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Abstract

:

Differential synthetic aperture radar (SAR) interferometry (DInSAR) has been successfully used to estimate water level changes (∂h/∂t) over wetlands and floodplains. Specifically, amongst ALOS PALSAR datasets, the fine-beam stripmap mode has been mostly implemented to estimate ∂h/∂t due to its availability of multitemporal images. However, the fine-beam observation mode provides limited swath coverage to study large floodplains and wetlands, such as the Amazon floodplains. Therefore, for the first time, this paper demonstrates that ALOS2 ScanSAR data can be used to estimate the large-scale ∂h/∂t in Amazon floodplains. The basic procedures and challenges of DInSAR processing with ALOS2 ScanSAR data are addressed and final ∂h/∂t maps are generated based on the Satellite with ARgos and ALtiKa (SARAL) altimetry’s reference data. This study reveals that the local ∂h/∂t patterns of Amazon floodplains are spatially complex with highly interconnected floodplain channels, but the large-scale (with 350 km swath) ∂h/∂t patterns are simply characterized by river water flow directions.
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1. Introduction


The wetlands and floodplains of the Amazon River are massive in size and in volumetric fluxes. The Amazon Basin, with an area of ~6 million km2 and containing the largest tropical rainforest in the world, contributes 15%–20% of the global river discharge to the oceans (annual averaged discharge of ~200,000 m3s−1) [1,2]. Basin-wide hydrologic and hydrodynamic modeling suggests that surface water accounts for most of the Amazon’s total storage (56%), followed by soil water (27%) and ground water (8%) [3]. Therefore, the amount of water on the Amazon floodplains and wetlands and the amount exchanged with river channels become essential information for understanding large-scale flood propagation, sediment delivery and nutrient exchanges, and the emission of methane and carbon dioxide [4,5,6,7,8,9,10,11,12]. However, measuring storage and its flux using in situ stage recording devices is not effective because its water flow is complex and not bounded, as in typical channel flow. Consequently, the data scarcity and complexity of the hydrological process still remain a challenge to fully understand the hydrologic dynamics of seasonally flooded wetlands and floodplains [13,14,15].



Given the vast size and remote location of this large tropical basin, satellite-borne observations (such as radar imaging and satellite altimetry) provide the only viable approach to understanding the spatial and temporal distributions of its water balances and to constraining and validating basin-scale hydrologic and hydrodynamic models. Among the various remote sensing technologies, differential synthetic aperture radar (SAR) interferometry (DInSAR) has been proven to be a useful technique for measuring ground displacement [16,17]. It has also been used to estimate water level changes (∂h/∂t) in floodplains and wetlands [18,19,20,21,22,23,24,25]. The rationale of using DInSAR to measure ∂h/∂t is based on the fact that the vegetation and water surface create a double-bounce scattering mechanism [26]. The strength of the double-bounce scatterings depends on factors such as aboveground biomass levels, canopy structure, and water levels [27]. A detailed analysis of the connections between the biomass levels and double-bounce scattering can be found in [28,29,30]. A theoretical analysis of the canopy backscatter modeling of the floodplain can also be found in [31]. When the water surface rises or falls, the range from the radar to the double-bounce scatterers changes, which can be captured by DInSAR. In other words, vegetation is needed to measure ∂h/∂t. For still open water, the backscattering signal would reflect away from the radar and no measurements can be obtained. For open water with waves, correlation is generally lost for DInSAR because of the temporal randomness of the waves. The SAR data from the Space Shuttle Imaging Radar mission (SIR-C) was first used to estimate ∂h/∂t in Amazon floodplains [18]. In recent years, L-band JERS data and ALOS PALSAR data have also been used to estimate ∂h/∂t in both Congo and Amazon floodplains [21,22,23,24,25]. The unwrapped differential interferograms can provide only a spatial gradient of ∂h/∂t. Therefore, a vertical reference (or an offset) is needed to convert it into absolute ∂h/∂t. Recently, satellite altimetry has been used as the vertical reference in order to generate “absolute” ∂h/∂t maps [21,24,25,26,27,28,29,30,31,32]. The Satellite with ARgos and ALtiKa (SARAL) altimetry measurements are used as a reference in this study. The SARAL altimeter is a Ka-band system with repetivity of 35 days [33].



All of the above previous studies only focus on a small portion of the floodplains using fine-beam data. For PALSAR fine-beam mode, the observation swath is around 70 km, which is too small to study large floodplains and wetlands, such as the Amazon floodplains. Figure 1 shows the study area of the Amazon floodplains with PALSAR wrapped fine-beam differential interferograms. The master–slave acquisition dates (yyyymmdd) for the six swaths from left to right are 20100430–20100615, 20100529–20100714, 20100512–20100627, 20100425–20100610, 20100524–20100709, and 20100507–20100622, respectively. It can be seen that at least six swaths (each with five to six frames) are needed to cover the entire study area. However, the repeat time of the PALSAR system is 46 days and the basic observation scenarios are designed to be provided three times per year for global coverage for fine-beam mode in order to meet the requirements of a multitude of users [34]. It has been found that there are approximately only three to four acquisitions for the same area during the flood season of Amazon wetlands between February and July. In other words, only two to three ∂h/∂t maps can be generated for every flood season, which is not efficient since ∂h/∂t changes rapidly in Amazon floodplains. Besides the temporal variations, the large-scale spatial ∂h/∂t patterns also cannot be directly analyzed using PALSAR fine-beam datasets. For example, six swaths of the interferograms generated from different time spans can be mosaicked in Figure 1 to cover the entire study area. However, the large-scale ∂h/∂t patterns cannot be directly analyzed since the six segments are from different temporal spans. Therefore, the small coverage and large repeat time constrain the applications of PALSAR fine-beam data to study the large-scale ∂h/∂t of Amazon floodplains.



Besides PALSAR fine-beam data, ScanSAR data has also been used to study the hydrologic dynamics of large scale wetlands, such as hydroperiod estimation and flood extent monitoring [35,36]. Moreover, PALSAR ScanSAR data can also be used to estimate ∂h/∂t in Amazon wetlands as shown in Figure 2a. It can be seen that the pattern of ∂h/∂t for most of the study area can be obtained. The ALOS ScanSAR mode has a swath of 350 km with basic observation scenario of eight times per year for wetland focus areas. Therefore, the routine use of ScanSAR data for DInSAR processing can significantly improve our understanding of ∂h/∂t in Amazon floodplains and wetlands. The most critical challenge in processing ALOS ScanSAR for DInSAR is the synchronization of the signal bursts [37]. The basic idea of synchronization is that the scene should be viewed from the same azimuth angle by corresponding pulses to acquire enough coherence. Since the synchronization of the bursts is not well programmed in ALOS PALSAR mission, the burst overlap is not always large enough for interferometric analysis, which limits the DInSAR processing. We have found that only a few ALOS ScanSAR pairs can acquire reliable ∂h/∂t for the study area.



Since the launch of the ALOS2 PALSAR2 system, ALOS2 ScanSAR data has become available to estimate ∂h/∂t in Amazon floodplains. The PALSAR2 system is a significant upgrade of the PALSAR radar. The synchronization of the bursts has been well planned for repeat-pass interferometry. An example of a repeat-pass interferogram is demonstrated in Figure 2b. ALOS2 ScanSAR has a swath of 350 km with basic observation scenarios of around nine times per year for wetland monitoring, which means four to five ∂h/∂t measurements for Amazon floodplains during the flood season.



Because of the dense canopy in Amazon floodplains, only L-band (or P-band) signals can sufficiently penetrate the canopy and reach the water surface. Among the available space-borne SAR missions, L-band SAR systems are preferred to measure ∂h/∂t in Amazon floodplains. Besides the historical JERS, ALOS, and currently operating ALOS2 systems, several L-band SAR systems are planned to be launched in the future, such as the Tandem-L and NISAR systems [38,39]. Hitherto, only ALOS2 ScanSAR data can be used currently to estimate ∂h/∂t in large-scale Amazon floodplains. None of the previous studies have been conducted to estimate ∂h/∂t of Amazon wetlands with ALOS2 ScanSAR DInSAR. Therefore, for the first time, this paper demonstrates that ALOS2 ScanSAR data can be used to map and analyze ∂h/∂t in Amazon floodplains.



This paper is organized as follows. The basic procedures and challenges of DInSAR processing with ALOS2 ScanSAR data are given and discussed in Section 2. Section 3 provides the results and discussions on ∂h/∂t patterns and the final ∂h/∂t maps. We conclude with Section 4 which summarizes our findings.




2. Data Processing Strategy


In this section, the DInSAR approach using ALOS2 ScanSAR data is introduced to estimate ∂h/∂t, where the SARAL 40 Hz Sensor Geophysical Data Record (SGDR) dataset of year 2015 are used to provide references.



2.1. SAR Dataset Used


The ALOS2 ScanSAR datasets with HH polarization acquired during the flood season (i.e., between February to July) of 2015 were used to estimate the large-scale ∂h/∂t in the Amazon floodplains. The ALOS2 datasets used in this study are summarized in Table 1. The perpendicular baselines of the four pairs are relatively small, which means the interferometry is less affected by the geometrical decorrelation. In order to analyze ∂h/∂t patterns for different periods, adjacent scanning pairs were combined to perform DInSAR. Such a configuration can also reduce the effect of temporal decorrelation. The 30-m resolution Shuttle Radar Topography Mission (SRTM) DEM was used in the DInSAR procedure.




2.2. Basic Procedures of ScanSAR DInSAR Processing


A flowchart of ALOS2 ScanSAR DInSAR processing is shown in Figure 3. The input single-look-complex (SLC) images were level 1.1 full-aperture images, which means the ScanSAR bursts were processed by a stripmap processor by filling burst gaps with zero echoes before focusing. The major advantage of using the full-aperture image is that existing stripmap InSAR processors can still be used. Every SLC dataset contains five subswath images, each of which were processed individually before mosaicking.



Compared with conventional DInSAR processing with stripmap mode data, DInSAR processing with ALOS2 ScanSAR mode data is more complicated and special cautions are needed [40]. The major difference is the removal of the nonoverlap spectrum caused by burst misalignment. First, the cross-correlation was used to estimate the offsets between master and slave SLC images, and slave SLC was coregistered to the master grid by resampling. After coregistration, the common range and azimuth spectrums of master and slave SLC images were estimated and extracted by bandpass filters separately. Once we obtained two SLC images with overlap spectrums, an interferogram was obtained and the topographic phase contribution was removed using a reference digital elevation model (DEM) to generate a differential interferogram. In many cases, residual phases caused by baseline error and ionospheric error existed and needed to be removed. Then, the five differential interferograms were geocoded and mosaicked. Finally, a deformation map was generated after filtering and unwrapping.




2.3. Coregistration


It has been found that the cross-correlation coregistration method used in stripmap mode InSAR can also be used to coregister full-aperture ScanSAR images [41]. For an InSAR pair, the offsets between master and slave images are estimated using cross-correlation. Then, the offsets are parameterized by a low-order polynomial function of range and azimuth using least-squares curve fitting. Finally, the slave image is resampled to the master coordinate system using the polynomial function. Compared with the stripmap mode image, the azimuth pixel number of ScanSAR image is much larger than range pixel number. For example, in this study, the azimuth pixel number was usually 20-times larger than the range pixel number. Moreover, ScanSAR InSAR requires very high azimuth coregistration precision. Therefore, it is necessary to acquire more offset measurements in azimuth direction than range direction. In this study, the number of offset measurements in azimuth and range directions were set to be 64 and 512, respectively.




2.4. Baseline Error Removal


As shown in Figure 3, the topographic phases are estimated from baselines and external DEM. In order to avoid discontinuity between subswaths in ScanSAR DInSAR, only the orbit information was used to estimate the topographic phases. Because of the inaccurate orbit measurement, residual phases caused by baseline error could exist in the final differential interferograms. The baseline error can be estimated and removed by fitting the residual phase interferogram by predefined polynomial models. First, the differential interferogram should be unwrapped. The unwrapped results are fitted by a low-order polynomial function of range and azimuth using the least-squares method. After the estimation of the optimal parameters, the estimated residual phase is subtracted from the differential interferogram. For example, the wrapped differential interferograms before and after baseline error removal are shown in Figure 4. It can be seen that the baseline phase error component has been successfully removed after the baseline error removal. It should be noted that the floodplains with water level changes should be masked out in the above procedure. Moreover, the baseline error removal can also be implemented after geocoding and mosaicking the five subswaths to avoid steps between subswaths.




2.5. Ionospheric Error Removal


It is known that the phase of the radar pulse would be advanced when a radar pulse propagates through the ionosphere. The ionospheric phase distortion in radar images is proportional to the total electron content (TEC) and the inverse of the radar frequency [42,43]. The L-band SAR systems are more sensitive to the ionospheric phase distortions than the X- and C-band SAR systems. Moreover, the ionospheric phase error can be particularly severe in three main regions including equatorial (such as the Amazon floodplains), middle, and high latitude regions [44,45]. In recent years, various ionospheric correction methods have been proposed for DInSAR processing [45,46,47,48,49,50]. These methods can generally be divided into two main categories: (1) the range split-spectrum methods are based on the dispersive propagation of the ionosphere to estimate the difference of the phase delay from different wavelengths [45,46,47,48,49,50,51]; (2) the azimuth shift methods are based on the proportional relation between azimuth displacement and azimuth derivative of the ionospheric phases [52,53,54]. The azimuth displacement can be estimated by accurate coregistration or multiple-aperture interferometry (MAI) [53,54]. The ionospheric phase screen can then be obtained by integrating the scaled azimuth shift in the azimuth direction. In this study, the MAI-based azimuth shift method was used to estimate the ionospheric errors. As shown in Figure 5, a segment of the fifth subswath of pair 20150222–20150405 was used to demonstrate the ionospheric correction. It can be seen from Figure 5a that the upper-right area shows clear ionospheric distortions. Using an azimuth common band filter, the full aperture can be split into two looks (forward- and backward-looks) for both master and slave datasets and corresponding interferograms can be generated. As shown in Figure 5b, the MAI interferogram can then be obtained from the conjugate multiplication of the forward- and backward-looking interferograms. The streaks shown in Figure 5b are mainly caused by the ionospheric TEC variation. As shown in Figure 5c, the ionospheric phase screen can be generated by integrating the scaled MAI interferogram in azimuth direction. Finally, the corrected interferogram can be obtained by subtracting the ionospheric phase screen from the original interferogram. It can be seen from Figure 5d that the ionospheric distortions have been effectively removed, especially in the upper-right area.



Besides ionospheric TEC variation, ground deformation can also cause residual phases in the MAI interferogram. In this study, the floodplains with water level changes were masked out to estimate the ionospheric phase screen. Then, the ionospheric phases for the masked-out area were interpolated. However, if the ionospheric distortions vary significantly in the floodplains, the interpolation of the ionospheric phases becomes unreliable. Moreover, the numerical integration can introduce a numerical error that grows as azimuthal distance increases, which could cause phase ramps in the final result. Therefore, the ionospheric correction may not be correctly implemented, especially for noisy data with low coherence. In this study, it was a challenge to entirely remove the ionospheric error, something which requires more work in the future.




2.6. Phase Unwrapping


For DInSAR processing, phase unwrapping is a critical step, especially for areas with strong phase variations. For single-baseline phase unwrapping, the phase jumps between adjacent pixels are assumed to be smaller than π and the phase can be unwrapped by integrating the phase gradient among adjacent pixels. However, phase unwrapping encounters difficulties when the phase jumps are larger than π. In this study, phase discontinuities mainly existed in two cases: the border between floodplain and nonfloodplain areas, and the border between different floodplain segments separated by channels.



For example, a segment of the wrapped differential interferogram of pair 20150628–20150726 is shown in Figure 6a. It can be seen that the fringes generally change along the river flow direction and the phase jumps are clear along the borders of the floodplains. In this study, the branch-cut region growing algorithm was used to perform phase unwrapping [55,56]. Directly performing phase unwrapping would cause discontinuities in the final results, as shown in Figure 6b. The phase discontinuities are caused by the inappropriate formations of the branch-cuts that join the residues. In other words, the phase unwrapping integration path should climb the “hill” (i.e., along the direction of the river) in order to avoid phase jumps. However, the default strategy of the current branch-cut algorithm would not automatically guarantee such an integration path. Moreover, the floodplains are separated into different segments by the channels, which also causes phase discontinuities.



Therefore, we extracted the floodplain area by masking out upland areas from the original interferogram and then performed phase unwrapping. Since the floodplain is separated into several disconnected regions by the river, we performed unwrapping for individual segments and then connected them to get the final results, as shown in Figure 6c. The connection can be easily implemented by adding an offset value if assuming the phase jump between adjacent segments is less than π. The connection of disconnected areas is straightforward in Figure 6, since the pattern of the fringes is clear and simple (i.e., the phase jump between adjacent segments is less than π). However, there exist cases when the phase jumps are larger than π and the connection of different segments can be incorrect. Moreover, a reference is needed to obtain the absolute ∂h/∂t measurements. In this study, we used SARAL altimetry measurements as references to correct the phase jumps between disconnected areas. Another potential way to deal with the large phase jumps is by using multibaseline phase unwrapping methods [57,58], which will be tested in the future.





3. Results and Discussion


3.1. Results of SARAL Altimetry


The SRTM DEM over the study area is shown in Figure 7 along with 16 segments of tracks of the SARAL altimetry used in this study. It is easy to see that the topography generally decreases from upstream to downstream. Besides the Amazon mainstem, the floodplains of the three tributaries (i.e., Japura River, Jutai River, and Jurua River) are also included in this study area. From the SARAL altimetry measurement, the water levels of the floodplains of the four rivers can be obtained as shown in Figure 8. The water levels are obtained by spatially averaging the track segments. From Figure 8a, we can see that the water levels decrease from segment (1) to (8), which is expected since the topography decreases from segment (1) to (8). We can also see that the mainstem floodplains generally reach peak water levels between May and June. Compared with the mainstem, the three tributaries reach peak water levels at slightly different times, especially in the case of the Japura River. We can see from Figure 8b that the Japura River reaches its peak water level at the end of June. The offsets between two lines in Figure 8c,d can be caused by the topographic differences between different tracks. Generally speaking, the water level increases before June and starts to fall after June over the study area. Even though satellite altimetry can successfully measure the water level changes, the measurements are limited to the 1-D track and it is difficult to analyze the spatial pattern of ∂h/∂t. Therefore, it is necessary to use DInSAR to acquire the 2-D ∂h/∂t maps.




3.2. Interpretations of ∂h/∂t Patterns on a Small Scale


The final ALOS2 ScanSAR differential interferograms are obtained as shown in Figure 9. Three segments of the study area are zoomed in to interpret the ∂h/∂t patterns on a small scale, as shown in Figure 10. It should be noted that there still exist some residual phases caused by ionospheric errors, especially for Figure 9a,b. However, such residual phases generally do not affect the analysis of the spatial patterns of ∂h/∂t maps. From the altimetry measurements in Figure 8, it is known that water rises from February to mid-May (i.e., Figure 9a,b) and begins to fall at the end of June (i.e., Figure 9c,d). Several key interpretations of ∂h/∂t patterns can be obtained from Figure 9 and Figure 10.



First, the patterns of ∂h/∂t vary significantly as the water level changes. At the mid-rising water period (i.e., Figure 9a,b), ∂h/∂t tends to be localized and related to the topography of scroll bars, levees, channels, and depressions, which is consistent with the previous studies [22]. At the high water period (i.e., Figure 9c), the mainstem floodplain has smooth ∂h/∂t patterns extended uniformly across the floodplain, which means the water is flowing in a diffuse pattern. At the mid-falling water period (i.e., Figure 9d), ∂h/∂t patterns of the mainstem floodplain become complex and localized again. In Figure 9d, the ∂h/∂t pattern of the Japura floodplain becomes uniformly extended since Japura River reaches its peak water level at the end of June.



The change of ∂h/∂t patterns with water levels can be easily seen in the zoomed-in areas, as shown in Figure 10. For example, the complex geomorphology can be seen in Figure 10(i.a) around the area with high elevation (i.e., scroll bars), where the ∂h/∂t pattern is complex, as shown in Figure 10(i.b). The water level continues to rise and fills the depressions between April and May. Compared with Figure 10(i.b), the ∂h/∂t pattern of Figure 10(i.c) becomes less complex, especially for the scroll bars. During high water, the ∂h/∂t pattern of Figure 10(i.d) becomes uniformly distributed. Moreover, the color pattern of the interferometric fringes is inversed since the water level is falling. As the water continues to fall, the ∂h/∂t pattern becomes complex and related to the topography again, as shown in Figure 10(i.e).



The ∂h/∂t patterns of the floodplains are also shown by arrows in Figure 10. Black arrows indicates positive ∂h/∂t of rising water while white arrows are for negative ∂h/∂t of falling water. The sign of ∂h/∂t is determined by the absolute ∂h/∂t results in Section 3.3. The arrows point toward directions with larger water level changes. Therefore, black arrows point toward directions that accumulate more water and white arrows point toward directions that depart more water. From Figure 10i, we can see that both black and white arrows point toward upstream, which means the upstream receives more water in the rising water season while departing more water in the falling water season. For Figure 10(ii.b,ii.d), directions of the black arrows change for different periods, which can be caused by the sources of water flows being different when water fills the floodplains from rivers. From Figure 10(iii.b), we can see the spatial patterns of the overbank flow from the river to the floodplains. For Figure 10(iii.b,iii.e), arrows uniformly point toward upstream, which means the upstream departs more water than the downstream.



It is known that ∂h/∂t equals to spatial changes in discharge (i.e., ∂h/∂t ≈ −∇Q, where Q is the water discharge) [22]. For rising water with positive ∂h/∂t, water is assumed to be flowing to floodplain pockets with greater ∂h/∂t [22]. Based on this assumption, the black arrows in Figure 10 can also indicate the directions of water flow. However, such an assumption may not be accurate because of the inner channels in the floodplains. How to infer the directions of water flow from spatial variations in ∂h/∂t is beyond the scope of this paper.




3.3. Interpretations of ∂h/∂t Patterns on a Large Scale


The previous section investigated three zoomed segments of the study area in order to interpret ∂h/∂t patterns on a small scale. The results showed that the ∂h/∂t patterns of Amazon floodplains are spatially complex and localized for mid-rising and mid-falling water seasons. Similar conclusions have also been introduced in the previous studies using DInSAR with fine-beam datasets [21,22]. In this section, the ∂h/∂t patterns on a large scale observed from the ScanSAR datasets are presented.



The absolute ∂h/∂t maps can be obtained as shown in Figure 11. It should be noted that ∂h/∂t maps in Figure 11 use the altimetry measurements as references. The time series of the altimetry water height are interpolated for the SAR acquisition dates and ∂h/∂t references can be obtained for different DInSAR pairs. Since there are few in situ measurements available in the study area, the DInSAR results cannot be directly validated by true data. In order to verify the performance of DInSAR measurements, the comparisons of the DInSAR ∂h/∂t with altimetry ∂h/∂t along the SARAL tracks are shown in Figure 12. The DInSAR ∂h/∂t values are interpolated for the altimetry measurement points. We can see that the four DInSAR ∂h/∂t maps agree well with SARAL measurements, with root-mean-square errors (rmse) of 0.2 m, 0.1 m, 0.1 m, and 0.1 m, respectively. The bias of the comparison can be caused by the inconsistencies of the acquisition dates of DInSAR and altimetry. It should also be noted that such “cross validation” is only for DInSAR–altimetry agreement evaluation and is not a strict way to validate the DInSAR measurements.



During the water increasing period (i.e., Figure 11a,b), the water level increases up to 3 m. During the water decreasing period (i.e., Figure 11c,d), the water level decreases up to 4 m. For different parts of the floodplains, the patterns of absolute ∂h/∂t are different. The water levels of the Jutai and Jurua floodplains mainly increase between February and April and decrease significantly after mid-May. For the Japura floodplain, the water level mainly increases in Figure 11b and starts to decrease in Figure 11d. For the mainstem floodplain, the water level increases dramatically between February and mid-May. Compared with the upstream floodplain, the water level in the downstream floodplain along the mainstem floodplain decreases less, as shown in Figure 11c,d, which can be caused by the late arrival of the peak stages of the Japura River, as shown in Figure 9b.



In order to further analyze the ∂h/∂t patterns on a large scale, the ∂h/∂t along the four arbitrarily chosen center profiles of the mainstem, Japura, Jutai, and Jurua floodplains are shown in Figure 13, Figure 14, Figure 15 and Figure 16, respectively. Figure 13a shows that the upstream and downstream of the mainstem floodplain have dramatic water increases of ~2 m between February and April. As shown in Figure 13b, the water level continuously increases about 1 m and there exist abrupt ∂h/∂t changes around the longitude of −67° where the profile crosses the Amazon River. Such abrupt changes have also been observed in previous studies and are spatially coincident with floodplain channels [22]. We can see from Figure 13c that the ∂h/∂t values gradually increase from upstream to downstream, which verifies that the mainstem floodplain has smooth ∂h/∂t patterns extending uniformly across the floodplain at high water. In Figure 13d, the abrupt ∂h/∂t change reoccurs around longitude −67° as the water level decreases. In spite of the abrupt ∂h/∂t changes around the river, the ∂h/∂t patterns are smoothly distributed from upstream to downstream. From Figure 13c,d, we can observe larger upstream water level changes than downstream during water falling period.



We can see from Figure 14a–c that the water level of the Jupura floodplain continuously increases from February to the end of June. However, the ∂h/∂t patterns are interestingly different for different periods. Figure 14a shows that the downstream of the Jupura floodplain has larger ∂h/∂t than the upstream from February to April. On the contrary, Figure 14b shows that the ∂h/∂t of the upstream becomes larger than the downstream from April to mid-May. Figure 14c indicates that ∂h/∂t is around 0.5 m for both upstream and downstream from mid-May to the end of June. From Figure 14d, we can see that the water level of the downstream starts to fall while the upstream still shows slightly increasing water.



Comparing Figure 15 and Figure 16, we can see that the ∂h/∂t patterns of the Jutai and Jurua floodplains are similar along the center profiles. Both Figure 15a and Figure 16a show that the downstream has a slightly larger water level increase than the upstream. Even though the ∂h/∂t of the Jurua floodplain fluctuates in Figure 16a, the general pattern is that ∂h/∂t increases from upstream to downstream. In other words, the ∂h/∂t patterns of Figure 16a are complex in local scale and have a simple increasing trend on a large scale. We can see from Figure 15b and Figure 16b that the water of the upstream falls dramatically while the downstream still slightly accumulates water from April to mid-May. From Figure 15c and Figure 16c, we can see that the water level falls dramatically between mid-May and the end of June and the upstream decreases more than the downstream. Figure 15d and Figure 16d show that the water level continuously decreases from the end of June to July. In general, we can see that the downstream has a larger ∂h/∂t during the water increasing period and the upstream has a larger absolute ∂h/∂t during water falling period. Moreover, compared with the mainstem floodplain, the three tributaries have much simpler ∂h/∂t patterns.



In summary, from the above analysis, we can see that the large-scale ∂h/∂t pattern can be much simpler even though the local ∂h/∂t patterns are complex, as shown in Section 3.2. Therefore, it is beneficial to analyze both the large-scale and local ∂h/∂t pattern of Amazon floodplains using ScanSAR datasets. It should be noted that the quantitative accuracy analysis of the above DInSAR results cannot be provided due to the limited in situ measurements.





4. Conclusions


The spatial resolution and coherence of fine-beam DInSAR are generally better than ScanSAR DInSAR, which means the fine-beam DInSAR can capture more accurate spatial variation of the ∂h/∂t patterns and get better ∂h/∂t estimate accuracy. However, the large-scale ∂h/∂t patterns cannot be directly obtained from mosaicking fine-beam images since ∂h/∂t changes rapidly in floodplains. Therefore, even though the accuracy of the ScanSAR estimate is not as good as the fine-beam data, it is still necessary for processing ScanSAR datasets to obtain large-scale ∂h/∂t maps. In this paper, for the first time, we demonstrated how to use ALOS2 ScanSAR data to acquire large-scale water level changes (∂h/∂t) in Amazon wetlands. The basic procedures of DInSAR processing are given. The major difficulties caused by orbit error, ionospheric error, and phase unwrapping in ScanSAR DInSAR processing are also analyzed. Finally, four large-scale (with 350 km swath) two-dimensional ∂h/∂t maps are generated for year 2015. The obtained ∂h/∂t maps can provide reliable information to study the wetland storages and fluxes over the Amazon wetlands, which are critical in understanding their flow processes and biogeochemical cycles. The proposed procedures can also be used over other large-scale wetlands, such as the Congo wetland, which will be studied in the future.
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Figure 1. Study areas of Amazon floodplains with ALOS PALSAR fine-beam wrapped differential interferograms acquired between April and July 2010. Each fringe represents about 12 cm of water level changes in line-of-sight (LOS) direction. Black and white rectangles are the coverage of the ALOS PALSAR ScanSAR and ALOS2 PALSAR2 ScanSAR datasets used in this study. 
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Figure 2. ScanSAR wrapped differential interferograms. (a) ALOS PALSAR ScanSAR with acquisition dates of 20090522–20090707; (b) ALOS2 ScanSAR with acquisition dates of 20150628–20150726. 
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Figure 3. Flowchart of ALOS2 ScanSAR DInSAR processing. 
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Figure 4. Wrapped differential interferograms of 20150517–20150628 pair before (a) and after (b) baseline error removal. 
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Figure 5. Ionospheric correction results. (a) Original differential interferogram; (b) MAI interferogram; (c) Ionospheric phase screen; (d) Corrected interferogram. 
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Figure 6. (a) A segment of wrapped differential interferogram of pair 20150628–20150726; (b) Unwrapped result without masking; (c) Unwrapped result with masking. The black dots are the reference point (with phase set to be zero) for phase unwrapping. 
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Figure 7. SRTM DEM of the study area. Blue lines indicate segments of the SARAL altimetry tracks used in this study. 
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Figure 8. Water levels measured by SARAL altimetry for year 2015. (a–d) indicates the floodplains of the four rivers. Labels (1)–(16) indicate the 16 segments of the altimetry tracks as shown in Figure 7. For every segment, the altimetry water levels are averaged. 
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Figure 9. Final wrapped differential interferograms. Three white rectangles in (a) are zoomed in as shown in Figure 10. The time span between master and slave dates for the four interferograms are 42, 42, 42, and 28 days, respectively. 
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Figure 10. Differential interferograms for three zoomed-in areas (i), (ii), and (iii) labeled in Figure 9. SRTM DEMs are also included in (a). 
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Figure 11. Final DInSAR ∂h/∂t maps. The black lines in (a) are profiles along the floodplains which will be examined for further analysis. 
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Figure 12. Comparison of DInSAR ∂h/∂t with altimetry ∂h/∂t. The parameters p and r2 represent the slopes of the least-square fitted lines and R2 values, respectively. 
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Figure 13. DInSAR ∂h/∂t along the center profile of the mainstem floodplain shown in Figure 11a. 
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Figure 14. DInSAR ∂h/∂t along the center profile of the Japura floodplain shown in Figure 11a. 
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Figure 15. DInSAR ∂h/∂t along the center profile of the Jutai floodplain shown in Figure 11a. 
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Figure 16. DInSAR ∂h/∂t along the center profile of the Jurua floodplain shown in Figure 11a. 
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Table 1. ALOS2 ScanSAR datasets used in this study.
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	Master-Slave Dates (yyyymmdd)
	Perpendicular Baseline (m)
	Incidence Angle (°)





	20150222–20150405
	111
	39



	20150405–20150517
	21
	39



	20150517–20150628
	209
	39



	20150628–20150726
	159
	39







Note: The perpendicular baselines and incidence angles are obtained from the third swaths of the ScanSAR datasets.
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