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Abstract

:

The application of ICESAT-2 altimetry data in river hydrology critically depends on the accuracy of the mean water surface elevation (WSE) at a virtual station (VS) where satellite observations intersect solely with water. It is acknowledged that the ATL13 product has noise elevations of the adjacent land, resulting in biased high mean WSEs at VSs. Earlier studies have relied on human intervention or water masks to resolve this. Both approaches are unsatisfactory solutions for large river basins where the issue becomes pronounced due to many tributaries and meanders. There is no automated procedure to partition the truly representative water height from the totality of the along-track ICESAT-2 photon segments (portions of photon points along a beam) for increasing precision of the mean WSE at VSs. We have developed an automated approach called “auto-segmentation”. The accuracy of our method was assessed by comparing the ATL13-derived WSEs with direct water level observations at 10 different gauging stations on 37 different dates along the Lower Murray River, Australia. The concordance between the two datasets is significantly high and without detectable bias. In addition, we evaluated the effects of four methods for calculating the mean WSEs at VSs after auto-segmentation processing. Our results reveal that all methods perform almost equally well, with the same R2 value (0.998) and only subtle variations in RMSE (0.181–0.189 m) and MAE (0.130–0.142 m). We also found that the R2, RMSE and MAE are better under the high flow condition (0.999, 0.124 and 0.111 m) than those under the normal-low flow condition (0.997, 0.208 and 0.160 m). Overall, our auto-segmentation method is an effective and efficient approach for deriving accurate mean WSEs at river VSs. It will contribute to the improvement of ICESAT-2 ATL13 altimetry data utility on rivers.
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1. Introduction


Satellite altimetry is one of the most powerful measurement techniques for solving the major challenges in river hydraulic characterisation, such as water depth, channel bathymetry, flow velocity and discharge [1,2,3,4,5]. It can be used to measure water surface elevation (WSE) directly by calculating the time it takes for the emitted signal to travel to the ground and back to the satellite sensor [6]. Overall, it provides an enhanced spatio-temporal coverage, reducing the time and cost of data collection compared to traditional in situ measurements.



Satellite altimetry sensors operate in visible and infrared wavelengths (LiDAR altimeters) or at radar wavelengths (radar altimeters). Radar sensors include ALtiKa on the SARAL satellite [7], Poseidon-3 on Jason-2 [8], Poseidon-3B on Jason-3 [9,10] and RA-2 on ENVISAT [11,12]. The more advanced radar altimeters include Synthetic Aperture Radar (SAR) techniques such as the SAR Interferometric Radar Altimeter (SIRAL) sensor on the CryoSat-2 satellite [13,14], the Synthetic Aperture Radar Altimeter (SRAL) instrument on Sentinel-3 [15,16] and Poseidon-4 on Sentinel-6 [17,18]. All these radar sensors have a relatively high temporal resolution but low spatial resolution, although the recently launched Surface Water and Ocean Topography (SWOT) instrument, with a spatial resolution of 50 m, may prove useful once data become available. LiDAR sensors which are still in operation include ICESAT-2 (Ice, Cloud and Land Elevation Satellite 2; [19]) and GEDI (Global Ecosystem Dynamics Investigation; [20]). Both have a relatively high spatial resolution but low temporal resolution. The footprint of a LiDAR altimeter is significantly smaller, typically tens of metres, compared to a radar altimeter, of the order of ~300 m in the along-track direction for SAR altimeters to tens of kilometres for the standard radar altimeters. This allows its along-track separation of unique data points to be much closer. Thus, the LiDAR altimeter can detect steep changes in the surface elevation with higher accuracy than a radar altimeter. It offers a great potential to regional river hydraulic and hydrological studies.



Originally designed for snow and ice monitoring, the spaceborne ICESAT−2 [21] carrying a LiDAR sensor named the Advanced Topographic Laser Altimeter System (ATLAS) was launched by NASA (National Aeronautics and Space Administration) in 2018. In contrast to the radar sensors, ICESAT-2 has a 91-day repeat cycle, but a much better spatial coverage with denser tracks and much finer spatial resolutions. Its ground track observations consist of three pairs of strong and weak LiDAR beams (90 m pair spacing) with a high spatial sampling density along the track (70 cm interval). The footprint is approximately 17 m in diameter. Thus, ICESAT-2 has a much finer spatial resolution than radar altimeters. This advance makes it feasible to measure the WSE on rivers with a higher degree of accuracy [22,23].



ATL13 (Jasinski et al., 2020) is one of the Level 3a ICESAT-2 data products. It provides regular measurements (footprints intersecting with inland water bodies, or for each transacted water body) of water height (same as WSE) at a river cross-section called a virtual station (VS). It has been successfully applied to many inland water studies [24,25,26]. Dandabathula and Rao (2020) [27] validated the ATL13 data product with 46 observations made with near real-time gauged data for 15 reservoirs/water bodies. Their results indicated that the heights of surface water level, computed from strong and weak beams, had a relative variation of 0.05 to 0.10 m. Xiang et al. (2021) [28] found that ICESAT-2 satellite observations were of high accuracy when compared to measurements over the Great Lakes and in the Mississippi River. The root mean squared error (RMSE) of water level retrievals averaged 0.06 m and 0.12 m on the lakes and river, respectively. Coppo Frias et al. (2023) [29] conducted river hydraulic modelling with ICESAT-2 for water surface elevation. They achieved better results (RMSE of 0.41 m at a reduced computational cost) than full 1D hydrodynamic models. Frappart et al. (2021) [30] demonstrated a strong potential of ICESAT-2 for water level monitoring after evaluating its performance on Swiss lakes. They obtained good results with an RMSE lower than 0.06 m and R higher than 0.95 when compared to in situ water levels. An almost constant bias (0.42 ± 0.03 m) was also found. In general, ATL13 data validation and applications are notably more successful on lakes/reservoirs with wide water surfaces, rather than rivers where relatively narrow widths exacerbate the existing issues. These issues are presented as data noises generated from producing the ATL13 product.



ATL13 reports inland water heights processed as segments. Each segment contains a minimum of approximately 100 signal photons to ensure the accurate characterization of the water surface. As such, the segments vary in length from approximately 30 m to 200 m (averaging about 100 m). Sometimes, there is a possibility that a few land photons at the edge of the water body may be incorrectly included in a segment as water photons, thereby contributing to a larger (and erroneous) mean WSE at a VS. The false inclusion leads to larger errors of mean WSEs of VSs on rivers than on (wider) lakes/reservoirs where the inclusion of fewer land values has a smaller effect. These uncertainties have been identified by the data provider as known issues, arising from inconsistent water masks, and inclusion of the land area adjacent to water bodies (https://nsidc.org/sites/default/files/icesat2_atl13_known_issues_v003_aug2020.pdf, accessed on 1 October 2023). The inclusion of this noise in the dataset could hamper the accurate application of ATL13 data, i.e., the calculation of mean WSEs at VSs, on rivers.



The ATL13 product does not include a flag indicating the likelihood of a body edge segment (or photon) being water (true) or land (false). There seems no way to know a priori if all photons at a VS are totally on the river or not. Thus, there is a need to select only the water-representative photons at each VS. This procedure can be implemented through properly splitting photon segments along a beam based on the fact that all photons are associated with a segment ID (a seven-digit number identifying the along-track geolocation segment number a photon belongs to). We name this separation processing “segmentation”. The process seems straightforward but can be imperfect in the case of multiple VS distributions close to each other along a single beam, such as the adjacent water channels in the special case of river meanders. Previous studies, especially those on lakes/reservoirs, either used visual selection based on the WSE relative to a segment more included inside the water body, or applied a water mask to exclude segments outside the water body [31,32,33]. The segmentation processing of rivers is more difficult mainly for two reasons. Firstly, the river mask/buffer is often unavailable or imprecise. In areas of braided or high-density river channels, it often includes adjacent or cross low-lying flat land areas to accommodate low and high conditions. Thus, it unavoidably yields processed heights outside of the actual extent of the water body on the sides of a river, especially during low flow. Secondly, it is too time-consuming to manually split VSs in large river basins, or regionally or globally, where there are many rivers with lots of tributaries and meanders. Consequently, the calculation of correct mean WSE values at VSs on such rivers remains compromised. There is a lack of a rigorous and automatic approach to the derivation of a single mean WSE value with reduced uncertainty at a VS.



Therefore, the aim of this study is to achieve improvements in the mean WSE accuracy at each VS by removing the inherent errors and systematic bias caused by the inclusion of land outliers from the ATL13 dataset. Our objectives are twofold: Firstly, to develop an automated method for selecting photon points wholly located on the water surface at a VS through effective beam/track segmentation (hereinafter referred to as “auto-segmentation”). Secondly, to explore the effect of different approaches to calculating the mean WSE value at a VS after the auto-segmentation processing. We evaluated the accuracy of automating the mean WSE estimation at selected VSs through a comparison with water level observations from nearby ground gauging stations. These are important steps towards the accurate retrieval of hydraulic parameters, such as river depth, which are often unobserved or unobservable at relevant spatial scales.




2. Study Area and Data


2.1. Study Area


The Murray River is Australia’s longest river (2508 km in length; https://www.ga.gov.au/scientific-topics/national-location-information/landforms/longest-rivers, accessed on 1 October 2023). It begins in the southeastern Alps, drains the western side of the Great Dividing Range, and then meanders northwest across inland plains, forming the border between the states of New South Wales and Victoria. The Murray River finally flows via South Australia (SA) with its mouth in the Southern Ocean. Our focus is on the low-gradient main channel of the Lower Murray River in SA. This part of the river has a complex channel system providing the most challenging test of our proposed method. The river is highly regulated with numerous structures including weirs and locks constructed along the channel. Our study area starts upstream near Weir and Lock No. 6 at Murtho, and ends at Weir and Lock No. 3 at Overland Corner (Figure 1). The river length is approximately 153.2 km, and the catchment area is about 646.5 km2. There is no distinct rainy season, and the mean annual rainfall is very low (about 300 mm/year). High flow generally occurs between August and October. However, stream flow is not representative of local rainfall due to high regulation. There are a total of 14 hydrological gauging stations distributed along this portion of the river. Figure 1 shows the locations of 10 selected stream gauges with water level data coincident with the satellite overpass for comparison.




2.2. Data Sources


Our data came from two sources. ICESAT-2 ATL13 altimetry data were collected from NASA’s OPENALTIMETRY (downloaded from https://openaltimetry.org on 16 September 2023, or https://openaltimetry.earthdatacloud.nasa.gov on 10 October 2023). These WSE datasets were captured from 4 tracks in the study area, covering the period from October 2018 to the present (Figure 1). Each point in the dataset is associated with a WSE value, a segment ID and a quality flag (QF) ranging from 1 to 7. The QF values indicate poor (QF equals 1) to high (QF equals 7) quality. We filtered out those of low quality (QF equals 1, 2 and 3) and kept those of medium to high qualities (QF equals 4, 5, 6 and 7). As a result, 4241 out of 50,158 data points (about 5% of the total) were removed during data preprocessing.



WSE data associated with hydrological gauging stations were available on 37 discrete dates at 10 locations, resulting in good temporal and spatial coverage, as well as representing both high and low flow conditions in the study area. Observed daily mean water level (or storage level) timeseries data at the gauges were acquired from the Australian Government Bureau of Meteorology (downloaded from http://www.bom.gov.au/waterdata on 30 September 2023). All data are reported as orthometric height above the WGS84 ellipsoid in metres.





3. Methods


The methodology has two parts: development of the auto-segmentation method to extract altimetry segments at VSs using Python, and then derivation of the mean WSE at each VS along the Lower Murray River using different methods. A flowchart (Figure 2) details the four steps of the auto-segmentation approach. The performance of this approach was evaluated through a comparison between the derived mean WSEs and the water level observations at 10 hydrological gauging stations and 37 VSs.



3.1. Development of Auto-Segmentation Approach


The downloaded dataset was broken into segments with non-unique integer IDs for the water/land transition. The ICESAT-2 sensor contains three parallel beam pairs, each with a strong beam and a weak beam (Figure 3a). Both the strong and weak beams consist of segments and share the same IDs. The weak beam has more discontinuities in its segment indexation than the strong beam, while the strong beam always has more segments (fewer gaps in segment indexation) and therefore a higher density of photons than the weak beam [34]. Each segment has multiple photons with the same segment ID. Given that a beam can contain multiple VSs, our key task was to split multiple VSs by defining the beginning and end edges of a VS where only individual beams intersected a contiguous water body. This enabled the extraction of the true representation of water height at that VS. Investigation of the distribution of the non-contiguous segment IDs (Figure 3b) showed that most segment ID differences between adjacent photons were ≤1 for strong beams (about 90%) and ≤2 for weak beams (about 80%). Therefore, we developed an auto-segmentation method reflecting this insight (Figure 4). In the process, we applied the following rules:




	(1)

	
For a VS along the strong beam: segment ID difference between neighbouring photons should be ≤1; otherwise, split.




	(2)

	
For a VS along the weak beam: firstly, keep the photons with the same segment ID as their corresponding VS along its paired strong beam; and secondly, extend them to those photons with a segment ID difference ≤ 2.










3.2. Calculation of Mean WSE


The multiple methods for deriving the mean WSE from ICESAT-2 ATL13 at each VS are listed below. The differences among them lay in using the following:




	(1)

	
All photons at a VS (ALL).




	(2)

	
Photons after removing one segment at each of the two ends of the VS (Two-Ends).




	(3)

	
Photons after removing outliers using STD:


  S T D =        (  W S  E 1  − μ  )   2  + ⋯ +    (  W S  E N  − μ  )   2   N     



(1)




where μ is the mean of all WSE values at a VS, and N represents the number of photons. Photons with a WSE beyond μ ± Std were regarded as outliers and removed.




	(4)

	
Photons after removing outliers using NMAD:


  N M A D = C ∗ m e d i a n  (   [   |  W S  E 1  − m  |  , … ,  |  W S  E N  − m  |   ]   )   



(2)




where C is a constant determined as 1.4826 [35], and m is the median of all WSE values at a VS. Photons with a WSE beyond m ± NMAD were regarded as outliers and removed.










3.3. Validation of Mean WSE Results at VSs


We evaluated the ICESAT-2 ATL13-derived mean WSE by comparison with the corresponding gauge-observed water level at the time of the satellite overpass. A regression line was obtained by fitting a linear model to correlate the measured mean WSE with observed mean height. The observed mean heights were used as independent variables, and satellite-measured mean heights were used as dependent variables. Metrics for evaluating the regression were the coefficient of determination (R2), RMSE and mean absolute error (MAE).





4. Results and Discussion


4.1. Assessment of Auto-Segmentation Process


A representative example in Figure 5a shows that all grey dots (photons) along a beam on land as well as over water would be included in the calculation of the mean WSE at the VSs (boxes) if auto-segmentation processing was not applied. The resultant mean WSE could involve significant errors because of those dots away from the river channel or water surface. Coloured dots on top of the grey dots (Figure 5b) are the photons selected by the auto-segmentation used to calculate the mean WSE (orange dots) using the NMAD method at each VS.



There are marked (but non-uniform) differences (Figure 6) between the calculated mean WSE values before (grey dots) and after (coloured dots) the auto-segmentation process at selected VSs. The results (Figure 6a) show that the before and after mean WSE values are the same at both VS-1 and VS-5, where the numbers of grey and coloured dots along each track are similar and they are all over water. There are, however, differences between the before and after mean WSE values at VS-2, VS-3, VS-4 and VS-6. These differences arise from the involvement of those extra grey dots (i.e., over land), especially at each end of the VS (Figure 5). In general, the mean standard deviation of the four VSs decreases substantially from 0.35 m (Before) to 0.06 m (After). The significantly lower or smaller values after auto-segmentation indicate that the previously dispersed data (less reliable) are clustered more tightly around the mean (more reliable) than before. Taking VS-4 as an example (Figure 6b), the difference in the mean WSE before (16.751 m) and after (16.500 m) the auto-segmentation at this VS is 25.1 cm due to the inclusion of the outliers at the two ends of the VS. The inferred water surface width (defined by green dots) is 50% narrower than before (defined by grey dots). These further demonstrate that the auto-segmentation process plays an important role in the accurate derivation of the mean WSE at each VS.




4.2. Evaluation of Mean WSE Accuracy


Comparison of the four methods (Table 1 and Figure 7) for the derivation of the ICESAT-2 mean WSE after the auto-segmentation process on 37 dates shows that all methods achieve similar, highly accurate results compared to in situ measurements. The 1:1 regression lines in all plots demonstrate their close agreement, and all the intercepts of zero show the lack of systematic bias in the results. All approaches have the same high R2 value of 0.998. There are slight variations in the accuracy metrics among them: from 0.181 m to 0.189 m for RMSE, and from 0.130 m to 0.142 m for MAE. We can surmise that the four methods have a similar overall outstanding performance. Dandabathula and Rao (2020) calculated the WSEs of 15 reservoirs/water bodies in India from ICESAT-2 using a water mask. The average RMSE of their 46 observations was up to 0.315 m. Li et al. (2023) extracted the WSEs from ICESAT-2 in the Ohio River Basin using a river mask from Sentinel-2, and their RMSE reached 0.350 m. These comparisons further establish the efficiency of our auto-segmentation approach.



The evaluation results of the WSE accuracy calculated using the ALL method for high flow and normal-low flow conditions are presented in Table 2. A streamflow which is greater than the 75th percentile (of river discharge recorded on this day of the year during all years that measurements have been made at the gauge location) is regarded as a high flow. A streamflow which is equal to and less than the 75th percentile is considered a normal-to-low flow. There is no significant variation in R2, which is slightly higher under the high flow than the low flow status. However, there are significant variations in RMSE and MAE. Under the high flow condition, RMSE improved by about 40% and MAE decreased by more than 30% compared to the normal-low flow condition.



Finally, it is noted in this study that the distance between a VS and its nearby streamflow gauge (<1 km) has an unavoidable impact on our validation accuracies due to the surface water slope in between. It was hard to find both at the exact same location within the study area, such that the largest RMSE and MAE in the results came from where the distance is about 1 km between the two in our study.





5. Conclusions


We developed a novel auto-segmentation method for improving the application of ICESAT-2 ATL13 altimetry data on rivers. Our method is effective and efficient in deriving the accurate mean WSE at each VS. It achieves an average R2 of 0.998, RMSE of 0.185 m and MAE of 0.134 m when compared with the measured daily mean water level at 10 gauging stations over 37 dates. Furthermore, the R2 is slightly better, and the MAE and RMSE improve by 30% and 40%, respectively, under the high flow condition in comparison to the normal-low flow condition. The closer agreement (compared to earlier studies in the literature) between the satellite calculated mean WSE and the in situ gauge observed mean water level improves the data utility of ICESAT-2 altimetry data in riverine hydrology.



The four methods (ALL, Two-Ends, STD and NMAD) for calculating the mean WSE after the auto-segmentation all yield similar validation results. This shows that the estimation of the mean WSE at VSs is insensitive to the calculation methods if the VSs are correctly established. The four methods are equally applicable after the adequate split of the photons (or segments) along a beam/track at VSs using our auto-segmentation approach. The findings also further prove that our auto-segmentation method is accurate and robust in producing the mean WSE at river cross-sections.



Future validation may need to be expanded to more gauging stations and flooded areas. Nevertheless, our results here inspire confidence in the direct derivation of the water surface slope along a river profile, and the assimilation of channel bathymetry for accurate flow velocity and discharge estimation. This improves our understanding of the inherent errors and systematic bias introduced while generating ICESAT-2 ATL13 altimetry data. The development will contribute to the better use of satellite altimetry data as inputs to hydrological and ecological modelling in large, complex river basins at regional and global scales.
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Figure 1. Study area and locations of stream gauges in the Lower Murray River, Australia. 
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Figure 2. Flowchart of methodology. 
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Figure 3. (a) Example of segments (different colours) along a pair of beams of a track at the four VSs (located at the red dot in Figure 1). Segments outside yellow boxes are excluded from the mean WSE calculation at each of the four VSs by applying the auto-segmentation method. (b) Density distribution of the segment ID difference between neighbouring photons along strong and weak beams. 
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Figure 4. Illustration of the auto-segmentation process. Photons are presented as dots. Grey and coloured dots show before and after auto-segmentation, respectively. The number next to each dot is the segment ID of the photon. (a) Pair of beams at the two VSs. (b) The result of applying Rule 1 to the strong beam. (c) The result of applying the first step of Rule 2 to the weak beam. (d) The result of applying the second step of Rule 2 to the weak beam. 
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Figure 5. Examples of auto-segmentation (location of area is the orange dot in Figure 1): (a) before (grey dots), and (b) after (coloured dots). Orange dots here are the locations of the mean WSE at VSs calculated using the NMAD method after auto-segmentation. Grey dots within the boxes of VS-1 and VS-5 are segment photons with their WSE beyond the value of the median ± NMAD of all photons selected by the auto-segmentation process. 
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Figure 6. Examples of mean WSE values at selected VSs (in Figure 5) before and after auto-segmentation processing: (a) mean and standard deviation of WSE values at six selected VSs, and (b) mean WSE derivation at VS-4 (blue circle in (a)). Grey dots are segments used to calculate the mean WSE Before (grey dashed line), and green dots are segments used to calculate the mean WSE After (green dashed line). 
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Figure 7. ICESAT-2-derived mean WSE vs. gauge observed mean water level at 37 VSs from the four methods: (a) ALL, (b) Two-Ends, (c) STD and (d) NMAD. The units for both RMSE and MAE are metres. 
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Table 1. Comparison between ICESAT-2 ATL13-derived mean WSEs (after auto-segmentation) using each of the four methods and the observed mean water height at all 37 VSs (n = 37).
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	ALL
	Two-Ends
	STD
	NMAD
	Average





	R2
	0.998
	0.998
	0.998
	0.998
	0.998



	RMSE (m)
	0.181
	0.189
	0.184
	0.185
	0.185



	MAE (m)
	0.142
	0.130
	0.132
	0.132
	0.134










 





Table 2. Comparison between ICESAT-2 ATL13-derived mean WSE using the ALL method (all photons after auto-segmentation) and the observed mean water height at 37 VSs.
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	Number of Validations
	RMSE

(m)
	MAE

(m)
	R2





	High Flow Condition
	14
	0.124
	0.111
	0.999



	Normal–Low Flow Condition
	23
	0.208
	0.160
	0.997
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