

20161120 -7.28 20161215 -6.19

20170604 -7.52 20170713 -7.32

20180325 -6.75 20180405 -7.44

20190224 -7.94 20181213 -7.00

20190602 -7.95 20190404 -6.87

昇降軌道 降交軌道 
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image, screened phase image from the coherence, screened 
phase from the sigma-zero, and the screened phase from 
both coherence and the sigma-zero. It turned out that the 
threshold in coherence and sigma-zero detect the different 
pixels. Thus, the fourth image shows the best phase image.  

 
Fig.4. Screened phase (ascending orbit) 

 
Fig.5. Screened phase (Descending orbit) 

Fig. 6&7 shows the accumulated deformations in time. 
Tendency of the deformation in ascending orbit does not 
change, but the change value varied. The minimum variation 
occurs in original data, maximum variation is given by the 
screened phase by both coherence and phase. This can be 
explained by that th less noise increases the deformation. 
Descending orbit does not provide the deformation at any of 
the screening processes.  

 
Fig.6. Accumulated deformation in time (Ascending) 

 
Fig.7. Accumulated deformation in time (descending) 

4.3 Interpolation image 
In order to decompose the deformation using the two-
ascending and descending screened images, interpolation of 
the phase is performed. We adopted the weighting average 
method that accumulates all the pixels locating within the 
radius R with the weighing factor inversely proportional to 
distance. The concept of the processing is shown in Fig 8 
and the produced image is shown in Fig. 9. From the left, 
phase image, phase image thresholder by the coherence, 
their interpolated image.  

 
Fig.8. Weighing average method 

 
Fig.9. Interpolated image 

 
4.4 Phase decomposition 
Using the interpolated a weighted image, decomposition 
processing was performed. Nearest ascending orbit and 
descending orbit was selected and combined for the 
decomposition. Fig. 10 shows that from the left to the right, 
interpolated image in ascending orbit, the image in 
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descending orbit, annual averaged east-west moving speed 
image, annual averaged up-down moving speed.  

 
Fig.10. Decomposed image  

Fig. 11 shows the time series E-W decomposed speed. Fig. 
12 shows the corresponding variation in E-W directions. 
Fig.13 shows the time series vertical components and Fig 14 
shows the corresponding variation. In East west component, 
East in +, west in -, + in uplift, and – for subsidence. It turns 
out that the variation in east-west moves 5cm in the first 1.5 
year, and west ward by 3cm in a year, then moves to the east 
again. East movement occurs along the surface inclination 
direction and moves along the line. Variation in z-direction 
shows the subsidence in the first two years, then uplifted a 
year, then, and subsided. In total, the movement is 1.9 
cm/year (5.4 cm/s as the standard deviation) as the annual 
averaged speed in east-west, and -1.7 cm/year as the 
averaged subsidence speed (and 4.8cm/year as the standard 
deviation).  

 
Fig.11. annual averaged speed (east-west) 

 
Fig.12. Accumulated variation (East-west) 

 
Fig.13. Annual averaged moving speed (east-west) 

 
Fig.14. Accumulated variation (up-down) 

6. DISCUSSIONS 
We compare the annual precipitation data of the Hatoyama 
measured in 2014-2018 and the vertical data in Fig. 15. 
Annual precipitation says that the it decreases for 2014-2015 
and do change in 2015-2017 and decreases in 2018. 
Deformation data mentions that the surface dislocate for 
2015-2017, and approaches in 2018, a and dislocate again 
later. Precipitation shows a similarity with some delays. 
Thus, the water leveling underground could be the reason.  

 
Fig.15. Comparison of the annual precipitation and the surface 

deformation 
 

7. CONCLUSIONS 
We applied a method to screen the phase using the 
coherence and sigma-zero to collect the well qualified pixels 
and not using the nosy pixels. Thus, the highly accurate 
calculation of the deformation detection was performed, and 
thus the deformation value was increased. Using the 
improved phase, we decomposed the surface deformation 
using the 2.5-dimensional analysis. As a result, the surface 
moves in east direction as 1.9cm/year and subsidence speed 
of -1.7cm/year speed.  Since there is a correlation between 
the annual precipitation and the subsidence tendency, 
movement of the under-water level could be one reason. As 
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the future theme, tuning of the threshold could be the theme. 
We will consider the correlation between the subsidence 
tendency and the underground structure. In addition, the 
GPS receiver was deployed and these data will be combined.  
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ABSTRACT

Polarimetric interferometric synthetic aperture radar (PolIn-
SAR) provides us with so useful information that we have
to know the details of the mechanisms of scattering resulting
in its polarization and phase. When we process Polarimetric
synthetic aperture radar (PolSAR) data by machine learning
to analyze vegetation, it is necessary to know how polariza-
tion changes by scattering. In order to clarify the physical
mechanisms of scattering in PolInSAR, we examine how po-
larization changes by PPO-BD (Pixel-by-Pixel Optimization
considering Baseline Difference), which is an adaptive filter
of InSAR images. By using scattering sphere we propose,
we find that the features of the scattering mechanisms are en-
hanced after polarization is optimized by PPO-BD. It means
that PPO-BD performs the phase optimization by taking into
account the differences in the scattering mechanisms among
pixels. We find that, when PPO-BD optimizes the phase to
reduce singular points by utilizing polarimetric data, it also
emphasizes the polarimetric mechanism information pixel by
pixel.

Index Terms— SAR interferometry, SAR polarimetry

1. INTRODUCTION

In recent years, machine learning is widely used in remote
sensing. A lot of research have already been conducted such
as noise reduction of interferometric synthetic aperture radar
(InSAR) image based on complex-valued MRF model [3–6],
PolSAR land classification by using quaternion neural net-
works [7,8] and singular point compensation by using phasor
quaternion neural networks [9]. Another example is PPO-
BD (Pixel-by-Pixel Optimization considering Baseline Dif-
ference), which is an adaptive filter of InSAR images [10,11].

This work was presented at IEEE International Geoscience and Remote
Sensing Symposium (IGARSS) 2019 Yokohama [1], and its details were pub-
lished in IEEE Journal of Selected Topics in Applied Earth Observations and
Remote Sensing (JSTARS) [2]. The present version is prepared as a JAXA
RA-6 Final Report. A part of this work was supported by JSPS KAKENHI
Grant Number 18H04105.

The interferograms generated with PPO-BD have much
fewer singular points (SPs) than those with conventional
methods, resulting in much more accurate digital elevation
models (DEMs). The PPO-BD optimizes the phase values
by linearly combining the polarization components with a
criterion of coherence to reduce SPs. The result suggests that
scattering, especially the polarization changes, is involved in
the generation mechanisms of SPs [12].

In this paper, we investigate how PPO-BD changes polari-
metric states in order to clarify the physical mechanisms of
scattering in PolInSAR. First, we propose “scattering sphere”
to represent the features of scatterers visually. Then, we com-
pare between the polarimetric information before and after
PPO-BD treatment.

2. PPO-BD (PIXEL-BY-PIXEL OPTIMIZATION
CONSIDERING BASELINE DIFFERENCE)

The combination of polarimetric information, that is, PolIn-
SAR, has been studied to reduce artificial SPs. PolInSAR
measures the scattering coefficients to construct a scattering
matrix as

S =

[
SHH SHV

SVH SVV

]
(1)

where Sij (i, j = H or V) is the coefficient for j transmitted
and i received polarizations in the HV-polarimetric basis. In
the case of a monostatic radar, we can assume that SHV is
equal to SVH. The scattering matrix is equivalently replaced
by the Pauli vector

k =
1√
2

 SHH + SVV

SHH − SVV

2SHV

 (2)

New complex scattering coefficients can be generated by cal-
culating the product of a 3×1 arbitrary complex unit vector w
and Pauli vector k for master (m) and slave (s) observations
as

µm = w∗
mkm, µs = w∗

sks (3)
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Fig. 1: Scattering sphere (1/8 sphere) and the scatterers at the representative
points.

The matrix w is called the scattering mechanism vector. We
can calculate the interferometric phase of the interferogram
by using these new coefficients as

Φ = arg{µmµ
∗
s} (4)

The interferometric coherence is given by

γ =
|⟨µmµ

∗
s ⟩|√

⟨µmµ∗
m⟩⟨µsµ∗

s ⟩
(5)

Fig. 2: Google earth image with sample areas used in the experiment (Yel-
low: field, Red: town, Green: forest, Blue: lake).

In general, interferograms with high coherence generate
highly accurate DEMs. The linear combination of polariza-
tion states that yield the highest coherence can be calculated
by optimizing wm and ws.

Conventional methods have used multi-look interfero-
grams to generate DEMs. Since the resolution of SAR is
being improved significantly, it is desirable that we can make
DEMs by using single-look interferograms. In Cloude’s
method [13] and Tabb’s method [14], the scattering mechasim
vectors w take the same value in the window for coherence
calculation though the value should actually varies pixel by
pixel. To solve this inconsistency, Shimada et al. proposed a
method to optimize w pixel-by-pixel, that is, PPO-BD (Pixel-
by-Pixel Optimization considering baseline difference). The
processing flow of PPO-BD is explained as follows.

1. Calculate the scattering mechanism vectors wm(x, y)
and ws(x, y) at position (x, y) by Tabb’s method for the
whole target area to be used below as the initial vector
(wm(x, y) = ws(x, y) = w(x, y)).

2. Update only the scattering mechanism vectors of
(X,Y ), the center pixel in a 3× 3 window, wm(X,Y )
and ws(X,Y ) respectively by maximizing the interfer-
ometric coherence γPPO-BD(X,Y ) defined as

γPPO-BD(X,Y )

=

∣∣∣∣∣ Y+1∑
y=Y−1

X+1∑
x=X−1

(
µ∗
m(x, y)µs(x, y)

)∣∣∣∣∣√
Y+1∑

y=Y−1

X+1∑
x=X−1

(
µ∗
m(x, y)µm(x, y)

)(
µ∗
s (x, y)µs(x, y)

) (6)

Sweep the window to update w for all the pixels.

The interferograms generated with PPO-BD have much
fewer SPs than the results with conventional methods, result-
ing in much more accurate DEMs [11]. In some cases, inter-
ferograms generated with PPO-BD have no SPs. That is, the
optimization of the linear combination of polarization compo-
nents with a criterion of coherence reduces SPs. These results
suggest that scattering, including the polarization changes, is
involved in the generation mechanisms of SPs. In the next
section, we propose scattering sphere that represents the fea-
tures of scatterers visually to investigate how polarization is
changed by scattering.

3. SCATTERING SPHERE

Comparing to the Poincare sphere, which is used to represent
wave polarization, we propose a sphere which represents the
features of scatterers visually. We name it scattering sphere.

Fig. 1 shows the scattering sphere, where the coordinates
represent the absolute values of k1 = SHH + SVV, k2 =
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(a–1) (a–2)

(b–1) (b–2)

(c–1) (c–2)

(d–1) (d–2)

Fig. 3: Scattering spheres (⋆-1) before and (⋆-2) after PPO-BD treatment for the areas of (a-⋆) field, (b-⋆) town, (c-⋆) forest and (d-⋆) lake.
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SHH − SVV and k3 = SHV, respectively. The angle between
|k1| axis and the radius vector projected on |k1|-|k2| plane
represents angle αcm in coherency matrix [13] while the angle
between x-y plane and the radius vector represents angle βcm.
Fig. 1 also shows the scatterers at representative points.

4. EXPERIMENTS AND RESULTS

We use ALOS-2 data collected on October 12, 2014, over
Lake Kawaguchiko, Yamanashi prefecture, Japan. We plot
the scattering states on the scattering sphere for 100×100=10,000
pixels from the areas of field, town, forest and lake. Fig. 2
shows the optical image of the data area.

The scattering vector after PPO-BD is given by calculat-
ing Hadamard product of the scattering vector and the com-
plex conjugate of the optimized scattering mechanism vector
wopt as

kopt = wopt ⊙ k (7)

Fig. 3 shows the scattering spheres before and after the
PPO-BD treatment for the areas. In the spheres for field, we
find that there are more points around (1, 0, 0) after PPO-BD
than before PPO-BD. Since surface scattering is dominant in
field, it means that PPO-BD enhances the actual scattering
mechanisms. We also find in all the areas that the spheres after
PPO-BD show a wider distribution than those before PPO-
BD. This result shows that PPO-BD emphasizes the features
of the scattering mechanisms.

5. CONCLUSION

In this paper, we investigated how polarimetric information is
changed by PPO-BD in order to clarify the physical mecha-
nisms of scattering. By using scattering sphere we proposed,
we found that the features of the scattering mechanisms are
emphasized after phase is optimized by PPO-BD. The en-
hancement of the polarimetric scattering mechanisms occurs
simultaneously with the phase optimization in PPO-BD. This
finding is useful when we process polarimetric information
by using adaptive processing including machine learning.
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1. INTRODUCTION

Land subsidence due to coal mining or other
anthropogenic activities such as hydrologic fracturing or
fluid extraction can cause a number of serous societal and
environmental problems (e.g., building collapse, road
damage, and groundwater contamination). In recent
decades, subsidence damage to structures has become
increasingly common in Illinois as new developments
expanded over abandoned, long-forgotten mines.
Developing low-cost, effective tools to monitor potential
risk from long-term residual land subsidence and
predicting impending collapse before it actually causes
economic loss is of great importance not only to
individual property owners, but also to insurance
companies and regional policymakers charged with
assessing risk related to abandoned coal mines. The
proposed project will develop new tools for monitoring
land subsidence covering all of Illinois, which is critical
to prioritize surveying efforts over areas with the potential
of collapse, preventing casualties and economic loss.
Integrating satellite InSAR and finite element modeling,
we will develop an operational tool that could be used to
determine the causes of land subsidence (mining or
natural) in both vegetated and urbanized environments.
Field surveys, ground-based InSAR, finite element
modeling and terrestrial laser scanner will be used to
calibrate and validate the subsidence rates inferred from
the interferometric analysis, and generate close-up high
spatial resolution maps for selected deformation sites.
This project will provide a scientific basis to develop
sound strategic plans to prevent unexpected economic
loss from new developments, regulating or refining
policies regarding mining activities, and develop
management plans to reduce future hazards.

The objectives of my research was to utilize
ALOS PALSAR-1 and PALSAR-2 data to monito land
subsidence in Midwestern United States. We have carried
out a number of experiments focusing on surface
deformation due to coal mining and injecting wastewater
in areas where natural gas or oil are extracted.

2. RESULTS OF OUR RESEARCH

This grant allowed us to complete two PhD dissertations
and two peer-reviewed publications. More papers can be

published from the PhD dissertation work however
students moved on after graduation and we did not pursue
a peer-reviewed journal publication of the work. Below
are the summaries of these PhD dissertation research.

2.1 USING REMOTE SENSING AND SPATIAL
STATISTICS TO CHARACTERIZE INCREASED
SEISMICITY IN OKLAHOMA

We performed an Interferometric Synthetic
Aperture Radar (InSAR) Small BAseline Subset (SBAS)
analysis over east central Oklahoma to identify ground
surface deformation with respect to the location of
wastewater injection wells to answer if anthropogenic
activities are contributing to the observed increased
seismicity. Our conclusions are as follows:

(1) Spatially, regional deformation and injection
wells showed correlations to some degree. There is broad
subsidence coincident with densely located injection
wells.

(2) From December 2006 to January 2011, over
44 mm of uplift was observed over Cushing, Oklahoma,
which has significant implications for the oil and gas
industry. This is due to the fact that Cushing is a major
hub of the Keystone Pipeline, as well as the site of the
largest above-ground crude oil facility in the world. Time
series analysis for the city of Cushing, Oklahoma
demonstrates a growing stress accumulation indicating the
potential for induced seismicity.

(3) The area southeast of Drumright, Oklahoma
presents some intriguing questions as to the magnitude of
deformation observed, yet the lack of seismicity in the
area. This region shows a clear area of uplift bounded by
faults on the western and eastern sides of deformation,
with a longer central fault. A horizontal profile highlights
the variation from a subsiding area to the west of the fault
(−8 mm) through an area with a high amount of
deformation (+27 mm).

2.2 MONITORING LAND SUBSIDENCE IN
MIDWESTERN U.S. USING MULTI-TEMPORAL
INSAR

This work implemented MTI (PSI and SBAS)
algorithms for regional ground subsidence monitoring.
We used SAR data over Springfield and SLME from 1992
to 2011. Spatial and temporal patterns of deformation
have been produced for Springfield and the SLME
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including Belleville, IL. Two separate satellite radar
systems were used; ERS-1/2 covered a period from
6/14/1992 to 8/30/2000 and ALOS-1 covered from
6/18/2007 to 2/11/2011. Results showed that many of
these areas are likely the result of collapsed mine
workings, and are consistent with reported mine
subsidence. The measurements of both ERS-1/2 and
ALOS-1 are consistent with on-the-ground survey data
taken from 11/29/1989 to 4/23/2008 (Fig. 1). Our study
revealed several locations of subsidence likely caused by
the collapse of abandoned mine workings as well as
development of residential areas over abandoned mines.
Also, the unexpected discovery of ground surface
displacement of the railroad right-of-way in Springfield,
IL and subsidence hotspots over previously
unmapped/unknown areas (Fig. 2) in the SLME region
reveals one advantage of satellite based monitoring and
discovering unknown deformation areas.

Fig. 1 The time series displacement
comparison between ERS-1/2, ALOS
PALSAR, and levelling point.

Fig. 2 (a) Mean line-of-sight (LOS) velocity (in mm/yr)
using the small baseline subset (SBAS) method for
ALOS PALSAR dataset, a period from 1/2/2007 to
1/13/2011. Bright colors indicate movement away from
the satellite and dark colors indicate movement
towards the satellite. Light grey outlines indicate
underground coal mine locations. Purple outlines
indicate sinkhole prone areas. The star indicates the
location of the well where groundwater depths were
taken. (b) A Google Earth image from 2014 showing a
typical sinkhole prone area. (c) Time series plot of
ground deformation for the southern subsiding area
shown in figure d. Red line is ground deformation,
blue line is groundwater depth from the well indicated
in figure a, and light grey shaded area is yearly total
precipitation. (d) Close up of indicated area showing
mean LOS velocity of an area undergoing
development during the period ALOS PALSAR
images were acquired. (e), (f), and (g) are Google
Earth images showing recent urban development of
the area shown in figured.

One of the main products of this project was to
develop a ground subsidence hazard (GSH) model to
address public concerns related to property loss from
mining related land subsidence. Our initial studies showed
that sudden collapses of buildings, roads and other
infrastructure have occurred in the region following new
developments built on abandoned mining areas. There are
a sizeable number of homeowner reports about property
loss from mining-related subsidence. We analyzed GSH
risk maps generated from SAR interferometry, geologic
data, infrastructure data, and distribution of underground
mining areas to produce a final hazard estimation map.
We examined whether the distribution of areas of high
subsidence risk correlate with areas of known subsidence.
We found that many of the locations of known subsidence
were estimated by our model to have a minimal risk of
subsidence. However, our study has revealed several
locations estimated to be at an elevated risk of ground
subsidence many near abandoned underground mine
workings.

The outcome of this project was: 1) detailed
ground subsidence maps over two locations showing the
spatial extent and distribution of ground motion, 2)
estimate ground subsidence hazard using satellite radar
measurements, and a GIS database containing five
variables to identify potential risk to the public. Even with
the large uncertainties associated with the GSH model, the
method provided a robust and useful tool for mapping
large spatial areas of ground subsidence.

It should be noted that Sections 2.1 and 2.2 are
paraphrased copy of the PhD dissertation conclusions
with slight modifications, and readers are encouraged to
cite the PhD dissertations and peer-reviewed publications
for these  sections.

3. PEER REVIEWED PUBLICATIONS

Below are peer-reviewed papers published using the data
from this grant.

Loesch, E. & Sagan, V., “SBAS Analysis of Induced
Ground Surface Deformation from Wastewater Injection
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in East Central Oklahoma, USA,” Remote Sens., 2018,
 10(2), 283; doi:10.3390/rs10020283.

Ghulam, A., Grzovic, M., Maimaitijiang, M., Sawut, M.,
“ InSAR monitoring of land subsidence for sustainable
urban planning,” In Weng, Q. (Eds.), Remote Sensing for
Sustainability. 2017: CRC Press.

Shavers, E., Ghulam, A., Encarnacion, J., Hartling,
S., “Emplacement of Ultramafic-carbonatite Intrusions
Along Reactivated North American Mid-continent Rift
Structures,” Tectonophysics, 2017, 712–713: 716–722.

Grzovic, M., Ghulam, A., “Monitoring residual land
subsidence due to underground coal mining using
TimeSAR (SBAS and PSI) in Springfield, Illinois,
USA,” Natural Hazards, 2015, 79(3): 1739-1751.

4. LIST OF PHD DISSERTATIONS

Grzovic, M., “Monitoring land subsidence in Midwestern
U.S. using multi-temporal InSAR,” Saint Louis
University PhD dissertation, 2017.

E. Loesch. “Using Remote Sensing and Spatial Statistics
to Characterize Seismicity in Oklahoma ,” Saint Louis
University PhD dissertation, 2018.
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DETECTION OF THE STEADY CRUSTAL DEFORMATION DUE TO 

PLATE COUPLING USING INSAR 
PI No 3145 

Shinobu Ando１ 

1 Meteorological Research Institute 

1. INTRODUCTION

Large earthquakes (magnitude ~8) occur in the Nankai 

Trough region at intervals of 100–150 yr and may 

reoccur in the near future (Ando 1975[1]; Sangawa 

1993[2]; Rikitake 1999[3]). Crustal deformation in this 

area is associated with subduction of the Philippine Sea 

plate beneath the continental Eurasian plate. Geodetic 

data that have been used in recent years to detect this 

crustal deformation include the continuous Global 

Navigation Satellite System (GNSS) Earth Observation 

Network (GEONET; e.g., Sagiya 2004[4]) installed by the 

Geospatial Information Authority of Japan (GSI), and the 

Global Positioning System-Acoustic installed by the 

Japan Coast Guard (Yokota et al. 2018[5]). The 

installation of 1300 GNSS stations in Japan is 

particularly useful for observing ground deformation 

with an accuracy of ~1 cm (Tsuji et al. 2013[6]). However, 

each station can provide only point data. Therefore, 

crustal deformation analysis must be complemented by 

other geodetic data. One method that can detect ground 

deformation is InSAR (Interferometric Synthetic 

Aperture Radar) analysis. This method uses radar 

microwaves generated by satellites to calculate phase 

differences at different times in the same area. Therefore, 

although the imaging range is limited, planar crustal 

movement information can be obtained. However, 

differential interferometry analysis can measure only 

relative displacements during a particular period. In 

addition, the detection accuracy is generally several 

centimeters because of the delay in radio waves in the 

ionosphere and troposphere (Zebker et al. 1997[7]; Xu et 

al. 2004[8]) and the influence of noise caused by low 

coherence (associated with changes in scattering 

characteristics in the target). Recently, the detection 

accuracy has been reduced to several millimeters by 

statistically processing a large number of SAR data to 

estimate and reduce the influence of low-coherence noise 

(e.g., Xue et al. 2015[9], Rivera et al. 2016[10], Ozawa and 

Ueda 2011[11], Kobayashi 2018[12]). We conducted 

InSAR time-series analysis using ALOS/PALSAR data 

(for the period 2006–2011) and ALOS-2/PALSAR-2 

data (for the period 2014-2021) to detect steady crustal 

deformation associated with the Nankai Trough. 

2. DATA AND METHOD

We used ALOS/PALSAR and ALOS-2/PALSAR-2 data 

collected between 2006 and 2021(Table1). 

Table1 SAR data used in this study (Asc.: Ascending, 

Des.: Descending, N.S.: Number of Scene) 

Due to the problems of satellite orbit control and the 

number of available observations, the method was 

changed and analyzed depending on the period. In other 

words, in the case of ALOS/PALSAR, the integrated 

analysis of Small Baseline Subset (SBAS; Berardino et 

al. 2002[13]) and Persistent scatter (PS; Ferretti et al. 

2001[14]) was performed. In the case of ALOS/PALSAR, 

an integrated analysis of SBAS and PS was performed, 

because the results of SBAS were dependent on the 

baseline length, and a sufficient number of 

interferometry pairs could not be obtained in the case of 

ALOS, whose satellite orbit is poorly controlled. The 

software used was StaMPS/MTI (Hooper 2008[15]), 

which is a combination of Stanford Method for Persistent 

Scatters (StaMPS; Hooper et al. 2004[16]) for PS method 

analysis and ROI_PAC (Rosen et al. 2004[17]) for 

differential interferometric processing. Note that the 

Location Orbit 
Path-

Frame 

Scene date 

Earliest-

Latest 

N.S. 

Omaezaki 

Asc. 

409-

680 

2007.01.15-

2011.01.26 
24 

126-

680 

2014.09.19-

2020.06-05 
16 

Des. 

60-

2920 

2006.10.16-

2010.09.11 
19 

19-

2920 

2014.10.28-

2020.11.03 
25 

Shiono-

misaki 

Asc. 

414-

660 

2006.10.08-

2010.10.19 
17 

128-

660 

2015.04.13-

2020.06.15 
16 

Des. 

64-

2940 

2006.12.23-

2010.10.03 
9 

20-

2940 

2014.09.21-

2020.11.22 
23 

Muroto-

misaki 

Asc. 

417-

650 

2006.08.28-

2011.01.24 
21 

128-

660 

2014.10.27-

2021.01.25 
16 

Des. 

67-

2950 

2006.12.28-

2011.01.08 
12 

21-

2940 

2014.09.26-

2020.11.27 
21 

Ashizuri-

misaki 

Asc. 

420-

640 

2007.01.18-

2010.10.29 
20 

129-

650 

2014.08.23-

2020.05.23 
15 

Des. 

70-

2960 

2007.04.04-

2011.01.13 
14 

22-

2950 

2014.09.03-

2020.11.04 
21 
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differential interferometric analysis in the package does 

not include tropospheric delay or ionospheric delay 

reduction. 

On the other hand, in the case of ALOS-2/PALSA-2, a 

large number of interferometric pairs can be secured 

except for the temporal coherence degradation because 

the orbit control is much more precise than that of 

ALOS/PALSAR. Therefore, RINC (Ozawa et al. 

2016[18]), which is capable of reducing tropospheric and 

ionospheric delays (Gomba et al. 2016[19]), was used for 

individual interferometric analysis of ALOS-2. For the 

time series analysis software, LiCSBAS (Morishita et al. 

2020[20]) was used. This software was developed for 

Sentinel-1 (ESA), which operates in the C-band with a 

return period of 12 days. However, if the user prepares 

multiple interferometric pairs, efficient and optimal 

interferometric SAR time series analysis can be 

performed for other satellites.  

 

3. RESULT 

 

A) Cape Omaezaki area 

 
Fig. 1 Used data of ALOS/PALSAR 

 
Fig. 2 Deformation rates in the ascending (left) and 

descending (right) orbits. 

 
Fig. 3 2.5-dimentional deformation calculated based 

on the Fig. 2. 

 

Data used for the time-series analysis in the Cape 

Omaezaki area were collected from October 2006 to 

January 2011 in ALOS/PALSAR (Fig. 1). The crustal 

deformation was little affected by long-term SSEs 

around the Tokai region (marked as “T” in Fig. 2). On 11 

August 2009, the Cape Omaezaki area was affected by a 

M6.5 earthquake in Surga Bay (the epicenter is marked 

by a cross in Fig. 2 and 3). The displacement rates 

relative to the fixed point (GNSS Shimada station) on the 

descending and ascending orbits at the tip of Cape 

Omaezaki are calculated to be ~2 cm/yr and ~1 cm/yr, 

respectively (Fig. 2). From inland to the tip of the cape, 

a smooth change in the displacement rate is recognized. 

The 2.5-dimensional analysis[21] calculated from these 

results shows displacement rates of 1 cm/yr westward in 

the quasi-east-west direction and ~2 cm/yr subsidence in 

the quasi-vertical direction (Fig. 3). 

 

 
Fig. 4 Used data of ALOS-2/PALSAR-2 

 
Fig. 5 Deformation rates in the ascending (left) and 

descending (right) orbits. 

 
Fig. 6 2.5-dimentional deformation calculated based 

on the Fig. 5 

 

Data used for the time-series analysis in the Cape 

Omaezaki area were collected from September 2014 to 

November 2020 in ALOS-2/PALSAR-2 (Fig. 4). The 

displacement rates relative to the fixed point (GNSS 

Shimada station) on the descending orbits at the tip of 

Cape Omaezaki are calculated to be ~1.5 cm/yr (Fig. 5). 
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The 2.5-dimensional analysis calculated from these 

results shows displacement rates of westward in the 

quasi-east-west direction and subsidence in the quasi-

vertical direction (Fig. 6). We also found that the 

eastward component is dominant in the quasi-east-west 

direction from Makinohara to Yaizu. 

 

 

B) Cape Shiono-misaki area 

 
Fig. 7 Used data of ALOS/PALSAR 

 
Fig. 8 Deformation rates in the ascending (left) and 

descending (right) orbits. 

 
Fig. 9 2.5-dimentional deformation calculated based 

on the Fig. 8. 

 

Data used for the time-series analysis in the Cape 

Shiono-misaki area were collected from October 2006 to 

October 2010 in ALOS/PALSAR (Fig. 7). We assumed 

that SSEs around Kii Channel (“K: in Fig. 8) have had a 

negligible long-term effect on crustal deformation. 

Displacement rates at the tip of the Shiono-misaki 

relative to the fixed point (GNSS Totsukawa station) are 

calculated to have elongations of ~3.5 cm/yr and 0.5 

cm/yr in the descending and ascending orbits, 

respectively (Fig. 8). The 2.5-dimensional analysis 

calculated from these results gives displacements of ~3 

cm/yr westward in the quasi-east-west direction and ~1 

cm/yr subsidence in the quasi-vertical direction (Fig. 9). 

 

 
Fig. 10 Used data of ALOS-2/PALSAR-2 

 
Fig. 11 Deformation rates in the ascending (left) and 

descending (right) orbits. 

 
Fig. 12 2.5-dimentional deformation calculated 

based on the Fig. 11. 

 

Data used for the time-series analysis in the Cape 

Shiono-misaki area were collected from September 2014 

to November 2020 in ALOS-2/PALSAR-2 (Fig. 10). 

Displacement rates at the tip of the Shiono-misaki 

relative to the fixed point (GNSS Kii station) are 

calculated to have elongations of ~1 cm/yr and 

shortening of ~0.5 cm/yr in the ascending and 

descending orbits, respectively (Fig. 11). The 2.5-

dimensional analysis calculated from these results gives 

displacements of eastward in the quasi-east-west 

direction and subsidence in the quasi-vertical direction 

(Fig. 12). 

 

 

C) Cape Muroto-misaki area 
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Fig. 13 Used data of ALOS/PALSAR 

 
Fig. 14 Deformation rates in the ascending (left) and 

descending (right) orbits. 

 
Fig. 15 2.5-dimentional deformation calculated 

based on the Fig. 14. 

 

Data used for the time-series analysis in the Cape 

Muroto-misaki area in ALOS/PALSAR (Fig. 13) were 

collected from August 2006 to January 2011. 

Displacement rates at the tip of Muroto-misaki relative 

to the fixed point (GNSS Naka station) are calculated to 

have elongations of ~1.5 cm/yr on the descending orbit 

and almost no change on the ascending orbit (Fig. 14). 

The 2.5-dimensional analysis calculated from these 

results shows displacements of 2 cm/yr westward in the 

quasi-east-west direction and 1–2 cm/yr subsidence in 

the quasi-vertical direction (Fig. 15). 

 

 

Fig. 16 Used data of ALOS-2/PALSAR-2 

 
Fig. 17 Deformation rates in the ascending (left) and 

descending (right) orbits. 

 
Fig. 18 2.5-dimentional deformation calculated 

based on the Fig. 17. 

 

Data used for the time-series analysis in the Cape 

Muroto-misaki area in ALOS-2/PALSAR-2 (Fig. 16) 

were collected from September 2014 to January 2021. 

Displacement rates at the tip of Muroto-misaki relative 

to the fixed point (GNSS Naka station) are calculated to 

have elongations of ~1.5 cm/yr and ~2.5 cm/yr in the 

ascending and descending orbits, respectively (Fig. 17). 

The 2.5-dimensional analysis calculated from these 

results shows displacements of westward in the quasi-

east-west direction and subsidence in the quasi-vertical 

direction, except for the Cape of Muroto area where a 

significant eastward component was obtained (Fig. 18). 

 

 

D) Cape Ashizuri-misaki area 

 
Fig. 19 Used data of ALOS/PALSAR 
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Fig. 20 Deformation rates in the ascending (left) and 

descending (right) orbits. 

 
Fig. 21 2.5-dimentional deformation calculated 

based on the Fig. 20. 

 

Data used for the time-series analysis in the Cape 

Ashizuri-misaki area in ALOS/PALSAR (Fig. 19) were 

collected from January 2007 to January 2011. A long-

term SSE equivalent to Mw 7.0 occurred in Bungo 

Channel in 2010 (location “B” in Fig. 20). The area was 

not affected by significant earthquakes during the 

observation period. Displacement rates at the tip of 

Ashizuri-misaki relative to the fixed point (GNSS 

Nishitosa station) are calculated to have elongations of 

~3.0 cm/yr and ~0.5 cm/yr on the descending and 

ascending orbits, respectively (Fig. 20). The 2.5-

dimensional analysis calculated from these results shows 

displacements of 2 cm/yr westward in the quasi-east-

west direction and 1.5-2 cm/yr subsidence in the quasi-

vertical direction (Fig. 21). 

 

 
Fig. 22 Used data of ALOS-2/PALSAR-2 

 
Fig. 23 Deformation rates in the ascending (left) and 

descending (right) orbits. 

 
Fig. 24 2.5-dimentional deformation calculated 

based on the Fig. 23. 

 

Data used for the time-series analysis in the Cape 

Ashizuri-misaki area in ALOS-2/PALSAR-2 (Fig. 22) 

were collected from August 2014 to November 2020. 

Displacement rates at the city of Tosashimizu relative to 

the fixed point (GNSS Nishitosa station) are calculated 

to have elongations of ~1 cm/yr and ~1.5 cm/yr on the 

descending and ascending orbits, respectively (Fig. 23). 

The 2.5-dimensional analysis calculated from these 

results shows displacements of westward in the quasi-

east-west direction and subsidence in the quasi-vertical 

direction, except for the city of Tosashimizu where a 

significant eastward component was obtained (Fig. 24). 
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1. INTRODUCTION

InSAR measurements collected from a single line
of sight (LOS) cannot uniquely characterize surface de-
formation in the presence of both vertical and horizontal
motions, as is usually the case for various types of natural
and anthropogenic deformation. To mitigate this limita-
tion, a combination of data from two or more lines of sight
can be used for the separate estimation of horizontal and
vertical displacements [1–5]. A third constraint is usually
necessary to obtain a complete (3-component) measure of
surface motion [1; 4]. In special cases, such as that of a
geometrically simple transform fault, one can assume that
displacements are mostly parallel to the fault strike [5; 6].
However, this assumption may not be appropriate in tec-
tonically complex areas with multiple active faults. We
developed a method to combine InSAR data from differ-
ent lines of sight with GPS data to retrieve 3-component
displacements even in case of low-amplitude deformation
[7]. In the presence of a reasonably dense GPS network,
one can use the azimuth of horizontal velocities measured
by GPS to complement the InSAR data collected from as-
cending and descending satellite orbits. To accommodate
the difference in spatial resolution between the InSAR and
GPS measurements, we interpolate between the East and
North components of secular GPS velocities for every In-
SAR pixel using the natural nearest neighbor algorithm.
We use the resulting interpolated GPS velocities to com-
pute the local azimuth of the horizontal component of the
velocity vector, describing the direction of motion at ev-
ery point relative to North. By combining interpolated
horizontal azimuths with mean LOS velocities from the
ascending and descending satellite tracks, one can solve
for the magnitude of the horizontal and vertical velocities.
Below we summarize several projects that benefited from
access to ALOS/ALOS-2 data under RA-6.

2. STUDY OF COSEISMIC DEFORMA-
TION DUE TO THE 2019 RIDGECREST
(CALIFORNIA) EARTHQUAKES
The 2019 Ridgecrest, California earthquake sequence ini-
tiated on July 4 with a strong Mw6.4 foreshock followed
by a Mw7.1 mainshock on July 5. The Mw7.1 main-
shock was the largest event that struck California over the

Figure 1: Vertical (color) and horizontal (arrows) com-
ponents of the coseismic displacement field due to
the July 2019 Ridgecrest earthquakes obtained from
ALOS-2 and Sentinel-1 SAR data. Note a color scale
in centimeters. From ref.[16].

last 20 years, since the 1999 Hector Mine earthquake.
Faults that produced the foreshock and the mainshock, as
well as their numerous aftershocks, were not previously
recognized as continuous connected features capable of
producing a major earthquake, but are part of the East-
ern California Shear Zone (ECSZ), a complex network of
active Quaternary faults that accommodates between 10
and 20% of the relative motion between the Pacific and
North American plates [8; 9]. It has been proposed that
the ECSZ represents an incipient plate boundary forming
in response to the development of a major restraining bend
in the San Andreas fault system to the west. Indeed, all
of the major (M7+) earthquakes that occurred in south-
ern California over the last 50 years were located in the
ECSZ [e.g., 1; 10–13]. The 2019 Ridgecrest earthquakes
occurred in the middle of dense instrumental networks,
including the Plate Boundary Observatory [14], and the
Southern California Seismic Network [15]. They were
also well imaged by a number of currently active satellite
missions with Interferometric Synthetic Aperture Radar
(InSAR) capabilities, including C-band Sentinel-1A/B, L-
band ALOS-2, and X-band Cosmo-Skymed. Even though
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theALOS-2 interferograms do not provide an increased di-
versity in look directions compared to the Sentinel-1 data,
they are useful in that they are affected by errors (mostly,
the propagation delays) that are independent from those in
the Sentinel-1 data.

We used Synthetic Aperture Radar data that represent
diverse projections of the surface displacement field [1; 4],
including line of sight displacements (Sentinel-1A/B and
ALOS-2 interferograms), range offsets (Sentinel-1A/B),
and azimuth offsets (Cosmo-Skymed), from ascending
and descending satellite tracks, to derive the 3-D sur-
face displacement field (Figure 1). The input data are
from ref.[17]. To reduce speckle, the offset maps were
filtered using a 1km Gaussian filter. For each pixel we
formed a system of linear equations by adding the respec-
tive unit look vectors as rows to the design matrix, and
the observed quantity to the data vector. The system was
inverted to obtain the 3 orthogonal components of the dis-
placement vector subject to two conditions: (i) more than
two observations from different data sets are available for a
given pixel, and (ii) a condition number of the design ma-
trix is less than some threshold (150 in our calculations).
The first condition ensures that the system is not under-
determined, and the second condition ensures that there
is a sufficient diversity in the look angles (i.e., the solu-
tion is not highly unstable with respect to the data errors).
Slip models derived from inversions of surface deforma-
tion data reveal a moderate amount of shallow slip deficit.
Subsequent studies of postseismic deformation will show
if the inferred amount of the co-seismic slip deficit can
be accommodated by means of creep in the uppermost
crust. The estimated depth of the maximum slip averaged
along the rupture length is 3-4 km, similar to results from
previous studies of major strike-slip earthquakes, and to
the depth distribution of precisely located seismicity in
California, suggesting that the respective depth interval
maximizes a potential for seismic instabilities.

3. STUDY OF POSTSEISMIC DEFOR-
MATION DUE TO THE 2015 GORKHA
(NEPAL) EARTHQUAKE
The April 25, 2015 Mw7.8 Gorkha (Nepal) earthquake
was the largest earthquake on the Man Boundary Trust
(MBT) at the southern edge of Tibet in the last 80 years,
and resulted in more than 8,000 casualties and extensive
damage. The earthquake focal mechanism indicated rup-
ture on a shallowly dipping thrust fault, most likely the
decollement associated with the Main Himalayan Thrust,
which defines the subduction interface between the India
and Eurasia plates.

The Gorkha earthquake area was well imaged by sev-
eral InSAR missions, including ALOS-2 and Sentinel-1.

Figure 2: (a) Average line of sight (LOS) postseismic
velocity calculated from stacking of ALOS-2 interfer-
ograms from the descending track D048 (ScanSAR
mode). Interferograms span a time period of 2 years
after the Gorkha earthquake. Interferograms were
corrected for the long-wavelength artifacts (e.g., due
to ionospheric perturbations and/or orbital errors) by
removing the best-fitting plane from the unwrapped
radar phase. Positive LOS velocities correspond to the
ground motion toward the satellite. (b) LOS displace-
ments calculated from Sentinel-1 data using a persis-
tent scatterer method. From: ref. [19].
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Figure 2a shows the average postseismic velocity in the
satellite line of sight (LOS) obtained from ALOS-2 data.

Despite the challenging conditions (rugged topog-
raphy, vegetation, earthquake-induced damage and land-
slides, etc.) the ALOS-2 data provide a continuous cover-
age of postseismic displacements across the entire rupture
area. For comparison, Figure 2b shows LOS displace-
ments derived from Sentinel-1 data using a persistent scat-
terer method [18]. Both data sets show motion toward the
satellite (most likely, uplift) at the north end of the earth-
quake area, consistent with afterslip on a downdip end
of the seismic asperity [19]. The data also show motion
away from the satellite (most likely, subsidence) in the
Kathmandu basin.

GPS observations also show uplift, as well as south-
wardmovement in the epicentral area, qualitatively similar
to the coseismic deformation pattern. Kinematic inver-
sions of GPS and InSAR data, and forward models of
stress-driven creep suggest that the observed postseismic
transient is dominated by afterslip on a down-dip extension
of the seismic rupture. A poro-elastic rebound may have
contributed to the observed uplift and southward motion,
but the predicted surface displacements are small.

We also tested awide range of visco-elastic relaxation
models, including 1-D and 3-D variations in the viscosity
structure. All tested visco-elastic models predict opposite
signs of horizontal and vertical displacements compared
to those observed. Available surface deformation data
appear to rule out the hypothesis of a low viscosity channel
beneath the Tibetan Plateau which has been invoked to
explain the long-term uplift and variations in topography
at the plateau margins.

4. STUDY OF COSEISMIC AND POST-
SEISMIC DEFORMATION DUE TO THE
2015 SAREZ (TADJIKISTAN) EARTH-
QUAKE
The 2015 M7.2 Sarez (Tajikistan) earthquake occurred
in the Pamir orogen at the north-west (NW) margin of
the Tibetan Plateau. We used ALOS-2 and Sentinel-1
Synthetic Aperture Radar (SAR) and Global Navigation
Satellite System (GNSS) data to investigate the coseis-
mic and postseismic deformation due to Sarez earthquake.
The coseismic data render a rupture pattern that involves
a NE-striking fault bifurcating into two left-stepping sub-
parallel branches at the northern end of the earthquake rup-
ture. Figure 3 shows ALOS-2 coseismic interferograms
from different acquisition modes and look directions. The
interferograms and offsets maps were inverted to constrain
the sub-surface slip distribution. The kinematic inversions
show that the earthquake ruptured a ∼ 80 km long, sub-
vertical, sinistral fault producing the maximum surface

Figure 3: (a) Average line of sight (LOS) postseismic
velocity calculated from stacking of ALOS-2 interfer-
ograms from the descending track D048 (ScanSAR
mode). Interferograms span a time period of 2 years
after the Gorkha earthquake. Interferograms were
corrected for the long-wavelength artifacts (e.g., due
to ionospheric perturbations and/or orbital errors) by
removing the best-fitting plane from the unwrapped
radar phase. Positive LOS velocities correspond to the
ground motion toward the satellite. (b) Average LOS
velocities calculated from Sentinel-1 data using a per-
sistent scatterer method.

offset of 3 ∼ 4 meters on the SW and central fault seg-
ments. In constrast, the largest postseismic displacements
are observed at the NE end of the earthquake rupture, pre-
dominantly on the west (hanging wall) side of the fault
with the average rate of 20 ∼ 30 mm/yr. We use the de-
rived coseismic and postseismic slip models to investigate
themechanisms of time-dependent relaxation, stress trans-
fer and possible triggering relationships between the Sarez
earthquake and a sequence of strong M6+ events that oc-
curred within 150 km of the earthquake rupture. We find
that the near-field postseismic displacements are best ex-
plained by shallow afterslip driven by the coseismic stress
changes. The data are also consistent with some contribu-
tions from poroelastic rebound, but do not show any clear
signature of viscoelastic rebound in the lower crust and
the upper mantle during the observed postseismic period.
Our results are consistent with studies of postseismic de-
formation of other large earthquakes at the boundaries of
Tibetan Plateau, suggesting a lower bound on the effective
viscosity of the lower crust and upper mantle of ∼ 1020

Pa s. We also find near-zero or negative Coulomb stress
changes at hypocenters of two M6 events that occurred
within 150 km and several months following the 2015
mainshock. This suggests either a very low threshold for
quasi-static triggering, or delayed dynamic triggering.
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1. INTRODUCTION

The only known occurrence of aseismic creep on land 
in Anatolia was documented in detail using synthetic 
aperture radar interferometry (InSAR) back in 2005 
along the North Anatolian Fault [1]. Our intention at 
the beginning of this project was to monitor the East 
Anatolian Fault (Turkey) in a similar fashion for the 
possibility of a similar aseismic creep along it.  

Figure 1. Tectonic framework of the study area 
shown with a red dashed box (NAF: North 

Anatolian Fault, EAF: East Anatolian Fault). GPS 
vectors are plotted with respect to the Eurasian 

Plate (Reilinger et al., 2006). 

1. THE EAST ANATOLIAN FAULT

We first started by processing the C-band archive of 
the Sentinel-1 satellites using the persistent scatterers 
technique developed by Hooper [2] with the aim of 
analysing the L-band ALOS-2 data later due to the 6 
day revisit time of the Sentinel-1 satellites. Another 
reason behind this decision was the ongoing 
development of an open-source processor for ALOS-
2 multi-mode SAR data that also handles the 
ionospheric correction [3-5]. This code which also 
supports ScanSAR data became publicly available in 
2020. 

However on January 24th, 2020, a Mw 6.8 earthquake 
took place along the Pütürge segment of the EAF and 
we had to focus on this event to better understand the 
characteristics of the fault rupture. The segment was 

known to be a seismic gap [6]. While almost half of 
the ~90km long segment was broken during the 
earthquake there were no signs of a clear surface 
rupture along the fault zone, possibly indicating that 
the slip did not reach the surface.  

We processed both C-band Sentinel-1 and L-band 
ALOS-2 pairs to model the coseismic fault rupture at 
depth. 

Figure 2. Coseismic ALOS2 interferogram 
(ascending track 182, 03/01/2020-31/01/2020). The 
black lines represent active faults from the official 

database of Turkey [7].   

Multi-frame ALOS2 interferograms are shown in Fig. 
2 and 3. Both of the scenes are acquired in the SM3 
mode of the satellite and were quite coherent despite 
the temporal baseline of one of the pairs reaching a 
full-year. Though coherence-wise the ALOS2 pairs 
provide more info near the fault zone they too suffer  
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Figure 3. Coseismic ALOS2 interferogram 
(descending track 182, 03/03/2019-01/03/2020). 

 

Figure 4. Postseismic LOS velocity field calculated 
for 3 separate Sentinel-1 tracks for the first 8  

months following the January 24th, 2020 
earthquake. 

from the snow cover on hill tops and numerous 
landslides that took place during the earthquake. We 
had to used the connected components output of the 
SNAPHU software [8] for unwrapping and had to 
manually correct patches. 

Despite earlier studies the postseismic motion along 
the rupture zone is still continuing (Fig. 4). We are 
currently working on a manuscript that discusses the 
interseismic, coseismic and postseismic motions 
observed along this portion of EAF and will be 
submitting it soon. 

2. 2020 SAMOS/SISAM ISLAND EARTHQUAKE 

On October 30th, 2020, a Mw 6.9 earthquake took 
place on the northern coast of the Sisam/Samos Island 
in the Gulf of Kuşadası. Despite being ~70 km away 
from the epicenter serious damage to residential 
buildings were observed in the city of İzmir, the 3rd 
most populous city in Turkey. 117 Turkish citizens 
lost their lives at these collapsed buildings.  

Though the faulting took place on a submarine fault 
the uplift on the island produced visible fringes on 
both C and L band interferograms and the up-tip edge 
of the rupture on the northern coast was identifiable. 

 

Figure 5. ALOS-2 interferogram of the Oct. 30th 
2020 earthquake (08/03/20-04/11/20) 

While modern seismological networks can announce 
the epicenter under 2-3 minutes, when an earthquake 
occurs on an unknown fault or when there is not a 

44



visible surface rupture the dip direction ambiguity of 
seismology becomes a problem. Thanks to our 
research group’s rapid fault modelling initiative we 
produced a preliminary InSAR-based fault model 
under 24 hours and informed the public in detail that 
the fault is dipping towards the north [9,10]. This 
initial model is enriched by the availability of L-band 
ALOS2 data in the same week. Initial findings of our 
study is presented at two different studies [11,12] at 
the European Geophysical Union’s General 
Assembly and a manuscript will be submitted soon 
which analyzes the earthquake from a joint 
perspective of both seismology and space based 
geodetical techniques such as GNSS and InSAR. 

3. THE 2011 VAN (TURKEY) EARTHQUAKE  
 
To better validate the aforementioned ALOS-2 
processing code and its ScanSAR capabilities we also 
opt to order and process a batch of WD1 imagery for 
the October, 23rd 2011 Mw 7.1 Van earthquake 
(eastern Turkey). Though it has been almost 10 years, 
from C-band radar data from the Sentinel-1 
constellation and GNSS measurements we know that 
the postseismic motion on and around the causative 
fault is still continuing [13]. While the twin Sentinel-
1 satellites have a significant advantage of a revisit 
period of 6 days for the region, acquired radar data, 
especially from the ascending orbit, generally include 
significant tropospheric delays. While global 
atmospheric models can be used to eliminate these to 
a degree, a multiband approach would be the ideal 
solution. 
 
In addition to using the aforementioned persistent 
scatterer method, our aim was to experiment with the 
distributed scatterer method which relaxes the strict 
limit on the phase stability and aims to overcome 
decorrelation issues [14]. After generating a stack of 
coregistered images using the InSAR Scientific 
Computing Environment (ISCE) software [15], we 
used the MintPy code [14] to calculate the average 
LOS velocities and time series. The code uses the 
small baseline subsets (SBAS) technique. We are 
currently working on the process to improve the 
ionospheric correction that suffers from the fact that 
the WD1 frame used covers two prominent lakes of 
the region, Van and Urmia. A preliminary mean 
velocity map is presented in Figure 6. 
 
A manuscript discussing the ongoing postseismic 
movements following the 2011 Van earthquake using 
a multi-band approach with both C and L band radar 
data in addition to near-field GNSS measurements 

from a dedicated network is under preparation and 
will be submitted in 2021. 
 
 

 
Figure 6. Preliminary Mean LOS velocity map of 

the Van region. 
 
 

 
Figure 7. The Small baseline network of ALOS-2 

WD1 ScanSAR images 
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1. INTRODUCTION

In the Eastern Caribbean, there are 21 active and 
potentially active volcanoes spread over 11 separate 
islands along an 850 km arc (fig. 1). Volcanic activity in 
the region has caused over 30,000 deaths, and volcanoes 
directly or indirectly threaten 3.5 million people. The 
University of the West Indies Seismic Research Centre is 
responsible for monitoring the volcanoes of the English 
speaking Eastern Caribbean; one submarine volcano and 
15 subaerial volcanoes over 7 islands across the region.  

Ground deformation monitoring is an important part of 
the regional volcano monitoring system. This programme 
currently consists of a network of continuous GPS 
installations across the islands, supplemented by a 
network of geodetic pins which are periodically occupied. 

On most islands, the current system, however, does not 
give adequate spatial or temporal coverage. Continuous 
GPS installations are currently too expensive to deploy, 
and maintain, more than one or two per island. Due to the 
high inter-island travel and operational costs involved, 
campaign GPS measurements on the islands are 
conducted at most every two years, meaning that the 
temporal resolution of the data is insufficient to act as a 
good early warning system. 

Figure 1: Map of the Eastern Caribbean. Volcanic 
islands have been shaded red. Active and potentially 
active volcanoes are indicated by yellow triangles. 
Image taken from Lindsay et al. (2005).  

In this study, we investigate whether data from the L band 
sensors of the ALOS-2 satellite and the InSAR technique 
can be used in the Eastern Caribbean to supplement the 
current ground deformation programme and provide data 
with much higher spatial coverage and temporal 
resolution than can be obtained using current methods. 
Successful application of the InSAR technique with L-
band data would significantly improve regional volcano 
monitoring and hazard forecasting by providing a cost-
effective way of monitoring the deformation fields of the 
geographically dispersed volcanic systems of the Eastern 
Caribbean where there are limitations of budget and 
manpower. 
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Unlike the other islands of the English-speaking 
Caribbean, the island of Montserrat has a dense GPS 
network, which has been used to monitor the volcano-
deformation field of the Soufrière Hills Volcano (SHV). 
The network has grown since the beginning of the 
eruption in 1995 and consists now of 14 continuous GPS 
stations and 8 periodically occupied campaign GPS pins. 
It has detected signals associated with the magmatic 
system (figs. 2 & 3), typically inflation or deflation of the 
entire island during extrusive and non-extrusive periods, 
respectively. Montserrat is hence an ideal testbed for 
determining the efficacy of ALOS-2 SAR data in 
measuring volcano-related ground deformation on the 
highly vegetated, mountainous and small islands of the 
Eastern Caribbean.  
 

 
Figure 2: Horizontal (arrows) and vertical (bars) 
velocities, calculated for the Soufrière Hills volcano 
(SHV) last pause in magma extrusion (11 Feb 2010 – 
30 Sep 2017), at the continuous (red labels) and 
campaign (black labels) GPS monitoring sites. The 
approximate location of the time-averaged SHV vent 
is also shown (yellow star).  
 

 
 

 
Figure 3: Radial displacements relative to the vent 
(top) and vertical displacements (bottom) observed at 
Montserrat continuous (cGPS) stations from 1998 to 
present. Pink shaded time periods indicate times of 
lava extrusion. Grey grid lines correspond to 1 cm. 
The distance station-volcanic vent increases from 
bottom to top of the figures. The background 
Caribbean plate velocity was removed, and 
displacements related to station changes corrected. 
The displacements (coloured crosses) are shown with 
their associated uncertainties (grey bars); positive 
trends indicate outwards radial displacement from the 
SHV vent. 
 
In this study, as well as Montserrat, we focus on Dominica 
which has been experiencing seismic unrest since 
December 2018 and St. Vincent which began erupting near 
the end of the study period on 27 December 2020 after a 
brief period of elevated seismicity that started in June of 
2020. 
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2. DATA 

In this report images from the descending path 132 frame 
3300 which consist of wide swath (350 km) ScanSAR 
WD1 are utilized (fig. 4) 

 
  

Figure 4: Left) Data capture area from path 132 frame 
3300 (observation width 350 km). This frame consists 
of 5 subframes of which the third contains the island 
of Montserrat. This is the subframe that has been 
analysed in this work. Right) Image of cropped sub 
swath three from path 132 frame 3300 covering the 
island of Montserrat. 
 
Data from this path and frame were chosen because they 
had the largest number of observations in the available 
time period (30 in all) approximately every month or so 
between 07- Sep-2014 and 21-Jan-2018 
 
Data on the descending path for Dominica were extracted 
from the WD1 ScanSAR acquisition, path 132, frame 
3300, subframe 1 and the Stripmap, SM3 acquisition, 
descending path 36, frame 290. The acquisition frame is 
also shifted +3 units to get optimal coverage of Dominica. 
Data from the Stripmap, SM3 mode descending path 132, 
frame 3300 were also acquired. The frame was shifted +1 
units. See figure 5. 
 

  
 

  

 
Figure 5: a) WD1 ScanSAR acquisition path 132 
frame 3300 subframe 1 SAR acquisition shown. 
Covers eastern tip of Guadeloupe, Marie-Galante, 
Dominica and northern half of Martinique b) SM3 
Stripmap acquisition path 36 frame 290, acquisition 
frame shifted +3 units. Captures eastern half of 
Dominica c) SM3 Stripmap acquisition path 132 frame 
3300 shifted +1 units. 
 
Data for St Vincent were the Stripmap, SM3 acquisition 
ascending path 36, frame 250 and descending path 131 
frame 3350. See figure 6. 
 

Montserrat Montserrat 

a 

b 
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Figure 6: Stripmap SM3 acquisition a) path 36, frame 
250 b) path 131, frame 3350. 
 

3. METHODOLOGY 
 
Montserrat 
The GMTSAR [1] open source InSAR processing tool 
was utilised for processing the ALOS-2 data. 
 
Firstly, a study to analyse temporal and baseline correlation 
of the InSAR data retrieved over the area of interest was 
conducted. For this study, we used the image captured on 
24/12/2017 as the reference image and conducted 
interferometry using the other images as repeat images. 
After interferometry, the number of phase coherent pixels 
in the interferograms was determined. 
 
The Soufrière Hills Volcano on Montserrat has been since 
February 2010 in its 5th pause in extrusive activity. 
However, ground deformation data from the continuous 
(cGPS) and episodic (eGPS) GPS networks indicate that 
there is ongoing inflation probably due to subsurface 
magma accumulation (Figure 1). Figures 2-3 show 
measured vertical deformation rates of between 1 and 2 
cm per year during pause 5. If we assume a measurement 
limit of 0.01λ where, for ALOS-2, λ is 22.9 cm the limit 
would be 2.29 mm. If on top of this we assume that 
atmospheric effects introduce errors equivalent to about 1 
cm we can see that in order to extract a significant signal 
when deformation rates are small a long time period 
would be preferable. Also, in order to reduce random 
error mainly associated with atmospheric disturbance, it 
would be best to have a large number of independent 
measurements which can be averaged out or stacked. The 
GPS data also tells us that the deformation during the 
period since the launch of ALOS-2 is, to first order, time-
invariant. 
 

Due to the above factors, we have chosen to look at the 
results from interferometric pairs with an approximately 
two-year time period between them. We chose a number 
of pairs with baselines less than or close to 150 m and 
used GMTSAR to calculate the interferograms.  
 
Figure 7 shows the results. 

 

 
Figure 7: Top) shows variation of the number of 
coherent pixels with baseline length. Bottom) Shows the 
variation in the number of correlated pixels with time. 
The reference SAR image was taken on 24/12/2017. The 
“repeat” images came from earlier dates. 
 
Figure 7 shows that there is no strong correlation between 
number of correlated pixels and time separating the 
images. On the contrary, the baseline length has a strong 
effect on the number of coherent pixels with a significant 
change beyond 150 m. Below 150 m 83% of the 
interferograms have more than 3000 correlated pixels 
above 150 m only 30% of the interferograms have more 
than 3000 correlated pixels. 
 
The following is the list of pairs for which we obtained 
good results: 
 
  

a 

b 

50



Table 1: SAR images used for InSAR to determine 
ground deformation.  The number of phase coherent 
pixels between the interferometric pairs is also shown. 

First image Last image Interval 
(years) 

Number 
of 
coherent 
pixels 

22/02/2015 24/12/2017 2.8 4480 
05/04/2015 24/12/2017 2.7 3436 
17/05/2015 01/10/2017 2.4 N/A 
26/07/2015 24/12/2017 2.4 3911 
06/09/2015 24/12/2017 2.3 3760 
18/10/2015 24/12/2017 2.2 5137 
29/11/2015 24/12/2017 2.1 2981 

 

To estimate deformation, rate each interferogram was 
phase unwrapped using SNAPHU implemented in 
GMTSAR. The unwrapped phase map was then converted 
to line-of-sight displacement using the fact that the 
wavelength of the radar beam is 22.9 cm. Next, the 
images were cropped so that only the island of Montserrat 
appeared in the image and the linear trend associated with 
the orbital error was removed using the GMT command 
grdtrend. Following these steps, further processing was 
done using MATLAB. All of the images were cropped to 
the same common extent to make stacking the images 
easier. Next, the line-of-sight displacement maps were 
converted to line of sight (LOS) velocity maps by 
dividing each the value for each pixel by the number of 
days between each of the images used to produce the 
associated interferogram. Following this, all of the 
velocity maps were stacked and averaged to produce the 
best estimate of deformation rate for the time period. 
 
Dominica Strip map 
For stripmap data acquired over Dominica (ascending path 
36 and descending 132), we processed the data using 
GAMMA [2]. Topographic corrections were made using 
the 30 m ASTER GDEM. Unfortunately, there were 
limited acquisitions across both paths with only 7 and 8 
images acquired on the ascending and descending tracks 
respectively. Using all the available acquisitions, we form 
interferograms from every possible combination 
acquisition producing 15 and 18 interferograms 
respectively. Due to the large temporal baselines between 
acquisitions, we find that interferograms with a time span 
of more than ~6 months become almost completely 
decorrelated. Due to its better temporal coverage, we also 
processed Wide-Swath data over Dominica. Between 2015 
and 2021 there were 22 acquisitions allowing us to form 

141 interferograms (Fig. 8). After generating the 
interferograms with GAMMA [2], we use StaMPS [3] to 
extract stable pixels and generate a timeseries.  Many of the 
interferograms suffer from long wavelength orbital and 
atmospheric errors reducing their signal to noise ratio. To 
help remove these effects, we estimated and removed a 
best-fitting plane across each interferogram. In addition, 
variations in the stratified water vapor content were 
estimated and removed assuming a linear function with 
height. However, due to the tropical climate and ocean 
surroundings, shorter wavelength turbulent atmospheric 
delays remain. Once the interferograms were corrected, 
they were used to construct a time-series and we solved for 
the best fitting displacement rates over the observation 
period.  
 

 
Figure 8: Example baseline time plot for wideswath 
path 132 using frame 3300.  
 
St Vincent 
As for Dominica, over St Vincent we use stripmap data 
acquired along ascending path 36. Data were processed 
using GAMMA [2] and topographic corrections were 
made using the 30 m ASTER GDEM. For each 
acquisition, we generate up to 4 interferograms 
connecting the primary image to the next 4 epochs. In 
total we generate 58 interferograms covering late 2014 to 
March 2021. As with Dominica, the heavy vegetation 
combined with the large time spans between acquisitions 
limits the usability of many interferograms. However, 
since early 2021 and the onset of eruptive activity at 
Soufriere, 14-day acquisitions have been made allowing 
for significantly better coherence. Based on the 
interferograms covering the eruptive period to date, there 
is little evidence for large scale deformation around the 
summit area or broader volcanic edifice. Significant 
atmospheric delays can be seen in individual 
interferograms and coherence is lost over the actively 
growing lava dome. However, using the SAR amplitude 
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images we have been able to track the continued lateral 
growth of the lava dome.  
 

4. RESULTS 
 
Montserrat 
The images below (fig. 9) show the deformation rate in 
mm/yr calculated from each of the interferometric pairs. 

 

 

 

 
Figure 9: line of sight (LOS) velocity maps for each of 
the evaluated interferometric pairs. Each image has the 
start and end date of the associated pair of SAR images 
used to produce the interferogram in the format 
yymmdd. 
 
Figure 10 shows the average rate of deformation 
determined by averaging all 7 velocity maps shown in 
figure 9. 

 

Figure 10: Average LOS displacement rate (mm/yr) 
derived by stacking all of the interferograms shown in 
Figure 9. 

 
Figure 10 shows that LOS velocities vary between -33 
mm/yr and 12 mm/yr. The magnitudes of these effects are 
of the same order as those measured by the GPS network. 
 

 

Figure 11: A) Google Earth image of Montserrat and 
B) Google Earth image of Montserrat with kml overlay 
line of sight (LOS) velocity in mm/yr. The look vector is 
38.5 degrees from the vertical and -6.63 degrees from 
north. 
 
Figure 10 Shows that the most strongly correlated areas of 
Montserrat are the unvegetated areas that are covered with 
pyroclastic and mudflow deposits. The other large area of 
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coherence is the dryer northern region of the island which 
mainly has low scrub vegetation. The Centre Hills and 
South Soufrière Hills which are covered in thick forest are 
less coherent. 
 
Using the GMTSAR command SAT_look the satellite look 
angle from the island to the satellite was determined. The 
normalised look vector (East North Up) was determined to 
be [0.606883 -0.115511 0.786353]. Due to the small 
angular distance covered by the island, a single look vector 
is adequate to represent all points on the island. 
 
The look vector has an equivalent to an angle from the 
surface to the satellite of 38.15 degrees from the vertical 
and -6.63 degrees from north. 

GPS vectors 

Table 2: Horizontal and vertical GPS velocities 
(11/02/2010-30/09/2017), and corresponding LOS 
velocity calculated for look vector [0.606883 -0.115511 
0.786353] 

 

 

Figure 10: Comparison of ALOS-2 and GPS LOS 
velocity maps. GPS stations are indicated with 
corresponding velocities (mm/yr) 

 

Figure 11: Line of sight velocity map using hsv 
colormap to highlight regions of positive and negative 
LOS velocity. 
 

 
Figure 12: Line of sight velocity map with colormap 
range restricted to highlighted negative line of sight 
velocity. 
 
Dominica 
Interferograms for all 3 acquisitions over Dominica (fig. 
13) described in the methodology section were produced. 
147 for WD1 acquisition path 132 frame 3300; 15 for 
SM3 acquisition, path 36 frame 290 and 18 for SM3 
acquisition path 132, frame 3300. 

Analysis of the interferograms did not reveal any volcanic 
deformation. The main signal that was extracted was due 
to atmospheric noise. It was however noted that short 
temporal baseline pairs produced highly coherent 
interferograms across most of the highly vegetated and 
topographically rugged island. This indicates that ALOS-
2 would be very suitable for determining volcanic 
deformation if any were to occur and if the temporal 
baselines were kept short enough. 

Lon Lat Ue 
(mm/yr) 

Un 
(mm/yr) 

Uz  
(mm/yr) 

Station Cont.[c] 
/Camp.[e] 

LOS velocity for 
look vector  

-62.148 16.692 5.4 -8.75 5.23 DRYG e -8.40051564 
-62.153 16.704 2.79 -0.81 6.42 RCHY c -6.83515374 
-62.158 16.725 2.85 0.19 10.08 LGFM e -9.6341077 
-62.160 16.731 3.05 2.54 11.52 WTYD c -10.61638177 
-62.161 16.689 2.83 -1.64 5.38 SSOU c -6.13749607 
-62.162 16.7245 1.24 5.25 8.85 LGRD e -7.10532622 
-62.163 16.764. 2.94 11.16 10.94 TRNT c -9.09783508 
-62.168 16.741. 1.74 5.92 11.74 HARR c -9.60393552 
-62.170 16.7216 2.54 -0.64 6.53 HERM c -6.75029495 
-62.177 16.693 3.02 1.04 6.35 FRGR c -6.70599677 
-62.184 16.696 -2.13 4.64 7.62 NWHT e -4.16337803 
-62.191 16.742 -0.45 3.72 7.76 WNDH e -5.39930101 
-62.193 16.777 -1.05 8.4 7.64 MVO1 c -4.40021737 
-62.194 16.701 1.65 0.21 10.29 SPRI c -9.06867201 
-62.194 16.795 -0.09 8.78 6.55 GERD c -4.0818061 
-62.203 16.820 -0.1 8.2 3.33 NWBL c -1.61067699 
-62.206 16.720 -0.3 2.96 5.42 SGH1 c -3.7380558 
-62.209 16.693 -2.1 -3.68 8.04 BROD e -5.4729043 
-62.213 16.749 -0.55 4.06 6.32 MVO2 e -4.16699065 
-62.214 16.741 -1.31 3.72 7.87 AIRS c -4.96388046 
-62.228 16.750 -1.98 4.06 4.61 OLVN c -1.95448433 
-62.242 16.723 -6.93 2.02 8.75 BNBY e -2.44155734 
-62.346 16.934 0.35 1.9 -1.61 RDON c 1.27309018 
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Figure 13: Sample of interferograms produced from a) 
WD1 path 132 frame 3300 (total 147 interferograms) 
b) SM3 path 132 frame 3300 (total 18 interferograms) 
c) SM3 path 36 frame 290 (total 15 interferograms). 
No coherent deformation was observed across the 
sequence of interferograms. However, there was a 
dramatic decrease in the number of coherent pixels as 
the temporal baseline increased. 
 

Fig. 14 shows the average coherence from all of the 
interferograms processed along each path. 
 

 
Figure 14: Average coherence for the acquisitions 
analysed for Dominica: path 36 frame, 290 and path 
132 frame 3300. The coherence over much of the 
island is significantly below 0.5. 
 
StaMPS [3] was used to extract stable pixels from the 
interferograms and generate a time series from the more 
temporally well sampled wide swath acquisition, path 132 
frame 3300 (Fig. 15). 
 

 
Figure 15: Time series of stable pixels generated using 
StaMPS from interferograms generated from 
wideswath acquisitions (path 132, frame 3300). Results 
indicate no consistent volcanic deformation. 
 
Despite the increased number of acquisitions, the noise 
levels in the timeseries remain high. However, based on 
the estimated displacement rate from StaMPS, there is no 
indication of volcanic deformation on the island. 
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St Vincent 
The interferograms from SM3 ascending path 36, frame 
250, 200115-210113 and the descending path 131, frame 
3350, 200225-210126 were generated.  
 
The temporal baselines of approximately one year meant 
that coherence was limited to the more thinly vegetated 
crater area. 
 
LOS shortening of the order of 8 cm consistent with 
shallow uplift sometime after 15/01/2020 and before 
13/01/2021 was observed (Fig. 16). 
 

 
 
20015-210113 ascending 

 
200225-210126 descending 
 
Figure 16: Interferograms for images before and after 
the onset of the eruption on 27/12/2020. a) path 36 
frame 250 b) path 131 frame 3350. Both ascending and 
descending interferograms show a LOS shortening of 

~8cm consistent with uplift sometime prior to the 
eruption. 
 
As described in the discussion section, in the period post 
13/01/2021 acquisitions were made every 14 days and it 
was possible to generate interferograms with good 
coherence. However, there did not appear to be any 
further indication of volcanic deformation. The observed 
signals in the interferograms are thought to be related to 
short wavelength atmospheric effects (Fig. 17). 
 
The SAR amplitude images have been able to distinguish 
and track the lateral growth of the lava dome. To date the 
dome has shown a linear lateral growth rate with an 
increase in surface area of ~2000 m2/day (Fig. 18). 
 
 

Figure 17: Path 36, frame 250: Interferograms generated using consecutive pairs of images after 13/01/2021 no signal 
indicative of volcanic deformation is observable. The observed variations are thought to be due to short wavelength 
atmospheric disturbances. 
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5. DISCUSSION 
 

The ALOS-2 PALSAR-2 SAR sensor has proven to be 
extremely promising for monitoring volcanic ground 
deformation in the heavily vegetated islands of the Eastern 
Caribbean. The longer wavelength L-band microwave 
radiation used by the sensor is able to obtain images which 
under good conditions can be used to generate coherent 
interferograms across significant areas of the islands 
despite their high degree of vegetation. The high level of 
atmospheric noise due to the humid and variable 
atmospheric conditions do present challenges when trying 
to determine small deformation signals.  
 
In order to address this issue, on the island of Montserrat, 
a series of long temporal baseline interferograms were 
stacked in order to average out atmospheric noise and 
recover small continuous deformation signals. This 
approach was successful but is only feasible in areas with 
ongoing deformation which although small (of the order of 
1 cm per year) is continuous and where the landscape 
allows for generation of coherent interferograms over long 
temporal baselines. This is feasible for Montserrat due to 
the large unvegetated areas covered by volcanic deposits 
and the scrubby vegetation in the more arid north of the 
island. In order to reduce the effects of atmospheric 
disturbance it would be better to use methods to model 
atmospheric water vapour distribution recovering this 
information e.g., from GNSS data [4]. 
 
On St Vincent, a signal related to the eruption of the La 
Soufriere volcano which began on 27 December 2020, 
and is still ongoing, was observed. Both ascending and 
descending passes revealed an approximately 8 cm LOS 

shortening which was localized around the erupting dome 
and crater area. Unfortunately, the pair used to produce 
this interferogram had a temporal baseline of about one-
year (15/01/2020-13/01/2021) and as a consequence 
spatial coherence was limited to the less vegetated region 
of the dome and crater area. It was impossible to 
characterize the wider volcanic deformation field that 
usually yields precious information about the geometry 
and pressurization of the deeper magmatic system, useful 
in forecasting the future behaviour of the eruption.  
 
Following the initiation of the extrusion, none of the 
interferograms produced since 13/01/2021 show any 
indication of significant deformation (multi-centimeter 
scale, or more), which would be expected if the magmatic 
system was continuing to pressurise. This kind of 
pressurization might be expected if the volcano was 
moving toward an explosive eruption.  
 
Since the beginning of the eruption, JAXA agreed to 
significantly increase the acquisition rate from 
approximately annual to every two weeks. This change has 
been very beneficial to the monitoring effort and illustrates 
the importance of short temporal baselines for monitoring 
volcanoes. The short temporal baseline leads to increased 
spatial coherence allowing deformation data to be obtained 
across a wider area giving information about deformation 
sources at a range of depths from deep (several km) to 
shallow (meters to tens of meters). Moreover, it also 
provides information on a timescale which can be used to 
feed real time hazard analysis and inform the authorities. 
The higher time resolution images have also allowed the 
generation of SAR amplitude images which have been used 
to track the lateral growth of the lava dome. 

Figure 18: Path 36, frame 250: SAR amplitude images generated since 13/01/2021. The yellow polygon outlines the 
area of the growing lava dome. The graph indicates a linear areal expansion of ~2000 m2/day. 
 
 

56



6. CONCLUSION 
 

• ALOS-2 L band sensor is very good for volcanic 
monitoring in the Eastern Caribbean. The long 
wavelength (22.9 cm) radar signal effectively 
penetrates the vegetation on the islands. Highly 
coherent interferograms across a large fraction of 
the islands are possible especially when temporal 
baselines are short (weeks to two months or so). 
Unfortunately, the current satellite task schedule 
for ALOS-2 means that some islands can go a 
year or more without an acquisition. This poses a 
major problem. Both in terms of getting 
precursory information in time for it to be useful 
and also in terms of getting sufficiently spatially  
coherent interferograms to characterise both the 
shallow and deep deformation fields. 

• It was possible to determine a spatially limited 
uplift signal of the order of centimeters 
associated with the start of the La Soufriere 
volcano eruption, on St Vincent. However, the 
long period between acquisitions prevented 
determination of the exact time within the year 
that the deformation occurred. The lack of spatial 
coherence away from the crater also prevented a 
full characterization of the deformation field. 

• The SAR amplitude images provided good 
information on the lateral growth rate of the lava 
dome on St Vincent. 

• Stacking of the multiple long temporal baseline 
(2 to 3 years) allowed for recovery of the small 
deformation signal, in unvegetated areas, also 
recorded via the GPS network of the order of 1 
cm per year on the island of Montserrat. 

• There is currently no observable volcanic 
deformation on the island of Dominica. 

• In order to make the ALOS-2 satellite more 
useful for volcanic monitoring acquisitions need 
to be made at a higher frequency of the order of 
weeks to two months or so. This would allow for 
the acquisition of actionable precursory 
information and yield better spatial coherence 
over more of the island that would allow for a 
better characterization of the volcanic 
deformation. This would make ALOS-2 a 
powerful tool for volcano forecasting and 
monitoring.  
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1. INTRODUCTION

The discovery of slow slip earthquakes (SSEs) in 

subduction zones using precise geodetic measurements 

(GNSS) in Japan [1], Cascadia [2] and Mexico [3] has 

added a new picture to the earthquake cycle, tectonic plate 

boundaries and even raised the possibility of greater 

predictability of large earthquakes [4]. For Mexico (Figure 

1), the Cocos Plate subducts beneath the North America 

Plate at a rate of 6-7 cm/yr [5]. This accumulating strain 

imposes hazard for coastal cities along the subduction zone 

and for Mexico City (21 million population), where an Mw 

8.0 earthquake in 1985 caused more than 10,000 casualties. 

Moreover, and for particular concern is a region of the 

subduction interface, the Guerrero Gap, where several 

SSEs have been recorded since 1998 with a cycle of about 

3-4 yrs [6]. The most recent SSE began in mid-2017, and

transient displacements from the SSE and following

regional earthquakes lasted until around December 2018

[7].

Figure 1. Tectonic setting of the subduction zone in 

southern Mexico. Red outline arrows represent sense of 

relative motion between Cocos and North American Plates. 

Blue stars indicate historic seismicity, Mw>7.0 since 1911. 

Red circles denote continuous GNSS stations and green 

rectangles indicate ALOS-2 radar images coverage (tracks 

151-157).

It is currently unclear how these SSEs impact stress 

evolution on nearby locked asperities, and whether the SSE 

is triggered by or triggers other earthquakes [8], partly 

because the precise spatial relationship between SSE slip 

and locked asperities is unknown due to poor geodetic data 

coverage in the area. Precise determination of the slip 

distribution at depth and along the subduction trench is 

essential to reveal the physical processes involved in the 

SSEs, to understand their role in the seismic cycle of large 

earthquakes, and their implications in seismic hazard for 

Mexico City. 

This final report includes our main findings under review 

[1*,2*]. The next section includes the results from the 

analysis of Guerrero SSE (2017/2018) and simultaneously 

occurring earthquakes using ALOS-2 Interferometric 

Synthetic Aperture RADAR (InSAR) and GNSS.  

2. RESULTS

Atmospheric propagation delays from the ionosphere, 

troposphere, and decorrelation noise, principally due to 

vegetation in southern Mexico, limit the ability to retrieve 

small magnitude deformation signals using InSAR [9]. To 

solve this, we apply a combined approach: (1) ionospheric 

corrections [10] and tropospheric noise [11,12,13] to each 

interferogram, (2) reduce atmospheric noise by averaging 

in time the InSAR time-series analysis [14,15], (3) include 

the full spatial noise covariance to address residual 

atmospheric noise at the modeling stage [16,17,18], and (4) 

during the inverse modeling stage we fit and remove a 

plane from the InSAR step estimate to account for residual 

long-wavelength noise and down-weighting the InSAR 

observations based on the noise covariance matrix [18]. We 

processed 126 interferograms (February 2015–December 

2018) using ISCE 2.0 software package [19], ScanSAR 

application [10], and then we used the Small Baseline 

Subset method in the Generic InSAR Analysis Toolbox 

[20] to estimate unfiltered time series.

GNSS data was processed with GAMIT/GLOBK v10.7 

[21], using a local network of 35 GNSS stations, from 

Servicio Sismologico Nacional (SSN), Trans-boundary 

Land and Atmosphere Long-term Observational 

Collaborative Network (TLALOCNet) and Instituto 

Nacional de Estadistica e Informacion (INEGI) GNSS 

Networks to estimate and remove inter-SSE velocities. 

GAMIT uses double-difference phase data between GNSS 

satellites and stations to solve for station coordinates, 

atmospheric zenith delays and integer ambiguities for a full 
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UTC day, in a loosely constrained solution covariance 

matrix. GLOBK estimates velocities by combining the 

loosely constrained solution with the International Global 

Navigation Satellite System (IGS) solution in the North 

American ITRF2014 reference frame. Inter-SSE site 

velocities are estimated by least-squares linear fitting to 

time variation of coordinates for each station with time-

correlated noise model for velocity uncertainties [22]. 

 

Cumulative step offsets for each ALOS-2 tracks with 

GNSS offsets and select profiles (Figure 2) shows noise 

reductions due to ionospheric and tropospheric corrections 

in combination with the time-series analysis.  

 

 
 

Figure 2. (a) Plot of cumulative line-of-sight displacement 

towards the satellite estimated from fitting the InSAR and 

GNSS time-series. The black outline squares are the 

reference regions for each track. (b-c) Displacement 

profiles. Blue dots are individual cumulative step estimates 

from InSAR, red dots are from GNSS projected into line-

of-sight. The gray shaded region shows the 1-sigma 

uncertainty range. 

 

Model geometry and setup consist in the subducting Cocos 

slab [23] discretized on triangular patches using standard 

elastic half space Green’s functions [16] and solve for 

purely dip-slip motion using smoothness and minimum-

norm regularization in the inversion for fault slip; where 

we use L-curve and grid-search approaches to select the 

single hyperparameter that weights the regularization term 

with respect to the data misfit. Finally, we use the 

Constrained Optimization Bounding Estimator (COBE) 

method to estimate bounds on the total moment of the 

combined 2017/2018 SSE and regional earthquakes 

[24,25]. 

 

Our results indicate slip occurred in the region of the 

historic SSEs and in the vicinity of the Oaxaca earthquake, 

revealing distinct regions of aseismic slip for the 

2017/2018 SSE and regional earthquakes. Afterslip is 

found to occur in separate up-dip and down-dip regions 

around the Oaxaca region. This inferred separation is 

enabled by the high spatial resolution of InSAR (Figure 3). 

On the other hand, slip in the SSE region in our preferred 

slip model based on analysis of a whole suite of models 

using both L-curve and grid search approaches, shows slip 

solution more concentrated with similar, MW 7.1-7.4 

magnitude equivalent obtained in [7] using Sentinel-1 data; 

where in a preliminary analysis of Sentinel-1 without using 

the full spatial covariance we found a slip model more 

similar to [7], but with lack of high-quality pixels near the 

coast to constrain the shallow slip. These results 

demonstrate the viability of using ALOS-2 L-band InSAR 

in subtropical and vegetated regions in the presence of 

strong atmospheric noise. This will improve our 

understanding of aseismic slip processes and provide the 

observations necessary to constrain physical models of 

aseismic faulting. 

 
Figure 3. Slip modeling results. Solid black line is the coast 

outline. Colored boxes denote the regions in the text, and 

(a-b) Best-fitting slip models (magnitude in the up-dip 

direction), where slip is not allowed on patches below 55 

km depth. (a) GNSS only and (b) GNSS + InSAR, with full 

covariance.  
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1. INTRODUCTION

Near-field Surface deformation is key to understand the 
fault geometry and distributed slip for an earthquake, 
particularly for those events having complex rupture 
processes. Synthetic Aperture Radar Interferometry 
(InSAR), measures surface centimeter to millimeter level 
based on SAR data from variable SAR missions. Due to 
temporal and spatial decorrelation, L-band InSAR can 
usually have higher interferometric coherence than C-band 
InSAR, and then provides unique constraints for deforming 
events in most natural environmental conditions.  

Through the great supports of the RA6 project, we were 
able to chase large earthquakes globally by using L-band 
InSAR techniques[1]–[4]. In the period of the RA6 project, 
we have mapped tens of moderate- to large-sized 
earthquakes which are due to different faulting 
mechanisms. Increasing InSAR data have significantly 
enhanced our understanding of faulting and their 
functionalities reshaping the surface morphology[2], [5], 
[6]. Continuous SAR observations in time, combining 
other SAR missions, e.g. Sentinel-1 and RADARSAT-2, 
have further increased opportunities to help explore 
variable faulting behaviors in a single earthquake cycle[7], 
[8].  

During the applications of InSAR observations, 
particularly with L-band ALOS2 data, we have figured out 
several advantages of variable SAR data, and meanwhile 
some limitations due to either effects of inherent noise, or 
some bugs during the data production and even original 
satellite construction. In the later session, we will present 
three aspects of L-band InSAR through different 
applications: 

1) Good coherence and less atmospheric effects for
L-band InSAR, relative to C-band InSAR.

2) Strong ionospheric effects for most L-band
InSAR products from ALOS2.

3) Production errors, which cause inabilities for
InSAR.

2. COSEISMIC SURFACE DEFORMATION
MAPPING USING L-BAND INSAR 

2.1 THE 2018 MW 7.5 PAPUA NEW GUINEA 
EARTHQUAKE 
A Mw7.5 large earthquake struck Papua New Guinea 
(PNG), which has hosted several large earthquakes before. 
To reveal the complexity of the rupture processes of the 
mainshock, we processed ALOS2 ScanSAR data for 
InSAR deformation mapping and conducted source 
inversion. Serveral deformation centers have clearly been 
revealed by the L-band InSAR (Figure 1), which is 
essential for detailed slip distribution retrieval.  

Figure 1 Rewrapped cosesismic interferogram of 2018
0201-20180315 in a range of -10 to 10 cm[5].  

As an island region, local dense vegetation and wet weather 
result in fast decorrelation for C-band InSAR. Therefore, 
the L-band InSAR result (Figure 1) has provided unique 
contributions in the modelling. 

2.2 2019 MW6.4 AND MW 7.3 RIDGECREST, 
CALIFORNIA EARTHQUAKS 

Tectonic earthquakes result from faulting processes. Due 
to complexity of faulting in a single event, the three 
deformation components are usually required to retrieve 
full slip patterns in detail [2]. By combining Sentinel-1 C-
band and ALOS2 L-band SAR data, we applied both 
traditional InSAR and subpixel tracking methods to create 
four different deformation comments, including ascending 
Line-of-sight (LOS), descending LOS, range subpixel 
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offsets and azimuth subpixel offsets. Though range offsets 
are identical with the traditional InSAR phase changes, 
they can provide more constraints in the inversion, 
particularly for the near-field deformation maps. Thanks to 
dry conditions in the region of the earthquakes, all selected 
interferograms show great interferometric coherence[2].  

 
Figure 2 (a) Filtered coseismic interferogram of 
20190628-20190710 in Sentinel-1 Track 64. The 
earthquake fault traces (thick red lines) were marked based 
the InSAR phase discontinuities and subpixel offset 
tracking results. (b) The calculated vertical deformation 
map of the earthquakes and horizontal displacements 
derived from InSAR[2]. 

 
2.3 2020 MW6.6 HOTAIN EARTHQUAKE 
A normal fault earthquake occurred in the region of Hotain, 
Xinjiang China on 25 of June, 2020. Due to coverage of 
snow on the top of the mountain in the region, significant 
decorrelation has been found in both C-band and L-band 
InSAR results (Figure 3).  

 
Figure 3. (a) coseismic interferogram of ALOS2 SAR. (b) 
the simulation of coseismic deformation based on our 
optimal slip model. 

In a short summary, L-band InSAR have provided unique 
contributions in the coseismic deformation mapping, 
particularly useful for near-field offsets retrieval.  
 

3. LIMITATIONS OF L-BAND 
INTERFEROMETRY 

 

Though we have been beneficial from L-band InSAR 
abilities in deformation mapping, ionospheric anomalies 
have widely observed in several previous studies[7], [9]. 
As seen in Figure 4, significant straps were remained in the 
residuals (Figure 4(c)), which is most likely due to 
ionospheric anomalies between the two passes of primary 
and secondary SAR data of the interferometric pairs.  
 

 
Figure 4. (a) ALOS2 coseismic interferogram of the 2015 
Mw8.3 Chile earthquake. (b) the simulation based on our 
preferable slip model [7].  (c) the difference between (a) 
and (b).  
 
A spectral splitting method has been developed based on 
the GAMMA package in order to reduce the effects of 
ionospheric effects[4] as the ionospheric component is 
sensitive to the central frequencies of the SAR data. We 
can then manage a band splitting for SAR data to generate 
low- and high-band SAR bands with a certain central 
frequency difference. Then the difference of the high- and 
low-band interferograms is a simple function of 
ionospheric components involving their frequencies. 
Meanwhile, due to significant effects of ionospheric 
anomalies, the traditional registration has not been enough 
to resample the secondary SAR to the projection of the 
primary data (Figure 5(b,d)).  As seen in Figure 5(a), the 
special fringes on the bottom of the image could be due to 
the wrong configuration during production, which could 
cause phase anomaly with a few radians.  

 
Figure 5. Anomaly analysis of ALOS2 track 73 interferogram of 20 
160723–20170722. (a) Range subpixel offsets. (b) Azimuth subpixel 
offsets. (c) Traditional interferogram fringes. (d) As the difference 
between (c) and an updated interferogram that is generated with subpixel 
offsets involved in the resampling [4]. 
 

4. SUGGESTIONS AND EXPECTATION 
 
By considering remarkable signatures of ionospheric 
components (ION) in the L-band InSAR, we would suggest 

(a) (b) (c) 
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configuring SAR missions performing image during early 
morning time to avoid potential effects due to solar 
activities. In fact, ION issues have also been realized in the 
C-band InSAR. So we need to be careful of ION’s effects 
in the modelling during the InSAR applications in future.  

InSAR deformation products have been growing quickly in 
the recent years. With the new SAR missions coming, we 
hope to have chances to access L-band SAR data in some 
specific study areas to extensively explore the abilities of 
SAR observations toward a better understanding of 
dynamic surface processes.  

 
5. PUBLICATIONS UNDER SUPPORT OF THE 

RA6 PROJECT 
To date, we have published over 10 scientific papers in 
prestigious journals in the geophysical field, e.g. [1], [2], 
[4], [6], [7], [10], [11], and at the moment we still have two 
manuscripts under the review. Without the data released by 
JAXA, we could not have done such great jobs in these 
years.  
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1.概要

近年の地球温暖化に起因する局所豪雨等が増加し

ており,それに伴い土砂災害の広域化・激甚化の傾向

がみられる.そのため,その土砂災害を引き起こすと

想定さえる地すべり等の土砂災害の予兆現象を監視

できる ALOS-2の干渉 SAR解析,特に時系列干渉

SAR解析による地表の動態監視は重要である. 

そこで,まず ALOS-2の干渉性を評価し,時系列干渉

SAR解析に資するペアの条件を確認した.次に,平成

28年熊本地震が発生した熊本県周辺を対象に,時系

列的な干渉 SAR解析を実施し,土砂災害の予兆現象

に対する適応性を確認した.さらに,近年は大規模な

地震が多発しているため,地震時の変動や地震後の余

効変動に起因する土砂災害や地殻変動に対する適応

性を確認した. 

その結果,ALOS-2で時系列的な干渉 SAR解析を実

施する上でのパスの選定条件が確認できた.また,時

系列的な干渉 SAR解析を実施することで,ALOS-2に

よる土砂災害の原因となる土砂移動現象の監視が可

能であり,既往の観測機器では把握しきれない情報を

取得可能であることが示された. 

2. ALOS-2の干渉性の評価

本論では,RA4及び RA6で提供を受けた国内 24箇

所（224シーン,1,186ペア）を用いて,ALOS-2の干渉

性の評価を行った.干渉性の評価を行う項目とし

て,ALOSでは未検証の事項（2項目）,及び ALOSで

は検証済の事項（3項目）となる以下の 5項目を設

定した. 

①オフナディア角の違い（ALOSでは未検証）

ALOSは,主な基本観測モードのオフナディア角が

34.3°と設定されていた.それに対し,ALOS-2の基本

観測モードは,U2-6（オフナディア角 29.1°）から

U2-9（オフナディア角 38.2°）まで多岐にわたるた

め,オフナディア角が異なると干渉性が異なる可能性

が考えられた.そこで,異なるオフナディア角で,同じ

場所をほぼ同じ時期に観測したデータを用いて干渉

性を比較することで,オフナディア角の違いが干渉性

に与える影響ついて評価した. 

②観測方向の違い（ALOSでは未検証）

 ALOSは,南行軌道が主に光学センサー観測と

ScanSAR観測の運用に用いられ,時系列干渉 SAR解

析に十分なシーン数が観測されなかった.それに対

し,ALOS-2は SARセンサーのみの搭載であるため,

北行軌道,南行軌道ともに干渉 SAR解析に十分なシ

ーン数が観測されている.そこで,観測方向の違い

（北行軌道：概ね東から西,南行軌道：概ね西から東）

による干渉性の違いについて評価した. 

③観測日間隔（ALOSで検証済）

ALOSの 46日回帰と比較して,ALOS-2は 14日回

帰となる.しかし,実運用では日本の緯度かつ高分解

能 3mモードで隙間なくカバーするためには,同じ軌

道から 3～4回分けて観測する必要があるため,実回

帰は 42日～56日となり,ALOSと大差は無い. 

一方で,今後打ち上げが予定されている先進レーダ

ー衛星は観測幅が広がることから 14日回帰で運用

されると想定され,14日間隔からの干渉性を確認す

ることが望ましい.そこで,最短 14日間隔から 2018年

4月現在で最長となる 1,050日間隔までの干渉性を評

価し,山間部の土砂災害の予兆監視に用いることがで

きる最大の観測日間隔について評価した. 

④軌道間距離（垂直基線長）（ALOSで検証済）

ALOSは,面外制御の影響で最大で 8,000m以上の

垂直基線長が見られた.しかし,ALOS-2はより綿密な

軌道制御を行い,垂直基線長は 500m以内を保つとさ

れている.一般に,垂直基線長が長いほど Spatial 

decorrelationの影響を受け干渉性が低下するため,垂

直基線長の限界値を知ることは重要である. 

そこで,山間部の土砂災害の予兆監視に用いること

が可能である最大の垂直基線長について評価した. 

⑤ペアの季節の組み合わせ（ALOSでは未検証）

一般に,ALOS-2が用いる Lバンド SARは植生の影

響を受けにくいと言われているが,実経験では同時期

の干渉性が最も高く,季節が異なると干渉性が低下す

ると感じる.そこで,ペア間の季節の組み合わせにつ

いて評価し,適切な既設の組み合わせを調査した. 

なお,本論では山間部は傾斜 10度以上の場所と定

義した.また,本検証で用いた処理ソフトウェアは

GAMMA SARであり,干渉 SAR解析における処理パ

ラメータは下表に示す.
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Tab. 1 Processing Parameter 

Look Number Filter FFT size Filter Alpha Value 

4×4 32 0.8 

2.1. オフナディア角の違いの干渉性への影響 

 熊本県周辺を観測した北行軌道の U2-6（66 ペア）

と U2-9（105ペア）を用いて,オフナディア角の違い

に起因する干渉性の変化を比較した.Fig.1と Fig.2か

ら,両者ともに観測日間隔が長くなるとシーン平均コ

ヒーレンスが低下することがわかる.以上の結果から,

日本国内において基本観測計画に主に用いられる

U2-6の結果と U2-9の結果を比較すると,U2-9の結果

のほうが近似直線と比較してややばらつきが大きい

ことを除けば同様の傾向を示しており,オフナディア

角の違いが干渉性に与える影響は小さいと考えられ

る. 

 また,観測モードの違いが干渉性に与える影響は小

さいことが確認できたため,以降の検討では観測モー

ド違いは考慮せずに検討した.  

 

Fig. 1 Scene average coherence at the mountains aro-

und Kumamoto Prefecture in acquisition mode U2-6 

 

Fig. 2 Scene average coherence at the mountains aro-

und Kumamoto Prefecture in acquisition mode U2-9 

2.2. 観測方向の違いの干渉性への影響 

 熊本県周辺における北行軌道（U2-6と U2-9）と

南行軌道（U2-7）を用いて,観測方向の違いに起因す

る干渉性の変化を比較した.Fig.3と Fig.4から,両者と

もに観測日間隔が長くなるとシーン平均コヒーレン

スが低下し,その時間的傾向も大きく差が無いことが

わかる.また,近似線とのばらつきも観測方向の違い

による差は見られないことが確認できる. 

 以上の結果から,日本国内において観測方向の違い

が干渉性に与える影響は小さいと考えられる. 

 なお,観測方向の違いが干渉性に与える影響は小さ

いことが確認できたため,以降の検討では観測方向の

違いは考慮せずに検討した. 

 

Fig. 3 Scene average coherence at the mountains in 

Ascending Orbit at Kumamoto 

 

Fig. 4 Scene average coherence at the mountains in 

Descending Orbit at Kumamoto 

2.3. 観測日間隔の干渉性への影響 

 国内 24箇所（224シーン,1,186ペア）を用いて,山

間部における観測日間隔に起因する干渉性を評価し

た.Fig.5から,観測日間隔が長くなるとシーン平均コ

ヒーレンスも低下することがわかる.しかし,干渉性

低下の要因は複数あり,その積により干渉性が求まる

ことから,観測日間隔が同じでも,干渉性には大きな

ばらつきが生じる.そこで,観測日間隔を含め干渉性

の低下がなく,良好な干渉性が得られる状態と,観測

日間隔のために干渉性の低下が発生する状態の境界

を調査することとした. 

本論では良好な干渉性が得られる条件としてコヒ

ーレンス値 0.8を設定し,全ペアのうち山間部のコヒ

ーレンス値が 0.8以上となる割合を調査した. 

なお,日本国内で山間部のコヒーレンスを検討すると

きには,積雪の影響を無視できない.そのため,国土数

値情報の豪雪地帯 1)を含むシーンは積雪の影響が大

きいエリア（377ペア/1186ペア）,それ以外のシー
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ンを積雪の影響が小さいエリア（699 ペア/1186 ペア）

として定義した. 

 

Fig. 5 Scene average coherence to acquisition date interval 

①積雪の影響が小さいエリア 

Fig.6から,観測日間隔が 420日を超えると山間部

で良好な干渉性が得られる割合が 50%を下回ること

がわかる.また,938日を超えると山間部で良好な干渉

性が得られるペアはないことがわかる.以上の結果か

ら,観測日間隔が 420日以内（30回帰以内）のペアを

選定すると,良好な干渉性が得られるペアが多いと考

えられる. 

 

Fig. 6 Percentage of scenes where the coherence value 

is 0.8 or more to aquisiton date interval at area where 

the influence of snow cover is small 

 

Fig. 7 Percentage of scenes where the coherence value 

is 0.8 or more to aquisiton date interval at area where 

the influence of snow cover is large 

②積雪の影響が大きいエリア 

Fig.7から,観測日間隔が 406日を超えると山間部

で良好な干渉性が得られる割合が 50%を下回ること

がわかる.また,560日を超えると山間部で良好な干渉

性が得られるペアはないことがわかる.以上の結果か

ら,観測日間隔が 406日以内（29回帰以内）のペアを

選定すると,良好な干渉性が得られるペアが多いと考

えられる. 

2.4. 軌道間距離の干渉性への影響 

 国内 24箇所（224シーン,1,186ペア）を用いて,山

間部における垂直基線長に起因する干渉性を評価し

た.Fig.8からは,垂直基線長と干渉性との間に明瞭な

関係は確認できず,このままでは時系列干渉 SAR解

析に用いるための条件の確認は困難であると考えら

れた.そこで,観測日間隔と同様に山間部で良好な干

渉性が得られる割合を調査した.  

 

Fig. 8 Scene average coherence to perpendicular baseline 

①積雪の影響が小さいエリア 

Fig.9から,垂直基線長が 400mを超えると山間部で

良好な干渉性が得られるペアはないことがわかる. 

以上の結果から,垂直基線長が 400m以内のペアを

選定すると,良好な干渉性が得られるペアが多いと考

えられる. 

 

Fig. 9 Percentage of scenes where the coherence value 

is 0.8 or more to perpendicular baseline at area where 

the influence of snow cover is small 

②積雪の影響が大きいエリア 

Fig.10から,観測日間隔が 390mを超えると山間部

で良好な干渉性が得られるペアはないことがわかる.
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以上の結果から,垂直基線長が 390m以内のペアを選

定すると,良好な干渉性が得られるペアが多いと考え

られる. 

 

Fig. 10 Percentage of scenes where the coherence value 

is 0.8 or more to perpendicular baseline at area where 

the influence of snow cover is large 

2.5. ペア間の季節の組み合わせとの干渉性への影響 

 観測日間隔が短いペアはもともと干渉性が高いた

め,季節の違いによる影響と観測日間隔の違いによる

影響の差の違いの識別が困難である.そこで,観測日

から最長 2年間に区切り,季節と観測日間隔を分離し

て評価した.その結果,以下の事項が確認できた. 

・ Master を春としたペアは,最初の 1 年間（春～冬）

の干渉性が高いものの,それ以降は急激に干渉性

が低下する傾向が見られる. 

・ Masterを夏としたペアは,冬を超えると急激に干

渉性が低下する傾向が見られる. 

・ Masterを秋としたペアは,他の時期を Masterとし

たペアと比較して全体的に干渉性が高い傾向が

見られ,時間的に徐々に干渉性が低下する傾向が

見られる. 

・ Masterを冬としたペアは,秋と比較すると干渉性

の低下の傾向が大きいが,Masterが春,夏のペアよ

り干渉性が高い傾向が見られる. 

 

Fig. 11  Relationship between Percentage of scenes 

where the coherence value is 0.8 or more and season of 

slave image 

3.時系列干渉 SAR解析による土砂災害予兆監視 

平成 28年熊本地震は,震度 7を記録する揺れを 2

回,震度 5強以上の余震を複数回記録し,さらに同年

の梅雨期（6月中旬～6月末）にまとまった降雨が発

生した.その結果,熊本県周辺にて斜面変動のリスク

が増加し,実際に土砂災害警戒情報の発表基準の引き

下げ等が実施された.そこで,本論では熊本県周辺を

観測した北行軌道と南行軌道の観測データを利用し,

熊本県周辺における土砂災害の予兆現象となり得る

土砂移動現象の把握を試行した. 
3.1. 使用データと組み合わせ 

 熊本県周辺を観測した北行軌道の U2-6(9シーン)

と U2-9(10シーン)を用いて,時系列干渉 SAR解析を

実施した.使用したペアを Tab. 2に示す. 

Tab. 2 Using Satellite data 

Orbit Path Frame Look Off-nadir 

Ascending 131 640 Right 38.2 

Descending 23 2950 Right 32.4 
 

 

Fig. 12 Ascending: 9 scene 8 pairs (After the earth-

quake, set 2016/4/26 as reference) 

 

Fig. 13 Descending: 10 scene 9 pairs (After the earth-

quake, set 2016/4/18 as reference) 

3.2. 土砂移動現象把握の試行結果 

 地震後の時系列干渉 SAR解析の結果,地表変状地

震断層沿いに余効変動が継続していることが確認で

きたほか,局所的な土砂移動現象を示唆する干渉縞が

捉えられた..余効変動については後述する.また,局所

的な土砂移動現象を示唆する干渉縞としては,山都町

皿木周辺,御船町間所周辺,山都町松尾周辺の 3箇所

が確認できた.詳細を以降に述べる. 

3.3.1. 山都町皿木周辺  

山都町皿木周辺において,平成 28年熊本地震前同

士,及び地震前後同士では,北行軌道,南行軌道ともに

土砂移動現象を示唆する干渉縞を確認できなかった.

しかし,2016年 6月 19日から 2016年 6月 30日にか

けて発生した豪雨の後から,土砂移動現象を示唆する

干渉縞を両軌道で確認でき,2017年 3月末にかけて変

動量が累積し,徐々に大きくなる事象が確認できた. 

現地調査の結果,斜面上部に滑落崖,及び斜面下方

に向かって落ちる開口クラックを確認できた.また,
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斜面下部でコンクリート擁壁の押し出しが確認でき

た.以上の結果から,山都町皿木周辺では土砂移動現

象が発生しており,その現象を時系列干渉 SAR解析

で捉えたと考えられる. 

3.3.1. 御船町間所周辺 

 御船町間所周辺において,平成 28年熊本地震前は

土砂移動現象を示唆する干渉縞を両軌道で確認でき

なかった.しかし,平成 28年熊本地震前後のペアでは

土砂移動現象を示唆する干渉縞を両軌道で確認でき

た.また,2016年 6月 19日から 2016年 6月 30日にか

けて発生した豪雨の後から,特に南行軌道で土砂移動

現象を示唆する変動縞を確認できた. 

現地調査の結果,干渉縞で変動が確認できる箇所と

変動が確認できない領域の境界付近で道路を横断す

るクラックを確認できた.また,斜面上部では開口ク

ラックが確認でき,丁張を用いた計測が実施されてい

た.また,干渉縞の変動範囲に含まれる道路では,コン

クリート擁壁による補修がされていたことが確認で

きた.以上の結果から,御船町間所周辺では,土砂移動

現象が発生しており,その現象を時系列干渉 SAR解

析で捉えたと考えられる.  

3.3.3. 山都町松尾周辺 

 山都町松尾周辺において,平成 28年熊本地震前は

土砂移動現象を示唆する干渉縞を両軌道で確認でき

なかった.しかし,平成 28年熊本地震前後のペアでは

土砂移動現象を示唆する干渉縞を両軌道で確認でき

た.また,2016年 6月 19日から 2016年 6月 30日にか

けて発生した豪雨の後から,北行軌道について土砂移

動現象を示唆する変動縞を確認できた.しかし,南行

軌道では土砂移動現象を示唆する変動縞を確認でき

なかった. 

 現地調査の結果,干渉縞の変動範囲に含まれるコン

クリートの擁壁について,押し出しを示唆するクラッ

クが確認できた.以上の結果から,山都町松尾周辺で

は,土砂移動現象が発生しており,その現象を時系列

干渉 SAR解析で捉えたと考えられる.一方で,南行軌

道では土砂移動現象を示唆する変動縞を確認できな

かったが,これは土砂移動現象の移動方向の水平方向

の移動成分と垂直方向の移動成分の合成ベクトルが

南行軌道の視線方向に対し,小さくなったためと想定

される.  

Fig. 14 Sediment disaster monitoring by the time-series DInSAR analysis around Kumamoto Prefecutre 
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4. 地震に起因する土砂災害予兆の把握 

平成 30年 6月大阪府北部の地震,及び平成 30年北

海道胆振東部地震について,地震前同士,地震前後の

時系列干渉 SAR解析を実施し,地震に起因する土砂

移動現象の把握について試行した.その結果,時系列

干渉 SAR解析により,広域の地表変状がみられない

大阪府北部の地震,広域の地表変状がみられた北海道

胆振東部地震の両方で,地震に起因すると想定される

局所的な地表変状を抽出できた.詳細を以降に述べる. 

4.1. 平成 30年 6月大阪府北部の地震 

 平成 30年 6月に発生した大阪府北部の地震で

は,GNSS計測と干渉 SAR解析の両方で広域の地殻変

動を確認できなかった.しかし,報道等の情報から局

所的な地表変状が数多く発生していることが懸念さ

れた.そこで,地震前同士のペア(2017年 6月 19日と

2018年 4月 9日のペア)と地震前後のペア(2018年 4

月 9日と 2018年 6月 18日のペア)の干渉解析を用い

て,局所的な地表変状について確認した. 

干渉 SAR解析結果を詳細に確認すると,高槻市南

平台周辺,箕面市小野原西周辺で,地震前後のペアの

みに衛星から遠ざかる方向の変動縞が確認できた.こ

れらの地点は,地震前同士のペアでは明瞭な変動縞を

確認できなかったが,地震前後のペアでは変動縞を確

認できることから,地震時の揺れによって地表変状が

発生したものと推定される.この地域の地震時の揺れ

は，震度 5強から震度 6弱の範囲であった(気象

庁,2018). 

高槻市南平台では,干渉解析で変動が見られた領域

と不動であった領域との境界に沿って道路及び側溝

に開口クラックが認められ,一部の住宅地では斜面下

方向(概ね東方向)に向かって移動し,沈下しているこ

とが確認された.この現地調査結果は干渉解析結果と

整合的である. 

また，地形改変前の旧版地形図を確認すると，高

槻市南平台周辺は沢出口の緩斜面および谷地形を大

規模に造成していることが判明した.干渉解析で変動

が見られた形状と旧版地形図による緩斜面の分布範

囲が類似している.これは,造成盛土の沈下が生じた,

もしくは沖積錐の堆積物が斜面下方へ移動した現象

を捉えた可能性がある. 

 
 

Fig. 15 Results showing local ground changes in the northern Osaka prefecture earthquake in June, 2018 (Takatsuki 
City Nanpeidai ) 
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4.2. 平成 30年北海道胆振東部地震 

 平成 30年北海道胆振東部地震の前後の 3時期の観

測データを用いて干渉 SAR解析を実施し,地震に起

因する地表変状を確認した.その結果,札幌市清田区

周辺や厚真町から鵡川町にかけての海岸周辺等で局

所的な地表変状が確認できた. 

 札幌市清田区付近では複数地点で衛星から遠ざか

る方向の干渉縞を確認できた.これらの箇所における

干渉縞のパターンは,現地形との相関が見られないた

め,旧河道等の改変前の地形に沿って地表変状が発生

したと想定された.そこで,旧地形と干渉 SAR解析を

比較すると,改変による谷埋め地形と干渉縞や干渉性

が低下した領域が一致した.現地調査の結果では,旧

谷地形と一致するように,アスファルトの圧縮変形や

干渉性の低下がみられており,旧谷地形の地表変状を

干渉 SAR解析が捉えたと考えられる. 

 厚真町から鵡川町にかけての海岸周辺では,日高自

動車道やその周辺部にかけて,複数地点で地表変状を

示唆する干渉縞を確認できた.例えば,日高自動車道

では,厚真 ICから日高富川 ICの区間の道路盛土部に

ついて,衛星から遠ざかる向きの干渉縞が捉えられた.

また,干渉縞が発生した箇所は,発災後に通行止めの

区間となった範囲と一致した.この干渉縞を詳細に確

認すると,橋梁部やカルバート部では地表変状を示す

干渉縞は確認できず,橋梁部やカルバート部は変動し

ていないと想定された.現地調査の結果では,例えば

鵡川町大成一丁目付近ではアスファルト上に圧縮リ

ッジが確認できた.圧縮リッジの方向と干渉縞から読

み取れる変動方向を比較すると,変動方向が一致し,

干渉縞で得られた変動が現地調査と整合することが

確認できた.また,日高自動車道の厚真 ICから日高富

川 ICにかけては,道路が変状によって波をうったよ

うな形状となっていることが確認できた. 

Fig. 16 Results showing local ground changes in the 2018 Hokkaido Eastern Iburi Earthquake 

地理院地図使用 

siyou  

Compression deformation of road 

Deformation around Calvert 

Calvert has not subsided 

Results showing local ground changes around Mukawa city 

Results showing local ground changes around Kiyota ward 

Road subsidence 

Collapse 

70



Fig. 18 Comparison of deformation between earthquake variation and postseismic variation of the 2016 Kumamoto 
Earthquake (Ascending Orbit)   (Left： Earthquake variation, Right： Postseismic variation) 

Fig. 17 Comparison of deformation between earthquake variation and postseismic variation of the  2016 Kumamoto 
Earthquake (Descending Orbit)   (Left： Earthquake variation, Right： Postseismic variation) 

5.余効変動に起因する土砂災害予兆の把握 

地震後に発生する余効変動によって,土砂災害を引

き起こす可能性があるため,土砂災害予兆の監視目的

として余効変動を監視することが望ましい.そこで,

本論では,平成 28年熊本地震と平成 28年茨城県北部

の地震を対象として,地震に起因する余効変動監視を

試行した. 

5.1. 平成 28年熊本地震の余効変動 

 地震後の現地調査において日奈久断層帯北部では

既往の活断層線図で示された断層線に沿って明瞭な

地表地震断層が確認された.前震と本震を挟むペアを

用いた干渉 SAR解析では,既往の活断層図に示され

る断層線の西側に地殻変動を示す干渉縞を複数確認

できた(図中①).しかし,本震後のペアを用いた干渉解

析から推定した余効変動は,既往の活断層図に示され

る断層線の西側では確認されず(図中②),既往の活断

層図に示される断層線に近い位置のみで地表変状を

示す干渉縞が確認できた.また,益城町周辺で余効変

動を示唆する干渉縞が確認できた(図中③).このよう

に,地震時の地殻変動と余効変動では,地表変状を示

す干渉縞の位置が異なることが確認できた. 
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 時系列干渉 SAR解析と 2.5次元解析によって,余効

変動を東西方向の変動,及び南北方向の変動に分離し

て確認した。結果を Fig. 19に示す。 

 東西方向の変動は,①布田川断層帯（布田川区間）

の南側,及び日奈久断層帯の高野－白旗区間で西向き

に 322日間で最大 100mm程度の変動,②西原村布田

から大切畑にかけて布田川断層帯の北側でも西向き

の変動傾向,③日奈久断層帯に沿って断層の東側にて

西向きの変動を確認したが,豊野町赤石付近で変動量

がほぼ０からやや東向きに変化,④大津町大月北小付

近では,地震時の変動方向に沿った変動がみられた。 

 一方で,南北方向の変動は,①日奈久断層帯では明

瞭な隆起・沈降傾向を確認できない,②布田川断層帯

の布田川区間と出ノ口断層帯の間,及び宇土区間の一

部で最大 100mm程度の沈降傾向を確認,③西原村布

田付近で布田川断層の北側でも沈降傾向を確認,④下

江津湖から熊本城周辺にかけて北西－南東方向に連

続する沈降傾向を確認できた。以上の結果から,時系

列干渉 SAR解析により,従来面的な把握が困難であ

った余効変動の面的な動態について明らかとなった。 

5.2. 平成 28年茨城県北部の地震の余効変動 

 平成 28年 12月 28日に発生した平成 28年茨城北

部の地震では,GNSS計測等で余効変動の発生が確認

されているが,変動の詳細な面的分布は不明であった.

そこで,地震発生直後,及び地震発生後概ね 1年経過

した観測データを用いて干渉 SAR解析を行い,余効

変動監視を試行した.その結果,Fig. 20に示すように,

本地震に起因する余効変動の面的な分布を確認でき

た.また,本震に起因する地殻変動と余効変動に起因

する地殻変動を比較すると,余効変動に起因する地殻

変動では地殻変動の範囲が小さく,断層の北東側では

変動がみられないことが確認できた.また,変動量が

最大となる位置が南東側に移動していることが確認

できた.このように,ALOS-2の時系列干渉 SAR解析

を実施することで,今まで全容の把握が困難であった

余効変動に起因する地表変状を明らかにした. 

6. まとめ 

6.1. ALOS-2干渉性の評価 

熊本県周辺を観測した北行軌道の U2-6（66 ペア）

と U2-9（105ペア）を用いて,オフナディア角の違い

に起因する干渉性の変化を比較した. 

ALOS-2における,土砂災害の発生が予測される山

間部における干渉性について評価し,以下の条件が確

認できた. 

・ 観測モードや照射方向の違いが干渉性に与える

影響は小さい. 

・ 観測日間隔 406日以内のペアを選定すると,良好

な干渉性を得られるペア数が多い. 

・ 概ね軌道間距離 400m以内のペアを選定すると,

良好な干渉性が得られるペア数が多い. 

・ エリアにおける積雪の影響の大小は,観測日間隔

と軌道間距離の条件を考える上で,あまり影響し

ない.  
・ 秋（9月～11月）を Masterか Slaveのいずれか

に含むと良好な干渉性が得られるペア数が多い. 

6.2. 時系列干渉 SAR解析による土砂災害予兆監視 

熊本県周辺を観測した北行軌道と南行軌道の観測

データを利用し,熊本県周辺における土砂災害の予兆

現象となり得る土砂移動現象の把握を試行した. 

その結果,山都町皿木周辺,御船町間所周辺,及び山

都町松尾周辺で,土砂災害の予兆の可能性がある地表

変状を確認できた.また,時系列干渉 SAR 解析により, 

Fig. 19 Postseismic fluctuation in about 1 year sfter the 2016 Kumamoto earthquakes 
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例えば山都町皿木では 6 月末に発生した梅雨によっ

て変動量が大きくなる事象が確認できた等の,地表変

状が発生した時期が明瞭となった.以上の結果から,

時系列干渉 SAR 解析により,土砂災害の予兆監視が

可能となることが示唆された. 

6.3. 地震に起因する土砂移動現象の把握 

平成 30年 6月大阪府北部の地震,及び平成 30年北

海道胆振東部地震について,地震前同士,地震前後の

時系列干渉 SAR 解析を実施し,地震に起因する土砂

移動現象の把握について試行した.その結果,時系列

干渉 SAR 解析により,広域の地殻変動がみられない

大阪府北部の地震,広域の地震がみられた北海道胆振

東部地震の両方で,地震に起因すると想定される局所

的な地表変状を抽出できた.また,局所的な地表変状

が発生した箇所を確認すると,例えば過去に谷地形で

あった場所を大規模盛土によって造成した箇所で被

害が集中するなど,過去の地形改変に起因して地表変

状が発生する例が確認できた. 

6.3. 余効変動に起因する土砂災害予兆の把握 

ALOS-2の時系列干渉 SAR解析を実施することで,

今まで全容の把握が困難であった余効変動に起因す

る地表変状を明らかにした.平成 28 年熊本地震の例

では地震直後の余効変動が最も大きく,地震から時間

が経過すると共に余効変動が小さくなっていく等の

地表変状の時間的な変化を監視可能であることが示

唆された. また,平成 28年茨城県北部の地震について

も,地震時と余効変動時の地表変状の変遷を把握でき,

今後地震後の対策検討等への活用が期待される. 

以上の結果から,ALOS-2 は地すべりや大規模盛土

の沈降といった局所的な地表変状から地震後に発生

する余効変動に起因する広域の地表変状までの監視

が可能であることが確認できた.今後は,斜面変状を

計測している斜面を対象に,時系列干渉 SAR 解析で

得られた変動量と実測値とを比較し,より高精度な変

動量を得られるための条件を検討していく予定であ

る. 
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1. INTRODUCTION

On a broad scale, the seismo–tectonics–and–activities of 
the Iranian Plateau are controlled by the collision of the 
Arabia and Eurasia plates. As a transferring zone from the 
Caucasus to the west central Alborz Mountains and to the 
Central Iranian Block, the Talesh and Zagros Mountains is 
one of the most active seismic regions in the Iranian 
Plateau. Different shape and size of dextral strike–slip fault 
systems are widely dispersed within this transition zone 
and accommodate the southeastern extrusion motion of the 
Anatolian Block (or some other geological micro–units 
within it) towards the Central Iran Block, like the North 
Tobriz fault, Piranshahr–Morvarid–Nahavand fault, 
Takht–e–Solamiman fault. Because a lot of medium to 
large earthquakes struck this area in the past few decades, 
and these earthquakes have resulted in serious damage and 
causalities in densely populated cities, an assessment of 
potential earthquake hazards would be also conducted in 
this project. We have a collaboration with the Geological 
Survey of Iran and started a project of installing 
consecutive GPS networks along/perpendicular to some 
active faults to monitor their present-day’s velocities since 
2013. We also apply the Differential Interferometric 
Synthetic Aperture Radar (D-InSAR) and the Small 
Baseline Persistent Scatterers SAR interferometry (SBPS–
InSAR) into the deformation analysis. Combined with the 
horizontal and vertical slip vectors provided by the 
continuous GPS networks in Turkey, Iran, Armenia and 
Georgia, we can better understand the dynamic 
mechanisms of strain accumulation and partitioning in the 
Turkish-Iranian Plateau. Our inter-seismic and co-seismic 
results indicate that oblique strike–slip faulting, composed 
of over-thrusting and strike-slip components is the 
predominant seismic triggering mechanism in the Iranian 
Plateau. Because, this set of transpressional and/or 
transtensional faults seem to play an important tectonic role 
in not only producing the huge relief between hanging-wall 
and footwall, but also in accommodating the relative 
convergence and collision between the Arabian and 
Eurasia plates. Next, we will show our results that are 
supported by the ALOS RA6 Project.  

2. TERMINATION MECHANISM ALONG THE
NORTH TABRIZ-NORTH MISHU FAULT ZONE

OF NORTHWESTERN IRAN 

[1]In this work, we analyzed right-lateral strike-slip
motion on the North Tabriz fault (NTF) in an area where
this structure appears to transition into a thrust fault known
as the North Mishu fault (NMF). These faults play an
important but cryptic role in accommodating stress related
to the Arabia-Eurasia plate collision. We analyzed regional
velocity vectors from permanent and temporary GPS
arrays to estimate changes in fault- parallel and fault-
normal slip rates in the transition zone between the NTF
and NMF. Independent of its compressional motion, the
NMF exhibits a dextral strike-slip rate of ∼2.62 mm/yr.
Along the NTF, the right-lateral slip rate decreases and the
vertical slip rate on increases at rates of 0.08 and 0.38
mm/yr km, respectively, as the NTF approaches the NMF.
This study also used small baseline (SBAS) PS-InSAR
results to reveal a NE-SW-striking reverse fault and a
developing syncline hidden beneath the Tabriz Basin.
Additionally, we calculated the vertical displacement rates
using horizontal vectors from the GPS data and mean line-
of-sight rate estimates from the SBAS data. While the
study area does not express large-scale extrusion, such as
that observed in the Anatolian Plate, the transformation of
strike-slip motion into thrusting and crustal shortening
along the NMF-NTF fault zone accommodates most of the
N–S compression affecting the northwestern Iranian
Plateau. In this region, small-sized, right-lateral strike-slip
faults, and other folded structures form horsetail features.
These dispersed structures accommodate eastward
extrusion of the northwestern Iranian Plateau.

3. NEW IMPLICATIONS FOR THE STRAIN
PARTITIONING IN THE SOUTHERN BINALUD 

MOUNTAINS, NE IRAN 

[2] The outward expansion of the northeastern Iranian
Plateau is mainly accommodated by a series of widely
distributed range-normal thrust and range-parallel strike-

Final Report on the 6th ALOS-2 Research Announcement 

75



slip faults. However, the role of the strike-slip faults in this 
region's strain-partitioning kinematics remains unclear. 
The occurrence of the 5 April 2017 Mw 6.1 Mashhad 
earthquake provides us a rare opportunity to study this 
topic because this earthquake struck the southern Binalud 
Mountains, which are experiencing an oblique 
convergence between the northward-moving Lut Block 
and the NW-striking Binalud and Kopeh Dagh mountain 
ranges. We process two paired ascending and des- cending 
Sentinel-1A radar-image observations to determine the 
relative contributions from the dip and strike-dip 
subcomponents in such an oblique collisional domain. The 
interferograms along the line-of-sight direction and their 
converted horizontal and vertical displacements indicate 
that a thrust with a right-lateral strike-slip fault controlled 
the rupture process of the Mashhad earthquake, with the 
maximum dextral shearing and vertical displacements 
reaching 19.5 cm and 14 cm, respectively. Coseismic 
surface deformation measurements are also used to 
estimate the fault geometry and invert the slip distribution 
along the underlying seismogenic fault. Our best-fit 
faulting model suggests that the coseismic rupture occurred 
on a fault plane with a dip angle of 37.5° and strike angle 
of 324°. The strike-slip subcomponent was more 
significant than the dip-slip, approaching ∼95 cm, and the 
dip-slip varied from 10cm to 47cm. The seismic-moment 
release of our preferred fault model is 1.71 × 1018 Nm, 
equivalent to a Mw 6.16 earthquake event. We also use the 
preferred fault model to calculate the Coulomb failure 
stress (CFS) change at the nearby receiver faults. 
Combined with an analysis of historical earthquakes and 
the consistent dextral river deflections along the strike-slip 
fault systems of the southern Binalud and Kopeh Dagh 
Mountains, we speculate that the seismogenic structure that 
triggered the Mashhad earthquake should have been one 
strand fault of the NW–SE-striking Kashafrud fault system. 
The strike-slip faults in NE Iran play an important role in 
accommodating the lateral transport of crustal material 
from the convergence front of the Lut Block and Binalud 
fragments and providing commonly distributed 
anticlockwise rotation around a vertical axis.  
 

4. INTERSEISMIC ACTIVITY ON THE ILAN 
PLAIN (NE TAIWAN) USING SMALL BASELINE 

PS-INSAR, GPS AND LEVELING 
MEASUREMENTS 

 
[3]The Ilan Plain, located in Northeast Taiwan, represents 

a transition zone between oblique collision (between the 
Luzon Arc and the Eurasian Plate) and back-arc extension 
(the Okinawa Trough). The mechanism for this abrupt 
transition from arc-continent collision to back-arc 
extension remains uncertain. We used Global Positioning 
System (GPS), leveling and multi-interferogram Small 
Baseline Persistent Scatterer Interferometry (SBAS-PSI) 
data to monitor the interseismic activity in the basin. A 
common reference site was selected for the datasets. The 
horizontal component of GPS and the vertical 
measurements of the leveling data were converted to line-
of-sight (LOS) data and compared with the SBAS-PSI data. 
The comparison shows that the entire Ilan Plain is 
undergoing rapid subsidence at a maximum rate of -11 ± 2 
mm/yr in the LOS direction. We speculate that vertical 
deformation and anthropogenic activity may play 
important roles in this deformation. We also performed a 

joint inversion modeling that combined both the DInSAR 
and Strong motion data to constrain the source model of the 
2005 Ilan earthquake. The best fitting model predicts that 
the Sansing fault caused the 2005 Ilan earthquake. The 
observed transtensional deformation is dominated by the 
normal faulting with a minor left-lateral strike-slip motion. 
We compared our SBAS-PSI results with the long-term 
(2005 to 2009) groundwater level changes. The results 
indicate that although pumping-induced surface 
subsidence cannot be excluded, tectonic deformation, 
including rapid southward movement of the Ryukyu arc 
and back-arc extension of the Okinawa Trough, 
characterizes the opening of the Ilan Plain. Furthermore, a 
series of normal and left-lateral strike-slip transtensional 
faults, including the Choshui and Sansing faults, form a 
bookshelf-like structure that accommodates the extension 
of the plain. Although situated in a region of complex 
structural interactions, the Ilan Plain is primarily controlled 
by extension rather than by shortening. As the massive, 
pre-existing Philippines-Ryukyu island arc was pierced by 
the Philippine Sea Plate, the Ilan Plain formed as a remnant 
back-arc basin on the northeastern corner of Taiwan.  
 

5. FIGURES 
 

 
Fig. 1 LOS velocity fields for the Mishu-Tabriz Fault 
Zone. Vertical velocities (Vu) were calculated using 
circular search areas centred on each GPS station, 
along with east and north GPS velocity components 
(Ve and Vn, respectively) from the GPS data. 
Asterisks (∗) represent permanent GPS stations. The 
transects A1–A2 and B1–B2 run parallel to the strike 
of the NTF as shown in the Fig. 11. TSF: Tasuj fault, 
SMF: South Mishu fault, and SUF: Sufian fault.  
From Ref. [1] 
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Fig. 2 (a) 3D Geographic map and (b) tectonic model 
of the Turkish-Iranian Plateau. The East Alborz fault 
(EAF) and North Alborz fault (NAF) form a conjugate 
strike-slip system that accommodates lateral extrusion 
of the Anatolian Plate. The smaller sized unfilled 
arrows represent small-scale extrusion of the 
northwestern Iranian Plateau. EAF: East Anatolia 
fault, NAF: North Anatolia fault, G. Caucasus: 
Greater Caucasus, L. Caucasus: Mishu fault, NTF: 
North Tabriz fault, and NWI: Northwestern Iranian 
Plateau. From Ref. [1] 

 
Fig. 3 (a) Simplified reconstruction of the tectonics of 
the Iranian Plateau. Turkmenistan and Afghanistan 
are relatively aseismic and form the southern margin 
of Eurasia. Abbreviations: AD: Allah Dagh 
Mountains; BN: Binalud Mountains; NY: Neyshabur 
Mountain; SR: Kuh-e-Sorkh Mountain; SZ: Sabzevar 
Mountain; TL: Talesh Mountains. (b) Topographic 
map, focal-mechanism solutions of the main shock of 
the 5 April 2017 Mw 6.1 Mashhad earthquake and 
aftershock distribution from 5 April to 21 April, 2017. 
The purple, yellow, red, green and black stars indicate 
the different focal-mechanism solutions from the GFZ, 
ISC, USGS/NEIC, GCMT and IRSC earthquake 
catalogs, respectively. From Ref. [2] 

 

 
Fig. 4 (a) Ascending and (b) descending 
interferograms. (c) Dextral strike-slip along the 
seismogenic fault and (d) vertical displacement fields 
for the 5 April 2017 Mashhad earthquake (Mw 6.1) in 
NE Iran. From Ref. [2] 

 
Fig. 5 Three profiles that cut across the rupture zone 
of the (a1-a2) northern, (b1-b2) central and (c1-c2) 
southern segments. (a) Dextral strike-slip 
displacements. (b) Upward and downward 
movements. From Ref. [2] 
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Fig. 6 Simplified summary tectonic map of NE Iran 
that shows the present-day kinematics of Iran 
(modified from Hollingsworth et al., 2010). Faults are 
shown in red. Major cities are shown by white 
squares. The green arrows represent the movement 
directions of geological blocks. The anticlockwise 
rotation of the central and southern Kopeh Dagh and 
southern Binalud blocks is schematically shown by 
green arrows. The lateral green arrow shows the 
approximate northwestward movement of southern 
Binalud and the South Caspian Sea relative to 
Eurasia. Abbreviations: N+S: normal fault with minor 
of strike slip; T+S: thrust fault with minor strike slip; 
TF: pure thrust fault; SS: pure strike-slip fault. From 
Ref. [2] 

 
Fig. 7 Tectonic framework of Taiwan and the 
surrounding area. The Philippine Sea Plate is moving 
northwestward (directed N304.1°W) at a rate of 78 
mm/yr in the MORVEL plate model (DeMets et al. 
2010). The Ryukyu arc-trench system is retreating to 
the south with a migration velocity of ~30-40 mm/yr. 
The GPS vectors are referenced to the fixed Chinese 
continental margin (permanent fixed GPS site SHAO 
in Shanghai, China; GPS data from Yu et al. 1999; 
Nakamura 2004). LS: Lishan fault, LV: Longitudinal 
Valley fault. From Ref. [3] 

 
Fig. 8 Seismic activity in Northeast Taiwan. The beach 
balls represent the focal mechanism solutions for 
earthquake events (red). All the focal mechanism 
solutions are calculated from the Broadband Array in 
Taiwan for Seismology (BATS) catalog. The 
background seismicity is color-coded by focal depth 
(the events are from the BATS catalog). The light grey 
lines represent the boundary of lithology. The black 
dotted lines ‘w1’ (Shyu et al. 2005) and ‘w2’ (Lai et al. 
2009; Kang et al. 2015) represent two possible 
northward projections of the Lishan fault. (I): 
Okinawa Seismic Zone; (II): Collision Seismic Zone. 
From Ref. [3] 

 
Fig. 9 (a) Horizontal principal axes of the strain rates. 
The amount and direction of the principal strain rates 
are shown by red (shortening) and black (extension) 
arrows. The green triangles are the locations of the 
GPS sites. The Ilan, Choshui and Sansing faults are 
three major active normal faults inferred from the 
maximum principal strain rate. Their locations are 
shifted to the right (dotted lines). From north to south, 
the maximum extensional axis seems to rotate in a 
clockwise manner. (b) Left-lateral shearing axes of the 
strain rates. The amount and direction of the shear 
strain rates are represented by the gold-colored bold 
lines. The above three normal faults exhibit left-lateral 
senses of shear. From Ref. [3] 
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Fig. 9 (a) SBAS-PSI velocity field along the LOS for 
the Ilan Plain relative to the common reference YILN 
(indicated by the asterisk). The squares (permanent 
GPS stations) and diamonds (campaign GPS sites) 
display the comparison results between the GPS and 
SBAS-PSI data. The search radius for the PSs was set 
to 2 km surrounding each GPS station. (b) Estimated 
standard deviation of the LOS velocity. From Ref. [3] 

 

 
Fig. 10 (a) SBAS-PSI LOS velocity profile that crosses 
the Ilan Plain from north to south. The projected 
SBAS-PSI LOS velocities are represented by blue 
circles, yellow (campaign-mode GPS array) and blue 
diamonds (permanent GPS array), and magenta 
triangles (leveling stations). The blue line represents 
the topographic relief along a profile based on 40-m 
DEM data in Taiwan. The GPS and leveling data were 
collected from within a 5-km-wide swath along the 
cross section. The SBAS PS pixels were collected from 
within a 2-km-wide swath. HSRF: Hsüehshan Range 

Front fault; BBRF: Backbone Range Front fault. (b) 
Velocity variation trend. The vertical thin black lines 
represent a set of possible faults. IL: Ilan fault; CS: 
Choshui fault; SS: Sansing fault. From Ref. [3] 

 
Fig. 11 Comparison between long-term (2003-2009) 
surface deformation from SBAS-PSI and 
groundwater-level (2005/01-2009/06) changes. 
Triangles represent a long-term rise in the 
groundwater level, and inverted triangles represent a 
long-term decline in the groundwater level. 
Triangles/inverted triangles outlined in red denote 
that pumping activity was observed in the aquifers 
during the monitoring period. Triangles/inverted 
triangles outlined in black denote that no pumping 
activity was observed. From Ref. [3] 
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1. INTRODUCTION

East and Southeast Asia are home to some of the highest 
population densities on Earth, and many of these 
populations live in low-lying coastal areas. As a result of 
a variety of processes - groundwater extraction, oil and 
gas exploitation, tectonic deformation, deforestation, and 
natural compaction of sediments - many of these large 
populations are threatened by subsidence, flooding and 
land loss. Sinking lands combined with rising sea levels 
(as a result of climate change) make a potent mix for 
potential disaster in many coastal areas of the region. 

As an example, Jakarta (Indonesia; Figure 1) continues to 
undergo rapid subsidence as a result of large-scale 
extraction of groundwater from aquifers under the city. 
The flooding effects of this subsidence are already 
significantly impacting the lives of people living in the 
northern part of the city (Figure 2). Many other areas 
along the north Java coastline are undergoing similarly 
devastating subsidence (e.g., Figure 3). 

Leveling data taken during the period of 1982 to 1991 
indicate up to 2.4 m of subsidence in northern Jakarta, 
with rates of up to 25 cm/year [1]. Campaign GPS 
measurements have shown subsidence of up to 70 cm in 5 
years [2].  

Fig. 1. Neighborhoods in northern Jakarta are flooded 
as result of land subsidence. 

Fig. 2. Pondok Bali, Java, before (left) and after (right) 
13 years of subsidence (2002-2015), showing 
significant coastal inundation.  Images from Google 
Earth (DigitalGlobe data). 

In addition, ALOS InSAR results for the 2007-2009 
period suggested that subsidence rates could be as high as 
22 cm/year [3]. These numbers are frightening. They 
illustrate the unsustainable rate of groundwater 
withdrawal, in a place where people depend on this to 
meet their water needs. They also highlight the fact that a 
future water crisis will not be the only problem faced as a 
result of the rapid extraction – rapid changes in sea level 
will cause significant flooding and land inundation. 
Semarang, similarly, has a large coastal population and 
rapid subsidence (for the period 2007-2009) of up to 13 
cm/year [3]. 

In this study, we extend the results of Chaussard et al. [3] 
to provide up-to-date estimates of subsidence in cities 
along the Java coastline, as well as other cities throughout 
Southeast Asia. We include ALOS data through 2011 as 
well as more recent data from ALOS-2. 

2. DATA AND METHOD
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We analyzed ALOS-1 data from 2007 to 2011, and 
ALOS-2 data from 2015 to 2017. We chose scenes 
covering the areas of Jakarta, Semarang, Yangon, Manila, 
Singapore, and the Pearl River Delta (Guangzhou / 
Shenzhen). For Jakarta, we also compare observations 
from the Sentinel-1 mission. 
 
We processed the data using GMTSAR, modified for 
batch processing of ALOS-2 ScanSAR data and with an 
improved unwrapping algorithm based on SNAPHU. 
Incoherence areas were masked and interpolated using a 
nearest-neighbor algorithm, which greatly improves 
performance and reduces the number of errors [4]. We 
identified remaining unwrapping errors by forming all 
possible cycles of 3 scenes for each pixel; areas with a 
large residual were masked as unwrapping errors. Finally, 
time series were produced using the SBAS algorithm, 
modified for enhanced recovery of partially coherent 
pixels (if the rank of the design matrix was equal to the 
number of free parameters (i.e., the pixel has a fully 
connected time series) the pixel was kept. With regard to 
ALOS-2 data, we update our analysis using data from 
2015 to 2020. We processed the data using the latest 
version of the InSAR Scientific Computing Environment 
(ISCE) software [5] and produced the time series using 
the SBAS algorithm implemented in Miami InSAR time-
series software (MintPy) [6]. 
 

 
 

Fig.3. Estimated subsidence rates for Jakarta from 
ALOS, ALOS-2, and Sentinel-1. 
 
 

3. RESULTS - JAKARTA 
 
The ALOS and ALOS-2 data show very rapid rates of 
subsidence for Jakarta, up to ~15 cm/yr. The 2015-2017 
ALOS-2 data show that the subsidence has accelerated, 
and some areas of subsidence have become spatially 
larger (Fig. 3). Our update on ALOS-2 data (2015-2020) 
shows consistent results for the amplitude and spatial 
extent of subsidence in Jakarta (Fig. 4). 
 

 
Fig.4. Estimated subsidence rates for Jakarta and 
surrounding cities based on ALOS-2 data from 2015 to 
2020. 
 
Subsidence is particularly high in areas that have been 
recently developed (Fig. 5) and industrial areas with many 
factories (Fig. 6).  
 
We hope to extend these observations through 
collaboration with hydrological modelers, to determine 
the total rates of water withdrawal for the city. Such 
results may be helpful in planning for the replacement of 
groundwater with future improvements to the municipal 
water system. 
 

 
 
 
 
 
 
Fig 5. Digital 
Globe images 
from 2004 (top) 
and 2015 
(bottom) 
showing rapid 
development of 
an area of 
northern 
Jakarta now 
showing very 
fast rates of 
subsidence 
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Fig. 6. The area of Bekasi, Jakarta, imaged by Digital 
Globe, showing that an area of particularly rapid 
subsidence is correlated with industrial use, with many 
factories likely to withdraw large volumes of ground-
water. 
 

 
 

Fig. 7. Estimated subsidence rates for Semarang, 
Indonesia from ALOS and ALOS-2. There is a 
dramatic increase in rates seen in the newer ALOS-2 
data.  

4. RESULTS - SEMARANG 
 
Estimated subsidence rates for Semarang were just 5 
cm/year in the ALOS-1 observations, but now rival those 
of Jakarta, at ~15 cm/yr. The ALOS-2 data suggest that 
subsidence rates have more than doubled in recent years 
(Fig. 7). Our update on ALOS-2 data (2015-2020) shows 
consistent results for the amplitude and spatial extent of 
subsidence in Semarang (Fig. 8). There is a clear spatial 
pattern of subsidence corresponding to the bedrock 
geology, with areas of soft sediments subsiding rapidly 
and areas with limestone bedrock being more stable. 
Coastal indundation is now a serious problem in 
Semarang. 
 

 
Fig. 8. Estimated subsidence rates for Semarang based 
on ALOS-2 from 2015 to 2020. 
 

5. RESULTS - YANGON 
 
Between the ALOS-1 and ALOS2- observation periods, 
Yangon (Fig. 9) shows an alarming pattern of subsidence 
rate increase similar to Semarang. Myanmar opened 
significantly to international investment and development 
following political changes in 2010, and it appears that 
the rapid economic growth, particularly in the industrial 
areas in eastern Yangon, has resulted in rates of water use 
that exceed the supply. 
 
Through our collaborations with researchers in Myanmar, 
we are investigating the correlation between these 
subsidence rates and geologic formations in Yangon – 
fortunately, most of the central city sits on bedrock, which 
may make it less prone to damage due to flooding. 
 

6. RESULTS – PEARL RIVER DELTA 
 
We processed all data from 5 independent ALOS-1 
frames covering the Pearl River delta, which is the 
world’s largest metropolitan area at more than 120 million 
people. The results (Fig. 10) showed relatively modest 
subsidence in the densely populated eastern side of the 
delta, with more significant subsidence only in the 
agricultural areas to the west.  
 
Insufficient data were available for this region from 
ALOS-2 to extend the analysis to that time period. We 
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hope that more data will be acquired soon over this 
important and rapidly growing mega-city. 
 
  
 

 
Fig. 9. Estimated subsidence rates for Yangon, 
Myanmar from ALOS and ALOS-2. As in Semarang, 
there is a dramatic increase in rates seen in the newer 
ALOS-2 data. 
 

 
Fig. 10. Estimated subsidence for Pearl River delta. 

7. OUTLOOK AND FUTURE WORK 
 
ALOS and ALOS-2 data show rapid subsidence in the 
cities of Jakarta and Semarang, Indonesia, with rates of 
<15 cm/year.  Parts of Yangon and Myanmar show 
concerning subsidence rates of up to 5 cm per year. 
Recent accelerations in the rates, and a spatial 
correspondence with industries known to be withdrawing 
large volumes of water from deep aquifers confirm that 
the source of the subsidence is largely human-caused. 
Significant areas of the cities will be at risk of flooding 
during heavy storms, as well as inundation by seawater if 
the subsidence is not reduced through significant 
reductions in groundwater withdrawal. 
 
Our results show that ALOS and ALOS-2 data from 
JAXA are extremely useful for understanding the causes 
and rates of land subsidence in urban areas. Ongoing data 
from ALOS-2 will be very important for assessing 
whether the rates of subsidence will continue to 
accelerate.  
 
In our future work, we plan to include data from earlier 
satellite missions in our analysis to extend the timeseries. 
We are also expanding the analysis to other areas of East 
and Southeast Asia. 
 

8. PRESENTATIONS RELATED TO RA-6 
 
[1] Lindsey, E. O., N. Lin, S. B. Utami, H. Andreas, E. M. 
Hill; Coastal subsidence: monitoring the threat of sea-
level rise to megacities in Asia; Joint PI Meeting of 
Global Environment Observation Missions FY2017, 
JAXA, Tokyo, Japan, 2018. 
 
[2] Lindsey, E. O., S. B. Utami, R. Mallick, F. Y. Tan, P. 
Morgan, and E. M. Hill; Sinking cities and the threat of 
sea-level rise to megacities in Asia; FRINGE, Helsinki, 
Finland, 2017.  
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1. INTRODUCTION
Taiwan suffers from an active formation of deep-seated 

landslides, where a large volume of slow-moving rocks and 
soil can suddenly turn into a catastrophic failure. After  the 
destructive 2009 Typhoon Morakot incident, the 
Taiwanese government soon launched a nationwide 
LiDAR derived DEM project and successfully identified 
several thousands of deep-seated landslides in the country 
according to their topographic features. There were about 
two hundred sites selected from the deep-seated landslide 
inventory as the targets of catastrophic landslides, and 
different monitoring approaches were applied to evaluate 
their activity. Additionally, as one of the project objectives, 
landslide mitigation infrastructures will be constructed in 
some sites to reduce the level of landslide-related risks. 

It is very difficult to install monitoring instruments in 
right locations and to obtain necessary and required 
information therefor. Similarly, without detailed site 
investigations, remediation to mitigate risk level of 
landslides sometimes cannot reach their designing 
purposes. Fortunately, in the last few years, InSAR 
techniques have been successfully applied to JAXA 
ALOS/PLASAR imagery to provide accurate and detailed 
surface deformation in mm resolution in Taiwan’s highly 
vegetated environment. The analyzed data not only provide 
scientific information to better understand kinematic 
behaviors of deep-seated landslides, but also provide 
important information for government to plan hazard 
mitigation measures for deep-seated landslides. 

Over the last two decades, the developments of Light 
Detection And Ranging (LiDAR) derived Digital Terrain 
Model (DTM) and Interferometric Synthetic Aperture 
Radar (InSAR) have been two important breakthroughs in 
the studies of slope disasters around the world, as well as 
the long-term continuous GPS positioning technique is the 
most reliable tool to monitor point displacements with 
centimeter level accuracy at a regional scale. LiDAR 
derived DTM can reflect topographic features of actual 
terrain and locate moving blocks through interpretive 
analysis, whereas InSAR provides millimeter accurate 
deformation data. For the specific locations those required 
temporal frequent observation of surface displacement, it 
had been verified that single-frequency GPS can provide a 
robust measurement at hourly interval. In this project we 
use a multi-disciplinary approach that has included TCP-
InSAR, LiDAR and GPS techniques to monitor the 

landslide activity and evaluate the landslide susceptibility 
assessment. 

2. METHODOLOGY
Traditional SAR interferometry techniques such as 

ermanent Scatterers Interferometry (PS-InSAR) [1] have 
been widely applied in slow-moving ground surface 
deformation, such as coseismic deformation, subsidence 
and ground service deformation over a long period of time 
[2],[3],[4],[5]. However, the number of stable scatterers is 
very limited in mountain areas that feature rough terrain 
and dense vegetation. Zhang [6] therefore proposed the 
Temporarily Coherence Point InSAR (TCP-InSAR) 
technique that required less temporal phase coherence 
during the process of ground deformation estimation. The 
results of  TCP-InSAR can be compared (fig. 1) and 
matched to other MT-InSAR methods such as SBAS and 
StaMPS [7]. This technique has already been applied in our 
related studies of deep-seated landslides in Taiwan. 

Fig. 1. Comparison among deformation results 
retrieved by four MTInSAR methods: (a) SBAS; (b) 
Samsonov’s SBAS; (c) StaMPS and (d) TCPInSAR. 
(Zhang, et al, 2015) [7] 

The ALOS/PALSAR data from 2007 to 2011 covering 
the mountain area of Taiwan is adapted with TCP-InSAR 
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method to estimate the displacement pattern and  spatial 
distribution at a scene-range-wide scope. The ALOS-2/ 
PALSAR2 data fom 2015 to 2019 is further used to 
investigate the recent activities of spicific deep-seated 
landslide sites, the data within 2014 is not taken due to less 
coherence to other images on interfereogram. 

Satellite imagery, aerial photos and high-precision 
LiDAR DTM data were collected to identify detailed 
topographic features (fig.2) of landslide areas and 
understand the evolutionary development of deep-seated 
landslides and locate subsliding areas therewithin. Relative 
results have been published in the 16th Asian Regional 
Conference on Soil Mechanics and Geotechnical 
Engineering and EGU General Assembly 2020 (Appendix 
[1], [2]). 

 
Fig. 2. Illustration of topographic features of deep-
seated landslides (Agliardia, et al., 2001)[8] 

 
3. VALIDATION WITH GPS 

Dual-frequency GPS continuous observation data can 
be used as a verification benchmark  [9][10] , and single-
frequency  as well. In pratice, the three-dimensional 
displacement from GPS will be projected to the ALOS 
satellite observation direction (Line of Sight, LOS) for a 
same basis [1][11]. Due to the differences in sampling 
interval , coordinate base point and spatial location, at least 
2 GPS station within the InSAR analysis scene are required 
and one of them will be treated as reference to calibrate  the 
shift between GPS and SAR data.  

In the comparasion plot (Fig. 3 to Fig. 5), blue dots 
represents the displacement of reference GPS site on LOS 
direction, with the projected displacement records of 
validation GPS station as green dots. The InSAR results 
within 50 meter spatial range of the referenced GPS site in 
the same temporal period are selected and calibrated to the 
GPS observations as black dots those will match the mean 
value of referenced GPS site within 7 days as blue circle. 
The same calibration is performed on the InSAR results 
near validation GPS site to get the calibrated InSAR 
displacement as red cross, which is expected to match the 
mean value of the validation GPS site as green circles. 

The mean difference between calibrated TCP-InSAR 
displacement and dual-frequency GPS is obtained from 10 
to 40 mm during the 2007-2011 and 2015-2019 time span, 
related to the stability of displacement trend of ground 
surface. There are often significant shifts between GPS and 
InSAR results after a longer temporal-baseline image pair, 
which may implys a limitation to detect the short-period 
movement with InSAR approaches. 

Single-frequency GPS stations were build from 2018 on 
several potential DSGSD slopes to monitor the movements 
of these sites,  the comparasion shows similar consistency 
between GPS and InSAR results (Fig. 5). 
 
 

 
Fig. 3. Comparasion between ALOS TCP-InSAR 
displacement and dual-frequency GPS. 

 

 
Fig. 4. Comparasion between ALOS-2 TCP-InSAR 
displacement and dual-frequency GPS. 

 

 
Fig. 5. Comparasion between ALOS-2 TCP-InSAR 
displacement and single-frequency GPS. 
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4. APPLICATIONS 
4.1 Detect Activity and Modify Locations of Deep-Seated 
Landslides 

In this study, we have analyzed the ground deformation 
of deep-seated landslides using ALOS imagery interpreted 
by Temporarily Coherent Point InSAR (TCP- InSAR). 
TCPs refer to points that remain coherent in one or several 
interferograms of SAR acquisitions [12]. In the early stage 
of this project, we have selected 20 ALOS/PALSAR 
images acquired from December 2006 to March 2011 to 
calculate the annual ground deformation of deep-seated 
landslide sites. Our analysis is an alternative solution for 
constructing a deep-seated landslide inventory by 
estimating and detecting their activity, separating stable 
and unstable areas, and defining the mapping of deep-
seated landslides. By integrating the TCPs, LiDAR-derived 
DEM, GPS and field investigation records, not only are 
several imperceptible deep-seated landslide locations with 
identifiable boundaries and spatial distribution of 
instability found, but also the deposition pattern implies 
different landslide developments on the slopes (Fig.6). 

Typhoon Morakot caused destructive damages in 
Taiwan and alerted the Taiwanese government to pay 
attention to the deep-seated landslide issue. Such 
information is extremely important for the government in 
terms of adopting landslide preventive and mitigation 
measures, facilitating their understanding of disaster-prone 
areas and drawing disaster response strategy in order to 
minimize possible impacts of geohazards. The above-
mentioned results have been published in the 2017 AGU 
Fall Meeting (San Francisco) and 2018 JAXA PI Meeting 
(Tokyo) (Appendix [8] and [4] ). 

 
 
Fig. 6. A landslide activity assessment of Cingjing D057 
and Jingying D066 using TCP-InSAR. The line-of-sight 
(LOS) displacements are shown in warm and cold colors, 
which represent movements towards and away from the 
satellite respectively. Together with LiDAR DEM data, 
this TCP based analysis also helps us to identify landslide 
types. 
 
4.2 Identification of Seasonal Displacement Variations and 
Active Moving Blocks 

In this case, it shows the application to identify seasonal 
variations of landslide movement and specific events from 
ALOS ascending interferograms based on the multi-
temporal framework. By taking site Cingjing D057 as an 
example (Figure 2), notable landslides movements are 
observed in successive intervals, which happen to be the 
rainfall seasons and typhoon events. Additionally, by 
subtract deformation form latter to previous images in two 

continuous images, active moving blocks within a deep-
seated landslide can be identified (Fig. 7). This approach is 
quite unique example in terms of determine active moving 
blocks of deep-seated landslide. The above-mentioned 
results are consistent with the recording data of GPS. Some 
of above-mentioned results have been published in the 
2018 AOGS Fall meeting (Hawaii). (Appendix [6] ) 

 
Fig. 7. Seasonal variations (rainfall seasons) and 
specific typhoon events (Typhoon Morakot in August of 
2009 and Typhoon Magi in October of 2010) are observed 
from the interval displacements of Site Cingjing D057. 

 
4.3 Installation of Surface Displacement Monitoring 
System 

Over the last couple of years, SWCB has installed 
dozens of single-frequency GPS monitoring system in 
mountain areas for monitoring deep-seated landslides in 
Taiwan. The said GPS stations were installed in different 
blocks in order to acquire activity related information of 
these blocks. Take Site D043 as an example (Fig. 8), the 
results of installed GPS monitoring system and TCPs 
enable us to understand the signs of landslide activity and 
potential failure mechanism. This helps us not only to 
select the proper locations of installing the GPS monitoring 
system in the future, but also to establish relevant disaster 
prevention and mitigation standards. This research had 
been published in the  2019 XVII European Conference on 
Soil Mechanics and Geotechnical Engineering and 
INTERPRAEVENT International Symposium 2018 in the 
Pacific Rim (Appendix [3], [5] ). 

 
Fig. 8. GPS monitoring system in the Site D043. 

 
4.4 Investigation on the vulnerable sections of highway 

The regional surface deformation-rate from TCP-
InSAR with ALOS/ALOS-2 data is obtained to estimate 
the vulnerable sections of  South Cross-Island Highway in 
Taiwan (Fig. 9).  Due to the steep terrain in the highway 
mountainous area, there are no sufficient results from 
InSAR analysis on the westward slops, which is physically 
limited by the side-looking  of ascending orbit direction. 
Better interferometry result can be obtained on eastward 
slopes that shows clear pattern of deformation near the 
highway. With detailed LiDAR topographic interpretation, 
the active blocks of slope those will interfere the 88



transportation of South Cross-Island Highway are noted to 
the governing agency, for the risk management evaluation. 
Silimar reports had been published in PI Meeting of Global 
Environment Observation Mission FY2017, Japan. 2018, 
4th World Landslide Forum. 2017 and  paper at Advancing 
Culture of Living with Landslides 2017 (Appendix [7], 
[10], [11] ). 

 

 
Fig. 9. Average defo-rate of part of south cross-island 
highway from TCP-InSAR with ALOS2 ascending 
data 

 
 

5. CONCLUSION 
The surface displacement information driven from 

ALOS/ALOS-2 L-band SAR data with TCP-InSAR 
method has been proven a practical qualitative tool to 
detect and monitor deep-seated gravitational slopes in the 
mountainous area of Taiwan. Boundaries and structures of 
landslide unites can be identified more clearly with 
sufficient data from SAR interferometry analysis. However, 
the physic limits of InSAR methos, such as geometry 
distortion, make a lot of uncertainty conditions when used 
with quantative analysis or comparison applications over a 
wide spatial or temporal range. Future studies can put more 
stree on the combination of multi-source data analysis in 
order to obtain reliable and applicable results to all kinds 
of environments . 
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1. INTRODUCTION
Compared to the large proglacial lakes in the eastern
Himalayas [1-4], glaciers in the northern Tien Shan
(Central Asia) tend to have small glacial lakes near their
termini [5-7]. Drainage events from these lakes often
produce hazardous debris flows and floods. For example,
debris flows in 2006, 2008, 2013, 2014, and 2019 in the
Teskey Range of the northern Tien Shan caused severe
damage (including casualties) and destroyed bridges, roads,
houses, and crops [6-9].
Some of these small lakes are called short-lived as they
grow rapidly and drain within a few months [6,8,10]. Such
short-lived lakes appear in depressions of ice-cored
moraine complexes at glacier fronts. The lakes drain
through an outlet ice-tunnel (subsurface channel) within
the moraine complex [6,8,11]. Some authors call them
nonstationary lakes [12], though this term also includes
lakes with a long lifetime. Most short-lived glacial lakes
fill periodically and within one year, though some may
develop for 2–3 years before draining. The latter type is
also dangerous; for example, in the Tajik Pamir, drainage
from a short-lived glacial lake that formed within 2 years
resulted in 25 casualties [13]. In northern Tien Shan, short-
lived glacial lakes can be a severe hazard for local residents 
because they appear suddenly yet can cause large debris
flows. Outburst mechanism and damage potential of short-
lived glacial lakes in the northern Tien Shan differ from
those that are caused by moraine-dam failure in the
Himalaya and Andes [14-18]. A mass-movement such as
an ice avalanche or landslide is often the main cause of dam 
failures of the glacial lakes in the Himalayas and Andes
[17-18].
Short-lived glacial lakes that are dammed by partially
frozen moraine material (ice-cored moraine complex) drain 
through a subsurface outlet ice-tunnel. These lakes can
expand rapidly when the outlet ice-tunnel is blocked due to
either freezing of stored water or depositions of ice and
debris [5,8]. Drainage then occurs when the outlet ice-
tunnel opens during summer. Some of these short-lived
glacial lakes reappear every year [10], which is behavior
they share with supraglacial lakes. Several studies reported
that formation and drainage of supraglacial lakes are
related to connectivity of englacial conduits on a debris-
covered glacier [19-22]. However, the variations of short-
lived glacial lakes in northern Tien Shan arise from their

ice-tunnel opening and closing as well as the increase in 
glacial melt during summer [9].  
Short-lived glacial lakes in northern Tien Shan appear at 
depressions that can be created when a glacier retreats, 
when an ice-cored moraine complex subsides [5,8,10]. 
Narama et al. [8] showed that such short-lived glacial lakes 
typically form where the following three conditions exist: 
1) an ice-cored moraine complex (debris landform
containing ice), 2) a depression with a water supply to an
ice-cored moraine complex or glacier terminus, and 3) the
absence of a visible surface outflow channel from the
depression. The last condition indicates that the moraine
complex has an outlet ice-tunnel to drain lake water.
To help understand and eventually reduce the risks from
glacial lake outburst floods (GLOFs), regional
characteristics of their development and outburst should be
studied. We examine here the behavior of the short-lived
lake based on satellite data and field research.

Fig. 1. Study area in the Teskey Range located on the 
south of Lake Issyk-Kul, Kyrgyz Republic. Red circles 
indicate locations of short-lived glacial lakes that 
appeared in 2013–2018. Green squares with checks 
show short-lived glacial lakes that have caused large 
drainage events since the 1970s. 

2. STUDY AREA
The study area is situated in the Teskey Range, south of
Lake Issyk-Kul, Kyrgyz Republic (Fig. 1). The glacier
distribution (3700–4200 m a.s.l) in the western part of the
range is lower than the distribution (3800–4500 m a.s.l) in
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the eastern part due to the annual precipitation being higher 
in the eastern part than in the western part. For example, 
during 1998–2007, the average annual precipitation at the 
Kara-Kujur station (2800 m a.s.l) of the western part was 
255 mm, whereas at the Tien Shan station (3614 m a.s.l) of 
the central part it was 378 mm, and at the Chong-Ashu 
station (2788 m a.s.l) of the eastern part it was 550 mm [23] 
(Fig. 1). Mean annual air temperature was 0.1°C (1961–
1988) for Kara-Kujur, –6.28°C (1995–2011) [24] for Tien 
Shan, and 0.27°C (1995–2005) for Chong-Ashu. The 
western part of the range showed less glacier shrinkage 
than that in the eastern part [25-27]. 
In this area, the four large drainage events of Kashkasuu 
(2006), western Zyndan (2008), Jeruy (2013), and 
Karateke (2014) recently occurred from short-lived glacial 
lakes that formed on ice-cored moraine complexes (debris 
landforms including ice) [5,8]. The ice-cored moraine 
complexes here lie at 3200–4000 m a.s.l [10] at the glacier 
fronts that developed during the Little Ice Age [28-30] due 
to ice and debris stagnating during glacier shrinkage after 
several glacier advances [31].  

3. METHOD
3.1 Recent variations of glacial lakes using satellite data
To investigate the current state of glacial lakes in the
Teskye Range, we examined the seasonal changes of the
glacial-lake area using Landsat7/Enhanced Thematic
Mapper Plus (ETM+, SLC-off) and Landsat8/Operational
Land Imager (OLI) images (in total 68 images) taken in
June, July, August, September, and October during 2013–
2016. Here we examine glacial lakes of area exceeding
0.0005 km2 that exist on moraine complexes at glacier
fronts. The glacial-lake area was delineated manually as a
polygon on pan-sharpened images. To map more recent
glacier coverages and their moraine complexes, we use
Landsat8/OLI images from 2015–2016.
We classify the glacial lakes into six types according to
their seasonal change in a given year. These types are
“stable”, “increasing”, “decreasing”, “appearing”,
“vanishing”, and “short-lived”. For a given lake, we
determine its type according to its change in June, July,
August, September, and October of each year. “Stable”
indicates that the lake area did not change seasonally from
June to October of each year. “Increasing” means that the
area increased within a season, whereas “decreasing”
means a decrease in area. “Appearing” and “vanishing”
types are lakes that appeared as a new lake, or disappeared
due to shrinkage within a season, respectively. A “short-
lived” type is a temporary lake that appeared or grew in the
area, and then disappeared or shrank within the same year.
A “short-lived lake” is a transient lake that experiences a
sudden expansion and then, a few months later, a drainage.
The short-lived type includes the “recurring” type that
repeatedly appeared and disappeared at the same location
during 2013–2016. Although the number of short-lived
lakes is small in the study area, drainage of this type can be
particularly dangerous. Examples include the Kashkasuu
(2006), western Zyndan (2008), Jeruy (2013), and
Karateke (2014) lakes [5,8]. As a result, we show the
number of each lake type and the distribution of lake types.

When we compare the number of lakes in a given type over 
different years, we refer to the changes as “number 
variability”. The "distribution" means the pattern across all 
lake types within one range and one year, hereafter "type 
variability". In addition, short-lived glacial lakes in the 
northern Teskey Range were identified using satellite 
images (Landsat-7/Enhanced Thematic Mapper Plus 
(ETM+, SLC-off), Landsat-8/OLI), acquired during 2013–
2018.  
We compare this year-to-year number variability and 
yearly type variability with the summer temperature (May–
October) anomaly and precipitation during 2013–2016 at 
the Tien Shan meteorological station (Fig. 1). We use 11-
day running means of summer temperature anomalies.  

3.2. Radar interferometry of moraine complexes 
A short-lived lake forms typically in a depression in a 
moraine complex with buried ice [5,8]. Mergili et al. [32] 
also found that it is important to analyze the ground-ice 
distribution within the debris area. To understand the 
distribution of these moraine complexes including ground 
ice, we first extracted areas of moraine complex at glacier 
fronts using Landsat8/OLI and Google Earth data. Second, 
we ran differential interferometric SAR (DInSAR) analysis 
using PALSAR-2 (phased array type L-band synthetic 
aperture radar-2) data from the ALOS-2 satellite. The 
PALSAR-2 data came from an L-band (wavelength 23.8 
cm) active 1.2-GHz radar. This dataset is well-suited for
long-interval DInSAR analysis such as that spanning over
two years, and is not significantly influenced by the small
X-band-scale (wavelength 3.1 cm) vegetation cover in this
region. Therefore, the PALSAR-2 enables DInSAR
processing with more stable coherence than the X-band.
The observation repetition of ALOS-2 is 14 days [33-34].
The complex SAR data that we used has an original
resolution of 9.1 m × 5.3 m (range × azimuth direction,
nominal value).
We identify zones with ground ice as zones that show
displacement fringes over a summer. Previous, and similar, 
applications of DInSAR include the study of motion of
rock glaciers in the Swiss Alps, Sierra Nevada (USA), and
Iceland [35-36]. Typically, displacement fringes on
moraine complexes indicate surface motion due to vertical
subsidence and lateral motion. In contrast, bedrock, and
grasslands or pasture areas in the valleys appear stable
without any displacement. Here, the DInSAR analysis
involves the GAMMA SAR software. The phase of the
interferogram depends on orbital parameters, such as the
length of the baseline and the imaging angle, as well as
surface topography and surface displacement [37]. We
used image pairs with less than a 1000-m baseline. To
remove the topographic phase, we used the SRTM DEM.
Phase noise within the differential interferogram associated 
with temporal and spatial decorrelation was reduced by
applying an adaptive filtering algorithm [38] implemented
in the GAMMA software. We used 20 ALOS-2/PALSAR-
2 images taken from 2014 to 2016. As a result, we defined
debris landforms containing ground ice according to the
existence of motion fringes in the DInSAR data.
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4. RESULTS
4.1. Recent changes of glacial lakes in the Teskey Range
We investigated glacial lakes and found that the number of
glacial lakes of each type differed. In the Teskey Range, 31
appearing and 40 increasing lakes occurred over just 2014
through 2015 alone (Fig. 2). For the vanishing lakes, the
Teskey Range had 42 in 2013, 16 in 2014, 19 in 2015, and
30 in 2016. For the short-lived lakes, 56 occurred in the
Teskey Range over all four years. Many lakes changed
their type every year through 2013–2016. Although
recurring short-lived types appeared at the same location,
the appearing, vanishing, and short-lived types appeared
both at the same and different locations.
The type variability also differed in the Teskey Range, the
year 2013 had a high proportion of decreasing (46 of 71)
and vanishing lakes (42 of 107), but years 2014 and 2015
instead had a high proportion of appearing (31 of 51) and
increasing (40 of 53) lakes, with a slightly higher
percentage of these types in 2015 (Fig. 2). Although 2016
had only three increasing lakes, it had 22 short-lived cases,
which is a higher percentage of this type compared to other
years.

Figure 2. (A) Number of lakes in the six types and the 
summer temperature anomaly in the Teskey Range 
during 2013–2016. The value next to the grey bar shows 
the number of “stable” lakes. (B) Eleven-day running 
means of summer temperature (May–October) 
anomaly during 2013–2016 at the Tien Shan (Teskey 
Range) meteorological station (Fig. 1). For these six 
months, the average temperatures of the Tien Shan 
meteorological station were 2.4 °C in 2013, 1.5 °C in 
2014, 2.5 °C in 2015, and 2.1 °C in 2016. 

For these lake types, how do the number and type 
variabilities depend on summer temperature (May–
October)? Although the summer temperature anomaly in 
2013 was comparable or lower than that in 2015, the 
distribution of types is more uniform in 2015 in the Teskey 
Range. In addition, the Teskey Range has many decreasing 
lakes when the summer temperature is average in 2013. 
Compared to 2014 and 2015, the type variability in the 
Teskey Range is about the same even though the summer 
temperature in 2015 is higher than that in 2014.  
Also, despite the range having higher-than-average 
summer precipitation in both 2013 and 2015 (compared to 
2014 and 2016, not shown here), the number of increasing 
lake type is relatively high only in the Teskey Range in 
2015, whereas the number of decreasing lake type is 
relatively high in 2013. The numbers of appearing lakes 
show no clear trend with year. The same holds for the other 
types. Moreover, the distribution of lake types is not 
consistent from year to year. Thus, the results show that the 
large number and type variabilities over this short period 
are not directly related to the local short-term summer 
temperature anomaly, the precipitation, and the glacier 
recession. 
The short-lived lake type, though much less common than 
the other types, is nevertheless significant. This type 
occurred 56 times in the Teskey Range over all four years. 
In the Teskey Range, they occurred every year, with 22 
such lakes observed in 2016. Using Landsat8/OLI and 
Sentinel-2 images, we also identified three lakes of 
recurring type (for location see Fig. 1) among these short-
lived lakes from 2013 and 2016. This type changes size and 
shape every year. Lakes of the recurring type have different 
variations (timing and area) each year. 

4.2. Short-lived glacial lakes of the Teskey Range 
To determine when  short-lived glacial lakes in the northern 
Teskey Range formed, we used satellite images of 2013–
2018.  Based on the satellite imagery, a total of 160 short-
lived glacial lakes could be identified. A classification of 
these lakes by month of appearance is shown in Fig. 3. 
Most lakes appeared in June (43 lakes) during the snow-
melt period, and in July (90 lakes) during the ice-melt 
period. The total numbers and the proportions of the 
numbers for these two periods varied during the 6 years. 
The number of lakes vary greatly by year and by 
appearance date, indicating that the formation of these 
short-lived glacial lakes can not be explained solely by an 
increase of melt water during summer. Such variability has 
been argued to be related to geomorphological conditions 
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such as drainage through ice tunnel inside of ice-cored 
moraine complex [10].  
Concerning reappearances, 81 lakes appeared only once 
during six years. Of the remaining, 19 lakes appeared twice, 
7 lakes appeared three times, 2 lakes appeared four times, 
and 2 lakes appeared all 6 years. These results are 
consistent with tunnel closure being the main cause of 
formation. Short-lived glacial lakes that reappear during 
many years likely have an environment that either favors 
tunnel closure and hence lake formation or an increase in 
meltwater from glacier during summer [9]. 

Figure 3. Total number of short-lived lakes in the 
months of June–September during 2013–2018 in the 
northern part of the Teskey Range derived by Landsat-
7/8, Sentinel-2, and PlanetScope satellite images. 

4.3. Distribution of debris landforms with ground ice 
Ground ice occurrences were estimated using DInSAR 
images of the Jeruy Glacier front based on one-year 
interferograms between 4 October 2015 and 30 October 
2016 (Fig. 4). The results show the displacement fringes on 
the moraine complex. A displacement fringe indicates 
surface motion, which in turn, indicates ground ice. The 
stable regions (same color, no fringes) showing no motion 
are outside the moraine complex area. These regions are 
riverbed, talus landform, and bedrock areas. The steep 
slope area at right-bank of the moraine complex is labeled 
as the foreshortening part of the DInSAR images. The 
motion area seems mainly influenced by the melting of 
ground ice and subsequent subsidence as suggested by the 
vertical surface decline shown in Fig. 4. Lateral movement 
due to gravity-driven deformation might also be occurring 
in the motion area. 
Using one-year pairs and short-period pairs between 2014 
and 2016 (ALOS-2/PALSAR-2), we analyzed a total of 
557 moraine complexes at glacier termini that show 
displacement fringes (Fig. 4). Among them, the area class 
of 0.1–1.0 km2 of moraine complexes accounted for 83% 
of the total in the Teskey Range. Overall, most of the 
moraine complexes at glacier fronts have this indication of 
ground ice; specifically, 416 of 557 in the Teskey Range. 

Figure 4. Surface motion around the Jeruy Glacier 
front. (A) Surface displacement map by DInSAR 
analysis using ALOS-2/PALSAR-2 data.  

4.4. Outburst of Toguz-Bulak glacial lake on 8 August 
2019 
In the Toguz-Bulack glacial lake of the northern Teskey 
Range (Fig. 1), during each summer of 2010–2019, the lake 
area gradually increased. The area increased until the lake 
began to overflow through a spillway channel. The 
maximum area varied significantly from year to year. In the 
summer of 2019, the lake area increased as in other years 
but became significantly larger than that in the previous 
years. On about 5 July 2019, the glacial lake appeared in 
the lake basin (Fig. 5a) and steadily increased in size (Fig. 
6). Within a month (Fig. 5b), the lake area increased 36-
fold with a daily expansion rate of 574 m2/day. On 7 
August, its surface height reached the maximum level of 
the lake basin (Fig. 5c). The next day a slight further 
expansion induced overtopping, leading to the outburst 
flood (Fig. 5d). From Fig. 6, a high rate of lake-area 
expansion can be seen between 5 July and 8 August 2019. 
During this time, the lake area expanded at a rate of 660 m2 
per day. Then, on 8 August, the moraine dam of the Toguz-
Bulak glacial lake breached and caused an outburst flood 
in the upper left tributary of the Tosor River (Fig. 5d). 
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Figure 5. Perimeter of the Toguz-Bulak glacial lake 
during July–August 2019. (a,b) Image data from the 
Sentinel-2 satellite taken on (a) 5 July and (b) 6 August. 
(c) Lake margin data from the Landsat8/OLI satellite
taken on 7 August. (d) Image data from the Sentinel-2
satellite taken on 11 August. Blue lines are outline of the 
lake.

Figure 6. Lake area and summer daily average air 
temperatures in 2019 (Tien Shan meteorological station 
(MS)). 

The field survey showed that the lake area decreased from 
0.021 km2 before the outburst to 0.002 km2 after the 
outburst, while the water level in the lake dropped by 6 m. 
The resulting calculation of the water volume loss is about 
130,000 m3. 
People living downstream reported that the outburst event 
from the lake started at around 15:00 o’clock, local time. 
About 30 min later, a large wave came through and then 
the flood slowly decreased, ending at about 19:00 o’clock. 
Our calculation, based on an estimated volume of the lake 
basin (following the empirical formula in [11], gives a peak 
discharge rate during the four-hour long outburst of 183 
m3/s. This peak discharge is close to that from other 
moraine-dam failures [39,40]. 
The outburst incident coincides with an increase in average 
air temperature in August (orange rectangle, Fig. 6). In 
addition, the air temperature measured at 14:00–15:00 
o’clock on 8 August exceeded 30 °C, which must have 
induced a strong temporary increase in glacier meltwater 
coming into the lake basin. The lake emptied, to a large 
extent, within four hours, with an average discharge rate of 
32,500 m3 per hour. 
To assess a relationship between the lake dynamics and 
summer air temperature, we analyzed the average summer 
temperature for June–July in 2010, 2013, 2017 and 2019. 
An increase in summer temperature by 0.2 °C (light blue 
line, Fig. 7a) over the last 9 years correlates with the loss 
of 0.17 km² in area of the Toguz-Bulak Glacier (dark blue 
line). In the period 2010–2013, the glacier area decreased 
by 0.07 km2, over 2013–2017, the area lost was 0.08 km2, 
and during 2017–2019, the loss was 0.02 km². Averaging 
over the 9 years, the Toguz-Bulak Glacier area decreased 
0.019 km2/year.  

Figure 7.   Average air temperatures (June–July) and 
areas of the Toguz-Bulak glacier, lake and lake basin. 
(a) Air temperature and glacier area. (b) Lake and lake
basin areas. Air temperature data from MS Tien Shan.

The glacier area reduction must have been accompanied by 
a corresponding ice volume loss, causing an increase in 
glacial runoff volume. For instance, we found a similar 
increase in glacial runoff to the Chong-Kyzylsuu river in 
the Teskey Range that was a prerequisite for the rapid rise 
(and later drainage) in the water level of the w-Zyndan 
glacial lake [5]. In the present case, an increase in the 
glacier runoff would have expanded the Toguz-Bulak lake 
basin every year (red line, Fig. 7b). Incoming glacial runoff 
controlled the behavior of the Toguz-Bulak lake, that is, the 
lake area varied with the incoming volume of glacial runoff 
(orange line, Fig. 7b). As the peak lake area (Fig. 7b) 
increases with the increasing loss of glacial area (Fig. 7a), 
we suggest that the peak lake area primarily depends on the 
incoming rate of glacial runoff. The large glacial runoff 
caused particularly large peak lake areas in 2017–2019. 
These larger peak lake areas are likely related to the higher 
air temperature in June–July 2017–2019 compared to the 
years 2010–2016. Furthermore, more rapid melting of 
snow and ice under the higher air temperatures in June–
July 2017–2019 would lead to the more rapid rise in the 
lake level. We rule out precipitation as the cause of the 
higher lake levels because, according to the Tien Shan MS, 
(1) the total summer precipitation decreased through the
years 2017–2019 and (2) the precipitation amount during
June–July was negligible (for 2019, just 85.5 mm).
We now consider the formation and size of the lake basin.
In 1964, the lake basin had not yet formed. At this time, as
shown in Fig. 8a, glacier meltwater flowed through the
upper edge of a sector “A”. However, an increase in glacial
runoff (blue arrows in Fig. 8) on the moraine complex
contributed to the formation of the lake basin. In 2010,
water stagnated in the region just left of sector “A” and had
begun expanding its area by mechanical erosion, and likely
also by thermal erosion. Until this time, ravines were
formed to a depth of about 1 m. Then, during each year
between 2010 and 2017, glacier meltwater flowed into the
lake basin and out again through the upper margin of sector
“A”. The stagnant water in the lake basin helped to erode
the basin bottom and shoreline. In particular,
ALOS/PRISM satellite data from 2010 show a small lake
basin of 0.0058 km2 in area (Fig. 8b). Later, by 2013, the
basin size had doubled in area (Fig. 8c). By 2017, the lake
basin area had grown to 0.016 km2 (Fig. 7d), and by 2019,
to 0.021 km2 (Fig. 8e). Thus, over 2010–2019, the lake
basin area increased over three-fold, eventually reaching
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the moraine dam at the north side of the lake basin, a 
distance of 100 m (Fig. 8f). When the moraine dam (ridge) 
failed in 2019, the meltwater flowed through the northern 
dam instead of the eastern shore. 

Figure 8. The Toguz-Bulak lake basin, 1964–2019. (a) 
Image from Corona KH-4A on, 6 October 6, 1964. (b) 
Advanced Land Observing Satellite/Panchromatic 
Remote-sensing Instrument for Stereo Mapping 
(ALOS/PRISM) image in 2010. (c–e) Images from 
Google Earth (World View), 2013–2019. (f) Boundaries 
of the lake basin during 2010–2019 (background image 
from Google Earth (World View), 2019). The dashed 
blue lines show the direction of meltwater flow. 

With the increase in lake basin area, the lake basin volume 
also increased. For example, in 2010, the lake basin volume 
was 63,000 m3. Over 2017–2019, the volume of the lake 
basin had increased by 44,000 m3, then totalling about 
130,000 m3. Thus, over the period 2010–2019, the lake 
basin volume had risen by almost 1.7 times. 
In addition, the lake basin region lowered during 1964–
2010. Using the GPS data from 2019, we examined more 
recent profile changes along the lake basin and moraine 
dam. Over the last nine years, a significant height loss or 
subsidence occurred in the middle part and the dam area of 
the lake. During this time, the bottom of the lake lowered 
by 1 meter. However, changes in lake bottom are quite 
different in other areas of the lake-basin. In particular, 
Figure 9 shows that the surface elevation in the basin center 
lowered by 4 m and in the dam area by 2 m (a sudden drop 
by 2 m after drainage). Thus, since 2010, the lake basin’s 
surface has continued to lower and its size has increased. 
Before the outburst event, a 2-m high, 27-m wide and 1.5–
2.0-m thick stretch of the moraine dam was removed and 
held back the glacial lake (Fig. 9b). The moraine dam 
resisted for two days, on 6th and 7th August, and then 
failed. 

Figure 9. Basin profiles and moraine dam region. (a) 
Longitudinal profiles along the lake basin and moraine 
dam before and after outburst (along a–a′ in Figure 
8). The blue square shows elevation changes at the dam. 
The profiles were compiled based on ALOS DSM 
(2010) and GPS data (2019). Background orange profile 
from Corona KH-4A/DSM for 1964. (b) The breached 
dam region the day after the outburst (9 August 2019). 

To better understand the changes around the lake basin, we 
used DInSAR interferograms to measure the surface 
motion on the moraine complex. We analyzed three 
periods: between 4 October 2015 and 24 July 2016, 
between 24 July 2016 and 30 October 2016 and between 
11 June 2017 and 17 September 2017. Results in Figure 10 
show that significant movement occurred on the surface of 
the moraine complex during all three years, with sectors 
“1”, “2” and “3” being the most active areas. The largest 
surface displacements occurred in the lake basin area, 
marked as sector “3”. Here, the line-of-sight deformation 
rate exceeds 11.9 cm per year. 

Figure 10.   Surface displacement maps, 2015–2017. 
From differential interferometric SAR (DInSAR) data 
from ALOS-2/ phased array type L-band synthetic 
aperture radar-2 (PALSAR-2). 

This sustained surface motion in all three sectors suggests 
melting and movement of ground ice and related 
subsidence [10,41-42]. This indicates that, as with other 
moraine complexes in the area [8,10], the moraine complex 
contains ground ice. This ground ice degrades, leading to 
development of the lake and its dam failure. According to 
the mean annual ground surface temperature (MAGST), 
mean annual air temperature (MAAT) [10] and a global 1-
km resolution permafrost model [43], the study site is very 
likely within the regional permafrost limit. Thus, either the 
debris cover on top of the ground ice within the moraine 
complex is relatively thin or the ice core of the moraine 
complex is not in equilibrium. 
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5. DISCUSSION
5.1. Regional geomorphological conditions of the glacial
lakes in the Teskey Range
Previous studies [44] stated that expansion of glacial lakes
in the Jungar Range is related to climatic variations and
glacier recession. Although an overall increase in lake area
is influenced by glacial recession and climate changes over
a decades-long time-scale, our data shows that every year
has large number and type variabilities. These seasonal and 
annual variations in the Teskey Range do not directly
coincide with variations in summer temperature anomaly
and precipitation, and the number of each type and the
distribution of types also differ between the mountain
ranges (Fig. 2). Instead, the main reason for the occurrence
of the large year-to-year variability in number and type
appears to be local geomorphological conditions and
summer temperature. These conditions include the
existence of moraine complexes containing ground ice and
the formation and development of depressions.
An important influence on glacial lakes in the study region
is their drainage through ice tunnels and ice dams. For
example, Narama et al., (2010a, 2018) reported that ice-
tunnel drainage channels of four large drainages (2006-
2014) close during winter and then open again in summer.
They showed that this closure occurs by either freezing or
by debris/ice deposition via channel collapse. Also, Mergili 
et al. (2013) pointed out that the behavior of glacial lakes
in the region depends on whether the dam contains ice. In
addition, other environmental factors affect these glacial
lakes. For example, as shown for the Jeruy Glacier front,
substantial down-wasting of moraine complexes with
buried ice causes surface changes. The subsidence and
down-wasting of the moraine complex changes how a
depression forms and changes the ice-tunnel conditions
inside of the moraine. These surface changes might lead to
the blockage and closure of ice tunnels due to deposition of
ice and debris by tunnel collapse.
In the Issyk-Kul Basin, these regional cryospheric
conditions cause the observed large year-to-year variability 
in number and type (Fig. 2). In short, the large number and
type variabilities are due to regional geomorphological
conditions involving the existence of moraine complex
containing ground ice, the formation of depressions
resulting from glacier recession, vertical subsidence on
moraine complexes, and surface changes of moraine
complexes due to ice melting. In addition, surface changes
or the freezing of storage water might lead to the closure of
an ice tunnel inside a moraine complex due to the
deposition of ice and debris by tunnel collapse. As a result
of geomorphological conditions, tunnel closure and
opening cause the observed appearing, vanishing, and
short-lived lakes.
However, over decades-long periods, climate change and
glacier recession affect the lake extension of stable or
increasing lakes. Also, although the appearance of glacial
lakes may be linked to climate and glacier recession, some
of these lakes change to another type. In addition, the short-
lived lake type occurs 56 times in the Teskey Range over
all four years. However, only two large drainages occurred
from the Jeruy (2013) and Karateke (2014) glacial lakes

during 2013–2016. These large drainages might be 
influenced by the tunnel conditions. 

5.2. Lake development and outburst on a moraine 
complex 
The lake development and failure mechanism here differ 
from the ice avalanches or intra-morainal seepages that 
lead to similar failures in the Himalayas and the Andes [15-
16,18,45-46]. In the eastern Himalayas, the formation of 
large lake basins is mainly due to glacier recession on 
debris-covered glaciers. Melting of ground ice inside the 
moraine is promoted because the large-scale moraine-
dammed lakes are located below the permafrost zone. 
However, in those areas, ice melting in the moraine is not 
the main reason for moraine-dam failure. 
The study region here contains many other moraine 
complexes with ice. Using DInSAR analysis, we found 
evidence for many moraine complexes with ground ice at 
glacier fronts in the Teskey Range. Further evidence for 
ground ice came from the analysis of two DSMs generated 
from Corona (1964) and ALOS/PRISM (2010) data that 
showed surface subsidence [10]. Many lake basins 
(depressions) here can be formed by either glacier 
recession or by surface subsidence due to melting on the 
moraine complex in the permafrost zone above 3000–3200 
m a.s.l. The Toguz-Bulak glacial lake is a moraine-
dammed lake that developed in a depression on an ice-
cored moraine complex. The lake appears in spring–early 
summer and disappears in autumn, due to the discharge of 
glacier runoff. Each year, the lake basin area and volume 
increased due to degradation and back wasting of ground 
ice and erosion by stream water and later reached the edge 
of the moraine complex. 
Another cause is an increase in glacier runoff occurring 
with an increase in summer temperature. We found a large 
area increase in the years 2017–2019, partly due to greater 
glacial runoff, induced by particularly high summer 
temperatures. Hence, in addition to the role of glacier 
recession, in this region, the basins can then grow via 
thermal erosion and the flow of glacier meltwater. 
In addition, the melting of ground ice decreases dam 
stability, thus increasing the probability of a dam failure. 
For example, debris flow due to moraine-dam failures has 
occurred in the Kungoy Range in Kyrgy Republic [29] and 
the Ili Range in Kazakhstan [30]. These failures were 
caused by destabilization of the moraine-dam structure due 
to surface subsidence and seepages of the lake through 
ground channels that opened up when ice melted. Through 
surface changes on the moraine complex, triggers of the 
outburst include (1) piping under a step hydraulic head with 
backward erosion from the air side of the dam, (2) a 
mechanical breach under high water pressure, and 
combinations of these factors, (3) overtopping and 
backward erosion or incision into the dam and (4) melting 
of an ice core and subsequent dam failure. In the present 
case, the main factors are likely (3) and (4). These might 
also be applied to mountain permafrost regions in Asian 
mountains. 
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5.3. Two types of water storage and drainage systems 
on a moraine complex 
The Toguz-Bulak glacial lake is a recurring lake type, 
similar to the Koltor glacial lake in the Tong River basin 
[10]. Both glacial lakes have an annual cycle of appearing 
in spring–early summer and disappearing in autumn. 
However, only the Toguz-Bulak has a surface drainage 
channel from the lake. The Koltor lake instead drains 
through an ice tunnel. In the case of the Toguz-Bulak lake, 
appearance of the lake depends on the inflow of meltwater, 
so with increasing amounts of meltwater, the lake basin and 
lake expanded from year to year. Eventually, more than a 
decade after it started forming, the lake basin perimeter 
reached, and then breached, its moraine dam top. In 
contrast, the Koltor lake basin formed almost a century ago, 
when the glacier started to retreat, with only slight 
subsequent changes in basin size. Therefore, despite their 
apparently similar geomorphological conditions, the water 
storage and discharge systems of these two lakes differ 
significantly from each other. 
When the Toguz-Bulak lake dam failed, the lake 
completely drained within hours. The estimated maximum 
discharge was 183 m3/s. Such rapid drainage has so far 
been uncommon in the Teskey Range. Here, all large-scale 
drainages during the last ten years have been from short-
lived lakes via an underground ice channel, producing rates 
of only 12–27 m3/s [5,8]. The current study also revealed a 
short-lived lake, but one that drained through a breached 
moraine dam. The reason behind past drainages was ice-
tunnel closure due to ice-debris blockages or due to 
freezing of stored water inside the tunnel. In those cases, 
the lake water quickly filled up the lake basin, and then, 
under high water pressure and thermal erosion, the ice 
tunnel opened, producing a large drainage [5.8.10]. A 
similar tunnel system is typically well developed at 
supraglacial lakes [22]. 
Given the large differences in maximum discharge from 
lakes having these two types of drainage systems, we 
should determine whether other lakes in the region are of 
the same type as that of Toguz-Bulak.  
For tunnel type, tunnel dimensions could increase in the 
future due to thermal erosion and flowing water, allowing 
greater discharge rates. Meltwater and increasing 
temperature can accelerate thermokarst processes 
enlarging the outlet ice-tunnel [47-49]. In addition, 
although lake basin size changes on ice-cored moraine 
complexes depend on the details of the thermal erosion, the 
basin area of lake has increased each year due to glacier 
retreat. If these conditions and evolution also apply to 
short-lived glacier lakes in the Teskey Range, large-scale 
flooding events during their discharge may become more 
frequent in the future due to increasing temperature.  
The work will involve monitoring the surface changes and 
lake development on moraine complexes. With global 
warming, both types of outburst may occur in the study 
region more frequently in the future, particularly near the 
bottom of the permafrost zone, giving such work greater 
importance. 
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1. STUDY AREA

Xi'an, the capital of Shaanxi province, China, is bounded 
by the Chan River and Ba River to the east, the Feng 
River to the west, the Wei River to the north, and the 
Qinling mountains to the south. The elevation of the study 
area varies from 360 to 750 m. Figure 1 shows the 
quaternary geology map of the study area, where 
Chang’an-Lintong fault (CAF hereinafter) and 14 ground 
fissures are superimposed, and loess ridge areas are 
labeled with white blocks. The terrain of Xi’an gradually 
inclines from the northwest to the southeast, and the 
landform gradually transforms from flood plain to the 
loess tableland terraces. Loess ridges and depressions are 
interchangeably distributed in central urban areas, where 
land subsidence and 14 ground fissures occurred. CAF 
fault (mainly in the ENE direction) is the most active fault 
to the south of Xi’an city, which controls the activities of 
14 ground fissures occurred on the hanging wall of CAF. 
On the other hand, the ground fissures have the impacts 
on the land subsidence area, constraining the subsidence 
areas to develop into elliptical shapes with their long axes 
parallel to the fissure direction, i.e. in the north-east (NE) 
direction. 

As to the hydrogeological conditions of Xi’an City, three 
main aquifers are present in Xi’an stratum: the phreatic 
aquifer, the first artesian aquifer, and the second artesian 
aquifer. The bottom for the phreatic aquifer varies from 
30 to 80 m below the ground surface. The primary 
constituents for this phreatic aquifer are fine sand and 
clay and its water quality is poor. The bottom for the first 
artesian aquifer ranges from 140 to 180 m below the 
ground surface. This aquifer consists of sand, loess, 
gravel, and mudstone, and its quality is good. The bottom 
for the second artesian aquifer varies from 170 to 300 m 
below the surface. This aquifer with good quality of water 
mainly includes fine-medium sand and medium-coarse 
sand. Xi’an belongs to a temperate, semi-humid 
continental monsoon climate, with an annual 
precipitation of about 585 mm, so it is short of water 
resources with 7 million urban populations. The volume 
of groundwater withdrawal increased annually from 1980 
to 1994, which amounted to 1388 million m3/year in 
1994. Owing to the restriction of groundwater 
exploitation in Xiʹan since 1996, Heihe water has become 

the main water supply, which made the decrease of the 
groundwater withdrawal from 1996 to 2010. Moreover, 
cumulative volume of 1552800 m3 had been recharged in 
Xi'an from 2009 to 2014. 

Fig. 1 (a) Quaternary geology map superimposed on 
shaded relief map, the inset at the top right corner is 
the distribution of leveling benchmarks along subway 
line three. The blue solid lines indicate the operated 
subway lines; Loess ridge areas are labeled with white 
blocks. (b) Hydrostratigraphy section along AA’ in (a). 

2. METHOD

To mitigate the effects of decorrelation and retrieve large-
gradient deformation, small baseline subset (SBAS) 
InSAR method was proposed based on the interferograms 
with short spatial and temporal baselines. In this report, 
we use the temporal coherence to select coherent pixels, 
which is defined in equation (1) for one generic pixel x 
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where, N is the number of interferograms, ψ represents 
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the flattened and topographically corrected interferogram, 
ψ%represents the spatially correlated phase component, 

u
θφ
)

  represents the spatially uncorrelated phase 

component (look-angle error phase). Followed by the 
phase unwrapping, 3D phase unwrapping method is 
employed to mitigate the closed-loop discontinuities error 
in two-dimensional (2D) phase unwrapping. It was 
explored the spatial and temporal relationships within the 
multi-interferograms, i.e., involving the computation of 
two Delaunay triangulations, which are usually referred 
to as “temporal” and “spatial” triangulations, respectively. 
 
The average deformation rate is calculated by the whole 
average as follows: 
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           (2) 

 

where iφ   is the unwrapped phase, from which the 

systematic phase ω  has been subtracted, and it∆  is 
the i-th time interval. The interferograms used to calculate 
the average deformation rate are the same as the ones 
used to calculate the time-series deformation. 
 
Additionally, vertical motion dominates the deformation 
field in Xi'an. Therefore, all the LOS measurements of the 
SAR images are projected into the vertical direction with 
respect to the corresponding incidence angles as follows. 
 

𝑑𝑑𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 𝑑𝑑𝑙𝑙𝑙𝑙𝑙𝑙
𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐

            (3) 
 
where 𝑑𝑑𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣  is the vertical deformation; 𝑑𝑑𝑣𝑣𝑐𝑐𝑐𝑐 is the 
displacements in LOS direction; θ is the incidence angle. 
 

3. RESULTS 
 
In this study, a total of nine ALOS/PALSAR-2 SAR 
images are used to investigate land subsidence in Xi'an, 
China from September 6, 2014 to October 28, 2017. 
Detailed parameters are summarized in Table 1. In order 
to decrease the influence of temporal and spatial 
decorrelation, SBAS method is adopted to generate all 
possible interferogram by setting the appropriate 
temporal and spatial baseline thresholds. Finally, 26 high-
quality interferograms are selected to further processing 
to obtain the deformation maps. Spatial-temporal 
baselines and high-quality InSAR combination are shown 
in Figure 2. The average deformation rate of the study 
area is shown in the Figure 3(b). During the whole 
monitoring period, the land subsidence zones were 
mainly concentrated in the southwest and southeast 
suburbs of Xi'an city and five subsidence zones were 
detected in total. The largest land subsidence occurs at 
Yuhuazhai (YHZ hereinafter), with a maximum 
subsidence rate of around −175mm/a. Sanyaocun-
Fengqiyuan (SYC-FQY hereinafter) is the second largest 

subsidence zone, with a deformation rate ranging from 
−20 to −90 mm/a (Figure 3a).  
Table 1 Basic parameters of the ALOS/PALSAR-2 
SAR images used in this study 

Sensor ALOS-2 
Band (wavelength in cm) L (23.6) 

Incident angle (°) 40.5 
Slant range spacing (m) 4.2 

Azimuth spacing (m) 3.2 
Pass direction Ascending 
Track number 143 

Number of scenes 9 

Date period 2014/09/06-
2017/10/28 

 

 
Fig. 2 InSAR combinations of the high-quality 
interferometric pairs and their spatial-temporal 
baseline distributions. 
 

 
Fig. 3 The average deformation rate maps of the study 
area calculated with TerraSAR-X, ALOS/PALSAR-2 
and Sentinel-1 SAR images, where (b) is the 
deformation rate map calculated with ascending 
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ALOS/PALSAR-2 data from 2014 to 2017.  
 

4. DISCUSSION 
 
Independent InSAR observations that cover the same area 
and a similar time interval are utilized to cross-validate 
the InSAR-derived surface deformation measurements. 
To do so, all deformation rate maps are first resampled to 
the same image resolution, and the YHZ subsidence bowl 
highlighted by a blue rectangle in Figure 1a is taken as 
the validation region. Figure 4 shows the linear fitting 
model between the Sentinel-1A and ALOS/PALSAR-2 
datasets with a RMSE of about 6.9 mm. we can see a good 
consistency Sentinel-1A and ALOS/PALSAR-2 datasets. 
 

 
Fig. 4 Scatter plots of the vertical deformation rates 
between Sentinel-1A and ALOS/PALSAR-2 datasets.  
 
A calibration of the InSAR-derived deformation results is 
performed with GPS and leveling measurements. The 
locations of GPS and leveling benchmarks are shown in 
Figure 1a. The comparisons with GPS measurements in 
2014 and 2015 are shown in Figure 5a and 5b, 
respectively, while measurements from 2016 are 
compared with eight leveling measurements, as shown in 
Figure 5c. InSAR measurements datasets at each GPS 
benchmark are calculated within a square of 50 m × 50 m. 
The standard deviation within the square is calculated and 
shown as the error bar in Figure 5a,b. The standard 
deviations of the differences are 9.83 mm and 6.09 mm in 
2014 and 2015, respectively. Additionally, a significant 
difference between InSAR and GPS measurements at 
some GPS benchmarks, such as at XJ12, XJ19 and XJA4 
in 2014, and CHDC, XJ25 and XJA6 in 2015 can be seen 
in Figure 5a and 5b. These can be explained by the 
localized deformation, the horizontal deformation effect, 
and the low GPS vertical accuracy under a poor 
measurement environment. 
 
Leveling benchmarks were mounted for the monitoring 
of subway line deformation during the construction of 
subway line three from 2012 to 2016. Both leveling and 
InSAR measurements from ALOS-2 datasets uncovered 

surface rebound in 2016, with a standard deviation of 2.2 
mm (Figure 5c), which will be discussed later. 

 
Figure 5. Comparison of InSAR measurements with 
GPS and leveling measurements. (a) With GPS 
measurement in 2014; (b) with GPS measurement in 
2015; (c) with leveling measurement in 2016. The 
error bar, with one standard deviation, is shown in (a) 
and (b) at each GPS benchmark. 
 
The YHZ subsidence bowl, the largest subsidence center 
in Xi’an city since 2005, is located in the southwestern 
suburb of Xi’an and has caused severe damage to 
buildings, and railroads. It has the potential to impact the 
safety of subway line three. Therefore, we focus on the 
YHZ to study the spatial-temporal evolution (Figure 6).  
Figure 6a, b, c and d show the different land subsidence 
rates from different SAR datasets. It can be seen that the 
land subsidence is located between ground fissures f4 and 
f6 in the spatial distribution. The detected deformation 
rate ranges from −180 mm/a to 10 mm/a. It can also be 
seen from Figure 6a that there were two subsidence bowls, 
which were separated by ground fissure f5. The one 
between ground fissures f5 and f6 decreased significantly 
from −143 mm/a to −60 mm/a. As for the one between 
ground fissures f4 and f5, the maximum deformation rate 
varied between −140 mm/a and −160 mm/a before 2017, 
and decreased to −110 mm/a in 2018. 
 
The over-withdrawal of groundwater is the main cause of 
land subsidence. The cumulative time series of land 
subsidence at point P1 during the entire observation 
period is shown in Figure 6f, which is labeled with a red 
dot in Figure 6a. The cumulative subsidence reached 820 
mm from 2012 to 2018. 
 
L-band ALOS/PALSAR-2 data, acting as an important 
SAR source, reveals the detailed deformation and largely 
enriches the research results of study area. 
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Figure 6. Land subsidence in the YHZ subsidence 
bowl. (a) From 2012 to 2015 with the TerraSAR-X 
dataset; (b) from 2014 to 2017 with the 
ALOS/PALSAR-2 dataset; (c) from 2015 to 2017 with 
the Sentinel-1A (T110) dataset; (d) from 2017 to 2018 
with the Sentinel-1A (T109) dataset; (e) Google Earth 
image; (f) cumulative time series deformation of P1; 
(g) annual deformation rate from different-band 
datasets along the profile of P1P1’ from 2012 to 2018, 
whose position is marked in (a); (h) – (i) the field 
investigation photos of ground fissures. 
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1. INTRODUCTION

Major continental earthquakes commonly trigger 
landslides, which pose a significant secondary hazard. 
Emergency responders need information on the 
distribution of earthquake-triggered landslides within a 
short timeframe after their onset, typically 2 weeks, for this 
information to usefully contribute towards relief and 
response efforts. Optical satellite imagery often provides 
the fastest way of generating this information over large 
areas, but cloud-cover commonly disrupts and delays the 
use of these data in many earthquake and landslide-prone 
regions.  

In an effort to address this issue, this project has focused 
on investigating the use of InSAR coherence for the 
detection of landslides in all-weather conditions. This 
project had three major aims: 1) to develop new methods 
to exploit InSAR coherence for rapid detection of 
landslides; 2) to systematically and statistically assess the 
performance of these methods across different radar 
wavelengths and locations across South and East Asia; and 
3) to investigate whether InSAR data and InSAR-derived
landslide classification surfaces could be used to improve
empirical models that predict the distributions of
earthquake-triggered landslides.

2. ASSESSMENT OF PALSAR-2 COHERENCE FOR
RAPID DETECTION OF EARTHQUAKE-

TRIGGERED LANDSLIDES 

Although some methods of landslide detection using 
InSAR coherence have already been developed (e.g. [1]), 
there has been little systematic testing of methods, 
especially across satellite sensors and different events. In 
our first paper [2], we systematically tested five different 
methods (three of which were developed here) on both 
ALOS-2 and Sentinel-1 data for earthquakes in three 
different regions of South and East Asia- Nepal, Indonesia 
and Japan. We found that ALOS-2 L-band data was 
generally more useful than C-band data from Sentinel-1 for 
landslide detection, and that the best method if only one 
post-earthquake ALOS-2 image was available was that 
developed by [2], which uses co-event coherence loss to 
detect landslides. However, we found that if a second post-
earthquake ALOS-2 image is also available, then our new 

methods that build on [2] by also accounting for a post-
earthquake coherence increase perform both better and 
more consistently than existing methods. 

This paper [2] was selected as the November 2020 
“Highlight Article” for the EGU journal NHESS. 

3. IMPROVING PREDICTIVE EMPIRICAL
MODELS OF LANDSLIDE DISTRIBUTION FROM 

INTEGRATION OF PALSAR-2 DATA 

Empirical models of landslide distribution are a widely 
used alternative to mapping of landslides with optical 
satellite imagery [e.g. 3]. In our second paper [4], we 
investigate whether these empirical models can be 
improved upon by incorporating information generated by 
our new InSAR coherence methods [2]. We studied the 
same three earthquakes as in [2], and used the Random 
Forest method to combine information from InSAR 
coherence with other factors such as topographic slope, 
estimated earthquake shaking, and land-cover in a single 
model. Our major result was that incorporation of satellite 
radar data in these models causes a large improvement in 
model performance and robustness, in particular, when 
using ALOS-2 imagery.  

5. CONCLUSIONS

We have demonstrated that it is possible to generate useful 
landslide density information from InSAR coherence 
within a time frame that is suitable for use in emergency 
response, and that L-band data is more suitable than C-
band data for this purpose in vegetated regions. We have 
developed 3 new InSAR-coherence methods for landslide 
detection, which have proven to perform better and more 
consistently than previous methods, but require two post-
earthquake SAR images rather than just one. And we 
demonstrated that our InSAR-derived landslide 
classification surfaces can be used to improve the 
performance of widely-used empirical landslide prediction 
models. Ultimately, we therefore recommend that InSAR 
coherence features from L-band SAR should be routinely 
incorporated into empirical models of earthquake-triggered 
landsliding in vegetated regions. 
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1. INTRODUCTION

Due to the special geomorphology and geological settings, 

the Longmenshan faulting system (LFS) in Sichuan (China) 

with frequent occurrence of earthquakes possesses many 

potentially disastrous landslides, thus already causing 

enormous casualties and economic loss [1]. It is very 

important to carry out monitoring and analyzing of the 

large-scale landslides along the LFS. However, such work 

has not been started yet due to some apparent limitations of 

the conventional monitoring techniques. This project will 

concentrate on investigation on monitoring and inversing 

of landslides along the LFS through developing the PS-DS 

InSAR technique based on the ALOS-2/PALSAR-2 

images [2–7]. The objective of this project is to perform the 

feasibility and sensitivity validation for monitoring 

landslides in a large region and analyzing their evolution 

process with use of PALSAR-2 images. 

The primary strategies are provided here. We will extend 

the models of multi-temporal interferometric synthetic 

aperture radar (InSAR) with a combined use of both point 

scatterers (PS) and distributed scatterers (DS) [5–7]. Such 

method can be abbreviated and termed as PS-DS InSAR. 

With use of PALSAR-2 images collected along ascending 

and descending orbits, an InSAR ionospheric correction 

method based on variance component estimation with 

integration of multiple-aperture InSAR (MAI) and range 

split-spectrum (RSS) measurements will be proposed [8–

10]. The distribution of landslides and their spatiotemporal 

evolution will be assessed and analyzed. The physical 

models of the typical landslides selected in the study area 

will be inversed using the deformation time series [11, 12]. 

Such strategies proposed will be useful for raising the 

accuracy and reliability of monitoring and inversing of 

landslides in a large region. 

In this report, our research works are presented and 

discussed. The main achievements include ionospheric 

error correction for L-band PALSAR interferometry, 

improved DS extraction algorithm, sequential modelling of 

earthquake, monitoring dynamics of glacier and the 

secondary landslide, improved inversion of geodetic 

surface deformation observations, and three-dimensional 

(3D) co-seismic deformation retrieving. 

In the following sections, the study areas and data sets are 

introduced first. The third section will be the research 

results and relative discussions. Conclusions will be given 

in the last section. 

2. STUDY AREAS AND DATA SETS

In our research work, we mainly focus on monitoring and 

analyzing of the large-scale landslides along the LFS and 

the sequential modelling and co-seismic deformation of 

earthquake. There are 5 study areas, i.e., LFS in Sichuan, 

China, a coastal region in Chile, central Italy, Hailuogou 

Glacier in LFS, Gorkha of Nepal, and Halabja of Iraq. Fig. 

1 to Fig. 5 show the location of the study areas. 

As Shown in Fig. 1, the red rectangles represent the 

footprints of ALOS PALSAR images covering the 

Wenchuan earthquake (a) and a coastal region in Chile (b), 

respectively. The blue triangles and black lines in (a) 

represent the GPS sites and surface fault traces, 

respectively. In Fig. 2, three beach balls indicate source 

mechanisms of three quakes (USGS solution). Black lines 

denote the ground rupture traces of two active Quaternary 

normal fault alignments in Central Apennines. Black 

hollow rectangles represent the GPS stations used in the 

inversion for slip model. Red-violet and blue dotted 

rectangles indicate the ground coverage of region of 

interest of the Sentinel-1A and ALOS-2 SAR images, 

respectively. In Fig. 4, ground coverage of the used ALOS-

2/PALSAR-2 images with black and red dotted rectangles 

for the descending and ascending tracks, respectively. the 

Main Frontal Thrust (MFT) fault and aftershocks are 

mapped on a shaded relief of the SRTM-4 digital elevation 

model. Blue and violet arrows stand for GPS horizontal 

displacements. Upper-left inset map indicates the 

convergence rate ∼42 mm/year of the Indian plate and the 

overriding Eurasian plate. And in Fig. 5, the yellow star 

indicates the epicenter of the mainshock. The red dots show 

aftershocks with magnitude higher than Mw 4.0 before 17 

November 2017. The blue solid squares are the top five 

cities with high intensity. The black and red rectangles 

mark the coverage of the SAR images. 
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Fig. 1 Study area for ionospheric correction study. 

 

 
Fig. 2 Location map shown on a shaded relief of SRTM-

4 DEM with the epicentres of the 2016 central Italy 

sequence events, surface rupture traces and ground 

coverage of the used radar images. 

 

 
Fig. 3 HLG glacier and coverage of satellite SAR images. 

 

 
Fig. 4 Gorkha area of Nepal for improved inversion of 

geodetic surface deformation observations. 

 

 
Fig. 5 Shaded relief map of Iraq earthquake and image 

coverage. 

 

3. PRINCIPAL RESEAR WORKS 

 

3.1 Ionospheric error correction for PALSAR 

 

The accuracy of InSAR measurement is strongly affected 

by the spatiotemporal decorrelation of SAR signals. This 

accuracy may result from the distortion of SAR imaging 

geometry, significant surface topographic changes, and 

atmospheric phase delay. The ionosphere, which 

distributes 60~1000 km away from the Earth’s surface as a 

part of the atmosphere, is one of the primary error sources 

for InSAR measurements [13–15]. Correcting for 

ionospheric phase delay is especially critical to SAR 

sensors’ measurements operating in low-frequency 

microwave bands, such as the L-band and P-band sensors. 

We presented an integrated method that combines the 

ionospheric measurements obtained from the azimuth 

offset-based method and the RSS method to improve the 

ionospheric phase correction accuracy for InSAR. The 

PALSAR images acquired along track 471, covering the 

2008 Wenchuan (Mw 7.9) earthquake and along-track 103, 

covering the north of Chile with no significant deformation, 
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were used to test the integrated method. The two tested 

results show that the integrated method can be effectively 

used to correct the long-wavelength ionospheric 

component and local scale ionospheric disturbances. The 

Wenchuan case proved the integrated method could 

successfully recover the deformation fringes near the fault 

without apparent cumulative error. 

 
Fig. 6 (a) Original InSAR interferogram and the 

corrected interferograms from (c) the azimuth offset-

based method, (e) the RSS method and (g) the 

integrated correction method proposed in this study. 

The ionospheric phase screens estimated by the 

azimuth offset-based method, RSS method and the 

proposed method are shown in (b), (d), and (f), 

respectively. 

 

 
Fig. 7 Similar to Fig. 6, but for the PALSAR images 

covering the Chile case. 

 

The proposed method provides a new idea for combining 

different ionospheric correction methods. Our proposed 

method is effective in correcting in correcting both long-

wavelength ionospheric components and local ionospheric 

disturbances. However, phase ramps in the MAI 

interferogram due to the baseline difference between 

forward- and backward-looking interferograms may still 

retain. Further corrections are thus needed to eliminate 

these errors. Moreover, our method is only a weighted 

method among different data groups, which has no 

practical physical meaning. Therefore, the proposed 

method still has some shortcomings. Therefore, we suggest 

developing a new method for InSAR ionospheric 

correction in future studies. 

 

3.2 Improved distributed scatterers extraction 

algorithm 

 

In tattered ground surface, a disaster-developing slope 

usually consists of massive small fragments. To correctly 

monitor deformation and disasters in this type of areas with 

DSInSAR technique, it is essential to fast extract as many 

accurate DSs as possible. For this purpose, a fast and 

accurate distributed scatterer extraction (FADSE), as an 

improved DS extraction algorithm, is presented for 

monitoring tattered ground surface deformation. 

Nonparametric estimation and parametric estimation 

methods are combined into FADSE based on the 

characteristics of high accuracy of nonparametric 

estimation method and fast detection of parametric 

estimation method. The thresholds of homogeneous pixel 

number and correlation coefficient are adjusted to identify 

as many accurate DSs as possible. In the case of loess 

subsidence detection in Tongren county, Qinghai Province 

of China, the deformation detection experiment is carried 

out, and the comparison with KS and FaSHPS is performed 

to assess the result of the proposed FADSE approach [16]. 

Considering the advantages of KS and interval estimation 

method, we combine the two methods and propose the 

FADSE approach. The process of the FADSE approach can 

be divided into three sequential procedures. The first 

procedure is to detect the local SHPs with KS test 

algorithm in a small window called KS window (KSW). 

The second procedure is to identify SHPs, i.e. the DSC with 

interval estimation method in a big window called interval 

estimation window (IEW) around KSW. The third step is 

to extract the DS from DSC with coherence coefficients 

thresholds and SHP number thresholds. 

We have presented the FADSE approach that combines KS 

test and interval estimation algorithms. It is potential to 

monitor the deformation of tattered ground surface such as 

loess. A few of pixels are tested by time consuming but 

accurate KS method to form reliable local SHPs. 

Subsequently, time-serial information of pixel is fully 

measured on most of pixels by the fast interval estimation 

algorithm to derive SHPs. The DS detection experiment 

and the application in the monitoring of loess deformation 

show that FADSE is able to fast identify the largest number 

of reliable DSs by contrast with KS and FaSHPS. In the 

whole study area we detected 34.33% more DSs than the 

KS method and 3.19% more than the FaSHPS method; in 

the region of high deformation rate we detected 21.61% 

more DSs than the KS method and 8.20% more than the 

FaSHPS method. Also, using NDVI as an accuracy index, 

the KS and FaSHPS methods did have 10.20% and 8.88% 

more erroneous points, respectively, than FADSE. 

Consequently, deformations of more tattered ground 

surfaces and more detailed deformation features are 

meticulously revealed by FADSE. Our future work will 

focus on the extraction of DSs from the joint ascending and 

descending track data to resolve the DS detection problem 

resulted by geometric distortions generated in steep slopes, 

and thus more comprehensively extract the ground surface 

subsidence. 
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Fig. 8 Detection window schematic diagram. 

 

 
Fig. 9 Comparison of identified DSs in the area marked 

by the red dotted box using the three methods. This 

area is covered by flourishing vegetation (NDVI>0.2). 

Left column is the original results identified by three 

methods, and right column is the corresponding results 

refined by NDVI threshold 0.2. The patches noted as 

red ellipses indicate the significant difference between 

original result and refined result. (For interpretation of 

the references to colour in this figure legend, the reader 

is referred to the web version of this article.) 

 

 

Fig. 10 The highlighted eight deformation regions with 

absolute deformation rate larger than 0.5 cm/yr: (a) 

FADSE, (b) KS, (c) FaSHPS. 

 

 
Fig. 11 Deformation and DS distribution of region A. (a) 

FADSE, (b) KS, (c) FaSHPS. More DSs are extracted 

and more detailed deformation features are revealed by 

FADSE. 

 

3.3 Sequential modelling of earthquake 

 

With the increasing availability of multisource satellite 

observation data, the capability of coseismic surface 

deformation mapping has been significantly improved, 

promoting the quantitative understanding of complex 

seismic sequence. In this study, we investigate the 2016 

Central Italy earthquake sequence using multisource 

satellite data including the ALOS-2/PALSAR-2, Sentinel-

1A acquisitions and GPS data for sequential modelling of 

source mechanisms. The measured surface deformation is 

used to constrain the coseismic faulting models associated 

with the three major shocks. It suggests that the first 

Amatrice event is a predominantly normal dip-slip motion 

with slight strike-slip rupture. Two slip asperities with slip 

maxima of 0.79 and 0.64 m are identified in the source 

model. The second Visso earthquake is almost a purely 

normal rupture, and one main-slip concentration with an 

average slip of ∼0.6 m is found in its source model. For the 

third Norcia earthquake with the largest magnitude, the 

estimated faulting model shows that the event is mainly 

controlled by the normal dip-slip rupture of the 

seismogenic fault. The left-lateral strike-slip is identified 

within the 0–4 km depth, whereas the faulting motion 

transfers to the right lateral strike-slip below the depth of 5 

km. The Norcia rupture propagated up to the ground with 

the significant slip. The fault ruptures of the three-

earthquake sequence extended the active Mt Bove–Mt 

Vettore–Mt Gorzano normal fault alignment with a length 

of ∼50 km. 

The quantitative analysis of tectonic stress modulation over 

seismic zone is critical to the assessment of following fault 

rupture risk. Based on the estimated coseismic slip models, 

the induced coulomb failure stress (CFS) change by the 

earthquake sequence is determined. The locations of the 

latter quakes and most of the aftershocks are within the 

CFS increase zone, which indicates that the preceding 

events have positive effects on triggering the subsequent 

rupture. The quantitative analysis shows that the 

occurrence of the third Norcia event is predominantly 

influenced by the first Amatrice event rather than the 

second Visso event. The CFS drop is found in the overlap 

region of the seismogenic fault, owing to the stress release 

through the faulting motion of the events. The CFS change 

at the varying depths calculated using different receiver 

rake angles shows that the ruptures of the aftershocks are 

predominantly controlled by the normal slip. The CFS drop 
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predominantly affects the shallow crust of 6 km with minor 

aftershocks occurrence above ~6 km depth. The dense 

aftershocks concentrate within depths of 8–10 km, where 

the CFS increase is relatively more significant than the one 

at other depths. The stress regime at the seismogenic depth 

of 10 km in the surrounding fault zone modulated by the 

three earthquakes well explains the occurrence of 

aftershocks. More than 88.2 per cent of the aftershocks 

occurred in the range with the positive CFS change over 

0.1 bar. The rupture of three main quakes and dense 

aftershocks did partly release the accumulated strain on the 

fault alignment. However, the significant CFS increase 

zone in ~10 km SW of the Mt Bove–Mt Vettore–Mt 

Gorzano fault alignment with few aftershocks poses the 

further rupture risk. Besides, as the trend of the aftershock 

migration, the north extension of the Mt Bove fault is also 

the potential zone with the rupture risk. 

 

 
Fig. 12 Coseismic surface deformation for the 2016 

Central Italy earthquake sequence. Observations, 

simulations, and residuals related to the Amatrice 

earthquake from the Sentinel-1A ascending (a, b, c) and 

descending (d, e, f) tracks. Observed, modelled, and 

residual deformation of the Visso and Norcia 

earthquakes from the ALOS-2 ascending (g, h, i) and 

descending (j, k, l) tracks. Observed (m) and predicted 

(n) deformation caused by the Norcia earthquake from 

the ALOS-2 ascending track, and its residuals (o). 

 

 
Fig. 13 Coulomb failure stress (CFS) change caused by 

the combination of the three earthquakes at different 

depths and with different receiver parameters of rake 

angles. The CFS change at 6 km depth with different 

rake angles of −45° (a), −90° (b) and −135° (c). The CFS 

change at 8 km depth with different rake angles of −45° 

(d), −90° (e) and −135° (f). The third row (g, h, i), forth 

row (j, k, l) and fifth row (m, n, o) are the CFS change 

at depths of 10, 12 and 14 km, respectively, and the first, 

second and third columns are respectively for the rake 

−45°, −90° and −135°. The right-top percentage is the 

ratio of the aftershocks located in CFS increase zone. 

The red, black and grey stars indicate the locations of 

three sequential main shocks in turn. Green dots are the 

corresponding aftershocks according to each depth. 

The typical friction coefficient is here set as 0.4. 
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Fig. 14 CFS change at 10 km depth in the Mt Bove–Mt 

Vettore–Mt Gorzano fault system. (a), (b), (c) indicate 

the CFS change after the three events, respectively. Red, 

blue and purple stars denote the epicentres of the Mw 

6.2 Amatrice, Mw 6.1 Visso and Mw 6.6 Norcia 

earthquakes, respectively. White dots in (a) denote the 

aftershocks after the first event and before the second, 

grey dots in (b) are the aftershocks after the second 

event and before the third and green dots in (c) are 

aftershocks after the third event. 

 

3.3 Monitoring dynamics of glacier and the secondary 

landslide 

 

Due to the influence of global climate change, most 

glaciers in southeastern Tibet and Hengduan Mountains in 

recent years have been losing weight, deteriorating and 

thinning, which has caused the variation of glacier 

movement characteristics, resulting in frequent disasters 

such as debris flows and landslides. In order to break 

through the bottleneck of optical remote sensing restricted 

by climatic conditions, this work combines satellite and 

ground-based SAR technology and selects Hailuogou 

Glacier (HLG) Basin as a typical research area to carry out 

time series monitoring and analysis. Firstly, by using 38 

SAR images acquired by PALSAR1/2 satellites from 2007 

to 2018, the temporal and spatial variations and local 

surface displacements of HLG in Gongga Mountain were 

monitored by using the pixel offset-tracking (POT) method 

[17]. The average velocity of HLG No. 1 slowed down by 

7.27% per year in recent years, and the slowdown rate 

reached 15.57% per year in the ablation areas.  

At the same time, several unstable landslides were detected 

by POT and Stacking-InSAR methods at the moraine 

embankment on the side of the glacier. Statistical analysis 

confirmed that the movement of such landslides was 

strongly correlated with the melting of the glacier. The 

sliding speed reached its peak in summer every year. The 

maximum sliding speed in 2018 was 100 mm/d in the 

North-South direction and 5 mm/d in the East-West 

direction. Subsequently, by utilization of the high-

frequency real-time monitoring data of ground-based radar, 

it is further determined that the sliding speed reaches its 

peak value of 150 mm/d on July 9, 2018, and abnormal 

fluctuations occur with the subsequent collapse, which 

shows in detail the whole process of landslide creep to 

result in disasters. Relevant research data and the 

monitoring results can provide a reference for the study of 

the cryosphere and mountain hazards. 

 

 
Fig. 15 Average displacement rates in range, azimuth 

and vector composition directions. 

 

 
Fig. 16 The secondary landslides distribution in ice 

tongue area. 

 

 
Fig. 17 Average velocity profile of the topographic slope 

of HLG No.1 

 

3.4 Improved inversion of geodetic surface deformation 

observations 

 

In this study, an improved geodetic data inversion method 

considering topographic relief effect on the forward 

modeling of the surface displacement is developed and 

applied to determine the source model of the 2015 Gorkha 

earthquake with the constraints of descending, ascending 

track InSAR and GPS observations. The derived faulting 

model suggests that the thrusting motion occurs on a 

shallow low dipping (~6.2°) fault plane along a strike of 

288.8°. The rupture propagates from the northwest to 

southeast with a length of ∼140 km, but more than 90% of 

the seismic moment is released on the middle segment 

within a length of ~110 km, where the fault slip maxima 

reaches up to 6.7 m. The slip pattern around the hypocenter 

is dominated by thrust motion with an average magnitude 

of 0.58 m at depths of 6–10 km, and then it progressively 

transforms to a mixed mode of dextral slip and thrust 

motion with average magnitudes of 5.0 and 1.6 m, 

respectively, on the middle fault segment. On the southeast 
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fault segment, the rupture becomes the predominant thrust 

motion again with an average slip of 0.3 m, and the rupture 

finally ends at ~140km off the hypocenter. 

Two significant slip deficit zones located on the northwest 

and southeast of the fault are recognized from the slip 

model, one of which has been likely filled with dense 

aftershocks following the major quake. The shallow 

portion of the MFT fault with little slip is inferred as the 

lower edge of the locked zone, which plays an important 

role in accommodating the convergence between the 

Eurasia and India plates. The Coulomb failure stress 

change of aftershocks is determined from the source model, 

and the low percentage of positive CFS change suggests 

that the dynamic CFS change and pre-stress may be 

responsible for the triggering rupture of aftershocks. The 

significant CFS increase is also recognized in the slip 

deficit area and the locked zone in the Himalayan front. We 

infer that the seismic strain on the MHT fault has been 

partially alleviated by the 2015 Gorkha earthquake and a 

sequence of aftershocks, but will continue to balance the 

slip deficit and high stress increase zone, and drive the 

seismicity in the Himalayan front. 

 

 
Fig. 18 Modeled surface deformation for descending 

track InSAR and GPS (a) and residuals (b), ascending 

track (c) and residuals (d). Color represents LOS 

deformation magnitude, and vectors denote the GPS 

displacements. GPS sites outside the SAR ground 

coverage are not shown. 

 

 
Fig. 19 Fault slip model constrained by the InSAR and 

GPS data. a Total slip, b dip-slip, c strike-slip and d slip 

error on the fault plane. e Slip projected to the surface. 

The red star represents the epicenter of the main quake, 

black ellipses depict the two slip deficit zones marked 

by “SD-1” and SD-2,” and red solid circles are the 

epicenters of large aftershocks with magnitudes more 

than Mw 4.0. red solid line denotes the upper edge of 

the main shock slip, and pale red area indicates a locked 

zone. 
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Fig. 20 Change in Coulomb failure stress. Three 

significant negative CFS change areas of “A,” “B” and 

“C,” and three positive CFS change areas of “D,” “E” 

and “F” are recognized. Positive values indicate the 

stress increase with seismic potential, especially for the 

labeled “E” area. 

 

3.5 3D co-seismic deformation retrieving 

 

In this work, we reconstructed the 3D co-seismic 

deformation field of the 2017 Mw7.3 Iraq earthquake by a 

combined use of the line-of-sight (LOS) motion (detected 

by the DInSAR method) and the along-track (AT) motion 

(detected by the MAI method) from two spaceborne 

platforms. It should be pointed out that such a method is 

applied for the first time for the 2017 Mw7.3 Iraq 

earthquake. As mentioned above, multiple interferometric 

pairs for co-seismic deformation were collected both by the 

L-band ALOS-2 and C-band Sentinel-1A sensors. We 

selected suitable ascending and descending SAR image 

pairs to conduct deformation measurements around the 

epicenter. 

Above all, this work extracted the LOS and azimuth 

deformation fields for 2017 Iraq Mw7.3earthquake by 

DInSAR, MAI, and AZO technologies based on 

interferometric pairs of ALOS-2 andSentinel-1A (collected 

by both ascending and descending orbit).   After the 

comparative analysis between the MAI and AZO 

measurements, the 3D deformation field was reconstructed 

by a combined use of the LOS motion (detected by the 

DInSAR method) and the along-track (AT) motion 

(detected by the MAI method) from two spaceborne 

platforms through the weighted least square method. 

The experiments indicate the following main conclusions. 

Firstly, near the epicenter, the maximum value of uplift in 

lobe G and subsidence in lobe H were approximately 100 

cm and−30 cm in the ascending LOS co-seismic 

deformation maps; the maximum value of uplift in lobe G 

and subsidence in lobe H were approximately 50 cm 

and−50 cm in the descending co-seismic deformation maps. 

Besides, considering that the fringe density may be too 

high to accurately conduct phase unwrapping in a larger-

magnitude earthquake, the L-band ALOS-2 SAR sensor 

had better reliability in such severe deformation 

monitoring. 

 

 
Fig. 21 The LOS co-seismic deformation maps and 

differential interferograms of the 2017 Iraq Mw7.3 

earthquake based on the ascending and descending 

images of Sentinel-1A. (a, e) show the ascending and 

descending differential interferograms, respectively. (b, 

c, f, g) correspond to the differential interferograms in 

the black rectangles of (a, e), before and after 

refinement and re-flattening. (d, h) indicate the 

ascending and descending LOS co-seismic deformation 

maps, respectively. The yellow star represents the 

epicenter of the mainshock; the black line denoted by 

C–D is the profile; the black line denoted by A–B is 

deformation bound. The two blue solid squares 

represent the cities of Halabja and Sarpol-e-Zahab. 

 

 
Fig. 22 (a–i) are the real and model 3D co-seismic 

deformation maps and the corresponding residual, 

respectively. The black line denoted as A–B is the LOS 

deformation bound. The red line denoted as E–F is the 

profile. 
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4. CONCLUSIONS 

 
During the RA6 research period, we have carried out the 

research work on ALOS-2/PALSAR-2 data for ionospheric 

error correction, backscattering characteristics of PS/DS 

and their automated detection, sequential modelling of 

earthquake, monitoring dynamics of glacier and the 

secondary landslide, improved inversion of geodetic 

surface deformation observations, and three-dimensional 

co-seismic deformation retrieving. 

The main research conclusions of this project are as follows. 

i) We presented an integrated method that combines the 

ionospheric measurements obtained from the azimuth 

offset-based method and the RSS method to improve the 

ionospheric phase correction accuracy for InSAR. ii) A 

FADSE approach that combines KS test and interval 

estimation algorithms was proposed. It is potential to 

monitor the deformation of tattered ground surface such as 

loess. iii) The temporal image data from Satellite SAR and 

ground-based SAR systems were selected to reveal the 

dynamic changes of Hailuogou Glacier movement from 

different temporal and spatial scales based on POT and 

stacking-InSAR method. On this basis, the secondary 

landslide disasters caused by glacier degradation in the 

ablation area are detected, and the real-time monitoring and 

evolution trend analysis are carried out. iv) An improved 

geodetic data inversion method considering topographic 

relief effect on the forward modeling of the surface 

displacement is developed and applied to determine the 

source model of the 2015 Gorkha earthquake with the 

constraints of descending, ascending track InSAR and GPS 

observations. v) The experiment indicates that the ALOS-

2 satellite performs better than the Sentinel-1A sensor in 

larger-magnitude earthquake deformation monitoring. 

Furthermore, the MAI method based on phase differencing 

has a better performance than the AZO method based on 

SAR amplitude correlation, as long as the coherence of the 

interferograms is sufficient. 

Our future work will focus on the extraction of DSs from 

the joint ascending and descending track data to resolve the 

DS detection problem resulted by geometric distortions 

generated in steep slopes, and thus more comprehensively 

extract the ground deformation. 
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1. INTRODUCTION

The larger metropolitan area of Bandung, the capital of the 
West Java province of Indonesia, has a population of more 
than 8 million people, and a strong exposure to a variety of 
geohazards. Recurrent flooding is common in the plain 
which hosts most of the city, landslides are frequent in the 
surrounding mountainous area, subsidence is also known 
to be occurring, especially linked to industrial development 
areas, five active volcanoes surround the city within a 30-
km radius, and large earthquakes from nearby crustal faults, 
although infrequent, pose increasing concerns, given the 
rapid urban development. 
Three well known active faults are located around 
Bandung: the Cimandiri Fault Zone, the Lembang Fault 
Zone and the Barbiris Fault Zone. The closest volcanic 
centre to Bandung urban area is the Tangkuban Perhau 
volcano, about 20 km to the NW. It is a young volcano 
(10,000 yr) which has a history of repeated phreatic 
eruptions, up to recent times (2009). Flooding is common 
in the Bandung basin, due to the strong rainfall rates and 
favorable morphologic setting. In the last years, the 
flooding hazard has increased dramatically, exacerbated by 
the extremely high urbanization and industrial 
development rates, which causes widespread soil sealing in 
the basin, but also in the nearby slopes. Landslides 
commonly occur even on mild slopes, favored by the 
presence of unconsolidated volcanoclastic deposits, and by 
the high rainfall rates. Finally, ground subsidence induced 
by aquifer over-exploitation is a long-dated problem, 
especially in the western sub-basin, where hundreds of 
textile industrial plants are located, each extracting large 
amounts of  groundwater from the deep aquifer (deeper 
than 150m). During the last thirty years, the groundwater 
levels dropped up to 100 m in this area, and are still 
declining. 

2. ADOPTED METHODOLOGY

Satellite SAR data provide good basic information on 
ground deformation, needed to monitor and model the 
various sources of these hazards and to perform multi-
hazard risk analysis. In particular multi-temporal InSAR 
algorithms allow to retrieve the mean ground velocity and 
the relative displacement time series (along the sensor Line 
of Sight). As well known, traditional measurements of land 
subsidence rely on GPS and leveling data. Although these 
methods provide precise measurements, they are time 

consuming, costly, and only supply data at a few locations. 
Mapping land subsidence over extensive areas with high 
precision can be achieved using InSAR methodologies. 
In Indonesia, leveling and GPS observations have revealed 
that land subsidence is occurring in several cities. However, 
because of the limitations of these methods, the spatial 
pattern of subsidence remains unknown and the processes 
causing the subsidence remain unclear. 
Our project intended to contribute to the monitoring of the 
strong ground movements affecting the Bandung district. 
To this aim, we analyzed ground deformations detected by 
processing SAR data spanning the longest time interval 
possible through multi-temporal interferometry technique 
named Small Baseline Subset (SBAS) [1]. This is an 
Advanced InSAR approach that uses Distributed Scatterers 
to reconstruct the phase history of each coherent ground 
pixel in the temporal span covered by the considered 
acquisitions. All the selected datasets were processed using 
the Sarscape software (SARMAP) implemented into the 
ENVI interface (LSHarris). 
The algorithm consists on an initial interferometric stage in 
which each master and slave SAR images acquired with a 
certain temporal separation were combined to generate the 
interferograms. Ideally, a zero-baseline configuration 
would result in interferograms whose phase information 
would only be related to the LOS displacement in the scene. 
The orbital error contribution and atmospheric parameter 
were corrected during the SAR analysis, and the phase 
noise was reduced by applying an adaptive filter. In 
addition, the atmospheric correction was performed by 
estimating the statistical properties of SAR signals. An 
initial set of wrapped int interferogram-pairs was generated, 
and were subsequently filtered and used together with the 
coherence information to perform the phase unwrapping 
step. The wrapped interferograms were analyzed in order 
to discover unwanted behaviors or data problems such as 
inaccurate orbits, un-coherent pairs, atmospheric artifacts, 
phase jumps, phase ramps, etc. accuracies, together with 
large atmospheric artifacts were corrected by removing the 
residual phase frequency. The phase unwrapping was 
performed and the unwrapped interferogram pairs were 
evaluated to discard the interferograms affected by large 
phase jumps and ramps. Unwrapped interferogram phases 
were refined and re-flattened by the residual phase method 
to estimate and remove the remaining phase constants and 
phase ramps, in order to relate the changes in slant range to 
the real deformation. A double inversion step is applied in 
order to retrieve the surface displacement time series and 
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the mean velocity map. At this stage, also the atmospheric 
artifacts were estimated and removed using a two-steps 
filtering in the time and space domain (high and low pass). 
Finally using the DEM the geocoding step is performed to 
obtain the final products in the selected reference system. 
 

3. DATA 
 
We started processing two datasets of ALOS-1 (provided 
by the JAXA agency) data along the ascending and 
descending track and (Fig.1 and 2). In detail, we processed 
21 images spanning the July 2007 to March 2011 along the 
ascending track (Path 436 Frame 740) and resulting in 118 
interferometric pairs. Instead, along the descending orbit 
we considered 20 acquisitions in the time interval from 
September 2007 and March 2011 forming 97 pairs. 
 

 
Fig. 1 ALOS-1 ascending velocity 

 

 
Fig. 2 ALOS-1 descending velocity 

 

Due to the availability of both ascending and descending 
data, we were able to obtain the Up and East motion 
component for the ALOS datasets (Fig.3 and 4). The 
temporal interval spans from July 2017 to March 2011 and 
the processed datasets consists of 21 and 20 SAR Stripmap 
acquisitions forming 138 and 97 interferometric pairs for 
the ascending and descending orbit, respectively. 

 

 
Fig. 3 ALOS-1 East Component 

 

 
 

Fig. 4 ALOS-1 Up Component 
 

The retrieved results showed a huge and largely spread 
subsidence interesting the large part of the Bandung area 
with high displacement rates (order of ten centimeters per 
year). 
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To better  monitor the subsidence phenomenon, we decided 
to also analyze SAR data acquired from other sensors such 
as the COSMO-SkyMed constellation operated by the 
Italian Space Agency (ASI) in the X-Band wavelenght. To 
this aim, we submitted a proposal to ASI to get such data. 
The ascending (21 images, 20070717-20110312) and 
descending (43 acquisitions, 20130707-20150907) 
datasets were processed using the SBAS technique as well 
and obtaining very similar outcomes with respect of the 
ALOS ones confirming that the subsidence is still ongoing 
with same patterns and rates. 

 
Hence, we also considered ALOS-2 sensor data 

selecting 15 StripMap mode images. The covered temporal 
period was from September 2014 to January 2018 forming 
73 interferograms along the ascending orbit. Here below, 
we show the mean ground velocity map and an example of 
displacement time series for a pixel chosen in area affected 
by subsidence (Fig.5 and 6). 

 

 
Fig.5 - ALOS-2 Ascending Velocity map 

 

 
       Fig.6 - ALOS-2 Ascending Displacement time series 
 
The retrieved mean ground velocity map highlighted the 
already known soil movements, that is the evidence of a 
very strong and widespread subsidence in the Bandung city.  
 
 
 
 

To improve our investigation, we also selected 20 ALOS-
2 Wide Swath (Path 32 Frame 3750, Fig.7) acquisition 
along the descending track. 
 

Fig.7 – Wide Swath ALOS-2 Descending 
considered frame 

 

 
Fig.8 - Descending velocity map from ALOS-2 WD 

 
Finally, the availability of both the ascending and 
descending ground velocity maps with the relative 
displacement time series allowing us to obtain the ALOS-
2 E-w and Vertical component as already done for the 
ALOS-1 data (Fig.9 and 10). 
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Fig.9 – Up component from ALOS-2 data

 
Fig.10 – East component from ALOS-2 data 

 

 
Fig.11 – East (black dots) and Up time (red) series 

from ALOS-2 data for the (6°57'56.60S, 107°32'6.71E) 
point 

 
 

4. RESULTS & DISCUSSION 
 

InSAR time-series analysis using L-Band (and X-Band) 
imagery allowed to monitor in a detailed way the ground 

motions occurring in the Bandung basin, with a very good 
spatial resolution and temporal coverage. Moreover, the 
use of both ALOS-1/2 images permitted to retrieve a 
continuous coverage of the surface even for those areas 
where it is easy to get a loss of interferometric coherence 
such as vegetated and/or mountainous sites as visible for 
the X-Band CSK data. Furthermore, we can exploit at its 
top the capacity of the InSAR multi-temporal techniques to 
detect and monitor the different phenomena that can occur. 
In detail, we confirmed the presence of active subsidence 
phenomena at rates up to ~17 cm/yr for a long temporal 
period starting from at least 2007 and it is going on. 
Groundwater extraction for industrial use seems to be 
likely responsible for such rapid subsidence in Bandung 
district. Moreover, each year the area is interested by heavy 
rain thus increasing the probability to cause landslides and 
floodings. At this aim, by now our work is going on in the 
perspective to produce flooding scenarios exploiting the 
retrieved InSAR subsidence patterns and considering the 
displacement rates linear and constant in time for the next 
decades. This new objectives is performing by means the 
cooperation with colleagues from The Netherlands and 
considering high posting Digital Elevation Models. 
A first example of what we can expect in the next decades 
is showed in the figure below: 
 

 
 

Fig.12 – Flooding scenario at 30 years using alos-2 
data 
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1. INTRODUCTION

To realize the movement behaviors and precise 
displacements caused by ML 6.6 Meinong earthquake 
(occurred at about 35 km ESE of the Tainan city with a 
focal depth of 16.7 km on Feb. 6, 2016), GPS and DInSAR 
techniques have been utilized to in this event. Daily 
solution and kinematic positioning by GPS algorithms can 
determine the co-seismic displacements and ground 
motions, and the surface deformation information by 
DInSAR technique can fulfills the regional differential 
movement.  

The GPS daily solution (30 seconds sampling rate) 
presents the largest horizontal coseismic displacement 
reaching 64 mm with 308 in station GS32 which located at 
the lakeside of Hsin-Hwa district of Tainan city, 22 km 
away the epicenter center, and the largest vertical 
displacement provides 63 mm uplift in station LNCH 
which situated at the top of hill of Long-Chi district of 
Tainan, 15 km away the epicenter center. According to the 
result from DInSAR technique, the main deformation area 
occurs within 4 faults zone which are Hsin-Hwa fault, Zuo-
Jhen fault, Long-Cheun fault and Mei-Ling fault in an area 
144 km2, the deformation zone presents in a round shape 
with almost 100 mm movement in the south of the station 
LNCH. The outside of these faults show the subside 
behavior that is similar with the result acquired from the 
daily solution of GPS. 
For kinematic positioning applications, three outcomes 
have been estimated which are coseismic displacement, 
ground motion and ground acceleration in this study. To 
the co-seismic displacements, there is no obvious 
difference between the daily solution and kinematic 
positioning result. To the ground motion estimation, the 
largest peak ground displacement (PGD) reaches 260 mm 
in the northwestern with 30 km away the epicenter. 
Following the study of magnitude scaling properties of 
PGD, the Mw can be determined to 6.3. A slightly higher 
than that reported (Mw 6.1) by BATS (Broadband Array in 
Taiwan for Seismology), a few earthquakes have been 

investigated show the similar behavior in Taiwan. To the 
ground acceleration study, 10 Hz GPS record shows almost 
the same value as the seismometer result near the epicenter. 

 The ML 6.4 Meinong earthquake occurred on 
February 6, 2016 at 120.544°E 22.922°N with a depth of 
14.6 km, which is located at about 35 km east-southeast of 
the Tainan City, the fourth big city in Taiwan. (Figure 1). 
This earthquake is the first inland earthquake with 
magnitude larger than 6 in Taiwan during 2016 causing 
severe building damage and 117 deaths. To better 
characterize surface deformation and movement behavior, 
we use 30 seconds GPS data from 40 continuously 
operating reference station (CORS) for five days before 
and two days after the earthquake to estimate the coseismic 
displacement. In addition, differential interferometry 
synthetic aperture radar (DInSAR) technique for ALOS-2 
satellite images is used to infer regional coseismic 
deformation for this earthquake. Furthermore, high-rate 
GPS data (>= 1 Hz) are applied to estimated surface ground 
motion and ground acceleration for providing an 
alternative measurement of earthquake happened in this 
study. 

Over the past decade, high‐rate GPS positioning 
have been used for measuring coseismic displacement and 
ground motion since GPS receiver and data‐processing 
methodologies have been improved. Several large 
earthquakes were successfully recorded, which proves that 
high‐rate GPS positioning has been developed to obtain 
epoch-by-epoch positions for earthquake measurements 
and is capable of recording ground motions for large‐
magnitude events (Larson et al., 2003 and Bock et al., 
2004 for the 2002 Mw 7.9 Denali earthquake, Ohta et al., 
2006 for the 2004 Mw 9.3 Sumatra-Andaman earthquake, 
Shi et al., 2010 and Yin et al., 2010 for the 2008 Mw 8.0 
Wenchuan earthquake, and Sato et al., 2011; Yue et al., 
2011; Hung et al., 2013 for the 2011 Mw 9.1 Tohoku‐Oki 
earthquake). 

In this study, we utilize the GIPSY-OASIS 
software (Webb and Zumberge 1997) to estimate the 
coordinates in precise point positioning mode for daily 
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positioning (30 second sampling rate) and kinematic 
positioning (1 Hz sampling rate or higher). As the 
processing of GPS observations in the zero-differenced 
mode, several biases need to be mitigated such as satellite 
orbit and clock errors, atmosphere delay and receiver error. 
To reduce the errors above, we apply the International 
GNSS Service (IGS) final products in the data producers 
and estimated both the satellite and receiver clock biases, 
which are modelled as white noise. In addition, we apply 
two Synthetic Aperture Radar (SAR) images before and 
after the earthquake, produced by the phased array type L-
band synthetic aperture radar (PALSAR) sensor on the 
Advanced Land Observing Satellite-2 (ALOS-2) to 
determine the surface differential movement. Combining 
the results from GPS and DInSAR for the coseismic 
displacement estimations, the major movement is 
concentrated within four fault systems, which are Hsin-
Hwa fault, Zuo-Jhen fault, Long-Cheun fault and Mei-Ling 
fault in southwestern Taiwan. The largest coseismic 
displacement of 64 mm and 63 mm in the horizontal and 
vertical components occurred at 15 km northwest of the 
epicenter. 
For the ground motion estimation, the largest peak ground 
displacement (PGD) of 260 mm occurred at station GS31 
30 km northwest of the epicenter while its coseismic 
displacement is only 20 mm, we analyzed 40 CORS to 
estimate the magnitude scaling properties from peak 
ground displacement (Melgar et al., 2015). We calculated 
moment magnitude of about 6.3, which is slightly higher 
than that Mw 6.1 reported by the BATS (Broadband Array 
in Taiwan for Seismology). In this study we investigated 
some other earthquakes and they all show similar behavior. 
In order to compute the ground acceleration, we 
differentiated surface displacement twice to get the PGA 
value of each GPS station by using sampling rate of 1Hz, 
5Hz, 10Hz and 50Hz to compare with seismometers to find 
the suitable frequency for estimating PGA values from 
high-rate GPS record. We only use the horizontal 
component because the vertical component has large 
uncertainty. The result shows PGA values from 1-Hz and 
5-Hz GPS are smaller than PGA value calculated from 
seismometers, 50-Hz GPS data reveals huge value and 
more the background noise when differentiating from 
displacement to acceleration. Therefore, 10-Hz GPS record 
is the most suitable frequency for analyzing seismic 
acceleration, which shows almost the same value which 
seismometer record. 
  

2. DATA ACQUISITION AND PROCESSING 
 

To study the instantaneous surface ground motion and 
permanent displacement caused by the earthquake, we use 
GPS observations and SAR images to acquire the precise 
positioning coordinates and the differential movements for 
the area around the epicenter. Therefore, GPS can provide 
the displacement information at each station and SAR 
images can give us better spatial coverage of regional 
surface deformation. 
 
2.1 GPS observations and data procedures 
 

Taiwan’s CORS array is one of the densest networks 
in the world. There are more than 400 stations in the area 
of 36,000 square kilometers. To enhance the near real-time 
applications, most of the stations equip internet 

transmission and multi-recording functions of later 
generation dual frequency receiver. The data is mainly 
providing by the Central Weather Bureau (CWB), Ministry 
of Interior (MOI), Central Geological Survey (CGS) and 
Institute of Earth Sciences, Academia Sinica (IESAS) of 
Taiwan. 40 stations around the hypocenter are used in this 
study (Figure 1). In order to precisely determine the 
coseismic displacement and surface ground motion, we 
collected five days before and two days after the 
earthquake with two sampling rates of observations, which 
are 30 seconds and 1 Hz (or higher), to estimate the daily 
solution and kinematic positioning. 
 
 

 
 
Fig. 1 Location for 40 CORS (black triangles) and focal 
mechanism of the Meinong earthquake in southern Taiwan. 
 

The data processing procedure for the GIPSY-
OASIS in IESAS is listed below. 
(1) Employ the IGS final orbit and clock information to 
reduce the effects of the errors. 
(2) Utilize the antenna calibration table from IGS 
recommendations. 
(3) Form the ionosphere-free linear combination of carrier 
phase observation to mitigate the first order ionospheric 
bias. 
(4) Use the VMF1 (wet and dry based on Vienna) 
tropospheric mapping function and estimate the residual 
tropospheric delays. 
(5) Apply the ocean loading according to FES2004. 

 
Based on the values of the repeatability, the horizontal 

components represent 2-4 mm accuracy for daily solutions 
and 8-9 mm for kinematic positioning. It is satisfied for the 
purpose of detecting the coseismic deformation of the 
Meinoung earthquake. However, the standard deviations 
for the up component reach 20 mm for kinematic 
positioning in some stations, which cannot provide stable 
results to study the uplift behavior. 

 
2.1 DInSAR 
 

After the Meinong earthquake, ALOS-2 lunched by 
Japan Aerospace Exploration Agency (JAXA) passed over 
the Taiwan area for emergency purpose on February 14 and 
18 with ScanSAR mode and Stripmap mode, respectively. 
We use four SAR acquisitions to generate one ScanSAR 
descending interferogram (2016/01/31 - 2016/02/14) and 
one Stripmap ascending interferogram (2015/11/26 - 
2016/02/18). These two interferograms were formed by 
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using ROI_PAC software developed by the JPL/Caltech 
(Rosen et al., 2004) and one-arc-second resolution Shuttle 
Radar Topography Mission (SRTM) digital elevation 
model is used to remove topography phase component 
during interferogram processing. Finally, Snaphu version 
1.4.2 (Chen and Zebker, 2000) is applied to process the 
phase unwrapping 
 

3. COSEISMIC DISPLACEMENT 
 
Both of GPS observations and SAR images can estimate 
the coseismic displacements in the different temporal scale. 
We use 30-seconds sampling rate in daily solution mode 
and 1 Hz sampling rate in kinematic positioning mode to 
figure out the daily and high-rate solutions. We use two 
phases of ALOS-2 images to evaluate the surface change 
in the scale of a week. 
 
3.1 Daily solution 
 

The GPS data from 40 CORS collected 5 days before 
and 2 days after the main shock with 30-seconds sampling 
rate are determined to estimate the coseismic displacement 
(Table 1). According to the figure 2, horizontal velocity 
reveals a southwestern motion near the hypocenter and a 
fan-shape distribution with vectors toward the west. GPS 
station GS32 near the town of Hsinhwa shows maximum 
horizontal displacement of 64.4 mm in the direction of 
southwest. However, it has been proved that this large 
displacement caused by rupture of dam. For the vertical 
displacement, subsidence pattern exhibits at the eastern 
side the epicenter in the Central Range and uplift pattern at 
the western side of the epicenter in the Western Foothills. 
GPS station LNCH west of the Lungchuan Ridge shows 
the maximum uplift displacement of 92.7 mm. 

 

 
 

Fig. 2 Co-seismic displacements in Meinong earthquake. 
The symbol arrows present the horizontal displacement 
(black for kinematic and grey for daily solutions) and the 
symbol triangles show the vertical movement (red and blue 
for kinematic and grey for daily solutions). The epicenter 
denotes in the yellow star. 

 
3.2 High-rate kinematic positioning 

 
For the GPS kinematic positioning algorithm, the 

sidereal bias is the one of the main errors of the kinematic 
positioning. Therefore, we employ the sidereal filtering to 
decrease this effect. The sidereal filtering requires data for 
two or more days. In the beginning, high-rate positions are 
estimated on day one, assuming that the ground has not 
moved. These days one positions are low-pass filtered to 

remove high-frequency noise unrelated to the satellite-
receiver geometry, shifted by the sidereal period and 
subtracted from the estimated positions on the second day. 
This sidereal filtering is the basis for precise kinematic 
positioning results (Nikolaidis et al., 2001; Bock et al., 
2004). After removing the sidereal bias, the kinematic 
positioning can provide the coseismic displacements and 
surface ground motions of the earthquake. 

In order to remove the sidereal biases from the single 
epoch solution, the sidereal-day window (Bock et al., 2000) 
is applied in this study, and shown in Equations (1) and (2). 

i
2
i

k=d+1 k=d+1
(x )k

i d 2(s )k
k=d-1 k=d-1 i

1(mp ) =
(s )k
       

∑ ∑                   (1) 

filter
i d i d i(x ) = (x ) - (mp )d                        (2) 

where mp represents the sidereal periodic noise in each 
positioning components, i is epoch number, d is day 
number, ix  indicates the estimated position of the 

different components, and iσ  is the standard deviations. 
 

 The coseismic displacement determined by ten 
minutes before and ten minutes after the earthquake of 1 
Hz kinematic positioning is list in Table 2. After removing 
sidereal biases, the standard deviation of GPS waveform 
reduce efficiency. For example, GPS station GS76 reveals 
standard deviation reduce from 11.6 to 9.5 in the E-W 
component, 16.2 to 9.8 in N-S component and 51.6 to 29.3 
in vertical component. For the all 40 CORS stations, 
average standard deviation reduces from 8.7 to 7.6 in E-W 
component; 9.5 to 8.9 in N-S component and 24.4 to 20.6 
in vertical component. For the coseismic displacement of 
the daily solution result, GPS station GS32 shows the 
maximum horizontal displacement and GPS station LNCH 
shows the maximum uplift displacement. Figure 3 shows 
the residual between daily solution and high-rate kinematic 
processing result. The good fitness indicates there is no 
postseismic displacement in a few days after the main 
shock. 

 Figure 3 shows there is no obvious difference 
between the daily solution and kinematic positioning result 
since no prominent afterslip displacement have been found 
in two days after the earthquake. 

 

 
 

Fig. 3 Records of 1 Hz GPS data at station, LNCH, during 
the 2016 Meinong earthquake. A filter algorithm was 
applied to remove the sidereal repeat noises. The records 
of the following day (Day 37) of the earthquake were used 
for comparison to obtain the filtered data. 
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3.3 DInSAR result 

 
Figure 4 shows two coseismic interferograms from 

two ALOS-2 ascending stripmap mode images 
(2015/11/26-2016/02/18) and two descending Scan SAR 
mode images (2016/01/31-2016/02/14). According to the 
result from DInSAR technique, the main deformation area 
occurs far west the epicenter located around southwest of 
Zuo-Jhen fault, southeast of Hsin-Hwa fault, east of 
Houchiali fault, and northwest of Chishan fault. Both 
ascending and descending interferograms show range 
decrease with almost 100 mm to the south of the station 
LNCH with a N-S trending round-shape deformation area. 
Range increase presents to the east of the epicenter, 
especially in the descending interferogram. Moreover, a 
reverse range pattern (increase in ascending and decrease 
in descending) can be observed near Guanmiao area and 
Hsinhwa, which indicates pure westward movement in this 
area. 
 

 

 
Fig. 4 DInSAR results acquire from ALOS-2 satellite. The 
left graph denotes the Strip mode ascending pair and the 
right graph shows the ScanSAR mode descending pair. 
 

By combining ascending and descending 
interferograms, a 2.5-dimension (E-W direction 
component and Vertical component) coseismic 
deformation can be performed in figure 5. Compare with 
GPS daily solution from chapter 3.1, the most uplift area is 
located in the western part of the epicenter, and the increase 
los range distance cause by westward deformation not 
subsidence. All active faults such as Houchiali fault, 
Chishan fault, Zuo-Jhen fault and Hsin-Hwa fault in this 
area were not triggered by this event. On the other hand, 
the deformation is concentrated in Kutingken Formation, 
which implies the active tectonic in Kutingken Formation 
is the main control factor during this event.  

 

 
 
Fig. 5 2.5 dimension coseismic displacements converted 
from ascending and descending interferograms (red color 
represents eastward and uplift; blue color represents 
westward and subsidence). The symbol arrows present the 
GPS horizontal displacement and the symbol circles show 
the vertical movement. The epicenter denotes in the yellow 
star. 

4. SEISMIC GROUND MOTION 
 

High-rate GPS positioning techniques have been 
developed to obtain epoch-by-epoch positions and these 
solutions are capable of recording seismic motion, which is 
called “GPS Seismology.” In this study, we analyze the 
kinematic positioning result after sidereal filtering of 40 
CORS with 1 Hz or higher sampling rate to estimate the 
peak ground displacement and peak ground acceleration 
nearby the hypocenter. 
 
4.1 Peak ground displacement 
 

Following the study of magnitude scaling 
properties of peak ground displacement (Melgar et al., 
2015), Equation (3) 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. 
Figure 6 shows GPS waveforms and calculated PGD value 
in time series. After calculating the 40 CORS near the 
epicenter, almost all stations represent larger vibration in 
E-W component. The most peak ground motion value is 
recorded at GPS station GS31, which is located at northeast 
of Houchiali Fault. In addition, most GPS stations with 
large PGD value are concentrated in Hsinhwa area, south 
of Hsin-Hua Fault, where is also the locations of damage 
buildings (green triangles in Figure 7). 

( )2 2 2PGD = max N(t) + E(t) + U(t)                    (3) 

 
Fig. 6 Sample GPS waveforms used in this study. 
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Fig. 7 Peak ground displacement estimation for near 
epicenter CORS. The red circles present the peak ground 
displacement of each station. The green triangles indicate 
collapsed houses during this event. The epicenter denotes 
in the yellow star. 

 
After using the regression equation (4) to 

calculate the moment magnitude by using the scaling 
property between PGD and the hypocentral distance (R), 
we computed a geodetic moment magnitude of the 
Meinong Earthquake as 6.3, which is slightly larger than 
the centroid moment-tensor solution derived from 
inversion of BATS waveforms. (Mw 6.1). On the other 
hand, three more moderate magnitude events occurred 
around the Taiwan area were calculated by the same 
equation. Most of the Mw are close to but slightly smaller 
than Mw provided by seismometer (Figure 7). 

 
                                                                                A = - 4.434 0.141
log(PGD) = A + B Mw + C Mw log(R)    where  B =   1.047 0.022
                                                 

±
⋅ ⋅ ⋅ ±

                                C = - 0.138 0.003±

  (4) 

  
Table 1 Comparison the MW values derived from 
seismometer and GPS 

  IES BATS 
CMT 

Solution 

High-rate 
GPS 
PGD 

scaling 

No. of 
GPS 
Sites 
Used 

2016/0
2/05 

MW = 6.1 
(misfit = 

0.705 poor) 

MW = 6.3 
(STD = 
0.41) 

40 

2006/1
2/26 

MW = 6.7 
(misfit = 

0.651 poor) 

MW = 6.8 
(STD = 
0.19) 

15 

2006/0
4/01 

MW = 6.1 
(misfit = 

0.496 good) 

MW = 6.0 
(STD = 
0.10) 

5 

2003/1
2/10 

MW = 6.5 
(misfit = 

0.553 good) 

MW = 6.4 
(STD = 
0.26) 

12 

 
4.1 Peak ground displacement 

 
Peak ground acceleration (PGA) is equal to the 

maximum ground acceleration that occurred during 
earthquake shaking at a location. These values represent 
intensity of shaking behavior, which provides the index of 
seismic capability for building constructions. In this study, 
we differentiated surface displacement twice to get the 
PGA value of each GPS station by using sampling rate of 
1 Hz, 5 Hz, 10 Hz and 50 Hz, respectively. Then we 
compare the results with seismograms to find the suitable 
frequency for analyzing PGA values from high-rate GPS 
records. 

According to Wu et al., 2016 and Hsu et al., 2016, the 
maximum intensity of the Meinong Earthquake reached 7 
(PGA > 400 Gal) as recorded by P-alert seismic network, 
the MEMS accelerometers designed for Earthquake Early 
Warning and near-real-time shake maps using P-wave 
information. In this study, we only analyzed horizontal 
component and ignore the vertical component due to its the 
vast uncertainty. The result in figure 7 shows four different 
PGA value in different directions (NS and EW). After 
differentiated twice from GPS displacement results, the 
PGA values from 1-Hz and 5-Hz data show significant 

stand out value during shake, however it may 
underestimate due to its insufficient frequency. On the 
other hand, 50-Hz data represents huge value and more the 
background noise when differentiating. Thus, 10-Hz GPS 
record is more suitable for analyzing PGA values. Figure 7 
shows the 10-Hz GPS PGA values superposed on GPA 
shake map collected from P-alter system and NCREE 
(National Center for Research on Earthquake Engineering) 
real-time strong-motion networks. The coincidence also 
represent 10 Hz GPS data is proper frequency for shake 
map producing 

 

 
 

Fig. 7 The PGA value of SHWA GPS stations by using 
sampling rate of 1Hz, 5Hz, 10Hz and 50Hz, respectively. 
The PGA values are shown in each subplot. 
 

 
 
Fig. 8 The PGA value of GPS stations by using sampling 
rate 10Hz (colored triangles) superposed on ground shake 
map produced by Palter and NCREE’s on-site warning 
system (NEEWS) (black triangles). 
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1. INTRODUCTION

The coal mining in mountain area may cause secondary 
disasters, such as landslides, which seriously threaten the 
safety of the local residents. In particular, the Yunnan–
Guizhou Plateau and its surrounding areas are the largest 
karst mountain area in China and even in the world, with 
an area of about 6.2 × 105 km2 [1], a large number of 
landslides are caused by combined effects of natural and 
coal mining. Unlike other geo-hazards, the displacements 
of the underground mining induced landslides are most 
meter-level, small coverage (several square kilometers or 
even smaller), spatially discontinuous and temporally 
nonlinear. Such large gradient surface displacements 
render the loss of InSAR coherence, resulting in the loss 
of information by traditional InSAR method. Even for the 
coherent areas, the interferometric fringes are often too 
saturated and aliased to be recovered with any good phase 
unwrapping algorithm. Consequently, it is challenging to 
accurately monitor landslide deformation in mining 
regions. Therefore, the detection and monitoring of large 
gradient mining-induced landslide deformation is of great 
significance for the management and mitigation of 
geohazards. So, we took Guizhou Province of China as 
an experimental area, based on ALOS/PALSAR-2 images, 
combined InSAR and offset tracking methods to realize 
the detection and monitoring of the large gradient mining-
induced deformation. Furthermore, effective monitoring 
of some dangerous landslides was conducted. 

2. DETECTION OF POTENTIAL MINING-
INDUCED DEFORMATION IN GUIZHOU

PROVINCE 

Due to the vulnerable geological environment and 
frequent anthropogenic activities in Yunnan–Guizhou 
Plateau and its surrounding areas, China, more than 2800 
people have been killed by landslide disasters in recent 
decades. Most landslides are caused by underground 
mining. Therefore, we detected the potential mining-
induced deformation in Guizhou Province to achieve 
early identification of potential landslides. 
The average deformation rate map is often used to 
identify the mining-induced deformation with subtle 
deformation. The stacking interferograms method can be 
used to acquire the average deformation rate with high 
accuracy. As the atmospheric delay often causes 
temporally random errors in interferograms, it can be 
reduced by averaging the unwrapped interferograms as 
follows [2-4]: 

𝑝𝑝ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = ∑ ∆𝑟𝑟𝑖𝑖𝜙𝜙𝑖𝑖
𝑁𝑁
𝑖𝑖=1
∑ Δ𝑟𝑟𝑖𝑖

2𝑁𝑁
𝑖𝑖=1

   (1) 

where 𝑝𝑝ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  is the average deformation rate in phase, 
𝜙𝜙𝑖𝑖  and 𝛥𝛥𝑡𝑡𝑖𝑖  represent the unwrapped phase and the 
temporal interval of 𝑖𝑖-th interferogram, respectively, and 
𝑁𝑁 is the number of interferograms. 
The mining-induced deformations were detected and 
mapped in Guizhou Province over 1.12× 104 km2 using 
the annual average surface deformation rate maps derived 
from ALOS/PALSAR-2 images between 2016 and 2019, 
as shown in Fig. 1. The red and blue areas are the mining-
induced surface deformation areas, and they can be 
considered as potential landslide areas. 

Fig. 1 The average annual deformation rate maps in 
parts of Guizhou Province, China. 

3. APPLICATION TO RETRIEVE THE MINING-
INDUCED PUSA LANDSLIDE IN GUIZHOU,

CHINA 

On 28 August 2017, the long-runout collapse initiated by 
the ridge-top rockslide in Pusa Village (see Fig. 2), 
Zhangjiawan Town, Guizhou Province, China, buried 
residential areas and caused 26 deaths with 9 missing [5]. 
This catastrophic disaster is a typical rock avalanche 
caused by combined effects of natural and underground 
mining in the Yunnan–Guizhou Plateau and its 
surrounding areas, China. In this area, the average 
temperature in a year is approximate 13.6 ℃ ranging 
from -4 ℃ to 32 ℃. And the annual rainfall is abundant 
from May to September, which accounts for 74% of the 
yearly cumulative rainfall ranging from 1200 mm to 1300 
mm. We used ALOS/PALSAR-2 dataset to generated
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coherence map and intensity maps, which were applied to 
identify the landslide boundary, source area, and buried 
villages, while deformation maps from ALOS/PALSAR-
2 were used to retrieve pre-event deformation. 
 

 
Fig. 2 Study area and synthetic aperture radar (SAR) 
images coverage. The yellow rectangle indicates the 
coverage of the ALOS/PALSAR-2. 
 
(1) Coherence estimation 
The coherence magnitude 𝛾𝛾  is the most common 
measure of coherence with the range of [0,1]. Under good 
SAR imaging conditions, it is close to 1 for bare surfaces, 
but close to 0 in dense or thick vegetation, such as forests 
or crops. Based on these characteristics, we investigated 
the region where there was a vegetation-covered area 
before the landslide occurred but was covered by 
deposition after the landslide. Accordingly, we could 
delineate the boundary of the landslide. 𝛾𝛾  can be 
calculated commonly using Equation (2) based on SAR 
image amplitude [6-7]: 

𝛾𝛾 =
�∑ 𝜇𝜇1

𝑛𝑛𝜇𝜇2
𝑛𝑛∗𝑁𝑁

𝑛𝑛=1 �

�∑ �𝜇𝜇1
𝑛𝑛𝜇𝜇1

𝑛𝑛∗�𝑁𝑁
𝑖𝑖=1 ∑ �𝜇𝜇2

𝑛𝑛𝜇𝜇2
𝑛𝑛∗�𝑁𝑁

𝑖𝑖=1

             (2) 

where 𝑁𝑁 is the number of pixels in a window, 𝜇𝜇1𝑛𝑛 and 
𝜇𝜇2𝑛𝑛 are the complex value of master and slave images at 
pixel 𝑛𝑛, respectively, ∗ denotes complex multiplication, 
|∙| denotes the absolute value of the complex. 
(2) Surface change detection with intensity maps 
To detect the small scale landslide, we adopted single-
look intensity maps acquired by ALOS/PALSAR-2 with 
a spatial resolution of 3 m. We filtered the intensity maps 
with the modified Lee filter algorithm based on 
statistically homogeneous pixels (SHPs). The images 
were filtered by using the modified Lee filter [8-9] as 
Equation (3). 

Î = I ̅+ 𝑏𝑏(I − I)̅              (3) 
where I = [𝐼𝐼1, 𝐼𝐼2, … , 𝐼𝐼𝑁𝑁] is a vector of intensity maps, 
I ̅ = [𝐼𝐼1̅, 𝐼𝐼2̅, … , 𝐼𝐼�̅�𝑁] is the mean value of intensity maps, 
which is calculated by averaging the intensity of the 
detected SHPs, 𝑁𝑁 is the number of SAR intensity maps, 
𝑏𝑏  represents the filtering weight, Î  is the intensity 
vector after filtering. After removing the effects of 
speckle noises, the ratio 𝑘𝑘 between two intensity maps 
can be calculated by using Equation (4) [10]. 

𝑘𝑘 = ∑ �𝜎𝜎1𝑖𝑖
0 �𝑛𝑛

𝑖𝑖=1
∑ �𝜎𝜎2𝑖𝑖

0 �𝑛𝑛
𝑖𝑖=1

                 (4) 

where �𝜎𝜎1𝑖𝑖0 � and �𝜎𝜎2𝑖𝑖0 � are backscatter coefficient values 
for pixel 𝑖𝑖 in two intensity maps, and 𝑛𝑛 represents the 
window size. 

We used coherence and intensity maps to identify the 
landslide boundary, source area, and buried villages. Fig. 
3 shows the coherence and intensity maps from 
ALOS/PALSAR-2 images of the Pusa landslide region. 
The boundary, source area and buried villages are marked 
in the Fig. 3. 
 

 
Fig 3. The boundary and source area of the Pusa 
landslide identified by coherence and intensity maps 
from ALOS/PALSAR-2 images. (a) The pre-event 
coherence map, (b) the post-event coherence map, (c) 
the on-site image after landslide occurred, (d) and (e) 
the pre- and post-event SAR intensity maps acquired 
on 6 August 2017 and 12 November 2017, respectively, 
(f) the ratio between (d) and (e). It is noted that the 
color shown in (a) and (b) represent the coherence 
value. The white and yellow dash lines represent the 
landslide boundary, while the green line shows the 
source area. The black polygon shown in (d) and (e) 
represents the buried villages. 
 
Fig. 4 shows the pre-event deformation derived from 
ALOS/PALSAR-2 SAR images, the local fringes were 
visible over and around the landslide source region, 
which indicates that the large mining-induced 
deformation in the sliding slope arose before the landslide 
occurred. The areas of three regions shown as black dash 
lines in Figure 4b–d were 0.123 km2, 0.242 km2, 0.310 
km2, respectively. 
 

 
Fig 4. Pre-event geocoded differential interferograms 
generated by ALOS/PALSAR-2 datasets. (a) The 
interferogram calculated by SM3 mode 
ALOS/PALSAR-2 data acquired on 4 September 2016 
and 22 January 2017. (b–d) The interferograms 
calculated by SM1 mode ALOS/PALSAR-2 data, (b) 
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14 May 2017 vs. 11 June 2017, (c) 11 June 2017 vs. 6 
August 2017, (d) 14 May 2017 vs. 6 August 2017. The 
red line indicates the landslide boundary, the black 
dash line indicates the deformation region. 
 

4. USING OFFSET TRACKING METHOD TO 
ANALYZE LARGE-GRADIENT DEFORMATION 
TIME SERIES OF THE JIANSHANYING MINING 

AREA 
 
The Jianshanying mining area at Faer Town, Shuicheng 
County, Guizhou Province caused by underground 
mining. This mining area mainly includes two 
deformation regions, namely 1# area and 2# area (see Fig. 
5). The surface deformation of 1# area is very large and it 
is beyond the deformation gradient can be observed by 
phase measurement, the offset tracking technique based 
on SAR amplitude can be used to monitor large gradient 
deformation. We used external DEM-assisted adaptive 
window offset technique to calculate two-dimensional 
deformation field in azimuth and line-of-sight (LOS) of 
large deformation 1# area [11], and acquired the 
deformation time series of this area refer to the basic 
principles of the small baseline subsets InSAR 
technology (SBAS-InSAR) [12]. 
 

 
Fig. 5 The drone image of Jianshanying mining area. 
 
We used 15 scenes ALOS/PALSAR-2 images from April 
16, 2017 to July 7, 2019 to monitor the deformation of 
this mining area, acquired annual deformation rate map 
in this area by stacking method. The deformation rate is 
shown in Fig. 6, in which the deformation away from the 
satellite direction is negative, and the deformation near 
the satellite direction is positive. It can be found that the 
mining area has a large deformation. The maximum 
deformation rate monitored by InSAR is located in the 
northwest area of the trailing edge of 1# area. The 
maximum deformation rate is -374 mm/y, and there are a 
large number of residents in the village at the foot of the 
slope. Therefore, this area should be monitored 
intensively. 
 

 
Fig. 6 Annual deformation rate map calculated by 
Stacking InSAR. 
 
The deformation tracking time series of the Jianshanying 
mining area are shown in Fig. 7. Fig. 7a is the 
deformation in azimuth direction, and Fig. 7b is the 
deformation in LOS direction. It can be seen that both of 
the azimuth deformation and LOS deformation have 
increased significantly from April 6, 2017 to July 7, 2019, 
the accumulative deformation have reached 15 m and 17 
m in azimuth and LOS directions, respectively. 
 

 
Fig. 7 Time-series SAR offset tracking results. 
 
In order to analyze the deformation evolution process of 
1# area in detail, we extracted the time series profiles in 
the large deformation area. The profiles location A-A’, B-
B’, C-C’ is shown in Fig. 7, and the results is shown in 
Fig. 8. As can be seen from Fig. 8, since April 16, 2017, 
the deformation of the points on the three profile lines in 
the azimuth and LOS directions basically shows an 
increasing trend, and in different position appears as 
different deformation features. 
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Fig. 8 Time-series profiles of SAR offset tracking 
results. 
 
Fig. 9 shows the deformation time series of three points 
extracted from three large deformation regions. The 
locations of these points are shown in Fig.7. The results 
show that the cumulative deformation of the three regions 
continues to increase with time, and they have significant 
acceleration stage. As shown by the blue shaded area in 
Fig. 9, there is a clear acceleration phase between the 
location of P2 between April 14 and July 7, 2019. 
Combined with field investigation data, the ground 
surface in this area is obviously broken, so the slope in 
this area has undergone considerable deformation during 
this period. The area where the P3 point is located has 
been in the stage of accelerated deformation since March 
3, 2019. Until July 7, 2019, the maximum azimuth and 
LOS deformation reached 15.85m and 12.79m, 
respectively. 
 

 

Fig. 9 Time-series of SAR offset tracking results for P1, 
P2, P3 (see Fig. 7). 
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PALSAR-2データを用いた山間地域における水害・土砂災害の 
コヒーレンス解析

PI No 3263
永井裕⼈ 

早稲田大学教育学部 理学科地球科学専修

1. はじめに

我が国及び周辺のアジア諸国では様々な災害が発⽣
し、⼈々の⽣命・財産が頻繁に脅かされている。特に
悪天候下の⼭間地域における⽔害・⼟砂災害は、発⽣
直後の光学衛星や現場からの情報が乏しいという問
題がある。迅速で安全な災害対応を実施するために
は、合成開⼝レーダによる被害情報の提供が特に重
要視される。そこで本研究では、PALSAR-2 データで
も既に利⽤されている災害前後 3 時期の観測データ
を⽤いたコヒーレンス解析について、特に⼭間部に
おける⽔害・⼟砂災害被害抽出⽅法の精度向上を⽬
的とした解析・検証を実施する。また災害前後におけ
る後⽅散乱係数の差分に基づく抽出など複数の⼿法
の⽐較・評価も実施し、コヒーレンス解析を含むさま
ざまな⼿法の⽔害・⼟砂災害への適応可能性を検討・
評価する。 

だいち 2 号搭載のＬバンド合成開⼝レーダである
PALSAR-2 は、2014 年春の運⽤開始以降、国内外で
発⽣したさまざまな種類の災害を観測し、合成開⼝
レーダの災害時利⽤の可能性を⽰し、被災状況の把
握および情報提供にも⼤きく貢献している。特に、降
⽔量の多いアジア地域では、天候に影響されず⽔害・
⼟砂災害を観測できる合成開⼝レーダの役割が重要
であることは⾔うまでもない。また、都市域は通信イ
ンフラが多くあり、被害情報についても⽐較的⼊⼿
しやすい⼀⽅で、⼭間部や過疎地域では⼀次的な情
報が乏しく、不確定な情報をもとに災害対応を始め
なければいけない場合がある。したがって、このよう
な悪天候時の⼭間部で迅速に正確な災害対応を実施
するためには、合成開⼝レーダによる状況把握の役
割が特に⼤きいと考える。 

PALSAR-2 の⼭間部観測では、斜⾯の倒れ込みなど

で⼲渉 SAR による変動量の算出が難しいことも想定
されるため、まずは地表⾯に変化があったかを検出
するコヒーレンス解析がより確実であると考えられ
る。より広範囲への適応も期待されるが、災害の規模
や地形条件は様々であり、標準的な抽出フローやパ
ラメータの確⽴には⾄ってない。⼭間部の観測はさ
らなる⼿法研究が必要である。PALSAR-2 は⼤幅に観
測能⼒が向上した運⽤中の L バンド合成開⼝レーダ
であり、研究期間中に実際に発⽣する災害の観測デ
ータから、最も合理的に被害域を抽出する⽅法を導
き出す。

災害時における PALSAR-2 の強みは広域での⼲渉
SAR 解析であり、地震の地殻変動量検出などに⼤き
く威⼒を発揮する。しかしながら PALSAR-2 を⽤い
た実際の災害対応では、⼲渉性がなく変動量が算出
できない場合が多々ある。そのような場合であって
も、少なくとも地表⾯変化の有無を空間分布として
⽰すことができれば、被害⾯積を素早く把握でき、災
害対応に⼗分に役⽴てることができる。この時に必
要なのは、災害の種類によって観測モードと解析に
⽤いるパラメータを適切に決定することであり、こ
れが迅速な意思決定および現場作業者の安全確保に
資すると考えられる。 

本研究で得られた知⾒を以下の事例ごとに分けて
報告する。 

2. ネパール・ゴルカ地震

2015 年 4⽉に発⽣したネパール・ゴルカ地震によ
って⽣じたヒマラヤ⼭岳域の⼟砂災害について、科
学技術振興機構ネパール地震関連国際緊急共同研
究・調査⽀援プログラム（J-RAPID）「ネパール・ラ
ンタン⾕における雪氷⼟砂災害の調査」の調査グル

Final Report on the 6th ALOS-2 Research Announcement 

132



ープ（代表：藤⽥耕史 名古屋⼤学教授）から現地検
証データ（デジタル写真、UAS データ、GPS 測量結
果など）を⼊⼿し、コヒーレンス低下量画像の精度評
価の参照とした。 

災害前後の⼆時期（2015/2/21-2015/5/2）に取得され
た画像ペアのコヒーレンス（⼲渉性）低下を、災害前
の⼆時期（2014/10/4-2015/2/21）に取得された画像ペ
アのコヒーレンス低下量で正規化することによって、
普段から⽣じうるコヒーレンス低下を相殺し、災害
に起因するコヒーレンス低下のみを抽出する。抽出
されたコヒーレンス低下量の画像は閾値が定められ
ておらず、ノイズ状の災害とは関係のない画素が残
るため、そのままでは判読が難しい。そこで⾼い値が
集中している部分を、フォーカル統計を⽤いて抽出
する。すなわち、⼀定半径の円の内部に存在する画素
の平均値を中央の画素に当てはめることによって、
均等に散らばっている⾼い値を持つ画素を除去する。
ネパール地震によって⼭間部・ランタン地⽅で⽣じ
た⼤規模崩は、この⽅法によってほぼ的確に⽰すこ
とができた[1]。また周囲の⾼値領域も⼩規模な⼟砂
崩落であることが現地写真から確認された。 

 
Fig. 1 Normalized coherence decrease around the 

collapsed area in Langtang Valley [1]. (a) Original 

output image is processed into an image of focal 

statistics with (b) 15m circles for calculating the mean 

values. High-value parts are denoted on (p) the collapse 

area, (q) a glacier moraine, and (r) a tributary glacier, 

as well as (s) two places on the valley bottom. The 

background is an ALOS pan- sharpened image 

observed on 12 October 2008. 

 

3. 令和元年台⾵ 19号による⻑野県千曲川流域に 
おける浸⽔被害 

 
令和元年台⾵19 号によって⽣じた⻑野市周辺の千
曲川の浸⽔域を、SAR（合成開⼝レーダー）衛星で解
析した。災害観測は緊急に実施するものであり、同⼀
条件で観測された災害前画像が存在しないことがあ
る。この観測もそのような条件下で実施されたもの
であり、異なる軌道や異なる観測モードの災害前画
像を使⽤した場合には、どの程度の抽出精度が得ら
れるのかについて複数し⼿法を⽐較・考察した内容
である[2]。 

解析対象地域は、⻑野県千曲川流域（上⽥〜中野〜
飯⼭）であり、後⽅散乱係数の差分抽出においては、
災害前 (2015/9/29; Path19/Frame2880) および災害後
(2019/10/13; Path20/Frame2870)という異なる軌道から
の観測データを使⽤した。解析⼿法は以下の通りで
ある。 

1. 災害前後の画像を後⽅散乱係数(dB)に変換 

2. 平滑化フィルタ(φ10pix)処理 

3. ⽬視判定により⽔域をそれぞれ⼆値化抽出
（災害後：<-12dB; 災害前：<-15dB） 

4. 陸域から⽔域に変化したとみられる部分を差
分抽出 

5. 平滑化フィルタ（majority: φ15pix）により擬似
セグメンテーション 

6. 2,000 m2以下の領域を除去 

解析の結果、洪⽔域とみられる領域が河川周辺に
多く抽出できたが、国⼟地理院作成の参照データに
含まれる浸⽔領域の⼀部を抽出できていない結果と
なった[2]。しかしながらコヒーレンス解析と統合す
ることで、同軌道での抽出精度に近い 80%程度まで
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精度向上することが⽰された。 

 

Fig. 2 Comparison of the detection results for multi-

temporal overlay of all intensity and coherence results 

[2]. 

 

4. フロリダにおけるハリケーン浸⽔域 
 

ハリケーンなどによって引き起こされた⼤規模
洪⽔の際には、広い地域を対象とした洪⽔マップ
の迅速な提供が必要とされる。本研究では L バン
ド合成開⼝レーダ（SAR）である PALSAR-2 を⽤
いて、新しい洪⽔マッピングの⽅法を提案した
[3]‒[6]。 

まず、洪⽔前の PALSAR-2 画像（複数シーン）
から後⽅散乱強度の平均と標準偏差を表わす画像
を作成する。そして洪⽔後画像と平均値画像との
差を標準偏差画像で除算することで異常な⽔域を
強調する画像が得らる。これを正規化後⽅散乱強
度 変 化 （ NoBADi: Normalized Backscatter 
Amplitude Difference Index）画像と定義し、2017
年 9 ⽉にハリケーン・イルマによる洪⽔被害を受
けた⽶国フロリダ州⻄部に適⽤した。 

解析の結果、洪⽔域の抽出精度は洪⽔後観測
（2017/9/12）と同⽇に観測された⾼分解能光学

衛星画像によって妥当であることが検証された。
この⼿法では、抽出閾値を増減させることによっ
て、統計的に頻繁な浸⽔域であるのか稀な浸⽔域
であるのかを定量表現することが可能であり、フ
ロリダに⾒られるような潜在的な低湿地帯におい
ても柔軟に利⽤できることが⽰唆された。 

な お 本 研 究 成 果 は IEEE International 
Geoscience and Remote Sensing Symposium 2019
の招待講演として発表し[5]、令和元年度⽇本リモ
ートセンシング学会優秀論⽂発表賞を受賞した
[6]。 

 

Fig. 3 Spatial distribution of NoBADi on a part of 

inundation domain induced by Hurricane Irma, 2017. 

Flood outline is delineated from a high-resolution 

optical satellite image collected on the same day [5]. 

 

5. NoBADiの⽇本国内各種災害への適応 
 

前述で提案した NoBADi について、⽇本国内に
おいて⽣じた各種被害状況への応⽤可能性を検討
した。まず、平成 27 年 9 ⽉関東・東北豪⾬で発⽣
した茨城県常総周辺の浸⽔域について、後⽅散乱
係数と NoBADi それぞれの空間分布に対し、⼆値
化による浸⽔域抽出と精度検証を⾏った[7]。⽔⽥
域は浸⽔後も後⽅散乱係数、NoBADi のばらつき
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が⼩さく、kappa係数 0.499 の結果を得た。⼀⽅、
畑地域はその⼟地被覆特性により、浸⽔後も後⽅
散乱係数、NoBADi のばらつきが⼤きく、kappa係
数 0.110 という低い結果を得た。さらに、⾮都市
域に関して、⽔⽥域、畑地域の⼟地被覆別の浸⽔
域抽出により、常総市においては kappa 係数が
0.454から 0.460 に、わずかに精度が向上した。 

また、平成 30 年豪⾬で浸⽔した岡⼭県倉敷市・
総社市の浸⽔域について⼟地被覆に対して適応す
べきフィルタの検討を⾏った結果、⽔⽥域、畑地
域、都市域において「⾼度な Lee フィルタ；11 × 
11 pixelサイズ」が NoBADi 画像から最も精度良
く浸⽔域を抽出する事ができた[8]‒[10]。後⽅散
乱強度単画像は、⽔⽥域は Frost フィルタ 11 × 11
サイズ、畑地域及び都市域は⾼度な Lee フィルタ
11 × 11サイズが最も精度良く浸⽔域を抽出する
事が可能であった。今後の課題として傾斜⾓等で
⼟地を分類する事でさらに適した浸⽔域抽出⼿法
を提案する事ができると考えられる。 

さらに、2018年北海道胆振東部地震の⼟砂災害
域の⼀部を対象として、NoBADi、⼆時期後⽅散乱
成分差分画像、NDVI 差分画像の 3 つを⽤いた災
害領域抽出結果の⽐較を⾏った[11]。NoBADi 抽
出と⼆時期後⽅散乱差分抽出、NDVI 差分抽出の
kappa 係数はそれぞれ、0.138 と 0.127、0.327 で
あり、NoBADi の抽出精度は、⼆時期後⽅散乱差
分抽出に⽐べてわずかに⾼いが、NDVI 差分抽出
には⼤きく劣る。傾斜⾓に関して NoBADi 画像や
⼆時期後⽅散乱差分画像などの SAR 画像を⽤い
た解析は、傾斜⾓が 3°から 10°で⼟砂災害の抽
出精度が⾼かった。斜⾯災害に関しては、NoBADi
は他の 2 ⼿法に⽐べて⼤きな優位性は有しないと
いう結果となった。 
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1. INTRODUCTION

Oil thickness and oil-to-water emulsion ratios are the 
most critical information that first responders need to 
direct mechanical recovery equipment to areas where 
cleanup efforts will have the highest impact by removing 
the more harmful and recoverable oil in slicks. Because 
thousands of oil spills occur worldwide each year [1], 
maximizing the satellite imaging capability for spill 
response would provide benefits with global scope. In this 
context, synthetic aperture radar has mainly been used for 
spill detection, i.e., determining the location and extent of 
an oil slick, without characterizing the thickness or type 
of oil on the surface, which is the time-critical 
information most valuable for oil spill response.  
However, data collected over the Deepwater Horizon oil 
spill with the NASA L-band airborne UAVSAR sensor 
was used to demonstrate that low-noise L-band SAR can 
be used to measure the oil volumetric fraction (oil-to-
water ratio) [2] and thereby differentiate areas within an 
oil slick that contain emulsions from those containing 
only thin sheen layers [3]. L-band radar with ground 
resolution of 1- 10 m has been used to detect oil within 
coastal waterways and on vegetated shorelines [4]. More 
recently, data from UAVSAR was used to show that L-
band SAR can to used to identify zones of thicker oil 
within a slick [5].   Satellite SARs are generally limited 
by their signal-to-noise ratio and not very useful for 
characterizing oil slicks [6], although the C-band 
Radarsat-2’s quad-polarization mode, which has a low 
noise floor, has shown comparable performance to 
UAVSAR [7]. Mineral oil slick characterization (as 
opposed to slick detection only) with satellite SARs 
would be new and uniquely beneficial because of satellite 
SAR’s all-weather, day-night operability, and near global 
coverage.   

2. PROJECT DESCRIPTION

This project supplements a series of studies to develop 
and implement methods for utilization of SAR in general, 
and L-band SAR in particular (PALSAR-2, UAVSAR, 
NISAR) for more effective response to oil spill disasters. 
The studies investigate the relationship between ocean 
wave damping and slick thickness (applicable to slicks of 
any thickness, from sheen up) and reduction of the 
backscatter from a reduction of the dielectric permittivity 

in a thick oil layer, for which the thickness is a significant 
fraction of the electromagnetic radiation’s wavelength in 
the layer (~mm and thicker).  For the latter, the algorithm 
used is a fit of the measured co-polarized cross section 
ratio to the tilted facet Bragg scattering theory [2] [8].  

For the study, we planned to use data acquired over 
accidental mineral oil spills, natural mineral oil seeps, and 
planned releases of sufficient size to be imaged from space, 
focusing on times and locations for which there is available 
in situ information from which verification of zones of 
thicker or more emulsified oil is possible.  Prior work 
through JAXA’s research opportunity RA4 had used 
PALSAR data from the 2010 Deepwater Horizon oil spill 
and from a 2015 Norwegian spill and recovery exercise in 
the North Sea.  Studies funded through other mechanisms 
were either in review or accepted, which would provide 
UAVSAR images combined with other remote sensing 
assets (e.g., WorldView, Sentinel-1 & 2, drone-based 
infrared and visible imaging) and field measurements 
(samples for oil thickness).  The intended study sites were 
the Gulf of Mexico Mississippi Canyon Block 20 (MC20) 
and the 2019 Norwegian oil-on-water (OOW) exercise 
organized by the Norwegian Clean Seas Association for 
Operating Companies (NOFO).  In recent years, the 
Norwegian Clean Seas Association for Operating 
Companies (NOFO) conducts a controlled oil-on-water 
exercise in the North Sea annually in June. These exercises 
are unique in an international perspective in that they create 
a realistic oil spill scenario and exercise methods and 
equipment that will be deployed during emergency 
response, in addition to testing and validating new methods 
of oil recovery and removal. Oil of various kinds is released 
onto the surface, and most of it is recovered, either 
mechanically or by dispersing chemicals. Past exercises 
have provided data for comparing C-band and X-band slick 
detection and characterization capabilities [9] [10] and for 
tracking slick transport using L-band SAR [11] [12]. 

After the seep in the Gulf of Mexico MC20 was capped 
in early 2019, slicks formed less frequently and with 
significantly less oil at that site. The U.S. campaign was 
replanned for the Coal Oil Point seep field (COPSF) off the 
coast of California near Isla Vista and Santa Barbara.  The 
COVID-19 changed all plans and the COPSF campaign 
was rescheduled for the middle of 2021 and the next NOFO 
OOW exercise will not occur before 2022. 

To make use of the ALOS-2 RA6 opportunity we examined 
ALOS-2 scenes acquired over the CPSF to evaluate its 
capabilities in different imaging modes.   
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3. RESULTS 

 
The ALOS-2 archive contained only a few frames covering 
the COPSF.  Because most of the acquisitions over 
California in the Basic Observation Scenario are acquired 
in either Interferometric Wide Swath (IW) or StripMap-
10m (SM3) mode, those two were compared to optical 
imagery acquired over the same area.  Figure 1 shows the 
Worldview high resolution optical image, Figure 2 shows 
the ALOS-2 IW image, and Figure 3 shows the ALOS-2 
SM3 image.  The resolution of the IW mode is too low to 
identify features at the scale of the slicks.  The SM3 image 
shows the kelp bed near the coast and the slicks in the seep 
field.  This is more suitable for oil slick characterization 
although concurrently collect field and ALOS-2 data are 
needed to make that determination.  
 

 
Fig. 1 Worldview image of the Coal Oil Point Seep Field 
off the coast of California acquired on Dec. 18, 2020.  In 
the visible image, the mineral oil is brighter than the 
surrounding water.  (Credit NASA/Worldview) 

 
Fig. 2 ALOS-2 IW mode image of the Pacific Ocean off 
the California coast near Santa Barbara acquired on 
Dec. 13, 2020.  The extent of the scene in Fig. 1 with the 
Coal Oil Point Seep Field is shown by the red box.  
Many dark features are evident in the SAR image.  
These could be mineral oil or biogenic slicks, or even 
low wind areas or kelp beds, both of which reduce the 
surface roughness.  (Credit JAXA/METI) 

 
Fig. 3 ALOS-2 SM3 image of the same general area as 
in Fig. 1 and 2. The inset focusses on the area shown in 
Fig. 1. (Credit JAXA/METI) 

 
4. CONCLUSIONS 

 
The issues related to travel during the pandemic and the 
consequential delays, along with changing study areas for 
the airborne and field campaigns limited the use we could 
make of the data products provided by JAXA RA6.  In 
preparation for future field campaigns already funded, and 
in some cases scheduled, and in preparation for the NISAR 
mission, scenes acquired over the COPSF in modes used 
now for the ALOS-2 Basis Observation Scenario were 
examined.  The SM3 scenes are suitable for the study.   
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1. INTRODUCTION

The 2009 Morakot typhoon caused a major disaster in 
Kaohsiung's Xiaolin Village, buried by landslides, 
prompting people's awareness of disaster prevention. The 
government's disaster management must have a deeper 
understanding and effective prevention. In recent years, 
due to the rapid development of remote sensing technology, 
another opportunity to study slope disasters is different 
from the limitation of traditional monitoring technology in 
budget and application range. Remote sensing technology 
provides more comprehensive and low-cost observation 
methods and produces more massive surface information, 
which helps early-stage discover disasters' potential. 
In recent years, large-scale landslide signs have generated 
digital terrain through aerial photogrammetry or LiDAR 
technology and analyze the area of potential landslide 
through micro-topography identification. However, the 
activity behavior and landslide depth of slopes still have to 
rely on traditional monitoring. Therefore, the differential 
interferometric synthetic aperture radar (DInSAR) 

technology calculates the ground surface's deformation 
using the radar phase information in this study. The 
possible position of the damaged surface is calculated by 
inversion, which is used to evaluate the landslide volume. 

2. METHODOLOGY
This study area takes Dingyuan and Shouting areas in 
Qingjing of Nantou County as the analysis cases. This area 
has been designated as a potential large-scale landslide area 
by the Central Geological Survey, Ministry of Economic 
Affairs, numbered Nantou County-Renai Township-D057, 
Nantou County- Renai Township-D063, after years of 
essential data collection, geological survey and drilling 
operations, and several years of observation results. 

The Shouting area is roughly a cleavage-oriented slope, 
which can be divided into two layers from top to bottom, 
including a rock avalanche layer and a rock layer. The rock 
avalanche layer is about 3~30m thick, mainly composed of 
yellow-brown, brown, and gray cuttings and rock blocks. , 
The size of the rock block ranges from 2 to 20 cm. Among 
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ABSTRACT 
Taiwan is affected by the squeeze of the plates, resulting in fragmented geological phenomena. Due to its subtropical climate 
and intense rainfall patterns, slope disasters have become more frequent. How to assess the potential of slope disasters and 
formulate disaster prevention countermeasures has become an important issue. In recent years, remote measurement 
technology's rapid development has provided more diverse and effective monitoring methods, which can complement 
traditional monitoring methods and establish multi-scale monitoring modes. In this study, the differential interferometric 
synthetic aperture radar technology (DInSAR) was used to analyze the information on the surface deformation in Qingjing, 
Renai Township, Nantou County during the heavy rain in June 2017. This technology interfered with the phases of two synthetic 
aperture radar images with different timings. After the change and difference with the full phase map of high-precision digital 
terrain simulation, the surface deformation between the two-time series can be calculated by phase restoration. The results of 
the GPS measurement points are compared, and it is found that the change is the same as the DInSAR analysis. The results of 
the changes are consistent. Using the stratum dislocation model established by Okada (1985) with the theory of elastic semi-
infinite space, the upper sliding body and the base rock disk in the landslide area are regarded as two homogeneous elastic 
objects. A simple geological model is established after simplifying the stratum parameters. The surface deformation analyzed 
by DInSAR is used as the result of the model simulation to calculate the sliding surface's location inversely. After analysis, it 
is found that during the heavy rain event in June 2017, the sliding depth in the Qingjing area is about 170m, which is comparable 
to the measured value. After comparing the inclinometer monitoring, the sliding surface error is about 6.2%, and the sliding 
volume is about 19.03x107 m2, which proves that this model can be used for preliminary estimation of sliding depth. 
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them, at the top of the slope in the Shouting area, it can be 
seen that the terrain is relatively gentle and has terrace-like 
characteristics, as shown in Fig. 1. The Shouting area's rock 
formations can be subdivided into four layers A~D from 
bottom to top, mainly composed of slate and part of 
sandstone. (Central Geological Survey, Research on 
Development and Application of Landslide Observation 
Technology (4/4), 2018) 

 
Fig. 1 Geological plan of Shouting area, Renai 

Township, Nantou County (quoted from Research on 
Development and Application of Landslide 

Observation Technology (4/4), 2018) 

 
The sliding surface analyzed in this study is mainly the 
Shouting area, as shown in section A-A' in Fig. 1, and the 
other area of interest is the Dingyuan area, as shown in 
section B-B' in Fig. 1. 
 
In this study, DInSAR technology will be used to discuss 
surface displacements in the Qingjing Dingyuan-Shouting 
area and verify the measurement results of DInSAR 
technology. According to Okada's semi-elastic theory, the 
potential sliding surface in the Qingjing area will be 
derived with location, which will be used to assess the 
potential sliding volume in the study area. 
After the phase information is averaged in multiple looks 
and the images are combined, the coherence and 
interferogram are calculated. The phase difference in the 
interferogram due to terrain changes can be used to 
simulate the full phase with high-precision digital terrain 
and then remove it to obtain the differential interference 
fringe image. Finally, The surface deformation can be 
calculated after all-phase recovery, and the analysis 
process is as shown in Fig. 2. 
 

 
Fig. 2 The process flow chart of DInSAR 

 
Okada (1985) proposed to use green's function to analyze 
the surface deformation of a uniform elastic body caused 
by the shearing and stretching of a rectangular or point 
source. It is regarded as an elastic semi-infinite space. The 

stratum is a mean elastic object so that the soft surface can 
be simplified as a set of rectangular areas (Fig.3), E, N, U 
are coordinate information (X, Y, Z) respectively to 
estimate the length (Length), width (Width), depth (Depth), 
inclination (Dip), Azimuth angle (Strike), stagger angle 
(Rake), slip amount (Slip). This simulation of elastic 
behavior and model inversion can be performed through 
ground deformation information. The seismic model 
process of faults and surface displacements can be 
established accordingly. The seismic model can be derived 
from the DInSAR surface deformation. The surface 
deformation amount used in the Okada model mentioned 
above can be replaced by the surface deformation amount 
analyzed by the DInSAR technology to estimate the 
formation's soft surface. In this study, the Okada model 
uses ENVI. The nonlinear inversion calculation module of 
SARscape 5.2.1 is performed. 
 

 
Fig. 3 Okada elastic allocation model 

 
Deep-seated landslides are often presented in the form of 
arc failures. The avalanche area and volume are related to 
the sliding depth, and it can be assumed to be a standard 
ellipsoid (Cruden and Varnes, 1996; Marchesini et al., 
2009). ). If the triaxial length of the ellipsoid can be found, 
the collapse volume of the collapsed land can be calculated. 
 

 
Fig. 3 Schematic diagram of landslide volume 

geometry (redrawn from Nikolaeva, 2014) 

 
According to the hypothesis of Nikolaeva (2014), the 
volume of the landslide can be shown in Fig. 4. The volume 
between the landslide ground surface and the sliding plane 
is the initially estimated potential sliding volume in the 
hypothesis. Aerial images can find the landslide ground 
surface. The failure surface determines the major and 
minor axes of the two ellipsoids' centers, and the sliding 
surface is regarded as a section of the ellipsoid. After the 
Okada model is inverted, the section's major axis and 
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sliding depth can be obtained. According to the geometry, 
if the shape is a standard ellipsoid, its axial section should 
also be a standard ellipse. They are assuming that the 
sliding surface's depth is h and the sliding surface's length 
is a, then according to the standard formula (1) of the 
ellipse. After (a, h) is substituted into the shift term, the C 
axis length (2) can be obtained. That is to say, in the 
standard ellipse formula, we do not need to measure the 
length of C but can calculate it from the known A, a, and h 
to find the required C value. 
 

𝑋𝑋2
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+ 𝑌𝑌2

𝛽𝛽2
= 1  (1) 
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= 1  
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𝐶𝐶2
  

𝐶𝐶 = 𝐴𝐴ℎ
�𝐴𝐴2−𝑎𝑎2

 (2) 

 
After calculating the value of C, the depth z is replaced by 
the sliding depth h under the A and B axes' conditions so 
that the potential sliding volume V can be calculated. 
Volume V is calculated from the sliding ground surface 0 
and the sliding depth h. After integration, the potential 
landslide volume of can is expressed by equation (3). 
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3𝐶𝐶2
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Nikolaeva(2014) 
 
However, in Nikolaeva's (2014) assumption, the A and B 
axes' determination needs to rely on long-term ground 
deformation data. The A and B axes' length can be 
determined from the micro-topography interpretation, but 
multiple sets of slips in the landslide area. Each event 
drives the sliding surface, and sliding depth is different. It 
is difficult to express the potential landslide volume 
following the event, increasing the evaluation error. 
Therefore, the lengths of the A and B axes are selected in 
this study. The deformation range of the DInSAR event 
combined with the cliffs' location judged by the micro-
topography is used to determine the A and B axes' lengths. 
This method can simplify the selection of the ellipsoid axis 
length and reduce the difficulty of terrain interpretation. On 
the one hand, the sliding surface's potential sliding surface 
can be calculated from the estimation of the collapse range 
and sliding depth of the event, and the evaluation of the 
landslide volume can be more accurate. 
This study refers to the collapse area-volume relationship 
established based on the self-similar assumption of 
collapse to verify the method. This type of formula is 
widely used to evaluate landslide volume, but this model 
must refer to the sliding cases. Therefore, there are related 
restrictions on the use of the geological area, landslide area, 
landslide type, etc. Most of them are used for regression 
with an area less than 105m2 (Chen Shuqun et al., 2010; 
Bian Jiaxuan, 2014; Chen Yiqing, 2012; Shen Zhewei, et 

al., 2016), and the use restriction is consistent with the 
collapse-volume relationship equation with a large-scale 
landslide area of 105m2 or more, refer to the regression 
equation (4) established by Guzzetti et al. (2009) based on 
677 large-scale collapse events that occurred worldwide. 

V = 0.074 × AL
1.45  (Guzzetti et al. , 2009)  (4) 

 
3. DISCUSSION OF RESULTS 

 
3.1 Leveling difference 
There have been many records of sliding incidents in the 
Qingjing area in the past. According to the 1m resolution 
topography of the Ministry of the Interior, the hill shading 
map (Fig. 5) shows that there has been significant cliff 
collapses near the ridgeline. And many have been 
developed. There are obvious signs of subsidence in the 
upper layer in the second cliff and obvious collapse 
development at the toe of the slope, and several groups of 
erosion gullies have been developed, and they are also 
affected by riverbed sweeping. The blue cliff in the picture 
is a reference shade of sunshine. The map and simplified 
drawing of the geological plan of the "Research on 
Development and Application of Landslide Observation 
Technology (4/4)" (2018) of the Central Geological Survey 
Institute of the Ministry of Economic Affairs are used for 
subsequent analysis. 

 
Fig. 5 Hill shading map 

 
This research first conducts a preliminary inspection of the 
benchmarking points established by the National Land 
Surveying and Mapping Center in Taiwan. The first-class 
leveling points near the Qingjing area are located along the 
14A line of the central road station, and there are 21 first-
class leveling points in this research. Among them, 14 
leveling points with measurement records of 2000, 2009, 
and 2014 are used. The distribution of the leveling points 
is shown in Fig. 6. The value is the change of Z-direction 
of each leveling point in different periods, and the value is 
expressed as the degree of change in subsidence. 
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Fig. 6 The distribution of leveling points 

 
The leveling points were affected by the uplift of terrain, 
and elevation changes increased by about 20 cm from 2000 
to 2014. The annual increase rate in the first nine years of 
2000-2009 was roughly the same as that of the last five 
years of 2009-2014. Similarly, this is consistent with the 
situation of orogeny. However, it is not apparent that the 
three leveling points C044, C045, and C047 in the Qingjing 
area are uplifted. Because C047 is located in another 
sliding area, its changes are not considered for the time 
being. At the same time, C044 shows an obvious landslide 
situation, and its location is next to Qingjing elementary 
school, the upper middle area of this sliding area, C045 is 
located next to the Qingjing Visitor Center close to the 
upper edge of this sliding area. In order to calculate the 
relative level change in the sliding area and deducting the 
influence of terrain uplift, this study uses the average 
changes of C032, C034, and C035, which are located in flat 
areas, and their changes tend to be consistent, as the terrain 
uplift. The uplift values are calculated in two intervals from 
2000 to 2009 and 2009 to 2014. After subtracting this uplift 
value from the measurement results of other leveling points, 
each leveling point's relative change is calculated, as 
shown in Fig 7. 

 
Fig. 7 The changes pf elevation at leveling points 

 
It can be seen from Fig. 7 that the vertical change of the 2 
level points C044 and C045 in 14 years is about 
15cm~34cm, and the average annual rate of change is about 
-1.0cm/year~-2.2cm/year. The level point at Qingjing 
elementary school has the most apparent change. The 
sliding rate of this point between 2000 and 2009 was about 
-1.6 cm/year, while the sliding rate between 2009 and 2014 
increased to -3.8 cm/year, but between 2009 and 2014, the 
leveling points located in the sliding zone have apparent 
sliding growth rates. 

 
3.2 Potential Sliding analysis 
This study carried out a volumetric analysis of two 
torrential rain events in June 2017. The rainfall distribution 
of the month is shown in Fig. 8. Nantou County was 
affected by the stranded front from June 1 to June 4, 2017. 
Renai Township descended rainfall of 995.5mm (Renai 
Rainfall Station), and then 625.5mm (Renai Rainfall 
Station) was dropped from June 13 to June 18. The two 
showers of rain caused many landslides and rock flow in 
the territory, leading to road interruption and slope 
engineering facilities. The damage was also observed in the 
Qingjing area. In this study, GPS measurement, DSM 
image analysis, and tilting tube analysis were used to 
support the DInSAR analysis results, and the Okada model 
was used to inversely calculate the sliding depth and 
estimate the sliding volume more recently. 

 
Fig. 8 The rain conditions in June 2017 

(1) DInSAR deformation analysis 
In this study, two ALOS-2 SAR images on June 8, 2017 
and July 20, 2017 were used for DInSAR analysis, which 
crossed the time baseline for 42 days. Since the 
groundwater in the Qingjing area was not completely 
discharged after the rainfall on June 1. The rain continued 
after June 13, which raised the groundwater level again and 
made the slope unstable, causing surface displacement in 
the Qingjing area. Therefore, although the analysis interval 
of DInSAR only includes the second rainfall after June 13 
Rainfall event, the amount of deformation is still affected 
by the first rainfall and is more significant. 
The differential interferogram initially analyzed by 
DInSAR can provide the interpretation and reference for 
the surface deformation. If the topography of the two 
periods does not change, it means that the phase of the two 
images has not changed, and similar color areas will appear 
on the graph, and if the phase changes, it is necessary to 
judge the uplift or subsidence according to the direction of 
the phase change. From the differential interferogram with 
the topographic phase removed (Fig. 9), it can be observed 
that there is an evident phase change in the crown of the 
Qingjing deformation zone. The interference fringes in the 
upper part show a phase change towards -π, indicating that 
the area is sinking, the toe area changes towards +π, 
indicating that the toe part is bulging, and the black area 
covering the east and west indicates that it is affected by 
the topographical effect. This area's interference results 
have lost their reference in severe areas and will not be 
considered in the subsequent analysis. The interpretation of 
the differential interferogram change can be preliminarily 
determined that the slope deformation conforms to large-
scale collapse characteristics. The interferogram can only 
provide phase change information. In order to obtain the 
surface change, the next step of phase unwrapping is 
needed. 
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Fig. 9 Differential Interferogram of Qingjing Sliding 

Zone 

 
After the given control points and the phase unwrapping, 
the surface deformation map (LOS direction) from the 
satellite perspective is calculated. The cliff position drawn 
in Fig. 5 is overlaid to obtain Fig. 10. This figure shows 
that the slope changes represent the satellite perspective 
when the slope changes. It is found from the figure that the 
changing area is quite close to the location of the collapsed 
cliff judged by the hill shaded map. The primary source of 
error is the resolution of the ground deformation layer 
analyzed by DInSAR technology, about 10m. Therefore, 
there is a drop in the distribution performance, and from 
the distribution of surface deformation, the amount of 
variation caused by different cliff sliding at the crown is 
different. The maximum sliding is about 7.6cm. The two 
sides of the toe are affected by the existing landslide. 
Besides, part of the area was eroded and sliding. The toe 
was also uplifted by 4.6cm. Overall, the deformation zone 
showed the characteristics of the large-scale collapse of the 
crown and toe uplift. 
 

 
Fig. 10 Qingjing DInSAR surface displacement (LOS 

direction) 

 
(2) UAV digital terrain surface deformation 

measurement 
Continuous ground measurement and tracking for the 
Qingjing study area were using GPS measurement of 

ground control points were completed on November 4, 
2016 and February 2, 2018. The time interval between the 
two shootings included June 2017. There were two 
torrential rain events in the month, and the monthly 
accumulated rainfall in other months was below 400mm, 
which was relatively unaffected by other rainfall events. 
Therefore, the measurement results can reference the 
DInSAR analysis results of the rainfall events in June. The 
GPS measurement of ground control points in 2016 has 10 
points, and in 2018 has  42 points due to the broader area, 
14 of which are located in the deformation zone. There are 
three control points measured twice. The observation data 
is shown in Table 1. From the two measurement results, it 
can be found that the Z direction of the three control points 
all shows a downward trend, and the X and Y directions 
also move toward the outside of the slope, and they all face 
the slope toe. 
 

Table 1 GPS measurement results and DInSAR 
deformation at the same points 

NO P1 P2 P3 

X variation(m) 0.048 0.058 0.025 

Y variation(m) -0.008 -0.026 0.024 

Z variation(m) -0.049 -0.073 -0.04 

Horizontal variation(m) 0.048 0.064 0.035 

GPS horizontal azimuth(degree) 100 114 45 

Total variation(m) 0.069 0.097 0.052 

DInSAR Z variation(m) -0.028 -0.032 -0.042 
 
The DInSAR analysis data in Table 1 appears to be slightly 
lower than the GPS measurement results. The main reason 
should be that the GPS measurement time spans more than 
one year, and the groundwater level should have been 
raised during the first rainfall in June, driving the slope to 
slide deformation, however, the start date of DInSAR is 
June 8, and only the second rainfall event on June 13 can 
be analyzed. Therefore, the amount of deformation is 
theoretically smaller than the GPS measurement result. 
 
In addition to the GPS points, this research completed two 
UAV photogrammetry on 2016/11/04 and 2018/02/02 with 
orthophoto and digital surface model (DSM). The image 
data is as shown in Fig. 11 and Fig. 12. There is no 
significant change in the two phases of images from the 
orthophotography view except that the slope's new collapse 
is slightly enlarged and the brushing depth. Therefore, it is 
necessary to analyze and discuss separately from the DSM. 
Fig. 13 is obtained by subtracting the 2016 DSM from the 
2018 DSM, where the red indicates the stratum subsidence 
and the green indicates the uplift, and the east slope outside 
the deformation zone is affected by the boundary effect.  
The height calculation result is not accurate, so it will not 
be considered for the time being.  The error of terrain height 
will increase because of insufficient control points toward 
the southeast. 
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Fig. 11 The orthophoto of November 4 2016 

 

 
Fig. 12 The orthophoto of January 30 2018 

 

 
Fig. 13 The DSM variation of Qingjing area 

 
Since DSM includes the growth of vegetation on the 
ground, there will be a significant gap in elevation changes. 
Because of the large-scale development of the Qingjing 
area, most of them are areas of artificial activities such as 
construction and roads, and farmlands. Only the lower 
slopes are dense vegetation. Therefore, even if the ground 
objects are not removed, they can still provide practical 
interpretation information. From the topographic changes 

after the two-phase DSM subtraction, the yellow area is the 
area where the vertical change tends to 0m, and the closer 
the red is more significant the degree of terrain subsidence. 
From the top of the situation, the terrain has apparent 
subsidence in the flat area about 0 ~ -0.7m. The horizontal 
direction also moves to the southeast as the existing 
collapse at the slope toe. In the case of local enlargement, 
although the DSM produced by UAV photogrammetry 
with height changes has an error of about 10~30cm. From 
its deformation trend, its deformation range is still roughly 
the same as the deformation area analyzed by DInSAR. 
The coincidence can also support the analysis results of 
differential interference. 
 
(3) Sliding plane analysis 
We can already determine that the DInSAR analysis results 
on 2017/06/08 and 2017/07/20 are consistent with the 
GPS's actual terrain changes as mentioned above control 
points and DSM analysis. Therefore, the DInSAR surface 
deformation analysis results can be used for elastic 
displacement in the theoretical Okada model's inversion 
calculation. It is necessary first to outline the deformation 
area (as shown in Fig. 14). This value is used for 
subsequent inversion calculations. The upper slope in the 
deformation area has a sinking situation, and there is an 
uplift near the southeast slope. However, there are local 
areas close to the northeast with different changes. It is 
estimated that there may be more than one group of sliding 
surfaces sliding simultaneously. However, the whole can 
be estimated as a group of sliding surfaces first. 
 

 
Fig. 14 Deformation area identified from DInSAR 

 
Before the sliding analysis, because the slope moves to the 
southeast, it is assumed that the angle between the upper 
edge of the sliding surface and true north is 36 degrees, The 
misalignment angle (Rake) is assumed to be entirely off the 
slope, which is set to -90~-95 degrees and bring it into the 
inversion calculation model. The analysis results are as 
shown in Table 2.  The deformation amount simulated by 
the sliding surface is as shown in Fig. 15. The deformation 
amount of the sliding surface simulation and the 
deformation amount analyzed by DInSAR are analyzed 
from the sliding surface simulation. The sliding surface has 
a length of 950m, a width of 1522m, a maximum sliding 
depth of 125.5m, an inclination of 17.4 degrees, and a 
sliding amount of 0.13m. The inclination is close to the 145



slope of the geological formation here at about 23 degrees. 
Therefore, it can be regarded as the sliding surface parallel 
to the geological formation's surface, and the amount of 
sliding is along the slope. The displacement amount in the 
direction of 0.13m is also close to the total sliding amount 
of 0.05m~0.10m in the GPS measurement results in Table 
1. After preliminary checking of the sliding surface 
parameters, it can be determined that the sliding surface's 
length and width conform to the current situation. 
 

Table 2 The results of Okada simulation 
WIDTH 

(m) 
LENGTH 

(m) 
DEPTH 

(m) 
STRIKE 
(degree) 

DIP 
(degree) 

SLIP 
(m) 

1522.6 950 125.5 36.0 17.4 0.13 
 

 
Fig. 15 Sliding surface position and simulation 

quantity of Okada model 

 
From the simulation results in the above analysis, it is 
necessary to use the inclinometer's observation data for 
verification. Project the simulated sliding surface analysis 
results on the A-A' section in (Fig. 1), and use the Central 
Geological Survey(2018) drawn geological section map of 
the Shouting area in Renai Township, Nantou County as 
the base map. The drawing result is as shown in Fig. 16. 
The solid green line indicates the sliding surface's position 
calculated by the Okada model, and the green dashed line 
indicates the cliff where the sliding surface extends to the 
top. 
 
The simulated sliding surface position in the figure is 
roughly the same as that drawn in the "Research on the 
Development and Application of Landslide Observation 
Technology (4/4)". The predicted 125.5m in the model is 
the top sliding depth, and the sliding slope extends 
downwards. When the ST-B1 borehole was drilled, the 
sliding depth was about 170m. According to the 
observation results of the new inclinometer ST-B1 in the 
Shouting area of the Central Geological Survey in 2018 
(Fig. 17), the three observation records in 2018 have 
different sliding changes at 80m and 104m. However, from 
the observation of deformation, there is a deeper sliding 
surface exceeding 140m. It is estimated that there are at 
least three sets of sliding surfaces that have been included. 
Because ST-B1 does not have 2017 Year's slip 
measurement records, but from the 2018 observation 

results, the 170m-deep slip position predicted by the Okada 
model should be an undiscovered slip depth in the ST-B1 
 

 
Fig. 16 A-A' simulated sliding surface position 

Source: Research on Development and Application of 
Landslide Observation Technology (4/4) (2018) 

 

 
Fig. 17 2018 ST-B1 inclinometer measurement 

Source: Research on Development and Application of 
Landslide Observation Technology (4/4) (2018) 

 
In order to clarify the depth and relative position of the 
sliding surface, this study refers to the geological profile of 
the Shouting area, Renai Township, Nantou County, drawn 
by the Central Geological Survey (2016), and draws Fig. 
18 against the simulated deformation. The profile location 
corresponds to Fig. 1 B-B' section line. The solid green line 
indicates the sliding surface's position calculated by the 
Okada model, and the green dashed line is the cliff where 
the sliding surface is estimated to extend to the top. 
 

 
Fig. 18 Dingyuan simulated sliding surface compared 

with Dingyuan geological section 
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Source: Adapted from Research on Development and 
Application of Landslide Observation Technology 

(4/4) (2018) 

 
According to the "Research on the Development and 
Application of Landslide Observation Technology (4/4)" 
in the Qingjing District by the Central Geological Survey 
(2018), there were two boreholes DY-B1 and DY-B2, in 
Dingyuan New Village in 2016. Two borehole data 
measurement records from July 2016 to October 2017 have 
eight observation records as shown in Fig. 19 and Fig. 20. 
There was one measurement record on June 8, 2017, which 
happened to be analyzed by DInSAR. The demarcation 
point is located between the first rainfall event and the 
second rainfall event. From the observation records of DY-
B1 and DY-B2, it can be found that rainfall in different 
periods drives sliding surfaces of different depths. In 2017, 
the first sliding occurred from /05/24 to 2017/06/08, and 
the second sliding occurred from 2017/06/08 to 2017/07/12. 
On 2017/06/08 ~2017/06/20 DInSAR observation interval 
only observes the sliding amount caused by the second 
rainfall event, which explains the speculation as mentioned 
above that the DInSAR deformation is only half of the GPS 
measurement record. 
The sliding depth of DY-B1 during the two events is about 
88m. From Fig. 18, corresponding to the position of DY-
B1, the simulated sliding surface is about 121m deep with 
a gap of about 32m. The simulation results are too 
conservative. On the other hand, the simulated sliding 
surface is about 121m deep. DY-B2 occurs at a depth of 
about 85m. It should be noted that DY-B2 has a set of 
deeper sliding surfaces, and the sliding depth exceeds 
120m of the borehole, which is in line with the simulated 
sliding surface at about 122m. This shows that in the 
simulation results here, the simulated sliding surface angle 
may be insufficient, or there may be multiple groups of 
sliding surfaces sliding simultaneously. 
 

 
Fig. 19 2016~2017 Dingyuan DY-B1 inclinometer 

measurement 

Source: Research on Development and Application of 
Landslide Observation Technology (4/4) (2018) 

 

 
Fig. 20 2016~2017 Dingyuan DY-B2 inclinometer 

measurement 

Source: Research on Development and Application of 
Landslide Observation Technology (4/4) (2018) 

 
According to the event record observation, when the local 
water level drives the slope sliding, Dingyuan and 
Shouting's sliding surfaces will drive simultaneously. In 
this study, the sliding depth results of Okada's inversion of 
the entire area may be the same as deep sliding surfaces in 
the two secondary collapse areas of Shouting and 
Dingyuan. The sliding depth is about 125.5m deep at the 
top, but when the slope is close to ST-B1, the depth reaches 
about 170m. This sliding surface is similar to the current 
estimation. The deep sliding surface is the same. From the 
residual value distribution in Fig. 21, the crown and the 
slope toe's residual amount is more miniature, which is in 
line with the DInSAR analysis results. However, there are 
more simulated residuals in the Dingyuan area. There is a 
set of sliding surfaces with a sliding depth of about 80m in 
Dingyuan. The remaining simulated residuals in this study 
should be related to this sliding surface. 
The sliding surface analyzed in this study regards the 
Dingyuan and Shouting sub-sliding areas as one for the 
Okada model inversion results. The analysis results 
obtained under extremely simplified formation parameters 
and geological structure estimated the sliding depth is 
approximately 125.5m. The sliding angle is consistent with 
the current inferred deep sliding position, which means that 
the sliding plane's driving should cause the surface 
deformation caused by the rainfall after 2007/06/08. 
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Fig. 21 Residual deformation of Dingyuan-Shouting 
Okada model simulation 

 
(4) Sliding volume estimation 
The study is based on the assumption established by 
Nikolaeva (2014), collapse volume is regarded as a 
standard ellipsoid. After obtaining the sliding surface's 
length and depth information, it will use equations (2) and 
equations (3) under sufficient conditions to calculate the 
collapse volume. In this study, the long side is about 1800m, 
the long axis A is 900m, the short side is about 1185m, the 
short axis B is 592.5m, and the sliding depth h is 125.5m. 
The length of the simulated sliding surface is 1523m, and 
the major axis a of the sliding surface is taken as 761.5m. 
Substituting the above A, a, and h into equation (2), the 
ellipsoid's maximum depth C is calculated at about 235.5m. 
After substituting the above parameters into equation (3), 
the potential sliding volume is approximately 19.03×107m3. 
The range of this variant is the Area -Volume regression 
equation (4) by Guzzetti et al. (2009), the results of the 
regression landslide volume calculated with the same area 
are as shown in Table 3: 
 

Table 3 The comparison of potential sliding volume 
estimation 

 Qingjing 

Potential Sliding Area(m2) 1.6753×10  

Guzzetti et al.(2009) sliding volume 
regression (m3) 7.84×107 

Sliding volume estimated by this study (m3) 19.03×107 

Variance ratio (This stud/Regression) 2.43 

 
The evaluation result of the Qingjing area in this study is 
about 2.43 times the table's regression volume. This 
situation can be concluded for the following reasons.  First 
of all, the Area-Volume regression formula has its use area 
and regression area limitation. The calculation of the 
volume will have noticeable individual differences. Plot 
the evaluation volume of this study into the original 
analysis case as shown in Fig. 22 to mark the location of 
the analysis volume of Qingjing. The potential landslide 
volume evaluated in this study is still within a reasonable 
range. Second, the potential landslide volume inferred in 
this study by simulating the sliding surface will not wholly 
leave the event's slope surface.  Part of the landslide 
volume will eventually remain on the slope surface to form 
an avalanche layer. 
 

 
Fig. 22 Correspondence diagram of simulated and 

regression volume in this study 

Source: adapted from Guzzetti et al. (2009) 

 
 

4. CONCLUSIONS 
Slippage has been observed in the area of Dingyuan-
Shouting in Qingjing in the past. After further analysis of 
measurement information such as leveling points, GPS, 
DInSAR, etc. The average slip rate has been slightly 
increased, but this phenomenon may be similar to 
observations. Each event's time scale is related to the 
rainfall pattern, so follow-up observation must be 
continued. The purpose of this research is to use the 
DInSAR analysis method with a fixed period to determine 
the length, width, and depth of the sliding surface from the 
Okada model from the surface change information. In the 
case of information inversion, and the landslide area is 
regarded as a standard ellipsoid.  A rapid assessment of the 
potential landslide volume is completed, and the following 
points are summarized from the analysis case: 
(1) Using the surface deformation analyzed by DInSAR 

combined with the Okada model to infer the sliding 
surface reversely, the sliding block can be regarded as 
an elastic body when the sliding zone is still in the 
creeping stage is not destroyed without the formation 
parameters and geological structure. Thus we can find 
the sliding surface's possible depth through inverse 
deduction, which will be used for the preliminary 
assessment of potential slopes in the absence of ground 
observation data in the future. 

(2) Before the sliding depth simulation, a detailed 
interpretation of the surface micro-topography 
combined with the amount of surface deformation 
analyzed by DInSAR helps find the sliding block in 
the event, which is very important to provide the 
constraint range of the Okada model parameters. The 
procedure can effectively restrict and converge the 
parameter setting range. 148



(3) In the simulation process, it is found that if different 
sliding surfaces are driving at the same time. The 
Okada model can only estimate the essential sliding 
surface parameters, while other minor sliding surfaces 
will leave simulation residuals. If the simulation result 
is more in line with the actual situation, it is necessary 
to set multiple sets of sliding surface parameters, 
significantly increasing the inversion calculation 
complexity. The influence of each sliding surface must 
also be considered. Therefore, simplifying the sliding 
surface setting before the inversion calculation and in 
the simulation achieving a balance in rationality will 
be the next issue. 

(4) The Okada model is simulated under the conditions of 
simplified geological parameters. Although the sliding 
depth simulation results can be obtained, it must be 
noted that the simulated sliding surface is a plain 
rectangle. This simulation method is suitable for 
planar sliding.  There will be restrictions in the 
analysis of arc sliding. 

(5) In this study, a group of sliding surfaces in Qingjing 
were successfully analyzed. The two's sliding depths 
are relatively consistent after comparison with the 
inclinometer, but it must be noted that the simulated 
sliding surface has good prediction results at the top. 
The sliding surface at the extended part is easily 
distorted. 

(6) In the estimation of the potential landslide volume, 
simple geometric shapes are used for evaluation. The 
deformation area can be drawn directly with the 
DInSAR to quickly obtain information such as the 
landslide ellipsoid's length and width. In this case, the 
estimated potential landslide volume can better reflect 
a single event. The sliding situation of the potential 
landslide is helpful to the analysis of the collapse 
behavior. However, if the potential landslide is in a 
complex topographical change or the geometric shape 
is too different from the standard ellipsoid, the volume 
assessment's accuracy may be significantly reduced. 
Before the observation information in the ground is 
absent, this evaluation mode can still provide specific 
quantitative results for using relevant decision-makers 
such as engineering disaster prevention. 

(7) In the model of evaluating the amount of landslide by 
potential sliding surface, the potential sliding volume 
of Qingjing area is about "1.903×" 〖"10" 〗^"8" "m" 
^"3".  After verifying the amount of collapse, it is in 
line with the scope of the collapse of a large-scale 
landslide comparison with Guzzetti et al. (2009). This 
model will help to assess the limit of the amount of 
landslide in a single area. This evaluation model can 
still provide a certain quantification amount before the 
lack of ground and underground observation 
information.  
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1. INTRODUCTION

Recently, severe wildfires were reported worldwide, such 
as Australia in 2019, Brazil in 2019, wildfires in California 
in the recent years. Especially campfire event in California 
in 2018 was recorded as the most severe disaster in 2018 in 
terms of economic loss. Wildfire is one of the most severe 
disasters in the world. Even in Japan, more than 1000 
wildfire events occur every year, and its total burnt area is 
larger than several hundred ha. 
Fire severity is a term to describe one aspect of fire refugia, 
affecting tree mortality, soil erosion, and hydrological 
changes. And it varies by types of fire expansion, which are 
surface fire and crown fire. Surface fire burns only short 
vegetation and lower part of trees, but affection on leaves 
on trees are limited because frame length is low. However, 
crown fire is generated by much intense frame length [1]. 
Since detectability of satellite analysis is also affected by 
severity, it should be also evaluated using various ground 
truth. Satellite data hardly detect especially low severity 
area because the burnt surface is easily covered by leaf on 
trees if the tree canopy was not damaged [2,3]. But its 
disaster record was mainly for date, place, and burnt area, 
and severity is rarely investigated and recorded in the world. 
Even though many researchers studied remote sensing for 
severity [4,5,6], detailed evaluation is still required. 
PALSAR-2 uses L-band radar, which has four polarimetric 
data. Since L-band can penetrate the trees, volume 
scattering and surface scattering are different depending on 
polarimetric waves [7]. It could be used to detect forest and 
even wildfire-affected forests [8,9,10]. But different 
severity would have different scattering characteristics, 
and it should be still evaluated in detail. 
Therefore in this research, the response of the backscatter 
coefficient was evaluated based on different fire severities. 
The target wildfire event was the Kamaishi wildfire in 2017, 
which was the largest wildfire event in Japan within these 
25 years, and it was rare having various fire severity areas 
in the same burnt area.  

2. STUDY AREA

The target area was the burnt area by the Kamaishi wildfire 
on May 8th, 2017 (Fig.1). It was the largest wildfire in 
Japan after 1995; the total burnt area was 413ha, more 
extensive than 384ha, a total burnt area in Japan in 2016. It 
was affected by 30-40% lower precipitation in the winter 
in 2017 and 25.9m/s of peak gust speed which was fastest 
in May at the Kamaishi observation station in the Japanese 
Meteorological Agency. And additionally, the road in the 

area was not for large vehicles, which hindered the fire 
extinguishing [11]. 
The triggered point was thought to be A point in Fig.1, 
along the forest road near the Aodashi Beach, but the fire's 
cause was not still specified. Redline in Fig.1 is the border 
of the burnt area investigated by the Kamaishi fire station, 
where there are no houses except the Ozaki Shrine located 
in B point in Fig. 1. Therefore, only forest is located inside 
of the burnt area. It was a mixed forest with planted forest 
and natural forest, consisting mainly of Pinus densiflora, 
Larix kaempferi, Cryptomeria japonica in a planted forest, 
and a broadleaf tree Japanese beech grows in natural forest. 
The terrain is steep on the ria coast, the coast is a cliff, but 
some small bays are formed, such as Aodashi Beach on the 
north side and Komatsu Beach on the east side. 
Fig.1 shows only burnt area, but severity varied. The only 
limited region was severely burnt until the plants' top, but 
only surface vegetation and lower part of the trees were 
burnt in most areas. Fig.2 shows the difference in burnt 
severity. Fig.2 (a) and (b) are severely burnt areas located 
on the eastern slope of Takanosu Mountain; fire reached 
the top of trees implying high fireline intensity. But Fig.2 
(c) was low severity trees near the triggered point where
the only lower part was burnt, and the fire didn't reach
canopies. As a whole, planted forests with many conifers
tended to have more variation in severities than natural
forests, and most of the broad-leaved areas had low burnout. 

Fig. 1 Burnt area of Kamaishi wildfire in 
2017 (Red Line: Border of the burnt area recorded 

by Kamaishi Fire Station) 
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3. GROUND TRUTH 

 
It was rare to have a large high severity area in Japan, 

and the sensitivity of satellite data should be evaluated 
based on diverse data of fire severities. We performed 
multi-point observation of fire residual on trees over the 
entire area. As shown in Fig.2, burnt severities were 

recorded on trees as residual, indicating fireline intensity 
and frame length. Since fire severity drastically changed  
place by place, the residuals were observed every 30m, on 
which severity seemed representative in the surrounding 
area. 673 points were measured in total to cover the whole 

 
(a) High severity zone near Takanosu Mountain 

(June 22th 2017) 

(b) Trees in high severity area located in the south 
part of Komatsu Beach (June 7th, 2017) 

 
(c) Trees in low severity area near triggered point 

(June 20th, 2017) 

Fig. 2 Burnt trees by the wildfire 

 

 

Fig. 4 Observed stem bark char height 

 

Fig. 5 Observed crown scorch height 

Fig. 3 Observed components 
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burnt area. The observation was performed from August 
30th 2017 to September 10th 2017. 

 Fig.3 was observed components, measured by 
TruPulse360. Two types of fire severities were recorded, 
which are stem bark char height and crown scorched height. 
The height of stem bark char height hc was different at the 
opposite sides as shown in Fig.3, and crown scorched 
height hs was usually higher than hc, and couldn't be seen 
when fire severity is low and only surface was burnt. 

As observed severity index in this research, these hc and 
hs were utilized, calculated by following two formulas. 

 

ℎ𝑐
𝐻 𝐻
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𝐻 𝐿
2

 

 

ℎ𝑠 𝐻
𝐻 𝐿
2

 

 

where H1 is the lower height of scar on stem bark, H2 is the 
higher height of scar on stem bark, H is the height of the 
surface at the higher side, L is the height of the surface at 
the lower side, and H4 is the height of highest burnt scar on 
leaves. 
Observed 673 points of hc and hs were shown in Fig.4. Fire 
severity was high near Komatsu Beach and the east slope 
on Takanosu Mountain. hs could be observed only hc is 
high enough for the fire to reach the canopy layer. 
Since this research's objective is to evaluate the sensitivity 
of the backscatter coefficient of PALSAR-2 on fire severity, 
only points for needle leaf were utilized, which has various 
severities. Tree types data was from JAXA Earth 
Observation Research Center (EORC) ALOS/ALOS-2 
Science Project and "Earth Observation Priority Research: 
Ecosystem Research Group" released as High-Resolution 
Land Use and Land Cover (HRLULC) [12]. After 
excluding broad leaf points, 594 points of needle leaf trees 
are in use for this research. 

 

 
 

  
(a) HH (b) HV 

Fig. 6 Difference of backscatter coefficient before and after the wildfire 

  
(a) HH (b) HV 

Fig. 7 Correlation coefficient of backscatter coefficient before and after the wildfire 
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4. ALOS PALSAR-2 DATA 
 
Stipmap2 observation mode was utilized to evaluate 
polarimetric SAR data, which has full polarimetric (HH, 
HV, VH, VV) with 6m spatial resolution. Images were 
from the right side of ascending orbit, and the off-nadir 
angle was 32.7 degree. The pre-fire image was taken on 
September 15th 2016, and the post-fire was on September 
14th 2017. Therefore the effect of seasonal plants' growth 
can be ignored in this analysis. After the wildfire in May 
2017, several burnt trees were cut to test after the end of 
August. However, this effect was limited because the only 
limited area was cut and because ground truth in chapter 3 
were observed from August 30th 2017 to September 10th 
2017, so cut tree couldn't be included. 
SAR image was downloaded as level 1.1 data. And they 
were processed for calibration, multilook, Speckle 
Filtering, Terrain correction using SNAP. Copernicus 30m 
Global DEM was utilized for terrain correction. 
Fig.6 was the difference of backscatter coefficient between 
post-fire and pre-fire for HH and HV. As a result, the 
difference was slight in most burnt areas, but only high 
severity zone was reduced in both HH and HV. And the 
decreasing trend was significant in HV image. 
And Fig.7 shows a correlation coefficient of surrounding 
mesh nearer than 50m of each mesh. The difference 
between HH and HV was slight, but the correlation 
coefficient was also lower only in high severity areas. The 
backscatter coefficient changed significantly only in high 
severity areas.  
 

5. RESULTS 
 
In this chapter, the backscatter coefficient was compared 
with measured ground truth. Utilized ground truth were 
two types of severity index hc and hs at 594 points at needle 
leaf trees among all 673 points. Since the backscatter 
coefficient varies even at the same severity level, compared 
results were shown as box plots in Fig.8 and Fig.9. Stem 
bark char was categorized every 2m, and crown scorch 
height was every 4m, and negative means unburnt.  
In most cases, the backscatter coefficient was reduced, 
consistent with other research for reducing forest. When hc 
was higher than 6m, or when hs was not -1 which means 
crown was affected by fire, fireline intensity was strong 
and regarded as middle severity or high severity. Reducing 
trend was significant in these severity cases. The reducing 
trend was stronger in HV and VH than HH and VV, which 
implies volume scattering decreased significantly. 
On the other hand, in the low severity area where only 
surface was burnt, both HH and VV didn't change when hc 
was lower than 4m, while HV and VH were slightly 
reduced. Considering this reducing trend in HC and VH, 
the unburnt area should also be evaluated as future research. 
Furthermore, when hs is higher than 16m meaning the tree 
was extremely damaged, both HH and HV increased. Since 
hs could be such high only on limited trees, Fig.6 can't 
show the increased area well, however, it needs further 

consideration to evaluate the reason based on further 
observation at other wildfire events. 
 

6. CONCLUSIONS 
 
In this research, the sensitivity of full polarimetric data on 
wildfire burnt areas was evaluated. Target was the 
Kamaishi wildfire which was the largest in these 25 years 
in Japan, having various fire severities on trees. 673 points 
of measured fire severity were used as ground truth 
covering the whole area. The ground truth were utilized to 
be compared with the backscatter coefficient from 
PLASAR-2. 
As a result, in the middle severity and the high severity area, 
indicated by hc higher than 6m and hs was not -1, 
backscatter coefficient has reduced in all polarimetric data. 
However, HH and VV didn't change in ower severity, 
while HV and VH slightly reduced, which implied a 
reduction of volume scattering. Furthermore, in extreme 
high severity areas where hs was higher than 16m, the 
backscatter coefficient increased, it needs further 
consideration based on observation for other fire events. 
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(a) Comparison between HH and stem bark char height (b) Comparison between HV and stem bark char height 

  
(c) Comparison between VV and stem bark char height (d) Comparison between VH and stem bark char height 

Fig. 8 Comparison between the difference of backscatter coefficient and observed stem bark char 
height (Value in horizontal axis means a minimum of severity range. -1 means unburnt.) 

  
(a) Comparison between HH and crown scorch height (b) Comparison between HV and crown scorch height 

  
(c) Comparison between VV and crown scorch height (d) Comparison between VH and crown scorch height 

Fig. 9 Comparison between the difference of backscatter coefficient and observed crown scorch 
height (Value in horizontal axis means a minimum of severity range. -1 means unburnt in a crown.) 

155



[9] R. Natsuaki, M. Ohki, H. Nagai, T. Motohka, T. Tadono, 
M. Shimada, S. Suzuki, "Performance of ALOS-2 
PALSAR-2 for disaster response.", In 2017 IEEE 
International Geoscience and Remote Sensing Symposium 
(IGARSS) (pp. 2434-2437). IEEE, 2017. 
[10] N. Mari, G. Laneve, E. Cadau, X. Porcasi, "Fire 
Damage Assessment in Sardinia: the use of 
ALOS/PALSAR data for post fire effects management," 
Eur. J. Remote Sens. 45, 233–241, 2012. 
doi:10.5721/EuJRS20124521 
[11] Y. Touge, G.P. Emang, S. Kazama, Y. Takahashi, K. 
Sasaki, "Introduction of the Tohoku Forest Fires on May 
2017; case in Kamaishi city of Iwate Prefecture and 
Kurihara city of Miyagi Prefecture," Japan Society for 
Natural Disaster Science, Vol.36, No.4, pp. 361-370, 2018. 
[12] JAXA," High Resolution Land Use Land Cover Map, 
Retrieved July 17th, 2018, from 
http://www.eorc.jaxa.jp/ALOS/lulc/jlulc_jpn.htm 
 

APPENDIX 
 
[1] G.P. Emang, "Evaluation of fire severity and its pattern 
using satellite spectral indices and observed residual tree 
damage in Japan," doctoral dissertation. Tohoku 
University. 2021.  

156



1. INTRODUCTION

Japan is famous as one of the volcanic countries in the 

world, with 270 volcanoes among which almost 110 are 

active. 

The aim of this project is to validate the suitability of SAR 

Interferometric Time Series analysis based on PALSAR-2 

data for the monitoring of volcanic activities in Japan and 

for estimating risks related with volcanic eruptions, 

through the exploitation of adequate geophysical 

modelling techniques. 

This project implementation concerns one of the “Priority 

Themes” set by JAXA for this Research Announcement, 

namely “Monitoring to predict natural disasters and to 

grasp its damage situations”, and, in particular, all hazards 

related with volcanic activities. 

This topic is actual both from the study area point of view, 

considering the continuous volcanic activities in Japan and 

the associated very high risks, and from the research and 

technology point of view, referring to the above timeline. 

The project was focused on two volcanoes in Japan. 

Sakurajima and Aso-san, which have had significant 

activities and eruptions in the recent years. 

Interferometric time-series analysis was performed by 

exploiting the SBAS algorithm. A comparison of results 

obtained from Palsar-2 results and Sentinel-1 data was 

carried out for both the study areas. 

The aims of this study are: i) to validate the suitability of 

SAR Interferometric Time Series analysis based on several 

sensors and datasets for monitoring of Aso and Sakurajima 

volcanic activities and ii) to define adequate geophysical 

models leading to an operational forecasting tool 

2. CASE STUDIES

Two different volcanoes, Aso and Sakurajima, both located 

in Kyushu Island, have been considered. Their location is 

shown in Figure 1. 

Fig. 1 Location of Aso and Sakurajima Volcanoes, 

Kyushu Island, Japan 

2.1. Aso Volcano 

Aso volcano, located in the central part of Kyushu island, 

stands out for its large caldera (18 km x 25 km) and 

intracaldera volcanic central cones. This system lies  on the 

E-W Beppu-Shimabara graben fault system and it is

younger than 0.1 Ma. Among 17 cones, the only crater

which has been active for 80 years is Nakadake, composed

by seven craterlets. In the considered time span (2014-

2018), only few eruptions occurred. Despite the low

intensity activity, ground displacements, detectable

through different satellite sensors, can reflect the inflation-

deflation cycles of the plumbing system below one of the

main inactive crater (Kusasenri) [1], [2]. A dramatic

seismic event occurred during the investigated period, the

Mw 7.0 Kumamoto earthquake happened on April 16,

2016, 60 km far from the caldera rim.

Sakurajima 

Aso 

50 100 km 
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2.2. Sakurajima Volcano 

Sakurajima volcano is one of the most active volcanoes in 

Japan and caused the most powerful eruption in Japan in 

the last century (1914). Volcanic eruptions are often 

preceded by ground deformations. It is located inside 

Kagoshima Bay, Southern Kyushu, on the southern rim of 

the Aira caldera. This structure was formed following a 

catastrophic ignimbrite eruption that occurred 29,000 years 

ago and it lies in the N-S Kagoshima graben fault system 

[3]. Sakurajima volcano is composed of two overlapping 

stratovolcanoes (Kitadake and Minamidake) [4]. Since 

1955, the vulcanian and strombolian activity is ongoing in 

Minamidake crater. Moreover, since 2006, eruptive 

activity has also resumed in Showa crater, which is situated 

in the eastern flank of Minamidake. The plumbing system 

is composed by one main reservoir located beneath the Aira 

caldera at 10 km depth and two shallower beneath the 

central cone (<4 km) [5]. Originally, Sakurajima was an 

island but now it is connected to the Osumi Peninsula by 

an isthmus formed by a lava flow erupted during the 1914 

plinian eruption. This event, Taisho eruption, has been the 

Japan’s highest intensity and magnitude eruption of the 

twentieth century. The recent activity of the volcano is still 

particularly prominent. In fact, several eruptions were 

registered in the last ten years, and a rapid dike intrusion 

occurred on August 15, 2015 generating strong 

deformations [6]. 

 
3. DATA AND METHODS 

 

Multi-temporal interferometric analysis is performed, 

applying SBAS algorithm [7], on stacks of Palsar-2 and 

Sentinel-1 data to obtain precise measurements of the 

displacement of the calderas that occurred over the 

observed time-period. In addition, temporal evolution of 

surface deformation has been retrieved to investigate its 

correlation with events like eruptions and diking. The 

availability of different datasets enables the reconstruction 

of deformation time series and supports a comparison of 

data with different ground resolution acquired with 

different microwave bands. 

Displacement time series are calibrated by exploiting 

continuous GNSS measurements of the Earth Observation 

Network (GEONET) stations. Validated measurements are 

analyzed to identify rapid variation of the deformation rate, 

pointing out the most interesting events to be considered 

for geophysical modeling. 

In case of Aso volcano, both SAR and GPS time series 

have been analyzed before and after the 2016 Kumamoto 

earthquake, to exclude the co-seismic effects and to 

estimate the deformation trends connected to the volcanic 

activity. 

Inverse modelling is applied on Sakurajima 

displacement fields spanning the rapid dike intrusion of 

August 15, 2015, in a two-step approach [8]: the location 

and geometry of the geophysical sources are identified 

through non-linear inversion of the displacement rates, 

while linear inversion provides an estimation of the 

distribution of the opening induced by the magma 

intrusion. The model considered in the inversion process is 

the Okada model [9] [10], which is the most adequate to 

reproduce faults, sills and dykes behavior. The dike 

intrusion is modeled considering the displacements 

obtained from three interferometric pairs, respectively a 

Palsar-2 descending couple (10/08/2015 - 24/08/2015), a 

Sentinel-1 descending pair (31/07/2015 – 24/08/2015) and 

a Sentinel-1 ascending one (12/07/2015 – 29/08/2015). 

 

4. RESULTS AND DISCUSSIONS 

 

Aso volcano post seismic mean velocity maps are shown 

in Figure 2, where Sentinel-1 results have been projected 

along the vertical and East-West directions, while Palsar-2 

descending results refer to the satellite Line-of-Sight 

(LOS). Sentinel-1 results (Figure 2A and 2B) show a 

general deflation of the main Nakadake crater and an uplift 

on the southwestern rim. Palsar-2 results (Figure 2C) show 

a better spatial coverage. In the central part of the caldera a 

deflating activity is dominant, while the southwestern part 

is interested by an uplifiting. Both Sentinel-1 and Palsar-2 

velocity maps clearly detect the Futagawa-Hinagu and the 

Idenokuchi faults, as a result of seismic and post-seismic 

effects.  

 

 

Fig. 2 Aso volcano. Sentinel-1: Vertical (A) and 

horizontal (B) velocity maps (2016-2018); Palsar-2 LOS 

velocity map (2016-2018) (C); time series of 

deformations of a point located between the main 

craters (D). 
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Fig. 3 Sakurajima volcano. LOS mean velocity maps 

obtained from the SBAS processing referred to 

Sentinel-1 datasets, respectively ascending (upper left) 

and descending (upper right) stacks. The black star 

showed on the Sentinel-1 descending mean velocity map 

correspond to the point plotted below, representing the 

LOS time-series of displacement obtained from Palsar-

2 descending data (red line) and Sentinel-1 descending 

data (green line). 

The small fluctuations due to the volcanic activity and to 

the hydrothermal system can reflect where the position of 

the plotted point is, with respect to the magma chamber 

(Figure 2D). 

Sakurajima mean velocity maps obtained from SBAS 

multi-temporal processing of Sentinel-1ascending and 

descending datasets are shown in Figure 3. Actually, the 

rapid variation of the volcano deformation rates is not 

significantly described through the mean velocities, 

especially if related to long time intervals, characterized by 

significant inflation and deflation of the volcano. 

Therefore, Figure 3 also shows time-series of deformation 

referred to the two analyzed descending datasets, Palsar-2 

and Sentinel-1, plotted for a single point (black star). The 

plots show a dramatic rise of both the time-series during 

the period July 2015 – September 2015, spanning the dike 

intrusion occurred on August 15, 2015. Even if Palsar-2 

SBAS results still have to be calibrated through GNSS 

information, the velocity variation of the two time-series 

shows a comparable rate, even considering the different 

incidence angles of Palsar-2 and Sentinel-1 and therefore 

the different LOS displacement projections. 

 

Fig. 4 Sakurajima volcano. Filtered interferograms obtained using: Palsar-2 data in descending mode (10/08/2015 - 

24/08/2015) (A), Sentinel-1 data in descending mode (31/07/2015 – 24/08/2015) (B), Sentinel-1 data in ascending mode 

(12/07/2015 – 29/08/2015) (C). Sub-sampled displacements observed using: Palsar-2 data (D), descending Sentinel-1 data 

(E), and ascending Sentinel-1 data (F). Modeled displacement referred to Palsar-2 acquisition geometry (G, H). 

Distribution of the opening in the source (I). 
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Results of Inteferometric analysis of three SAR pairs 

over Sakurajima, Palsar-2 descending and Sentinel-1 

descending and ascending, spanning the event of August 

2015, are shown in Figure 4. The three filtered 

interferograms (Figure 4 A, B and C), once unwrapped, are 

converted on the displacement induced by the dike 

intrusion. The three displacements are then under-sampled, 

using a 100-m resolution, to create the displacement grids 

to be inverted (Figure 4 D, E and F). The location of the 

source, obtained from the non–linear inversion step, is 

below the Showa crater, with a depth of the upper-margin 

of 590 m. The source is approximately 300 m wide and 

1400 m long, having strike, dip and rake angles 

respectively of 32°, 70° and 92°. The results are 

comparable with the model presented in [6]. The mean 

opening value is 2.9 m, but the discretization of the source 

provided the opening distribution on the source. Patches of 

50 m x 50 m have been defined, extended the source 

dimensions to 2000 m x 1000 m (Figure 4-I) to avoid edge 

effects on the final opening distribution. The result of the 

linear inversion, shown in Figure 4-I, corresponds to a total 

volume increase of 1.5 x 106 m3. Modeled displacement 

fields, obtained from the defined source, properly 

reproduced the observed displacements of the three 

inverted datasets. An example of the modeled 

displacement, related to Palsar-2 data, is shown in Figure 

4-G and 4-H, through a 3D view of the modeled 

displacement field and the source location. 

 

 

 

 

5. CONCLUSIONS 

 

The availability of SAR data acquired from different 

sensors allows obtaining deformation fields and their 

evolution over Aso and Sakurajima volcanoes, in different 

time intervals and with different ground resolutions.  

Aso volcano is situated in an area affected by a 

complex tectonic component, which masks low intensity 

activity in the time-series of deformations and makes 

difficult the identification of the magma reservoir effects. 

Moreover, the characteristics of the sensors employed, as 

the revisiting time, the number of available images and 

wavelength used, can influence the coherence and the 

coverage and accuracy of the detected displacements and, 

consequently, the possibility to relate ground deformations 

with the behavior of the volcanic apparatus. Nevertheless, 

it was possible to identify a strong post-seismic activity all 

along Futagawa-Hinagu and Idenokuchi faults. 

Sakurajima analysis shows a clearer correlation 

between surface deformations and the intense volcanic 

activity. Furthermore, results present a good 

correspondence between the registered dike intrusion of 

August 2015 and the strong acceleration of time-series on 

the area affected by this event. 
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3324 Czech republic 28th April 2019

The collaborative project didn‘t achieve expected results.
We have downloaded ALOS-2 data over several areas of our interest. Several
interferograms were generated in order to try to identify active landslides.
In case of Czech area, the displacements were not clearly visible, especially due to
decorrelation (long temporal difference between images in densely vegetated area).
Similar result was achieved over Georgian landslides.
None of our results were published within the project.
Due to personal changes within the collaborative group, we did not manage to keep
processing activity ongoing. We have reactivated our collaboration lately and were
ready to order last stack of data that would be important for distributed research
(including identification of landslides over El Hierro volcano, middle Turkey,
Spain, Uzbekistan, El Salvador, Portugal and Greece). We have downloaded in this case
74 ALOS-2 images. Unfortunately these images were of Level 1.5, not SLC (level 1.1).
We have realized this after 31st March 2019, i.e. after the end of our agreement.

Conclusions

We have prepared several ALOS-2 interferograms using software SNAP and SARproZ.
These interferograms did not show expected displacements due to noise.
We have no publications created within the project scope.

Users feedback

We had problems using AUIG2 system. It was working only in 20% of computers due to
non-standard Microsoft Silverlight as the main core.
We have failed several times to order 1.1 (SLC) level data. This could have been
caused either by our ordering staff or during the download process (we used
Linux command line utility to download data from AUIG2 directly, not the GUI).
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1. INTRODUCTION

The 2015 M8.3 Illapel, Chile earthquake took place at 

22:54:33 UTC on September 16, 2015. The epicenter is 

located about 8 km offshore and 230 km from the capital 

city, Santiago [USGS, 2018; Yin et al., 2016]. The rupture 

was resulted from mainly thrust faulting with seismogenic 

slip up to 8 m [Melgar et al., 2016b]. The low-angled fault 

is oriented along the North-South direction with strike ~6o 

and dip ~19o [USGS, 2018]. This earthquake occurred on 

the tectonic margin between subducting Nazca Plate and 

the overriding South American Plate along the Peru-Chile 

Trench with a slab convergent rate of about 66 mm/yr 

[Angermann et al., 1999; Tilmann et al., 2016]. Its focal 

depth is about 22 km from surface and the aftershocks tend 

to spread onshore to greater depths [USGS, 2018].  The 

tsunami alerts/advisories have been issued for entire 

Pacific coast of the islands, including California Coast, 

Chile and Peru [Calisto et al., 2016; Inazu et al., 2016; 

Melgar et al., 2016a; Tang et al., 2016]. The coseismic 

displacements associated with the Illapel earthquake are 

recorded by InSAR observations (Figure 1) [c.f. Liang, 

2015]. The reliability of interpreting coseismic 

displacements largely depends on how well the elastic 

models simulate the lithospheric environment near the 

epicenter [Hearn and Bürgmann, 2005; Masterlark and 

Hughes, 2008; Moreno et al., 2009; Okada, 1985; Trasatti 

et al., 2011]. Tung and Masterlark [2018b] highlights it is 

essential for these models to account for the distinctive 

material contrast between the lighter continental crust and 

the denser oceanic slab when imaging earthquake slip with 

geodetic measurements near subduction zones. Regarding 

the complex geological configurations of subduction 

zones, the analytical Okada solution of fault dislocation 

calculated within a homogeneous half-space would either 

overestimate or underestimate surface deformation in rigid 

and weak zones respectively [Masterlark et al., 2012; 

Masterlark and Hughes, 2008]. Solution sensitivity toward 

elastic heterogeneity is also found in other subductive 

settings [Hearn and Bürgmann, 2005; Williams and 

Wallace, 2015]. Moreover, it is also known that numerical 

artifacts of slip solutions and stress calculation could be 

significant when the modeled fault geometry is over-

simplified as a plane along a curved structure [Mildon et 

Figure 1. (a) Seismotectonics of the 2015 M8.3 Illpael earthquake, (b) the co-seismic LOS displacements and (c) the 

nearfield quadtree data decomposition. 
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al., 2016; Moreno et al., 2009; Tung and Masterlark, 

2018a]. Finite element models (FEMs) are one of the best 

numerical tools to simulate both of the above tectonic 

complexities [Hughes et al., 2010; Kyriakopoulos et al., 

2013] (Figure 2), which cannot be readily assembled in an 

analytical half-space [e.g. Okada, 1985]. 

 

2. DATA AND METHOD 

The line-of-sight (LOS) displacements associated with the 

Illapel earthquake is observed by the InSAR data obtained 

between 24 August and 17 September 2015 [Liang, 2015]. 

A maximum coseismic subsidence of 1.5 m is observed 

north of the epicenter. Furthermore, the subsiding signals 

are smeared near the shore (Figure 1), implying seafloor 

deformation (Figure 1a). Because there are only few GPS 

stations near the epicenter [UNAVCO, 2018], we do not 

include any GPS data in our analysis to avoid data-size 

imbalance with the InSAR observations. To decompose the 

data with quadtree reduction, we maintain the intra-quad 

sigma to be 2.0 cm to smooth the local variation of LOS 

displacements (Figure 1b and c). 

 

For simulating the earthquake deformation of the Illapel 

earthquake, a FEM is constructed by a commercial code, 

Abaqus Standard module (Figure 2). The numerical 

domain (3989 x 3989 x 300 km) contains 37338 nodes and 

183778 1st order tetrahedral (T4) elements (Figure 2d) with 

surface topography (Figure 2c). Maximum and minimum 

mesh intensity are assigned over the fault surface and 

domain boundary respectively, such that the elements 

saturate the 3D domain in a non-structural manner. A fine-

mesh region (FMR) (798 x 798 x 136 km) further refines 

the mesh near the domain center for extra resolution 

(Figure 2b). A total of 2464 node pairs are configured along 

the slab section (Figure 2a). The elastic rock properties of 

each element are quantified by (Figure 2e) Young 

Modulus, E, and (Figure 2f) Poisson’s ratio, ʋ, according 

to  

𝐄 =
𝛒𝐕𝐬

𝟐(𝟑𝐕𝐩
𝟐−𝟒𝐕𝐬

𝟐)

𝐕𝐩
𝟐−𝐕𝐬

𝟐        &     ʋ =
𝐕𝐩

𝟐−𝟐𝐕𝐬
𝟐

𝟐(𝐕𝐩
𝟐−𝐕𝐬

𝟐)
  

      (1) 

where Vp, Vs and, ρ are the p-wave velocity, s-wave 

velocity and density respectively.  To increase computation  

efficiency, elements of similar material property are 

partitioned into element sets. In general, ʋ decreases with 

depth while E increases with depth (Figure 2e and 2f). The 

elastic dislocation is formulated by the kinematic 

constraint equations [c.f. Masterlark, 2003] and governed 

by the equations of elastic theory [e.g. Turcotte and 

Schubert, 2014]. 

 

3. RESULTS 

 

Our results show that there exists a physical solution with 

a small error of 0.21 m2 at a roughness of 3699 m2 , sharing 

a moment magnitude of 8.22 similar to the seismological 

estimate [USGS, 2018]. Its small GCV value of 0.0001 

indicates a good trade-off between weighted misfit and 

solution roughness. The optimal solution is selected with 

βstrike and βdip of 0.63 and 0.02 respectively such that the 

slip attains a mean fault rake of 84.4o. Such solution 

predicts up to 7.75 m of reverse faulting and up to 0.28 m 

of left-lateral strike slip, indicating a trench-breaking event 

which is coherent with the issues of tsunami warning. This 

slip solution is very similar to the finite-fault model derived 

by Hayes [2015] in terms of magnitude and pattern but with 

a higher resolution thanks to InSAR observations. The 

observed LOS displacement is well recovered by the 

optimal solution, yielding negligible residuals whose 

magnitude is only 1% of the averaged LOS displacements 

(Figure 3).  Furthermore, the residuals appear to follow a 

normal distribution with a mean of 0.008 m and a standard 

deviation of 0.014 m. The statistical quantile-quantile plot 

 
 

Figure 2. Model configurations of the FEM and the distributed material properties. 164



shows coherence in the lower tail but a larger departure in 

the upper tail, revealing that there are excessive locations 

of over-estimated LOS displacements. 

 

3. CONCLUSION 

 

A new generation of elastic fault model is employed to 

interpret the earthquake deformation caused by the 2015 

Illapel earthquake. InSAR data records the geographical 

pattern and magnitude of such deformation and enable 

imaging the fault rupture distribution. A new approach of 

regularization regime smooths the solution over a curved 

fault slab. The result highlights a thrust-dominated source 

with a maximum slip of 8 m and a magnitude of 8.22. This 

study demonstrates how the FEM can be used to simulate 

the realistic tectonic environment along the subduction 

margin and resolve the earthquake slip pattern with InSAR 

observations. 
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1. INTRODUCTION

The probability of a large earthquake within the Marmara, 
Turkey has been estimated to be about 44±18% over the 
next 30 years [1] GPS observations of secular strain around 
the Marmara provide an internally consistent set of fault 
slip rates for the major branches of the westernmost North 
Anatolian Fault (NAF). This deformation pattern indicates 
that those branches that have generated M> 7 earthquakes, 
are accumulating strain and are the most likely branches to 
generate future earthquakes. The geodetic results are 
consistent with historic earthquake studies that report 
multiple M>7 events on the Princess Island segment (5-6 
km from the center of Istanbul) and the Ganos Fault (60 km 
west of the border of Istanbul) [2] (Figure 1). All the 
significant seismic sources have the potential to generate 
damaging levels of ground motion in the İstanbul, one of 
the major cities of the World. Because of the proximity of 
the Marmara segments to the megacity of Istanbul with a 
rapidly growing population of > 18 million, and the 
cultural, financial, and industrial heart of Turkey, the 
Marmara has been designated a “Permanent Supersite” by 
the CEOS under GEO Geohazard and Natural Laboratories 
Initiative (GSNL) in 2014. In this frame, we investigate the 
surface displacements affecting the Marmara via the 
TerraSAR-X, CosmoSkyMed and ESA/SENTINEL-1 A/B 
constellation. However, these sensors are rather noisy in 
the vegetated regions and thus the estimation of low 
velocity deformation rates is not possible. The main issue 
expected from ALOS-2 (L-band) is the large capacity to 
capture deformation in vegetated areas in contrast to X- 
and, C-band missions due to its reduced sensitivity to 
decorrelation effects. ALOS-2 would be a key tool for 
deformation monitoring in Marmara, which is heavily 
populated and vegetated region of Turkey. Especially, one 
frame of ALOS-2 L-band wide-swath ScanSAR data (350 
km swath width) covers the whole Marmara Region and  
its wide-swath images seem as attractive for the long-term 
monitoring. 

Figure 1. The active faults in the Marmara area (red 
and black lines), compared to the extent of the Istanbul 
municipality (blue lines). The sources more likely to 
generate strong damage in the Istanbul area are shown 
in red. 

In the first years of the project, the organization of ALOS-
2 ScanSAR project archive has been established and the 
processing tools has been prepared. Then, we focused to 
analyze the ALOS-2 ScanSAR data in the last year. 
Different codes checked and the last version of ISCE used 
[3] used, successfully.

In this report, we present our key results to demonstrate the 
advantages and limitations of ALOS-2 ScanSAR data, 
usage in Marmara permanent Supersite.   

2. DATA PROCESSING

ALOS-2 ScanSAR data can be downloaded in two 
different focused formats. In one of them, the data is 
focused burst by burst and, data can be processed for each 
burst, directly. In second one, the data is focused by full-
aperture algorithm and the result can be used as a 
continuous stripmap-like image.  

In the project, at first, we downloaded Level 1.1 burst mode 
data between 2014-2021 interval on descending track 
2805. But we didn’t process them in available open codes, 
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successfully. After the negotiation with JAXA and 
comments in [3], we re-downloaded full-aperture images 
for the same track. In this format, burst gaps fill with zero 
echoes and focusing realize. But, the removal of non-
overlap spectra caused by Doppler centroid frequency 
difference and burst misalignment, still remains a problem 
[4].  

Additionally, before mid-February, 2015, the bursts have 
serious alignment problems [5] and we removed this part 
from our archive. Figure 2 shows the baseline plots of 
available data sets (52 images). 

 

Figure 2. Baseline plot of the 52 ALOS-2 ScanSAR 
images. It shows all available data for the study area. 
Red star shows the location of the reference date 
(20191103). 

We decided to use the JPL ISCE [6] InSAR processing 
software. Because, ALOS-2 ScanSAR workflow 
implemented in JPL ISCE [6] (version > 2.5) [4] and 
alosStack workflow of ISCE is available for the mass 
product routine analysis. After a series of the test process, 
the best reference date selected as 20191103 and 261 pairs 
obtained.  At the final stage, percent of burst sync rate was 
between 64%-98%. Then, we dropped 16% of the whole 
data set under the 90% of burst sync rate [4], to obtain the 
reliable InSAR analysis. 

As well-known problem of L-band SAR data, 
minimization of the ionospheric anomalies is one of the key 
problems. This workflow, also, improve the ionospheric 
correction. Figure 3 indicates the performance of 
ionosphere correction, based on 160911-170226 pair. 

 

Figure 3. Example ionosphere correction for 
Interferogram: 160911-170226 in radar coordinates. 

To estimate the velocity and time series analysis, Minty [7] 
toolbox used.  The Minty toolbox is a Python 3 software 
for small baseline InSAR time series analysis. The input is 
a stack of differential interferograms that form a fully 
connected network. 

Figure 4 shows the correlation history of all pairs, 
transferred to Mintpy from ISCE stack. The correlation 
between images is very low than expected threshold (<0.7) 
of the crustal deformation monitoring studies by InSAR 
times series.  During the selection of reference frame, we 
tested different filter parameters but we couldn’t improve 
the coherence levels. Then, we decided to use the 
coherence level as 0.5 in order to use the maximum number 
of pairs in time series analysis (~68% of the pairs dropped) 
(Figure 5). Usage of the lower than this value, our Mintpy 
workflow failed. 

 

 

Figure 4. Correlation history of all available pairs. 

 

Figure 5. Coherence Matrix. It shows the number of 
pairs, used in Mintpy workflow. 
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To remove the tropospheric phase contribution, Mintpy 
package has several methods.  We tested them and realized 
that each of these has advantages and disadvantages. 
Generally, while GACOS corrections [8] work well on 
65% of interferograms and the phase-elevation corrections 
[9] works well in others. Then we decided to use the 
GACOS correction to mitigate the tropospheric phase 
noise.  

Mintpy workflow, also, correct or exclude phase-
unwrapping errors using different methods [7]. However, 
due to the low-level coherence between the pairs, none of 
them gave high quality outputs and the final products have, 
serious unwrapping noise.  

 

3. RESULTS AND DISCUSSION 
 

Our target is to analyze the deformation field in order to 
understand the interseismic response of the region. Then, 
we focused to the LOS velocity field (Figure 6), estimated 
from Mintpy workflow. As expected, LOS velocity field 
separated by two zones along the northern branch of NAF 
and marks it as the main deformation zone (90% of the slip 
occurs along this branch [10]) in the Marmara region. 

 To interpret the LOS velocity field, we analyzed the 
critical zones on the Figure 6.  Each of them is related with 
different tectonic/geologic features of the Marmara region. 
In the following, we introduce each zone in Figure 6; 

(A) At the southwest branch of the Biga Peninsula in 
Ayvacık, Turkey, an earthquake swarm occurred in the first 
two months of 2017. This swarm activated on 14 January 
2017 with Mw=4.6 and ended on 24 March 2017 
(Mw=4.3). There were 24 earthquakes in this period 
(4.3<Mw<5.5). The biggest one occurred on 6 February 
2017 (Mw=5.5). Its depth was very shallow (~4km) and 
ALOS2 ScanSAR data captured the coseismic deformation 
of this earthquake. Figure 7 shows the details of Figure 6A.  
LOS velocity profile on Figure 7 characterizes the fault 
structure, very well and compatible with fault plane 
solution of KOERI [12]. 

(B)  Figure 8a shows the fault perpendicular velocities on 
the İzmit (Figure 6B). Many researchers mapped a creep 
zone at this location, related with postseismic deformation 
of 17.8.1999 (Mw7.4) Izmit earthquake [15][16].   This 
figure indicates a strong velocity jump as the signature of a 
creep and supports the published studies. However, data is 
too noisy and LOS velocity jump is bigger than published 
ones (~5-6 mm/yr.). This result reflects the low coherence 
between the pairs, coregistration [3] and unwrap errors.  

(C) Figure 8b shows fault perpendicular velocities on the 
Ganos (Figure 6C). Researchers agree that Ganos section 
of the northern branch of the NAF locked [1][10] and our 
result indicate slow deformation accumulation, roughly. 
But, similar to Figure 8a, scattering is dominant and the 
amplitude range is bigger than our expectations [1][10]. 
Similar to İzmit profile, the main reason is low coherence 
level of the pairs. Also, due to the coregistration and 

unwrap errors in the LOS velocity field, finding the stable 
zone and the selection of the reference was difficult. 

 

 
Figure 6. LOS velocity field, estimated from Mintpy 
workflow, using ALOS-2 ScanSAR data sets.  Black 
square indicates the location of the reference point. 
Thin black lines show the main active fault zones 
(branches of North Anatolian Fault in the Marmara 
Region) [11]. Critical anomalies (A-D) marked with red 
rectangles and discussed in the text. Blue circles on (B) 
and (C) rectangles show the starting position of the fault 
perpendicular LOS velocity profiles in Figure 8. Color 
scale adjusted to show the long period deformations, 
instead of the local ones. 

 

 

 
Figure 7. The coseismic field of Ayvacık earthquake, 
Turkey (02.06.2017, Mw5.5) along LOS velocity field on 
Figure 6A. Black square indicates the location of the 
reference point. Thin white lines show the simplified 
version of the main active fault zones (branches of 
North Anatolian Fault in the Marmara Region) [11].  
Blue line shows the location of the profile on the subset 
profile figure. Fault plane solution (red) obtained from 
KOERI [12]. Profile data seems as compatible with the 
fault plane solution. To identify the region for non-
experts about the Marmara, map prepared in Google 
Earth [14].  
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Figure 8. Fault perpendicular LOS velocity profiles 
show on Figures 6B and 6C. (a) left panel shows İzmit 
profile and (b) right panel shows Ganos fault profile.  

 

(D)     The anomaly on Figure 6D is related with subsidence 
at the Bursa plain, Turkey and well-studied by [17]. Their 
interpretations indicate that the source of subsidence is 
mainly due to anthropogenic activities rather than tectonic 
motion.  

 
6. CONCLUSION 

 

The results showed that ALOS-2 ScanSAR data is capable 
of detecting from moderate size earthquakes (Mw~5.5) to 
predict interseismic velocities (order of 20mm/year). 
However, avaliable data has serious limitations due to low 
coherence in time and space. Coregistration was another 
problem. We applied all available procedures in the 
workflow but we saw big coregistration error in the final 
pairs [3][4].  Then, the results have unwrapping errors and 
bias in range and azimuth. In our analysis, this causes the 
insufficient estimation of deformation amplitudes and 
difficult interpretation of the deformation anomalies due to 
the strong noise contribution. 

However, this limitation can be overcome by obtaining 
longer time series with high correlation data sets and 
improving of the software codes. Also, we can mention that 
burst sync rate problems are getting smaller in time, based 
on our expanding archive. 

In conclusion, with its wide detection capacities, ALOS-2 
ScanSAR data seems to be an important set for Marmara 
Permanent Supersite. In the future, a region-specific 
process workflow will be created to analyze the data set 
more effectively, and the correlation level with new data 
sets will be increased in space and time. 
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1. INTRODUCTION

The seasonal snowpack is an important natural factor in 
regions of temperate and northern latitudes. Snow greatly 
influences the climate, hydrological and soil processes, 
plant, and animal life, as well as human activity. The main 
quantitative features of a snowpack that can be remotely 
sensed are its depth and Snow Water Equivalent (SWE). 
They determine its impact on the natural environment [1]. 
SWE is the total amount of water contained in the 
snowpack. In particular, in the case of homogeneous snow 
with a constant depth, SWE is calculated as the product of 
the snowpack depth d and its density ρs relative to the 
density of water ρw, and it is expressed in units of length. 

The possibility of directly measuring SWE with the 
help of differential interferometry was considered for the 
first time in [2], where an approximately linear relation was 
found between the interferometric phase and SWE value. 
The presented work is the result of investigations that have 
been started in [3, 4]. For the first time, the effect of 
backscattering from the ‘air–snow’ interface on the 
amplitude and phase of microwaves is estimated. A more 
general interferometric model of backscattering is 
proposed [5]. The paper presents the results of an 
experimental study that used the interferometric method 
for the determination of SWE, which was first carried out 

in the L-band by means of Advanced Land Observing 
Satellite – 2 (ALOS-2) Phased Array type L-band 
Synthetic Aperture Radar – 2 (PALSAR-2); a comparison 
between experimental and numerical data are also provided. 
Experimental results were obtained at the test site near 
Lake Baikal, located in Eastern Siberia, Russia.  

2. DATA AND METHODS

Investigations of the snow impact on the results of 
microwave remote sensing and the determination of snow 
parameters on the basis of these results were carried out at 
a test site located near Lake Baikal (Figure 1). The site is a 
relatively flat field with a size equal to 2 km x 1 km covered 
by sparse grass. The relief height differences are less than 
7 m. Figure 2 shows a view of the test site with a corner 
reflector mounted on it when there is a snowpack on the 
ground. 
We used data from the Japanese L-band (centre frequency 
is 1236.5 MHz, wavelength λ is 24.2 cm) synthetic aperture 
radar PALSAR-2 aboard the ALOS-2 satellite. For 
processing and analysis, we selected an interferometric pair 
of images obtained on 21 September 2016  

Fig. 1 Test area location in (a) Google earth map and (b) Geocoded amplitude image of ALOS-2 PALSAR-2, with the 
test site outlined by the red line. 

Final Report on the 6th ALOS-2 Research Announcement 

172



 

 
Fig. 2 Trihedral corner reflector settled on the test field 

 (scene ID: ALOS2125911040-160921), in the absence of 
snow and on 8 February 2017 (scene ID: 
ALOS2146611040-170208), in the presence of a snowpack 
and frozen soil. The incidence angle of microwaves on the 
ground surface in both cases is equal to 28.6. The 
perpendicular baseline of the interferometric pair is equal 
to 68 m. We used a DEM generated from the bistatic 
TerraSAR-X/TanDEM-X interferometric pair imaged on 8 
September 2015, with a perpendicular baseline of 1356 m 
as a reference. The TerraSARX/TanDEM-X differential 
interferogram was filtered using Goldstein’s technique 
with a 7x7 pixel window to eliminate speckle noise. The 
final reference DEM has a 10 m spatial resolution for areas 
with a coherence greater than 0.3. This coherence threshold 
allows us to neglect the influence of forest vegetation, thus 
excluding the forest areas bordering the field from 
consideration. Also, the water surface of Lake Baikal was 
omitted from the treatment because of the low coherence 
values. It should be noted that all image processing was 
done with the help of Sarmap SARscapeTM software. 

For the validation of radar images, coherent scatterers in 
the form of trihedral corner reflectors with a leg length of 2 
m were used (Figure 2). 

The climatic conditions of the study area are 
determined by its location in Buryatia (Eastern Siberia, 
Russia), which features a sharp continental climate. In the 
cold season, the Siberian (Asian) anticyclone occurs. 
Therefore, a large number of sunny days and low air 
temperatures mark the winters in Buryatia. Winters feature 
negative temperatures ranging from −10 to −35 C with no 
thaws, and the snow is dry until the end of the thawing 
period (March–April). In February, the soil freezes to a 
depth of more than 2 m. Figure 3 shows the structure of 
snow on the field on 8 February 2017, on the day of the 
satellite survey. Because there were no thaws, there were 
no ice layers in the snowpack. There were only 1 or 2 layers 
that were slightly compacted with a thickness of less than 
1 cm as a result of winds. The snow between layers was 
crumbly, and the density of the snow between the layers 
varied from 0.20 to 0.23 g cm 3. The density of the 
compacted layers was not greater than 0.30 g cm−3 and, 
because their thickness is small, they had little effect on the 
average snow density. The average snow density equaled 

0.22 g cm−3 according to the results of measurements at 10 
pits. 

 
Fig. 3 Typical snow structure at the test field 

We measured the roughness of the soil surface and that 
of the snowpack using a laser profilometer at 1 m lengths, 
corresponding to the length of the profilometer guide. 
These measurements of 12 segments located in different 
parts of the test site showed noticeable statistical parameter 
variation in the roughness of both the soil surface and the 
snow surface, even within the same seemingly 
homogeneous local spot (see Table 1). The standard 
deviations and correlation radii of snow surface roughness 
turned out to be less than the corresponding values of soil 
surface roughness. Therefore, we can state that while 
making measurements, the effect of backscattering from 
the snow surface was less than that when the statistical 
parameters of the soil and snow were equal [5]. 

Table 1. Roughness statistical parameters of soil and 
snow. 
 Min Max Average 
Soil roughness RMS (mm) 6.4 17.0 11.3 
Correlation radius of soil (cm) 5.0 19.0 9.0 
Snow roughness RMS (mm) 7.2 18.0 10.8 
Correlation radius of snow 
(cm) 

3.0 13.7 6.0 

The volumetric soil moisture content on 21 September 
2016, in the upper layer, which was 5 cm deep, was 
measured at three different points of the test site. It varied 
from 12 to 15%. The volumetric moisture content of frozen 
soil was in the range of 9% to 14% (8 February 2017). The 
air temperature during image acquisitions was equal to +7 
C on 21 September 2016, and −17 C on 8 February 2017. 
The soil temperature was +9 C in the first case and −14 C 
in the second case. 

 
3. RESULTS AND DISCUSSION 

 
Figure 4 shows the geocoded amplitude radar images of the 
test site taken on 21 September 2016 and on 8 February 
2017. The arrows in Figure 12 show the location of the  
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Fig. 4 Geocoded amplitude radar images of the test site in different seasons. (a) 21 September 2016; (b) 8 February 

2017. 

 
Trihedral Corner Reflector (TCR). The corner reflector was 
in the same position during both surveys. We also mounted 
other corner reflectors at the test site, but they are not used 
in the interferometric analysis because their locations in the 
images are inconsistent with each other. 

Figure 5 shows the spatial distribution of the 
backscattering coefficient and the interferometric phase 
along the line (labeled as A in Figure 4(b)) crossing the 
TCR location. The average values of the backscattering 
coefficient are equal to −20 dB in the absence of the 
snowpack and −22 dB in its presence. Notice that the 
amplitude data in Figure 5 are without filtration. The 
amplitudes of the signals scattered by the corner reflector 
exceed the signals from the neighboring pixels by 20 dB, 
ensuring high accuracy of the interferometric phase 
determination. 

The filtered interferometric phase is represented by the 
blue-dotted curve in Figure 5. The phase difference 
between the signals from the TCR is unaffected by the snow 
layer formed on the ground between surveys. The phase 
difference from the corner reflector is less than the phase 
difference from the surrounding pixels by values in the 
range of 2.9 to 3.9 radians. This difference is due to the 
radar wave passage through the snow layer in the second 
survey. 

 
Fig. 5 Backscattering coefficients and interferometric 

phase along the line crossing the TCR location 

Figure 6 shows the interferogram and amplitude image 
composite; the latter is used as the background layer for  

 
Fig. 6 Interferogram and amplitude composite image 

in the radar coordinates 

areas with low coherence. The image is presented in the 
radar geometry. The corner reflector is in the white circle. 
Ground-based measurements of the snow depth were taken 
at the test site immediately after radar survey on 8 February 
2017. Therefore, the unavoidable disturbance of the snow 
cover in the form of a chain of man’s traces conducting the 
measurements did not affect the satellite observation. The 
snow cover violations during TCR installation did not 
exceed several percent of the pixel size of 10 m  10 m, so 
they can be ignored. Measurements showed that snow 
depth values are notably variable even on relatively flat 
areas. Figure 7(a) depicts the relief and snow depth profiles 
along a line (labeled as B in Figure 4(b)) with a length of 
400 m. We measured the snow depth every 20 m by means 
of a ruler. It is clear that the snow depth varies from 14 cm 
to 35 cm with an average value of 25 cm. The correlation 
between the relief height and the snow depth is small, and 
the correlation coefficient is 0.14. We obtained similar 
results for other profiles. 
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A higher correlation is revealed between the snow depth 
and the interferometric phase (Figure 7(b)). The correlation 
coefficient in this case is equal to 0.58. For other profiles 
shown in Figure 8, the correlation coefficient between the 
snow depth and the interferometric phase is smaller. Both 
the relief and snow surface slopes on the test area are 
relatively small. Therefore, variations in incidence and 
refraction angles are insignificant. The relief and snow 
surface slopes are less than 1.5 and 0.5, respectively. 

 
Fig. 7 Comparison of snow depth profile with (a) relief 
heights and (b) interferometric phase relative to TCR 

phase 

The boundary surfaces of ‘air – snow’ and ‘snow – soil’ 
can be described as random fields depending on horizontal 
coordinates. Random snow drifts caused by wind ensure 
these fields to be independent. Therefore, correlation 
between snow depth, interferometric phase and relief 
virtually absent. However, it is possible to obtain snow 
depth from interferometric measurements using their 
average. 

Thus, the calculated result is in good agreement with 
the measured value of the interferometric phase, and the 
relative error of its determination is 4%. We can observe 
the same error when determining the SWE value 
accordingly. Notice that the interferometric phase that is 
equal to 2 corresponds to snow with a 64.4 cm depth. 

Let us compare now the SWE values obtained by 
satellite and ground measurements on other profiles. Figure 
8 shows the SWE map for the test area obtained using the 
ratio [5], which converts the interferometric phase to SWE 
values. Eleven numbered profiles are depicted as solid 

black lines on this figure, where snow depth ground 
measurements were performed. The profiles are 200 m 
long. On profiles 1, 3, and 5, depth measurements were 
made at 1 m intervals. On other profiles interval was 20 m. 
The average value of snow depth was found for each 
profile. SWE was calculated from these average values and 
compared with the SWE average values on the same lines 
obtained from interferometric measurements. Table 2 
shows these results and the differences between satellite 
and ground measurements. 

 
Fig. 8 SWE map for the test area, calculated from 

interferometric phase. 

The table shows that the maximum relative error exceeds 
the error of the above example and reaches 32%. Obviously, 
with such error, the effect of the ‘air–snow’ interface can 
be ignored. The calculated coefficient of mutual correlation 
between satellite and ground SWE values was equal to 0.82. 
The average SWE values based on ground-based and 
interferometric measurements were 5.16 cm and 5.89 cm, 
respectively. Average relative error was 14.9%. Let us note 
that SWE values, calculated from interferometric phase are 
always overestimated in our case. Taking into account the 
error due to scattering from the snow surface and linear 
approximation of the interferometric phase the resulting 
average relative error will be approximately 22%. 

Table 2. Ground and interferometric measurements comparison. 
Profile Number 1 2 3 4 5 6 7 8 9 10 11 

SWE (cm), Ground 5.06 5.43 4.42 5.37 4.86 5.59 5.57 4.90 5.81 5.61 4.20 
SWE (cm), Interferometric 5.88 5.97 5.59 6.03 5.93 6.01 5.80 5.98 6.05 6.03 5.53 

ΔSWE (cm) 0.82 0.54 1.17 0.66 1.07 0.42 0.23 1.08 0.24 0.42 1.33 
Relative error (%) 16.3 9.9 26.6 12.4 22.0 7.5 4.2 23.0 4.2 7.5 32.0 

 
 

4. CONCLUSION 
 

We obtained an approximate equation that links the 
interferometric phase and SWE by a linear law [5]. The 
impact of waves backscattered by the roughness of the 
snowpack on the amplitude and phase of the resulting 
backscattering field was analysed. An experimental 

investigation was conducted to determine the depth of the 
snowpack on a test site located near Lake Baikal. We used 
radar differential interferometry using ALOS-2 PALSAR-
2 data obtained in the absence of the snowpack (21 
September 2016) and later when it had formed (8 February 
2017). The effect of the relief was eliminated with the help 
of the TerraSAR-X/TanDEM-X digital elevation model 
with a spatial resolution of 10 m. A trihedral corner 

175



reflector with an unaltered location during radar surveys 
was used for phase calibration. A comparison between the 
calculated and experimental results showed satisfactory 
agreement, and the estimated error of the SWE 
determination was 22%. 
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1. INTRODUCTION

Crustal deformation induced by the motion of tectonic 

plates produces a wide variety of landforms at the surface 

of the Earth and their size depends on the duration of the 

process involved in their formation. The deformation 

associated with an earthquake takes place over periods of a 

few seconds (co-seismic) to several days and months (post-

seismic), and produces fault scarps and surface 

displacement ranging from a few centimeters to several 

meters in magnitude. In present report, We analyzed 

coseismic deformation due to three earthquake occurred 

namely 5th April2017 Mashhad-Iran Mw 6.1, 12th 

November 2017, an MW 7.3 Halabjar earthquake struck 

the border region between Iran and Iraq, and an earthquake 

of Mw5.3 occurred on June 14, 2020 in the Kachchh Rift 

Basin (KRB) in the western margin of peninsular India. All 

recent earthquake was accompanied by ground cracking 

and was followed by a complex aftershock sequence. In 

this paper, we utilized ALOS-2 interferometric synthetic 

aperture radar (InSAR) data to examine possible 

dislocation model for the event that dictated the ground 

rupture and the aftershock sequence, which helped 

recognize a preferred source mechanism. Our study shed 

enough light on the constraint of estimating the source 

parameters of the mainshock in sense that the nature and 

extent of future seismogenesis and earthquake risk 

potential can be estimated through the apt characterization 

of the earthquake source region and of the region of 

analogous seismotectonic settings, elsewhere in the world. 

It is worth to mention that the study regions are the most 

populated region, besides it has high seismic potential 

associated with deformational history of the regions that 

has experienced large earthquakes (M ≥ 7) in  last two to 

three decades [1-6] that augments the fact that any region 

associated with such factors make it seismically vulnerable 

to promote high degree of earthquake risks. 

Hence, due to availability  of ALOS -2 data has provided 

the opportunity to study the April 2017 Mashhad 

earthquake, November 2017 Halabjar Earthquake and June 

2020 Bhuj earthquake  induced coseismic deformation. 

The source model and slip distribution of the event were 

determined from inversion of InSAR measurements based 

on an elastic dislocation model [7]. In addition, coseismic 

Coulomb stress changes on the source fault and 

neighbouring active faults were explored to understand the 

stress change between aftershock distribution and different 

fault planes. The triggering relationship between most 

recent events and stress changes on different fault planes 

.   

2  TECTONICS OF THE REGION 

(i) Tectonics of the Mashhad Region

This event occurred on the NW-SE active thrust fault zone 

named Kashaf rud fault, extending between the Kopeh 

Dagh and Allah Dagh-Binalud mountain ranges as shown 

in Fig. 1. The study region is seismically most active [8] 

region of northeast Iran, which has undergone crustal 

shortening due to convergence between Arabian and 

Eurasian plate (Fig.1). Their convergence is principally 

taken up by the active Makran subduction zone to the 

South. The estimated GPS-derived rate of the of Arabia 

plate with respect to Eurasia is 22±2 mm/yr [9-12]. At the 

southern boundary of the Iranian plateau, the active 

Makran subduction zone is accommodating a significant 

portion of the convergence at a rate of 13-19 mm/yr [11].  

Based on the seismicity and regional geological studies, the 

study region is associated with predominantly with active 

thrust faults (Kopeh Dagh and Allah Dagh- Binalud 

mountains) parallel to the strike of the isolated deforming 

zone without significant strike-slip faulting[3, 13-14]. In 

recent time, there is no evidence of occurrence of 

earthquakes of magnitude ≥ Mw 6.0, however, July 1673 

witnessed most destructive earthquake that occurred in 

Mashhad region of Iran, which destroyed two-third of 

Mashhad city [2]. Paleo-seismological study revealed that 

a total of four earthquakes (M 7.0) occurred between1209 

and 1405, which were located significantly away from the 

present source zone and confined to the west of the 

Mashhad region of the Iran [3].  

(ii) Tectonics of the Halabjar Earthquake

The epicentre of the 2017 Halabjar Earthquake is close to

the Zagros Mountains initiated by the northward collision

between Eurasian and Arabian plate [15-16]. These two

plates converge at the Main Recent Fault and Main Zagros

Reverse Fault which both bounded the Zagros fold and

thrust belt [17]. The Zagros Main Recent Fault (MRF), the

High Zagros Fault (HZF), the Zagros Mountain Front Fault

(MFF) and the Zagros Foredeep Fault (ZFF) are major

faults in this region, as shown in Fig. 2. Several moderate

to large historical earthquakes have been reported in the

this region. A total of 13 previous earthquakes with

MW>6.0 occurred in this region, and only two of them had

a magnitude of over 6.5. The earliest recorded earthquake

(MW 6.5) struck on the MRF on 13 December 1957,

followed by another two major earthquakes with a peak

magnitude of 6.7 in 1958 in the same area, about 190 km

SE of the Halabjar  Earthquake.

(iii) Tectonics of the Bhuj Region

The region is quite complex in terms of seismotectonic and

geology [18]. Seismotectonics of the KRB has been studied

Final Report on the 6th ALOS-2 Research Announcement 
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by several researchers [e.g., 19-21]. The major structural 

units of the Kachchh region include several east-west 

trending faults such as NPF: Nagar Parkar Fault; ABF: 

Allah Bund Fault; KHF: Katrol Hill Fault; KMF: Kachchh 

Mainland Fault; GF: Gedi Fault; BF: Benni Fault; SWF: 

South Wagad Fault and IBF: Island Belt Fault. The 2001 

Bhuj earthquake had occurred to the north of the KMF (Fig. 

3). The region has also witnessed two most damaging 

historical earthquakes, such as, Mw7.8 in 1819 and Mw7.7 

in 2001. In addition to many moderate events of M ≥ 6.0 

[22-23] has been reported. 

 

3 INSAR DATA ANALYSIS   

The dataset for this study consist of two SAR 

image pairs from ALOS-2 satellite (L-band) operated by 

the Japan Aerospace Exploration Agency (JAXA). Table 1 

provides detailed information for each pair of images, and 

Fig. 4 shows their spatial coverage. To examine the ground 

displacements associated with this earthquake sequence, 

we prepared interferograms using SAR data acquired by 

the ALOS-2 (L-band radar, wavelength ~24 cm). We 

assimilated ascending and descending interferograms of all 

the event as mentioned in Table 1 and process the image 

using GMTSAR software [24-25]. The topographic phases, 

derived from the 3 arc-second Digital Elevation Model 

(DEM) from the Shuttle Radar Topography Mission 

(SRTM) [26], were used for removing the topographic 

effects. Interferograms were subsequently filtered using 

Goldstein Adaptive Filter [27]. A linear function, 

consisting of slant range coordinate (range, azimuth) and 

error phase was estimated afterwards, with observations on 

the non-deforming areas to remove the residual phase and 

orbital error. Once this step was completed, the 

interferograms were unwrapped and geocoded to the 

WGS84 geographic coordinates for ALOS-2 pairs for all 

events. Decrease in LOS corresponds to motion toward the 

satellite whilst increase in LOS indicates motion away 

from the satellite. We observed that there exist distinct 

differences in co-seismic fringes appearing in ascending 

and descending interferograms because of differences in 

the imaging geometry between the two acquisitions. Two 

elliptic deformation areas were observed in the case of 5th 

April 2017, Mashhad and 12th Nov 2017 Halabjar 

earthquake (Fig. 5a, b). For the Bhuj earthquake which 

occurred on 14th June 2020 could not produce well 

deformation areas might be due to small magnitude or due 

to atmospheric effect. Therefor, we remove the 

atmospheric effect by using the Generic Atmospheric 

Correction Online Service for InSAR (GACOS) developed 

at Newcastle University. 

As one of the major sources of error for InSAR is the phase 

delay in radio signal propagating through the atmosphere 

(particularly troposphere), on account of which a few 

centimeters of precision may reliably be achieved in 

displacement retrieval in a relatively quiet atmospheric 

environment [28-29]. The tropospheric delays often found 

to be correlated to the topography in the study area and has 

a coupling with strong turbulent signals that pose difficulty 

in distinguishing the changes due to deformation [29-30]. 

Nevertheless, the tropospheric delays are typically ignored 

in the modelling as they are much smaller than the 

magnitude of the co-seismic signals caused due to a 

moderate earthquake [31-32]. In the present study, the 

tropospheric effects on Sentinel-1A interferograms were 

corrected GACOS, which employs the high-resolution 

weather model outputs from the European Centre for 

Medium-Range Weather Forecasts (HRES-ECMWF) to 

generate high-resolution tropospheric delay maps for 

InSAR atmospheric correction [29,33].  

Fig. 6a-c depicts interferograms with (i) original 

unwrapped phase, (ii) atmospheric corrections without 

trend removal, and (iii) atmospheric correction with rend 

removal, respectively. A clear atmospheric effect observed 

especially in the elevated areas. We also observed the 

global atmospheric models to be of coarse resolution and 

not much reliable in correcting the atmospheric artefacts 

for the localized deformation associated with a moderate 

earthquake. Incidentally, in the region of source zone of 

June 2020 mainshock, the topography is quite subdued and 

has negligible chance for topography related atmospheric 

artefacts.  The descending interferograms after the 

corrections show a clear signal (Fig. 6c) demonstrating the 

co-seismic ground deformation (~3-6 cm) closer to the 

epicentre of the mainshock. The main phase feature in 

descending interferograms is found to be an elliptical 

shaped area with range decreasing towards the epicenter. 

 

4 COSEISMIC SLIP MODEL   

We estimated fault-slip distribution of the 5th 

April 2017 Mashhad mainshock (Mw 6.0) from the co-

seismic displacement using InSAR observational data. In 

order to visualize the ascending and descending Sentinel-

1A (S1A), synthetic aperture radar (SAR) data have been 

utilized as the principal data source for mapping the 

coseismic surface deformation. We presume that the 

InSAR data account for the deformation only due to slip on 

the active thrust fault. We choose a rectangular fault plane 

that follows the trace of fault of 60 km, extending in down-

dip of 30 km. The dip angle of the plane found varied from 

40° to 60°.  

In order to estimate the source depth, we calculated the 

Green function using dislocation theory [7] in the multi-

layered earth model (CRUST 2.0) of [34] with varying 

impedances. We adopted the inversion scheme of [35] that 

involved Steepest Descend approach (SDM) for 

constrained least-square optimization, which is an iterative 

algorithm used for making estimate of source parameters 

in this study. The physical constraint is introduced to get a 

smooth slip model, which is realized through a roughness 

term that gets minimized with respect to misfit of data. The 

smoothening is applied to stress-drop on the whole fault by 

assuming a fairly smooth stress drop within slip asperities. 

The strike (315°) and dip (50°) of the rupture plane is 

assumed to be consistent with the fault plane solution of the 

mainshock. We considered slip distribution on a 60 x 30 

km2 rupture, which has sub-faults of size 2x2 km2. The slip 

on each of the sub-faults is assumed to be uniform. We 

allowed the rake of slip on each sub-fault with variability 

of ±10°. As discussed above, one of the requirements in the 

inversion scheme is to estimate the smoothening 

parameter. We chose the smoothening factor based on the 

trade-off curve between the stress roughness of the model 

and the fitting residual (Fig. 7). Based on this, we found 

our appropriate smoothening factor is of 0.02 at the point 

of very sharp changes in the pattern where the maximum 

curvature forms (Fig. 7) that helped obtain our final slip 

model. We found that the higher value of smoothening 

factor, more than 0.02 provides higher misfit, but smoother 

slip distribution. In contrary to that the lower value of 

smoothing factor did not improve the misfit, while the slip 
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distribution becomes more discrete. In order to validate our 

estimated co-seismic deformations from the descending 

interferograms are compared with those simulated using 

the initial fault parameters as shown in Fig. 8. The best fit 

model for the earthquake is found to be happened for Mw 

6.0, and the rupture produced maximum slip of about 0.35 

m that found concentrated at a depth of 8 km with the 

distance of about 6 km west to the epicenter (Fig. 9). It may 

be noted that depth estimate of the mainshock made earlier 

using seismological data by other agencies was 

significantly different (~12 km) for Mw 6.1 (Table 2). It is 

observed that the slip on rupture extended toward south-

west in the up-dip direction with respect to the strike of the 

Kashaf rud fault. 

Coseismic slip model for Halabjar earthquake is done in 

detailed [36]. Kuang et al., 2018 suggest a blind reverse 

fault with a relatively large right-lateral component, 

striking 353.5° NNW-SSE and dipping 16.3° NE is the 

source fault for the 1th Nov 2017 event. The maximum slip 

was up to 3.8 m at 12-14 km depth and the inferred seismic 

moment is 1.01×1020 Nm, which is corresponding to MW 

7.3, and consistent with seismological solutions. 

 

5 COMPUTATION OF COULOMB STRESS 

 In order to confirm the causative fault as the source of the 

mainshock and its aftershocks activity in perspective to 

future seismogenesis, we examined the coulomb stress 

change associated with the mainshock of 5th April 2017 

Mashhad earthquake and 14th June 2020 Bhuj earthquake. 

A series of studies during the past years showed that the 

static stress interactions among earthquakes control the 

occurrence and timing of future events [37-39]. 

Earthquakes tend to occur on faults where failure has been 

encouraged by previous events (stress triggering) and tend 

to avoid faults where failure has been discouraged by this 

trend [40]. Whether failure of a fault has been encouraged 

or discouraged that can conveniently be measured in terms 

of the Coulomb failure stress change. Δσf = Δτ +µσn, with 

Δτ the shear stress change on the fault (positive in slip 

direction), Δσn the normal stress change on the fault 

(positive if the fault is normal stress) through unclamping 

that encourages the failure to occur.  

The Coulomb failure stress change occurs due to 

the occurrence of the mainshock and its aftershocks in the 

source zone as shown in Fig. 10a,b. We used the main 

shock dislocation parameters derived by finite slip model 

for Mashhad earthquake and uniform slip model derived 

from seismic waveform inversion for Bhuj Earthquake.  It 

can be seen from Figure 10a,b that most of the aftershocks 

occurred in an area where the Coulomb failure stress was 

high, suggesting that those aftershocks might have 

triggered by the mainshock, which is confirmable to our 

model derived from InSAR data. Our estimate of maximum 

slip at the depth of 8 km is also found concentrated in the 

high-Coulomb stress zone for Mashhad earthquake. 

 

6 DISCUSSION  

In the report, We analyzed ALOS-2 INSAR data due to 

three moderate earthquake occurred during 2017 to 2020 

(Table 1) to get the coseismic deformation. The all three 

events was occurred on blind fault as there was no 

significant surface faulting along the region of the 

earthquake, but there were some secondary cracks and 

fractures has been reported. To confirm the causative 

source we model the InSAR data for source parameters and 

slip distribution due to Mashhad earthquake and further 

computed the Coulomb stress due to Mashhad earthquake 

and Bhuj earthquake to understand the aftershock 

distribution and Coulomb stress change on the causative 

fault and the neighboring active fault systems as well as the 

impact of stress change caused by this earthquake on 

neighboring active faults. 

Using SAR offsets we have extracted a synoptic view of 

the surface displacements covering the whole epicentral 

area of the Mashhad, Halabjar and Bhuj epicentral region. 

Interferometric analysis of from an ascending and a 

descending track reveal coseismic ground deformation 

over an elliptical deformation areas were observed in all 

the deformation maps. The maximum line-of-sight (LOS) 

deformation was 10 cm, 91.8 cm and 3 cm for ALOS-2 

ascending and descending pairs, for Mashhad, Halabjar 

and Bhuj epicentral region respectively. The availability of 

interferograms provided a good constraint for modeling as 

they capture the deformation from different directions, 

with Line of Sight (LOS) unit vector. (Figure 5a,b and 6c). 

From simple elastic modelling and assuming that the 

rupture occurred as a planar uniform slip dislocation in an 

elastic half space an inversion strategy was employed to 

determine its source parameters and variable slip 

distribution which comprises a nonlinear inversion for 

determining the fault geometry and estimating the slip 

distribution along the ruptured fault plane for 5th April 2017 

Mashhad earthquake. The model suggest the maximum  

slip of 0.35 m, strike of N315E, 52 dip, with dimensions of 

40 ± 3 km along-strike and 30 ± 3 km downdip (Fig. 9) and 

reproduce the main features of the observed displacement. 

The location of our preferred rupture plane suggests that 

the mainshock occurred at its northeast corner and 

propagated towards southward.  The slip model is 

supported by Coulomb stress transfer model simulations 

which suggest the southward movement can be clearly 

observed, suggesting that the event occurred on a NE-

dipping thrust fault. We also examined the depth of 

maximum slip along the NW-SE fault plane. The model 

suggest the maximum slip occurred at a depth of ~ 8.0 km.  

Based on rigorous analysis, we assimilated a schematic 

model of stress changes due to occurrence of the 

mainshock of Mashhad  and Bhuj earthquake (Mw 6.0 and 

Mw 5.3) with µ = 0.06 as β =0.2 on a fault responsible for 

generating the event with finite and uniform slip 

respectively. We calculated coulombs stress (Fig.10a,b),  

which demonstrates the inter-relationship between 

distribution of earthquakes (2.0 ≤ M ≤ 5.0) and the 

structural heterogeneity of the source region.  On the other 

hand, stress decrease (negative stress changes) areas were 

identified at the middle of the source fault plane, coinciding 

with the occurrence of the main shock. Hence, high loaded 

stress areas are consistent with the aftershock distribution. 

 

 

7 CONCLUSION 

InSAR is an ideal technique to identify the blind fault 

system in quaternary tectonically active region.  In Present 

study, using information from both ascending and 

descending tracks of ALOS-2 data, we have identified the 

source mechanism for the ground deformation associated 

with Mashhad, Halabjar and Bhuj earthquake. We clearly 

mapped the causative source of all the events which is 

further supported by coseismic slip model and coulomb 

stress. We also find the magnitude of the coseismic event 
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as constrained by the InSAR data, which is almost 

consistent with the magnitude estimated from seismic   

studies. The aftershocks seismicity occurred after the  

mainshocks over the enhanced stress region and depth of 

the maximum slip/stress pattern confirmed from the ΔCFF.  
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TABLE 2. Source Parameters of the 5th April 2017 

Mashhad, Iran Earthquake (Mw 6.0) estimated by various 

agencies. 
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Fig. 1: Shaded relief map of eastern Iran showing major 

faults. Black squares show major cities of eastern Iran. Red 

star show the Mashhad earthquake occurred on 5th April 

2017. Black solid line shows the major and active fault of 

NE and Central Iran.  

 

 
Fig. 2: Tectonic setting of the 2017 Mw 7.3 Halabjar 

earthquake modified after [41].  
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Fig. 3: : Distribution of precisely located earthquakes in 

the Kachchh Rift Basin, western India occurred during the 

period of 2006 to 2019. Major tectonic features are also 

shown. The thick lines show faults, which are identified by 

geological, geophysical and seismological investigations. 

These faults are NPF: Nagar Parkar Fault; ABF: Allah 

Bund Fault; KHF: Katrol Hill Fault; KMF: Kachchh 

Mainland Fault; GF: Gedi Fault; BF: Banni Fault; SWF: 

South Wagad Fault and IBF: Island Belt Fault. Stars show 

the 2001 Bhuj earthquake and recent June 2020 

mainshocks with their focal mechanisms.  Inset: the area at 

lower right corner of map shows the location of the study 

region in the map of India. 

 

 

Fig. 4: The Red boxes represent the spatial coverage of 

ALOS-2 SAR image pairs for Mashhad (Left), Halabjar 

(Right) and Bhuj earthquake( Bottom). 

 

 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Line-of-sight (LOS) displacements shown use the 

convention that positive motion is towards the satellite. (a) 

Detail of unwrapped descending line of sight 

interferograms of Mashhad earthquake (b) Unwrapped 

ascending  line of sight interferograms of Halabjar 

earthquake. 

  

 
Fig. 6: SAR interferogram of descending track without 

atmospheric correction showing line of sight (LOS) 

displacements caused by 14th June 2020 Bhuj event (Left). 

(b) With GACOS atmospheric noise correction without 

trend removal (Right). (c) With GACOS atmospheric noise 

correction with trend removal (Bottom). 

 

 
Fig. 7: Variation of roughness with average misfit between 

the observed and calculated values of Co-seismic offsets 

for Mashhad earthquake. The inflection point in the graph 

corresponds to the optimum value of the smoothing 

parameter.  

 

 
 

Fig. 8: Best-fitting uniform slip model of the Mashhad 

earthquake. (a) Observed, Modelled and residual using 

descending interferograms 
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Fig. 9: Slip distribution model for the 5th April 2017 

Mashhad earthquake obtained from simultaneous inversion 

of  descending InSAR data. 

 

 

 
Fig. 10: (a) Static Coulomb stress changes (in bars) due to 

the main shock of magnitude Mw 6.1 calculated at a depth 

of 10 km with µ = 0.6 and B = 0.2 onto a prescribed 

receiver fault obtained from uniform slip model (Top). The 

grid size has been taken as 0.5 km x 0.5 km for coulomb 

stress calculation. The best located aftershocks obtained 

from USGS (yellow circles) are also shown in this figure, 

the majority of them being concentrated in stress enhanced 

area. (b) Maps of Coulomb stress for 14th June 2020 M 5.2 

Bhuj earthquake.CFF are calculated by resolving the 

stress perturbation onto the rupture plane of event derived 

from fault plane solution (dipping south plane) at a depth 

of 15 km. The black circle is the aftershocks of the events. 

The red lobe (positive CFF) and blue (negativeCFF) 

(Bottom).  

 

10. REFERENCES 

[1] J. S. Tchalenko, Seismicity and structure of the Kopet 

Dagh (Iran, USSR), Phil. Trans. R. Soc. Lond., Series A, 

pp. 278 (1275), 1–28,1975. 

 [2] N. Ambraseys,and C. Melville, A History of Persian 

Earthquakes, Cambridge University Press, Cambridge, 

UK. 1982. 

[3] M. Berberian, and R. Yeats, “Patterns of historical 

earthquake rupture in the Iranian Plateau”, Bull. Seism. 

Soc. Am., 89, pp. 120–139, 1999. 

[4] N. Ambraseys,  A Moinfar, and P Peronaci, The 

Seismieity of Iran the Farsinaj (Kermanshah) earthquake of 

13 Decemher 1957,  Annals of Geophysics, 26 (4), pp. 679-

92, 1973. 

[5] O. P. Mishra,  and D. Zhao, Crack density saturation 

rate and porosity at the 2001 Bhuj, India earthquake 

hypocenter: A fluid driven earthquake, Earth Planet. Sci. 

Lett., 212, pp. 393-405, 2003. 

 [ 6] A. P. Singh, O. P. Mishra, R. B. S. Yadav and D. 

Kumar, A new insight into crustal heterogeneity beneath 

the 2001 Bhuj Earthquake region of northwest India and its 

implications for rupture initiations, J. Asian Earth Sci. 48, 

pp. 31-42,2012. 

[7] Y. Okada, Internal deformation due to shear and tensile 

faults in a half-space, Bull.  Seismol. Soc. Am., 82(2), pp. 

1018–1040, 1992. 

[8] M. Nemati, J. Hollingsworth, Z. Zhan, M. J. Bolourchi 

and M. Talebian,  Microseismicity and seismotectonics of 

the South Caspian Lowlands, NE Iran, Geophys. J. Int, 

2013. doi: 10.1093/gji/ggs114. 

[9] G. F. Sella, T. H. Dixon,  and A. Mao, REVEL: A 

model for recent plate velocities from space Geodesy, J. 

Geophys. Res., 107(B4), 2081, 2002, 

doi:10.1029/2000JB000033. 

[10] S. McClusky, R.  Reilinger, S. Mahmoud, D. Ben Sari, 

and A. Tealeb, GPS constraints on Africa (Nubia) and 

Arabia plate motions, Geophys. J. Int., 155(1), pp. 126–

138, 2003, doi:10.1046/j.1365-246X.2003.02023.x. 

[11] P. Vernant, P. et al., Present-day crustal deformation 

and plate kinematics in the Middle East constrained by 

GPS measurements in Iran and northern Oman, Geophys. 

J. Int., 157(1), pp. 381–398, 2004, doi:10.1111/j.1365-

246X.2004.02222.x. 

[12] R. Reilinger, R., et al., GPS constraints on continental 

deformation in the Africa-Arabia- Eurasia continental 

collision zone and implications for the dynamics of plate 

interactions, J. Geophys. Res., 111, B05411, 2006, 

doi:10.1029/2005JB004051. 

[13] J. Hollingsworth, J. Jackson, R. Walker, and H. 

Nazari, Extrusion tectonics and subduction in the eastern 

South Caspian region since 10 Ma, Geology, 36(10), pp. 

763–766, 2008, doi:10.1130/G25008A.1. 

[14] J. Jackson, and D. McKenzie, Active tectonics of the 

Alpine-Himalayan Belt between western Turkey and 

Pakistan, Geophys. J. R. astr. Soc., 77(1), pp. 185-264, 

1984. 

[15] Mouthereau, Frédéric, Olivier Lacombe, and Jaume 

Vergés, Building the Zagros collisional orogen: timing, 

strain distribution and the dynamics of Arabia/Eurasia 

plate convergence, Tectonophysics 532, pp. 27-60, 2012, 

doi: 10.1016/j.tecto.2012.01.022.  

[16] M, Saeed, T. A. Ehlers, A.Yassaghi, M. Rezaeian, E. 

Enkelmann, and A. Bahroudi, Synchronous deformation 

on orogenic plateau margins: Insights from the Arabia–

Eurasia collision, Tectonophysics, 608, pp 440-451,2013. 182



[17] McQuarrie, Nadine, Crustal scale geometry of the 

Zagros fold–thrust belt, Iran. J. Structural Geol., 26 

(3),519-35, 2004. 

[18] S. K. Biswas, Regional tectonic frmaework, structure 

and evolution of the wetsern marginal basin of India,  

Tectonophyics, 135, pp. 302-327, 1987. 

[19] J. R. Kayal, et al., The 2001 Bhuj earthquake: 

Tomography evidence for fluids at hypocenter and its 

implications for rupture nucleation, Geophy. Res. Lett. 29 

(24), pp. 51-54, 2002. 

[20] P. Mandal,  et al., Characterization of the causative 

fault system for the 2001 Bhuj aftershocks, Tectonophysics, 

378, pp. 105–121, 2004. 

[21] A. P. Singh, et al., Fault Geometry of the Mw7.7 

Western India Intraplate Earthquake: Constrained from 

double Difference Tomography and fault plane solutions, 

Bull. Seismo. Soc. Amer., 106 (4), pp. 1446-1460, 2016. 

[22] H. K. Gupta, et al., Bhuj earthquake of 26 Januray 

2001, J. Geol. Soc. India, 57, pp. 275-278, 2001. 

[23] P. Mandal, et al., Coulomb static stress variations in 

the Kachchh, Gujarat, India: Implications for the 

occurrence of two recent earthquakes (Mw5.6) in the 2001 

Bhuj earthquake region, Geophy. J. Int., 169(1), pp. 281-

285, 2007. 

[24] D. Sandwell, R. . Mellors, X. Tong, M. Wei, and P. 

Wessel,  Open radar interferometry software for mapping 

surface deformation, Eos Trans. AGU, 92(28), 2011a, 

doi:10.1029/2011EO280002.  

[25] D. Sandwell, R. Mellors, Rob, Tong, Xiaopeng, Wei, 

Matt, & Wessel, Paul., GMTSAR: An InSAR Processing 

System Based on Generic Mapping Tools. UC San Diego: 

Scripps Institution of Oceanography, 2011. 

[26] Farr, G. Tom and Mike Kobrick, The shuttle radar 

topography mission." In.: JET PROPULSION LAB 

PASADENA CA.  

[27] R. M. Goldstein, and C. L. Werner, Radar 

interferogram filtering for geophysical applications." 

Geophysical Research Letters 25 (21), pp. 4035-8, 1998, 

doi: 10.1029/1998GL900033. 

 

[28] E. J., Fielding, et al., Surface deformation of north‐

central Oklahoma related to the 2016 Mw 5.8 Pawnee 

Earthquake from SAR interferometry time series, Seismol. 

Res. Lett. 88, pp. 971–982, 2017, doi:10.1785/0220170010. 

[29] C. Yu,  Z. Li,  N. T. Penna, and P. Crippa,  Generic 

atmospheric correction model for Interferometric Synthetic 

Aperture Radar observations. J. Geophy. Res.: Solid Earth, 

123, 2018, https://doi.org/10.1029/2017JB015305. 

[30] H. A. Zebker, P. A.  Rosen, S. Hensley, Atmospheric 

effects in interferometric synthetic aperture radar surface 

deformation and topographic maps, J. Geophys. Res. Solid 

Earth 102, pp. 7547–7563, 1997. doi:10.1029/96JB03804. 

[31] M. Simons, Y.  Fialko, L. Rivera, Coseismic 

deformation from the 1999 Mw 7.1 Hector Mine, 

California, earthquake as inferred from InSAR and GPS 

observations. Bull. Seismol. Soc. Am. 92, pp. 1390–1402, 

2002, doi:10.1785/0120000933 

[32] G. X., Liu, et al., Pre- and co-seismic ground 

deformations of the 1999 Chi-Chi, Taiwan earthquake, 

measured with SAR interferometry, Comput. Geosci. 30, 

333–343, 2004, doi:10.1016/j.cageo.2003.08.011. 

[33] C. Yu, N. T. Penna, and Z. Li, Generation of real-time 

mode high-resolution water vapor fields from GPS 

observations, J. Geophys. Res. Atmos., 122, pp. 2008–

2025, 2017, doi:10.1002/2016JD025753. 

[34] W. D. Mooney, G. Laske, and T. G. Masters, CRUST 

5.1: A Global Crustal Model at 5°x5°, J. Geophys. Res. 

103, pp. 727–747, 1998. 

[35] H. Wang, C. Xu, and L. Ge, Coseismic deformation 

and slip distribution of the 1997 Mw 7.5 Manyi, Tibet, 

earthquake from InSAR measurements, J. Geodyn., 44, pp. 

200–212, 2007, doi:10.1016/j.jog.2007.03.003 

 [36] J. Kuang, et al.,Coseismic deformation and source 

model of the 12 November 2017 MW 7.3 Kermanshah 

Earthquake (Iran–Iraq border) investigated through 

DInSAR measurements. International Journal of Remote 

Sensing, pp. 1-23, 2018. 

[37] G. C. P. King, R. S. Stein, and J. Lin, Static stress 

changes and the triggering of  earthquakes, Bull. Seismol. 

Soc. Am., 84, pp. 935-953, 1999. 

[38] R. S. Stein,. The role of stress transfer in earthquake 

occurrence, Nature, 402, 605– 609, 1999. 

[39] G. C. P. King, and D. D. Bowman, The evolution of 

regional seismicity between large earthquakes,  J. Geophys. 

Res., 108(B2), 2096, 2003, doi:10.1029/2001JB000783. 

[40] F. Amelung, and J. W. Bell,  Interferometric synthetic 

aperture radar observations of the 1994 Double Spring Flat, 

Nevada, earthquake (M5.9): Main shock accompanied by 

triggered slip on a conjugate fault, J. Geophy. Res. 108, B9, 

2433, 2003, doi:10.1029/2002JB001953. 

[41] K Wang, and R Bürgmann, Probing Fault Frictional 

Properties During Afterslip Updip and Downdip of the 

2017 Mw 7.3 Sarpol-e Zahab Earthquake With Space 

Geodesy, J. Geophy. Res., 2020. 

  

183

https://doi.org/10.1029/2017JB015305
https://agupubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wang%2C+Kang
https://agupubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=B%C3%BCrgmann%2C+Roland


Application of the PALSAR-2 Along Track Interferometry to the water 

coverage estimation 

PALSAR-2 Along Track Interferometryの機能評価と洪水域推定 

PALSAR-2 Along Track Interferometry (ATI)による移動体検出について 

RA6-3406 

島田 政信
Masanobu Shimada 
東京電機大学

Tokyo Denki University 

1. はじめに

This paper shows a quick evaluation results of the 
ALOS-2 Along Track Interferometry (ATI) on capturing 
the moving target. ATI measures the phase difference of 
the moving target within the synthetic aperture time and 
the InSAR coherence between the shortly displaced 
SAR antennas. Using the ATI data acquired in the 
calibration purpose, we qualitatively evaluate the 
L-band SAR ATI performance in this paper.

2. PALSAR-2 Along Track Interferometry
ALOS-2/PALSAR-2 は、受信アンテナ（3m x 10m）

を衛星進行方向に２分割でき、非定常モードとして

アロングトラック干渉（Along Track Interferometry:
ATI）機能を持たせることができる。ATI は SAR 観

測モードの一つであるが、映像化という点では他の

ストリップモードと何ら変わりはない。SAR 映像化

は、観測対象物が地球表面に存在すること（不動）

を前提とし、移動体は速度に応じた位置ずれや、焦

点ぼけを受ける。前者の特徴を利用すると対象物の

速度（衛星方向の）を推定できるが、対象物は高速

道路上の車、線路を通る列車、あるいは航跡を残し

て進む船舶等運動の軌跡が既知のものに限定され

る。それに対して、ATI は移動体の速度を干渉処理

を通して、直に検出でき、通常の SAR に比べて強

力な面がある。ATI には３種類の実現方法がある１）。

１）１系統の送信機＋２系統の受信機で構築する方

法、２）２系統の送信機と２系統の受信機が交互に

対象物を観測する方法（ピンポン）、３）２系統の

（送信機＋受信機）の各々が対象物を同時に観測す

る方法である。PALSAR-2 では、１）の送信を一系

統で、受信を２系統で行う方式を採用する。干渉処

理はいわゆる片道干渉であり、地上対象物からアン

テナまでの経路間の２受信機間の位相差検出を行

う（Fig１）。 

Fig.１ ATI's imaging block diagram 

処理は、アンテナ（受信機）1 で得られる信号 s1と
アンテナ（受信機）2 で得られる信号 s2の相互相関

処理で得られ(1)、その位相差は(2)となる。

(1) 

(2) 

ここに、gは干渉性（複素数）である。移動体の

Ambiguous な移動速度は以下で表現される。 

 (3) 

また、位相の角度分解能を 30 度とすると、検出速

度分解能は（4）となる。 

(4) 

ここに、ここに�は波長、B はベースライン、Vgは

γ =
s1 ⋅ s2

*

s1 ⋅ s1
* s2 ⋅ s2

*
= γ ⋅exp − j 2π

λ
B
Vg
U

⎛

⎝⎜
⎞

⎠⎟

φ = tan−1 Im γ( ) / Re γ( ){ }

Uo =
λ
B
Vg

ΔU = λ
12 ⋅B

Vg
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対地速度である。波長を24cm、Bを5m、Vgに6700m/s
とすると、U0は 321m/s（1155km/h)、DU は

26.8m/s(96.3km/h)となり、ともに非常に大きい。 
角度分解能として 30 度を用いたが、SNR が高けれ

ば、さらに小さく設定できる。 
高速で移動する衛星搭載 ATI の移動速度検出能力

はこのように高くない。波長を X バンドに設定した

ところで 5m/s 程度である。理由は対地速度が大き

すぎることである。一方、コヒーレンスについては、

別の見方ができる。移動体については干渉性が落ち

るのに対して、静止体については、散乱係数が小さ

くても干渉性が高くなる可能性があり、そのような

場合には、流れる川の検出、洪水域の抽出につなが

る可能性がある。 
 

3. ２つの事例 
 定常モードとして定義されてないために、観測デ

ータ数は非常に少ない。これまでの観測数は 10 パ

スに満たない。代表的な二例を紹介する。 
 
 
 
 

3.1 大型移動体の場合 
最初の事例はカリフォルニア州北部を降交軌道で

進行方向右側を観測した事例である。穀物地帯が広

がり、一部河川も見られる（Fig.2 左）。干渉性（Fig.2
右）は非常に高く、ほぼその濃淡が振幅画像と対応

する。最後に、位相差画像を示したものが、Fig.3
である。一面に水色（位相差ゼロ）に広がる中に、

○点近くに紫色の像が見られる。位相差から、

-160m/s が読み取れ、衛星から遠ざかることがわか

る。入射角補正を行うと、西方向移動成分は-320m/s
となり、高速で移動する航空機かと思われる。本来、

移動体は fdd, fdが静止体と異なることから、対象物

は焦点位置が移動し映像はディフォーカスする。計

算によると�fd=-2/l*160=1333Hz, Dfddは約 26Hz/s で
あり、本来の画像から衛星後方に約 15km ずれると

ともに、画像は焦点がかなり甘い。 

 

Fig.2 Amplitude image(left) and coherence (Right) 

 
Fig. 3 ATI image example at the farmland area near 
Hamilton City of California, USA. 
 

3.2 湖沼域の事例 
第２例としてフロリダ州キーウェストの画像を示

す。海岸に沿って高速道路が東西方向に走る。高速

道路上の自動車はクロストラック方向に動くため

に衛星進行方向に沿って位置がずれる。今、仮に速

度が 100km/h とすると、ドップラ周波数は約 100Hz
であり、200m ほど左右方向に見られるはずである

が、残念ながら、確認できない。振幅画像にも、干

渉画像にも、また ATI 画像にも現れない。この理由

として反射係数が小さいことが挙げられる。また、

その割には fdd の固定の値からずれが大きく、映像

のフォーカスを大きく妨げていることが挙げられ

る。 

 
Fig. 4 ATI image at Key West, Florida, USA. 
 
 

185



 
4. 結論 

 ALOS-2 の PALSAR-2 の ATI モードの解析事例を

紹介した。ATI は移動体抽出に特化した観測モード

であり、L-band SAR では使用するマイクロ波の波

長が長いことから、移動体検出感度についてはやや、

難点があることが予測されていた。PALSAR-2 のデ

ータを用いた実例でも、散乱断面積の大きな高速移

動体（航空機と思われる）に限って検出することが

できた。ATI の今後の検討課題としては、干渉性が

移動体や流体にどう対応するかという点であり、水

害域の抽出に応用できる可能性はあると思われる

ものの、ATI モードでの運用が限定されることと、

合わせて現地データの入手が不可能であったこと

から災害行きの抽出への検討は実施できなかった。 
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1. INTRODUCTION

Forest monitoring forms a very important component of 

ecological systems management. Agroforestry, an 

increasingly popular practice, is also important as it is 

ecologically sustainable. The forest stand height, forest 

above-ground biomass, and tree structure of forests and 

agro-forests are closely related to the health of these 

ecosystems. Remote sensing techniques, with their 

synoptic coverage, provide a suitable complementary 

method for forest parameter retrieval. Various active- and 

passive remote sensing techniques have been widely used 

for AGB mapping. Optical sensors are sensitive only to the 

top-of-canopy vegetation layers and are affected by 

weather conditions [1], making them less effective in 

tropical regions with persistent cloud cover. Synthetic 

aperture radar (SAR) remote sensing is almost weathered 

independent and has higher penetration through vegetation 

layers (at lower frequencies), making them suitable for 

forest biophysical parameter retrieval. Effective forest 

monitoring can be implemented using bio-physical 

parameters estimated from satellite-based Synthetic 

Aperture Radar (SAR) data. This research project work 

aims to address the gap and develop robust techniques 

which mitigate the limitations of space-borne SAR 

acquisitions and provide accurate forest biophysical 

parameters [2]. The next sections provide more details on 

advanced SAR remote sensing employed in this research 

work. 

2. OBJECTIVES AND NOVELTIES

This study aims to utilize the Advanced Land Observation 

Satellite (ALOS-2) based Phased Array L-band type SAR 

(PALSAR) full polarimetric PolSAR and PolInSAR data 

for estimation of forest biophysical parameters for effective 

forest monitoring. The major objectives are: 

1. Development of techniques for forest cover, forest type,

and major species identification using fully polarimetric

SAR systems.

2. Development of PolInSAR inversion algorithms for

accurate estimation of tree stand height, above-ground

biomass, and forest structure.

3. Validation of the developed techniques through

extensive field measurements.

The research effort made to accomplish these research 

objectives has led to certain research contributions and 

innovations. A complete list of outcomes and contributions 

follows hereafter.  

1. Effects of phenological changes such as forest

leaf-fall on PoSAR inversion accuracy are

demonstrated. The leaf-fall in Indian tropical

forests are shown and forest species are classified.

2. The potential of all available space-borne

PolInSAR sensors at L-, C- and X-band for

tropical forest height mapping have been

evaluated with careful analysis of each of the

decorrelation processes. Temporal decorrelation

and penetration depth due to larger wavelengths

play an important role in PolInSAR inversion [3].

3. A novel multi-parametric technique is proposed

for forest biomass and carbon content retrieval.

The main advantage of this technique is the

combination of PolSAR target scattering

information [4], [5] and PolInSAR based structure

information [6]. The technique shows potential

for cross-site applicability and large-scale

biomass mapping

4. METHODOLOGY

POLSAR and PolInSAR Methods for Forests Study 

Fig. 1 shows the methodology followed for PolSAR data 

analysis. This section explains each processing and 

analysis step in flow charts. The fully-polarimetric SAR 

data is acquired in SLC format. The PolSAR data measures 

the complete target scattering information [2], [4], [5].  

Fig. 1: POLSAR data processing and decomposition 

Final Report on the 6th ALOS-2 Research Announcement 

188



The overall methodology for PolInSAR based forest height 

retrieval [6] is illustrated in Fig. 2. 

 

 
Fig. 2: Flow chart depicting the methodology followed for 

PolInSAR data processing for forest height retrieval 

 

Forest Above-ground biomass estimation 

 

In this section, the SAR data sets are processed to retrieve 

the backscattering coefficient from PolSAR data sets over 

the forest region. The generated products are related to 

field-measured forest AGB to assess their significance. 

Further, the developed regression analysis-based models 

are introduced and the methodology followed to train, 

validate and analyze the models is explained in detail.  The 

overall methodology and steps are summarized and 

demonstrated in Fig. 3 

 

 
Fig. 3. Flow chart detailing the methodology followed for 

forest AGB retrieval. Relation between PolInSAR height 

(left) and DEM estimated height (right) as a function of 

AGB. The PolInSAR heights are estimated from three 

TanDEM-X acquisitions and DEM estimated heights are 

from 12 m and 90 m TanDEM-X Global DEM and 

interpolated DTM. 

 

Interesting trends are observed which relate the ALOS-

2/PALSAR-2 backscatter, PolInSAR, and pseudo forest 

height with field measured AGB. Some of the interesting 

observations are 1) All three polarization (HH, HV, and 

VV) backscatter is correlated with AGB, while the 

backscatter ratios (HH/VV, HV/VV, and HV/HH) are not 

correlated with AGB, 2) PolInSAR and pseudo forest 

height have a positive correlation with AGB with larger 

variance and 3) Temporal variation of backscatter is 

highest for HH-polarization and lowest for HV-

polarization backscatter Based on these trends, multiple 

combinations of backscatter and forest heights were 

analyzed to retrieve forest AGB. In total seven 

combinations have been proposed to evaluate forest AGB 

retrieval. Each formulation is expressed as a model to 

retrieve AGB. All seven combinations represent seven 

models denoted as M1, M2, M3, M4, M5, M6, and M7 

indicating Model 1, Model 2, Model 3, Model 4, Model 5, 

Model 6, and Model 7, respectively. These seven models 

(M1-M7) provide interesting observations and are 

consistent in AGB estimation for all five ALOS-

2/PALSAR-2 data sets. These models are developed and 

discussed in this section. These models utilize linear 

regression analysis to relate the 𝛾0 backscatter and 

PolInSAR/pseudo forest height with AGB. 

 

We start with a simple model relating the cross-polarized 

backscatter to AGB [7]–[9]. Model M1 is given by 

𝑊𝑀1 = 𝑎0 + 𝑎1 ∗ 𝛾𝐻𝑉 

where 𝑊𝑀1 = ln(𝐵)  is the natural logarithm of AGB 

estimated (B) using the M1 model, 𝑎0 and 𝑎1 are the model 

parameters, and 𝛾𝐻𝑉 is the ground range, terrain corrected 

backscatter (in dB) in HV polarization. 

 

We observed that co-polar channels also have a good 

correlation with AGB. The next two models add the co-

polar channels to obtain the linear regression models which 

utilize the complete polarimetric information [7], [10], [11] 

 

𝑊𝑀2 = 𝑎0 + 𝑎1 ∗ 𝛾𝐻𝑉 +𝑎2 ∗ 𝛾𝑉𝑉 

Or 

𝑊𝑀2 = 𝑎0 + 𝑎1 ∗ 𝛾𝐻𝑉 +𝑎2 ∗ 𝛾𝐻𝐻 

and, 

𝑊𝑀2 = 𝑎0 + 𝑎1 ∗ 𝛾𝐻𝑉 +𝑎2 ∗ 𝛾𝑉𝑉 +𝑎3 ∗ 𝛾𝐻𝐻 

Next, the estimated forest stand height is evaluated for its 

utility in AGB estimation. 

𝑊𝑀4 = 𝑎0 + 𝑎1 ∗ 𝐻𝑒𝑖𝑔ℎ𝑡 
Where Height is from TanDEM-X or TerraSAR-X 

PolInSAR height. 

 

Here, we propose the models M5 to M7, which combine 

the inputs of L-band backscatter and X-band forest height 

to model the forest AGB, these combined models (M5 to 

M7) utilize the forest height estimated from PolInSAR or 

pseudo forest height with backscatter in different 

polarizations. The cross-pol (HV) and co-pol (HH or VV) 

backscatter is added in steps to assess any incremental 

improvement with multi-polarimetric data. 

𝑊𝑀5 = 𝑎0 + 𝑎1 ∗ 𝛾𝐻𝑉 +𝑎2 ∗ 𝐻𝑒𝑖𝑔ℎ𝑡 
𝑊𝑀6 = 𝑎0 + 𝑎1 ∗ 𝛾𝐻𝑉 +𝑎2 ∗ 𝛾𝐻𝐻 +𝑎3 ∗ 𝐻𝑒𝑖𝑔ℎ𝑡 
𝑊𝑀7 = 𝑎0 + 𝑎1 ∗ 𝛾𝐻𝑉 +𝑎2 ∗ 𝛾𝐻𝐻 + 𝑎3 ∗ 𝛾𝐻𝐻 +𝑎4

∗ 𝐻𝑒𝑖𝑔ℎ𝑡 
These three models are implemented and the results are 

shown and discussed in the next section. 

 

4. RESULTS 

 

The forests and their seasonal variability are mapped using 

PolSAR data; the potential of spaceborne SAR data for 

PolInSAR based height inversion shows the importance of 

SAR acquisitions with low temporal decorrelation. The 189



POLSAR methods are explored for forest biomass 

estimation and forest dynamics characterization. 

 

Forest type/species identification  

In the test site (Haldwani, Uttarakhand, India), the 

deciduous species of Teak exhibit leaf-fall during January-

February. However, the Teak plantations in Haldwani do 

not exhibit complete loss of leaves, but a thinning of the 

canopy. Eucalyptus and mixed-species are non-deciduous 

and do not exhibit leaf fall. The analysis was carried out 

using PolInSAR acquisitions acquired in 2014 and 2015. 

Nine TanDEM-X full POLSAR data sets are acquired 

every 11 days from 09 Dec 2014 till 07 March 2015. A 

further three acquisitions in October-November 2015 are 

analyzed. These acquisitions provide data in both the leaf-

fall period (January-March) and leaf-on period in winters 

(October-December). G4U decomposition was applied and 

the normalized scattering powers Ps, Pd, Pv, and Pc were 

obtained [4]. Fig. 4 shows the G4U RGB images during 

leaf-on and leaf-fall seasons. The temporal variation of the 

G4U scattering powers is seen for the three major forest 

stands. This shows that changes in tree canopy structure 

due to leaf-fall leads to change in the polarimetric signature 

observed. The effects on PolInSAR based height inversion 

accuracy are analyzed. 

A new 6-component scattering power decomposition 

(6SD) method is also proposed and tested with AOS-

2/PALSAR-2 data sets [5]. The proposed 6SD and existing 

decompositions methods are also compared by 

implementing fully polarimetric ALOS-2/PALSAR-2 and 

TerraSAR-X over the Haldwani Forest test site. The color-

coded images of the S4R, the G4U, and the proposed 6SD-

method resulting from the ALOS-2/PALSAR-2 and 

TerraSAR-X data sets are shown in Fig. 5 and Fig. 6, 

respectively.   

 

 
Fig. 4. TanDEM-X G4U RGB image of Haldwani forest 

range acquired on (a) 09 December 2014 (Leaf-on season) 

and (b) 07 March 2015 (Leaf-fall season 

 

A comparison of decomposition results with X- band and 

L-band POLSAR data has been investigated for vegetation 

(volume scattering dominant areas) and for the mixed 

forest plots. The mixed dense forest area (enclosed within 

the white box in Fig. 5) represents the volume scattering 

dominant area with some contribution of double-bounce 

scattering from ground-stem interaction and ground 

scattering from the surface for L-band (Fig. 7). However, 

due to the limited penetration capability of the X-band and 

its attenuation at the top of the canopy, both volume and 

surface scattering contribution from the canopy can be 

produced over the white line patch (Fig. 6) with no double-

bounce contribution for X-band measurements (Fig. 7). 

Some dense vegetation plots display however the surface 

scattering dominance from the top of the canopy at X-band. 

These phenomena are well demonstrated in Fig.s 7 and 8.  

 

 
Fig. 5. Decomposition RGBs of ALOS-2/PALSAR-2 of 

March 22, 2016, with 10 × 6 multi-look (azimuth × range) 

factors over Haldwani, India {the color-coded RGBs for 

S4R, G4U, and 6SD: Red: double-bounce scattering, 

Green: volume scattering, Blue: surface scattering}. In all 

images, the illumination direction is from left to right.  

 

 
Fig. 6. Decomposition RGBs of TerraSAR-X of March 07, 

2016, with 8 × 21 multi-look (azimuth × range) factors over 

Haldwani, India {the color-coded RGBs for S4R, G4U, and 

6SD: Red: double-bounce scattering, Green: volume 

scattering, Blue: surface scattering}. In all images, the 

illumination direction is from left to right.  

 

 

 
Fig. 7. Decomposition means power statistics over the 

Mixed Forest in Haldwani data: (top row) ALOS-

2/PALSAR-2 (acquired on March 22, 2015) and (bottom 

row) TerraSAR-X (acquired on March 07, 2015) for white 

line patch in Figs. 5 and 6. 
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Fig. 8. Decomposition means power statistics over the row-

wise Eucalyptus plantation plots in Haldwani data: (top 

row) ALOS-2/PALSAR-2 (acquired on March 22, 2015) 

and (bottom row) TerraSAR-X (acquired on March 07, 

2015) for yellow line patch in Figs. 5 and 6. 

 

Another example is shown over the common vegetation 

plots (row-wise Eucalyptus plantation) area (yellow line 

patch on Figs. 5 and 6).  The statistics of the scattering 

power contribution is shifting from volume scattering 

(yellow line patch in Figs. 5 and 6) at X-band to double-

bounce and other scattering components in L-band as 

shown in Fig. 8.  It is because of 8 times larger penetration 

capability of L-band than the X-band in the volume media 

and nearly 13.80 lower incident angle of the acquired 

ALOS-2/PLASAR-2 data (30.40) than the angle of 

incidence of the acquired TerraSAR-X data (44.20).   

The present study also characterized the different species 

present in Bhakda Forest using General-four component 

(G4U) and six-component (6SD) decomposition 

techniques. An enhancement from G4U to 6SD in the 

double-bounce scattering power was observed (Fig. 9). A 

decrease in the over-estimated volume scattering 

component along with a significant contribution from 

oriented dipole and compound dipole scattering powers 

were observed because of accounting for the T13 element 

of the coherency matrix in 6SD. Double-bounce scattering 

was observed dominantly in Teak and volume scattering 

from mixed species. A considerable increase in surface 

scattering and little or no change in helix scattering 

components were observed.  

An extensive field survey was carried out during 2015 and 

2017 in the Haldwani forest region. Species identification 

was done on round with the help of the State Forest 

Department and their forest species maps. Most of the plots 

in the Bhakda forest area due to homogeneous plantations, 

field plots were laid in the homogeneous patches 

containing Teak, Eucalyptus, and Mixed and Poplar 

plantations. The plantations were observed to be in 

compartments as is typical of a managed forest. The plant 

species undergo many changes every year, these observed 

changes were updated accordingly in the field data, Forest 

Survey of India maps, and image interpretation of 6SD 

(Fig. 10).  

The obtained decomposition images were classified using 

supervised SVM classification based on a machine 

learning algorithm. The classification was carried out 

separately on the decomposition images with three-

scattering components, with four-scattering components, 

and all the six-scattering components (Fig. 11). Teak, 

Eucalyptus, Mixed, and Poplar were distinctly classified in 

6SD. The overall classification results of G4U and 6SD are 

74.3% and 76.06% with kappa coefficients of 0.64, 0.66, 

respectively.  

 

 

 
 

Fig. 9. Decomposition RGBs of ALOS-2/PALSAR-2 of 

March 05, 2017, with 10 × 6 multi-look (azimuth × range) 

factors over Bhakda range, Haldwani, India. (top) G4U, 

(bottom) 6SD. In all images, the illumination direction is 

from left to right.  

 

Forest Tree Stand Height  

Forest stand height map generated using all the four 

acquisitions as shown in Fig. 12. The heightmap is overlaid 

on the HH backscatter image. The forest stand height is 

accurately estimated by TanDEM-X and ALOS-

2/PALSAR-2 (Fig. 13) acquisitions. TerraSAR-X data set 

is affected by temporal decorrelation, leading to inaccurate 

height inversion. TerraSAR-X height map does not show 

any sensitivity to forest height variability [6]. Validation 

over a broader region with higher variation in the field plot 

heights is required to capture the uncertainty in height 
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estimation accuracy. In the case of Lidar data, it is possible 

to validate over varying forest height regions as well as 

bare lands in the forest range. From Fig. 13, it is observed 

that very few field plots have H100 lower than 20 m. In this 

study, to have a broader understanding of the efficiency of 

repeat-pass PolInSAR, we estimate the RMSE over the 

complete Barkot forest range, Uttarakhand, India with the 

height generated from TerraSAR-X/TanDEM-X as 

reference.  

 

 
Fig. 10: Forest Species Map of Bhakda range: updated by 

using field campaigns during 2015 to 2017, Forest Survey 

of India map and interpretation of RGB images of 6SD. 

[Red color: Teak (Tectona grandis); Green color: 

Eucalyptus (Eucalyptus sp.); Blue color: Mixed species; 

Cyan Color: Poplar (Populus)]. Ground truth samples are 

indicated by light pink colored (training) and black colored 

(testing) boxes. 
 

Above-Ground Biomass  
It is observed that combining PolSAR and PolInSAR 

information in the form of temporally averaged backscatter 

and height lead to improved AGB modeling with the 

combined models (M5 to M7) showing improvement when 

compared with backscatter-based models (M1 to M4) (Fig. 

14). In this section, the models are applied to the data, and 

biomass maps are generated for qualitative analysis. The 

L-band ALOS-2/PALSAR-2 backscatter γ0 is generated 

after radiometric calibration, topographic correction, co-

registration, and geocoding. After multi looking the data to 

30×30 m pixel size, speckle is also reduced. The TanDEM-

X PolInSAR height and the TanDEM Global DEM 

estimated pseudo forest height (TDM12m and TDM90m) 

are generated and resampled to 30×30 m pixel size. This 

pixel size was selected to approximately match the field 

plot size of 0.1 ha or 31.67×31.67 m. Fig. 15 shows the 

AGB maps temporally averaged backscattering coefficient 

for HH and HV polarizations and forest stand height 

(PolInSAR and Pseudo) along with RGB map generated 

using G4U decomposition [4] for ease of interpretation of 

Haldwani forest range. The agriculture fields surrounding 

the forest are identified by the surface (blue color) and 

dihedral (red color) scattering due to bunding. The different 

compartments within the range have differing scattering 

information with increased volume scattering (green color) 

indicating forest stand density. In the case of Teak 

plantations, the leaf-fall leads to volume and dihedral 

scattering. The teak plots can be observed in the northern 

region of the Haldwani range and generally have high AGB. 

The central region of the Haldwani range subset is 

dominated by low-AGB poplar plantations. These poplar 

plantations are leaf-less during the acquisitions and lead to 

dominant dihedral and surface scattering in the RGB map. 

The bare and grassland regions have a dominant surface 

scattering as the L-band microwaves penetrate through the 

grass. 

 

 
Fig. 11 Classification maps of G4U (top) and 6SD (bottom) 

[Red color: Teak (Tectona grandis); Green color: 

Eucalyptus (Eucalyptus sp.); Blue color: Mixed species; 

Cyan Color: Poplar (Populus)]. 
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Fig. 12. A section of the forest stand height map derived 

using (a) ALOS-2/PALSAR2, (b) TanDEM-X and (c) 

TerraSAR-X. The color bar for each acquisition shows the 

variation of height 

 

 
Fig. 13. Validation plots with field measured height versus 

PolInSAR Inversion heights inverted from (a) ALOS-

2/PALSAR-2, (b) TerraSAR-X, and (c) TanDEM-X 

acquisitions. The dotted line is a ±3m region 

 

 

 

 
Fig. 14. Comparison of the four models with Training and 

validation carried out using temporally average backscatter 

data and forest stand height. Forest stand height input is 

obtained from PolInSAR, TDM 90m DEM. The central 

black dash line represents 1:1 correlation, while the gray 

dash lines represent a 10% error limit 

 

 
Fig. 15. AGB Maps generated for HH+HV+VV 

polarization and forest height (Ht) and corresponding 

ALOS-2/PALSAR-2 G4U RGB.  

 

Forest Dynamics 

In this study, forest dynamics comprising growth, harvest, 

and afforestation with distinct patches of Eucalyptus, Teak, 

and Mixed species were analyzed using physics-based 

scattering algorithm G4U decomposition (Fig. 16). A 

comparison of normalized scattering power with varying 

forest conditions for each species was performed for a 

period of 10 years. The obtained scattering parameter trend 

is utilized to develop a two-tier rule-based classification 

and a classified forest dynamic map derived. Results of this 

study demonstrate the potential and sensitivity of L-band 

derived G4U components to distinguish different forest 

dynamics conditions and, characterize forest based on it. 

 
Fig. 16: RGB composite of G4U decomposition scattering 

powers (dihedral, volume, and surface scattering) for the 

time series- a) 2007, b) 2010, c) 2015 and d) 2017. Red 

polygons indicate eucalyptus samples, Black polygons 

represent mixed plantation and yellow polygons represent 

teak 

 

Based on the two-tier rule-based classifier, the study area 

was classified into Forest/Non-Forest (F/NF) maps, and 

then these F/NF binary data were utilized in the second-tier 

classification. A set of thresholds were defined based on 

the polarimetric analysis detailed above. Three child 

parameters of G4U decomposition (surface (Ps), dihedral 

(Pd), and volume (Pv) scattering power) were used in the 
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classifier. All those pixels which satisfy the following 

condition Ps > 0.25 and Pd < 0.2 and Pv < 0.3 were 

assigned the Non-forest class and the rest as forest class. 

Forest class comprises compartments with young and 

mature vegetation, while Non-forest class was composed 

of disturbed (harvested and selectively logged) 

compartments.  

The periodic F/NF maps were further used to classify the 

forest into stable, very young, harvested, and 

barren/agriculture classes. Based on the categorization of 

the time series F/NF maps, a classified forest dynamics 

map was generated, distinguishing stable, young, and 

harvested compartments (shown in Fig. 17). An accuracy 

assessment was performed on the classified maps using 

ground truth data collected during the field campaign 

conducted in 2015, 2017, and 2018 respectively. Random 

compartments were selected for each class (stable, young, 

harvested, and barren) and test polygons were generated for 

accuracy assessment. The two-tier classifier resulted in an 

overall accuracy of 85.39% with a kappa coefficient of 

0.8039. 

 
Fig. 17: Classified maps showing different forest 

conditions- Barren/Agriculture, Stable forest, Young 

plantation, and Harvested 

 

5. SUMMARY AND CONCLUSION 

 

• The G4U/6SD decomposition child parameters 

showed the gradual change in scattering 

mechanisms during leaf-on and leaf-fall seasons 

for deciduous species such as Teak.  

• In this context, the height estimation task of this 

research work focused on assessing the utility of 

existing space-borne PolInSAR acquisitions for 

stand height retrieval over tropical forests in 

India. The approach entailed utilizing full-

PolInSAR acquisitions at L-band (ALOS-

2/PALSAR-2) and X-band (TerraSAR-X and 

TanDEM-X). 

• The bistatic TerraSAR-X/TanDEM-X system 

provides the best inversion performance with r 2 

of 0.77 and RMSE of 1.86m, closely matched by 

repeat-pass L-band ALOS-2/PALSAR-2 data set 

with r 2 = 0.75 and RMSE of 1.94.  

• The major non-volumetric decorrelation 

contribution is temporal decorrelation due to the 

repeat-pass duration. It is shown that for longer 

wavelengths, the repeat-pass duration of ALOS-

2/PALSAR-2 (14 days) can be sufficient for forest 

height mapping.  

• An interesting trend is observed for height 

inversion accuracy as a function of forest AGB. 

The height retrieval accuracy improves for higher 

AGB plots across all frequencies. This trend 

suggests the validity of the RVOG model for 

dense forests as compared with a shrub or low-

AGB forests. 

• The final objective of this research work is the 

development of algorithms for large-scale forest 

AGB retrieval and carbon stock mapping 

(approximately half of AGB is Carbon). This 

objective was approached using all the three SAR 

techniques of PolSAR and PolIn-SAR. L-band 

ALOS-2/PALSAR-2 acquisitions are used for 

PolSAR based AGB retrieval. Four extensively 

utilized linear regression models are selected from 

literature, providing reference models for 

comparison. It was observed that L-band 

backscatter saturates around 150 Mg/ha. Multi-

sensor linear regression models are developed 

which combine the polarimetric SAR backscatter 

and PolInSAR height from ALOS-2/PALSAR-2 

and TerraSAR-X/TanDEM-X respectively. The 

models are extensively tested and analyzed using 

multiple L-band backscatter and X-band heights.  

• The 12 m TanDEM Global DEM and 90 m open-

source TanDEM Global DEM are utilized to 

generate a DSM. The height difference between 

DEM and DSM provides the vegetation height 

bias considered in this paper as a pseudo height 

indicator.  

• The combined models perform significantly 

better than published reference backscatter-based 

models with an improvement in AGB retrieval 

accuracy.  

• The studied models show sensitivity to variations 

in backscatter across different acquisition dates. 

The temporally averaged backscatter performs 

consistently better than individual acquisition. 

Periodic observation of L- band data from the 

ALOS series was utilized and scattering 

phenomenon concerning forest dynamics was 

studied. Based on the scattering properties of 

different forest dynamic conditions, a two-tier 

classification algorithm was developed to 

characterize forest dynamics state. The 

classification algorithm classified the land cover 

into Forest (F) and Non-Forest (NF). The time 

series F/NF maps were utilized in the second-tier 

classification to map the forest into four distinct 

classes as Young plantation, mature plantation, 

harvested, and barren land respectively. The 

overall accuracy of G4U based map was 85.39 % 

with a kappa coefficient of 0.8. This study 

highlights the potential of L- band Polarimetric 

SAR (PolSAR) parameters to monitor different 194



forest conditions which could serve as key inputs 

for better forest management and silvicultural 

practices. 
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1. INTRODUCTION

A key aim of the ALOS PALSAR and ALOS-2 

PALSAR-2 platforms is to prove the concept and then 

normalize the use of L-band Synthetic Aperture Radar 

(SAR) data for the remote sensing of forest properties and 

forest change. Due to its ability to penetrate through the 

top of the canopy and obtain information from the 

branches and stems, L-band SAR has a unique capacity 

among currently orbiting satellites for giving information 

on the properties of forests. 

During this RA6 project, we tested the ability of two 

different modes of ALOS and ALOS-2 data to detect 

forest properties and forest change.  

First, we investigated the capabilities of the Fine Bean 

Dual (FBD, ALOS PALSAR, ~20 m resolution) and  

Stripmap Fine (ALOS-2 PALSAR-2, ~10 m resolution) to 

map forest biomass and forest change, testing these 

against field plots from landscapes in Europe (Spain, 

Denmark) [1], Sarawak (Malaysia), and the Miombo 

woodland belt of southern Africa, including field plots in 

Tanzania, Mozambique and Malawi [2]. In the latter case, 

the more limited scenes available from this RA6 project 

were used to develop and refine algorithms ultimately 

applied across a very large region (7 countries) using the 

JAXA-produced 25 m resolution seamless mosaics of the 

same data (ALOS Kyoto and Carbon Initiative Project, 

[3]).  

Secondly, we investigated the utility of ScanSAR mode 

data. This is collected in much wider swaths, at a coarser 

resolution (~100 m), but with high temporal frequency 

across much of the world, giving it opportunities to map 

landcover change and the flood level of water under 

forests that would not be possible with higher resolution 

L-band products currently. We tested this in swamp forest

basins in Amazonian Peru and central Congo, however we

have not yet obtained results due to difficulties in

processing the ScanSAR data, issues which we are still

working to resolve.

In this paper we will first present our published results 

from RA6, which were presented in Scientific Reports [1] 

and Nature Communications [2], and then present some 

as-yet unpublished results too.  

2. FOREST BIOMASS AND SATURATION

It has long been known that the backscatter from L-band 

SAR can be used to map forest biomass directly, with 

particular utility for cross-polarised data. In the case of 

ALOS PALSAR and ALOS-2 PALSAR-2, this is 

normally the HV polarisation. Previous research by the 

authors, supported by JAXA grants, has shown this for 

ALOS PALSAR data [4,5].  

However, we know that the relationship between L-band 

SAR data and forest biomass reduces in strength as 

biomass increases, and ultimately saturates at some point, 

often put at between 100 and 150 Mg ha-1 [4,5]. But the 

reason for this saturation is less clear, and without 

knowing what is driving it is hard to know how universal 

it is between forest types, stem densities, and types of 

change. This knowledge would be helpful for assessing 

where direct HV backscatter can be used to map biomass 

and biomass change, and where it can’t. 

We set out to test this using extensive field plot networks 

and country/region-wide aircraft-derived small footprint 

LiDAR data covering Denmark (4.2 million ha) and the 

autonomous community of La Rioja, Spain (500,000 ha).  

We used 108 Level 1.1. ALOS PALSAR FBD scenes, 

which we processed using ASF MapReady 3.1, and 

compared the backscatter to forest structure variables 

from the field plots and LiDAR. 

Looking at raw backscatter compared to aboveground 

volume (which should relate directly to biomass, but 

lacking wood density data from these sites we used this 

unit throughout this study) from the field plots, we found 

initial sensitivity and then saturation as expected, but with 

significant offsets for different forest types, which were 

especially clear in Denmark (Fig. 1) [1]. 
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Fig. 1 Forest Aboveground Volume (AGV) 

compared to ALOS PALSAR FBD backscatter in the 

HV polarisation over different forest types in La Rioja 

and Denmark  

We then developed Geralised Linear Models to explain 

the impact of mean stem size (mean diameter at breast 

height), stem number density, and mean stem height, on 

backscatter, if biomass was held constant. The large size 

of our dataset (thousands of plots) enabled this possibility, 

because there was sufficient variation in these variables at 

each point in the curve. These are shown in Table 1 as 

slopes in units dB ha/m3, the units of the slopes in Fig. 1.  

 

These show that mean stem size is positively correlated to 

backscatter, if AGV is held constant, with this impact 

increasing as AGV increases. This is purely due to the 

influence of increasing stem sizes, independently of 

everything else. Stem density similarly increases 

backscatter as it increases, if AGV is held constant. Stem 

height is however only shown to be important at low 

values of AGV. The combined effect of all these means 

that the differences seen between conifers and 

broadleaves in Fig. 1 can be entirely explained by stem 

density, size and height: no different model between the 

two tree types is necessary to explain their relationship 

between biomass and volume. 

 

 
Table 1 The impact of other variables on the slope of 

the Aboveground Volume (AGV) and ALOS PALSAR 

backscatter slope. 

 

Overall, the study suggested that explaining signal 

saturation due to attenuation, as is commonly assumed, is 

potentially incorrect. hat structural changes occurring 

simultaneously as forests age may both increase and 

decrease backscatter, cancelling out and masking any 

differences in the SAR signal. Backscatter is constrained 

within certain bounds due to the trajectory of 

development of forest structure, which is governed not 

only by natural biophysical factors but also by various 

anthropogenic practices, contributing to the apparent 

saturation of the AGV-backscatter curve. This warrants 

further investigation, using empirical studies like these as 

well as modelling and experimental studies. 

 

3. LARGE SCALE BIOMASS CHANGE MAPPING 

 

Using the knowledge we gained using the data from this 

RA6 project and data from a RA4 grant, in addition to 

extensive field data collected, we believed we would be 

able to create biomass and biomass change maps across 

southern Africa. This was because this is a region of the 

world where most of the forest is well below the 

saturation point of 150 Mg ha-1, but still extensive enough 

to contain very large amounts of carbon.  

 

While the ultimate maps were produced using the Kyoto 

and Carbon Mosaic data from JAXA, much of the 

development and calibration was done using individual 

scenes downloaded through this grant, in particular to 

learn how to select scenes at different times of year to 

avoid moisture impacts. 

 

The algorithms developed and details of the methods are 

shown in [2], focusing on producing relationships 
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between biomass and HV backscatter, and applying these 

to 2007 and 2010 ALOS PALSAR layers, and quantifying 

change in a statistically sensible way. Figure 2 shows a 

biomass map for 2007 produced in this way. 

 

 
Fig. 2 Spatial distribution of Aboveground Carbon 

(AGC) estimated using ALOS PALSAR data for 2007 

 

But one very interesting finding was the relationship 

between observed Aboveground Carbon (AGC) density 

change and the change in soil moisture between the 

observations in 2010 and 2007, as shown in Fig. 3 below. 

 
Fig. 3 Observed Aboveground Carbon (AGC) change 

by the soil moisture difference between 2007 and 2010 

 

We used these relationships to correct the map, producing 

a biomass change map that was not impacted by soil 

moisture (Fig. 4). Some strips were too different in soil 

moisture between the two years for the correction to be 

effective though, so these were removed from the final 

map. 

 

 
Fig. 4 Change in AGC stocks from 2007-2010  

 

Overall these methods show great potential for using L-

band SAR data to map forest carbon stocks, and changes 

in those stocks, across low-to-medium biomass 

woodlands.  

 

4. BIOMASS MATCHING FOR CONCENSUS 

CHANGE DETECTION 

 

We have tested a method for quantifying changes in 

carbon stocks using dense stacks of PALSAR and 

PALSAR-2 data. This is still in development, and we do 

not want to reveal details of the method before it has gone 

through peer review. However in summary the ‘biomass 

matching’ approach reduces the need for in-situ ground 

inventory plots. Regression coefficients for the 

relationship between the radar cross section and biomass 

are defined for a single SAR scene. The iterative biomass 

matching algorithm then identifies regions where no 

statistically significant change in AGB has occurred 

across the timeseries and uses these regions to determine 

the scene specific regression coefficients for the 

remaining scenes. 

 

We are still working on finalizing this method, and have 

drafted a peer review publication but not yet submitted it 

to a journal. However, an initial image showing the type 

of results that could be anticipated is shown below as Fig. 

4.  
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Fig. 5 Significant losses and gains in AGB stocks 

detected at the Sabaju and Sebungan Oil Palm 

Estates, Sarawak, Malaysia between 09/05/2008 and 

07/09/2017.  

 

5. SCANSAR DATA 

 

As described previously, a key focus of this grant was to 

test the utility of ScanSAR data, particularly in tropical 

wetland areas, to map swamp vegetation characteristics, 

peat degradation, and land use change.  

 

This has a lot of potential, but we are having issues with 

the data processing that are delaying this piece of work. 

We hope to conclude it in the next few months, and will 

update JAXA when we have firm results. Again, we 

expect this to result in at least two peer review 

publications.  
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1. INTRODUCTION

The original objective of the activity was to extent the 

Sonnblick monitoring program within the framework of 

Global Cryosphere Watch (GCW) by utilization of satellite 

data for cryosphere themes. There is especially a lack of 

studies with satellite data for the topic permafrost, as it is a 

subsurface phenomenon. Surface indicators can however 

aid modelling and long-term change studies [1]. 

  The Sonnblick observatory in Austria is one of the 36 

Global Cryosphere Watch CryoNet sites and received the 

status of an integrated site. Sonnblick Observatory is 

located in the Austrian Central Alps at an elevation of 3100 

m a.s.l. The Sonnblick Observatory was built in 1886 at the 

summit of Sonnblick Mountain, motivated from the need 

for information on meteorology in higher altitudes of the 

atmosphere. Today, Sonnblick is a station of 

interdisciplinary research covering the atmosphere, the 

cryosphere, the biosphere, the lithosphere, and the 

hydrosphere. 

So far, microwave remote sensing had not been applied 

within the Sonnblick monitoring scheme. Specific focus of 

a PhD project within the framework of the DK GIScience 

(Salzburg University) was on the identification of spatial 

and temporal patterns of thawing and refreezing, and its 

impact on snow, permafrost and glacier properties. The 

objective was to evaluate coarse resolution microwave 

satellite records (scatterometer, radiometer) which are 

commonly used for freeze/thaw detection with synthetic 

aperture radar data in complex terrain and heterogenous 

environments, including the Sonnblick region. 

A major challenge for this application is data 

availability as dense time series are needed to capture the 

freeze/thaw process. During the PI-activity further studies 

beyond the original proposal have been therefore made 

which are less demanding regarding repeat intervals and 

have potential to support permafrost related studies. They 

focused on comparisons of C-band and L-band in relation 

to water:  

(1) lake ice anomalies and

(2) coastal erosion in the Arctic.

Fully polarimetric data have been used in the first case and 

a combination of PALSAR- 1 and PALSAR-2 fine beam 

data in the second case to go back in time. 

2. IN SITU DATA COLLECTION FOR

FREEZE/THAW 

The area of interest for the original objective is the Hohe 

Tauern mountain region around Sonnblick (Figure 1). A 

network of temperature sensors was required for the 

research project. It has been established as planned in 

summer 2016. In total, 21 sensors have been deployed 

representing an altitudinal transect from 1731 m to 2720 m 

a.s.l. As the aim of the project was to combine SAR

information with coarser scatterometer data, a radius of

12.5 km has been considered. The distribution of the

sensors is shown in figure 2. The sites represent different

vegetation zones, starting in forested areas and the highest

one represents bare ground on the summit. Different

expositions were considered to investigate the influence of

orientation of the mountain slope towards the sensor on the

freeze/thaw detection.

Fig. 1: View of Sonnblick mountain slope which is 

represented by in situ measurements (Photo: H. 

Bergstedt 2017)  

Data has been read out first time in July 2017 and a 

second time in end of July 2018. Figure 3 shows all 

obtained records. The data are published open access on 

PANGAEA (see Appendix). There has been sensor failure 

in 32 % cases, but several continuous records are available. 

In addition, soil moisture has been recorded at all locations 

with a handheld probe. 

All sites which overlap with the processed ALOS-2 

acquisitions are listed in table 1. They represent almost one 

thousand meters in altitude range as well as different 
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vegetation zones. They start in the area of the treeline and 

include the summit zone.  
 

 

Fig. 2: Subset of ALOS-2 dataset (21.08.2015) and 

location of in situ records 

 

 

Fig. 3: In situ temperature datasets for all sites in the 

Sonnblick region and all years. The location of sites is 

shown in figure 2 & 4. The properties of sites used for 

initial comparison with ALOS 2 are listed in Table 1. 

Fig. 4: ALOS-2 dataset (30.09.2016) over the study 

area and location of in situ records 

 

Table 1: Description of in situ sites used for 

assessment of ALOS-2 records  

ID Elevation 

[m] 

Description Soil 

moisture 

[%] 

08.08.2018 

418 1852 Alpine meadow 

with shrubs and 

single spruce trees 

n.d. 

419 1880 Alpine meadow 

with shrubs and 

single spruce trees 

77 

420 2046 Alpine meadow 60 

426 2172 Alpine meadow, 

scattered rocks 

34 

425 2263 Alpine meadow, 

scattered rocks 

62 

423 2424 Alpine meadow, 

50% rocks, below 

rockwall 

31 

422 2602 Depression with 

95% rocks 

29 

421 2720 Summit with 

boulders, mostly 

bare ground 

61 

 
 

3. DATA ANALYSES TOWARDS FREEZE/THAW 

DETECTION 

 

Fine beam acquisitions available for 2015 and 2016 

have been preprocessed (calibration, orthorectification) 

and compared to in situ data. The 10 m national elevation 

model of Austria has been used for orthorectification. A 

filter window size of 5x5 has been applied. For the period 

of in situ data availability (2016), the frozen and unfrozen 

acquisitions have been available at opposing viewing 

directions only (Tab. 2). A further constrain is the limited 

spatial coverage of the 2016 acquisitions. Only a subset of 

the in situ data could be used (Fig. 4). 

 

Table 2: Description of used ALOS-2 fine beam 

acquisitions  

Type Date  Comments 

PALSAR-2 

ASC 21.08.2015 

Above 0°C across 

scene 

PALSAR-2 

ASC 02.10.2015 

Just below to around 

0°C at summit 

PALSAR-2 

ASC 30.09.2016 

Above 0°C across 

scene 

PALSAR-2 

DESC 31.10.2016 

Around 0°C at summit 

 

The analyses have been extended to Sentinel-1 C-band 

SAR data due to better data availability (several 

observations per week) and the comparability to C-band 
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scatterometer observations [5]. Metop ASCAT (advanced 

scatterometer) data have been obtained in addition in this 

case from the data repository of the European Organization 

for the Exploitation of Meterological Satellites 

(EUMESAT) which provides ASCAT backscatter data at 

C-band as part of the ASCAT soil moisture data product. 

 

4. RESULTS OF FREEZE/THAW TARGETED 

ANALYSES 

 

The impact of soil moisture during unfrozen conditions 

on the backscatter has been analyzed in a first step. 

Freeze/thaw detection capability is expected only at sites 

where there is an influence by available water in the soil. 

The gradient of vegetation and geomorphology among 

the in situ record locations is reflected in the HV and HH 

polarizations (Figure 5). The average backscatter 

difference between the acquisitions in August 2015 and 

2016 was about -0.5 dB what suggests similar conditions. 

The comparison of the 2018 in situ data of near surface soil 

moisture with the 2015 and 2016 backscatter also provides 

evidence of similar conditions from year to year (Figure 6). 

Low backscatter partially corresponds to low soil moisture 

and vica versa.  

Backscatter is lower for medium altitude sites which are 

partially covered by loose rocks (figure 5 and table 1). HV 

is more sensitive to this and backscatter drops already for 

sites which have only scattered rocks. Backscatter 

increases again towards the summit where soil moisture is 

also higher (although in patches) as well as rock coverage 

(but with low vegetation/soil coverage, mostly boulders). 

A time series analyses for frozen conditions was not 

possible as the orbit for the October 2016 acquisition is 

available at descending orbit and all other data at ascending 

orbit what is problematic for the very steep slopes in the 

area. A lower backscatter for mostly frozen conditions 

across the scene can be however observed for the wettest 

site (#419, Fig. 6, Tab. 1). As this is the lowest altitude site, 

wet snow could also play a role, but snow conditions at this 

site are unknown. 

 

 

 

Fig. 5:  Altitudinal relationship of backscatter at 

different polarizations (ascending acquisitions only, 

western part of study area which corresponds to north 

to east facing slope of Sonnblick mountain). 

 

 

Fig. 6: Comparison between ALOS-2 backscatter and 

in situ. Years differ, but moisture measurements 

reflect general moisture level at the sites for August 

and September. Temperatures have been slightly 

below 0°C in October 2016 (blue dots). 

 

 

4. DISCUSSION AND ADDITIONAL STUDIES 

 

This section briefly discusses the freeze/thaw targeted 

analysis and summarizes the additional studies on lake ice 

and coastal erosion in permafrost environments. 

 

4.1 FREEZE-THAW DETECTION 
 

The results confirm previous studies on suitability of the 

data to detect soil wetness differences and subsequently 

feasibility of freeze/thaw detection. The number of 

acquisitions available to describe the freeze/thaw process 

in such a complex topography are however too low. 

Sentinel-1 has been also investigated as an alternative and 

an algorithm to derive frozen fraction from Metop ASCAT 

could be successfully implemented using the collected in 

situ records [5]. A similar approach could be followed for 

L-band in the future in case of better data availability. 

 

4.1 LAKE ICE ANOMALIES 

 
Regions of anomalously low backscatter in C-band 

Synthetic Aperture Radar (SAR) imagery of lake ice in 

northwestern Siberia have been suggested to be caused by 

emissions of gas (methane from hydrocarbon reservoirs) 

through the lake's sediments. Holes of several meter 

diameter can be identified with very high resolution 

satellite data. The surroundings of these holes appear as 

backscatter anomalies in the SAR data extending beyond 
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the area of the holes themselves. The hypothesis was, that 

the structure below the ice/snow could be explained using 

polarimetric SAR analyses. One fully polarimetric 

PALSAR-2 acquisition is to date available for winter 

conditions of Lake Neyto. Our analyses of this L-band 

scene [6] suggests that the C-band backscatter anomalies 

might be caused by expanding cavities in the lake ice, 

formed by strong emissions of gas. 

 

4.3 COASTAL EROSION QUANTIFICATION 
 

We have investigated data acquired at three different 

wavelengths (X-, C-, L-band; TerraSAR-X, Sentinel-1, 

ALOS PALSAR 1/2) to quantify coastal erosion in 

permafrost regions [7]. Four regions across the Arctic 

which feature high erosion rates have been selected. 

Erosion rates have been derived for a 1-year period (2017–

2018, PALSAR 2) and in case of L-band also over 11 years 

(2007–2018, PALSAR 1/2). In total 12 PALSAR 1/2  

acquisitions have been analyzed. Increased recent erosion 

rates could be quantified what is in line with other studies 

and increasing ground temperatures [8,9]. Results indicate 

applicability of all wavelengths, but incidence angle 

dependencies need to be considered for discrimination of 

the land-water boundary in case of L- as well as C-band. 

However, L-band has the lowest sensitivity to wave action 

and relevant future missions are expected to be of value for 

coastal erosion monitoring. 

 

 

5. CONCLUSIONS 

 

There is potential for detailed characterization of the 

freeze/thaw process in complex terrain with L-band data 

but the full capability could not be demonstrated due to 

limited repeat intervals.  

Fully polarimetric L-band SAR data are of high value 

for characterization of lake ice anomalies with respect to 

monitoring of methane seeps. More such observations are 

however needed to fully clarify the mechanisms. 

L-band SAR has been shown to be of utility for coastal 

erosion monitoring in the Arctic, specifically the ALOS 

missions, as it is possible to go back in time with sufficient 

spatial resolution. 
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1. INTRODUCTION

DEM represents the topography of the Earth surface and is 
an important fundamental data to various applications. For 
example, highly accurate DEMs are prerequisite in 
prediction of geohazards, management of resource 
exploration and simulation of flood inundation. However, 
when using traditional surveying methods to measure 
topography, it is difficult to remove vegetation height at a 
large spatial extent. Synthetic Aperture Radar (SAR) 
systems work at “penetration observation” mode, which 
can penetrate into forest layer and record forest vertical 
structure. Furthermore, after combing interferometry 
(Interferometric SAR, InSAR), the SAR system is able to 
measure height.  
Compared to short-wavelength SAR (e.g., X-band or C-
band), L-band ALOS PALSAR can penetrate through the 
land coverage (e.g., dense vegetation, ice and snow, desert). 
And, it is able to acquire multi-polarization (dual- and 
quad-) SAR data which can increase the observation space 
of InSAR. In addition, a rather short time baseline of 
ALOS-2 (14 days) provides an opportunity for extracting 
interferograms with high quality. Based on these 
advantages, we had proposed a polarimetric SAR 
decomposition method using ALOS-2 PALSAR 
polarimetric data, which has a superior ability to describe 
the scattering process from vegetation; subsequently, we 
had studied the forest parameters inversion using multi-
baseline ALOS-2 PALSAR data, which includes forest 
height inversion and t growing stack estimation; finally, we 
estimated the sub-canopy topography by fusing the ALOS-
2 PALSAR coherence and external LiDAR altimetric data. 
And the obtained results in this project have been verified 
based on the external reference datasets. 
Based on the above researches, we fully exploit the multi-
polarization information provided by ALOS PALSAR data. 
After investigating how the identical atmospheric delay 
error phase can be expressed in different polarimetric 
interferograms, a new atmospheric correction method is 
proposed. In addition, we also verify the penetration depth 
of L-band SAR signals in desert areas. 

2. SCATTERING MECHANISMS WITH ALOS-2
PALSAR AND MODEL-BASED POLARIMETRIC

DECOMPOSITION [1] 

Model-based decomposition of polarimetric synthetic 
aperture radar (PolSAR) is a powerful technology that can 
be used to investigate the scattering mechanism of ground 
targets [2]. Among the model-based decomposition 
methods, the pioneering approach is Freeman–Durden 
decomposition, which describes the scattering processes of 
ground targets by three scattering mechanisms [3]. 
However, Freeman–Durden decomposition is based on the 
reflection symmetry assumption and can only account for 
five terms out of the nine polarimetric parameters in the 
coherency matrix T3. As a result, the obtained scattering 
mechanisms cannot match the ground truth well. To 
describe the polarimetric scattering information of the real 
part of T23 in the coherency matrix, we propose a new 
scattering model by combining the dihedral corner reflector 
scattering model and the polarimetric orientation angle 
(POA). The framework of the proposed model is 
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Then, the proposed method was validated by polarimetric 
synthetic aperture radar (SAR) data sets acquired by the 
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ALOS-2 PALSAR data. Fig. 1(a) displays the color-coded 
image of Pauli decomposition. As shown in Fig. 1(b), the 
red polygon, rectangle, and circle areas correspond to 
highly oriented buildings (~40°), moderately oriented 
buildings (~25°), and a forest area, respectively. One can 
observe from Fig. 1(c) that the ratio of cross-polarization 
HV power to the total power in the highly and moderately 
oriented building areas is as high as in the forest area, 
which makes it difficult to distinguish the building and 
forest areas. Fig. 2 shows the color-coded images of the 
decomposition results derived by GMD [4], 6SD [5], 7SD 
[6], and the proposed method. The results show that, 
compared with the existing decomposition methods, the 
proposed method has a superior ability to distinguish 
oriented buildings from vegetation. 

 
Fig. 1 ALOS-2/PALSAR-2 PolSAR data acquired over 
San Francisco, USA. (a) Pauli color-coded image (red: 

2 / 2HH VVS S− ; green: 22 HVS ; blue: 2 / 2HH VVS S+ ). (b) 
Polarimetric orientation angle. (c) The ratio of cross-
polarization HV power to total power. 

 
Fig. 2. Results for the ALOS-2/PALSAR-2 SAR data 
acquired over San Francisco, USA. (a)–(d) 
Decomposition results of GMD, 6SD, 7SD, and the 
proposed method (red: double-bounce Pd and rotated 
dihedral scattering Prid [mixed dipole scattering Pmd]; 
green: volume scattering Pv; blue: surface scattering 
Ps). 

3. FOREST PARAMETERS INVERSION USING 
ALOS-2 PALSAR POLARIMTERIC DATA 

3.1 Inversion of forest height based on ALOS-2 
PALSAR multi-baseline polarimetric SAR 
interferometry data [7] 

It is difficult to invert forest parameters from multi-
polarimetric (dual- or quad-) ALOS PALSAR data due to 
the effects of long revisit period, insufficient observation 
information and short interference baseline, etc. [9]. To 
solve this problem, we proposed a new method for 
extracting forest height from ALOS-2 PALSAR multi-
baseline PolInSAR data. Firstly, the Maximum Coherence 
Difference (MCD) algorithm is introduced to select the 
polarization which is sensitive to volume scattering. Then, 
with the aid of a small amount of externally reference forest 
height data, the coherence amplitude is used to solve the 
temporal decorrelation semi-empirical scattering model. In 
addition, multi-baseline data are further used to increase 
the diversity of observation geometry and improve the 
reliability of the inversion results. The new method was 
tested by three pairs of quad-polarimetric ALOS-2 
PALSAR data covered Huangfengqiao Forestry Center in 
Hnnan, China (Fig. 3). The result show that the inversion 
accuracy can be improved by at least of 40%, with 
RMSE=2.05 m. 

 
Fig. 3 (a) Inversion result by the fusion of multi-baseline, 
(b) Scatterplots comparison between fusion inversion 
result and reference data in situ. 

3.2 Forest growing stock volume estimation using 
ALOS-2 PALSAR data [8] 

Forest carbon stocks are essential to our understanding of 
global climate change, and can be represented through 
extracting forest parameters [10]. The forest growing stock 
volume (GSV) is a key parameter in the context of forest 
management and monitoring. In this project, we estimated 
the forest GSV from advanced land observing satellite-2 
(ALOS-2) phased array-type L-band synthetic aperture 
radar (PALSAR-2) full polarimetric SAR data based on 
ground truth data collected in Youxian County, Central 
China in 2016. An integrated three-stage (polarization 
orientation angle, POA [11]; effective scattering area, ESA 
[12]; and angular variation effect, AVE [13]) correction 
method was used to reduce the negative impact of 
topography on the backscatter coefficient [14]. Finally, we 
established a multi-variable model for the GSV estimation, 
which produced a better inversion result (Fig. 4), with a 
root mean square error (RMSE) of 70.965 m 3/ha and was 
improved by 22.08% in comparison to the single-variable 
models. The study expands the application potential of 
PolSAR data in complex topographic areas; thus, it is 
helpful and valuable for the estimation of large-scale forest 
parameters. 206



 
Fig. 4 Forest GSV estimation results of the whole study 
area. 

4. SUB-CANOPY TOPOGRAPHY ESTIMATION IN 
THR FOREST AREA [15] 

 
Fig. 5 (a) Original TanDEM-X DEM; (b) Scatterplot 
comparison between the original TanDEM-X DEM and 
the GEDI ground surface elevation; (c) Sub-canopy 
topography; (d) Scatterplot comparison between the 
sub-canopy topography and the GEDI ground surface 
elevation. 

Sub-canopy topography (SCT) describing the shape of 
“bare-earth” plays an important role in various applications, 
such as hazard monitoring, flooding prediction, resource 
management [16-18]. The TanDEM-X DEM (completed in 
September 2016) was acquired by the bistatic InSAR 
system TerraSAR-X/TanDEM-X with X-band, and it has 
high accuracy and good global consistency [19-20]. 
However, it cannot reflect the sub-canopy topography 
because the X-band SAR signal has poor penetration in the 
forest layer, resulting in the TerraSAR-X/TanDEM-X 
InSAR(TSX/TDXI) phase center not being able to reach 
the ground surface. To solve this problem, a spaceborne 
repeat-pass InSAR coherent scattering model is first used 
to estimate the forest height by the ALOS-2 PARSAR 
InSAR coherence (APIC), taking the GEDI canopy height 
as the reference. Then, a linear regression model of the 
TanDEM-X DEM Vegetation Bias (TDVB) depending on 

the forest height and the fraction of vegetation cover (FVC) 
is established and used to estimate the sub-canopy 
topography. Finally, the proposed method was tested by the 
TanDEM-X DEM and ALOS-2 PALSAR data acquired 
over the Amazon rainforest and a boreal forest in Canada. 
Fig. 5 shows the sub-canopy topography results in the 
Amazon rainforest area. It is clear that the proposed 
method can extract the sub-canopy topography with an 
RMSE of 4.0 m and improve the TanDEM-X DEM 
accuracy by 75.7%. 

5. HIGH ACCURACY TOPOGRAPHIC MAPPING 
WITH DUAL-POLARIZATION ALOS-1 PALSAR 

Atmospheric effect is one of the major error sources for 
InSAR, particularly for the repeat-pass InSAR data [1]. In 
order to further improve the practicability of InSAR 
technology, it is essential to study how to estimate and 
eliminate the atmospheric effects. 

5.1. A tropospheric delay error correction method by 
correlation analysis between dual-polarization InSAR 
data based on wavelet decomposition [21] 

The main idea of this method is that the tropospheric delay 
is independent on polarization. As a result, the 
interferograms in different polarizations have identical 
tropospheric delay error phase. Thus, after investigating 
how the identical tropospheric delay error phase can be 
expressed in different polarimetric interferograms, by 
performing differential interferometry with different 
external DEM data, the tropospheric delay error phase is 
the unique identical phase component in different 
polarimetric interferograms.  

1 1 1

2 2 2

P P P
diff topo atom noise

P P P
diff topo atom noise

ε

ε

φ φ φ φ

φ φ φ φ

= + +

= + +
           (3) 

To identify the identical tropospheric delay error phase, we 
used the wavelet decomposition-based correlation analysis 
[22]. More detail information about this method can refer 
to Appendix 7. We tested this method by ALOS-1 
PALSAR data acquired over South California, USA, and 
Qilian Mountain, China. The differential interferograms 
(D-Infs) before the tropospheric delay error phase 
correction are shown in Fig. 6. It can be seen that the 
residual D-Infs contain obvious tropospheric delay error 
phase signals. The corrected HH and HV D-Infs were 
shown in Fig. 7. It is clear that after applying the proposed 
method, the noticeable positive signals in the top and 
bottom parts of the D-Infs and the negative signals in the 
middle parts of the D-Infs are largely removed. Finally, 
The RMSE of the DEM (Fig. 8) is reduced by 34.7% (7.86 
m) after the tropospheric delay error phase removal. 

 
Fig. 6 Original (a) HH and (b) HV D-Infs; (c) the 
difference of map between the HV and HH D-Infs. 
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Fig. 7 (a) HH and (b) HV D-Infs corrected by the 
proposed method, respectively. (c) Difference map 
between the corrected HV and HH D-Infs. 

 
Fig. 8 (a) DEM estimated with the corrected 
interferogram. (b) DEM error after correction. (c) 
Histograms of the differences between the DEMs 
generated with and without ATP correction and the 
SRTM DEM. 

5.2. A multi-resolution weighted correlation analysis 
(MRWCA) method between the dual-polarization 
InSAR data [23] 

This method can be used to estimate and correct 
atmospheric effects for ALOS PALSAR topographic 
mapping, which introduces the weighted indictor to 
improve the accuracy of the tropospheric delay error phase 
estimation. Finally, we tested the proposed method by the 
dual-polarimetric ALOS-1 PALSAR data located in San 
Francisco, USA. The original and corrected D-Infs were 
shown in Fig. 9 and Fig. 10, respectively. Finally, to assess 
the accuracy of the proposed method, we selected ICESat 
altimetric data as reference to evaluate the DEM accuracy. 
Compared to the exist method [24], the proposed method 
can generate a better DEM result (Fig. 11) with 
RMSE=7.79m, which was improved by 40.5%. 

 
Fig. 9 Original (a) HH and (b) HV D-Infs; (c) the 
difference of map between the HV and HH D-Infs. 

 
Fig. 10 (a) HH and (b) HV D-Infs corrected by the 
proposed method, respectively. (c) Difference map 
between the corrected HV and HH D-Infs. 

 
Fig. 11 Historgrams of the elevation difference between 
the ICESat data and the InSAR-derived DEMs 
generated without atmospheric correction, with 
Shirzaei’s atmospheric correction and MRWCA 
atmospheric correction, respectively. 

5.3. A framework for correcting the tropospheric delay 
error of using dual-polarization InSAR and considering 
the influence of ionospheric delay [24] 

For low-frequency SAR systems (e.g., L-band, P-band), 
the ionospheric delay error phase is another important error 
source besides tropospheric delay error [25]. Furthermore, 
compared to the tropospheric delay error phase, 
ionospheric error phase is dependent on polarization. As a 
result, it is difficult to distinguish and correct the 
ionospheric artifacts and tropospheric effects based on the 
spatial characteristics of the interferometric phases, and 
even the orbit error phases cannot be corrected effectively. 
Thus, we proposed a new method to correct the 
atmospheric effects, including tropospheric and 
ionospheric delay error phases, which adopts the range split 
spectrum and the MRWCA method to correct the 
ionospheric and tropospheric effects, respectively. Finally, 
this method was tested using ALOS-1 PALSAR data 
acquired over Hawaii, U.S.A. Fig. 12 shows the D-Infs 
before and after ionospheric error correction. It is clear that 
the long-wavelength error phase, which is attributed to the 
ionospheric effects, can be removed by the RSS method. 
Then, the MRWCA method was used to reduce the 
influence of the tropospheric delay error phase, and the 
corrected D-Infs are shown in Fig. 13. Finally, we generate 
the InSAR DEM with the corrected HH interferograms, 
and using high-precision TanDEM-X as reference to assess 
the proposed method, while the corresponding result is 
shown in Fig. 14. The accuracy of the derived DEMs can 
be improved by 64.9% for Hawaii study area. 

 
Fig. 12 (a) and (b) are the initial D-Infs of the HH and HV 
polarizations, while (c) and (d) are the D-Infs after 
ionospheric correction by the range split-spectrum method. 
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Fig. 13 The unwrapped D-Infs of the HH and HV 
polarizations: (a) and (b) with correction of both the 
ionospheric and orbital errors; and (c) and (d) with the 
proposed correction method. 

 
Fig. 14 (a) The InSAR DEM generated by the corrected 
HH-polarization interferogram. (b) InSAR DEM with 
ionospheric and atmospheric correction minus the 
TanDEM-X DEM. (c) Histograms of the elevation 
difference between the InSAR-derived DEMs and the 
TanDEM-X DEM.  

6. INVERSION OF PENETRATION DEPTH IN 
DESERT AREA USING ALOS PALSAR DATA [26] 

The potential of InSAR for subsurface height estimation 
has been recognized; however, this method is greatly 
limited by the data sources and the various errors 
encountered in a highly dynamic environment such as a 
desert. In this project, a coherence scattering model based 
on the volume coherence and imaging geometry of the 
InSAR acquisitions is proposed to retrieve the penetration 
depth of the L-band SAR signals in desert area, while a 
specific expression of the penetration depth for an 
infinitely deep volume is given as follows: 

2

_

1
pen

z vol

d
k
γ − −

=                               (4) 

Although this coherence scattering model is based on the 
assumption of an infinitely deep volume, it is also suitable 
for a volume layer that is twice the thickness of the 
penetration depth of the SAR signal [27]. Finally, the 
proposed method was tested with the ALOS-1 PALSAR 
data with 46d temporal baseline over a desert area in 
southeast Libya. Fig. 15 shows the SAR intensity image, 
dielectric constant, kz in the air and kz_vol in the sand, 
respectively.  Fig. 16 shows the coherence map and the 
inversed penetration depth. The obtain result shows that 
penetration depth of the L-band SAR in this selected study 
area is 2.98 m, while the standard deviation is 1.06 m. 

 
Fig. 15 (a) SAR intensity image, (b) dielectric constant 
map, (c) kz in the air and (d) kz_vol in the sand. 

 
Fig. 16 (a) Coherence map. (b) Inverted penetration 
depth. (c) Histogram of the penetration depth.  

7. CONCLUSIONS 

In recent years, ALOS-1 and -2 PALSAR data have been 
widely used to topographic mapping, surface deformation 
monitoring and forest height inversion. For repeat-pass 
InSAR, atmospheric delay is one of important error sources 
for topographic mapping. In this project, we propose a new 
scattering model by combining the dihedral corner reflector 
scattering model and the polarimetric orientation angle 
(POA). The proposed decomposition model was tested 
with ALOS-2 PALSAR data acquired over San Francisco, 
USA. The results demonstrated that the proposed 
decomposition model shows superior performance in the 
identification of scattering mechanisms. 
Besides, for the inversion of forest height, quad-
polarimetric ALOS-2 PALSAR data can provide sufficient 
observations for forest height inversion with scattering 
model. However, due to the limitation of long revisit period, 
short spatial baseline, the accuracy of forest height 
estimation is limited. In this project, we proposed a new 
forest height inversion algorithm, which can reduce the 
effect of temporal decorrelation on forest height inversion. 
Moreover, by fusing ALOS-2 PASAR coherence and 
external LiDAR, we have proposed a new way to correct 
the TanDEM-X DEM height bias caused by the forest 
signals, which not only improves the accuracy of 
TanDEM-X DEM, but provides an effective method to 
estimate the sub-canopy topography in forest area. 
Finally, we further explored the application scope of ALOS 
PALSAR data. In one hand, by analyzing the multi-
polarimetric phases provided by ALOS PALSAR data and 
investigating how the identical tropospheric delay error 
phase can be expressed in different polarimetric 
interferograms, a new atmospheric correction method is 
proposed. This method only adopts the information 
recording in multi-polarimetric (dual- or qua-) ALOS 
PALSAR interferograms. Compared with the traditional 
method, it reduces the dependence on the external 
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information or water vapor files. In the other hand, we 
verify the penetration of L-band in desert areas. The obtain 
result shows that penetration depth of the L-band SAR 
signals in the selected study area is about 2.98 m, while the 
standard deviation is 1.06 m. 
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1. INTRODUCTION

Highly detailed and accurate forest maps are important 
for various applications including forest monitoring, 
forestry policy, climate change, and biodiversity loss. This 
study demonstrates a comprehensive and geographically 
transferable approach to produce a 12 category high-
resolution land use/land cover (LULC) map over mainland 
Vietnam in 2016 by remote sensing data. The map included 
several natural forest categories (evergreen broadleaf, 
deciduous (mostly deciduous broadleaf), and coniferous 
(mostly evergreen coniferous)) and one category 
representing all popular Plantation forests in Vietnam such 
as acacia (Acacia mangium, Acacia auriculiformis, Acacia 
hybrid), eucalyptus (Eucalyptus globulus), rubber (Hevea 
brasiliensis), and others. 

2. OBJECTIVE
    The goal was to produce a high-resolution LULC map 
that distinguishes natural forests and plantation forests 
(acacia, eucalyptus, rubber, and others) across different 
geographic regions in mainland Vietnam in 2016 using 
remote sensing data.  

3. MATERIALS AND METHODS
    The approach combined the advantages of various 
sensor data by integrating their posterior probabilities 
resulting from applying a probabilistic classifier 
(comprised of kernel density estimation and Bayesian 
inference) to each datum individually.  

4. RESULTS
    By using different synthetic aperture radar (SAR) 
images (PALSAR-2/ScanSAR, PALSAR-2 mosaic, 
Sentinel-1), optical images (Sentinel-2, Landsat-8) and 
topography data (AW3D30), the resultant map achieved 
85.6% for the overall accuracy. The major forest classes 
including evergreen broadleaf forests and plantation forests 

had a user’s accuracy and producer’s accuracy ranging 
from 86.0% to 95.3%. Our map identified 9.55 x 106 ha 
(±0.16 x 106 ha) of natural forests and 3.89 x 106 ha (±0.11 
x 106 ha) of plantation forests over mainland Vietnam, 
which were close to the Vietnamese government’s 
statistics (with differences of less than 8%). 

5. CONCLUSIONS
    This study confirmed the feasibility of producing highly 
detailed and accurate forest type maps in the forthcoming 
big data era of Earth observation. There is also a further 
need to reproduce the resultant map in historical periods to 
have spatially explicit insights into the constraints of 
plantation forest dynamics with specific socio-economic 
and policy backgrounds in Vietnam. 

6. APPENDIX
    Thanh Tung Hoang, Van Thinh Truong, Masato 
Hayashi, Takeo Tadono and Kenlo Nishida Nasahara, 
New JAXA High-Resolution Land Use/Land Cover Map 
for Vietnam Aiming for Natural Forest and Plantation 
Forest Monitoring, Remote Sensing 2020, 12, 2707; 
doi:10.3390/rs12172707 
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ABSTRACT 

With support from JAXA under the sixth Research 

Announcement (RA-6) for ALOS-2, the proposed study of 

crop mapping using ALOS-2 polarimetric data was 

performed. This report summarizes our investigations on 

the use of ALOS-2 multi-temporal polarimetric data for 

dryland crop type classification in Australian 

environments. Quantitative discriminant analysis of single-

date and multi-date ALOS-2 polarimetric data for crop type 

classification demonstrate the value of L-band ALOS-2 

polarimetric data for agriculture applications. 

1. INTRODUCTION

Satellite monitoring offers an important tool for assessing 

the state and change of agricultural areas, including the 

response to natural and management events. Synthetic 

aperture radar provides all weather observations, which 

have increased importance for cloud affected areas of the 

globe including the tropics. Investigation of new methods 

for precise crops status monitoring and yield estimate is 

important. Radar remote sensing plays a significant role in 

precision agriculture monitoring in seasonally cloud-

affected areas that assists community with information 

around food security and farming issues. The remote 

identification and monitoring of agricultural crop growth 

and early estimates of crop types and potential yield could 

help improve on the more commonly used time-intensive 

field-based estimates. Both SAR and optical remote 

sensing technologies show multi-temporal variations 

during the growing season of both dryland and irrigated 

crops. 

Grain production, in particular wheat, is the most important 

contributor to broadacre farming profits in Australia. 

Wheatbelt farms are often the focus of attention for 

investors in the Australian agricultural sector  

2. TEST SITES AND DATA COVERAGE

2.1 Test Sites 

As the largest country in the world without land borders, 

climatic conditions across Australia vary widely across the 

continent. The desert and semi-arid central land mass 

makes Australia the driest continent on earth measured on 

an average rainfall per unit of area basis. By contrast, the 

northern part of the country has a tropical climate, varied 

between rainforests and grasslands. Most of Australia’s 

agriculture, in particular its grain production, is confined to 

a relatively narrow band of land to the east, south east and 

south west of the country with a temperate or 

Mediterranean climate, sufficient rainfall and more fertile 

soils. This area, known as the Wheatbelt (also sometimes 

referred to as the Grainbelt), covers approximately 6% of 

Australia’s total land area of 7.7 million square kilometres 

(Figure 1) [1, 2]. However, because Australia is such a 

large country (about 76% the land area of the United 

States), at 46 million hectares the Wheatbelt is a relatively 

large grain growing region.  

The first test site is the Buloke wheatbelt region in the 

Australian state of Victoria, located in the western part of 

the state, about 300 km north-west of Melbourne. The 

location of the site is depicted in Figure 1, where the blue 

box is a footprint of ALOS-2 data used for this study. In 

the meantime, in-situ ground data collection was carried 

out by CSIRO Agriculture and Food Business Unit through 

the field trips.  

Fig. 1 Wheatbelts in Australia (left) and locations of 
two test sites with ALOS-2 scene footprints: Esperance 

WA (top right) and Birchip in Victoria (low right) 

The second study area (depicted at the top right of Figure 

1) is farmland located near the town of Esperance, in the

south-west of Western Australia, where the green patch is

the scene footprint of ALOS-2 acquisitions. Esperance has

a warm, dry, Mediterranean climate, with five to six

relatively dry months in the summer and autumn periods.

Land cover types include grassland, forest, and farmland.
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Rain fed oilseeds and cereals including canola, wheat and 

barley are the predominant crops in the study area. In-situ 

ground data with crop type information were collected on 

11-13 September 2019 with support from Department of 

Primary Industries and Regional Development, Western 

Australia. 

 

2.2 Landsat-8 Coverage in 2016 Growing Season 

Wheat is the major winter crop grown in Australia with 

sowing starting in autumn and harvesting, depending on 

seasonal conditions, occurring in spring and summer. 

There were 13 images of Landsat-8 acquired over the first 

testing site for the 2016 growing season from April to 

October 2016. From the table below, one can observe there 

was only 1 image with cloud cover less than 10% but it was 

acquired in April, too early to discriminate crops. Within 

the better crop discrimination period (green colour filled), 

there is not any useful image due to large cloud cover. 

 

Table 1 Landsat-8 Coverage for the First Testing Site 
in 2016 Growing Season 

Acquisition Date Could Cover  Note 

2016 Apr 07 40%   

2016 Apr 23 10% Too early, not useful 

2016 May 09 50%   

2016 May 25 >50%   

2016 Jun 10 >50%   

2016 Jun 26 >50%   

2016 Jul 12 >50%   

2016 Jul 28 >50%   

2016 Aug 13 >50%   

2016 Aug 29 40%   

2016 Sep 14 >50%   

2016 Sep 30 >50%   

2016 Oct 16 >50%   

 

2.3 ALOS-2 Data Availabilities 

Due to frequent cloud cover, radar data is advantageous for 

crop mapping and monitoring in this region. At the same 

time, ALOS-2 has had 5 captures with different imaging 

modes over the testing site (Table 2). Because there were 

two in-season observations, we mainly looked at the fine 

Stripmap images acquired on 10 July and 18 September 

2016 with full coverage of the testing site in Birchip 

Victoria respectively. We also ordered three consequent 

quad-pol images acquired in Esperance WA on 1, 15 and 

29 September 2019 during the growing season for the 

second testing site In Esperance WA. 

 

 

 

 

 

 

 

Table 2 ALOS-2 Data Coverage for the First Testing 
Site in 2016 Growing Season 

Acquisition Date and 

Frame 

Image Mode Orbit Polarisation 

ALOS2104756460-

160501 

Stripmap High-

sensitive 

Ascending Quad-pol 

ALOS2109554350-

160603 

Stripmap Fine 

Beam 

Descendin

g 

HH+HV 

ALOS2113776460-

160701 

Stripmap Fine 

Beam 

Ascending HH+HV 

ALOS2115106460-

160710 

Stripmap Fine 

Beam 

Ascending HH+HV 

ALOS2125456460-

160918 

Stripmap Fine 

Beam 

Ascending HH+HV 

 

 

3. DATA PRE-PROCESSING AND 
POLARIMETRIC ANALYSIS 

3.1 Dual-pol Eigenvector-based Decomposition 

On the occasion of SLC PolSAR data, we consider toutilise 

the phase information in addition to intensity of the radar 

image. The availability of high quality ALOS-2 dual-pol 

data allows the use of the dual polarisation Entropy/alpha 

decomposition to provide additional scattering information 

for crops. The Entropy/alpha decomposition algorithm was 

originally developed to simplify the multi-parameter 

depolarisation issues using statistical method for quad-pol 

radar backscatter [3]. It can also be applied to the simpler 

case of dual polarisation [4]. In this latter scenario the radar 

transmits only a single polarisation and receives, either 

coherently or incoherently, two orthogonal components of 

the scattered signal. This corresponds (in the coherent case) 

to a measurement of the full state of polarisation of the 

scattered signal for fixed illumination. The current space-

borne SAR sensors, like ALOS-2, Cosmo-Skymed, 

TerraSAR-X, RADARSAT-2 and Senitnel-1 all provide at 

least a “partial polarimetric mode”, acquiring only 2 of the 

4 elements of the Sinclair matrix, for example, HH and HV 

or VV and VH. The ALOS-2 sensor has a fully coherent-

on-receive mode, providing the potential to investigate the 

development and application of a dual-polarised 

Entropy/alpha technique that can be used to take advantage 

of such coherent dual polarised systems [5, 6]. These radars 

can be used to estimate the 2x2 wave coherency matrix [4]: 
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Using the standard interpretation of normalised 

eigenvalues   of [J] as probabilities, together with the fact 

that in 2x2 problems the second eigenvector can be derived 

from the principal eigenvector using orthogonality, we 

obtain an Entropy/alpha parameterisation of the wave 

coherency matrix [J] as shown in Equations (3) and (4).  
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where ܽଶ  and ܪଶ  are defined as the scattering angle and 

Entropy for the dual-polarised case. 

Early study [7] has shown that polarimetric analysis of C-

band radar data provides better crop discrimination when 

compared to using radar backscatters, further leading to 

improving accuracy of crop classification. 

 

3.2 ALOS-2 SLC Data Pre-processing Steps 

The following pre-processing steps are implemented to 

ALOS-2 dual-pol SLC data for intensity products 

 Import 

 Radiometric Calibration 

 Terrain Flattening  

 Multi-looking 

 Terrain Correction 

 Multi-temporal Filtering 

 Co-registration 

 Output  

Therefore, the pre-processed intensity images and 

composite images are shown in Figure 2. 

 

3.3 ALOS-2 SLC Dual-pol Data Polarimetric Analysing 
Steps 

The following pre-processing steps are implemented to 

ALOS-2 dual-pol SLC data for decomposition products 

 Import 

 Radiometric Calibration 

 Polarimetric Speckle Filtering  

 Dual-pol Entropy/alpha Decomposition 

 Terrain Correction 

 Co-registration 

 Output 

The composite images of decomposition products, i.e., 

Entropy, Anisotropy and scattering angle alpha for data 

acquired on 10 July and 18 September 2016 are shown in 

Figure 3.  Distributions of Entropy and alpha for both dates 

are shown in Figure 4. Difference of scattering features are 

observed. Both Entropy and alpha angles are increasing 

due to the growth of crop plants from July to September, 

where scattering mechanisms changed from surface 

scattering towards volume scattering, and from single 

bounce towards the dipole scattering. 

 

 

 

 

 

 

 

 

Fig. 2 ALOS-2 intensity images in dB: HH-20160710 
(top left), HH-20160918 (top right), HV-20160710 
(middle left) and HV-20160918 (middle right) and 

composite images in dB: HH-20160710 /HV-20160710 
/HV-20160710 in RGB (bottom left), and HH-

20160918/HV-20160710/HV-20160918 in RGB (bottom 
right) 

 

 

Fig. 3 ALOS-2 composite images of decomposition 
products: Entropy-20160710/Anisotropy-

20160710/alpha-20160710 in RGB (left), and Entropy-
20160918/Anisotropy-20160710/alpha-20160918 in 

RGB (right) 
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Fig. 4 Distributions of Entropy-20170710 (top left), 
alpha-20160710 (top right), Entropy-20160918 

(bottom left) and alpha-20160918 (bottom right) 

 

 

4. CROPLAND CLASSIFICATIONS 
 

4.1 Creation of Data Stacks 

Pre-processed ALOS-2 intensity images and 

decomposition products for 10 July and 18 September 2016 

3 were selected for further analysis. Various combinations 

of intensity, decomposition and date were created after 

image co-registration, e.g., single date HH+HV, single date 

HH+HV+H+A+a, dual-date HH+HV and dual-date 

HH+HV+H+A+a, where H indicates Entropy, A for 

Anisotropy and a for polarimetric scattering angle alpha.   

 

4.2 Random Forest Classifier 

The Random Forest Classifier [8] is a widely used machine 

learning approach, which focuses on model prediction, 

based on known properties learned from the training data. 

It is an ensemble classifier that consists of many decision 

trees and outputs the class that is the mode of the class's 

output by individual trees. It has these features:   

 Build a larger number of decision trees (base 

learners) 

 Reduce error correlation between classifiers 

 Using a random selection of features to split on at 

each node 

Random Forest is a robust tool, which is easy to build and 

faster to predict. It has been widely used for time series of 

remote sensing data processing. A typical flow chart of 

Random Forest Classifier [9] is shown in Figure 5.  

 

 

4.3 Crop Type Classification Maps 

Based on crop type information collected from the 

paddocks through the field trip, a set of polygons with 174 

training samples has been prepared. There are about 5 -15 

polygons for each crop type and each polygon covers an 

area from approx. 10 to 60 hectares depending on the size 

of paddocks. Distribution of training samples for the first 

test site in Birchip, Victoria is shown in Figure 6.  

Fig. 5 Random Forest Classifier Flow Chart 
 

 

 

Fig. 6 Polygons (in blue) of 174 training samples on 
top of an ALOS-2 HV image in Birchip Victoria 

 

An implementation of the Random Forest Classifier in the 

R language was applied to four data stacks respectively. 

The resulting crop type classification maps are displayed in 

Figure 7. Three close-up crop maps are displayed in Figure 

8. Consistency of labels within major paddocks varies for 

the different combinations of data including classification 

using single date intensity, single date 

intensity+decomposition products, and dual-date 

intensity+decomposition products. Visually, one can 

observe the backscatters give some limited information for 

crop types but with improved classification spatial 

consistency when adding decomposition products. Similar 
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crop maps are derived from single date intensity + 

decomposition products but better classification 

consistency from image acquired on 18 September 

compared to data acquired on 10 July because of more 

distinct crop plants in September than in July. Consistency 

of crop map for combination of dual-date data is higher. 

The bottom right maps give the clearer crop identifications 

and paddock separations when using all intensity and phase 

information acquired from two separated dates. However, 

one still can find there are some misclassified areas in these 

maps. It shows that polarimetric analysis of ALOS-2 dual-

pol data contribute more significantly to the classification. 

However, validation is not sufficient due to limited ground 

truth data.  

 

 

 

Fig. 7 Crop Maps (89.7 x 87.2 sqkm) in Buloke, 
Victoria using: single date 20160710 HH+HV (top 
left), single date 20160710 HH+HV+H+a+A (top 

right), single date 20160918 HH+HV+H+a+A (bottom 
left) and two-date 20160710+20160918 

HH+HV+H+a+A (bottom right) 

 

 

 

Fig. 8 Close-up: Crop Maps (5.1 x 5.0 sqkm) around 
Birchip, Victoria using: single date 20160710 HH+HV 
(top left), single date 20160710 HH+HV+H+a+A (top 
right), single date 20160918 HH+HV+H+a+A (bottom 

left) and two-date 20160710+20160918 
HH+HV+H+a+A (bottom right) 

 

4.4 Crop Class Separation Assessment by Canonical 
Variate Analysis 

Canonical analysis is a commonly used multivariate 

technique which is dealt with determining the relationships 

between groups of variables in a data set [10]. Discriminant 

analysis by means of canonical variate analysis (CVA) was 

carried out for the pre-processed ALOS-2 data stack and 

training data. CVA finds the linear combinations of the 

original variables or image bands that maximise the 

between class separation whilst minimizing the within 

class variances. 

Table 3 presents the variable selection results. Separation 

scores are derived from canonical vectors for various band 

combinations. The larger separation score indicates better 

discrimination. Compared to using all data, combining 

intensity and decomposition parameters for the second date 

provides 59.4% separation and the first date 45.1% 

separation in Table 4. The two-date H+A+a combination 

yields 78.4% separation compared with using all variables. 

In contrast, backscatters only yield 24.7% separation. 

Table 3 Variable Selection Analyse Results in Birchip 
VIC: Crop Discrimination - Separation Score Derived 

by Various Combinations of Image Bands 

Date 
Separation Score 

HH+HV H+A+a HH+HV+H+A+a 

20160710 1.049 5.002 5.734 

20160918 1.963 5.755 7.547 

20160710+0918 3.136 9.971 12.115 

Table 4 Variable Selection Analyse Results in Birchip 
VIC: Crop Separation as a Percentage of the Total 

Discrimination Achievable using All Data 
Simultaneously 

Date 
Percentage Discrimination % 

HH+HV H+A+a HH+HV+H+A+a 

20160710 8.3 39.4 45.1 

20160918 15.4 45.1 59.4 

20160710+0918 24.7 78.4 100 

 

This result provided quantitative information related to the 

complementarity of Eigen-based decomposition of ALOS-

2 dual-pol data for crop classification. It shows clear 

evidence how prolarimetric analysis of ALOS-2 dual-pol 

imagery to improve crop type classification 

 

4.5 Multi-temporal ALOS-2 Quad-Pol Data for Crop 
Type Classification in Esperance WA 

Similar processing and analysis have been implemented to 

quad-polarisation ALOS-2 data acquired in Esperance WA 

in September 2019. In this case, 205 polygons of crop type 

samples were used as training data for the Random Forest 

classification. Crop type classification maps are shown in 

Figure 9, which represent the single date 20190929 

HH+HV+VV (top left), single date 20190929 

HH+HV+VV+H+a+A (top right), three dates 

20100901+20190915+20190929 backscatters (low left), 

and three dates 20100901+20190915+20190929 217



backscatters+H+a+A, respectively. The close-up crop 

maps are shown in Figure 10.  

 

 

Fig. 9 Crop Maps derived from single date 20190929 
HH+HV+VV (top left), single date 20190929 
HH+HV+VV+H+a+A (top right), three dates 

20100901+20190915+20190929 backscatters (low left), 
three dates 20100901+20190915+20190929 

backscatters+H+a+A (low right) 

 

 

Fig. 10 Close-up: Crop Maps (approx. 12.9km x 
12.6km) derived from single date 20190929 HH+HV-

VV (top left), single date 20190929 HH+HV-
VV+H+a+A (top right), three dates backscatters (low 

left), three dates backscatters+H+a+A (low right) 

Quantitative analysis results are shown in Table 5, where 

crop separation as a percentage of the total discrimination 

achievable using all data simultaneously. From Figures 9 

and 10, combining intensity and decomposition 

parameters, one can visually observe qualitatively 

improved crop classification as spectral separation 

increases from 30%~60% to 70%~90% by single data 

backscatters, single date backscatters + polarimetric 

decomposition products, three date backscatters and three 

date backscatters + polarimetric decomposition products 

for most of crop types.  It has also demonstrated the multi-

temporal ALOS-2 polarimetric data have improved the 

crop type discrimination when combining the radar 

backscatters and polarimetric analysis products. 

Table 5 Variable Selection Analyse Results in 
Esperance WA: Crop Separation as a Percentage of 
the Total Discrimination Achievable using All Data 

Simultaneously 

Crop Type 
Single Date  

Backscatters 

Single Date  
Backscatters 

+Decomp 

Three Dates  

Backscatters 

Three Dates  
Backscatters 

+Decomp 

Canola 51.0% 61.8% 83.0% 87.8% 

Wheat 49.5% 67.4% 66.7% 79.9% 

Legume 96.7% 99.8% 99.5% 99.9% 

Barley 31.4% 52.6% 64.7% 73.2% 

Oats 30.8% 46.4% 59.5% 69.8% 

Bare 40.4% 53.0% 69.5% 78.8% 

Tree/Veg 59.9% 65.8% 85.3% 89.2% 

 

 

 

5. SUMMARY 
 

Trial investigations of ALOS-2 dual-pol and multi-

temporal quad-pol ALOS-2 data for dryland wheat crops 

monitoring were carried out. Workflows from SAR data 

pre-processing to crop classification maps were developed 

and validated. Crop extent maps for the Buloke test site was 

produced. Initial polarimetric analysis, which used phase 

information in addition to intensity of SAR data, provides 

potential for improving crop classification using single 

date/limited ALOS-2 data once other source unavailable.    

Moreover, quantitative analysis results have demonstrated 

that significant contributions by combining ALOS-2 

intensity and decompositions products are observed for 

increasing crop type discrimination. It is different from 

similar contributions by C-band dual-pol intensity and 

polarimetric decomposition. ALOS-2 Quad-pol data are 

more valuable for crop type discrimination. Multi-temporal 

images are able to further improve crop type classification.  

However, due to the time restraint and limited ground truth 

data, further polarimetric analysis of more ALOS-2 

imagery and validation will be performed in the future. 
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1. INTRODUCTION

Two products of the study are included in this report. The 

first report demonstrates the integration of SAR and optical 

data for improved mapping of wetland change [1, 

appendix]. The second report demonstrates the detection of 

landslides in a mountainous Pacific island [2, appendix].  

2. RESULTS

The improved mapping resulting from integrating 

satellite SAR and optical image data was demonstrated in 

the Phragmites australis marsh that is the lynchpin of the 

Mississippi River Delta (MRD) sustainability [1, 

appendix]. The concern is that P. australis is degrading and 

being replaced by elephant-ear that does not provide MRD 

stability. Optical data cannot differentiate P. australis and 

elephant ear, diminishing its ability to detect change. To 

overcome that limitation, optical live fractional cover 

(LFC) mapping [1, 2] was combined with ALOS-2 SAR L 

band HV data that provided a meaningful indicator of 3-4 

m tall P. australis marsh density or structure patterns not 

available with shorter wavelength SAR’s. The 2016, 2017, 

2018, and 2019 yearly HV changes broadly aligned with 

LFC but differed locally. That yearly alignment and local 

difference afforded the development of a tool to detect and 

track the coupled temporal changes of critical biophysical 

components of the P. australis marsh: LFC and density.  

The tool uncovered a dramatic density loss event from 

2016 to 2017 within a mixed LFC change background that 

preceded a 2018 to 2019 elephant-ear growth and P. 

australis marsh replacement. The tool also identified 

abnormal trajectories associated with P. australis marsh 

degradation and even different P. australis phenotypes. 

Supplementing these findings, a negative relationship 

between HV-density change and change in the percentage 

of elephant-ear coverage was found. These examples 

demonstrate that the enhanced information provided by the 

tool can help move management response from restoration 

to early detection and mitigation. That advanced 

monitoring could decrease irreversible changes, such as 

damage caused by invasive plants and climate change. 

The second report describes mapping of landslides in 

the cloud-prone and densely forested and mountainous 

island of Pohnpei in the Federated States of Micronesia [2, 

appendix]. The assessment focused on ALOS-2 PALSAR-

2 L-band images collected on two adjacent orbit paths 

bracketing a mid-March 2018 intense rainfall event. The 

study took advantage of field reconnaissance following the 

rainfall event and land changes located with optical image 

analyses and Google Earth (GE) images. Eleven land-cover 

change features were identified as landslides. The landslide 

detection included synthetic aperture radar (SAR) and 

interferometric SAR (InSAR) processing. The 2018 SAR 

amplitude processing of co-event pairs identified 5 of the 

11 landslides visible on the 2020 GE image. The InSAR 

processing of the co-event and post-event image pairs 

produced both coherence and phase-change products. The 

low levels of the generated coherence products eliminated 

the use of phase-change products for landslide detection. 

Visual comparison of the 2018 co-event and post-event 

coherence products indicated that 5 of 11 landslides were 

identified on the orbital track spanning the west side, and 9 

were identified on the orbital track spanning the east side 

of Pohnpei. Combined, the SAR log-ratio and InSAR 

coherence change detections identified all but one landslide 

visible in the GE images and included substantial 

redundancy in overlap of the methods. The SAR and 

InSAR methods used are straightforward and can support 

land-cover change monitoring. Despite Pohnpei’s rugged 

mountainous terrain and the high temporal and spatial 

decorrelations inherent in this change processing, 

landslides were successfully detected. That robustness 

indicates that an increased collection frequency of ALOS-

2 PALSAR-2 L-band images would support systematic 

monitoring of land-cover change. Systematic monitoring 

can help improve government awareness and inform 

coordinated government response, particularly in the less 

populated interior areas.  
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1. はじめに

日本国内における相次ぐインフラの老朽化に基づ

く人身事故などを受け，平成 26 年度 6 月に発行され

た国土交通省の道路橋定期点検要領に基づき，橋梁

の点検が厳密化された．具体的には，国内全ての橋

梁は 5 年に 1 度，専門的な知識を有する技術者によ

る近接目視点検が義務付けられた．国土交通白書

2014 [1]の第 3 節において，点検に従事する地方公共

団体の技術職員が減少する一方，土木関係の点検技

術者には実地経験に根ざす技術的ノウハウが必要で

あることを指摘している．したがって，点検業務に

従事可能な技術者の確保のみならず，点検技術とし

ての知の伝承が困難な状況になりつつあると考えら

れる．さらに，点検対象となる橋梁は年々増加傾向

にあり，省人化を実現する新たな技術の導入は喫緊

の課題である．

現在，建設後 50 年を超えた 2 m 以上の橋梁の割合

は全体の 2 割程度であるが，10 年後には 4 割，20 年

後には 7 割に達する [2]．橋梁の点検を福島県内に着

目した場合，登録されている橋梁は約 4500基あり，

5年で全て点検するためには週5日を点検の稼働日と

して 1 日あたり 4 基程度の点検が必要となる．福島

県の橋梁・トンネル・大型付属施設点検結果 [3]に依

れば，2014年から年平均約 1000基の点検を実施して

おり，架橋年次が 50 年を超えると III. 早期措置段階

が顕著に増加することが示されている．

 したがって，効率的かつ低予算による橋梁の点検

や診断といった維持・管理が求められている．近年，

土木分野においてもその利用に注目が集まる機械学

習の 1 つである畳み込みニューラルネットワーク

（Convolutional Neural Network: CNN）を適用するこ

とは，有効性の高い点検支援の手法の 1 つであると

考えられる．画像を対象とした検出や分類での問題

は，入力となる画像から（1）特徴を抽出，（2）抽

出した特徴を分類，という 2 段階に分けて考えられ

る [4]．一般に特徴の抽出は人間が自ら設計する一方

で，CNN では特徴を含めて学習することにより，特

徴として抽出する可否の判断が難しい場合であって

も特徴量を獲得する可能性が期待される．

CNN を用いて橋梁の損傷を検出する研究 [5] [6]や，

耐力低下を扱った研究 [7]が進められ，その手法の有

用性が検討されている．以上を基に本報告では，機

械学習としてCNNを適用した鋼橋の腐食検出器とな

る学習モデルを構築する．学習モデルは福島県が実

施した道路橋点検結果の状況写真をトレーニングデ

ータとして交差検定法による腐食の検出精度を評価

すると共に，喜多方地区における実橋で現地調査を

実施した結果をテストデータとして，構築される学

習モデルによる腐食の検出精度を評価した．以上の

橋梁の変状検出は，ALOS-2/PALSAR-2 データとの

比較を検討するために実施した．

2. 橋梁点検データに基づく腐食検出のための

学習モデルの構築

2.1 使用する CNN 
現在では多層化したCNNが発表されており，これ

により高い汎化性能を示しているが，CNN の多層化

は計算コストが膨大となる．例えば，点検技術者が

現場でCNNを応用した点検支援システムとして利用

する場合を考える場合，シングルボードコンピュー

タのような組み込みシステムに実装することが好適

である．NVIDIA 製のシングルボードコンピュータ

Fig. 1 AlexNet のネットワークアーキテクチャ 
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である Jetson TX1 を用いて，異なるネットワークア

ーキテクチャにおけるバッチサイズと推論時間およ

び推論時間と命令数の実験結果が報告されており [8]，
他のネットワークアーキテクチャと比較した

AlexNet [9]の特徴は，パラメータ数が多く命令数が

増加しても並列計算が容易なため推論時間が短いこ

とにある．また，パラメータ数に関して，シングル

ボードコンピュータのメモリに問題無く格納可能な

大きさであり，装置の可搬性が求められる点検業務

の現場に持ち込みが可能なシステム構築への応用が

期待できる． 
 以上から，本研究におけるCNNの導入には，オー

プンソースのフレームワークである Caffe [10]を利用

し，ネットワークアーキテクチャには AlexNet を採

用して腐食検出のための学習モデルを構築した．

AlexNet は物体認識と画像分類のアルゴリズムを競

う ImageNet Large Scale Visual Recognition Challenge 
2012（ILSVRC2012）において優勝した手法であり，

入力層，5 つの畳み込み層と 3 つのプーリング層，3
つの全結合層の全 12層からなる多層ニューラルネッ

トワークであり，今日の多層ニューラルネットワー

クの基礎となっている．Fig. 1 に AlexNet の層構造で

あるネットワークアーキテクチャを示す． 
 
2.2 点検データによるトレーニングデータの作成 

AlexNet を用いた腐食検出のための学習モデルの

構築には，学習のためのトレーニングデータが必要

である．トレーニングデータは福島県内の鋼橋を研

究対象として，平成 28年度に福島県が実施した道路

橋点検結果 [3]における，建設事務所所管区域毎のい

わき地区，県南地区，喜多方地区，会津地区，県北

地区の鋼橋を対象とした．これらの状況写真から近

接撮影により腐食箇所が確認できたそれぞれ 29，42，
65，70，93 画像を元画像として使用した．Fig. 2（a）
に元画像の一例を示す． 

元画像に Fig. 2（b）に示すようなブロックを設定

し，Fig. 2（c）に示すように，元画像から個別の画

像となるような抽出処理を実施した．ブロックサイ

ズについては，元画像のサイズが 1200×1200ピクセ

ル前後であり，AlexNet の入力データサイズは 256×

256 ピクセルであるため，ブロックサイズも 256×
256 ピクセルとした場合にはブロック数が 16 となり

得られるブロック数は多くない．ここで，ブロック

サイズを 128×128ピクセルとした場合にはブロック

数が 81となり，ブロックサイズをさらに小さくする

ことにより得られるブロック数は多くなるが，1 つ

のブロック当たりの情報量は少なくなるため学習へ

の影響が懸念される．ブロック数とブロック 1 つ当

たりの情報量の関係から，ブロックサイズを 128×
128 ピクセルとした． 
前処理としては，橋梁を構成するもの以外の空，植

物，撮影条件によってはハレーションまたは影とい

った，Fig. 3に示すような学習には必要の無い情報を

含むブロック画像をトレーニングデータから排除し

た．この前処理を施した後に，腐食，塗膜変状，健

全，判定対象外の 4 種類のラベルを各ブロック画像

へ付与することによりトレーニングデータとした．

具体的には，腐食ラベルは腐食箇所およびさび汁が

確認できる箇所をブロック内に含む場合に付与した．

塗膜変状ラベルは塗膜色の経年変化に伴う色褪せ

（チョーキングを含む）を確認できる箇所がブロッ

ク内のピクセル数の過半数である場合に付与した．

健全ラベルは塗膜色に経年変化に伴う色褪せを確認

できない箇所がブロック内のピクセル数の過半数で

ある場合に付与した．判定対象外ラベルは腐食検出

の判定対象外であるコンクリート部材を確認できる

箇所がブロック内のピクセル数の過半数である場合

に付与した．なお，ブロック画像内に複数のラベル

が混在する場合は，前述のラベリングの説明を順番

とする優先順位により，最も優先順位の高いラベル

を付与した．Table 1 に各地区におけるラベル別のブ

ロック数をまとめ，Fig. 4にトレーニングデータとし

てラベルを付与したブロック画像の例を示す． 
 
2.3 点検データによるトレーニングデータの作成 

本研究で構築する学習モデルは，いわき地区，県

南地区，喜多方地区，会津地区，県北地区における

トレーニングデータ毎にそれぞれ，いわきモデル，

県南モデル，喜多方モデル，会津モデル，県北モデ

ルとして構築した．また，地区毎の学習モデルと 

Table 1 各地区におけるラベル別のブロック数 
 

 いわき地区 県南地区 喜多⽅地区 会津地区 県北地区 
腐⾷ 476 1098 2022 6549 7904 

塗膜変状 199 493 666 3079 6093 
健全 30 120 173 40 99 

判定対象外 972 949 1329 5632 7936 
計 1677 2660 4190 15300 22032 
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することにより，3.（4）節で後述するトレーニング

データ数と腐食が正分類となる正解率の関係を導出

して，トレーニングデータ数の違いが，腐食の検出

精度へどのように寄与するか調べた． 
 学習モデルの入力層および出力層は，ラベル数と

同様に 4 と設定した．各ブロックは RGB の 3 チャン

ネルカラー画像であり，AlexNet の入力データサイ

ズに合わせるため，256×256 ピクセルへバイリニア

法によりオーバーサンプリングして使用した．初期

の学習率は 0.01，損失関数は交差エントロピー誤差，

学習アルゴリズムは誤差逆伝播法を使用した．全調

査回数（以降エポックと呼ぶ）の決定は，損失関数

の値が小さいと過学習のリスクが高まるため，分類 
正解率が最大となるエポックの中で損失関数が最大

となるエポックを過学習とならないエポックとした．

エポックの決定の詳細は 3.1 節で述べる． 
 
2.4 現地調査によるテストデータの作成 
 2.3節で構築した学習モデルは，現地調査により得

られた状況写真を元画像とするテストデータを使用

して，その汎化性能を評価する．現地調査は，喜多

方地区において現在供用されている橋梁（道路橋）

を対象に実施した．現地調査は，橋梁点検車により

床版下の構造物について点検技術者と共に状況写真

を取得し，道路橋点検結果に示される状況写真の取

得に合わせた Fig. 5 に示す 4 画像を元画像として使

用した．これらの元画像は，2.2 節と同様に 128×
128 ピクセルとなるブロックを設定し，腐食，塗膜

変状，判定対象外のラベルを付与することによりテ

 
（a）元画像の例 

 

 
（b）ブロック画像へ分割される模式図 

（128×128 ピクセルとなるようにグリッドを描画） 
 

 
（c）ブロック画像の例 

 
Fig. 2 元画像の例とラベル付与前のトレーニング

データとなるブロック画像の例 
 

   
     （a）配管    （b）植物 （c）河川（水面） 

 
Fig. 3 前処理により学習から排除したブロック画

像例 
 

    
（a）腐食 

 

    
（b）塗膜変状 

 

    
（c）健全 

 

    
（d）判定対象外 

 
Fig. 4 ラベルを付与したブロック画像の例 
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ストデータとした．なお，現地調査で取得した状況

写真では，健全に相当する領域は存在しないため，

ラベルの付与から除外した．  
 

3. 学習モデルの評価と実橋による検証 
 
3.1 エポックの決定 
 本研究で構築する学習モデルにおけるエポックの

決定は，はじめに 100 から 300 の間を 25 ステップで

可変させて学習し，過学習にならないエポックを調

べた．具体的には，学習モデルの構築に用いたトレ

ーニングデータを当該学習モデルへ入力することに

よる自己評価により，エポックの増加に伴う正分類

の正解率の向上を調べ，正解率が最大となるエポッ

クの中で損失関数が最大となるエポックを過学習と

ならない仮のエポックとした． 
 つぎに，仮のエポックを起点として±10 ステップ

の間，エポックを 1 ステップで可変させながら先の

自己評価と同様に正分類の正解率を調べることによ

り，正解率が最大となるエポックの中で損失関数が

最大となるエポックを最終的に学習モデルで使用す

るエポックとして決定した．この手続きにより，い

わきモデル，県南モデル，喜多方モデル，会津モデ

ル，県北モデルにおけるエポックはそれぞれ，174，
199，195，150，149 となった．全てのブロックにお

ける正分類の割合を総合精度（Overall Accuarcy: OA）

と呼び，式（1）で表される． 
 

OA =
1
𝑁&𝑥((

)

(*+
 

 
ここで，𝑁はブロックの総数，𝑥((は判別効率表の対

角成分（3.2 節を参照），𝑚は分類クラス数（=4）を

示す．決定したエポックにおける総合精度はそれぞ

れ，94%，100%，100%，100%，99%であった． 
 以上から，福島県が実施した道路橋点検結果を用

いたトレーニングデータにより，各学習モデルにお

ける学習は進めることができていると考えられた． 
 
3.2 交差検定法による学習モデルの評価 
 本研究では 5 地区のトレーニングデータを地区毎

に学習させることにより，5 つの学習モデルを構築

した．ここで，ある 1 地区の学習モデルを構築する

場合，残る 4 地区のトレーニングデータは学習に使

用しないことから，学習に使用しないトレーニング

データを未知のデータとして，構築した学習モデル

を評価することが可能である．このような評価は交

差検定法と呼ばれ，5 つの学習モデルにそれぞれ交

差検定法を適用することにより評価した．各学習モ

デルにおける評価結果の平均を Table 2 に示す． 
 Table 2 の表示形式は判別効率表と呼ばれ，分類さ

れるべきラベル（正解クラス）を列，分類されたラ 

ベル（分類クラス）を行にとった正方行列である．

この行列の対角成分は，各ラベルにおける正分類の

正解率を示し，他の要素は誤分類であることを示す．

この表から，腐食，塗膜変状，健全および判定対象

外の正分類の正解率はそれぞれ 54%〜91%，45%〜

65%，1%〜47%，67%〜89%であった． 

Table 2 交差検定法による分類結果 
 

（a）いわきモデルの判別効率表 
 

正解ｸﾗｽ 
分類ｸﾗｽ 

腐食 塗膜変状 健全 判定対象外 

腐食 54.4% 11.6% 8.6% 8.8% 

塗膜変状 8.6% 44.6% 38.9% 2.5% 

健全 0.2% 3.0% 4.2% 0% 

判定対象外 36.7% 40.8% 48.4% 88.6% 

 
（b）県南モデルの判別効率表 

 
正解ｸﾗｽ 

分類ｸﾗｽ 腐食 塗膜変状 健全 判定対象外 

腐食 62.6% 14.3% 9.4% 12.1% 

塗膜変状 9.5% 50.5% 47.7% 7.4% 

健全 0.1% 2.9% 6.4% 0.2% 

判定対象外 27.8% 32.3% 36.5% 80.2% 

 
（c）喜多方モデルの判別効率表 

 
正解ｸﾗｽ 

分類ｸﾗｽ 腐食 塗膜変状 健全 判定対象外 

腐食 70.4% 14.7% 6.6% 16.3% 

塗膜変状 15.3% 63.8% 39.8% 9.7% 

健全 1.3% 8.9% 46.7% 2.9% 

判定対象外 13.0% 12.5% 6.9% 71.1% 

 
（d）会津モデルの判別効率表 

 
正解ｸﾗｽ 

分類ｸﾗｽ 腐食 塗膜変状 健全 判定対象外 

腐食 90.9% 42.1% 23.2% 27.8% 

塗膜変状 2.4% 47.4% 70.4% 4.9% 

健全 0% 0.5% 0.9% 0% 

判定対象外 6.7% 10.0% 5.5% 67.3% 

 
（e）県北モデルの判別効率表 

 
正解ｸﾗｽ 

分類ｸﾗｽ 
腐食 塗膜変状 健全 判定対象外 

腐食 76.2% 23.0% 8.0% 9.9% 

塗膜変状 13.4% 65.0% 82.6% 11.3% 

健全 0.1% 1.1% 0.8% 0% 

判定対象外 10.4% 10.9% 8.5% 78.8% 

（1） 

226



 
 

 

 
（a）接合部材を含む 

 
（b）横桁 

 
（c）補剛材を含む 

 
（d）主桁 

 
Fig. 5 現地調査による実橋の状況写真 

 

 
（a）接合部材を含む 

 
（b）横桁 

 
（c）補剛材を含む 

 
（d）主桁 

 
Fig. 6 会津モデルによるテストデータの分類結果 

（■  腐食 ■  塗膜変状 ■  判定対象外） 
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 総合精度は，いわきモデル，県南モデル，喜多方

モデル，会津モデル，県北モデルがそれぞれ，66%，

69%，72%，70%，74%であり，県北モデルが最も高

い総合精度となった．また，学習モデルによる分類

結果の一致率の検定を式（2）で表されるコーエン

のカッパ係数（κ）により求めた [11]． 
 

𝜅 =
𝑝/ − 𝑝1
1 − 𝑝1

 

 
ここで，𝑝/は正解クラスと分類クラスの一致率であ

り式（1）の OA と同一となり，𝑝1は正解クラスと分

類クラスが偶然一致する確率を示し，式（3）によ

り求められる． 
 

𝑝1 =
1
𝑁2&3&𝑥(4

)

(*+

×&𝑥46

)

6*+

7
)

4*+
 

 
ここで，𝑥(6は判別効率表の𝑖行𝑗列の成分を示す． 
 式（2）により求められる値が 0.41～0.60にあれば

中程度の一致，0.61～0.80 にあれば実質的に一致，

0.81～1にあればほぼ完全に一致しているとみなされ

る [12]．𝜅の算出結果は，いわきモデル，県南モデル，

喜多方モデル，会津モデル，県北モデルにおいてそ

れぞれ，0.45，0.48，0.54，0.54，0.60 であり，いず

れのモデルも正解クラスとの一致率は中程度の一致

であることが分かった． 
 
3.3 実橋による学習モデルの汎化性能の評価 
 3.2節では，交差検定法により本研究で構築した学

習モデルを評価したが，この節では現地調査して取

得した状況写真である Fig. 5 を元にしたテストデー

タにより，学習モデルの汎化性能を評価した結果を

示す．Table 3 に各学習モデルにおける汎化性能の評

価結果を判別効率表として示す．いわきモデル，県

南モデル，喜多方モデル，会津モデル，県北モデル

における総合精度はそれぞれ，67%，83%，82%，

90%，80%であり，会津モデルが最も高い総合精度

となった． 
 また，κの算出結果は，いわきモデル，県南モデ

ル，喜多方モデル，会津モデル，県北モデルにおい

てそれぞれ，0.43，0.67，0.64，0.75，0.62 であり，

会津モデルが正解クラスと分類クラスの一致率が最

も高いことが分かった．以上の現地調査結果をテス

トデータとして用いた各学習モデルの評価結果から，

総合精度および分類結果の一致度の最も高いモデル

は会津モデルであった．このことに基づいて，会津

モデルにより図-5 を分類した結果を Fig. 6 に示す．

図 Fig. 5（d）において塗膜の補修跡を確認できるが，

分類結果である Fig. 6（d）において腐食として誤分

類される傾向が見られた．腐食の学習について，腐

食箇所がそれ以外の箇所と比較して色の変化が大き

く輝度変化の大きなエッジが現れることにより畳み

込み層のフィルタが反応したと考えられ，塗膜の補

修前後についても色の変化が大きいことから，塗膜

の補修跡が腐食の学習と同様の畳み込み層のフィル 

Table 3 現地調査による実橋をテストデータ 
とした分類結果 

 
（a）いわき地区モデルの判別効率表 

 
正解ｸﾗｽ 

分類ｸﾗｽ 
腐食 塗膜変状 健全 判定対象外 

腐食 69.9% 1.4%  1.8% 

塗膜変状 4.9% 31.9%  0% 

健全 2.1% 2.8%  0% 

判定対象外 23.1% 63.9%  98.2% 

 
（b）県南地区の判別効率表 

 
正解ｸﾗｽ 

分類ｸﾗｽ 腐食 塗膜変状 健全 判定対象外 

腐食 77.5% 1.4%  3.6% 

塗膜変状 15.8% 95.8%  0% 

健全 0% 0%  0% 

判定対象外 6.7% 2.8%  96.4% 

 
（c）喜多方地区の判別効率表 

 
正解ｸﾗｽ 

分類ｸﾗｽ 
腐食 塗膜変状 健全 判定対象外 

腐食 82.1% 6.9%  9.1% 

塗膜変状 11.6% 73.6%  1.8% 

健全 1.8% 16.7%  0% 

判定対象外 4.6% 2.8%  89.1% 

 
（d）会津地区の判別効率表 

 
正解ｸﾗｽ 

分類ｸﾗｽ 腐食 塗膜変状 健全 判定対象外 

腐食 96.1% 33.3%  18.2% 

塗膜変状 3.0% 66.7%  0% 

健全 0% 0%  0% 

判定対象外 0.9% 0%  81.8% 

 
（e）県北地区の判別効率表 

 
正解ｸﾗｽ 

分類ｸﾗｽ 
腐食 塗膜変状 健全 判定対象外 

腐食 79.3% 6.9%  3.6% 

塗膜変状 15.5% 73.6%  3.6% 

健全 0.3% 11.1%  0% 

判定対象外 4.9% 8.3%  92.7% 

（2） 

（3） 
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タが反応したと考えられる．このことから，塗膜の

補修跡が腐食へ誤分類したと考えられた． 
 
3.4 トレーニングデータ数と腐食が正分類となる正

解率の関係 
 本研究で構築した学習モデルは，各地区によりト

レーニングデータ数が異なる．このことから，各地

区の学習モデルにおけるトレーニング数と腐食が正

分類となる正解率との関係を導出することにより，

トレーニングデータ数が腐食の検出精度に与える影

響を調べた． 
 はじめに，トレーニングデータ数として各学習モ

デルにおけるブロックの総数と腐食が正分類となる

正解率の関係を Fig. 7 に示す．この図から，各学習

モデルにおいてブロックの総数の増加に伴う，腐食

が正分類となる正解率が増加する有意な関係は見ら

れなかった．つぎに，トレーニングデータ数として

各学習モデルにおけるブロックの総数に対する腐食

として学習させたブロック数の割合と腐食が正分類

となる正解率の関係を Fig. 8 に示す．この図から，

各学習モデルにおいてブロックの総数に対する腐食

として学習させたブロック数の割合の増加に伴い，

腐食が正分類となる正解率が増加する正の相関関係

が見られ，相関係数は 0.80 と求められた． 
 以上のことから，鋼橋の腐食検出のためのトレー

ニングデータの構築を考慮する場合，そのデータを

多量に収集することは大変困難である．本論文で検

討した範囲内において道路橋点検結果の状況写真を

用いた場合は，ブロックの総数に対する腐食として

学習させたブロック数の割合の増加による腐食の正

解率の向上は，他のラベルの正解率の低下とトレー

ドオフの関係にあるものの，図-8 に示す関係に基づ

く回帰分析の結果から，腐食検出を 80%の精度で実

施するためにはトレーニングデータの全体に対して

腐食となるラベルデータが約 40%，腐食検出を 90%
の精度で実施するためにはトレーニングデータの全

体に対して腐食となるラベルデータが約 50%以上に

なるように整備すれば良いことが示唆された． 
 
 

4. まとめ 
 

本研究では，機械学習として CNN を適用した鋼

橋の腐食検出器となる学習モデルを，福島県が実施

した道路橋点検結果の状況写真をトレーニングデー

タとして構築した．構築した学習モデルは，交差検

定法と喜多方地区における実橋で現地調査を実施し

た結果をテストデータとして汎化性能を評価した． 
腐食が正分類となる正解率は，交差検定法および

実橋をテストデータとした場合も会津モデルが最も

高く，それぞれ 91%，96%であった．さらに，正解

クラスと分類クラスの一致率をκにより検定した結

果，いわきモデルは 0.43 であり中程度の一致となっ

たが，他の 4 モデルにおけるκは 0.61 よりも高く実

質的な一致を示した．とくに，会津モデルはテスト

データと学習モデルによる分類結果のκが 0.75 とな

り最も高く，本研究で構築した学習モデルは実用上

の分類精度を有していることが示された． 
トレーニングデータ数と腐食が正分類となる正解率

との関係を導出することにより，トレーニングデー

タ数が腐食の検出精度に与える影響を調べた．その

結果，各学習モデルにおいてブロック画像の総数と

腐食が正分類となる正解率には有意な関係が見られ

なかった一方で，トレーニングデータ数として各学

習モデルにおけるブロック画像の総数に対する腐食

 
 

Fig. 7 ブロックの総数と腐食が正分類となる正解

率の関係 
 

 
 
Fig. 8 ブロックの総数に対する腐食ラベルのブロ

ック数の割合と腐食が正分類となる正解率の関係 
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として学習させたブロック画像数の割合と腐食が正

分類となる正解率の関係には正の相関が見られた．

本論文で検討した範囲内においては，トレーニング

データ数の増加により腐食検出の精度向上が期待で

き，トレーニングデータにおける腐食ラベルの割合

を 40%とすることにより腐食の検出精度は 80%，腐

食ラベルの割合を 50%とすることにより腐食の検出

精度は 90%を得られることが判明した． 
 今後は，以上により得られた橋梁の変状の程度と

ALOS-2/PALSAR-2 で受信された後方散乱係数との

比較・解析を実施して，SAR を用いた橋梁の劣化を

モニタリングへ発展させる． 
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1. INTRODUCTION

Landslides involve the downward and outward mass 
movement of slope materials composed of rock, soils, 
artificial fills, or a combination of these materials [1]. 
Ongoing population growth, rapidly expanding societies, 
coupled with gradually progressing environmental 
(climate) change enhances pressures on the natural 
environment and results in increased exposure to 
potentially unstable terrain. Landslides are geohazards 
that globally result in serious impacts, annually causing 
tens of billions of US$ worth of damage and > 4300 lives 
lost [2]. In particular, China is one of the countries with the 
most serious landslide disasters in the world. Landslides 
that occurred in China in recent years such as the 2017 
Maoxian landslide [3] (see Fig. 1), Sichuan, and the 2018 
Baige landslide [4], Tibet, have caused enormous numbers 
of casualties and economic losses. Therefore, the 
detection and monitoring of large-area landslides is of 
great significance for the management and mitigation of 
geohazards. Compared with other SAR data, such as X-
band TerraSAR-X and C-band Sentinel-1, 
ALOS/PALSAR-2 SAR images have strong penetration 
capability to the vegetations due to the long wavelength. 
Therefore, it has unique advantages in the detection and 
monitoring of large-area landslides, particularly in the 
area with dense vegetation. In particular, for the first time, 
we proposed a novel method of accurately estimating the 
pixel offsets between cross‐platform ALOS/PALSAR-1 
and ALOS/PALSAR-2 SAR images, and the research 
results were published in the international journal of 
Geophysical Research Letters [4].  

Fig. 1 A scene photo after the occurrence of the 

Maoxian landslide on 24 July 2017 in Sichuan 
province of China. 

2. THE LONG-TERM DEFORMATION
MONITORING OF THE LANDSLIDE THROUGH 

THE INTEGRATION OF CROSS-PLATFORM 
ALOS/PALSAR-1 AND ALOS/PALSAR-2 SAR 

OBSERVATIONS 

Fig. 2 Study area and the coverages of SAR images. (a) 
Location of the study area in red rectangle, the black 
rectangles indicate the coverages of ALOS-1 and 
ALOS-2 SAR images; (b) Geological map of the study 
area; (c) Photo of the Baige landslide after the first 
occurrence on October 11, 2018; (d) The cracks at the 
back edge of the Baige landslide after the first 
occurrence. 

On 11 October 2018, a high‐speed bedrock landslide 
occurred on the left bank of the Jinsha River near Baige 
village, Jiangda County in the eastern Tibet, China (see 
Fig. 2). The failed material of approximate 24 × 106 m3 
rushed into Jinsha River and formed a barrier lake, which 
started draining naturally one day later. Unfortunately, on 
3 November, the unstable mass of the first landslide 
collapsed again, producing another volume of 9.13 × 106 
m3. A new barrier lake with a storage capacity of more 
than 500 × 106 m3 was formed, and blocked the Jinsha 
River once again. These two landslide events have 
seriously threatened the safety of people's lives and 
properties on both sides of the Jinsha River and raised 
widespread concern in society. A total of 67449 
inhabitants were affected and relocated after the 
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occurrence of the Baige landslide. Twenty‐eight 
ALOS/PALSAR‐1 and ALOS/PALSAR‐2 images 
acquired from January 2007 to August 2018 were 
exploited to characterize the deformation history and 
temporal evolution of the Baige landslide, the coverages 
of the SAR images are presented in Figure 2(a) using the 
black rectangles. To mitigate the errors caused by the 
topographic relief and to conduct offset estimates 
between the SAR images from cross-platform 
ALOS/PALSAR-1 and ALOS/PALSAR-2, a novel offset-
tracking method is proposed. The 2D deformations were 
retrieved successfully from SAR images acquired at an 
identical platform (i.e. ALOS/PALSAR-1 and 
ALOS/PALSAR-1 images or ALOS/PALSAR-2 and 
ALOS/PALSAR-2 images) and different platforms 
(ALOS/PALSAR-1 and ALOS/PALSAR-2 images). Our 
results indicate that the maximum cumulative 
deformation in the LOS direction of the Baige landslide 
reached about -60 m between January 2007 and August 
2018. 
 

 
Fig. 3 Flowchart of 2D deformation rate and time 
series inversion based on cross-platform offset-
tracking method. 
 
In order to retrieve the pre-event deformation and the 
temporal evolution of the Baige landslide, an improved 
SAR amplitude offset-tracking method is proposed (Fig. 
3), which can estimate the two-dimensional (2D) offsets 
between SAR images not only from an identical platform 
(e.g. ALOS/PALSAR-1 and ALOS/PALSAR-1 images or 
ALOS/PALSAR-2 and ALOS/PALSAR-2 images), but 
also from different platforms (e.g. ALOS/PALSAR-1 and 
ALOS/PALSAR-2 images). Firstly, for the SAR images 
from an identical platform, the master images within 
ALOS/PALSAR-1 and ALOS/PALSAR-2 datasets were 
determined, respectively, by considering the temporal 
baseline, perpendicular baseline and Doppler central 
frequency variations. To link the SAR images from 
ALOS/PALSAR-1 and ALOS/PALSAR-2 SAR satellites, 
the master image of ALOS/PALSAR-2 SAR data was set 
arbitrarily as the final master image. Secondly, all the 

slave images were ortho-rectified and co-registered with 
respect to their corresponding master image. Thirdly, the 
offset pairs were generated by setting the lower bounds of 
temporal baseline for SAR datasets regardless of the 
perpendicular baseline. Fourthly, 2D offsets in line-of-
sight (LOS) and azimuth directions of all offset pairs were 
calculated using the pixel offset-tracking method [Strozzi 
et al., 2002]. Finally, 2D deformation results of each 
offset pair were geocoded into the given geographic 
coordinate system, and combined to invert 2D 
deformation rate and time series using singular value 
decomposition (SVD). 
 
Fig. 4 shows 2D deformation results between an 
ALOS/PALSAR-1 and ALOS/PALSAR-2 pair calculated 
with the traditional (Figures 4a and b) and the improved 
(Figures 4c and d) offset-tracking methods, respectively, 
where the temporal and perpendicular baselines are 1978 
days and 27972 m, respectively. It can be seen from 
Figures 4(a) and (b) that 2D deformation fields of the 
landslide are completely contaminated by the artifacts 
resulted from the great topographic relief and incidence 
angle difference. Owing to the ortho-rectification of SAR 
images before SAR co-registration, 2D deformation 
fields shown in Figures 4(c) and (d) are successfully 
retrieved, where the maximum cumulative deformation 
of the landslide in the LOS and azimuth directions 
reached -22 m and 6 m from February 25, 2010 to July 
27, 2015, respectively.  
 

 
Fig. 4. Two-dimensional deformation maps between 
ALOS/PALSAR-1 image acquired on February 25, 
2010 and ALOS/PALSAR-2 image acquired on July 
27, 2015 derived by the traditional and the improved 
offset-tracking methods. (a) LOS deformation derived 
by the traditional method; (b) Azimuth deformation 
derived by the traditional method; (c) LOS 
deformation derived by the improved method; (d) 
Azimuth deformation derived by the improved 
method. 
 
The pre-event deformation rate and time series of the 
Baige landslide from January 2007 to August 2018 are 
retrieved using the improved offset-tracking method. The 
annual deformation rates in both LOS and azimuth 
directions are shown in Fig. 5. It can be seen from Figure 
5 that the boundary of unstable landslide is clearly 
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depicted by the deformation rate maps. It is evident that 
the landslide not only has the vertical and east-west 
deformation components (see Figures 5(a) and (c)), but 
also has a north-south deformation (see Figures 5(b) and 
(d)). The deformation rates in the LOS and azimuth 
directions from January 2007 to March 2011 reached -2.7 
m/year and 0.6 m/year, respectively, which increased to -
9.3 m/year and 1.9 m/year from October 2014 to August 
2018, respectively. In addition, it can be inferred from 
Figures 4c and d that the deformation rates in the LOS 
and azimuth directions were -4.3 m/year and 1.2 m/year 
from February 2010 to July 2015, respectively. 
 

 
Fig. 5 Pre-event deformation rate maps of the Baige 
landslide. The red solid lines indicate the boundary of 
the landslide. (a) Deformation rate map in the LOS 
direction retrieved by ALOS/PALSAR-1 images from 
January 2007 to March 2011; (b) Deformation rate 
map in the azimuth direction retrieved by 
ALOS/PALSAR-1 images from January 2007 to 
March 2011; (c) Deformation rate map in the LOS 
direction retrieved by ALOS/PALSAR-2 images from 
October 2014 to August 2018; (d) Deformation rate 
map in the azimuth direction retrieved by 
ALOS/PALSAR-2 images from October 2014 to 
August 2018. 
 

 
Fig. 6 Two-dimensional time series deformations of 
the Baige landslide for Points P1 (a), P2 (b), P3 (c) and 
P4 (d) from January 2007 to August 2018. The 
locations of Points P1-P4 are marked in Figure 5(c) 
with white solid rectangles. 
 

Four feature points located at the different areas of the 
landslide were selected to analyze the temporal 
deformation history. Two-dimensional time series 
deformations of four selected points from January 
2007 to August 2018 are shown in Fig. 6. The 
maximum cumulative deformation was observed at P2 
(the middle part of the landslide), and the cumulative 
deformations in the LOS and azimuth directions 
reached -60.2 m and 12.6 m, respectively. The 
minimum cumulative deformation occurred at P4 (the 
lower part of the landslide), and the cumulative 
deformations in the LOS and azimuth directions were 
-38.8 m and 2.5 m, respectively. The non-linear 
deformation trend was observed at all four points from 
January 2007 to August 2018. After July 27, 2015, an 
obvious acceleration trend was observed. The results 
demonstrate that ALOS/PALSAR-1 and 
ALOS/PALSAR-2 SAR images can be applied for 
long-term and mid-term warning of landslide disasters, 
which can provide practical guideline to the field 
measurement. 
 
3. APPLICATION TO THE RETRIEVAL OF PRE-

EVENT DEFORMATION OF THE 28 AUGUST 
2017 PUSA LANDSLIDE, GUIZHOU, CHINA 

 
On 28 August 2017, the long-runout collapse initiated by 
the ridge-top rockslide in Pusa Village [5] (see Fig. 7), 
Zhangjiawan Town, Guizhou Province, China, buried 
residential areas and caused 26 deaths with 9 missing. 
This catastrophic disaster is a typical rock avalanche 
caused by combined effects of natural and anthropogenic 
factors in the Yunnan–Guizhou Plateau and its 
surrounding areas, China, which is the largest karst 
mountain area in China, and even in the world. In this area, 
the average temperature in a year is approximate 13.6 ℃ 
ranging from -4 ℃ to 32 ℃. And the annual rainfall is 
abundant from May to September, which accounts for 74% 
of the yearly cumulative rainfall ranging from 1200 mm 
to 1300 mm. We used ALOS/PALSAR-2 dataset to 
generate coherence map and intensity maps, which were 
applied to identify the landslide boundary, source area, 
and buried villages, while deformation maps from 
ALOS/PALSAR-2 were used to retrieve pre-event 
deformation. 
 

 
Fig. 7 Study area and synthetic aperture radar (SAR) 
images coverage. The yellow rectangle indicates the 
coverage of the ALOS/PALSAR-2.  
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(1) Coherence Estimation 
 
The coherence magnitude 𝛾𝛾  is the most common 
measure of coherence with the range of [0,1]. Under good 
SAR imaging conditions, it is close to 1 for bare surfaces, 
but close to 0 in dense or thick vegetation, such as forests 
or crops. Based on these characteristics, we investigated 
the region where there was a vegetation-covered area 
before the landslide occurred but was covered by 
deposition after the landslide. Accordingly, we could 
delineate the boundary of the landslide. 𝛾𝛾  can be 
calculated commonly using Equation (1) based on SAR 
image amplitude: 
 

𝛾𝛾 =
�∑ 𝜇𝜇1

𝑛𝑛𝜇𝜇2
𝑛𝑛∗𝑁𝑁

𝑛𝑛=1 �

�∑ �𝜇𝜇1
𝑛𝑛𝜇𝜇1

𝑛𝑛∗�𝑁𝑁
𝑖𝑖=1 ∑ �𝜇𝜇2

𝑛𝑛𝜇𝜇2
𝑛𝑛∗�𝑁𝑁

𝑖𝑖=1

             (1) 

 
where 𝑁𝑁 is the number of pixels in a window, 𝜇𝜇1𝑛𝑛 and 
𝜇𝜇2𝑛𝑛 are the complex value of master and slave images at 
pixel 𝑛𝑛, respectively, ∗ denotes complex multiplication, 
|∙| denotes the absolute value of the complex. 
 
(2) Surface change detection with SAR intensity maps 
 
To detect the small-scale landslide, we adopted single-
look intensity maps acquired by ALOS/PALSAR-2 with 
a spatial resolution of 3 m. we filtered the intensity maps 
with the modified Lee filter algorithm based on 
statistically homogeneous pixels (SHPs). The images 
were filtered by using the modified Lee filter as Equation 
(2). 
 

Î = I ̅+ 𝑏𝑏(I − I)̅              (2) 
 
where I = [𝐼𝐼1, 𝐼𝐼2, … , 𝐼𝐼𝑁𝑁] is a vector of intensity maps, 
I ̅ = [𝐼𝐼1̅, 𝐼𝐼2̅, … , 𝐼𝐼�̅�𝑁] is the mean value of intensity maps, 
which is calculated by averaging the intensity of the 
detected SHPs, 𝑁𝑁 is the number of SAR intensity maps, 
𝑏𝑏  represents the filtering weight, Î  is the intensity 
vector after filtering. After removing the effects of 
speckle noises, the ratio 𝑘𝑘 between two intensity maps 
can be calculated by using Equation (3). 
 

𝑘𝑘 = ∑ �𝜎𝜎1𝑖𝑖
0 �𝑛𝑛

𝑖𝑖=1
∑ �𝜎𝜎2𝑖𝑖

0 �𝑛𝑛
𝑖𝑖=1

                 (3) 

 
where �𝜎𝜎1𝑖𝑖0 � and �𝜎𝜎2𝑖𝑖0 � are backscatter coefficient values 
for pixel 𝑖𝑖 in two intensity maps, and 𝑛𝑛 represents the 
window size. 
 

 
Fig 8. The boundary and source area of the Pusa 
landslide identified by coherence and intensity maps 
from ALOS/PALSAR-2 images. (a) The pre-event 
coherence map, (b) the post-event coherence map, (c) 
the on-site image after landslide occurred, (d) and (e) 
the pre- and post-event SAR intensity maps acquired 
on 6 August 2017 and 12 November 2017, respectively, 
(f) the ratio between (d) and (e). It is noted that the 
color shown in (a) and (b) represent the coherence 
value. The white and yellow dash lines represent the 
landslide boundary, while the green line shows the 
source area. The black polygon shown in (d) and (e) 
represents the buried villages. 
 
We used coherence and SAR intensity maps to identify 
the landslide boundary, source area, and buried villages. 
Fig. 8 shows the coherence and intensity maps from 
ALOS/PALSAR-2 images of the Pusa landslide region. 
The boundary, source area and buried villages are marked 
in the Fig. 8. 
 
Fig. 9 shows the pre-event deformation derived from 
ALOS/PALSAR-2 SAR images, the local fringes were 
visible over and around the landslide source region, 
which indicates that the large deformation in the sliding 
slope arose before the landslide occurred. The areas of 
three regions shown as black dash lines in Figure 9b–d 
were 0.123 km2, 0.242 km2, 0.310 km2, respectively. 
 

 
Fig 9. Pre-event geocoded differential interferograms 
generated by ALOS/PALSAR-2 datasets. (a) The 
interferogram calculated by SM3 mode 
ALOS/PALSAR-2 data acquired on 4 September 2016 
and 22 January 2017. (b–d) The interferograms 
calculated by SM1 mode ALOS/PALSAR-2 data, (b) 
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14 May 2017 vs. 11 June 2017, (c) 11 June 2017 vs. 6 
August 2017, (d) 14 May 2017 vs. 6 August 2017. The 
red line indicates the landslide boundary, the black 
dash line indicates the deformation region. 
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1. INTRODUCTION

Current day subsidence in many deltas and estuaries 
around the world is both poorly understood and 
inadequately monitored, yet knowledge of subsidence rates 
and the underlying mechanisms is critical to the 
sustainability of these areas.  Inundation now occurs more 
frequently because of rising relative sea level, a measure 
that accounts for the combination of subsidence, sea level 
rise, and reduced sediment deposition.  This is particularly 
true of the Mississippi River delta (MRD), which includes 
the major population center of New Orleans, Louisiana, 
USA, and is the most threatened urban center in the United 
States from sea level rise combined with land elevation 
decline.  New Orleans is not alone, however, and many 
coastal communities are facing higher risk.  Conditions in 
the MRD are emblematic of the complexity of subsidence 
in coastal areas, and show how better observations, 
specifically with broader spatial extent and finer resolution 
are needed to identify the underlying mechanisms. The 
most comprehensive measurements of modern Gulf Coast 
subsidence rates are based on geodetic leveling 
measurements on benchmarks and tidal records [1] [2], 
which showed that subsidence occurs far north of the 
wetlands of the Mississippi River delta, suggesting that 
crustal-scale processes such as sediment loading 
contributes to subsidence and land loss.  Recent work 
additionally showed that modern subsidence particularly 
around New Orleans [3] [4] has occurred at substantially 
higher rates than previously thought in some locations, 
indicating that there are multiple natural and human-
induced causes.  Fluid withdrawal through oil production 
has been implicated as a potential cause at least during the 
peak of pumping in the coastal marshes [5], and through 
groundwater withdrawal in the New Orleans/Michoud area 
[3].  Currently subsidence measurements rely for the most 
part on GPS or extensometers at sparse locations.  A map 
of subsidence in coastal areas with better spatial coverage 
and higher spatial resolution is needed. Even a modest 
improvement in spatial coverage would improve 
geophysical modeling of subsidence, help distinguish the 
contributions from deep vs. shallow processes, and 
contribute to improved flood prediction and response.    

2. PROJECT DESCRIPTION

We planned to incorporate ALOS-2 data into our 
other studies to improve knowledge of current-day 

subsidence rates in several high-risk coastal 
communities in the USA, namely New Orleans; the 
Chesapeake Bay (Norfolk, Virginia); Florida’s major 
coastal cities of Miami and Tampa; Houston, Texas; 
and the area in central California encompassing the 
San Francisco Bay estuary and the Sacramento-San 
Joaquin delta. Each of these areas is experiencing 
subsidence that is affecting inhabitants, industry, and 
critical infrastructure. ALOS-2 scenes would be 
processed with the InSAR time series SBAS method 
shown to be useful in agricultural and undeveloped 
areas in the Sacramento Delta [6] where measured 
typical subsidence rates of ~10 mm/yr or less are 
comparable to that expected in the areas listed 
above.  InSAR time series requires a deep stack of 
scenes and in coherence challenged areas the 
acquisitions must be relatively frequent.  UAVSAR 
data acquired at 3-7 week intervals in a stack of ~60 
scenes were successfully used for measuring 
subsidence on the levees in the Sacramento Delta 
[6].  We planned to acquire more UAVSAR L-band 
data through a proposal submitted to NASA, 
unfortunately not selected.  Imagery acquired in 
StripMap-10m (SM3) mode was needed to resolve 
features such as levees that protect the areas from 
flooding.  Any imaging geometry or polarization 
was acceptable.    

3. RESULTS

The primary issue with using the PALSAR-2 data for 
measuring subsidence in non-urban areas is the infrequent 
acquisitions made with the instrument and the lack of 
sufficient scenes to support reliable SBAS analysis.  
Without frequent acquisitions, temporal coherence is lost 
or severely degraded.  The JAXA data archive was 
searched for scenes in the areas of interest acquired in SM3 
mode.  Most of the areas had ~2 scenes per year, too few 
for interferometric coherence to be maintained.  The area 
with the most data was the western edge of the Sacramento 
Delta extending westward to part of the San Francisco bay 
area.  Eight scenes were found for 2017-2019, with four 
added in 2020.  Coherence was not high enough to provide 
reliable results with the sparse data sets. 
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1. INTRODUCTION

The  report  contains  summarized  results  of  the

interferometric processing and discussion for surface

deformation on Baikal rift system, its surroundings and
additional object e.g. the South Ural earthquake. The

interferometric technique described in previous related

reports (RA3 PI 5320002, RA4 PI 1340). A specification
of the technology can also be found in the article “Surface

deformations near the Baikal-Amur railway from
differential SAR interferometry data” [1], (Appendix 1).

Additionally, the paper describes an experience of
TanDEM-X and ALOS2/PALSAR2 data combination. The

last part of the paper provides a resume of the study.

2. OBTAINING AND SUMMARIZED RESULTS

The first investigated area is located in North-East part of

the Baikal rift system. Significant deformations along the
main section of Baikal-Amur mainline (BAM) were not

identified by ALOS1/PALSAR1 and ALOS2/PALSAR2
data. The exception is the site near Severomuysk city. In

the figure 1, red rectangles show the position of the
processed scenes. Over fifty scenes were processed for this

study area during RA6 project realization.

Fig. 1 Position of the processed ALOS1/PALSAR1 and

ALOS2/PALSAR2 scenes located along Baikal-Amur

mainline (BAM)

The site near Severomuysk city is located within the Upper
Angara - Muya interbasin link of the northeastern segment

of the Baikal rift system. The latter is represented by series

of echelon half grabens bordered by well pronounced

normal  faults.  In  general,  the  system of  the  left  step  NE
oriented faults shows the typical left lateral strike-slip

structure of lithospheric scale. The Upper Angara - Muya

interbasin link is one of the most active areas within the
Baikal rift system [2].

A difficult geodynamic conditions of the region, coupled
with degradation of permafrost led to a landslide

development near Kazankan station of the BAM ESR
(Baikal-Amur mainline, East Siberian Railway). The

landslide has been developing at the Baikal-Amur

Magistral railway segment in several kilometers from the

North Muya tunnel (Kazankan station, Severomuisk town,
coordinates 56.1N 113.8E) since the 1990's. Detail

geodynamic settings and interpretation of differential SAR

interferometry data obtained for monitoring the landslide
motions in the immediate vicinity of Kazankan station

described in the paper Lebedeva et al. 2016 (Appendix 1)
and final report of RA4 PI 1340.

Previous research has shown that locations of deformations
in the interferograms coincide almost exactly with those at

the three bridges to the west of Severomuysk town wherein

significant displacements were detected by the ground
surveys. ALOS1/PALSAR1 data let to obtain phase

difference examination gives the estimated LOS

displacements of 61 mm for the pair 17/01/2009–

12/01/2007, and 86 mm for the pair 23/01/2011–
01/03/2008. In the landslide motion direction the estimated

displacements amount to 80 mm and 112 mm, respectively.
Contributions of the first and second pairs to the monthly

surface displacement are 3.3 and 3.2 mm, respectively [1].
Then the area was investigated by ALOS2/PALSAR2 data.

Unfortunately, most of interferograms estimated for the

region has nonsufficient correlation. Investigated areas are
clearly seen only on the interferogram pair 26/09/2015 –

27/09/2014. The location of deformations also coincides

exactly with bridges. LOS displacements are 32 mm, 34

mm and 31 mm; that correspond to H vertical 37 mm, 39
mm, 35 mm (see RA4 PI 1340).
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New  ALOS2/PALSAR2  data  processed  within  the  RA6

project indicate stabilization of soil (fig.2). This
stabilization  was  due  to  active  work  carried  out  by  the

railroad staff (fig.3) [3].

Fig.2 PALSAR-2 interferometric pair 13/07/2019-

14/07/2018 track 136 frame1120: A – Fragment of

amplitude image, B – Fragment of unwrapped

interferogram and PALSAR-2 Interferometric pair

16/07/2020-18/07/2019 track 137 frame1120: C –
Fragment of amplitude image, D – Fragment of

unwrapped interferogram. Polygon shows Kazankan

study area.

At present, the railway track is in a stable condition, the

roadbed is not deformed. Combined cooling designs work

efficiently. Under the cooling structures, the area of frozen
soil increases, soil temperatures continue to decrease.

Permafrost is recovering.

Next investigated area, Verkhnechonskoye oil-gas-

condensate field is located in the Katanga district of the
Irkutsk region, in the riverheads of the Chona river (fig.4).

The field was discovered in 1978, exploration drilling

started in 1983, the deposit area is about 1500 km, more
than 100 wells have been drilled within the field contour.

The field is characterized by the presence of a large number

of disjunctive disturbances affecting. (fig.5)

Soil subsidence detected near the well 57 according to
interferometry data (pair 29/01/2017-01/02/2015) (fig.6).

Line of sight (LOS) shift is 2.7 cm

Subsidence of the soil seems to have a technogenic origin.
However, the disturbance of rocks due to disjunctive
structures in the area can contribute to the further

development of deformations.

Fig.3 Dynamics of changes in the temperature field

near Kazankan railway junction. SCC -seasonal

congealing constructions, TW -temperature well (by

I.I. Gavrilov [3])

Fig. 4 Position of Verkhnechonskoye oil-gas-condensate

field
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Fig.5 Verkhnechonskoye oil-gas-condensate field,

section of the 3D model of effective magnetization (by

F.D. Levin [4]), dashes - rupture structures identified

by the interpretation of gravitational and magnetic

fields
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Fig.6 Verkhnechonskoye field, the well 57 area,

(Interferometric pair 29/01/2017-01/02/2015), A)

Fragment of the amplitude image; B) Fragment of the

unwrapped interferogram; C) Phase profile across the

area

3. EXPERIENCE OF TANDEM-X AND

ALOS2/PALSAR2 DATA COMBINATION

As is known, extraction of the information on topography
is important stage of the data processing, especial for

mountainous areas. All objects of the investigation
disposed in such areas with the broken relief. Previously

we  have  used  SRTM  DEM  (3  arcsec)  in  our  studies.
However, one of the objects of research (Verkhnechoskoe

oil-gas-condensate field) is in the northern latitudes and

isn’t covered by SRTM. First interferometric
measurements of the area were made using TanDEM-X

data.

Accuracy of the elevation extraction using TanDEM-X

data was compared with obtaining of SRTM data: for
comparison we used the case of Muyakan ridge with its

seismic deformations (fig. 7). The details of the earthquake

swarm investigation described in the report RA3 PI 1340
and paper Lebedeva et al. (Appendix 2).
In case of using of SRTM the phase difference is 3.27 rad

that corresponds to 6.0 cm displacement along the line-of-

sight. In case of using of TanDEM-X the phase difference

is 3.36 rad, that corresponds to 6.1 cm displacement along

the line-of-sight. Consistency of the measurements
confirms the potential of the TanDEM-X and

ALOS2/PALSAR2 data combination.

A B

Fig.7 Phase measurements of seismic origin

deformations of the earth’s surface on Muyakan ridge.

Fragments of unwraped interferograms. A) Elevation

extraction using SRTM. B) Elevation extraction using

TanDEM-X.

The project supported by German Aerospace Center (DLR)
- "Surface deformations of the different origin on Baikal

rift system, its surroundings and southern part of Siberian
platform; estimation using L-band satellite radar

interferometry."  TanDEM-X data received within the
framework of the DLR project.

4. ADDITIONAL RESULTS

In addition to the objects of research planned at the stage

of writing the project, interferometric data were obtained

for the earthquake that occurred in the South Ural
(5.09.2018). The epicenter recorded at 15 km from the city

of Katav-Ivanovsk (fig.8).

Katav-Ivanovsk
Karaulovka

Ust-Katav

Uruzan’

*

Fig.8 South Ural earthquake. The main shock

occurred 5.09.2018 (by local time), magnitude is 5.4 by

Mining Institute UB of RAS. Red points is seismic

events M>4 (by International Seismological Centre

(ISC)), an asterisk denotes the position of the

measured deformations.

The magnitude is rated to 5.4 (by Mining Institute UB of

RAS). According to the American Geophysical Survey
(USGS), the main shock has a reverse fault source

mechanism with a compression axis directed to the

northwest. The earthquake occurred in the zone of
influence of the Main Ural deep-seated fault and local

discontinuous structures of northeastern striking, with

thrust kinematics. A strong aftershock event with a
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magnitude of 4.4 (according to the Unified Geophysical

Service of the Russian Academy of Sciences) occurred on
September 29, 2018. The epicenter of the earthquake is

located in the contact zone of the East European platform

and the West Siberian plate. The presence of a recorded
aftershock process speaks in favor of the tectonic origin of

the earthquake.

ALOS radar images processed for the study area have good
coherence. On the interferometric pair of 05.09.2018 –
25.07.2018 between the settlements of Katav-Ivanovsk and

the village of Karaulovka, signs of local deformations of

the earth's surface were found (fig.9), characterized by an

uplift of the southeastern wing (by 6 cm relative to the
average level) and subsidence of the northwestern (by 4 cm

relative to the average).
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Fig.9 A) Fragment of ALOS2/PALSAR2 unwraped

interferogram (pair 05/09/2018-25/07/2018) B) Phase
profile across the area

5. CONCLUSIONS

The new ALOS2/PALSAR2 data confirm the stabilization

caused by permafrost recovering along the entire area near

Kazankan station. It is necessary to continue monitoring
the area in order to exclude a possible resumption of the

process of permafrost degradation. Earlier, it was discussed

the construction of a new branch of the railway to the west

of Kazankan station in case of intensification of landslide
processes. In this case, it is necessary to monitor the new
construction site. At present, according to interferometry

data, no significant traces of degradation of permafrost
have been found to the west of Kazankan station.

Interferometric investigations for the first time conducted

on Verkhnechoskoe oil-gas-condensate field owing to

TanDEM-X data usage. Small rate deformation discovered
by testing of ALOS2/PALSAR2. It is not possible to make

conclusions about the confinement of these changes to

pumping.

Experience of TanDEM-X and ALOS2/PALSAR2 data
combination confirms the potential of a such data fusion.
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1. INTRODUCTION 

Storing natural gas in underground storage facilities is one 
of the key activities to increase the energy security in 
Central and Eastern European region. Recent completion 
of the second stage of the Gajary-Baden project has been 
a significant milestone for the strategic importance of a 
gas transmission via Slovakia. Emphasising the 
operational safety of gas storage infrastructure along with 
the necessity for frequent inspections using techniques 
that would cover large-scale areas, the Interferometric 
Synthetic Aperture Radar (InSAR) appears to be a 
credible candidate for providing continuous deformation 
monitoring. The formidable advantage of space-borne 
InSAR is its ability to monitor minuscule surface 
deformations without the need for human presence or in-
situ instruments, while providing accuracy similar to the 
conventional terrestrial monitoring techniques. Currently, 
satellites tend to be designed as constellation missions or, 
more often, are exploited synergistically in order to 
provide the advantage of fast response capacities. Results 
from multiple systems operating at different frequencies 
are revealing different features in the exact same scene. 
The repeat-pass nature and different characteristics of 
existing systems give rise to low coherence resulting from 
geometrical and temporal decorrelation of some areas. 
Relying on the unique capability of ALOS-2 to operate in 
L-band of the microwave spectrum and thus overcoming
the difficulties associated with the decorrelation over
vegetated areas common for C- or X-band data, we have
designed a set of methodologies to exploit different
spaceborne SAR sensors for providing continuous
deformation monitoring in risk and land management
applications. These methodologies are currently
implemented in remotIO system [1]. Albeit openness of
the system towards ingestion of ALOS-2 imagery, Multi-
temporal InSAR (MTI) monitoring tasks cannot be
successfully adopted due to less frequent observations and
lower number of ALOS-2 acquisitions available over
Slovakia territory. The increase in the current revisit
periods of ALOS-2 would help to set the InSAR
technique as a primary tool for continuous systematic
monitoring of ground and structural stability of a gas
storage system. However, in accordance with the
unsuccessful application of ALOS-2 for MTI analysis, the

focus of applications has been extended for i) sets of 
interferograms for landslide monitoring in nation-wide 
monitoring schemes (Section 3), ii) exploiting different 
ALOS-2 polarisations for estimation of aboveground 
biomass on Abandoned Agricultural Land (AAL) (Section 
4). 

2. CONTINUOUS UPDATES & EARLY WARNING
PERSPECTIVE 

remotIO system provides continuous infrastructure 
stability monitoring via automatic updates of MTI 
deformation maps. remotIO stands for “Retrieval of 
Motions and Potential Deformation Threats”. The system 
provides easy web-access to early warning products 
which are updated several hours after new satellite 
acquisition is made. Each new satellite acquisition helps 
to improve situational awareness over infrastructure assets 
(buildings, industrial zones, cultural heritage structures, 
roads, bridges, highways, railways), urban areas, 
undermined and landsliding areas, deposits of mineral 
resources and objects of strategic importance (dams, 
waterworks, power plants, airport facilities). Aside from 
continuous and autonomous updates of MT-InSAR results 
remotIO provides post-processing methodology over sites 
with active deformation hazards to ease the interpretation 
and facilitate decision-supporting tools for on-time 
situational awareness. Our post-processing approach 
implemented in remotIO’s web application has proven to 
be useful in filtering the resultant deformation maps and 
in pinpointing problematic zones with potential ground 
deformation threats also over low-coherent areas [1]. An 
alpha version (TRL 4) of the system has been developed 
under the Plan for European Cooperating States (PECS) 
programme of European Space Agency in Slovakia and 
introduced in April 2020. 

remotIO seeked to integrate data from a range of 
satellite SAR sensors starting with Sentinel-1 (C-band), 
TerraSAR-X (X-band) and including ALOS-2 (L-band) 
for MTI monitoring purposes.  

Last tests using ALOS-2 (data up to Dec 2020) 
were performed over the area of East Slovakia connecting 
second and third largest cities of Kosice-Presov, where 
gas routes [2] and geothermal underground facilities [3] 
are planned to be built. Moreover, as documented by 
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Sentinel-1 measurements (Fig 2), several areas are prone 
to subsidence effects. 

The total amount of 18 ALOS-2 SLC images 
acquired in the period from Oct 2014 - Dec 2020 were 
processed utilizing PSInSAR methodology. The results 
(Fig. 1) are particularly noisy as common 
recommendations [4, 5, 6, 7, 8, 9] for shorter revisit 
periods and a minimum of 20 acquisitions used within 
MTI approaches could not be met.  

 

 

Fig. 1 Mean LOS velocity (mm/year) deformation map 
obtained by PSInSAR processing of ALOS-2 for 

Prešov region 

 
Particularly noisy observations were the reason for 

shifting strategy of exploiting ALOS-2 imagery for 
obtaining smaller samples of data for i) producing 
interferograms for tests in nation-wide monitoring 
schemes to track landslide tendencies (Section 3), ii) 
biomass polarimetry applications (Section 4). 

 
 
3. NATION-WIDE MONITORING PERSPECTIVE & 

LANDSLIDES 
 

remotIO concept represents a first stage of a 
complete MT-InSAR processing framework intended for 
monitoring man-made objects and infrastructure mostly 
over urban areas. remotIO components have been 
developed to target zones with the highest displacement 
rates or displacement rate changes (e.g., gas storage 
infrastructure landslides or undermining subsidence) and 
to support structural health monitoring tasks (e.g., 
monitoring of buildings, bridges, dams or cities’ districts). 
The system was scaled to provide analysis over small-to-
medium sized regions (5 km × 5 km up to 80 km × 80 
km) and support the full life cycle of providing MT-
InSAR monitoring products: from initial processing of 

full available archives of Sentinel-1 over monitoring sites, 
through continuous automatic updates, post-processing 
methodology for filtering resultant deformation maps and 
generation of added value products, until the delivery of 
results via web-based platform where all outputs are 
accessible to end-users.  

 

 

 
Fig. 2  Mean LOS velocity (mm/year) deformation 
map obtained by PSInSAR processing of Sentinel-1 
for Gajary - Baden area  (upper) and Veľké Kapušany 
area (bottom) 

 Similar studies addressing operational exploitation 
of Sentinel-1 measurements can be found in [10, 11, 12, 
13, 14, 15, 16, 17]. These studies are additionally oriented 
on nationwide monitoring schemes, where we are testing 
the possibility of joint exploitation of targeted analysis 
over small-to-medium sized regions (remotIO) with state-
wide monitoring initiatives in Slovakia [18] and Europe 
[19].  

Slope deformations are the most important 
geohazards in Slovakia which annually cause an extensive 
economic damage of significant influence and limit the 
rational use of land and in rare cases also threaten human 
lives. In Slovakia, about 22000 slope deformations have 
been registered so far, covering an area of almost 2600 
km2 and corresponding to 5.25% of the territory of the 
Slovak Republic. This is conditioned by the complex 
geological and tectonic setting of the Slovak territory. In 
the most affected areas of the Flysch region landslides 
may threaten up to 40% of the area and in the peripheral 
areas of Neovolcanic region it can be up to 60% of the 
territory. The slopes within Neogene and Paleogene 
depressions are also significantly affected. Moreover, in 
the current period, the activation of relatively large 
amounts of landslides has been witnessed. Since 2010, 
many (thousands) new slope failures have been registered 
and their activation was driven mainly by climatic 
anomalies, such as extraordinary rainfalls and melting 243



snow cover. Many of these landslides currently represent 
a direct threat to the lives, health and property of the 
residents in the affected areas. This fact has initiated their 
inclusion in the monitoring system built in the scope of 
the project “Partial Monitoring System - Geological 
factors“. The stability condition in these areas is studied 
by regular measurements based on geologic, hydrologic, 
geodetic and geotechnic measurements. For the areas of 
high socio-economic importance where the large 
deformations are occurring, up-to-now monitoring 
activities have currently been extended to account for the 
results from multi-temporal InSAR techniques. The 
selected sites of Upper Nitra and Košice-Prešov regions 
are densely populated municipalities that rest exclusively 
upon active landslides. To support MT-InSAR monitoring 
over these sites a monitoring network of 25 corner 
reflectors was established- This network is primarily 
suitable for Sentinel-1 measurements but are clearly 
visible and can be used also for ALOS-2 data (Fig. 3). A 
special tool for geodetic based InSAR processing was 
developed GECORIS [20] and made suitable for 
automatic estimation of: (i) the clutter level of a particular 
site before a corner reflector installation, (ii) the Radar 
Cross Section (RCS) to track a corner reflector’s 
performance and detect outliers, (iii) the Signal-to-Clutter 
Ratio (SCR) to predict the positioning precision and the 
InSAR phase variance, (iv) the InSAR displacement time 
series of a corner reflector network. 

 

 
 

 
 

Fig. 3 Network of the corner reflectors in the Upper 
Nitra and Košice-Prešov regions. 

 
 
 

4. OTHER APPLICATIONS: BIOMASS 
 
ALOS-2 data were successfully used within the ESA 
PECS project ATBIOMAP. The project was aimed at 
mapping and quantification of aboveground biomass on 
Abandoned Agricultural Land (AAL). The mapping of 
succession stages (herbaceous, scrub and tree formations) 
on AAL, the quantification of wood stock and increments 
on AAL and proposal of a system of permanent 
inventorying of wood biomass within AAL were among 
project objectives. The Methodology framework was 
based on analyses and cross-validation of optical (Sentinel 
2) and radar satellite data (Sentinel 1 and ALOS 
PALSAR-2), supported by field research and airborne 
laser scanning data (ALS). The project consists of two 
main parts. In the first one, a classification system for 
herbaceous, shrub and tree formations on AAL was 
created. In the second part, a mathematical model of 
biomass stock estimation and an innovative methodology 
of permanent tree biomass inventory on AAL, based on 
satellite data, was developed. The methodological quality 
was verified by comparing the relationship between 
satellite biomass estimates and those of two probing 
systems: ALS and field data. The methodology for 
estimation of biomass on AAL is based on empirical 
modelling using optical and radar satellite data. Here, 
Sentinel-2 values, radar backscatter and magnitude of 
coherence of Sentinel C-band and ALOS-2 P-band were 
investigated to predict wood biomass hereinafter AGB 
(Above Ground Biomass) on AAL (Fig. 4) 
 

 
Fig. 4 Flowchart for biomass estimation on AAL – 

modified from [21] 

ALOS-2 data processing included derivation of 
backscatter - sigma nought (HH, VH, VV, HV) and 
polarimetric decomposition - Sinclair and Pauli colour 
coding, Single bounce, Double bounce, Volume scattering 
layers and H/A/alfa decompositions. 
All products were transformed into a cartographic 
reference system WGS1984 UTM Zone 34N. Radar 
products (backscatter and coherence) were transformed to 
ground range to uniform pixels size 10 m.  
The extensive database allows to derive many 
combinations of stock prediction models on AAL. We 
focused our attention on: 

1. fusion of Sentinel-1 and Sentinel-2 data and 
finding the most appropriate methods for 
biomass volume prediction on AAL in 2 
variants: linear (Model 1) and nonlinear model 
of biomass estimation (Model 2) 244



2. estimation of biomass volume on AAL from 
ALOS-2 bands applying nonlinear (power) 
model (Model 3) 

3. fusion of Sentinel-1 and Sentinel-2 and ALOS-2 
data and finding the most appropriate methods 
for biomass volume prediction on AAL (Model 
4), Fig. 5 

4. estimation of biomass volume on forest land 
applying Random Forest algorithm (Model 5), 
Fig. 6 

 
The best models for AGB quantification reached R-
squared 0.43 – 0.64 and root mean squared error (RMSE) 
95 -118 tons of dry matter per ha. The accuracy of the 
models is limited by the saturation of radar signals. The 
C-band of Sentinel-1 can reach only the upper part of the 
canopy. Better results were achieved including L-band 
ALOS-2 into the model, however, usage of this kind of 
data also increases financial requirements of the 
Permanent Inventory of Wood biomass on Abandoned 
Agricultural Land (PIWAAL) system. The models 
underestimate at high AGB ranges and overestimate at 
low AGB ranges. 
A solution is a division of the whole range of AGB (from 
0 to 700 t/ha) into smaller sub-groups (strata) and finding 
suitable ranges for which a linear stock derivation model 
could be applied. The best result with RMSE = 29.8 t/ha  
corresponds to AGB range from  4.4 to 250 t/ha using 
band Sentinel-2 B5,  Sentinel-1 VHleaf-off   and ALOS-2 
Alpha3 band in the AGB model. In addition, 0- 250 t/ha 
can be expected to be the relevant range for the AGB on 
AAL. 
 

 
 

Fig. 5 Predicted biomass on AAL (t/ha) Model 4, test 
site Viglas, Slovakia 

 
 

Fig. 6 Predicted growing stock on forest and AAL 
(m3/ha) based on Random Forest algorithm (Model 5), 

test site Viglas, Slovakia 

 
5. DISCUSSION & CONCLUSIONS 

 
Multi-temporal synthetic aperture radar interferometry 
(MT-InSAR) is nowadays a well-developed remote 
sensing tool for ground stability monitoring of 
infrastructure, gas storage facilities and for monitoring 
areas affected by natural hazards and undermining. The 
revisit periods of ALOS-2 over territory of Slovakia is 
less frequent and resulting deformation maps are noisier 
(Fig 1.), as standard recommendations [4, 5, 6, 7, 8, 9] for 
shorter revisit periods and a minimum of 20 acquisitions 
used within MTI approaches could not be met. 
Nevertheless, ALOS-2 data were used in preparatory 
stages for development of web-based monitoring platform 
remotIO [1] (Section 2), corner reflector monitoring 
network in Slovakia and open-source software for 
geodetic based InSAR processing GECORIS [20] 
(Section 3) and thanks to different polarizations tested in 
biomass applications [22, 23] (Section 4). Since less 
frequent revisit periods of ALOS-2 limited their 
exploitation within continuous MT-InSAR monitoring 
tasks, the ultimate goal of this study was to investigate the 
possibility of integration of these data with multiple space 
assets (e.g. Sentinel-1) in newly developed tools and 
applications over territory of Slovakia. 
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1. INTRODUCTION
Synthetic aperture radar tomography (TomoSAR) [1-6] is 
a useful tool for retrieving the three-dimensional structure 
of buildings in urban areas [6]. Reconstruct the three-
dimensional structure of urban buildings with a small 
amount of measurements can avoid time de-coherence and 
possible surface deformation effects. In this case, the 
classical spectrum analysis methods with limited SAR 
images has insufficient resolution and cannot achieve 
accurate reconstruction [4]. The CS method [6-7] can 
achieve super-resolution imaging, but it needs to set the 
hyper-parameters and the computational burden is heavy 
[8-9]. In this work, a super-resolution tomographic SAR 
algorithm based on sparse Bayesian learning theory [10] is 
proposed for the reconstruction of the three-dimensional 
structure of buildings. The work used L-band ALOS_2 [11] 
data for 3D reconstruction of buildings, and explore the 
potential of ALOS-2 data in the application of 3D 
reconstruction of buildings. In addition, the ALOS_2 L 
data will be used for tomographic SAR terrain inversion in 
mountainous overlapping areas to obtain more reliable 
mountain terrain inversion results [12-13]. 

2. METHODS

A. TomoSAR Model
Assume N SAR images are available over the concerned

area. For the nth image after co-registration, the focused 
complex value at an arbitrary pixel   can be expressed by: 

0 0( , ) ( ) exp( 2 )n n
s

g x y s j s dsγ πξ
∆

= −∫ (1) 

where ( )sγ  represents the scattering coefficients along the 
elevation directions;  s∆  is the elevation range of SAR 
imaging; nξ  is the spatial frequency related to the baseline

nb , range 0r   and wavelength λ  of SAR images; j is the 
complex unit. 

Discretizing the continuous reflectivity profile along the 
elevation s within its extent   by  , where M is the number 
of discretization intervals, we can approximately express 
the tomographic imaging model: 

g A eγ= +   (2) 
where e is the noise; g is the vector of N measurements; A 
is a  mapping matrix; and γ  is the discrete reflectivity 

vector with N sources. Accordingly, the covariance matrix 
of the multi-baseline SAR data can be expressed as: 

2{gg }H HR E APA Iδ= = + (3) 

B.CV-SBL TomoSAR Estimator
The backscattering profile of the building contains only

a small number of strong scattering sources, which can be 
considered sparse in the spatial domain. In the proposed 
framework, the sparse backscattering profile is assumed to 
obey a Gaussian prior distribution. Then, the posteriori 
probability will be calculated using Bayesian criterion. 
Finally, the power spectrum is inferred from the prior 
information and posterior probability [14-16]. 

In summary, the CV-SBL algorithm for TomoSAR can 
be organized as three key steps: 

Step1: Define the priori distribution. Establish the CV-
SBL TomoSAR model: 

( )    y vec R Bp t δ= = + +  (4) 
where ( )B A conj A=  ,   denotes Khatri-Rao product;

Ψ  is the wavelet basis; 2( )t vec Iσ= . δ  is the covariance 
matrix estimation error .According to [11], the second 
order statistic of δ  can be simply defined as: 

( ) ( ) ' '1 / ( )H TE L R R Vδδ = ⊗ = (5) 

where ( )T⋅  denotes the transpose operation and ⊗ denotes 
the Kronecker product. To simplify the expression, (4) is 
turned into: 

,   [  ]y Gx G B Iδ= + =  (6) 
where G represents the new sensing matrix, and 

[ ] Tx p t= includes backscattering power parameters to be 
solved and unknown noise power. To run SBL more 
efficiently, a Gaussian distribution was appended to x as 

~ (0, )x N Λ . ( )diagΛ = Γ  and 21, ,
T

d D N
τ τ τ

+
 Γ =    is 

a hyper-parameter vector. Then the probability of y with 
respect to Γ  can be defined as follows: 

( ) ( ) ( )| | |p y p y x p x dxΓ = Γ∫   (7)
Step2: Calculate posterior probability. Considering 

Bayes’ rule and the priori distribution defined above, the 
mean vector μ and covariance matrices xΣ can be 
calculated: 
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Step3: Estimate backscattered power profile. According 
to the EM algorithm, the update rule of the proposed 
method can be obtained. 

In E-step: μ and xΣ  will be updated via (8). 
In M-step:Γ  can be updated via: 

 ( ) 2 2
,  1, 2new

k x kk k k D Nτ µ= Σ + = +   (9) 
What needs to be emphasized is that the parameter 

vector Γ is related to the forest backscattering power. As a 
result, the power spectrum can be obtained from Γ in the 
proposed CV-SBL method. 

 
2. STUDY AREAS AND DATA SETS 

A. Urban area 
In order to verify the effectiveness of the proposed 

algorithm, the experiment uses 12 PALSAR-2 data 
covering Xi'an, Shaanxi Province from September 2014 to 
October 2018, as summarized in Table 1. The image 
acquired on 2016-11-12 is used as the master image. The 
coverage of the image is shown in red rectangle in Figure 
1. The azimuth and range resolutions of the SAR image are 
3.24m and 4.29m, respectively, and the central incident 
angle is 40.5°. 

 

Fig.1 The coverage of research area 
 
 
 

Tab.1 Summary of PALSAR-2 scenes used in this study 

Imaging Date Perpendicular 
Baseline(m) 

2014-09-06 -204.96 
2014-11-15 -37.25 
2015-01-24 -19.08 
2015-06-27 -132.28 
2016-06-11 35.23 
2016-06-25 -101.91 
2016-11-12 0 
2017-06-24 -112.56 
2017-10-18 94.47 
2018-04-28 31.95 
2018-06-23 -77.99 
2018-10-13 133.29 

 
B. Mountain Area 

The mountainous area near Colca Canyon, Arequipa, 
Peru (see Figure 2(a)) is selected as study area. The average 
elevation there is above 2000 meters. The climate is dry 
with the annual precipitation about 100mm and annual 
temperature about 14.4 ℃ . Additionally, this area is 
primarily covered by sparse forests and bare rocks. So the 
interferogram of this area has good coherences. This 
ensures ground objects have almost kept stable in multi-
observations for TomoSAR. 

 

 

 
Fig. 2 (a) Geographic of the study area overlaid in an 
optical image. The red rectangle represents the 
footprint of the selected SAR images; (b) the intensity 
map of the selected master SAR image acquired on 
August 15, 2009. 
 

Altogether 14 ALOS PALSAR acquisitions spanning 
from 2007 to 2010 over the study area are selected to test 
the TomoSAR method. Parameters of the selected 
PALSAR-L datasets are listed in Table 2. 

 
Table 2 Parameters of the selected PALSAR datasets 

Polarization 
Mode 

Wavelength 
(cm) 

Incidence 
angle 

Azimuth 
spacing 

(m) 

Range 
spacing 

(m) 
HH 23.62 38.89° 3.21 m 4.68 m 

 
 
 

3. RESULTS AND DISCUSSION 
A. Tomography of buildings 

We choose two azimuth profiles in two different areas to 
verify the performance of the proposed method. The first 
area contains many tall buildings. The optical image of this 
area is shown in Figure 3(a). The position of the selected 
azimuth profile on the SAR intensity map is shown by the 
red line in Figure 3(b). 

 

 

Fig.3 The location of  test line1 
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Fig.4 Normalized tomographic profile. (a)HH channel 
obtained by CV-SBL;(b) HH channel obtained by 
Capon;(c) HV channel obtained by CV-SBL;(d) HV 
channel obtained by Capon 

 
Figure 4 showed the tomograms of the buildings in the 

experimental area. It can be seen from the experimental 
results that CV-SBL can use ALOS SAR data to achieve a 
good focus of the building profile, and the obtained 
tomographic spectrum is clear. The Capon method almost 
loses its focus and cannot extract useful information. In 
addition, the HH polarization channel has better 
reconstruction performance. 

 

 

Fig.5 The location of  test line2 
 

 

 
Fig.6 Normalized tomographic profile. (a)HH channel 
obtained by CV-SBL;(b) HH channel obtained by 
Capon;(c) HV channel obtained by CV-SBL;(d) HV 
channel obtained by Capon 
 

Figure 6 showed the tomograms of the different 
polarization channels of the buildings in the second test 
area. In this area, the CV-SBL method still obtained a good 

chromatogram. Compared with the Capon method, it has 
better reconstruction performance 
 
B. Tomography of mountainous terrain 

Figure 7(a) shows the normalized intensity map along 
the range direction by TomoSAR. It is evident that the 
spectrum is clear from the beginning to the end despite 
little noise. The positions of two valleys are located at 
about the 2000th bin and approximately 2800th bin, 
respectively. For layover, TomoSAR has the ability to 
discriminate different scatterers within the same pixel, see 
Figure 7(b) and Figure 7(c). There are two scattering 
centers in the 2014th, 2015th, 2017th and 2018th bin, 
which are corresponding to layover region. Those explain 
that TomoSAR can solve the problem caused by layover. 

Each scatterer’s elevation location can be determined 
by its tomograms like Figure 7(a). To ensure that the 
maximum fluctuation of the ground is smaller than the 
maximum elevation range observed by TomoSAR, the 
region that is located at azimuth lines from 2500th to 
3000th and range rows from 1500th to 3000th is used to 
make DEM. In layover areas, we select the maximum value 
as the elevation information in one pixel. Figure 8(a) shows 
the DEM of this selected area. 

 

 

Fig. 7 (a) The spectrum of the range profile retrieved by 

TomoSAR; (b) the first layover in range profile (c) the 

second layover in range profile. 

 

Figure 8(b) presents the result in SAR coordinate got by 
this method. Compared Figure 8(a) with Figure 8(b), it is 
found that DEM acquired by TomoSAR is smoother than 
that of InSAR. In layover areas and their neighborhood, 
DEM acquired by TomoSAR is closer to SRTM in texture.  
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Fig. 8 (a) DEM of the selected site estimated by 
TomoSAR in SAR coordinate system;(b) DEM of the 
selected site acquired by InSAR in SAR coordinate 
system; (c) SRTM of the selected site in SAR 
coordinate system. 

 
4. CONCLUSIONS 

In our research, we proposed a tomographic SAR 
method based on sparse Bayesian learning. This method 
has super resolution and can achieve good tomographic 
SAR three-dimensional imaging. Compared with the CS 
method, there is no need to set user parameters, and the 
time required is less. 

The new method is used for tomographic imaging of 
ALOS PALSAR data, which can successfully reconstruct 
the profile of the building. The obtained tomogram is clear 
and has a high three-dimensional focusing ability 

Finally, we explored the potential of ALOS PALSAR 
data in mountain terrain extraction. TomoSAR technology 
can solve the overlapping problem of mountain imaging 
and obtain smoother terrain inversion results.  
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