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Abstract

:

In this study, elevation change and surface morphology of CookE2, one of the most active subglacial lakes in East Antarctica, were analyzed by using Differential Interferometric Synthetic Aperture Radar (DInSAR) and a newly adapted Time-Segmented Persistent Scatterer Interferometric Synthetic Aperture Radar (TS-PSInSAR) techniques. Firstly, several DInSAR pairs were used to study the surface morphology of the subglacial lake during the rapid discharge event in 2007 and the subsequent recharge in 2010 by using ALOS PALSAR data and the continuous recharge from 2018 to 2020 by using Sentinel-1 SAR data. For time-series observation from 2018 to 2020, however, simple integration of DInSAR deviates largely from the satellite altimeter data because errors from the horizontal flow of the surrounding ice field or atmospheric phase accumulate. Conventional PSInSAR deviates from the altimeter data if the LOS displacement exceeds 300 mm, i.e., approximately 1/4 of the slant range resolution of the Sentinel-1 SAR in Interferometric Wide-swath (IW) mode, during the time window. Therefore, a series of Time-Segmented PSInSAR with a 4-month time window could accurately distinguish 1.10 ± 0.01 m/year of highly linear (R2 = 0.99) surface rise rate of CookE2 and 0.63 m/year of horizontal deformation rate of the surrounding ice field from 2018 to 2020.
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1. Introduction


Meltwater at the ice bed is an important component of the subglacial hydrologic system under the Antarctic ice sheet, which travels along the topography of the bedrock, creating channels and stored in watersheds to form subglacial lakes. The major source of meltwater at the ice bed of the Antarctic ice sheet is the liquid water produced by the pressure, insulation, and friction heat of thick ice [1]. The pressure caused by ice with a thickness of several thousand meters lowers the melting point of ice at the interface between the ice sheet and bedrock [2]. The presence of meltwater can accelerate the flow of glaciers by reducing friction between the ice and bedrock [3,4]. Bell et al. [5] suggested that large subglacial lakes can initiate rapid ice flow, which causes a change in the glacial mass balance. Therefore, it is important to observe the subglacial hydrologic system and the existence and deformation behavior of subglacial lakes.



The existence of most subglacial lakes has been confirmed by Radio Echo Sounding (RES), satellite altimeter, or seismic survey [1]. RES showed that the intensity of the reflected signal from the subglacial lake surface was much stronger and flatter than those from the bedrock due to the high contrast of dielectric constants between water and ice. Subglacial lake detection using a satellite altimeter can be performed by detecting the flat surface in a large subglacial lake or by detecting the change in altitude of the ice sheet above the active subglacial lake. Subglacial lakes have been studied intensively since Robin et al. [6] discovered “a thick water layer beneath the ice”. Ice-penetrating RES survey operated by the SPRI-TUD-NSF consortium (Scott Polar Research Institute, Technical University of Denmark, and National Science Foundation of the USA) from 1968 to 1979 has identified many subglacial lakes which were analyzed in the 1990s [7,8]. Since then, most subglacial lakes have been discovered using RES and satellite altimetry techniques [9,10,11]. Most subglacial lakes are reported to be ‘closed’ or ‘stable’ where inflows and outflows of the lake are nearly balanced so that no surface elevation change occurs. Some ‘active’ subglacial lakes have been identified where ice surface elevation changes [1]. Smith et al. [12] found a total of 124 active subglacial lakes in Antarctica using the Ice, Cloud, and land Elevation Satellite (ICESat) laser altimeter. The melt water below the ice sheet is driven by hydraulic pressure to discharge and recharge the subglacial lake, causing the upper ice sheet to fall or rise as the water level changes [13].



Since RES and satellite altimeters measure along the survey lines or satellite tracks, however, it is difficult to detect small subglacial lakes that lie between the lines. Performing airborne RES survey is time-consuming and can be constrained by weather and logistics, making it difficult to map entire Antarctica. Due to limitations in data acquisition, data coverage is often compensated by kriging interpolation [14]. Furthermore, the detection of a subglacial lake with the flatness of the ice surface would fail because the surface may appear smooth and flat with no relation to subglacial lakes. Moreover, the ice surface of subglacial lakes with less than 4 km in diameter may not be flat due to the thick ice cover [15]. The altitude accuracy of the altimeter is about 15 cm for ICESat, about 50 cm for CryoSat-2, and about 10 cm for ICESat-2 [16,17,18]. Active subglacial lakes can only be detected if there is an elevation change beyond these accuracies between the revisit cycle of the altimeter. As the revisit cycle is 369 days for CryoSat-2 and 91 days for ICESat-2, it might be difficult to detect episodic events that occur between revisit periods. More precise measurement with higher accuracy is necessary to monitor such rapid changes in subglacial lakes.



The satellite Synthetic Aperture Radar (SAR) is effective for research in Antarctica, where access is limited. It has the advantage of providing high-resolution images regardless of the illuminance of the sun and weather conditions. Differential Interferometric SAR (DInSAR) can be used to measure ice displacement in horizontal or vertical directions with centimeter accuracy. For example, Han and Lee et al. [19] calculated the exact horizontal flow velocity of the Campbell Glacier Tongue using the DInSAR technique and tidal correction. Since the DInSAR technique includes vertical displacement, changes in the elevation of the glacier surface can also be observed.



DInSAR is actively used to detect surface motion caused by volume changes in subglacial lakes. Gray et al. [20] used InSAR to observe changes in glacial surface elevation due to the movement of subglacial water. Capps et al. [21] used European Remote-sensing Satellite-1/-2 (ERS-1/-2) tandem data to determine the displacement and volume of subglacial lakes located on the Brady Glacier in Alaska. Palmer et al. [22] determined glacial subsidence due to drainage of a subglacial lake, considering that displacement using InSAR is in the Line-Of-Sight (LOS) direction. Neckel et al. [23] analyzed the movement occurring in the hydrologically connected subglacial lakes through Sentinel-1 DInSAR images.



Double-Differential Interferometric SAR (DDInSAR) is a technique that can calculate the amount of displacement change obtained from the DInSAR pair. It is possible to remove the same components from two DInSAR images and extract only the parts that have changed. For example, Lee et al. [24] found the accelerating motion of subglacial lakes in Campbell Glacier using DDInSAR. Elevation change due to subglacial lakes was calculated using the DDInSAR technique to cancel constant surface ice flow.



A recently developed variant of the InSAR technique, Persistent Scatterer Interferometric SAR (PSInSAR), facilitates time-series analysis using many interferograms. Stable scatterers are selected to calculate the surface displacement over time to monitor surface changes such as subsidence, volcanic activity, and landslides [25,26]. In Antarctica, PSInSAR has a lot of potential but has not been fully exploited, except for the research of Pandit et al. [27] that used it to calculate the ice flow velocity.



Among over 140 active subglacial lakes found in Antarctica so far, CookE2, located in East Antarctica, attracted the attention of many researchers due to its rapid drainage between 2006 and 2008. Previous studies confirmed vertical subsidence of 70 m using ICESat data [9,12,28,29]. Using various data based on altimeter or optical satellites, they analyzed the surface elevation change due to recent recharging [9,28,29]. Most of the previous studies focused on the area, volume changes, and the rate of surface elevation change of the subglacial lake using altimeter and optical data, and few have used SAR data so far. In this study, we propose the application of various InSAR techniques to the observation of subglacial lakes in Antarctica with higher spatial and temporal accuracy. Surface morphology during the rapid discharge of CookE2 in 2007 and 2009 will be observed by using DInSAR, while a modified PSInSAR will be used to observe the time-series motion of subglacial lakes during the recent recharge of the lake.




2. Materials


2.1. Study Area and Satellite Altimeter Data


The study area is CookE2 subglacial lake, located upstream of Cook Basin (Figure 1). The area observed in this study is approximately 100 km west of Talos Dome and about 20 km from the ice divide. The horizontal ice flow over CookE2 is relatively slow because it is located close to the ice divide where the flow begins. Ice flow velocity calculated from data obtained through NASA Making Earth System Data Records for Use in Research Environments (MEaSUREs) Program is approximately 0.6 m/year [30,31].



Lake CookE2 was first listed on the inventory of active subglacial lakes by Smith et al. [12], who reported that 2.7 km3 of water was drained from CookE2 from November 2006 to March 2008 by using ICESat laser altimeter data. A 44 m decrease in surface height was observed in track 227 of ICESat, and a 48 m decrease in track 1325, which is approximately five times the height decrease found in other subglacial lakes by that time. McMillan et al. [9] combined ICESat and CryoSat-2 data to construct a time series of the surface elevation and observed that the surface height of the CookE2 decreased sharply from 2006 to 2008 at an average rate of 35 ± 14 m/year and then increased again to 5.6 ± 2.8 m/year. The uncertainty of the discharge rate (14 m/year) was high because they assumed that the discharge rate was constant over time, which is shown in Figure 2, and it was not sure when the drainage was completed at that time. They estimated the surface depression area of CookE2 to be 260 m2 through ice surface mapping using CryoSat-2. Flament et al. [28] observed an elevation decrease of about 70 m from November 2006 to October 2008 through ICESat. They reported an elevation increase of about 13 m between October 2008 and February 2012 by using ICESat and the SPOT5 Digital Elevation Model (DEM). They derived the total discharge from elevation change and lake area to be 5.16 ± 1.52 km3. Additionally, observations of elevation changes between September 2002 and October 2010 based on Envisat radar altimeter (RA-2) data showed that the drained subglacial water was not completely discharged into the sea. Li et al. [29] showed a decrease in elevation of 59.6 m from February 2006 to October 2008 due to drainage, followed by a steady increase at a rate of about 1.1 m/year from January 2011 to November 2016 using ICESat and CryoSat-2 data. They used airborne ice-penetrating radar data to redefine the lake area to be the area where water exists. The result of Li et al. [29] was evaluated to be narrow compared to other studies. Results from 4 studies on CookE2 are summarized in Table 1. CookE2 is always listed as an active subglacial lake in the recently published global inventory of subglacial lakes [1,33].



Most of the researchers performed their observations using ICESat and CryoSat-2 altimeters. All altimeter data at the center of CookE2 is shown in Figure 2, including recent ICESat-2 data. ICESat data were acquired from Campaign 2A to Campaign 2F from 2003 to 2009 and represent the maximum surface subsidence point values for each acquisition time. However, due to the orbital repeatability error and the slight sampling shift of ICESat, each value was not obtained at the same point. This can result in differences of up to 0.5 km from the collection location, but another reason can lead to larger errors. Specifically, data were acquired from tracks 227 and 1325. Because the data acquisition directions of the two tracks are different and intersect, the sampling points on each track are up to 2 km apart. CryoSat-2 data were acquired using level 2 products acquired in SARIn mode. A total of 10 data were acquired at an interval of 369 days from 19 January 2011 to 15 February 2020. In this study, ICESat-2 data were additionally obtained from 11 February 2019 to 9 November 2020 on track 965 across CookE2 every 91 days [34].




2.2. Synthetic Aperture Radar (SAR) Data


The main purpose of this study is to observe the CookE2 subglacial lake and its discharge and recharge events from 2007 by using satellite SAR images. In previous studies, satellite altimeters were mainly used along the satellite tracks. However, satellite SAR imagery allows the identification of two-dimensional structures by using amplitude images and interferometric capabilities. In addition, the satellite SAR system has a shorter repetition cycle than that of satellite altimeters, which can improve the data acquisition frequency significantly. In this study, a total of 116 SAR images acquired from two SAR platforms from 2007 to 2020 were used (Table 2).



Advanced Land Observing Satellite (ALOS) Phased Array L-Band Synthetic Aperture Radar (PALSAR), operated by the Japan Aerospace Exploration Agency (JAXA) was launched in 2006 and operated until 2011 [35,36]. PALSAR, one of the three sensors installed in ALOS, has an L-band (1.27 GHz) SAR system and operates in fine mode, scan SAR mode, and polarimetric mode [37]. In this study, SAR images acquired in Fine Beam Single polarization (FBS) mode were obtained in level 1.1 Single Look Complex (SLC) products. Two interferometric pairs in 2007 and 2010 were available from the ALOS archive products.



The Sentinel-1 satellites, operated by the European Space Agency (ESA), are composed of dual Sentinel-1A and Sentinel-1B satellites launched in 2014 and 2016, respectively [38]. Each satellite acquires data of the same ground area every 12 days using the C-band (5.405 GHz) SAR system, but data could also be acquired every 6 days because both satellites share the same orbit plane [39]. However, recently, it has been known that Sentinel-1B does not transmit data due to a power system issue, and since 23 December 2021, data are acquired every 12 days using only the Sentinel-1A satellite [40]. We used 112 data acquired every 6 or 12 days from 12 September 2018 to 30 December 2020. Each SAR data are provided as an SLC product obtained in Interferometric Wide-swath (IW) mode.





3. Methods


3.1. Differential Interferometric SAR (DInSAR)


Using the interferometric phase of two SAR images acquired from repeated orbits of a satellite SAR system, it is possible to detect a subtle change of position of the ground target over time. The interferogram shows fringes that include both the phase by topographical elevation and the phase by ground displacement. In order to observe only the displacement of the surface, it is necessary to remove the phase by topographical elevation. Therefore, the DInSAR technique using a reference DEM was applied to remove the topographic phase. Coherence images obtained during the DInSAR processing were analyzed to confirm the surface stability and morphology. The coherence image provides information about the consistency between the InSAR pair [41]. When temporal or spatial decorrelation occurs between two images, the coherence has a low value close to 0, and a high value close to 1 when there is no change. In this study, the shape of the surface of the subglacial lake was analyzed using InSAR coherence images as well as interferograms.



DInSAR processing was performed on ALOS PALSAR images and Sentinel-1 SAR images using SeNtinel Application Platform (SNAP) software. For ALOS PALSAR images, we first co-registered two level 1.1 products, and a deskewing operator was used to perform the necessary geometric corrections. During the interferogram generation, the flat earth phase and the topographic phase were subtracted, and the coherence was estimated as well. The Copernicus 30 m Global DEM was used to calculate the topographic phase. Goldstein phase filtering was applied to enhance the signal-to-noise ratio of the final ALOS DInSAR image [42]. For the Sentinel-1 DInSAR pairs, adequate sub-swath and bursts of the study area were selected in the TOPSAR split operator of the SNAP, and then Sentinel Precise orbital state vector was applied. Interferograms with neighboring SAR acquisition dates were generated by co-registering with the Sentinel-1 back geocoding operator, and the burst overlaps were removed with the TOPSAR deburst operator. In the same way as in the ALOS PALSAR process, flat earth phase removal, topographic phase removal using Copernicus 30 m Global DEM, and coherence estimation were performed during the interferogram generation. Finally, the Sentinel-1 DInSAR result image was obtained by removing phase noise through Goldstein phase filtering [42]. Note that one fringe in the DInSAR image means a displacement of half the wavelength in the LOS direction.



Lee and Seo [43] estimated the vertical displacement of the subglacial lake based on Sentinel-1 SAR data from October 2018 to June 2019. The vertical displacement measured in meters per 12 days was extracted at the center of CookE2, as plotted in blue dots in Figure 3. The data are then integrated to be compared with the ICESat-2 altimeter data (yellow dots in Figure 3). The linear regression of the DInSAR results shows that uplift occurred at a rate of about 1.61 m/year, while the ICESat-2 observation is about 1.17 m/year. The difference is probably because the DInSAR signal contains not only the vertical motion of CookE2 but also the horizontal ice flow and atmospheric effect. The atmospheric effect may cancel out during the integration of DInSAR time series data as it is basically a random process. However, the signal from the horizontal ice flow of the CookE2 and the surrounding ice field will be deterministic and linear, which will be accumulated during the integration of the DInSAR signal.



Figure 4 shows an example of the Sentinel-1 DInSAR images. A linear phase trend appeared around the CookE2 subglacial lake, making it difficult to accurately separate it from the vertical motion. This linear phase could be either from atmospheric noise or strains due to the horizontal ice flow of this region. Anyway, this linear phase can be calculated (Figure 4b) and eliminated (Figure 4c) for each DInSAR image. Reprocessing individual DInSAR images in this way is inconvenient and inadequate, which raised the necessity of introducing a more sophisticated time-series analysis such as PSInSAR.



It is worth paying attention to the uncertainty in setting the zero-displacement point when analyzing displacement over time. For example, in Figure 4c, a difference in the number of fringes occurs when a point with green close to yellow is selected as a zero-displacement point and when a point with green close to blue is selected. As a result, an error can occur, and the accumulation of errors in time series analysis can lead to larger differences. Therefore, the DInSAR technique may obtain displacements during the acquisition period of a DInSAR pair but may not be suitable for time series analysis as there is a risk of error accumulation.



The DDInSAR technique is another option, as it is widely used to observe surface motion over subglacial lakes [24,44,45]. However, subglacial lakes must have an acceleration of motion to be found by the DDInSAR technique. Because DDInSAR can eliminate constant deformation rates between two DInSAR observations, it is easy to find subglacial lakes that change seasonally or cyclically. However, it is difficult to apply the DDInSAR technique in this study area because both the horizontal flow rate and the vertical displacement of CookE2 are almost constant during the recharge period after 2009. Therefore, both phases from ice flow and surface rise will be removed during the DDInSAR operation, as shown in Figure 5.



In conclusion, DInSAR interferogram and coherence imagery gives valuable information on surface deformation and morphology but may not be efficient for time-series analysis of the surface motion due to errors from atmospheric phase and horizontal ice flow. More sophisticated algorithms for the time-series InSAR technique are considered, as described in the next section.




3.2. Time-Segmented Persistent Scatterer InSAR (TS-PSInSAR)


Since it was confirmed that simply integrating the DInSAR results is not suitable for time series analysis of the study area, we tried to measure the displacement over time by applying the PSInSAR technique that uses highly consistent Persistent Scatterers (PS) [25]. We used the Stanford Method for Persistent Scatterers (StaMPS) package [46]. PSs were selected considering the spatiotemporal consistency of SAR amplitudes and phase of the interferograms. The phase of PSs is then statistically analyzed to estimate displacement and various errors. Firstly, SNAP software was used as a pre-processing tool to generate time-series interferograms and other datasets for the input of the StaMPS package. Several key parameters changed from the default value of StaMPS have been summarized in Table 3.



Figure 6 is the result of the orbital ramp phase removal tool estimated during the StaMPS processing for 4 months with a master date of 6 November 2020. This function estimates the linear phase trend over the whole image, assuming that the orbital error is highly linear in each DInSAR. Figure 6a indicates the estimated phase is highly cumulative in time from the master image of 6 November 2020, which is obviously not the case of the orbital ramp that should be in a random fashion. The estimated linear phase trend is similar to the linear phase of the DInSAR image due to the horizontal ice flow of the study area. Using the orbital ramp phase estimation function of StaMPS, it would be more convenient to remove the linear phase caused by the horizontal ice flow than to remove them one by one from each DInSAR image.



The linear phase in Figure 6a has a maximum phase change of about 30 radians for two months. Based on this, the displacement R in the range direction (LOS direction) can be obtained using the following equation:


  ϕ =   4 π  λ  R ,  



(1)




where ϕ is the phase change and λ is the wavelength of the SAR system. The horizontal displacement in the range direction can be expressed as follows because movement by the flow is projected in the LOS direction:


  R =  f →  ·  l ^  =  f   f ^  ·  l ^  .  



(2)







Here, the unit vector for the LOS direction   l ^   and the unit vector for the flow direction   f ^   are known values and we want to know the magnitude of the horizontal deformation by flow |f|. Substituting Equation (2) into Equation (1) gives:


  ϕ =   4 π  λ   f     f ^  ·  l ^    .  



(3)




replacing Equation (3) for    f   , we obtain:


   f  =  λ  4 π   ϕ  1     f ^  ·  l ^      .  



(4)




|f| is calculated to be 26 cm for two months in this study, which corresponds to a horizontal deformation rate of about 1.53 m/year across the image, as shown in Figure 6. Dividing this number by 29 km, the length of the whole region, gives the strain rate of 5  .276 ×   10   − 5        year    − 1    . Multiplying it with 12 km, the size of the lake, including the hook-shaped zone, gives the horizontal deformation rate across the lake to be 0.63 m/year. If this horizontal deformation rate is misinterpreted as a vertical displacement in DInSAR, it gives an error of 0.42 m/year. This error is similar to the one in Figure 3, which shows the over-estimation of the uplift rate by 0.44 m/year obtained from cumulative DInSAR (1.61 m/year) when compared with that of the altimeter (1.17 m/year) if not compensated properly.



Because the downstream of the ice sheet flows relatively faster than the upstream, the deformation is thought to have caused the phase of a linear trend, as shown in Figure 6a. If this phase is not sufficiently removed, a larger value is derived when calculating the rate of surface rise. Therefore, we concluded that the application of the PSInSAR technique, which can automatically eliminate these errors, could yield better results.



Before the above 4-month PSInSAR experiment, our initial attempt of PSInSAR with the whole 112 Sentinel-1 SAR data obtained for 28 consecutive months from September 2018 to December 2020 failed. There were no sufficient PSs that survived during the PSInSAR processing over the entire period because of the continuous flow of glaciers in one direction and the rapid rise of the subglacial lake, as well as suffering from temporal decorrelation. Therefore, data for the last 10 months in 2020 have been processed on a trial basis with a reduced period (black lines and black dots as a master image in Figure 7). As a result, the center of the subglacial lake showed unexpected results compared to other relatively stable areas outside, showing a relatively slower rate initially and then accelerated to show a linear trend after 5 months (Figure 8a and Figure 9). Such a trend in elevation changes was not observed in the altimeter data, which showed linear uplift during this period (Figure 2 and Figure 3). This is because the deformation at the center of the subglacial lake is much faster than those of other geophysical phenomena in previous PSInSAR studies. Therefore, the fewer number of PSs remains over a long period because the surface scatterers move continuously, and PSs are affected by the adjacent pixels. Therefore, special care must be taken to ensure that the displacement does not exceed some fraction of the range resolution of the SAR image during the PSInSAR dataset period. Otherwise, an error could occur near the early and later stages of the observation period due to interference with the neighboring PS pixels.



To overcome the data duration issue for PSInSAR for fast-moving ice surfaces, we decided to separate the duration of data for each PSInSAR into 4-month (red and blue lines and dots in Figure 7 and Figure 8b,c). At the center of the subglacial lake (A points), the result was linear, similar to the rate of the later stage (Figure 9a). No significant errors were found in the displacements of subglacial lake edges (B points) or hook-shaped zone (C points) (Figure 9b,c), or even at the point where no displacement is expected (D points) (Figure 9d).



Figure 9a suggests that two Time-Segmented PSInSAR results within 4 months produce liner trends successfully with a maximum displacement of 300 mm at the center of CookE2. Considering the slant range resolution of 2.4 m of Sentinel-1 SAR, the 300 mm of displacement corresponds to 1/8 of the slant range resolution, which is within a general requirement of accuracy for conventional InSAR coregistration. Considering the recent surface uplift rate of about 1.17 m/year confirmed by the altimeter data at the center of CookE2 and the local incidence angle of 33.65 degrees, the LOS displacement rate is calculated to be 0.974 m/year.



Therefore, a total of 28 months of data were time-segmented at 4-month intervals and processed for PSInSAR so that 7 segments cover the whole period. SAR data overlapped between the segments to connect them. We named this technique as Time-Segmented PSInSAR (TS-PSInSAR), stating that the data duration for PSInSAR should be segmented in time and later linked by the overlapping dates so that the maximum LOS displacement during each segment should be within 1/8 of the slant range resolution. An in-depth analysis of the TS-PSInSAR results, such as how similar these results are to altimeter data in practice, will be discussed in the next section.





4. Results


4.1. Surface Morphology of CookE2 during Discharge and Recharge Observed by DInSAR


Using DInSAR interferograms and coherence images, surface displacement and morphology were investigated during the discharge and recharge of the CookE2 subglacial lake (Figure 10). Analyze displacements in order of time and then identify morphological features.



According to ICESat laser altimeter data referenced in previous studies, episodic discharges in Lake CooKE2 from November 2006 to October 2008 resulted in a surface elevation change of approximately 67.11 ± 0.15 m [9,12,28,29]. However, those altimetry results were along the satellite tracks only, and the whole displacement field of the subglacial lake was hardly observed. In this study, displacements from 15 November 2007 to 31 December 2007 were analyzed using an ALOS DInSAR image (Figure 10a). The concentric fringes show the LOS displacement according to the volume change of the subglacial lake. A large number of fringes appeared not only on the main lake but also on the hook-shaped zone on the upper-right side. The hook-shaped zone appears over a large area, of which the length is approximately equal to the length of the main lake. About 51.7 fringes were identified on the main lake, and 16.5 fringes were found on the hook-shaped zone. Considering the wavelength of 23.6 cm for ALOS PALSAR, they correspond to 6.10 ± 0.12 m and 1.95 ± 0.12 m subsidence in the LOS direction in 46 days, respectively. Here we put the uncertainty of phase measurement of one fringe due to the displacement (half the wavelength) of the surrounding ice field. Assuming that vertical subsidence due to the drainage of subglacial lakes is dominant, those LOS displacements can be converted to the vertical subsidence of 8.00 ± 0.15 m on the main lake and 2.54 ± 0.15 m on the hook-shaped zone in 46 days. Verification was attempted by comparing this result with the displacement confirmed in the ICESat data, which shows the subsidence of 21.90 ± 0.15 m between 5 October 2007, and 20 February 2008 (Figure 2). Assuming that the rate of subsidence is linear during this period, altimeter data show that there was a subsidence of about 7.30 ± 0.15 m over 46 days, which is similar to the DInSAR result above. Minor differences may have come from the offset between the maximum displacement point of the altimeter track and that of DInSAR.



According to the previous studies and the altimeter data in Figure 2, the altitude of the CookE2 has increased steadily since it reached its lowest value in October 2008. It was estimated that the surface has been rising again due to the recharging at CookE2 after the drainage was completed. We analyzed an ALOS DInSAR pair to measure the surface displacement in 2010 when all altimeter data collection was temporarily stopped (Figure 10b). Between 20 October 2010, and 5 December 2010, ALOS DInSAR confirmed that the number of fringes of the main lake reduced significantly, and there was almost no displacement on the hook-shaped zone. It is estimated that the recharging of the lake started before 2010, and it can be expected that there was little change on the surface because the hook-shaped zone was not sufficiently filled with water. Three fringes can be identified on the main lake, which corresponds to 0.35 ± 0.12 m in the LOS direction and 0.46 ± 0.15 m vertical uplift in 46 days. Flament et al. [28] calculated the displacement for the period including 2010 using ICESat data measured on 12 March 2009 and SPOT5 data observed on 9 February 2012. An increase of about 10–15 m has been reported over 1064 days, which corresponds to 0.46–0.65 m vertical uplift in 46 days.



Figure 10c is a Sentinel-1 DInSAR image showing the displacement between 8 August 2020 and 20 August 2020. Sentinel-1 uses a C-band SAR system of which the wavelength system is 5.6 cm. One fringe of the DInSAR interferogram represents a LOS displacement of half the wavelength, i.e., 2.8 cm. About 1.3 fringes appeared in the main lake, which corresponds to 3.6 ± 0.7 cm in the LOS direction in 12 days. Here we found the uncertainty of fringe measurement of about 1/4 fringe (1/8 wavelength) originating from the remnant fringes surrounding the lake. This value can be interpreted as a 4.4 ± 0.8 cm uplift in 12 days. During the study period using Sentinel-1 SAR DInSAR images, the surface elevation increased at a rate of 3–6 cm in 12 days and showed a continuous uplift trend. However, a weak or no displacement signal was observed over the hook-shaped zone in the Sentinel-1 DInSAR images.



In 2007 when a massive discharge of the subglacial lake occurred, the deformation over a hook-shaped zone appeared much wider than reported in Smith et al. [12], but from 2010, it became much smaller. It is necessary to explain why the elevation changed at a different rate. A ridge area was identified between the main lake and the hook-shaped zone by using the Multichannel Coherent Radar Depth Sounder 5 (MCoRDS5) airborne radar data, which is a multi-channel radar operated by the Center for Remote Sensing of Ice Sheets (CReSIS) and is used to observe the ice sheet thickness and ice bottom [48]. (Figure 11). Ice bottoms were identified using L1B and L2 datasets with segment ID 04 and frame number 010 acquired on 29 November 2017 during an IceBridge mission [49,50]. The ridge point between the main lake and the hook-shaped zone can be identified via the echogram in the L1B dataset, of which the exact values obtained at 15 m intervals can be found in the CSV file in L2. The highest point of the ridge had a height difference of about 267.28 m from the lowest point of the main lake. During the initial discharge, when the lake water level was high, it is presumed that the main lake and hook-shaped zone are connected and influenced by each other. However, the responses of the main lake and the hook-shaped area became different from each other during the discharge when the water level was lowered enough for them to be separated by the ridge in the middle of the two areas.



In Figure 10a, the main lake has many broken fringes, which are indicated by white polylines. They were overlaid on all DInSAR images to compare the surface area change of the main lake. The area where the displacement occurred during the discharge was slightly wider than the area during the recharge. There was no significant change in the area where the displacement occurred during the continuous recharge after 2008 (Figure 10a–c). The reason why the displacement area is slightly small is that the rise of the surface occurs at the bottom of the basin, and there is no movement on the slope made from the rapid discharge.



InSAR coherence images were analyzed to observe the morphology of the subglacial lake during the discharge. In the InSAR coherence image, Figure 10d, light and dark linear stripes are identified along the polylines. This coherence pattern was most evident in the 2007 image, and only a few remained in the 2010 image (Figure 10e). It appears that the form persisted until 2010, only in the most densely distributed regions in 2007. The reason why the coherence value decreases may be because of spatial decorrelation rather than temporal decorrelation. This is presumed to be a crack caused by rapid drainage. As a result of the analysis using DEM (Figure 1c), it was found that cracks occurred on the slope rather than the central bottom of the surface, which was rapidly lowered due to episodic drainage. In Figure 10f, no crack was observed in recent images.




4.2. Time-Series Analysis Using Time Segmented PSInSAR (TS-PSInSAR)


As a result of applying the TS-PSInSAR techniques every 4 months, multiple PSs were observed in the study area for each time segment (Figure 12). In LOS velocity maps obtained as a result of TS-PSInSAR analysis, the maximum rate of rising from the center is slightly different with time, but the tendency to rise at a faster rate toward the center is the same. The vertical displacement of the CookE2 was obtained by connecting the relative displacements derived from each segment. Vertical displacements along the ICESat-2 track were obtained to compare with the TS-PSInSAR results (Figure 13). On 10 February 2020, data were acquired from both ICESat-2 and Sentinel-1. After selecting the point showing the lowest elevation in the ICESat-2 data on 10 February 2020, the ICESat-2 data of other periods and TS-PSInSAR results at the nearest location were extracted and plotted in time. ICESat-2 data were acquired from the right beam of each ground track out of six beams of track ID 695. Relative elevations obtained as a result of TS-PSInSAR have been converted to absolute elevations as of 10 February 2020.



Figure 13b shows the time series of the three points that match with ICESat-2 points. The slope of the linear regression of TS-PSInSAR was about (1) −0.03 m/year (R2 = 0.80), (2) 0.48 m/year (R2 = 0.99), and (3) 0.88 m/year (R2 = 0.99) for each point. The ICESat-2 observations are (1) 0.18 m/year (R2 = 0.83), (2) 0.80 m/year (R2 = 0.86), and (3) 1.17 m/year (R2 = 0.99), respectively.



Considering a conventional displacement error of half the wavelength (0.03 m), the uncertainty of the deformation rate for the linear regression during 28 months can be described as 0.01 m/year in the worst case. With 0.1 m measurement uncertainty for ICESat-2 for seven repeat cycles (636 days), the uncertainty of the deformation rate is 0.06 m/year. For the case of CryoSat-2 with 0.5 m of measurement uncertainty with the same duration, it would be 0.29 m/year. Therefore, the accuracy of TS-PSInSAR is far better than satellite altimeter data.




4.3. Recent Elevation Change by TS-PSInSAR


Finally, by referring to the satellite altimeter data, the time series change was investigated by converting the relative surface elevation displacement extracted through the InSAR technique into absolute elevation (Figure 14). Values were extracted from the center of the subglacial lake, where the most rapid change occurred for all points. Two ALOS DInSAR results in 2007 and 2010 were added. For the Sentinel-1 TS-PSInSAR results, we plotted the values by picking a point showing the maximum deformation rate. A vertical displacement of 2.54 m was confirmed at the center of the subglacial lake, and the average annual vertical uplift was about 1.10 ± 0.01 m/year (R2 = 0.99) for about 28 months from 2018 to 2021. The surface displacement of the center, measured with CryoSat-2, was approximately 1.18 ± 0.50 m/year between 12 February 2019 and 15 February 2020. Measurement by ICESat-2 gives an average rate of 1.17 ± 0.06 m/year. Observations with both altimeters are similar to TS-PSInSAR results, but the accuracy of TS-PSInSAR is superior to altimeter data.





5. Discussion


Summarizing the rationale of this study, the horizontal ice flow rate surrounding the CookE2 is rather slow as it is located near the ice divide. However, it was still problematic because it was of the same order as the vertical surface rise of CookE2, the target of this study. Individual DInSAR images had remaining linear phases due to local ice flow, which is difficult to estimate in each image. The removal of constant flow components through the DDInSAR is unlikely because the recent vertical rise of CookE2 has the same tendency. The main purpose of introducing the PSInSAR technique was to separate the surrounding ice flow from the vertical deformation of CookE2. As the deformation rate is too high in this study area, however, it is necessary to segment the duration of the dataset of PSInSAR into multiple segments and link them to extend the observation period. We call it TS-PSInSAR in this study, which require different duration or displacement limit for available data depending on the resolution of a SAR system and the deformation tendency.



This study suggests that the surface deformation during the segmented time of TS-PSInSAR should be less than 1/8 of the slant range resolution. Since the Sentinel-1 SAR system used in this study has a slant range resolution of about 2.4 m, the expected maximum displacement was 300 mm in 4 months for CookE2. In the case of TerraSAR-X with a 1.2 m slant range resolution, it would be 150 mm in 2 months. Similarly, when using the ERS-1/-2 data with 7.9 m slant range resolution, the segmented period can allow maximum deformation of 988 mm in 13 months.



The techniques used in this study are applicable to other subglacial lakes. Care must be taken to limit the maximum displacements to less than 1/8 of the slant range resolution of the SAR system when applied to other subglacial lakes. A priori information on the surface deformation of subglacial lakes is required. Although surface deformation of many active subglacial lakes is listed and reported, approximate displacement should be observed by altimeter data before applying TS-PSInSAR because anomalies could be changed at any time, not to mention the newly found subglacial lakes.



So far, elevation changes due to drainage of active subglacial lakes have been reported to take about two years or more [1]. The shortest previously reported subglacial lake drained in two months, and no lake had a shorter drainage period, probably due to the long revisit cycles of satellite altimeters. The existence of subglacial lakes, where discharge occurs more rapidly, cannot be completely ruled out. If the continuous and periodic observation data based on the satellite SAR system are utilized, it is expected that more detailed behavior of active subglacial lakes will be discovered. The entire displacement field can be observed by SAR so that even small subglacial lakes can be identified with high precision to lead to the discovery of many subglacial lakes in the near future.



CookE2 is recharging slowly after discharging relatively quickly. When subglacial water flows in, the water level will rise above the ridge point between the main lake and the hook-shaped zone of CookE2, confirmed through the radar-sounding data. Then, as the main lake and the hook-shaped zone are connected, it is expected that the surface change area of CookE2 will be expanded. If the elevation rises at a similar rate as the TS-PSInSAR results, it will reach the elevation just before the previous drainage in 40 years by 2060.




6. Conclusions


We analyzed the surface displacement of CookE2, one of the active subglacial lakes in East Antarctica, and detected the morphological features of the surface. Based on the ALOS PALSAR images, the DInSAR technique was applied to determine the surface displacement due to the rapid discharge of subglacial water. During the discharge, significant displacement occurred not only on the main lake but also on the hook-shaped zone. In 2007, a displacement of 8.00 ± 0.15 m in the main lake and 2.54 ± 0.15 m in the hook-shaped zone occurred in 46 days. The reason the two points have different rate is that the ridge point on the bedrock separates the two areas. The distribution of surface cracks due to such episodic subsidence can be detected by using the InSAR coherence image. Another ALOS PALSAR pair made it possible to confirm that a displacement of about 0.46 ± 0.15 m occurred over 46 days in 2010 when altimeter observation did not exist, making it clear that the subglacial lake was already in the process of recharging at that time. In addition, it was found that a displacement of 4.4 ± 0.8 cm occurred during 12 days in 2020 through the Sentinel-1 DInSAR image.



For the recent behavior of CookE2, more accurate vertical displacement could be found by applying the TS-PSInSAR. CookE2 has continued to rise linearly at a rate of 1.10 ± 0.01 m/year (R2 = 0.99) between September 2018 and December 2020. The horizontal deformation rate of 0.63 m/year from the flow velocity around the subglacial lake was successfully identified and removed by performing TS-PSInSAR. Since the temporal baseline of the Sentinel-1 data is shorter than satellite altimeters, it is possible to detect the subtle change in the upper surface of the subglacial lake. The proposed TS-PSInSAR measurement can provide much more accurate values of elevation change, but it cannot provide absolute elevation itself, which should be compensated by measurements from satellite altimeters.
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Figure 1. The study area. (a) shows the location of CookE2 in the inventory of subglacial lakes beneath the Antarctica ice sheet [1]; (b) is an enlarged area of the green rectangle of (a), and shows the area of the SAR image used in this study (black, white, and yellow rectangle). In the legend of (b), the numbers in parentheses mean path and frame numbers, respectively. The cyan arrows indicate the direction and relative flow velocity of the ice flow; (c) is an enlarged area of the red-colored rectangle of (b), a shaded relief image of the CookE2 based on Copernicus 30 m DEM [32]. All subsequent figures are displayed in the same area as (c). 
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Figure 2. Time series of elevation changes using altimeter data. ICESat and CryoSat-2 data were used in previous studies (reproduced after [9,12,28,29]) while ICESat-2 data were added in this study. 
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Figure 3. Trend line comparison of Sentinel-1 time series vertical displacement using DInSAR and ICESat-2 altimeter data (modified from Lee and Seo [43]). 
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Figure 4. Example images of DInSAR reprocessing: (a) the image before linear phase elimination; (b) estimated linear phase; and (c) the image after linear phase elimination. 
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Figure 5. Example images of DDInSAR processing in the study area: (a) the DInSAR image from 24 September 2018; (b) the DInSAR image from 20 August 2020; and (c) the DDInSAR image from (a,b). 
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Figure 6. Example images of orbital ramp removal: (a) time-series images of orbital ramps calculated in PSInSAR processing from September to December 2020; (b) the image before orbital ramps removal; and (c) the image after orbital ramps removal. 
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Figure 7. Baseline plots of Sentinel-1 interferograms performed as a test. The red, blue, and grey lines are the baselines between the master image and the slave images. 
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Figure 8. Comparison of PSInSAR result using 10-month data and TS-PSInSAR results using 4-month data: (a) mean LOS velocity map using 10-month data from March to December 2020; (b) mean LOS velocity map using 4-month data from May to August 2020; (c) mean LOS velocity map using 4-month data from September to December 2020. Each point indicated by A, B, C, and D is a point from which LOS displacement time series data were obtained in Figure 9, respectively. 
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Figure 9. Time series of TS-PSInSAR according to the location of PS points in Figure 8: (a) LOS displacement in the center of the main lake; (b) LOS displacement in the edge of the main lake; (c) LOS displacement in the hook-shaped zone; and (d) the displacement at the point where the displacement assumed to be zero. The locations of the PS points are shown in Figure 8. 






Figure 9. Time series of TS-PSInSAR according to the location of PS points in Figure 8: (a) LOS displacement in the center of the main lake; (b) LOS displacement in the edge of the main lake; (c) LOS displacement in the hook-shaped zone; and (d) the displacement at the point where the displacement assumed to be zero. The locations of the PS points are shown in Figure 8.



[image: Remotesensing 14 04616 g009]







[image: Remotesensing 14 04616 g010 550] 





Figure 10. Result images of DInSAR and coherence. (a,d) are DInSAR and coherence images using the ALOS PALSAR pair acquired on 15 November and 31 December, 2007; (b,e) are DInSAR and coherence images using the ALOS PALSAR pair acquired on 20 October and 5 December, 2010; (c,f) are DInSAR and coherence images using Sentinel-1 SAR pair acquired on 8 August 8 and 20 August, 2020. The white lines are cracks drawn based on (a,d). 






Figure 10. Result images of DInSAR and coherence. (a,d) are DInSAR and coherence images using the ALOS PALSAR pair acquired on 15 November and 31 December, 2007; (b,e) are DInSAR and coherence images using the ALOS PALSAR pair acquired on 20 October and 5 December, 2010; (c,f) are DInSAR and coherence images using Sentinel-1 SAR pair acquired on 8 August 8 and 20 August, 2020. The white lines are cracks drawn based on (a,d).
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Figure 11. Radar sounding data from the MCoRDS5 airborne radar. (a) shows the path from which the radar sounding data was acquired. The black line represents the track in segment ID 04 and the white line represents frame number 010, which is part of it; (b) is the depth of ice bottom observed by MCoRDS5. Each A, B, and C represents the same point. The flight direction goes through A, and B, then through C. 
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Figure 12. Mean LOS velocity maps using TS-PSInSAR. (a) is a baseline plot of interferograms used in TS-PSInSAR. The red dots are the master image of each segment while grey lines are linked to the slave images depicted as grey points. (b–h) are mean velocity maps for each segment. 
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Figure 13. The time series of TS-PSInSAR results. (a) is a map showing extraction points and observation track of ICESat-2. The track ID for ICESat-2 is 695. The background image is the mean LOS velocity map from September to December 2020, which is the same as Figure 12h; (b) represent the elevation according to time at points marked with the same color in (a). 
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Figure 14. Comprehensive time-series result of elevation changes. 
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Table 1. Results of previous studies [9,12,28,29].






Table 1. Results of previous studies [9,12,28,29].





	
Study

	
Lake State

	
Period (yyyy/mm)

	
dH (m)

	
dH/dt (m/Year)

	
dV (km3)

	
Area (km2)






	
Smith et al. [9]

	
Discharge

	
2006/11~2008/03

	
44~48

	
33.5~36.5 *

	
2.7

	
146




	
McMillan et al. [12]

	
Discharge

	
2006/10~2008/10

	
70

	
35 ± 14

	
6.36

	
260




	
Recharge

	
2008/10~2011/10

	
17.2 ± 8.6 *

	
5.6 ± 2.8

	
-




	
Flament et al. [28]

	
Discharge

	
2006/11~2008/10

	
70

	
36.0 *

	
5.16 ± 1.52

	
192~267




	
Recharge

	
2008/10~2012/02

	
13

	
3.9 *

	
0.64 ± 0.32




	
Li et al. [29]

	
Discharge

	
2006/02~2008/10

	
59.6

	
22.8 *

	
2.73

	
46




	
Recharge

	
2011/01~2016/11

	
6.4 *

	
1.1

	
0.42








* These values are estimated using data reported in papers.
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Table 2. SAR data used in this study.






Table 2. SAR data used in this study.





	
Satellite

	
Path

	
Frame

	
Acquisition Date

(yyyy/mm/dd)

	
Acquisition Mode

	
Number of Scenes

	
Perpendicular Baseline (m)

	
Temporal Baseline (Days)






	
ALOS

	
435

	
5630

	
2007/11/15, 2007/12/31

	
FBS

	
2

	
880.21

	
46




	
2010/10/20, 2010/12/05

	
FBS

	
2

	
1030.33

	
46




	
Sentinel-1

	
54

	
926

	
2018/09/12~2020/12/30

	
IW

	
112

	
−148.89~108.61

	
6 or 12
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Table 3. Changed StaMPS package parameters in this study (modified from Matthias Schlögl [47]).
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	Parameter
	Description
	Default
	Changed





	scla_deramp
	This parameter determines whether to estimate the phase ramp in each interferogram. If the phase ramp is estimated. It is subtracted before unwrapping.
	‘n’
	‘y’



	unwrap_gold_n_win
	This parameter determines the window size of Goldstein filtering performed before unwrapping [42].
	32
	8



	unwrap_grid_size
	After prefiltering before unwrapping, the grid spacing must be resampled. This parameter determines the grid spacing. Higher values reduce noise, but may cause undersampling.
	200
	10



	unwrap_time_win
	This parameter determines the smoothing window (in days) for smoothing the phase noise in time.
	730
	24



	scn_time_win
	This parameter determines temporal filtering (low-pass filtering) time window size for estimating the error.
	365
	50
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