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Thermokarst is a typical process that indicates widespread permafrost degradation in yedoma landscapes. The Lena-Aldan interfluvial area in Central Yakutia in eastern Siberia is now facing extensive landscape changes with surface subsidence due to thermokarst development during the past few decades. To clarify the spatial extent and rate of subsidence, multiple spatial datasets, including GIS and remote sensing observations, were used to analyze the Churapcha rural locality, which has a typical yedoma landscape in Central Yakutia. Land cover classification maps for 1945 and 2009 provide basic information on anthropogenic disturbance to the natural landscape of boreal forest and dry grassland. Interferometric synthetic aperture radar (InSAR) with ALOS-2/PALSAR-2 data revealed activated surface subsidence of 2 cm/yr in the disturbed area, comprising mainly abandoned agricultural fields. Remote sensing with an unmanned aerial system also provided high-resolution information on polygonal relief formed by thermokarst development at a disused airfield where InSAR analysis exhibited extensive subsidence. It is worth noting that some historically deforested areas have likely recovered to the original landscape without further thermokarst development. Spatial information on historical land-use change is helpful because most areas with thermokarst development correspond to locations where land was used by humans in the past. Going forward, the integrated analysis of geospatial information will be essential for assessing permafrost degradation.
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INTRODUCTION
Permafrost landscapes in Central Yakutia (Eastern Siberia, Russia) are primarily sensitive to Arctic warming (Fedorov et al., 2014b; Miller et al., 2021; Overland and Wang, 2021). Very ice-rich permafrost deposits, such as the yedoma ice complex (Schirrmeister et al., 2013; Strauss et al., 2013; Strauss et al., 2017), are extensively distributed throughout this region. Ice wedges developed under the lacustrine environment in the Lena-Aldan interfluvial region during Pleistocene glacial periods (Bosikov 1991). The permafrost in Central Yakutia faces a risk of rapid, strong warming and thawing processes and thermal erosion. The thawing of ice-rich deposits leads to strong ground subsidence, namely “thermokarst” (Soloviev, 1959; Tarasenko, 2013; Ulrich et al., 2017; Ulrich et al., 2019), and landscape reorganization from flat boreal forest to a rugged open surface with ponding (Czudek and Demek, 1970; Bosikov, 1991).
In Central Yakutia, climate warming initiated extensive thawing and thermokarst processes during the Pleistocene-Holocene transition and the climatic optimum in the middle Holocene (7,000–4000 BP; Katamura et al., 2009; Ulrich et al., 2019). This old permafrost degradation turned into the present-day climax landscape known as an “alas” (Bosikov, 1991), comprising concave grassland with shallow lakes. The grassland in alases has historically been used for livelihood in Central Yakutia (Crate et al., 2017). Excavations of archaeological sites have shown traces of human habitation here for at least 5,000 years, and Tungusic linguistic groups (hunter-gatherers and reindeer herders) inhabited this region from the 11th to 13th centuries. In the 17th century, Central Yakutia belonged to Russia, and in the 20th century, agricultural land was expanded under the economic policy when it was part of the Soviet Union. During this period, the climate was colder on average and hydrological cyclical. Hence, thermokarst was unlikely to develop (Crate et al., 2017), and the natural landscape was relatively stable. With the collapse of the Soviet Union in the 1990s and related large-scale land use changes, the climate was also turned into a warming state (Fedorov et al., 2014b). In addition, increased precipitation was observed in the subsequent decade (after 2000), causing extensive forest degradation due to a warmed and saturated active layer under wet climate conditions (Iijima et al., 2014; Iijima et al., 2016). Both anthropogenic and natural environmental changes have contributed to the warming of permafrost with deepening of the active layer and melting of underground ice, which has led to subsequent land surface displacement by thermokarst. Changes in landforms and ecosystems due to thermokarst development have drastically changed Central Yakutia’s natural and social landscape. The changes of the last 2 decades are taking a heavy toll on cattle and horse farming, agricultural land use, and residential environments that were highly dependent on the local ecosystem (Crate et al., 2017; Takakura et al., 2021).
To evaluate landscape changes associated with permafrost degradation, it is necessary to detect topographic changes caused by thermokarst formation. To analyze surface subsidence accompanied by the very rapid formation of thermokarst over a few years, a spatial resolution of <1.0 m is needed. A limitation of detecting the spatial extent of thermokarst development is that the smallest topographical features are not fully seen in traditional remote sensing images only because of their relatively coarse spatial resolution. In recent years, high-resolution imaging by unmanned aerial systems (UASs) and commercial satellites taking multispectral images has become available. From these images, the distribution of thermokarst development can be obtained with much more precision (Saito et al., 2018). However, even with multiple years of fine-scale images, detecting the topographic subsidence rate is challenging.
The spatial extent of thermokarst development has been detected by combining temporal variation in satellite and aerial images with detailed field measurements as ground truth during the last 2 decades. Recently, a study with the results of a field survey showed that thawing subsidence of permafrost due to surface disturbance in the Alaskan North Slope could be determined using interferometric synthetic aperture radar (InSAR) and light detection and ranging techniques. These methods showed thermokarst development over the coastal tundra (Liu et al., 2015) and extensive areas affected by wildfires in Alaska (Iwahana et al., 2016), its temporal evolution with a resolution of a few centimeters, and its spatial distribution with a resolution of 10 m (Iwahana et al., 2016). Subsequent studies on the ground surface deformation of permafrost zones using SAR images and InSAR analysis have been reported for other permafrost zones (Antonova et al., 2018; Chen et al., 2018; Strozzi et al., 2018).
Combining this spatial information will make it possible to provide a more vivid picture of permafrost degradation based on those backgrounds. However, due to the lack of collaborative field studies and remote sensing analyses, consistent results regarding the relationship between the thermokarst subsidence rate and intensity of natural and social disturbances are still scarce for continuous permafrost zones, particularly in Central Yakutia. The purpose of this study is, thus, to combine multiple spatial data sets to clarify thermokarst development in very ice-rich Yedoma deposits of Central Yakutia.
STUDY SITE
The present study targeted thermokarst landforms in the Churapcha locality on the right bank of the Lena River in Central Yakutia (Figure 1A). Dry grasslands and abandoned arable lands, which may be at risk of thermokarst development, are widely distributed around the settlement of Churapcha (Figure 1). The population of Churapcha has increased from 8,769 in 2010 to 10,202 in 2020 (SakhaSTAT, 2021). The recent population growth has caused settlement expansion in the town’s vicinity into the dry grasslands and abandoned arable lands. These sites were selected to assess thermokarst development associated with socially disturbed areas.
[image: Figure 1]FIGURE 1 | Study area: (A) Elevation around Churapcha. (B) Vertical displacement rate derived from ALOS-2 InSAR stacking. The black rectangle indicates the area shown in Figure 2. The black star in (B) indicates the location of the InSAR reference point.
Churapcha is located about 180 km east of Yakutsk on an almost flat surface of the Abrakh terrace at the top of the interfluve of the Taata and Kokhara Rivers at about 170–220 m asl (Figure 1A). The permafrost thickness is estimated at 540 m in Churapcha (Ivanov, 1984). Old alas depressions are widely distributed with a relative depth of about 7–8 m (Saito et al., 2018). The sediments of the ice complex contain syngenetic polygonal ice wedges up to 12–14 m in depth, which lie at a depth of 2.2–2.3 m below the surface. The width of the upper parts of the ice wedges varies from 1.5 to 3.0 m. The volumetric ice content (ice-wedge) in the upper part of the permafrost is approximately 17% at the disused airfield site and 25% in the abandoned arable land areas located south of the Churapcha locality, as estimated by the method of Gasanov (1969) and field measurements by the Melnikov Permafrost Institute.
The regional climate is extremely continental with a pronounced warming trend. Climatological data (1991–2020) from the Churapcha meteorological station show that the mean annual air temperature is −9.6°C, while monthly mean temperatures for January and July are −39.9°C and 19.3°C, respectively. The average yearly number of freezing days (mean daily air temperature below 0°C) is 109 days. The amount of precipitation is 257 mm/yr, with 185 mm occurring during the warm period (May to September). However, during 2005–2020, the mean annual air temperature increased to −8.9°C, and the total precipitation reached 275 mm/yr.
At the meteorological station, the mean annual ground temperature at a depth of 3.2 m was −2.1 ± 0.7°C for 1967–2014. Permafrost temperature was rather colder ranging from −3 to −6°C before the 1980s (Ivanov, 1984). Our recently ongoing monitoring sites in forest and meadow areas near Churapcha show soil temperature ranges from −2 to −3°C and −1.5 to −2°C, respectively, at 3.2 m depth. The active layer thickness was 1.3 and 2.0 m in September 2015 for the forests and meadows, respectively (Iijima et al., 2017). Increasing air temperatures and corresponding ground temperature rise have been observed in Central Yakutia since the early 1990s (Fedorov et al., 2014b). The increase in the active layer thickness in open areas has caused rapid thermokarst subsidence since the 1990s and enhancing after the 2000s (Fedorov and Konstantinov, 2003; Gavriliev and Ugarov, 2009).
MATERIALS AND METHODS
SAR Data Processing
InSAR is a powerful tool for examining surface displacement using two SAR images acquired at different times with an accuracy of a few centimeters. InSAR is used for detecting surface deformation related to permafrost, such as the seasonal thaw/freeze cycle (e.g., Liu et al., 2010; Short et al., 2011), thermokarst (e.g., Liu et al., 2015; Antonova et al., 2018; Chen et al., 2018; Abe et al., 2020), and wildfires (Liu et al., 2014; Iwahana et al., 2016; Molan et al., 2018; Michaelides et al., 2019; Yanagiya and Furuya, 2020). To examine long-term displacement by thermokarst development, the L-band InSAR is more suitable than the C- and X-band InSAR for coherence (e.g., Strozzi et al., 2018; Abe et al., 2020; Yanagiya and Furuya, 2020).
In this study, L-band SAR data obtained by the PALSAR-2 instrument on the ALOS-2 satellite were processed using the GAMMA software (Wegmüller and Werner, 1997). ALOS-2 obtained six scenes of the stripmap mode 3 with 10-m resolution (path 124, frame 1,240, beam F2_5, Table 1) over Churapcha in 2015–2020. The off-nadir angle at the center of the SAR image is approximately 28 deg. Our InSAR processing procedures are the same as those of previous studies (Strozzi et al., 2018; Abe et al., 2020). We generated Single Look Complex (SLC) data from ALOS-2 Lv1.1 data. After performing co-registration between two SLC images, we reproduced interferograms and selected 11 of them. We excluded interferograms in which the image acquisition period of the pair was over 4 years apart or during the same year for the stacking analysis (Table 1). The topographically related phase was removed using ALOS World 3D -30 m- (AW3D30). The vertical accuracy of AW3D30 digital surface model is less than ca. 5 m. Goldstein–Werner’s adaptive spectral filter with an exponent of 0.7 was applied to smooth the signals (Goldstein and Werner, 1998), and phase unwrapping by minimum cost flow was performed (Costantini, 1998). The spatial resolution after terrain-corrected geocoding projected onto the UTM coordinate was set to 30 m. Finally, the line of sight (LOS, distance between satellite and ground) change detected by InSAR was converted to a vertical displacement by dividing it by the cosine of the incidence angle because vertical displacement is assumed to be dominant in thermokarst. The reference point in interferograms was set to an alas located in the southeast of Churapcha (Figure 1B). Alas is considered to be the climax geomorphological stage of thermokarst development (Bosikov 1991). Hence, we assumed that the bottom of an alas is less likely to be displaced inter-annually in comparison with inter-alas areas on ice-rich permafrost (Abe et al., 2020). In fact, the place of the alas bottom shows no polygonal terrain in the recent Worldview image (Supplementary Figure S1), and it is not a wetland landscape. Thus, the alas bottom is considered to be appropriate as a reference point as no further surface displacement is expected.
TABLE 1 | Interferometric pairs used in this study. B-perp stands for the distance perpendicular to the line of sight between the positions of the satellite at different times.
[image: Table 1]Tropospheric and ionospheric disturbances contaminated each interferogram. These disturbances are sometimes interfered with to extract surface displacement. Regarding the tropospheric effect, the GACOS product was used to reduce its noise (Yu et al., 2017; Yu et al., 2018). The impacts of ionospheric disturbances are often shown as a linear long-wavelength trend. Our analysis area was spatially limited to ∼10 × 10 km and, we were able to model and subtract the trend by fitting a 2D linear function.
Finally, after generating and correcting interferograms, we performed a weighted stacking analysis for the number of days in the thawing season (from 1 June to 30 September) among the total number of days for the two images (Abe et al., 2020). This weighting reflects the actual period that contributes to the signals of surface subsidence rather than using the total number of days for the two images. The spatial resolution of the stacked interferograms was left at 30 m per pixel. Error analysis of the stacking result was conducted based on Equation 10 in Emardson et al. (2003), which is also used in Rouyet et al. (2019) and Abe et al. (2020). Used the eleven interferograms and error of each interferogram given as the variance of the phase, the 2σ error of the stacking result was estimated to be 0.26 cm/yr.
UAS Remote Sensing
Aerial images were obtained using a DJI Phantom 4 UAS with a digital camera (12.4 megapixels) at the disused airfield site near the settlement of Churapcha on September 14, 2016 and September 15, 2017 (Saito et al., 2018). Images were captured at an altitude of about 100 m above ground level, with an overlap of more than nine images. In total, 94 and 167 images were acquired for 2016 and 2017. We also measured ground control points (GCPs) with a global navigation satellite system receiver (Emlid Reach RTK). The geodetic data were processed based on the kinematic method using RTKLIB (ver. 2.4.3). The standard deviations of the GCP analysis were less than 0.01 m in total across three dimensions for the GCP measurements in 2017 (Saito et al., 2018).
The aerial images were processed using SfM-MVS (Structure from Motion-Multi View Stereo) photogrammetry software (Agisoft Metashape, Professional Edition). We obtained orthorectified images and digital surface models (DSMs). The residual errors (root-mean-squared error) at the GCPs were 16.5 cm in total across three dimensions for 2017. We co-registered the orthorectified images and DSMs for 2016 to those for 2017. The residual errors for 2016 were 7.8 cm. We then compared the images and DSMs to detect the differences in water area and topography.
Fine-Scale Satellite Images
We used additional optical satellite imagery taken in late summer to detect the initiation and development of high-centered polygonal relief and water bodies resulting from thermokarst processes in Churapcha. ALOS-PRISM took an image on September 15, 2007 in the panchromatic band with 2.5-m resolution. The WorldView series includes images taken on September 4, 2011, September 4, 2018, and August 27, 2019 by the panchromatic band with 0.5-m resolution.
GIS Data on Landscape Change
The land cover classification map of the area around Churapcha was compiled in a GIS format by Gorokhov et al. (2011). The first map in 1945 was initially drawn based on aerial photographic interpretation by Soloviev (1959). This first map was later became known to the world by Czudek and Demek (1970). Another map in 2009 was produced at a scale of 1:25,000 and is based on aerial photographs and satellite visible images (Terra/ASTER in 2007, IKONOS and GoeEys-1 in 2009). There are four terrain classes (alas, inter-alas, small valley, and lake) and sub-classification with 13 vegetation and anthropogenic landscape categories (Table 2).
TABLE 2 | Landscape characteristics of Churapcha in 1945 and 2009 (after Gorokhov et al., 2011). The targeted area is shown in Figures 2C,D.
[image: Table 2]RESULTS
InSAR Stacking Result
Figure 1 shows the elevation and vertical displacement rate maps derived from AW3D30 and ALOS-2 InSAR stacking over an area of ∼10 × 10 km that includes Churapcha. The elevation ranges from 170 to 230 m. The north, west, and southeast area has a slightly higher elevation, while the Central part is relatively lower than the surrounding area (Figure 1A). The result of the stacked interferogram (Figure 1B) indicates clear signals of surface subsidence around Churapcha. The signs indicating the subsidence are also southwest of Churapcha.
In contrast, positive signals exist in the northwest and southeast Churapcha. The distribution of the positive signals mainly corresponds to the extent of the larch forest. Inter-annual surface uplift is unlikely to occur within a larch forest, and thus these signals are considered to be due to some tropospheric effects.
Figure 2 shows an enlarged view of the elevation and vertical displacement rate of the Churapcha settlement in Figure 1. There are some lakes in the central part of the area, and the elevation in the north is relatively higher than the other area (Figure 2A). The stacked interferogram shows that five significant signals of surface subsidence rate (areas T1-T5) were identified, up to 2.4 cm/yr (Figure 2B). Land classification by Gorokhov et al. (2011) shows that significant land classifications in 1945 were grassland, larch forest, and alases (Figure 2C). The classification in 2009 (Figure 2D) shows that the number of lakes has increased, and the residential area has expanded distinctly. Some portions of grassland and larch forest were cultivated and changed to agricultural fields. Compared with these changes, the identified surface subsidence signals are in agricultural fields (T1 and T2) and grassland (T3, T4, and T5). The displacement rate of areas T1 and T2 was larger than that of areas T3, T4, and T5. In contrast, no subsidence signals exist in the arable land area in the northeast of the study area (encircled and labeled with A in Figure 2B), which has the same elevation and land classification as T1 and T2.
[image: Figure 2]FIGURE 2 | Enlarged view of (A) elevation and (B) vertical displacement rate in Churapcha. P1-P4 indicate transect lines showing profiles in Figure 3. The star indicates the location of the InSAR reference point. The red dotted oval labeled A indicates an area of arable land where surface subsidence was not detected. (C) and (D) indicate land classification in 1945 and 2009, partially modified from Gorokhov et al. (2011).
A comparison of the elevation and displacement rate along four transect lines (P1-P4) is shown in Figure 3. In particular, the transect lines of P1 and P2 (T1 and A, respectively) run along the north-south direction on south-facing slopes (Figures 3A,B). However, while both sites are located in abandoned agricultural fields on comparable elevations and relief positions on the Abrakh terrace, only T1 showed subsidence rates up to 2.4 cm/yr, but no displacement could be detected for A (Figures 3A,B).
[image: Figure 3]FIGURE 3 | Comparison of the surface displacement rate and elevation along the transect lines P1-P4 in Figure 2B.
For comparison with our previous studies (Saito et al., 2018), the transect lines of P3 and P4 were set in a disused airfield and abandoned agricultural field. The elevation profiles along lines P3 and P4 show that the two areas are almost flat (Figures 3C,D). Subsidence in area T4 (disused airfield) was detected at a rate of up to 1.5 cm/yr, while it was up to 0.5 cm/yr in the abandoned agricultural field (Figures 3C,D).
Fine-Scale Mapping Based on UAS Remote Sensing
We obtained the respective orthorectified images and DSMs with spatial resolutions of 3.0 and 6.0 cm for 2016 and 4.0 and 8.0 cm for 2017. High-centered polygons with an average diameter of 11.6 m (Saito et al., 2018) were observed over the entire area of the images (Figure 4). Over the 2 years, little topographic change was observed from the difference between DSMs. The only difference for water areas was that they were more extensive in 2016 (Figure 4). The size of the water area was also affected by the precipitation amounts in each year. The summer season (June, July, and August) precipitations in 2016 and 2017 were 168 and 99 mm, respectively, in the study area. The larger precipitation in 2016 likely resulted in larger water areas in 2016.
[image: Figure 4]FIGURE 4 | Orthorectified images taken by UAS at the disused airfield site (T4 in Figure 2B) for (A) 2016 and (B) 2017. White lines in both photos denote the boundary of polygons.
Figure 5 shows the elevation difference of rectangle area in Figure 4 between 2016 and 2017 DSMs. The difference was calculated only inside the high-centered polygons (Figure 4 and Supplementary Figure S2) since the difference of DSMs between 2016 and 2017 provides unrealistic positive values (uplifting) in most of the trough parts. The reverse tendency was probably due to the low quality of photogrammetry in 2016. The photos taken under the cloudy condition in the late afternoon likely caused the overestimation of deeper trough shape (lower elevation). As a result of Figure 5, most of the difference indicates subsidence with a mean difference of −8 cm/366 days.
[image: Figure 5]FIGURE 5 | (new). Box plot of elevation difference at the center part of polygons between 2016 and 2017 DSM.
The previous study (Saito et al., 2018) showed that the estimated average subsidence rate was 2.1 cm/yr in the disused airfield (Figure 4) and 3.9 cm/yr in the abandoned arable land (Saito et al., 2018). Considering the residual errors of the SfM-MVS photogrammetry of 7.8 and 16.5 cm for 2016 and 2017, respectively, the comparison is mostly within the error. Thus, the small topographic changes (less than 20 cm) triggered by the subsidence in only a 1-year interval may have observational uncertainties by UAS remote sensing.
DISCUSSION
Effect of Land Use History on Thermokarst Development
In the settlement of Churapcha, the landscape on the terraced terrain, where yedoma permafrost has been preserved, differs greatly on a north to south transect (Figure 2). The northern part of the settlement is dominated by larch forest taiga, while natural grassland dominates the southern area. As of 1945, much of the land had been made up of old alases interspersed with terraced terrain, whereas there had been a few young thermokarst lakes (Figure 2C; Czudek and Demek, 1970; Gorokhov et al., 2011). In contrast, anthropogenic development, such as expanding residential development and agricultural fields, has spread north and south. Many young thermokarst lakes emerged simultaneously and continue to do so. Landscape changes between two periods (Table 2) show that the original boreal forest (larch forest with vaccinium) on higher elevations classified as inter-alas, has been decreasing (−13.4%), while settlements (+5.9%) and agricultural fields (+3.7%) have been expanding. The area of alas and inter-alas lakes has also increased (+8.1 and 0.4%, respectively). The inter-alas lakes show a slight total area increase, which indicates the extensive emergence of young thermokarst lakes (Figure 2D). According to an assessment of lake dynamics at the Yukechi site in the Lena-Aldan interfluvial area in Central Yakutia over 70 years (Ulrich et al., 2017), which is located about 100 km to the east, anthropogenic disturbance and deforestation was initiated, and the climate forced rapid and continuous thermokarst lake development in Central Yakutia. They quantified a mean radial growth of 1.2 ± 1.0 m/yr of and a mean subsidence rate of 6.2 ± 1.4 cm/yr. The Churapcha locality is also considered to follow a similar temporal evolution of thermokarst development.
Churapcha is the location of an unpaved airport on inter-alas grassland (T4) that was used until the early 1990s. In addition, the locality has also seemed stably used as agricultural fields in the open areas of the northern boreal forest and in the southern grassland (Figures 2C,D; Gorokhov et al., 2011; Saito et al., 2018). Similar land use without any signs of permafrost degradation and thermokarst processes was widespread in Central Yakutia until the 1980s (Crate et al., 2017). In contrast, extensive surface subsidence due to increasing thermokarst processes seems to be related to a clear warming shift in the region since the 1990s. Reports from the Yukechi site (Fedorov et al., 2014a) indicate that the surface subsidence in the 1990s was minor when the thermokarst lakes had just emerged. In contrast, the subsidence rate increased significantly after 2000, when lakes began to expand rapidly. These recent changes indicate that the status of thermokarst development since the 1990s would be very effectively detected by combining multiple spatial analyses.
Thermokarst Development After 2000 Detected by Multiple Spatial Data
Thermokarst development has been active in Central Yakutia since the early 2000s (Iijima et al., 2010; Fedorov et al., 2014a; Ulrich et al., 2017; Czerniawska and Chlachula, 2020). In addition to the expansion of young thermokarst lakes, the development of polygonal relief due to continuous surface subsidence in the early stage of thermokarst formation with the beginning of ice-wedge complex thawing (“dyede” in the Sakha language, Desyatkin et al., 2009) has been observed in various parts of the open field in Churapcha. The InSAR results show that monotonous topographic subsidence has continued for the previous 5 years (2015–2020), indicating that the thermokarst has been actively developing. However, it is also clear that there are some differences in its progression even within the region.
We compare the landscape changes due to surface subsidence and polygonal landform development detected by InSAR and UAS remote sensing at several sites in Figure 2B with satellite imagery from 2007 (ALOS-PRISM), 2011, and the present (WorldView) in Figure 6. The disused airfield (T4) shows thermokarst initiation with less polygonal relief and small ponding areas in 2007 (Figure 6A). In contrast, we can find intense development of polygonal relief on the former runway (long and narrow rectangle area) and newly developed lakes along the northern road and in the southwestern grassland in 2011. In particular, it is noted that thermokarst lakes have expanded, implying a deepening of their bathymetry in the recent image. Moreover, it is noteworthy that the number of new houses and buildings has been increasing in these areas despite the obvious and significant landscape changes due to the progression of thermokarst during the last decade.
[image: Figure 6]FIGURE 6 | Comparison of the visible images in areas (A) T4, (B) T5, and (C) A (as shown in Figure 2B), derived from ALOS-PRISM in September 2007 (left), WorldView in September 2011 (center), and WorldView in September 2018 or August 2019 (right). The rectangle in (C) shows the enlarged area in Figure 8.
The same change is obvious for the abandoned agricultural field (T5; Figure 6B). Thermokarst lakes had already emerged in their exact current locations as of 2007. The lakes were initially small but appear to have constantly increased in size until recently. High-centered polygons are developed in a plot of land used as agricultural fields, where vehicle tracks are visible. The extent of the polygons coincides well with the large subsidence seen in area T5 (Figure 2B).
Saito et al. (2018) examined thermokarst subsidence in areas T4 and T5 using a UAS and SfM-MVS and estimated a subsidence rate of 2.1 cm/yr for the disused airfield and 3.9 cm/yr for the abandoned arable land from 1990 to 2017. According to our InSAR stacking results (Figures 3C,D), both average subsidence rates during 2015–2020 (1.5 cm/yr at P3 and 0.5 cm/yr at P4) were lower than those reported in Saito et al. (2018). One of the possible reasons is interannual changes in the subsidence rate. Fedorov et al. (2014a) demonstrated the acceleration of subsidence at polygon centers after 2000, particularly in 2004–2008 during wet climate periods at the Yukechi site. Compared to that period, the speed of the active layer deepening shows a slow or recovering trend, and this may indicate the possibility that the recent period of relative stability is somewhat small compared to the long-term subsidence rate likely because of drier climate. It is also clear that the significant subsidence rate indicated by InSAR analysis is difficult to estimate from the difference of the DSMs taken in two consecutive years. Figure 7 shows the subsidence rate of InSAR in area T4 compared to the UAS ortho-images and DSM. The orthorectified images and DSM show that the polygons are distributed over the entire area. In particular, the polygon troughs are showing the lowest terrain heights, which are about 2 m lower than the surrounding area. The InSAR magnified images indicate that a subsidence rate of 0.5–2 cm/yr is widespread over the entire area, and areas of high subsidence correspond to regions with deep polygon development. Based on the line transect diagram (A-B) in Figure 7, there is an obvious correspondence between the magnitude of the InSAR subsidence rate and the level of polygon development. Areas with high elevations and less pronounced polygon development at side A show low subsidence rates, while areas with well-developed polygons near the center show high subsidence rates. On side B, the polygons are well developed. However, there is a water area, which may correspond to the fact that the subsidence was not well reproduced by InSAR. Thus, although it is difficult to calculate the subsidence rate from year to year based on the accuracy of the images and the DSM itself, the high-resolution spatial information is beneficial for confirming the locations where the InSAR results can be verified.
[image: Figure 7]FIGURE 7 | Comparison between InSAR and UAS maps at area T4. The displacement map (upper left) is the same as Figure 2B with 30-m resolution. (upper right) Enlarged displacement map (lower left) Orthorectified and DSM maps in 2017. (lower-right) comparison between elevation and vertical displacement rate along line transect (A–B).
In contrast, the stacked interferogram (Figure 2B) shows that no subsidence signal was detected in area A. However, numerous high-centered polygons in area A were identified by Worldview high-resolution optical images in 2011 (Figure 6C). Figure 8 shows enlarged pan-sharpened images in area A by Worldview-2 in 2011 and Worldview-3 in 2019 with a resolution of 50 cm. High-centered polygons in cultivated areas are shown in both images, confirming that thermokarst has been developing in area A. However, the polygons in 2019 were more ambiguous than in 2011, and it is apparent that larch regeneration is also spreading, which would indicate a slight stabilization of the surface. The cultivated agricultural land in the north showed extensive subsidence at T1 (Figures 2B, 3A). Both areas T1 and A are south-facing slopes with similar topography and relief positions on the potentially ice-rich Abrakh terrace surfaces. Based on these conditions, it is not surprising that thermokarst development has progressed at both locations. However, if thermokarst development is slowing down in area A, it can be pointed out that the reason may reflect differences in soil and ground ice distribution rather than a climatic trend. Area A is located on the terrace edge near the Taata River (Figure 1A), suggesting the existence of a depositional environment here, different from that of T1. The average diameter of polygons in areas T4 and T5 also differ by approximately 4 m, suggesting that the ice wedges were formed under different conditions (Saito et al., 2018).
[image: Figure 8]FIGURE 8 | Comparison of the pan-sharpened images in arable land area A in Figure 2B derived from the (A) Worldview-2 image on September 11, 2011 and (B) Worldview-3 image on August 27, 2019.
Effectiveness of InSAR Analysis for Detecting Thermokarst Development
The application of InSAR analysis to the vicinity of Yakutsk, East Siberia, Russia, mark a starting point in quantifying land surface subsidence related to the thawing of permafrost (Abe et al., 2020; Yanagiya and Furuya, 2020). These previous studies used stacking InSAR analysis with SAR images from 2006–2010 (ALOS-PALSAR) and 2015–2018 (ALOS-2/PALSAR-2). Their results showed that, compared with regions showing relatively small surface displacements, open areas showing obvious thermokarst subsidence signals had average subsidence rates of 1–3 cm/yr (Abe et al., 2020). According to their field survey at the Mayya settlement (about 100 km southeast of Churapcha), the ground truth data identified polygonal landforms in the deforested areas where thermokarst subsidence signals were found. The ground surface displacements obtained from two field surveys in subsequent autumns showed good agreement with the displacements obtained from InSAR analysis. This result confirms that InSAR successfully detects the spatio-temporal distribution of subsidence signals in open land, logging land, and agricultural land, including non-forested urban areas in Central Yakutia.
In the present study, several open areas near Churapcha also showed a clear subsidence trend at the rate of 0.5–2 cm/yr (Figure 1B, Figure 2B, and Figure 3). The rate is somehow comparable to the estimation at T4 and T5 by Saito et al. (2018). How can these interannual subsidence rates be evaluated in relation to the annual freeze-thaw cycle? As for seasonal subsidence, we additionally performed InSAR analysis using two pairs within the warm season in the certain year, a pair between autumn to next early summer and a pair 3 years apart (Supplementary Figure S3). The subsidence distribution in (Supplementary Figure S3A) is exactly similar to the ones in the stacked interferogram. Since the melting of yedoma ice occurs in the latter half of the thawing season, this result may represent a part of the thermokarst process; Zwieback and Meyer (2021) discuss the same point in their InSAR results for Alaska. Since the signal distribution in Supplementary Figure S3B does not show very clear subsidence, it appears that the surface subsidence associated with ground-ice melting has not yet occurred in this period. Seasonal subsidence during July to August tends to be a little less than 1 cm/month. Supplementary Figure S3C suggests the net change in subsidence associated with melting of the ground ice in 2017 and subsequent frost heaving, and then seasonal ice melting mainly within the active layer in 2018. It is similar to the distribution of subsidence in the stacked interferogram. The subsidence rate is more extensive than Supplementary Figure S3A, which suggests that there is still more subsidence after September 22, 2015 and/or that the 2017 subsidence is more significant. As for the InSAR results for images 3 years apart (Supplementary Figure S3D), the displacement distribution shows the same trend as the stacking result. It represents about 3 years of displacement. The large positive areas are forests or lakes, which appear differently in the other images, so they are possibly noise. Area A shows slight subsidence (Supplementary Figures S3C,D), so we might have found more subsidence if we had images from the end of September instead of 20 July. Based on the results, the seasonal change component tends to show the effect of yedoma ice melting in the late summer rather than the effect of annual frost heaving and subsidence. The subsidence rate for stacking analyses in this study is probably underestimated in this case due to the availability of data for the late summer.
Based on the fine-scale satellite images, these landscapes are mostly affected by polygonal land deformation, indicating thermokarst development. In addition, these are not natural areas but have been developed by human activity within the past 70 years. This subsidence progression was consistent with the InSAR results as an average value for the entire target area. Still, the results suggest that continued observations and additional observation points are needed for more detailed verification.
CONCLUSION
In the present study, we evaluated the distribution of topographic subsidence caused by thermokarst development in the area around Churapcha, in Central Yakutia, which is characterized by a typical yedoma landscape. In an attempt to understand the rapidly progressing thermokarst development, multiple spatial data sources were used.
The results of the InSAR stacking analysis show that the interannual trend of surface subsidence by thawing permafrost and melting of yedoma ice mainly occurred in deforested areas and agricultural fields. The agricultural fields have expanded significantly north and south of Churapcha during the past 70 years. However, extensive thermokarst processes and the widespread development of high-centered polygonal relief make it difficult for the local people to continue using these areas. Thermokarst has also developed in areas where people have already built structures. This situation makes it particularly important to provide information about permafrost degradation to the local population, also in order to be able to take countermeasures.
The thermokarst development in Central Yakutia has progressed since the 2000s. InSAR analysis using the ALOS series of satellites, which has been in operation since the early 2000s, can detect topographic changes over the years. However, even in the stripmap mode of ALOS-2, the effective resolution is limited to approximately 30 m due to noise influences, which is insufficient to map the displacement to actual landscape changes. By comparing with the DSMs and high-resolution images from the UAS, which have a resolution of the order of less than 10 cm, we can effectively examine the development of thermokarst in the area where the InSAR displacement appeared. On the other hand, for short-term (1 year) differences in DSMs, the amount of displacement could not be detected with the vertical accuracy of InSAR due to the low data quality of the 2016 DSM. Therefore, to improve the accuracy of the topographic displacement validation, it is necessary to detect the cumulative displacement over 5–10 years. In this case, clear photography and accurate GCP geocoding in the space of about 1 km2 will be necessary to compare with InSAR results. In addition, because most fields with thermokarst development correspond to areas affected by anthropogenic activity in the past, spatial information on historical land-use change in GIS format is also helpful. Going forward, the integrated analysis of geospatial information will be essential for assessing permafrost degradation.
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