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Abstract: Estimating landslide dynamics is vital for the prevention of landslide disasters. Differential
interferometric synthetic aperture radar (DInSAR) based on L-band SAR satellites is an effective tool
for estimating the dynamics of forested landslides that occur in Japan. High-temporal L-band SAR
observations have been planned for the future. Thus, it is necessary to further investigate the specific
advantages of high-temporal L-band SAR observations for estimating landslide dynamics. In this
study, we used DInSAR data with different time windows to identify active landslides in Hokkaido,
Japan. This study is the first attempt to demonstrate the advantages of high-temporal L-band SAR
observations for estimating active landslide dynamics. We successfully observed the dynamics of two
active landslides, Kounai-1 and Kounai-2, using DInSAR over a time window of 14 days. We present
the first spatial observation of the dynamics of Kounai-1 and Kounai-2. In addition, we discuss the
dynamics of Kounai-1 and Kounai-2 based on interferograms, and our results suggest that both
landslides are subunits of the same landslide, called the Kounai landslide. These results indicate that
high-temporal L-band SAR observations can mitigate cycle slips and enable the estimation of active
landslide dynamics.

Keywords: high-temporal observation; L-band SAR; ALOS-2; ALOS-4; DInSAR; active landslide;
dynamics; cycle slip

1. Introduction

Landslides (i.e., slides [1]) are one of the mass movements that occur along one or
several sliding surfaces [1]. They occur when slopes become unstable owing to rainfall [2],
snowmelt [3], river erosion [4], earthquake [5], and artificial influence [6]. In regions with
humid climate and variable geological zones, such as Japan, landslides pose a significant
risk to societal infrastructure, such as roads [7]. Landslide Terrain Data Maps (LTDMs)
have been developed in Japan, e.g., by [8–10], based on aerial photograph interpretations,
which are crucial for assessing landslide disaster risk [11]. However, it is difficult to quan-
titatively understand landslide dynamics by interpreting aerial photographs. Therefore,
the LTDM’s assessment of landslide disaster risk has limitations. For instance, a landslide
event occurred in May 2022 in Nagano Prefecture, Japan, without prior anticipation of
landslide dynamics, leading to an inability to forecast slope failures caused by landslide
movement [12]. Thus, to thoroughly and quantitatively assess landslide disaster risk, it is
imperative to evaluate the landslide dynamics within the LTDM [13].

Differential interferometric synthetic aperture radar (DInSAR) is based on the phase
difference of electromagnetic waves at two epochs observed by a space-borne SAR. DInSAR
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is effective for spatially monitoring ground motion dynamics, such as earthquakes, e.g.,
by [14–16]; volcanoes, e.g., by [17–19]; ground subsidence, e.g., by [20–22]; and landslides,
e.g., by [5,23,24]. Particularly in densely vegetated regions such as Japan, L-band SAR data
are more coherent than C- and X-band SAR data [25–27]. In addition, L-band SAR data
are typically more accessible for unwrapping owing to their higher coherence and fewer
fringes [27]. Nishiguchi et al. [28] applied interferograms created by L-band DInSAR to
landslides in the densely vegetated areas of Japan. They revealed a residual displacement
of 1.51 mm compared to the ground surface movements observed by GNSS positioning.
This demonstrates the effectiveness of L-band DInSAR in observing landslides in vegetated
areas with centimeter-level accuracy.

In the near future, the operation of satellites, such as ALOS-4 [29], NISAR [30], and
ROSE-L [31], which acquire L-band SAR data at a high temporal resolution, is planned.
This will enable a short time-window DInSAR, allowing for high-temporal observations of
ground movement (i.e., a 14-day time window in ALOS-4 [29]) [32]. In particular, ALOS-4
operates in the same orbit as ALOS-2, enabling a more extended time series analysis than
other satellites [29]. This means that the advantages of ALOS-4 can be demonstrated
in advance by using ALOS-2 data. However, few empirical studies have examined the
advantages of high-temporal L-band SAR observations for estimating landslide dynamics.
A preliminary assessment of the advantages of high-temporal L-band SAR observations is
essential to facilitate the application of these data. Therefore, it is necessary to empirically
examine the specific advantages of high-temporal observations using L-band SAR to
estimate landslide dynamics in actual cases.

In this study, we applied the interferograms created by DInSAR based on ALOS-2
to active landslides in Hokkaido, Japan, known as Kounai-1 and Kounai-2 (Figure 1) [33].
These landslides move relatively fast [34]. Despite various attempts to understand the
dynamics of Kounai-1 and Kounai-2 using different methods [33–35], the spatial analysis of
their movements has not been adequately captured. A previous study [34,35] also applied
DInSAR based on ALOS-2 to Kounai-1 and Kounai-2. However, the previous study did
not consider the impact of the DInSAR time window on interferogram creation [34,35].
Therefore, the results only partially align with the observations from GNSS positioning. In
this study, we created interferograms using various time-window settings of L-band SAR
to understand the dynamics of Kounai-1 and Kounai-2. Our results reveal the dynamics of
Kounai-1 and Kounai-2 in detail, using interferograms with a 14-day time window, for the
first time. This highlights how the realization of high-temporal observations with L-band
SAR enables the estimation of relatively fast-moving landslide dynamics such as Kounai-1
and Kounai-2, which are not observable with conventional long time windows.
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Figure 1. Overview of target landslides (Kounai-1 and Kounai-2). (a) Locations of Kounai-1 and 
Kounai-2. (b) Geological and geomorphological conditions around Kounai-1 and Kounai-2
[33,36,37]. (c) Landslide movements were observed by GNSS positioning from 1 December 2017 to 
1 June 2022. GSI map is used in Figure 1a. Landslide terrain in (b,c) is based on [33]. Geology in (b) 
is based on [36,37]. The maps were coordinated under JGD2011Zone11 [38]. 

Figure 1. Cont.



Remote Sens. 2024, 16, 2687 3 of 23

Remote Sens. 2024, 16, x FOR PEER REVIEW 3 of 24

(c)

Figure 1. Overview of target landslides (Kounai-1 and Kounai-2). (a) Locations of Kounai-1 and 
Kounai-2. (b) Geological and geomorphological conditions around Kounai-1 and Kounai-2
[33,36,37]. (c) Landslide movements were observed by GNSS positioning from 1 December 2017 to 
1 June 2022. GSI map is used in Figure 1a. Landslide terrain in (b,c) is based on [33]. Geology in (b) 
is based on [36,37]. The maps were coordinated under JGD2011Zone11 [38]. 

Figure 1. Overview of target landslides (Kounai-1 and Kounai-2). (a) Locations of Kounai-1 and
Kounai-2. (b) Geological and geomorphological conditions around Kounai-1 and Kounai-2 [33,36,37].
(c) Landslide movements were observed by GNSS positioning from 1 December 2017 to 1 June 2022.
GSI map is used in Figure 1a. Landslide terrain in (b,c) is based on [33]. Geology in (b) is based
on [36,37]. The maps were coordinated under JGD2011Zone11 [38].

2. Overview of Kounai-1 and Kounai-2

Kounai-1 and Kounai-2 are active landslides on the left bank of the Osaru River in
Sobetsu Town, Hokkaido (Figure 1). Damage from landslides in this area has occurred since
the 1960s, and active movements of Kounai-1 and Kounai-2 began in 2010 and 2013 [33]. To
the north and south of the landslides lie a range of Pleistocene volcanoes [36,37], whereas
to the west, well-developed river terraces extend toward the active volcanic activity of
the Usu Volcanic Group (Figure 1a). The vicinity of the landslides exhibits low-gravity
anomalies [39] and is considered to bear traces of a caldera [33]. Across Kounai-1 and
Kounai-2, on the opposite bank, large-scale landslide formations are also present, some of
which moved between 2010 and 2013 (Figure 1b) [33].

Kounai-1 and Kounai-2 were characterized as cap-rock-type landslides. Cap-rock-
type landslides occur when highly plastic layers (e.g., mudstone) are overlaid by heavy
permeable layers (e.g., volcaniclastic rocks and thick terrace deposits), and the lower layers
are deformed by the stresses of the upper layers (see, e.g., [40–42]). The sliding surfaces of
Kounai-1 and Kounai-2 consist of fragile mudstone, sandstone, and conglomerates, known
as the Rerukomabetsu Formation. The landslide bodies consist of volcanic rocks known
as andesites (Figure 1b) [33]. The Rerukomabetsu Formation consists of nearly horizontal
lacustrine sediments that are deposited and exhibit high viscosity and alteration when
saturated with water [33]. Andesitic rocks were presumed to have originated from the
surrounding Pleistocene volcanoes [36,37].

To understand the dynamics of Kounai-1 and Kounai-2, 17 GNSS positioning systems
were installed around them (Figure 1b) by the Hokkaido Research Organization, the
Sobetsu Town, the Hokkaido Government, and the Hokkaido Regional Development
Bureau. However, because the 17 GNSS positioning systems were installed in stages
over several years, not all GNSS systems observed all the movements after the landslide.
Figure 2 shows the GNSS positionings from G1 to G5 (Figure 1c), which observed landslide
movements from 2016 to 2022. In Figure 2, the yellow line indicates north–south movement,
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the green line represents east–west movement, and the blue line shows vertical movement,
with positive values corresponding to north, east, and upward directions, respectively.
It should be noted that the movements observed at G5 are less stable compared to other
GNSS positionings. This instability is attributed to the poor visibility of the sky above
G5 due to vegetation and its location between steep cliffs to the north and south. This
figure reveals that the landslide exhibits alternating periods of active movement and
quiescence. Furthermore, the overall trend throughout the observation period indicates
that the movements do not change direction with each period of activity but rather continue
in a specific direction. Hereafter, we describe the landslide movements observed by GNSS
positionings from 1 December 2017, when G1 began observations, to 1 June 2022.
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At Kounai-1 (G1), there was a horizontal movement of 19.5 cm in the aspect 354 de-
grees direction and a vertical upward movement of 1.1 cm. At the toe of Kounai-2, point 
G3 exhibited a horizontal movement of 27.5 cm in the aspect 0° direction and a vertical 
upward movement of 45.8 cm. At G4, there was a horizontal movement of 48.0 cm in the 
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Figure 2. Landslide movement observed by GNSS positionings. Locations of GNSS positioning
systems are shown in Figure 1c. The yellow line indicates north–south movement, the green line
represents east–west movement, and the blue line shows vertical movement, with positive values
corresponding to north, east, and upward directions, respectively. Black arrows indicate DInSAR
time windows.
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At Kounai-1 (G1), there was a horizontal movement of 19.5 cm in the aspect 354 degrees
direction and a vertical upward movement of 1.1 cm. At the toe of Kounai-2, point G3
exhibited a horizontal movement of 27.5 cm in the aspect 0◦ direction and a vertical upward
movement of 45.8 cm. At G4, there was a horizontal movement of 48.0 cm in the 354◦

direction and a vertical downward movement of 28.6 cm. At G5, there was a horizontal
movement of 33.8 cm in the aspect 0◦ direction and a vertical downward movement of
37.4 cm. Observing similar movements in G3 on the right bank of the Osaru River as
in G4 and G5 on the left bank of the Osaru River, it is considered that the affected area
of Kounai-2 extends beyond the Osaru River [33]. Of particular interest was G2, located
between both landslides, which exhibited a horizontal movement of 25.9 cm in the 354◦

aspect direction and a vertical upward movement of 3.8 cm. Its direction of movement
and temporal changes were consistent with those of Kounai-1 (G1) and Kounai-2 (G5)
(Figure 2). Thus, Kounai-1 and Kounai-2 exhibited movements over a broader range than
the previously assumed landslide-affected area [33]. This suggests that the landslide-
affected area may be larger than previously thought, and that Kounai-1 and Kounai-2 may
be part of a continuous series of landslides. However, to date, there are no data to confirm
these speculations.

3. Methods
3.1. Creating Interferograms

We processed the interferograms from the L-band SAR data acquired using ALOS-2.
The interferogram pairs used in this study are listed in Table 1. All SAR data used in this
study were acquired in descending right-looking mode using Path 19 and Frame 2760
(Figure 3). SAR data acquired during snowy seasons are unsuitable for observing landslide
dynamics because of reduced coherence (e.g., in [13,43,44]). Therefore, this study did not
utilize SAR data acquired during snowy seasons. Table 1 also shows the weather conditions
at the time of ALOS-2 observations. The weather conditions were observed at the JMA’s
AMeDAS Otaki (Figure 3) [45]. In Table 1, the unit “h”, for instance, 0.5 h for the Primary
in Pair 1, indicates that the direct solar radiation exceeded 0.12 kW/m2 at 11:00, lasting for
0.5 h. Conversely, the unit “mm”, for example, 0.5 mm for the Secondary in Pair 1, signifies
that the precipitation at 11:00 was 0.5 mm.

Table 1. This study used the ALOS-2 data. All data were observed in the descending orbit in the
right-looking mode (Path: 19; Frame: 2760).

Pair No. Primary Date Secondary Date Time Window
(Days)

Primary
Weather 1

Secondary
Weather 1

1 1 September 2015 10 November 2015 70 0.5 h 0.5 mm
2 24 May 2016 2 August 2016 70 1.0 h 0.6 h
3 2 August 2016 11 October 2016 70 0.6 h 1.0 h
4 11 October 2016 25 October 2016 14 1.0 h 1.0 h
5 11 April 2017 23 May 2017 42 0.6 h 1.0 h
6 23 May 2017 1 August 2017 70 1.0 h 0.6 h
7 1 August 2017 24 October 2017 84 0.6 h 0.7 h
8 22 May 2018 31 July 2018 70 1.0 h 1.0 h
9 31 July 2018 23 October 2018 84 1.0 h 1.0 h
10 30 July 2019 22 October 2019 84 0.1 h 0.7 h
11 19 May 2020 28 July 2020 70 1.0 h 0.5 mm
12 28 September 2020 20 October 2020 84 0.5 mm No data 2

13 17 May 2022 26 September 2022 70 1.0 h 0.8 h
1 The hours of sunshine on sunny or cloudy days are at 11:00 a.m.; the amount of precipitation on rainy days is at
11:00 a.m. 2 Although the data at 11:00 are missing, it is presumed not to have rained, as clear skies were observed
at other times on the same day and at nearby stations.
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Figure 4 illustrates the DInSAR procedure used in this study. To remove topographic
fringes and geocode interferograms, we utilized a Digital Ellipsoidal Height Model (DEHM)
created from a 10 m mesh Digital Elevation Model (DEM) publicly available from the
Geospatial Information Authority of Japan (GSI) [46] and the EGM96 geoid model [47].
Interferograms were multi-looked in the range direction with four looks and in the azimuth
direction with five looks to match the spatial resolution of the DEM (10 m). The atmospheric
noise correlated with elevation was corrected using a mesoscale model (MSM) provided
by the Japan Meteorological Agency [48]. We obtained the MSM data from RISH at Kyoto
University [49]. Phase unwrapping was performed using snaphu-v2.0.6 [50–52]. Finally,
the phase was shifted to ensure that the ground movement of the reference point on GNSS
positioning (Figure 1b) was set to zero. Processing until this stage was conducted using
RINC 0.45 [53]. The processed interferograms were visualized on maps using ArcGIS Pro
3.1.0. In the following section, we present enlarged interferograms of the area surrounding
the target landslides (coverage is shown in Figure 1b). In DInSAR, the phase of the primary
data was subtracted from the phase of the secondary data. Thus, a positive displacement
in the Line of Sight (LoS) indicates ground movement away from the satellite, whereas a
negative displacement in the LoS indicates ground movement toward the satellite.
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3.2. Accuracy Validation of Interferograms

To assess the accuracy of the interferograms generated for the landslide dynamics
estimation, we compared them with the following:

(1) GNSS positioning (Figure 5a): We converted the ground movements observed by
GNSS positioning during the same time window as the interferograms (Figure 1c)
into the LoS direction based on [54] (pp. 162–163). For an incidence angle of ALOS-2
≈ 32.5◦ and heading from the north of ALOS-2 (i.e., Azimuth direction) ≈ 190.5◦. The
locations of GNSS positioning are shown in Figure 1b. Subsequently, we calculated
the residual Root Mean Square (RMS) of the GNSS-derived and DInSAR-derived LoS
displacements.

(2) Airborne LiDAR survey (Figure 5b): Airborne LiDAR can measure elevation (e.g.,
see [55–57]). We investigated whether the areas where LoS displacement was observed
in the interferograms corresponded to areas with elevation changes identified in the
airborne LiDAR survey. We utilized a 1 m grid DEM generated by airborne LiDAR
surveys on 10 October 2013 and 27 November 2023. The survey was planned for
10 October 2013 for the Hokkaido Regional Development Bureau and operated by
the Hokkai Aerosurvey Corporation. The second project was planned and operated
by the Hokkaido Research Organization. Unmanned Aerial Vehicle (UAV)-based
LiDAR mapping was performed on 27 November 2023, using real-time kinematic
(RTK) GNSS with a reference point. The point-cloud density during DEM creation
was 4 points/m2.

(3) Field survey (Figure 5c): Field surveys conducted between 2022 and 2023 confirmed
ground movements. We verified whether the ground movements observed during
the field survey matched the LoS displacements obtained from the interferograms.
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Figure 5. The surveys were conducted to validate the accuracy of interferograms. (a) The GNSS
positioning system operated in target landslides. (b) UAV-based aerial LiDAR survey. (c) Field survey
of ground movements. (a) The GNSS positioning system called G4 in Figure 1c. (c) The photograph
was taken at “P” in Figure 1c.

To validate the accuracy of the Airborne LiDAR survey, comparisons were conducted
on both artificial and natural slopes using map-based comparison (Figure 6a) and cross-
sectional profile comparison (Figure 6b). The map-based comparison revealed that the
2023 LiDAR, with degraded vegetation, had a higher point cloud density compared to the
2013 LiDAR, as shown in the orthoimage comparison (Figure 6a). However, the difference
between the 1 m DEMs created from both point clouds showed almost no significant
difference (Figure 6a). Similarly, the cross-sectional profile comparison indicated no sub-
stantial differences between the 1 m DEMs from both years, with a maximum elevation
difference of about 1 m, likely due to the absence of vegetation, and an average variation
of only about 30 cm (Figure 6b). Additionally, there were no significant discrepancies in
the positions of convex landforms, and no major geometric shifts were observed in the
horizontal direction (Figure 6b). Therefore, despite a maximum vertical variation of 1 m
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and an average variation of about 30 cm, the 1 m DEMs from both years are considered to
have sufficient accuracy for detecting landslide movements.
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Figure 1c.

4. Results
4.1. Comparison of Interferograms and Landslide Topography

Figure 7 shows all the wrapped interferograms created. The time windows of these
interferograms and the movements observed by GNSS positioning during those periods
are shown in Figure 2. As a general trend, most interferograms, with the exception of Pair 4,
show phase disturbance. This might be due to the significant vegetation growth in the area,
which can quickly become decorrelation. Prominent LoS displacements around Kounai-2
can be observed in Pair 3, Pair 4, Pair 7, Pair 8, and Pair 9. The periods during which these
LoS displacements were observed coincide with the periods during which movements
were detected by GNSS positioning (Figure 2). Furthermore, in Pair 5, a significant LoS
displacement is also observed west of Kounai-2. During this period, significant movements
were detected by GNSS positioning at G5, though no clear movements were observed
at other observation points. However, this area also shows LoS displacement in other
interferograms, such as Pair 3, Pair 4, Pair 7, Pair 8, and Pair 9 (Figure 7). Since a GNSS
positioning system is not installed west of Kounai-2, verifying the nature of these phase
changes using another method is necessary. Below, we focus on Pairs 4, 7, and 8, which
have different time windows and periods during which movements were observed in both
interferograms and GNSS positioning. Here, the time window for Pair 4 corresponds to
that of ALOS-4, as well as the shortest time window of ALOS-2, while the time windows
for Pair 7 and Pair 8 correspond to the typical time windows of ALOS-2 (Table 1).
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Figure 7. All wrapped interferograms were created in this study. Landslide terrains are based on [33].
The coverage is shown in Figure 1b. The contour is based on DEM on 10 October 2013. The maps
were coordinated under JGD2011Zone11 [38].

Figure 8 shows the wrapped interferograms (Pairs 4, 7, and 8 in Table 1), where the
LoS displacements indicative of the target landslide dynamics were observed. Figure 9
shows the unwrapped interferograms of the same interferograms in Figure 8. Table 2 lists
the ground movements observed by GNSS positioning during the same period, as shown
in Figures 8 and 9. The “No data” in Table 2 shows periods during which GNSS positioning
systems were not operated. Figures 8 and 9 show notable LoS displacements around the
target landslides. From Figure 8, it is apparent that the LoS displacements within the target
landslides are not uniform. Below, we explain the LoS displacements observed for each
interferogram.
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Figure 8. The wrapped interferograms were focused on in this study: (a) Pair 4 in Table 1, (b) Pair 7 
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Figure 8. The wrapped interferograms were focused on in this study: (a) Pair 4 in Table 1, (b) Pair
7 in Table 1, and (c) Pair 8 in Table 1; landslide terrains are based on [33]. The coverage is shown
in Figure 1b. The contour is based on DEM on 10 October 2013. The maps were coordinated under
JGD2011Zone11 [38].
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JGD2011Zone11 [38].
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Table 2. The GNSS positioning systems at the target landslides observed ground movements in the
LoS direction. G1 to G5 show GNSS positioning systems in Figure 1c. Pair numbers are the same as
those in Table 1. The unit of ground movements is centimeters.

G1 G2 G3 G4 G5
Pair No. GNSS DInSAR GNSS DInSAR GNSS DInSAR GNSS DInSAR GNSS DInSAR

4 No data −0.1 1 −0.9 0.6 −2.1 −1.4 4.1 1.9 5.4 1.1
7 No data −0.3 −2.8 1.0 −3.6 −3.6 17.9 4.1 23.1 8.1
8 −1.6 2.1 −1.9 0.3 −5.4 −3.6 8.4 −3.4 27.2 −0.1

1 Positive displacement is away from the satellite, and negative displacement is toward the satellite.

In Pair 4 (Figures 8a and 9a), notable LoS displacements were observed around Kounai-
2. At the toe of Kounai-2, LoS displacements were observed to move toward the satellite.
These displacements cover the left basin of the Osaru River. At the main landslide body
of Kounai-2, the LoS displacements moving away from the satellite were observed. The
largest LoS displacement (3.5 cm from the satellite) was observed directly beneath the
main cliff at Kounai-2. These displacements extend toward the west, where similar LoS
displacements are observed in parts of Kounai-1. During Pair 4, the LoS displacements
observed by GNSS positioning were as follows: −0.9 cm at G2, −2.1 cm at G3, 4.1 cm at
G4, and 5.4 cm at G5 (Table 2). G1 was not operated.

In Pair 7 (Figures 8b and 9b), LoS displacements in the direction moving toward the
satellite were observed at the toe of Kounai-2 and some parts directly beneath the main
cliff. On the west side of Kounai-2, LoS displacements moving away from the satellite were
also observed, although they were not as notable as those in Pair 4. During Pair 7, the LoS
displacements observed by GNSS positioning were as follows: −2.8 cm, −3.6 cm, 17.9 cm,
and 23.1 cm at G2, G3, G4, and GR, respectively (Table 2). G1 was not operated.

In Pair 8 (Figures 8c and 9c), LoS displacements moving toward the satellite were
observed in the eastern half of Kounai-2, whereas, in the western half of Kounai-2, LoS
displacements away from the satellite were observed. These displacements extend further
to the west and connect with Kounai-1. However, the LoS displacements in Kounai-1
are less notable than those in Kounai-2. Interestingly, notable LoS displacements were
observed between both landslides. At the Kounai-2 toe, LoS displacements moving toward
the satellite were observed. During the period covered by Pair 8, the LoS changes observed
by GNSS positioning were as follows: −1.6 cm at G1, −1.9 cm at G2, −5.4 cm at G3, 8.4 cm
at G4, and 27.2 cm at G5 (Table 2).

4.2. Comparison of Interferograms and GNSS Positioning

We calculated the residuals of the ground movements between the GNSS positioning
(Figure 1b) and unwrapped interferograms of Pairs 4, 7, and 8 (Figure 9), as shown in
Figure 10. However, five GNSS positioning systems did not operate on Pair 4, two GNSS
positioning systems did not operate on Pair 7, and one GNSS positioning system did not
operate on Pair 8. These GNSS positioning systems are not in operation because the 17
GNSS positioning systems were not installed all at once but were installed in stages over
several years. In Figure 10, the dashed lines represent the residuals within a range of
11.8 cm, which is half the wavelength of ALOS-2. Out of the 40 plotted points, only the
following four points exceed the 11.8 cm of residuals. In G4 of Pair 7, 17.9 cm moved
away from the satellite on GNSS positioning, 4.1 cm moved away from the satellite on
interferogram, and the residual was 13.8 cm (Table 2). In G5 of Pair 7, 23.1 cm moved away
from the satellite on GNSS positioning, 8.1 cm moved toward the satellite on interferogram,
and the residual was 15.0 cm (Table 2). In G4 of Pair 8, 8.4 cm moved away from the satellite
on GNSS positioning, 3.4 cm moved toward the satellite on interferogram, and the residual
was 11.8 cm (Table 2). In G5 of Pair 8, 27.2 cm moved away from the satellite on GNSS
positioning, 0.1 cm moved toward the satellite on interferogram, and the residual was
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27.3 cm (Table 2). The RMS values of all residuals were 1.6 cm for Pair 4, 6.0 cm for Pair 7,
and 7.9 cm for Pair 8 (Figure 10).
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4.3. Comparison of Interferograms and Airborne LiDAR Survey

Figure 11 shows the elevation changes from 10 October 2013 to 27 November 2023,
at the target landslides. At the head of Kounai-2 (“A” in Figure 11), notable subsidence
ranging from 120 to 370 cm is observed. Pair 4 of the interferograms (Figures 8a and 9a)
shows harmonious LoS displacement alongside the observed elevation change in this area.
However, in Pairs 9 and 10 of the interferograms (Figures 8b,c and 9b,c), LoS displacements
moving toward the satellite were observed, and they were not in harmony with the eleva-
tion change (Figure 11). At the toe of the Kounai-2 (“B” of Figure 11), an uplift ranging from
120 to 300 cm is observed. In this area, harmonious LoS displacements moving toward the
satellite were observed in Pairs 4, 7, and 8 (Figures 8 and 9), along with the elevation change
(Figure 11). Notable subsidence was observed on the western side toe of the Kounai-2
(“C” in Figure 11). Comparing the Digital Terrain Model (DTM) between 10 October 2013
(Figure 12a) and 27 November 2023 (Figure 12b) near “C” in Figure 11, it is evident that
the riverbank has undergone substantial erosion. Therefore, this change in elevation was
attributed to riverbank erosion by the Osaru River.

Notable elevation changes compared to Kounai-2 were not observed in Kounai-1
(Figure 11). The elevation increase observed at the toe of Kounai-1 (“D” in Figure 11)
is attributed to riverbank protection works. The unwrapped interferograms show LoS
displacements moving away from the satellite, which are particularly pronounced in Pairs
4 (Figure 9a) and 8 (Figure 9c).

In the eastern area between the Kounai-1 and Kounai-2, specifically at G2 in Figure 1c
(“E” in Figure 11), an uplift ranging from 70 to 190 cm was observed. In the unwrapped in-
terferograms, ground movement away from the satellite was observed for Pair 4. However,
ground movements toward the satellite were observed in Pairs 7 and 8. On the western
side of Kounai-2’s main cliff (“F” in Figure 11), a linear subsidence of 120 to 370 cm was
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observed. This subsidence area is contiguous with the main cliff of Kounai-2 (Figure 11).
Around this subsidence area, ground movement away from the satellite was observed in
the interferograms (Figure 9).
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4.4. Comparison of Interferograms and Field Survey

We conducted field surveys at the elevation change locations (“A” to “F” in Figure 11).
Figure 13 shows a photograph of the ground movements captured during the field surveys.
The shooting points of Figure 13a–f correspond to “A” to “F” in Figure 11.

A. Around Kounai-2, where subsidence of approximately 120 to 370 cm was observed
by aerial LiDAR survey (“A” in Figure 11), some cliffs several meters high were
observed, with vegetation stripped off and trees tilting to the slope side (Figure 13a).

B. At the toe of Kounai-2, where the flat surface of the river terrace was uplifted, an
aerial LiDAR survey (“B” in Figure 11) observed a cliff of approximately 180 cm
(Figure 13b), forming a range from approximately 120 to 300 cm.

C. On the western side of Kounai-2, where the effects of river erosion were observed
(“C” in Figures 10 and 12), cracks formed on the attacking slope side of the Osaru
River (Figure 13c). Additionally, the right bank of the Osaru River turned upward
(Figure 13c).

D. At the toe of Kounai-1, where elevation change was observed (“D” in Figure 11), the
catchment well for the landslide was tilted northward (Figure 13d).

E. At the area between Kounai-1 and Kounai-2, where an uplift from approximately 70
to 190 cm was observed by aerial LiDAR survey (“E” in Figure 11), the terrace was
uplifted (Figure 13e).

F. Near the western extension of the main cliff of Kounai-2, within the area between
Kounai-1 and Kounai-2, an aerial LiDAR survey observed subsidence from about 70
to 370 cm (“F” in Figure 11). Cliffs of approximately 5 m were formed (Figure 13f),
and at the location where this cliff climbed, a fresh small cliff of approximately 35 cm
was formed (Figure 13f).
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Figure 13. Ground movements on field survey: (a) cliff within Kounai-2 body; (b) cliff at the toe of
Kounai-2; (c) crack at Osaru River basin; (d) tilted a catchment well at the toe of Kounai-1; (e) bending
of the terrace between Kounai-1 and Kounai-2; and (f) cliffs near the western side of the main cliff of
Kounai-2. The locations are shown in Figure 11.

5. Discussion
5.1. Advantage of High-Temporal L-Band SAR Observations in Estimating Landslide Dynamics

The accuracy of landslide movement observations based on unwrapped interfero-
grams with L-band SAR was confirmed at 1.51 cm compared to GNSS positioning [28]. This
study also confirmed that the ground movement observation accuracy of the unwrapped
interferogram for 14 days was 1.6 cm compared with GNSS positioning (Figure 10). This
result confirms the results of previous studies and shows that L-band DInSAR can observe
ground movements with an accuracy of approximately 2 cm. However, Pairs 7 (time
window of 84 days) and 8 (time window of 70 days), which had longer time windows than
Pair 4 (time window of 14 days), did not show the same observation accuracy as that of
Pair 4 (Figure 10).

Kounai-2 is a particularly active landslide, and there have been reports of cycle slips
occurring in interferograms when the displacement exceeds half the wavelength of SAR
microwaves [34]. The wavelength of the ALOS-2/PALSAR-2 used in this study was in the
L-band (23.6 cm); therefore, cycle slips occurred when the ground movement exceeded
11.8 cm. Cycle slips depend on the wavelength of the SAR microwaves; therefore, they
are more likely to occur at shorter wavelengths, such as the C-band and X-band, than
at the L-band [27]. Among the interferograms created in this study, residuals exceeding
11.8 cm compared to GNSS measurements were observed in G4 (residual was 13.8 cm) and
G5 (residual was 15.0 cm) of Pair 7; and G4 (residual was 11.8 cm) and G5 (residual was
27.3 cm) of Pair 8 (Figure 10). It is reasonable to attribute the residuals exceeding 11.8 cm
to the influence of unwrap errors caused by cycle slips. Specifically, GNSS positioning
observed a 17.9 cm moving away from the satellite in G4 of Pair 7, and an unwrapped
interferogram was 4.1 cm from the satellite. In this case, it was assumed that a one-cycle
slip occurred, and the residuals became 2.0 cm. Similarly, G5 of Pair 7 (residual of 15.0 cm)
and G4 of Pair 8 (residual of 11.8 cm) were reasonable for one-cycle slip. Two-cycle slips
might have occurred in G5 of Pair 8 (residual of 27.3 cm), but a 3.7 cm residual remains.
This may affect the spatial interpolation of ground movements due to the application of
multiple looks to the interferograms. However, there is no doubt that cycle slip occurred
because the wrapped interferogram (Figure 8c) was light blue (i.e., nonmoving) around
the ground movement observed by GNSS positioning, such as G4 and G5. Therefore, it
is reasonable to attribute the residuals exceeding 11.8 cm to the influence of unwrapping
errors caused by cycle slips.

The landslides persisted for several months (Figure 2). This indicates that the longer
the time window of the DInSAR (i.e., the more significant the ground movement), the more
likely it is that a cycle slip will occur. Indeed, cycle slips occurred in the interferograms of
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this study with more extended time windows, such as Pair 7 (time window of 84 days) and
Pair 8 (time window of 70 days), whereas no cycle slips occurred in Pair 4 with a shorter
time window (time window of 14 days). In addition, the residuals between the unwrapped
interferograms and GNSS positioning become smaller as the time window becomes shorter
(Figure 10). This indicates that smaller time windows reveal an increased accuracy in the
ground movement observed by DInSAR. For observing relatively fast landslide movements
using DInSAR, as in the case of the landslides targeted in this study, phase unwrapping
becomes a significant issue (e.g., Pair 7 and Pair 8). Although various methods have been
proposed previously, e.g., in [58,59], a reliable method to correct unwrapping errors has
not been established at this time. In other words, the only way to reduce the occurrence of
unwrapping errors associated with active landslide fluctuations at this time is to increase
the temporal resolution of SAR to suppress the occurrence of cycle slips. Specifically, since
many unwrapping methods assume that the phase difference between two adjacent pixels
does not exceed 2π [58], high-frequency observations with longer-wavelength SAR are
effective in suppressing the occurrence of cycle slips. Therefore, high-temporal observation
with L-band SAR, whose wavelength is longer than that of C- and X-band SAR, enables
DInSAR with a short time window, which allows for highly accurate observation of active
landslides that are difficult to observe with conventional DInSAR methods.

5.2. Dynamics of Kounai-1 and Kounai-2

Initially, the sliding areas of Kounai-1 and Kounai-2 were estimated. DInSAR and other
surveys have observed ground movements that approximately fit the landslide terrain of a
previous study [33] (e.g., Figures 9 and 11). However, some ground movements, such as
the area between Kounai-1 and Kounai-2, show locations that deviate from conventional
assumptions. This indicates that the extent of movement in Kounai-1 and Kounai-2 was
broader than previously assumed. Therefore, redefining the sliding area of the target
landslide was necessary.

We noticed that the phase of the interferograms was reversed on the western side
of Kounai-2 (Figures 8 and 9). Phase reversal shows the boundaries of the moving and
stable areas. This is further supported by the aerial laser survey (“F” in Figure 11) and
field survey (Figure 13f), which show the boundaries of moving and stable areas in this
location. Moreover, according to the interferograms (Figures 8 and 9), the LoS displacement
observed at this location connected Kounai-2 to Kounai-1 along a small valley. Therefore,
we considered this location to be the head of the landslide shared by Kounai-1 and Kounai-2.
In other words, Kounai-1 and Kounai-2 are subunits of the same large-scale landslide.

Based on these considerations and the topographic interpretation, we propose a new
classification diagram of the target landslide (Figure 14) and define the large-scale landslide,
including Kounai-1 and Kounai-2, as a “Kounai landslide.” This new definition of the
Kounai landslide is consistent with the interferogram (Figure 14a) and aerial laser survey
(Figure 14b). Defining the Kounai landslide can explain why the horizontal direction and
timing of the ground movement observed in the GNSS positioning remain consistent, even
at Kounai-1 and Kounai-2 (Figures 1c and 2). The GNSS’s harmonic movement indicates
the Kounai landslide movement, which we have been trying to understand by focusing
on its subunits. Understanding that Kounai-1 and Kounai-2 are subunits of the Kounai
landslide provides crucial information for devising countermeasures. Without adequate
planning of countermeasures for the Kounai landslide, there would be no essential solution
for the disaster. This definition of the landslide area is possible only because of spatial
dynamic analysis by remote sensing, as undertaken in this study.
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Figure 14. New landslide terrain classification of the Kounai landslide: (a) compared with unwrapped
interferograms of Pair 4 and (b) compared with elevation change in aerial LiDAR survey. Coverage is
shown in Figure 1b. Contour is based on DEM on 27 November 2023. The maps were coordinated
under JGD2011Zone11 [38].

Next, we estimated the directions of movement of Kounai-1 and Kounai-2. Because
the GNSS positioning showed northward or northwestward movement, the Kounai land-
slide moved northward or northwestward (Figure 1c). This is consistent with the LoS
displacements in the interferograms (Figure 14a). However, the aerial LiDAR survey
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showed a notable elevational change around Kounai-2, whereas no elevational change
was observed around Kounai-1 (Figure 14b). While the interferograms show a composite
vector of horizontal and vertical movements, the aerial laser survey shows only vertical
movement. Therefore, it is considered that Kounai-1 moves nearly horizontally, whereas
Kounai-2 moves both vertically and horizontally. Our estimated dynamics are consistent
with the results of the field survey. The northward tilting of the catchment well at the end
of Kounai-1 (Figure 13e) can be explained by the stress imposed by Kounai-1 from the
south. Conversely, if Kounai-1 moved vertically, pushing the catchment well up from the
bottom, the catchment would tilt south. In addition, at the toe of Kounai-2, the terrace was
uplifted to form a near-vertical cliff (Figure 13b) because Kounai-2 pushed the terrace up
from the bottom. If Kounai-2 moved horizontally, the toe ridge would be more rounded.

These differences in landslide dynamics might have occurred because of river erosion
and geological conditions (e.g., rock composition). River erosion can render slopes grav-
itationally unstable, thereby promoting landslide activity (e.g., see [60–62]). Rocks have
different densities depending on their type [63]. The higher the density of rocks with a
composition slope, the more susceptible the slope was to gravitational deformation. We
considered the dynamics of Kounai-1 and Kounai-2 based on these factors. Kounai-1 is
mainly composed of terrace deposits (Figure 1b). In contrast, Kounai-2 is composed of
andesite (Figure 1c), with a higher specific gravity than terrace deposits. In addition, the
course of the Osaru River is straight and protected by banks, making it less susceptible to
erosion around Kounai-1. In contrast, the Osaru River meandered, and its banks eroded
around Kounai-2 (Figures 11 and 12). Therefore, compared with Kounai-1, Kounai-2 has
more gravitational instability factors. These factors may have affected the dynamics of
Kounai-1 and Kounai-2. However, to clarify these effects on landslide dynamics, it is
necessary to investigate the geological structure (i.e., the shape of the sliding surface) and
spatiotemporal changes in river erosion.

6. Conclusions

In this study, we applied L-band DInSAR to two active landslides (Kounai-1 and
Kounai-2) and attempted to understand their dynamics using interferograms with various
time windows. As a result, we could more accurately and spatially understand the dynam-
ics of these landslides using interferograms with a 14-day time window than those with
70-day and 84-day time windows. This implies that the 14-day L-band SAR observations
suppressed the occurrence of cycle slips in active landslides. In addition, we revealed that
the target landslides were subunits of a large-scale landslide (the Kounai landslide) and
exhibited different dynamics for each subunit based on the 14-day interferogram and other
results. This is the first time that the previously unclear dynamics of the target landslides
have been clarified based on objective and quantitative observational data.

These results reveal that high-temporal L-band SAR observations, which are expected
to be realized in the near future (e.g., ALOS-4, NISAR, and ROSE-L), can enable an under-
standing of the dynamics of relatively fast-moving active landslides, as such an understand-
ing has been difficult to gain with conventional long-time window DInSAR, and provide
valuable information for landslide disaster mitigation. However, there are still unresolved
issues, including a quantitative assessment of how geological conditions and erosion of
the Osarugawa River affect the dynamics of Kouchi-1 and Kouchi-2. Using high-temporal
L-band SAR observations, the dynamics of landslides corresponding to river erosion ob-
served by aerial laser survey can be determined in more detail than now. In addition, by
correlating the estimated landslide dynamics with the geological conditions of each land-
slide unit (e.g., shape and depth of the slip surface, rock types, and metamorphism) through
borehole investigations, it is possible to understand the geological factors that determined
the dynamics of the landslide. We hope that high-temporal L-band SAR observations will
help elucidate these landslide mechanisms and reduce future landslide disasters.
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