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Abstract

:

The relative sea-level changes from tide gauges in the Korean peninsula provide essential information to understand the regional and global mean sea-level changes. Several corrections to raw tide gauge records are required to account for coastal vertical land motion (VLM), regional and local coastal variability. However, due to the lack of in-situ measurements such as leveling data and the Global Navigation Satellite System (GNSS), making precise assessments of VLM at the tide gauges is still challenging. This study aims to address the above limitation to assess the VLM in the Korean tide gauges using the time-series Interferometric Synthetic Aperture Radar (InSAR) technique. For 10 tide gauges selected in the Korean peninsula, we applied the Stanford Method for Persistent Scatterers (StaMPS)—Small Baseline Subset (SBAS) method to C-band Sentinel-1 A/B Synthetic Aperture Radar (SAR) data acquired during 2014/10–2020/05, with the novel sequential interferograms pair selection approach to increase the slowly decorrelating filtered phase (SDFP) pixels density near the tide gauges. Our findings show that overall the tide gauges in the Korean peninsula are stable, besides the largest VLM observed at Pohang tide gauge station (East Sea) of about −26.02 mm/year; also, higher rates of uplift (>1 mm/year) were observed along the coast of Yellow Sea (Incheon TG and Boryeong TG) and higher rates of subsidence (<−2 mm/year) were observed at Jeju TG and Seogwipo TG. Our approach estimates the rate of VLM at selected tide gauges with an unprecedented spatial and temporal resolution and is applicable when the in-situ and GNSS observations are not available.






Keywords:


vertical land motion; tide gauge; relative sea level; synthetic aperture radar; time-series InSAR; GPS; Korea












1. Introduction


The vulnerability of coastal areas due to sea-level rise inundation has received increasing attention in the years since the rise of the global mean sea level of about 11–16 cm in the 20th century [1]. Meanwhile, the sea level is forecasted to rise about 0.5 m to 2 m in the 21st century due to climate change that is driven by carbon emissions and Antarctica’s ice sheet instability [1,2,3]. Since the sea-level rise has direct impacts on small islands and low-lying coastal regions where immense growth of population is taking place, reliable sea-level projections are extremely important for mitigation planning from flooding and coastal erosion [4].



Global monitoring of oceans for sea-level changes is mainly accomplished by tide gauge records [5,6] and satellite altimetry estimates [7,8]. Since 1992, satellite radar altimetry has provided near-global measurements of sea surface height (SSH) with reference to geocentric frame [8,9]. Before the satellite altimetry, the network of tide gauges distributed on the world coasts and inland played a vital role in understanding sea-level changes [9]. Since 1901, tide gauges have provided long-term instrumental records of relative sea-level (RSL) with reference to local benchmarks [6,10]. Several approaches have been performed to reconstruct the global mean sea level (GMSL) using long-term RSL from tide gauge networks [6,9,11]. However, often the rate of RSL changes show inconsistency among the neighboring tide gauges. Tide gauges records in the coastal areas comprise global mean rise, regional variability, ocean processes, and local vertical land motions [12]. In particular, vertical land motion (VLM) in the vicinity of tide gauges and coastlines exacerbated the relative sea-level changes from tide gauge records, especially in the delta regions or basins which are vulnerable to rapid compaction of sediments [12,13]. In the context of global mean sea-level studies, the influence of local vertical land motion is an essential component that needs to be removed from tide gauge records for improved sea-level estimates [14,15]. Over the years, the number of permanent Global Navigation Satellite System (GNSS) was co-located at a tide gauge to provide high-quality estimates of vertical land motion [16,17]. VLM estimates from co-located GNSS stations were found to be acceptable supplemental information for sea-level estimates [16]. However, only 14% of tide gauge stations in the Global Sea Level Observing System (GLOSS) tide gauge stations are directly equipped with permanent GNSS stations [13,18].



On the other hand, the Interferometric Synthetic Aperture Radar (InSAR) technique is employed to estimate the ground motion at tide gauges for compensating the VLM component in the relative sea-level changes [14,19,20]. Time-series InSAR techniques utilize the Synthetic Aperture Radar (SAR) data to measure the differential ground motion of the earth’s surface during the period of acquisitions with a sub-millimeter level of accuracy [21,22]. Nonetheless, the retrieval of the deformation signal from time-series InSAR data is limited by several decorrelation factors including atmospheric delay, geometrical, temporal, orbital inaccuracies, and topographic errors [23,24]. To overcome this limitation, the persistent scatterers InSAR (PS-InSAR) [24,25] and small baseline subsets (SBAS) methods [26,27] have been introduced with recent advancements in time-series InSAR analysis such as SqueeSAR [28] and sequential estimator [29,30]. With the large archive of current generation SAR acquisitions such as Sentinel-1 A/B, Cosmo-SkyMed, and TerraSAR-X, multi-temporal InSAR analysis has gained further notice in monitoring the vertical ground motions over large areas [31]. It is worth noting that European Space Agency’s (ESAs) Sentinel-1 A/B constellation is a C-band SAR that has Interferometric Wide-swath (IW) acquisitions and high-revisit frequency enables the possibility of monitoring the targeted areas on a routine basis.



In this study, we focus on the 10 tide gauges that have exhibited abnormal sea-level trends in the last decade to assess the coastal vertical land motion at the precision of sub-millimeter per year. Until now, except for the Pohang tide gauge station, the relative sea-level changes were not corrected for vertical land motion. We, therefore, aim to investigate the vertical land motion (VLM) of tide gauges in the Korean Peninsula using the multi-temporal InSAR analysis as a representative exploration toward the open oceanic conditions and shallow seas. Additionally, our approach of using sequential-InSAR pair selection will complement the StaMPS-SBAS algorithm to address the question of increasing the initial slowly decorrelating filtered phase (SDFP) pixels density around the coastal region. For the first time, this study examines the capability of multi-track (ascending and descending mode) Sentinel-1 ground displacements for VLM estimates at multiple tide gauges over the entire coast of the Korean Peninsula. For this, we acquired sentinel-1 SAR data from six ascending and six descending frames over the study area, from October 2014 to May 2020. Section 2 presents a brief overview of the acquisition of SAR datasets and the relative sea-level changes from tide gauges and GPS data. A sequential pair selection-based approach to StaMPS-SBAS for estimating VLM at tide gauges using C-band Sentinel-1 A/B SAR data is presented in Section 3. Section 4 presents the experiment result of vertical land motions at each case study tide gauges. In Section 5 and Section 6, the results of vertical land motion at case study tide gauges are discussed and finally, the conclusions are summarized.




2. Study Area and Data Used


Here, we chose the Korean Peninsula as the case study area to estimate the VLM trend at tide gauges using multi-temporal Sentinel-1 SAR data. The Korean Peninsula is located in East Asia and is surrounded by the three marginal seas: East Sea/Japan Sea, East China Sea, and the Yellow Sea as shown in Figure 1. This coastal region was selected because the diverse and complicated hydrodynamic setting of these seas provides a unique opportunity to represent regional differences for understanding global changes. According to the Intergovernmental Panel on Climate Change (IPCC) report, the sea-level rise around the Korean peninsula is higher than the global mean sea-level trend [32]. The rate of sea-level rise in the East Sea is relatively higher than that in the Yellow Sea and the East China Sea, and sea-level rise for the East China Sea and Yellow Sea is similar. Based on the linear analysis of 19 tide gauge records around the Korean peninsula, the long-term relative sea-level changes were comparatively smaller along the western coast (~2.0 mm/year) than the eastern coast and around Jeju island (~3.6 mm/year and ~3.8 mm/year, respectively) [32]. The East/Japan Sea is one of the marginal seas on the northwestern pacific but it has subtropical and subarctic circulations bounded by a sub-arctic front similar to the open oceans. This East/Japan Sea has peculiar deep water called proper water and the upper portion of this water mass is produced by deep convection, which is also called open-ocean convection that is observed in the Mediterranean Sea and Antarctic Ocean. The Yellow Sea and the East China Sea are the semi-enclosed shallow marginal seas (average depth of 40 m) between China mainland and the Korean Peninsula that have been found to be warming steadily in the last century [32]. This warming trend of Sea Surface Temperature (SST) is more than the global mean SST, which eventually can cause sea-level rise and change in ocean currents.



2.1. Interferometric SAR Data


The Synthetic Aperture Radar (SAR) dataset over the Korean Peninsula was acquired by the C-band Sentinel-1 A/B satellite from October 2014 to May 2020. The acquisitions consisted of six frames each in ascending and descending mode (50 to 65 scenes for each frame). The number of acquisitions for each path and frame is shown in Figure 1. European Space Agency’s (ESA) Sentinel-1 A/B satellite has the IW acquisition mode, also referred to as Terrain Observation with Progressive Scans (TOPS) with a 6-day revisit time. Each IW scene comprised three sub-swaths that cover the area in the range of 250 km and the single-look spatial resolution for this dataset is 5 m in range and 20 m in azimuth.




2.2. Tide Gauge and GPS Data


Monthly mean sea-level observation data for the tide gauges shown in Figure 2 were collected from KOOFS of Korean Hydrographic and Oceanographic Agency (KHOA) [33] http://www.khoa.go.kr/oceangrid/khoa/koofs.do). The hourly observed sea-level measurements at 21 tide gauge stations with long-term tidal records were acquired during 2009–2018 and processed to generate monthly data, then were provided to the Permanent Service for Mean Sea Level (PSMSL) [5]. We used the sea-level data from 10 stations as listed in Table 1. We calculated the long-term trend of sea-level change around the Korean coast based on the arithmetically averaging method, which combines the interpolated value of harmonic analysis [34]. The seasonal cycles of the tide gauge records were removed and a simple linear regression model was used to estimate the linear trend that represents the rate of sea-level rise [35]. The rate of sea-level rise was calculated for a period of 10 years (2009–2018) as shown in supplemental Figure S1. We collected the GPS observation from the co-located GPS station equipped with tidal stations, which were provided by KHOA.





3. Methods


For the multi-temporal InSAR analysis, we employed the StaMPS-Small Baseline Subset (StaMPS-SBAS) time-series analysis of single-look slowly-decorrelating filtered phase (SDFP) pixels in a single-look interferograms [27,36,37]. StaMPS-SBAS has the ability to identify the isolated SDFP pixels surrounded by completely decorrelated pixels. Whereas the standard SBAS methods process with interferograms that are multi-looked, filtered, and unwrapped the phase individually [26]. Additionally, a statistical cost flow 3D phase unwrapping (space and time) algorithm is applied to unwrapping the phase of SDFP pixels in the time-series multiple master interferograms [38].



Fundamentally, a network of multiple master interferograms is constructed based on small baseline methods that have minimized perpendicular, temporal, and Doppler baselines to reduce the decorrelation effects due to geometrical, temporal, and topographic errors. Further, spectral filtering in the range is applied to reduce the phase decorrelation and discard the non-overlapping Doppler frequencies in azimuth [27,39].



StaMPS-SBAS method uses the amplitude difference dispersion index (   D  ∆ , A    ) as the proxy for detecting the initial subset of SDFP pixels candidates through the analysis of amplitudes, to reduce the computational burden. The amplitude difference dispersion index (as stated in Equation (1)), which is similar to the amplitude dispersion index    D A   , is considered a better indicator for the phase stability when spectral filtering is applied in range [27].


    D  ∆ , A   =      σ  ∆ A      μ A      =        ∑  i = 1  N    (  |   M i   |  −  |   S i   |  )  2   N       1  2 N    ∑  i = 1  N   |   s i   |    ,   



(1)




where,     σ  ∆ A     is the standard deviation of the difference in amplitude between master and slave, and    s i    is the amplitude of the pixel in the ith image, and N is the number of images. The simple thresholding of Amplitude Dispersion Index (ADI)    D A    is used to select the point scatterers i.e., PS pixels [25]; however,    D  ∆ , A     is a better estimate of SDFP pixels [27]. In this method, the pixels having the lower    D  ∆ , A     value than the commonly used threshold value (   D  ∆ , A     < 0.6) are selected as initial PS candidates for selecting SDFP pixels.



Following that, a phase stability analysis is performed for each selected SDFP candidate by subtracting the spatially correlated and spatially uncorrelated components. Eventually, the final SDFP pixels are selected among the candidates by estimating the temporal coherence (   γ x  )   as proposed by [38],


   γ x  =    1 N     |   ∑  i = 1  N   e  j  (   φ  x , i   −   φ ¯   x , i   −   ∆  φ ^     u      x , i      )     |  ,  
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where N is the number of interferograms,    φ  x , i     is the differential interferometric phase of x pixel in the ith interferogram.      φ ¯   x , i     is the spatially correlated terms including deformation, atmospheric contribution, orbital error, and spatially correlated topographic phase due to DEM error which are computed iteratively using a combined low pass and adaptive phase filters.   ∆  φ ^     u      x , i       is the spatially uncorrelated part of the topographic phase that correlates with perpendicular baseline. Finally, the PS points are selected from PS candidates by considering their amplitude dispersion value and temporal coherence. A threshold on gamma as a function of dispersion index and the percentage density of random (non-PS) pixels is set using the probability function.



3.1. Sequential Pair Selection


In this study, a modified approach for the selection of interferograms is proposed to extend the amplitude difference dispersion index and optimize its measure to increase the density of SDFP candidates. To minimize the    D  ∆ , A     criterion, we form the time-series interferograms in the sequential order (n = 5) for the StaMPS-SBAS algorithm, rather than standard StaMPS small baseline interferograms as shown in Figure S2. The approach is referred to as sequential InSAR pair selection for StaMPS-SBAS. In this study, M SAR images are assumed to be connected to N interferograms and N = (M × n) − n under the condition of n = 5 sequential SAR scenes. For SAR scene 1, the n interferograms are formed; this includes master–master interferograms as shown in Figure 3. We then apply temporal coherence    γ x    (Equation (2)) to identify the SDFP pixels. The main objective of this approach is to minimize the    D  ∆ , A      value of a pixel according to the Equation (1). To demonstrate the efficiency of this sequential pair selection approach, we conduct the comparative study using standard SBAS pair selection and sequential pair selection for StaMPS-SBAS as described in Section 3.1.1.



3.1.1. Experimental Results


To evaluate the approach, we applied the sequential pair selection in the StaMPS-SBAS algorithm as outlined in the previous section to the Yeosu region, located in the southern part of the Korean Peninsula. In this method, we processed 60 scenes of Sentinel-1 A/B single-look complex (SLC) scenes acquired during November 2014 and April 2019 in the descending mode. The TOPS stack Sentinel processor was implemented in this study using InSAR Scientific Computing Environment (ISCE) software [21,40,41] to generate a stack of co-registered SLC images and was resampled with respect to a master acquisition (the first scene in the acquisition). Sentinel-1 Precise orbit data and 1-arc second Digital Elevation Model (DEM) from Shuttle Radar Topography Mission (SRTM) were used in this processing to remove the topographic phase. To preserve the high-resolution phase information, we skipped the multi-looking step. Next, we generated a network of single-look interferograms for the subset area (1614 × 461 pixels) based on two cases (1) Standard StaMPS-SBAS pairs and (2) Sequential pair selection, n = 5 as described in Section 3.1. For the standard SBAS approach, we form the interferogram pairs with the thresholds of perpendicular baseline (Bperp) < ±250 m and temporal baseline (Btemp) < 250 days, which generates about 194 interferograms. On the other hand, for a sequential network, we form the interferograms with nearest neighbor images of 5 connections. This includes master–master, master–slave1, master–slave2, master–slave3 and master–slave4, which generates 290 interferograms (Figure 4). The parameters used for StaMPS-based SBAS InSAR processing are shown in supplemental Table S1. As shown in Figure 4, by applying the proposed approach the histogram of    D  ∆ , A     values in sequential pair selection approach are skewed to the lower values of    D  ∆ , A     compared to standard SBAS. By applying the thresholding value    D  ∆ , A     less than 0.6, more SDFP candidates that have low amplitude pixels are selected in the sequential pair selection compared to standard SBAS pair selection.



Subsequently, SDFP pixels are selected based on both    γ x    and    D  ∆ , A     values, having a minimum    D  ∆ , A     and maximum    γ x    value fixed as the threshold [27]. The comparison of    D  ∆ , A     and    γ x    of selected SDFP pixels between two approaches are shown in Figure S3. The total number of SDFP candidates for sequential pair selection is ~2 times as much as the standard SBAS pair selection. Considering the final selection of SDFP pixels for the sequential approach the number increased by ~1.2 times in comparison to the standard SBAS pair selection as illustrated in Table 2.



Since the    D  ∆ , A     value of almost every pixel is reduced to its minimum value by incorporating the master–master interferograms to the stack, the selection of SDFP pixel density was increased significantly (Figure 4). Eventually, this included SDFP pixel candidates over water regions that have low-amplitude pixels. In comparison to the SDFP candidates with standard StaMPS-SBAS, there is an improvement in the density of SDFP pixels over the port areas as shown in Figure 4e,f. Similarly, more numerous SDFP candidates were identified in the non-urban regions in the sequential pair selection approach.



As described in Table 2, the sequential pair selection approach selects about 1.2 times more SDFP pixels than the standard SBAS approach. Figure 5 illustrates the selected SDFP pixels overlaid on the OpenStreetMap© image. It is clearly shown that both approaches detect SDFP pixels commonly in the urban regions. However, taking a closer look at the zoomed inset images in Figure 5 shows that numerous SDFP pixels over the vegetation areas were retained in the standard SBAS approach, which could be false alarms, whereas our approach has the capability to drop SDFP pixels over dense vegetation and increased ~1.2 times the amount of SDFP pixels in the coastal areas, especially along the coasts.



Lastly, the comparison of mean velocity from the experimental results is presented in Figure 6. In a larger view, the major deformation signals exist in both approaches. It is worth noting that the line-of-sight (LOS) displacements in the final mean velocity maps comprise a considerable amount of noisy SDFP pixels in the standard StaMPS-SBAS, whereas in the sequential StaMPS-SBAS those noisy SDFP pixels were dropped in the spatially uncorrelated error estimation and phase stability analysis. Figure 6 shows that the time-series results derived from the sequential pair selection approach are quite consistent with standard StaMPS-SBAS. The time-series LOS displacements of pixel A, which is located in the significant ground motion region (Figure 6c) and pixel B, located in the slow deformation region (Figure 6d), reveal that the LOS displacements from the two approaches are consistent as well.





3.2. Experimental Setup


Based on the time-series interferometric analysis described in Section 3.1, we performed the StaMPS-SBAS analysis on the selected 10 tide gauge sites in the Korean Peninsula. The station information is listed in Table 1. Since this study aims to monitor the local ground motion at tide gauges and to reduce the computational time, we only processed the ground area that covers the tide gauge station and its vicinity rather than processing the entire scene, approximately about 0.04° × 0.04° size on the ground in the range and azimuth direction, respectively. The processing workflow for each station that is applied in this section is summarized in Table 3.




3.3. Vertical Land Motion


Using sequentially selected interferograms pairs in StaMPS-SBAS analysis, we estimated the one-dimensional (1D) mean velocity of SDFP pixels along the LOS direction for each SAR dataset (S1 ascending and S1 descending). As described in Equation (3), the mean LOS velocity results from ascending and descending datasets were combined to decompose the two-dimensional (2D) displacement vectors [19]. The 2D decomposition results provide the vertical (upward-downward) and horizontal (east-west) components over the overlapping acquisition date ranges and spatial coverage of viewing geometries.
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4. Results


4.1. Vertical Land Motion at Tide Gauges in the Korean Peninsula


In this section, we present the results that were processed using the sequential pair selection for the StaMPS-SBAS approach as presented in Section 3.1. We present the processing results that resulted when we applied this method to 10 selected tide gauges stations around the coast of the Korean Peninsula as listed in Table 1. In this section, we present the mean vertical displacement rate of the selected tide gauge stations processed using StaMPS-SBAS with sequential interferogram pairs during the 2016–2020 SAR periods. The mean displacement rate map is superimposed on the satellite style base map from Mapbox.



We were able to acquire both ascending and descending track SAR data for 10 selected tide gauges; however, there is only descending track SAR data for 2 tide gauge stations (i.e., Jeju and Seogwipo). In the following sub-sections, the mean velocities and time-series InSAR displacements are presented for 5 tide gauges that showed significant sea-level change variations in the recent decade, namely, Pohang, Yeosu, Incheon, Jeju, and Seogwipo. The InSAR results for the remaining tide gauges are presented in the supplementary material (Figures S4–S8). The positive values in the mean velocity map indicate that the surface is uplifting, whereas the negative values indicate the subsidence in the vertical direction. The presented mean displacement rates map shows high-resolution InSAR derived ground motion at tide gauges and its vicinity. Since the spatial coverage of InSAR results in a small and adequate number of SAR scenes, the mean velocity maps are not affected by atmospheric noise or by orbital errors and ensure the reliability of the InSAR displacements.



4.1.1. Pohang Tide Gauge


Pohang tide gauge station is located in the southeast of the Korean Peninsula on the coast of the East Sea. Figure 7 shows the spatial distribution of vertical ground motion at Pohang tide gauge, which was observed as significant sea-level changes in recent years. The Pohang tide gauge is situated on the breakwater as shown in Figure 7. For the first time, [19] reported the linear vertical land motion of the Pohang tide gauge using StaMPS PS-InSAR analysis and we applied the sequential pair selection for StaMPS-SBAS with additional recent datasets and observed continuous linear ground motion at the tide gauge station. The velocity maps reveal the linear displacement rates in the Pohang tide gauge station, about −19.34 mm/year, and −20.89 mm/year for ascending and descending track, respectively. On the other hand, the ground motion is quite stable in the inland areas. The InSAR derived vertical velocity was estimated at −26.02 mm/year and horizontal velocity along E–W direction as ±0.32 mm/year (Figure 7).



The relative sea-level changes obtained over the past 10 years (2010–2019) at the Pohang tide gauge station are illustrated in Figure 8a–c. The temporal variability of sea-level rise at Pohang TG is highlighted with decadal analysis. The Pohang TG has recorded the highest sea-level change fluctuation in the Korean Peninsula. Over the last 30 years, the sea-level rise at Pohang TG has significantly accelerated, and more importantly in the recent decade, the sea-level rise is estimated at 30.03 mm/year ± 0.05 mm, which is double the global mean sea-level rise value [42]. On the other hand, a permanent GNSS station co-located with Pohang TG has been available from 2010 to 2020. Some discontinuities in the time-series observation notwithstanding, the linear velocity is observed over the observation period.



By considering, the long-term sea-level trend obtained from tide gauge records, the tide gauge exhibits significant sea-level rise since the Pohang TG was relocated to the current location in the year 2002 [43] (https://www.gloss-sealevel.org/sites/gloss/files/publications/documents/Korea-National-Report-2019.pdf, last accessed on 18 September 2020). Since then, a linear increase in the sea-level rise was observed; therefore, KHOA applied de-trending for VLM using the leveling data observed about −25.89 mm/year (Figure 8b). It is worth noting that the vertical land motion derived from our SBAS-InSAR, co-located GNSS (Figure 8c), and leveling measurements are highly consistent with each other.




4.1.2. Yeosu Tide Gauge


Figure 9 illustrates the mean velocity maps and time-series displacements over the Yeosu tide gauge region located in the south of the Korean Peninsula on the coast of the East China Sea. Yeosu tide gauge is situated on the structure constructed on Odongdo island precisely on the point where the island meets breakwater. Most of the Yeosu region showed a fairly stable displacement rate, whereas the breakwater showed significant subsidence. However, the InSAR derived displacement rate at Yeosu TG showed slight uplift of about 0.45 mm/year (Figure 9). The time-series displacements reveal slight non-linear velocity at Yeosu TG (Figure 9g).



The Yeosu TG was chosen for demonstrating the effectiveness of sequential pair selection for StaMPS-SBAS analysis as described in Section 3. The relatively higher SDFP pixel density than ordinary StaMPS-SBAS, obtained using our approach showed the variation of displacement rate at high-resolution.



In contrast with Pohang TG, the monthly sea-level changes at Yeosu TG showed slight variability in sea-level rise over the 10 years between 2009 and 2018 (Figure S1). In the recent decade, the rate of sea-level change is estimated at 1.34 mm/year ± 1.29 mm, which is lower than the global mean sea-level rise. With no permanent GPS station and in-situ leveling data at Yeosu TG, the InSAR derived estimates provide the VLM estimates.




4.1.3. Incheon Tide Gauge


The Incheon tide gauge station is located in the west of the Korean Peninsula on the coast of the Yellow Sea. The tide gauge station is precisely located on the jetty at the port of Incheon. Figure 10 illustrates the InSAR derived mean velocity maps and time-series displacements estimated at Incheon TG. The StaMPS-SBAS analysis reveals the uplift in the LOS direction of about 1.55 mm/year and 1.15 mm/year in the ascending and descending track, respectively. The vertical land motion estimated at Incheon TG is +1.53 mm/year and 0.08 mm/year (E–W). The west coast of the Korean Peninsula has a vast tidal flat that was produced by high tidal amplitude [44]. The entire coastal harbor including Incheon TG is built on the reclaimed land.



Figure S1 shows the temporal variability of the sea-level change in the Incheon TG station. It is worth mentioning that the linear trend of sea-level change has been decreasing in recent years. The linear rate of sea-level change was lowered to 2.12 mm/year ± 1.23 mm during 2009–2018. The nearest GPS station is located approximately 31.5 km away from Incheon TG; therefore, it will not represent the local land motion directly at the tide gauge.




4.1.4. Jeju and Seogwipo Tide Gauges


Figure 11 and Figure 12 show the mean velocity maps and time-series displacements for Jeju TG and Seogwipo TG. These two stations are located on Jeju island, south of the Korean Peninsula. As mentioned in Section 2.1, we acquired Sentinel-1 data over Jeju island in descending mode only (ascending mode was not available). Therefore, it is not possible to estimate vertical and horizontal displacements as described in Section 3.3. However, we estimated the vertical displacement by dividing the LOS displacement by the cosine of the SAR incidence angle by ignoring the contribution of the horizontal component to LOS displacement [45]. The mean velocity maps reveal −2.45 mm/year and −2.0 mm/year displacement rate at Jeju TG and Seogwipo TG, respectively. For sea-level related studies, the common assumption is the VLM generally occurs in a near-linear trend. The linear downward ground motion trend in Seogwipo TG correlates with the sea-level rise observed in the last decade (Figure S1).






5. Discussion


We presented in this work a simple approach by sequential pair selection for estimating the vertical land motion of tide gauges selected in the Korean Peninsula using StaMPS-SBAS. Our experimental results demonstrate that incorporating the sequential pair selection with master–master interferograms minimizes the amplitude dispersion criterion and therefore it has the capability of selecting a higher number of initial PS candidates than the traditional StaMPS-SBAS approach (approx. 2 times).



Vertical Land Motion


Our results demonstrate the significance of time-series StaMPS-SBAS analysis for measuring VLM estimates of tide gauges in the Korean peninsula at unprecedentedly high spatial resolution. The overall vertical land motion of the selected tide gauges and its vicinity were assessed. By using the single-look and sequential interferograms, we were able to increase the SDFP pixel density and identified at least one SDFP pixel on the tide gauges, so the vertical displacement of the SDFP pixels was believed to represent the ground motion of the tide gauges. The VLM of the selected tide gauge and the rate of sea-level rise are listed in Table 4.



The InSAR processing results revealed downward VLM in the following tide gauges: (1) Pohang TG (−26.02 mm/year), (2) Seogwipo (−2.0 mm/year), (3) Jeju (−2.45 mm/year), and (4) Samchonpo TG (−3.59 mm/year); whereas there was upward VLM in tides such as (1) Incheon TG (+1.53 mm/year), (2) Yeosu TG (+0.45 mm/year), and (3) Mokpo TG (+0.77 mm/year). The results presented in this study address the VLM of tide gauge, primarily the recent coastal variability due to anthropogenic processes such as land reclamation [14], and natural processes such as sediment erosion/deposition and the uplift force on breakwater [46]. Other contemporary studies using SAR interferometry addressed similar ground motion processes linked with land reclamation [14]. Firstly, the largest VLM was observed at Pohang TG during 2015–2020, which agrees well with the co-located POHA GNSS observations (Figure 8c) and with our previous study using StaMPS PS-InSAR analysis during 2015–2018 [19]. Since the Pohang TG that is located on the breakwater that is built on the reclaimed land exhibits the continuous linear VLM, it seriously contaminates the sea-level change observation of Pohang TG. Secondly, the tide gauges located in the west on the coast of the Yellow Sea revealed upward VLM; for instance, Incheon TG showed linear VLM (Figure 10) that is consistent with the slow rate of sea-level change over time (Figure S1). This VLM is consistent with the difference between the rate of relative linear sea-level trend during 2009–2018 and the rate of global mean sea-level rise [47].



Interestingly, the Samcheonpo TG that operated only during 2015–2017 with no available records of sea-level change revealed a VLM of about −3.59 mm/year (Figure S6). With no in-situ GPS or leveling data and sea-level change records, it is unknown whether the VLM dominates the sea-level changes observation at Samcheonpo TG. Unexpectedly, at Jeju station, the InSAR VLM and linear sea-level changes trend during 2009–2018 do not consistently indicate the opposite trend. This might have been either because of the presence of non-linear VLM (Figure 11) or the non-linear subsidence that occurred during the period 2009–2018. There are no Sentinel-1 A/B datasets in the ascending track to understand the discrepancies. However, the InSAR derived VLM was consistent with sea-level change records at most of the cases, except for some stations.



We demonstrated the estimation of high-resolution VLM at tide gauges and revealed the significant upward and downward VLM at the selected tide gauge for the first time. Previously, the VLM at tide gauges were recognized only at the Pohang tide gauge station using leveling and GNSS data; our study further reveals VLM at additional tide gauges in the Korean peninsula. It is interesting to note that Watson [48,49] has identified four tide gauges showing high subsidence (Mokpo, Jeju, Geomundo, and Pohang) and a high rate of uplift (Incheon, Anheung, Wido, and Heuksando) using the improved ALT-TG (Satellite Altimetry minus Tide gauge). The major limitation of this approach is when the tide gauge stations are located in areas such as dense vegetation terrain; unstable coherent targets such as containers in the port often lose the stable coherent targets, leading to phase unwrapping error. For instance, we processed the Gadeokdo station, which is a small island with vegetation terrain; there were not enough pixels found to estimate the VLM at tide gauges (Figure S8). As the volume of SAR data has grown rapidly with the launch of Sentinel-1 A/B and other future missions, we believe that our method could be used to reveal the VLM at tide gauges where the in-situ measurements such as GNSS and leveling measurements are not available.





6. Conclusions


The relative sea changes derived from tide gauges are affected by vertical land motion and GNSS vertical velocities at collocated tide gauge stations and in-situ leveling provide insight into such ground motions. A sequential pair selection based time-series Interferometric SAR method was used to estimate the vertical land motion at 10 tide gauge stations along the coasts of the Korean peninsula. The method was demonstrated to increase the spatial density along with the coastal areas and estimated VLM at tide gauges with unprecedented spatial resolution. The highest rate of vertical land motion was estimated at Pohang tide gauge station at −26.02 mm/year and has a good agreement when compared to linear trends of collocated GNSS vertical velocities (−26.35 mm/year) and in-situ leveling measurements (−25.89 mm/year). We also observed an uplift of the Incheon tide gauge (+1.53 mm/year) and subsidence at Jeju (−2.4 mm/year) and Seogwipo (−2.0 mm/year). Due to the limited existence of collocated GNSS stations, the vertical land motions were unveiled at these tide gauges in the Korean peninsula. Our findings suggest that the time-series SAR Interferometry method has taken the advantage of large spatial coverage and high repeat cycle for monitoring of vertical land motion over the study area to a millimeter level accuracy. Further, this study reveals the importance of VLM in the Korean tide gauges, and therefore it is essential to correct the VLM affected tide gauge records in the future using InSAR velocity estimates. Additionally, our approach is expected to apply beyond the Korean peninsula, especially at tide gauges in which vertical land motions are not monitored. However, it is necessary to highlight that there is a need for further developments to mitigate the InSAR derived vertical land motion at relative sea-level changes for future sea-level projections.
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Figure 1. Sentinel-1 Synthetic Aperture Radar (SAR) image acquired over the tide gauges located in the Korean Peninsula. 
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Figure 2. Tide gauge stations used in this interferometric analysis. 
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Figure 3. Sequential Interferometric Synthetic Aperture Radar (InSAR) pair selection for Stanford Method for Persistent Scatterers (StaMPS) time-series InSAR analysis. 
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Figure 4. (a,b) plot between Perpendicular baselines and Temporal baselines for standard StaMPS-Small Baseline Subset (StaMPS-SBAS) and Sequential pair selection, respectively. (c,d)    D  ∆ , A     estimated for standard StaMPS-SBAS and sequential pair selection, respectively, (e,f) the initial persistent scatterers (PS) candidates selected based on the threshold value    D  ∆ , A     < 0.6. (g,h) histograms of    D  ∆ , A     for sequential and standard SBAS pair selection. 
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[image: Remotesensing 13 00018 g004]







[image: Remotesensing 13 00018 g005 550] 





Figure 5. Spatial distribution of SDFP pixels obtained from SBAS pair selection and sequential pairs selection. 
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Figure 6. Comparison of mean line-of-sight (LOS) velocity map (descending) between (a) StaMPS-SBAS and (b) Sequential pair selection, respectively. Time-series displacements between two approaches (c) at pixel A and (d) at pixel B. 
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Figure 7. Pohang tide gauge station: (a–d) Mean InSAR velocity maps for ascending, descending, vertical, and horizontal geometry, respectively. (e–h) time-series InSAR displacements for ascending, descending, vertical, and horizontal geometry, respectively. 
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Figure 8. (a) KHOA’s sea-level changes observed from Pohang tide gauge for the period 2009–2019, (b) In-situ leveling data and (c) comparison of vertical displacements at Pohang tide gauge station between POHA Global Navigation Satellite System (GNSS) observations and InSAR derived vertical land motion (VLM). 
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Figure 9. Yeosu tide gauge station: (a–d) Mean InSAR velocity maps for ascending, descending, vertical, and horizontal geometry, respectively. (e–h) time-series InSAR displacements for ascending, descending, vertical, and horizontal geometry, respectively. 
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Figure 10. Incheon tide gauge station: (a–d) Mean InSAR velocity maps for ascending, descending, vertical, and horizontal geometry, respectively. (e–h) time-series InSAR displacements for ascending, descending, vertical, and horizontal geometry, respectively. 






Figure 10. Incheon tide gauge station: (a–d) Mean InSAR velocity maps for ascending, descending, vertical, and horizontal geometry, respectively. (e–h) time-series InSAR displacements for ascending, descending, vertical, and horizontal geometry, respectively.



[image: Remotesensing 13 00018 g010]







[image: Remotesensing 13 00018 g011 550] 





Figure 11. (a,b) Mean InSAR velocity maps at Jeju along descending and vertical geometry, respectively, and (c,d) time-series InSAR displacements along descending and vertical geometry, respectively. 
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Figure 12. (a,b) Mean InSAR velocity maps at Seogwipo along descending and vertical geometry, respectively, and (c,d) time-series InSAR displacements along descending and vertical geometry, respectively. 
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Table 1. Tide gauge stations used in the interferometric analysis.
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	S.No
	Station Name
	Latitude
	Longitude





	1.
	Pohang
	36.047222
	129.383889



	2.
	Yeosu
	34.747198
	127.765873



	3.
	Incheon
	37.451944
	126.592222



	4.
	Jeju
	33.5275
	126.543056



	5.
	Seogwipo
	33.24
	126.561667



	6.
	Mokpo
	34.779722
	126.375556



	7.
	Boryeong
	36.406389
	126.486111



	8.
	Samchonpo
	34.92416667
	128.06972222



	9.
	Tongyeong
	34.8275
	128.434722



	10.
	Gadeokdo
	35.025
	128.811
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Table 2. Comparison of slowly decorrelating filtered phase (SDFP) pixels statistics between StaMPS-SBAS and sequential pair selection approach.






Table 2. Comparison of slowly decorrelating filtered phase (SDFP) pixels statistics between StaMPS-SBAS and sequential pair selection approach.





	S.No.
	Description
	StaMPS-SBAS
	Sequential StaMPS-SBAS





	1.
	Initial SDFP selected candidates
	60,731
	124,467



	2.
	SDFP density (pixels/km2)
	1230
	2520



	3.
	Initial gamma threshold
	0.3
	0.3



	4.
	Re-estimated gamma threshold
	0.002
	0.265



	5.
	Selected SDFP pixels
	55,515
	66,792
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Table 3. Processing workflow of StaMPS-SBAS for vertical land motion at each tide gauge.
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	Step
	Processing Step
	Product Output





	1.
	Acquisition of Sentinel-1 SAR data for each tide gauge station
	SLCs stack for ascending and descending



	2.
	ISCE TOPS stack processor
	Co-registered SLC stack, N



	3.
	Sequential pair selection (Section 3.1)
	M sequential interferograms



	4.
	ISCE2StaMPS
	Initial SDFP candidates



	5.
	StaMPS time-series analysis
	Mean LOS velocity and time-series displacements



	6.
	LOS2VH decomposition
	Vertical and horizontal velocity and time-series displacements
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Table 4. Comparison between sea-level change rates and VLM.
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S.No

	
Tide Gauge Station

	
Rate of Sea-Level Change (2009–2018) mm/year

	
InSAR VLM (mm/year)

	
GPS Velocity (mm/year)






	
1.

	
East

	
Pohang

	
30.03

	
−26.02

	
−26.35




	
2.

	
West

	
Incheon

	
2.12

	
+1.53

	
N/A




	
3.

	
Boryeong

	
1.48

	
+1.85

	
N/A




	
4.

	
Mokpo

	
−1.00

	
+0.67

	
N/A




	
5.

	
South

	
Tongyeong

	
3.3

	
+1.14

	
+2.21




	
6.

	
Yeosu

	
1.34

	
+0.45

	
N/A




	
7.

	
Samchonpo

	
N/A

	
−3.59

	
N/A




	
8.

	
Gadeokdo

	
8.51

	
No pixels

	
N/A




	
9.

	
Jeju

	
Jeju

	
−0.78

	
−2.45

	
N/A




	
10.

	
Seogwipo

	
6.18

	
−2.0

	
N/A
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