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Abstract

:

Climate change in the Arctic region is more significant than in other parts of our planet. One of the manifestations of these changes is crater creation with blowouts of a gas, ice and frozen soil mixture. In this context, dynamics studies of long-term heaving mounds that turn into craters as a result are relevant. A workflow for detecting and assessing anomalous dynamics of heaving mounds in the Arctic regions is proposed. Areas with anomalous increase of ALOS-2 PALSAR-2 synthetic aperture radar (SAR) backscattering intensity are detected in the first stage. These increases take place due to sudden changes in local terrain slopes when the scattering surface (mound slope) turns toward the radar. Radar backscattering intensity also rises due to depolarization at newly formed frost cracks. Validation of the detected anomaly is carried out at the second stage through a comparison of multi-temporal digital elevation models obtained from bistatic radar interferometry TerraSAR-X/TanDEM-X data. At the final stage, the deformations are assessed within the detected areas using differential SAR interferometry (DInSAR) technique by ALOS-2 PALSAR-2 data. The magnitude of the heaving along the line of sight (LOS) was 22–24 cm in the period from January 2019 to January 2020. In general, effectiveness for detecting the perennial heaving mounds and the rate assessment of their increase were demonstrated in the suggested workflow.
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1. Introduction


Studies of perennial heaving mounds (PHM) became relevant after the discovery of a huge gas-emission crater in the northern part of western Siberia in 2014 [1,2,3,4,5,6]. The “gas-emission crater” term is quite well-known; it has already been used in [1,3,4,5]. The PHM acronym was used in [2] to describe a perennial frost mound. We will also use this acronym, since the same PHM is used as a test site. Some of those PHMs pose a danger, because the heave provokes powerful blowouts of a mixture of gas, ice, and frozen soils. These blowouts are forming the craters.



High-resolution images from WorldView-1,2, SPOT-5 satellites and unmanned aerial vehicles (UAV) are mainly used [1,2,3,4,5] to study these craters. However, the use of optical satellite images for the Arctic region study involves the selection of data for a cloudless period during the polar day. From this point of view, data of satellite radars with synthetic aperture (synthetic aperture radar—SAR) [6,7,8,9] are more effective for regular monitoring, since these radars are able to collect information regardless of any cloudiness and time of the polar day. So, for example, the authors of this study, earlier in [6], showed the possibility of detecting anomalous deformations of heaving mounds by analyzing changes in the PHM slopes.



The approach proposed in [6] allows us to quantify only changes in the slope angles of the surface of a heaving mound. The magnitude of deformations remains unknown; however, it is not less important, and it is possibly the main component for predicting the probable blowout of a mixture of gas, ice, and soil resulting in the formation of a crater. From this point of view, radar interferometry techniques are an effective tool to compute digital elevation models (DEM) [9,10,11,12,13,14] and to detect displacements of the surface at wavelength scale [7,8,15]. However, the decorrelation of backscattered signals during the time between surveys often leads to intense noise in the interferogram, and it makes the measurements unreliable. For example, this is typical for the Arctic regions due to significant changes in the watering of the surface related to the processes of thawing/freezing of the upper soil layer in summer periods and off-season. This is more typical for the C- and X-bands (5.6 cm and 3 cm wavelengths, respectively), which are used by most of the existing satellite radars. Therefore, the use of the differential SAR interferometry (DInSAR) technique in these bands with non-zero time baselines is not very informative in most cases. DInSAR is more effective in case of L-band (ALOS-1/2 PALSAR-1/2; 24 cm wavelength) use due to smaller time decorrelation in comparison to X- and C-bands. However, the data in L-band is affected by decorrelation and distortions because of ionospheric disturbances [16], apart from low coherence during the season of snow and soil thawing and increased surface watering. It is common for northern latitudes and, together with the seasonal effects listed above, significantly reduces the effectiveness of ALOS-1/2 PALSAR-1/2 interferometric measurements in the Arctic regions. In that context, the data of a bistatic TerraSAR-X/TanDEM-X radar system are less dependent on these factors and can be used for the creation and comparison of multi-temporal DEMs.



Thus, each method for radar data processing (L-band SAR backscattering, L-band DInSAR, and TanDEM-X interferometry) has its own advantages and limitations when it is used in polar regions. Therefore, it is extremely important to create a workflow for comprehensive radar monitoring of the Arctic regions to identify anomalous deformations of heaving mounds that can turn into craters. It is the main task of this study. The crater formed in 2020 and described in detail in [2] will be used as a test site.




2. Description of the Perennial Heaving Mound


The location of the perennial heaving mound/crater is shown in Figure 1 and on a web page [17]. The scale on the web page is shown in the lower right corner. The average outer diameter of the crater (near the ground surface) was about 25 m [2]. According to the analysis of the available data of the ArcticDEM strips [18] as of 2011 and 2017, there was a PHM before the explosion, which existed at the site of the crater. Its height increased from 3.4 m in 2011 to 4.2 m in 2017 with the average growth rate equal to 13.3 cm per year over the period. For 6 years, the horizontal dimensions along the lower closed contour of the mound increased from 36 × 46 m in 2011 to 43 × 58 m in 2017 [2]. A comprehensive analysis of retrospective remote sensing data and the available detailed topographic maps showed that the PHM existed for at least 20 years before the explosion.




3. Workflow of Heaving Mound/Crater Study


3.1. PHM Detection and Data Used


The workflow shown in Figure 2 is proposed to monitor the state and dynamics of PHM in the Arctic regions.



In the first stage (Figure 1), we need to detect a PHM against the background of a multiple chaotic terrain changes of various spatial scales. The difficulty of detecting PHMs with anomalous backscattering dynamics is primarily due to their relatively small size, as well as the intense processes of seasonal thawing/freezing over a large area. We suggest using multi-temporal long-wave L- and P-band SAR backscattering data to decrease the influence of small-scale roughness. More stable winter data should be used for the elimination of seasonal thawing/freezing/watering factors that affect backscattering and severely corrupt the interferometric phase. Due to the relatively slow PHM increase, we cannot use data within one winter season, for example from December to February. So, the best choice is to take data from the same winter months of different years. Now, the only option is L-band ALOS-2 PALSAR-2 radar interferometric data for the winter period with a time baseline of about one year (see Table 1). Herein, we assume that the thickness of the snow cover is the same in different years and does not create an additional phase shift [19].



ALOS-2 PALSAR-2 images at ascending orbit in FBD (Fine Beam Dual) mode were processed using Sarmap SARScape© software. The original spatial resolution of images was 10 m. We used multilook with 3 resolution cells for azimuth and 1 for range, as well as Goldstein filtering with a 3 × 3 pixel window to reduce speckle noise.



The assessment of changes in the radar backscattering amplitude for detecting PHM is described in detail in work [6]; however, we consider it necessary to provide an equation characterizing the ratio of the brightness of the radar image pixels corresponding to the front (for the radar) slope,    β s 0   , and the horizontal surface,    β H 0    [20]:


     β s 0     β H 0    =   s i n  θ i    s i n  (   θ i  −  α  l o c    )     



(1)




where    θ i    is the local incidence angle of the radar pulse, and αloc is the slope of the mound side facing the radar. As a result of a heaving, the slope increases; it leads to the rise of backscattering from the front mound slope (facing the radar) relative to the neighboring areas.



Against the general ambient background, PHM with anomalous dynamics is most clearly seen in the cross-polarized multi-temporal composite RGB representation (Figure 3 and webpage [17], Section 1. Abnormal backscattering dynamics detection). For example, in the period from 2017 to 2019 (Figure 3a), PHM is not detected, and a significant backscattering increase in 2020 (red color) is evident in the second RGB composite in Figure 3b. A white arrow points at this anomaly.



More explicit PHM according to cross-polarized data compared to co-polarized (web-page [17], Section 1) is the evidence of the fact that an anomalous radar backscattering increase occurs not only due to an increase in the angle of inclination of the side slopes of the PHM but also due to the formation of many frost cracks that are randomly oriented. These frost crack increase depolarization.



In these images (Figure 3 and [17]), the diameter of the detected anomaly reaches 140 m, which exceeds greatly the average diameter (25 m) of the formed crater [2]. This difference is related to the fact that the area of the surface that was deformed is much greater than the formed crater. Further, it is proposed to perform the analysis only within a 270 m-diameter circle covering the heaving area, with a buffer zone (red circle in Figure 3b).



Thus, anomalous, compared to the surrounding background, dynamics of slopes and frost cracks around the mound was revealed. However, the effect of the increase in amplitude of HH- and HV-polarized radar backscattering may correspond to other phenomena. For example, this dynamic is possible when a small surface area of thawing subsides and slopes of its inner part increase. Therefore, it is required to separate the effects of heaving (convex shape) and the gradual lowering of the surface (concave shape).




3.2. PHM Validation


The next stage 2 (Figure 2) is focused on the convexity/concavity of the relief. It involves the creation of digital elevation models and their comparison or the estimation of the interferometric phase. Both options are identical, and the same data set is used, but in the first case, additional averaging procedures are applied. The second approach, without the use of subsequent phase unwrapping with smoothing, will allow us to reveal sharp local changes in the elevation. In both cases, it is necessary to use bistatic radar data (with a zero-time baseline). This will ensure the high coherence of interferometric data and therefore a flawless interferogram and digital elevation model. Herein, we cannot construct accurate DEMs based on ALOS-2 PALSAR-2 data due to their small perpendicular baselines (Table 1). Data with such baselines are best suited for displacement estimation (see next Section 3.3).



TerraSAR-X/TanDEM-X radar interferometric data are used for the studied case (see Table 2).



Small convex and concave landforms were revealed as the result of this stage. The heaving mound detected on the TerraSAR-X/TanDEM-X interferogram is shown in Figure 4 and also in [17] as an example. Multi-temporal digital elevation models comparison is another way of discovering the heaving mound (see Figure 5).



Figure 5a,b shows the elevation profiles extracted from three calculated TerraSAR-X/TanDEM-X DEMs: 13 December 2010 (blue dashes), 30 October 2017 (black solid line), and 22 April 2021 (red solid line). These profiles are presented by white dashed lines in the box in Figure 4: along the west to east line (Figure 5a) and along the north to south one (Figure 5b). The elevation change observed just corresponds to this PHM/crater. Note that, in order to improve the accuracy of satellite interferometric data and DEM coregistration, one should use data obtained with the same geometry of the radar survey. In the studied case, radar satellite data obtained from the ascending and descending orbits were used (Table 2). All three DEMs are presented at the web page [17].



Thus, a comparison of these DEMs (see Figure 5) provides an opportunity for detecting heaving mounds and craters with significant changes in the elevation.




3.3. PHM Deformation Estimation by DInSAR Technique


After detecting an area with temporal dynamics of L-band SAR backscattering (Stage 1 in Figure 2) that differs from the background and the subsequent validation of the mound growth using TerraSAR-X/TanDEM-X bistatic radar data (Stage 2 in Figure 2), it is proposed to quantify its deformation (stage 3 on Figure 2). For this, we take previous HH-polarized L-band ALOS-2 PALSAR-2 interferometric data (see Table 1) that were used at the first step of detection. The differential radar interferometry method is used as a measurement tool. Speckle noise reduction was performed as described above (see Section 3.1). Phase unwrapping was performed using the minimum cost flow method. Phase unwrapping for pixels with coherence values less than 0.2 was not performed. However, the gaps obtained were interpolated when the phase to displacement conversion was carried out. A 5 m-resolution TanDEM-X digital elevation model of Oct. 30, 2017 was used as a reference elevation. The interferograms and resulting deformation maps are given in Figure 6 and in the Section 3. Estimation of PHM dynamics [17].



L-band ionospheric anomalies in the Arctic regions introduce an additional phase shift in the azimuthal direction (along the satellite path) but was almost absent or barely noticeable along the slant range [16]. Besides, typical distortions due to ionospheric irregularities appear as elongated fringes tens to hundreds of kilometers long, parallel or oriented at a small angle to the west–east line, as well as along the radar-looking direction. Since PHM dimensions are notably smaller, the impact of ionospheric disturbances can be neglected.



Figure 6 (north-to-south direction, vertical) shows fragments of coherence images, interferograms after filtering, and maps of displacements along the radar line of sight (LOS). As it can be seen from Figure 6, it is difficult to assess deformations within the circular outline according to the 9 February 2017–25 January 2018 pair of images due to low coherence (less than 0.2) and great speckle noise. According to the second annual interval, 25 January 2018–10 January 2019, the coherence over almost the entire contour is more than 0.2, and the flattened interferometric phase is relatively stable. Inside and outside the circular outline, there is an areal uplift along the LOS [17]. Overall, the results obtained according to the 9 February 2017–25 January 2018 and 25 January 2018–10 January 2019 pairs of images are consistent with the results of [6]. The values of deformations within the outlines corresponded to the background dynamics around it these years.



The coherence inside the outline for the third interferometric pair, 10 January 2019–9 January 2020, is lower than 0.2 only for several pixels. These low-coherence areas only partially intersect with a small (2–3 pixel wide) interferometric fringe (i.e., PHM), which is indicated by the red arrow. This arrow shows the direction of the line of sight as well. The estimated magnitude of displacement is equal to 10–12 cm towards the radar along LOS. However, this value is not consistent with the results of [2]. Authors in [2] report that the rate of heaving from 2011 to 2017 was 13.3 cm per year on average. Moreover, in paper [6], it is noted that PHM growth dynamics in 10 January 2019–9 January 2020 greatly exceeded those in previous years. Therefore, the value of heaving should be greater than 13.3 cm per year.



The profiles of the filtered interferometric phase for the pair of images 10 January 2019–9 January 2020 crossing through a small interferometric fringe (PHM) are presented by black dashed lines in Figure 6. The profiles along and across the LOS are shown in Figure 7.



Two consistent maxima of the interferometric phase on profile along the LOS (Figure 7a) correspond to a 2π phase jump. This jump is not observed for the profile across the LOS (Figure 7b). Nevertheless, we can conclude about displacement values no less than 22–24 cm. This result shows the necessity to analyze interferograms before their averaging and interpolation which are performed at subsequent stages of displacement calculation (phase unwrapping, re-flattening). Taking into account the small size of the crater, we can assume that the second maximum (between 80 and 90 m) in Figure 7a and the only maximum (between 95 and 110) in Figure 7b are the interpolated gap, i.e., a 2π phase jump. Thus, the probable value of deformations along the LOS can be 3λ/2, i.e., about 36 cm from 10 January 2019 to 9 January 2020.



The main result of DInSAR technique application for PHM study is the concluded relevance of the additional analysis of a filtered interferogram before phase unwrapping and further recalculation into the values of displacements. As for the quantitative evaluation of deformations, it is difficult to define the exact number of 2π cycles for these PHMs. We can only state the deformations of more than 22–24 cm for the period of 10 January 2019–9 January 2020. So, the question of the exact amount of heaving is not considered, but only its lower threshold is estimated.





4. Conclusions


Thus, the workflow for detecting PHM with anomalous dynamics based on the integrated application of radar methods and data is presented. It is proposed to detect the PHM deformations and then quantify them taking into account the advantages and disadvantages of radar phase and amplitude measurements for X- and L-band electromagnetic waves, as well as the specifics of the Arctic regions.



Firstly, an area with significantly increased L-band SAR backscattering against the background is to be found. This increase is supposed to be due to the following:




	
Intensive mound heaving and relevant change of its slopes assuming the bending of the scattering surface towards the satellite;



	
Formation of frost cracks, which simultaneously increase backscattering depolarization due to the chaotic location of microrelief features and form local slopes facing the radar.








ALOS-2 PALSAR-2 interferometric data for the winter period are selected for the calculation, preferably with annual intervals (for example, 10 January 2019–9 January 2020), i.e., no thawing/freezing processes and assuming comparability of snow cover depth.



The second stage involves validation based on the estimation of the terrain shape (convex or concave), as well as the comparison of multi-temporal DEMs according to TerraSAR-X/TanDEM-X bistatic interferometry data.



The third stage involves quantifying deformations by the DInSAR technique within the detected anomalous area using ALOS-2 PALSAR-2 data from the first stage. A thorough analysis of the filtered interferograms is also proposed, taking into account the fragmentary low coherence for the PHM region and the fact that the problem of automated interferometric phase unwrapping for these cases is not yet completely solved.
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Figure 1. Location of the studied mound/crater and Sentinel-2B composite image after crater formation. 
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Figure 2. Flowchart of the proposed methodology for detection and study of PHM. 
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Figure 3. Multi-temporal RGB composites of radar backscattering (dB) at HV polarization: (a) red for 10 January 2019, green for 25 January 2018, blue for 9 February 2017; (b) red for 9 January 2020, green for 10 January 2019, blue for 25 January 2018. Red circle marks the heaving area with a buffer zone. 
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Figure 4. TerraSAR-X/TanDEM-X wrapped interferogram with detected PHM (30 October 2017). 
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Figure 5. Comparison of multi-temporal TerraSAR-X/TanDEM-X DEMs. Elevation along profiles crossing the mound/crater from (a) west to east and (b) from north to south. 
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Figure 6. Fragments of coherence, interferograms, and displacement maps for the area with PHM. 
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Figure 7. Interferometric phase profile for the pair of images from 10 January 2019–9 January 2020: (a)—along the LOS; (b)—across the LOS. 
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Table 1. Used ALOS-2 PALSAR-2 data.






Table 1. Used ALOS-2 PALSAR-2 data.





	
ALOS-2 PALSAR-2

SceneID

	
Imaging Date

	
Spatial Baselines, m




	
25 January 2018

	
10 January 2019

	
9 January

2020






	
ALOS2146771410-170209

	
9 February 2017

	
185

	

	




	
ALOS2198521410-180125

	
25 January 2018

	

	
119

	




	
ALOS2250271410-190110

	
10 January 2019

	

	

	
144




	
ALOS2304091410-200109

	
9 January 2020
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Table 2. TerraSAR-X/TanDEM-X data baseline parameters.
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	Interferometric Baseline, m
	2π Ambiguity, m
	Orbit





	13 December 2010
	325
	22
	Ascending



	30 October 2017
	392.8
	18.4
	Descending



	22 April 2021
	264
	23.7
	Descending
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