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Abstract

:

In the current scenery of climate change and its relatively increasing visible effects seen over the world, the monitoring of geomorphological processes and flood dynamics becomes more and more necessary for disaster risk reduction. During recent decades, the advantages offered by remote sensing for Earth surface observations have been widely exploited, producing images, digital elevation models (DEM), maps, and other tools useful for hydro-geomorphological parameters detection, flood extent monitoring, and forecasting. However, today, advanced technologies and integrated methodologies do not yet enable one to completely provide near-real-time (NRT) and very-high-resolution (VHR) observations of a river, which is needed for risk evaluation and correct operational strategy identification. This work presents an advanced remote detection analysis system (ARDAS) based on the combination of multiple technologies, such as Unmanned Aerial Vehicle (UAV) systems, Structure from Motion (SfM) techniques, and cloud computing environment. The system allows to obtain VHR products, such as ortho-photomosaics and DEM, for deep observation of the river conditions, morphological modifications, and evolution trend. The test of ARDAS in the Basento river catchment area (Basilicata, South Italy) showed that the innovative system (i) proves to be advantageous in river monitoring due to its high accuracy, quickness, and data flexibility; (ii) could represent a NRT solution for timely support of flood hazard assessments; and (iii) can be further developed by integrating other technologies for direct application in land planning and safeguard activities by contributing to the value chain of the new space economy and sustainable development.
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1. Introduction


Climate change and its relative effects are causing natural disasters all over the world, harmfully impacting human lives, facilities, and economic activities. In particular, flood events occur with increasing intensity and frequency, making the monitoring of the geomorphological processes and flood dynamics more and more necessary for risk mitigation, damage minimization, loss prevention, and natural landscape conservation [1,2,3]. According to several studies, river evolution analysis and extreme events observations are fundamental to improve river behavior understanding and flood hazard estimation [4,5]. The correlation between the hydrological and geomorphological processes in a fluvial basin imposes an integrated investigation of the phenomena that affect a catchment, such as flood events. In fact, modifications in the morphology of a river channel are generally influenced by, and in turn influence, the alluvial dynamics [6,7,8]. Thus, a description of the river conditions, by detecting the hydro-geomorphological parameters over time, and an analysis of the flood event’s effects (geomorphic effects, water extent, etc.) collectively contribute in evaluating a flood hazard and induced flood hazard [9,10,11,12,13]. During the last decades, remote sensing (RS) played a fundamental role in Earth surface observation and in the investigation of flood phenomenon in various geomorphic frameworks. Advanced technologies, new techniques, and innovative data fusion methodologies were developed for river process monitoring by exploiting the main potentialities of RS, such as a high spatial resolution, providing synoptic information over wide areas—even in sites with poor on-the-ground accessibility conditions—and supporting multi-temporal observations [14,15]. Furthermore, the growing availability and different nature of RS data opened new research avenues that helped explore various new detection platforms (drones, planes and satellites), tools (multispectral-hyperspectral optical and Synthetic Aperture Radar (SAR) sensors, laser scanners, etc.), techniques (image acquisition, Light Detection and Ranging (LiDAR), etc.), analytical methods (visual inspection, image processing, photogrammetry, interferometry, etc.), and products (images, ortho-photomosaic, digital elevation models (DEM), and others), thus supporting all different aims and scales of investigation [16,17,18,19]. RS data also have been applied to (1) extract parameters and variables for river characterization [20,21] and channel variation detection [22,23,24,25]; and (2) support flood extent mapping [26,27,28,29] and flood forecast through data assimilation in hydraulic modelling [30,31,32,33,34,35].



(1) Table 1 shows some of the hydro-geomorphological parameters and the potential remote acquisition techniques to obtain them. In particular, the table provides a synthetic overview that shows the wide applicative context of RS data for the detection of geomorphometric parameters and flood indicators through methods and modalities, known from the literature or here proposed. It should be noted that the table is not to be considered an exhaustive collection, rather an input instrument to display the contribution and continuous advancement of RS in geomorphological analysis and flood monitoring. One or more elements that compose the parameters can be identified and measured by applying different RS techniques in the direct or indirect modality, where “direct” indicates the automatic access to RS information through processing algorithms, and “indirect” indicates the interpretation of RS information through visual image interpretation. For example, the detection of river channel boundaries, needed to measure various geomorphic parameters such as bank length, channel width, or river axis, can be obtained through the manual digitalization of channel morphology [8,21,36] or through the direct extraction of the channel boundaries by applying image processing with algorithms for spatial filtering, segmentation, and pattern recognition [37,38,39]. Obviously, surface conditions (e.g., smoothness, roughness, size and orientation of objects, etc.) and the characteristics of the different RS sensors (e.g., spatial and spectral resolution, wavelength, polarization, etc.) define the applicability of the RS data and techniques and affect the accuracy of the resulting products (see Figure 1 for examples). A smooth water surface makes a river body detectable by processing the texture of a SAR image (Panels 1a–c in Figure 1), the vegetation contributes to improve the identification of the channel boundaries through the computation of the normalized difference vegetation index (NDVI) using a multispectral image (Panels 2a–c in Figure 1), and the very-high spatial resolution of an ortho-photomosaic derived from drone images (see below) allows distinguishing the channel, bars, and vegetation by applying algorithms for edge detection and unsupervised clustering (Panels 3a–c in Figure 1). Then, merging of the multi-source and multi-temporal RS data and combining this with other methodologies become necessary in order to improve the quantity and quality of the extracted information.



(2) In addition to the hydro-geomorphological analysis, the application of an integrated approach has been amply demonstrated in many research on flood mapping [40,41,42] (Figure 2). The coupling of optical and SAR satellite images has proven to be helpful to observe the spatial evolution of flood event (Left Panel in Figure 2); the integration of multi-frequency, multi-polarization, and multi-temporal SAR data was successfully used to derive a flood map in areas characterized by various vegetation cover types (Right Panel in Figure 2); and the combined application of the hydro-geomorphological parameter—the sediment connectivity index—and the RS data enhanced the exploration of the processes’ connection in flood dynamics (Below Panel in Figure 2). Furthermore, the integration of different information sources, such as RS and hydrodynamic models, has made a generally substantial contribution to the assessment of the hydrology information, the calibration of the variables and parameters, and the assimilation of data for flood extent monitoring and forecasting [33,43,44].



The described scenario highlights that the detection of river catchment phenomena is strongly supported by the wide application of RS and the development of integrated methodologies in river evolution analysis, flood mapping, and management of exposure to natural disasters. However, today, this scenario does not seem to fully satisfy the needs of river monitoring for flood hazard assessment, such as near-real-time (NRT) access to very-high-resolution (VHR) observation of the hydro-geomorphological river conditions. We introduce a new perspective of remote detection and hydro-geomorphological monitoring of rivers by presenting an advanced remote detection analysis system (ARDAS) based on the combination of multiple technologies such as Unmanned Aerial Vehicle (UAV) systems, Structure from Motion (SfM) techniques, and the cloud computing environment. This system aims to detect Earth’s surface along rivers and to obtain NRT VHR products, such as ortho-photomosaics and DEMs, which are fundamental to apply a hydro-geomorphological analysis. The experimentation of ARDAS in the Basento river catchment area (Basilicata, South Italy) allows us to explore the potential of this innovative system in observations of channel dynamics, morphological modifications, and evolution trends. The proposed future development of ARDAS could further improve the applicability of RS data and techniques to the monitoring of Earth surface processes and to the assessment of natural hazards, by helping to understand how RS can contribute to the sustainability of environmental systems.




2. Methods


2.1. ARDAS Description


ARDAS was developed following the experimentation of integrated methodologies of RS and data processing [45]. The multi-technologies system applies a sequential step-by-step procedure (Figure 3):




	
Remote detection of the Earth’s surface through UAV systems. This surveying technique overcomes the intrinsic limitations of satellite- and airborne-based optical imagery and in situ traditional surveys. In fact, it ensures the acquisition of very-high-resolution spatial data with a high temporal frequency in the most dynamic environments (as the fluvial one), even by using a cheap consumer-grade digital camera [46]. These capabilities prove critical for identifying and monitoring active phenomena that drive topographic changes, ensuring, for example, detailed mapping of riverine landscapes, for flood and disaster relief [47,48].



	
NRT processing of data acquired from UAVs in the cloud environment through a massive operational data-center that provides great computing power and storage capacity through cluster computers that automatically process large datasets of high-resolution UAV images by applying a parallel computing photogrammetric workflow. High computing and data storage resources are needed to perform the computing task so that the results can be obtained in reasonable time, a key aspect especially in emergency scenarios. Thus, the concept of NRT is intended as minimizing the processing time of UAV images, uploaded by the user to the cloud environment, by taking advantage of the nearly unlimited computational resources made available [49]. In fact, mapping wide areas of the Earth’s surface by using UAV-based photogrammetry (low-altitude flight and low range coverage) can result in thousands or ten-thousands of high-resolution images (gigabyte or even terabyte), which need this type of solution to avoid limits in the photogrammetric processing [50].



	
Data processing through the application of a photogrammetric workflow based on SfM techniques [51]. The sequential acquisition of images at different angles and the following overlap define the 3D position of the image descriptors in order to determine the three-dimensional structure of the surface [52]. SfM processing leads to the generation of several outputs (point cloud, ortho-photomosaic, DEM, textured mesh) through the achievement of a sequence of steps: (i) detection of key features and tie points of the images by applying the scale-invariant feature transform (SIFT) algorithm [53]; (ii) estimation of the calibration parameters and camera position and orientation by applying bundle adjustment [54]; (iii) dense correlation by applying a clustering view for the multi-view stereo algorithm (CVMVS) [55]; and (iv) orthorectification. The processing is executed through a parallel open-source photogrammetric workflow exploiting the nodes that compose a computing cluster to distribute the most computationally demanding steps.



	
Generation and post-processing of VHR products: ortho-photomosaic and DEM (minimum achievable spatial resolution of 1 cm) obtained by multi-temporal UAV surveys. The outputs are used to monitor river evolution by applying methods of hydro-geomorphological analysis, such as change detection and parameter extraction. In fact, the application of ARDAS over time allows comparing output by computing the DEM of Difference (DoD) and hydro-geomorphological parameters. ARDAS is structured to partly automate data processing in order to avail in a very short time the necessary products for the assessment of river conditions and the connected risks.








As shown, the automated system relates single technologies and techniques in order to avoid the possible limitations arising from their individually application, such as long processing times or lowering of the resolution of the output. Through this combined methodology, ARDAS becomes suitable also for supporting emergency sceneries.




2.2. ARDAS Application


ARDAS was applied experimentally in the Basento River catchment area (Basilicata, Southern Italy) along the main reach (Figure 4a,b), which was affected by morphological modifications that conditioned the fluvial and alluvial dynamics and caused damage and failure, determining it hydro-geomorphologically as high risk [12]. The experiment was conducted during the period 2019–2021 in order to monitor the river reach evolution and evaluate the induced flood hazard. Flight missions were executed by using a quadcopter DJI Inspire 2 equipped with an optical sensor, DJI Zenmuse X5S (20.8 MP, DJI MFT 15 mm/1.7 ASPH, sensor CMOS 4/3′’, FOV 72°, image resolution 5280 × 3956 pixels; produced by DJI, Shenzhen, China, https://www.dji.com/it/zenmuse-x5s/info). The set of images acquired was processed using the computing clusters hosted by the ReCaS-Bari data center and by implementing a specific open-source photogrammetric workflow [45]. The photogrammetric workflow applies the principles of SfM (see Section 2.1) and distributes the most computationally demanding steps through parallel computing over the nodes that compose the ReCaS-Bari cluster. Parallel computing was carried out through a “divide and conquer” approach and for specific steps of the workflow (generation of tie points, orthophotos, and depth maps DEM), greatly minimizing the processing time (see Step 3 in Figure 3).





3. Results


The application of ARDAS along the reach of the Basento River led to acquiring a photogrammetric dataset composed of about 3000 optical images with a 1.09 cm/pixel resolution, which was were processed using the parallel open-source photogrammetric workflow.



A VHR ortho-photomosaic (1.23 cm/pixel resolution) and DEM (6 cm resolution) were generated (Figure 4c,d). These outputs describe the river channel with a very-high spatial resolution that allows to observe detailed morphological characteristics and to extract the hydro-geomorphological parameters and their components (see the example of the river extraction in Figure 1).



The comparison of the output obtained during the period 2019 and 2021 produced (i) a DoD, which detected the change in elevation, showing channel deposition and erosion (Figure 5); and (ii) a map of the channel displacement, which detected the change in channel location, modifying the sinuosity index (Figure 6).



These analyses improved the deep observation of the evolutionary trend. In fact, through DoD analysis, it was possible to detect significant morphological changes, in this case erosional and depositional processes up to a minimum level of detection (mLOD) of 14 cm (see legend in Figure 5a), and to identify the river reach exposed to favorable conditions for further potential bank collapses (red patches in Figure 5a) with solid deposition in the riverbed and consequent reduction in the river flood discharge areas (greatly increasing the flooding hazard). As shown by multi-temporal cross-section comparison (see Figure 5b), there was significant variation in the topographic profile, which involved a reduction in the flood discharge area (A, identified by considering the river bank in full) of about 70 m2. Through the change detection analyses, it also was possible to identify the alterations in the main river channel (in some sectors, displacements of more than 90 m were recorded, as stated also by the different values of the sinuosity index reported in Figure 6), and thus the conditions affecting the river and the related risks. These results confirm the high value of the ARDAS system, which identifies the changes in the river channel morphology and potential induced flooding factors over short time ranges, for the effective management of the alluvial environments and the suitable assessment of future instability scenarios.




4. Discussion


An understanding of river dynamics given the predicted climate and human-induced changes represents an important challenge, stimulating environmental scientists to engage in developing solutions for the monitoring, assessment, and mitigation of hydro-geomorphological risks. As known, there is an interrelation between the hydrological and geomorphological process conditions and catchment phenomena, such as flood events. Thus, the investigation of extreme river events supposes an integrated analysis that ensures a holistic approach able to detect the interaction of the processes and connected risks by considering the appropriate scale, resolution, and time period. The great advantages offered by RS constitute a fundamental resource for supporting the observation and monitoring of the processes that occur on the Earth’s surface, and in fluvial basins in particular, all made possible through the constant development of methodologies, techniques, and tools. ARDAS fits into this framework by combining technologies of RS and data processing to apply to hydro-geomorphological monitoring of rivers. The system observes and analyses the evolution of river morphology at a very-high resolution, detecting in short times any modification that could expose a river to geomorphological and flood risks. The results obtained in the Basento catchment demonstrated the capacity of ARDAS to reproduce the quantitatively topographic and morphological features of the investigated river reach and to identify changes in channel morphology (Figure 4, Figure 5 and Figure 6). Numerically characterizing the channel morphology, deposition, and erosion trend along the reach means to monitor the evolution of the river processes, effectively inspecting modifications in channel cross-sectional area and directly controlling flood susceptibility [11,12]. Considering the new methodologies of river hydro-geomorphological monitoring [10,56,57], ARDAS provides effective support to obtain highly accurate, quick, and flexible information by satisfying the main requirements of river monitoring and flood hazard assessment. In fact, the almost immediate availability of VHR products favors fast risk evaluation for correct operational strategy identification. Earth surface detection at a very-high spatial resolution implies the acquisition of a large data set of VHR images that needs high-performance hardware, large data-storage capacity, and long processing times. Therefore, very accurate information often has very long processing times; also, rapid information necessarily results in being less accurate. ARDAS represents a novelty in view of other monitoring systems by overcoming these limits through the application of an integrated system. In fact, the comparison of ARDAS with a classic photogrammetric process (CPP, applied by a commercial software) reveals (1) unaffected output accuracy and (2) a substantial reduction in the processing time, of about 60%, as also demonstrated by tests executed in other analyses [45]. The Root Mean Square Error (RMSE) of the difference between the ground control points (GCPs, extracted from technical regional cartography, with an accuracy of 1 m), assumed as the ground truth and checkpoints identified in the outputs from ARDAS and from other CPP, was computed, and is shown in Table 2. The processing time of the outputs from both systems was measured and is shown in Table 2. This comparison allows us to assess Step 3 in ARDAS (see Panel 3 in Figure 3), which is the most representative and influencing sequence of the system.



This evaluation highlights the efficiency of ARDAS and the high value of the automation and the combination of multiple technologies that could be further integrated into a future perspective. In fact, further development of ARDAS may potentially enhance the system by (i) extending the monitoring of a single river reach to the entire river course; (ii) commuting NRT in real-time RT data transfer; and (iii) automating the application of the hydro-geomorphological analysis. In order to achieve these improvement objectives, other sequences would be added in ARDAS in a step-by-step procedure (orange circles in Figure 7):




	
High-accuracy positioning of the UAV fleet by the European navigation satellite systems of Galileo and EGNOS (Panels 1 and 2 in Figure 7). Each UAV belonging to the fleet would integrate GNSS receivers (Galileo and GPS; [58]) so that it is able to get signals from the highest number of dual-frequency satellites, i.e., two GNSS signals at different frequencies from a satellite, providing increased reliability in challenging environments. In addition, leveraging the EGNOS system, a real-time augmentation of the original GNSS signals received from each UAV is applied with differential correction from stations developed across Europe. This very high accurate positioning system improves the accuracy, reliability, safety, and continuity of the correct GNSS positioning information for each UAV, determining a favorable condition for Beyond Visual Line Of Sight (BVLOS) automatic flight missions of the fleet. The BVLOS operation modality of multiple UAVs is suitable to detect a large area of the Earth’s surface, such as the course of the river in a catchment. However, it requires the accurate positioning of each individual UAV in action in order to avoid multipath interference errors and to ensure the complete mapping of the area, even in poorly accessible conditions, such as mountainous and/or dense vegetated areas, buildings, and other potential obstacles. This remote sensing system makes the simultaneous photogrammetry flight missions of multiple UAVs highly accurate.



	
A real-time data transmission system from each UAV to the cloud environment. Potential implementation of a connection network with data informatization that can ensure the real-time transfer of data acquired by each UAV into the cloud environment, by exploiting the potential of these tools to connect to the Internet and to generate and transmit data streams through the IoT (Internet of Things) paradigm. The real-time concept translates into optimizing the time of output generation by processing the data at the same moment of acquisition or at least within a very short subsequent time interval, with a continuous Input → Processing → Output chain.



	
Application of automation algorithms for the extrapolation of hydro-geomorphological features and parameters from VHR products (Panels 6 and 7 in Figure 7). The algorithms would implement an analytical procedure that executes the river geomorphological characterization and change detection in a flexible mode. Depending on the scale and phase of the investigation, the workflow could apply (i) river segmentation by executing pixel-based classification through image-processing techniques; (ii) detection of potential morphological modifications by applying DoD with a continuous and automatic update of consecutive UAV surveys; (iii) individuation of critical sections along river reaches identified by the previous step and extraction of relative profiles from the DEM through the interpolation of elevation points; and (iv) measurement and examination of the hydrological and morphological variables that control the fluvial processes by trying to automatically compute components of the indices listed in Table 1 (for example, the confinement index could be computed by using vector lines of channel width and floodplain derived from the first (i) step). Although this proposed implementation could be a challenge, the automation of the procedure would reduce the investigation timing without limiting the spatial extension of the observation area.








ARDAS, in the current and future potential version, could be applied in different fluvial environments by representing a useful solution for all subjects involved in river monitoring, land planning, and safeguarding activities. Moreover, ARDAS is a modular system that could be widely used also in other application scopes concerning the observation and monitoring of surface-occurring phenomena, such as environmental risk monitoring, ecosystems evolution analysis, archaeological landscapes investigation, engineering and building design, and others. The proposed remote detection and analysis system tries to provide knowledge and expertise for the exploitation and fusion of new technologies in order to translate the science exploration into a strategy task for an operational support to society. This approach follows the new trend of a space economy, the cross-technologic and multi-sectors frontier that aims to generate economic growth through business opportunities, providing value and benefits to humanity and concretely solving complex problems on a global scale through sustainable development [59]. Discovering how RS technologies can support an understanding of Earth systems represents the beginning of the space economy, and combining RS and digital technologies to make our world more sustainable is the main objective of this new space economy. An ARDAS enhancement perspective joins this virtuous system, triggering innovative ideas for Earth surface monitoring that can contribute to achieve the Sustainable Development Goals, adopted globally to actively take action in protecting the planet.




5. Conclusions


The effects of climate change imposed the development of solutions for river monitoring and flood hazard assessment. Hydro-geomorphological analysis helps to investigate river process interactions and induced flood hazards. RS offers fundamental support in Earth observation and surface dynamics monitoring.



Here, the proposed ARDAS system combines multiple technologies to apply hydro-geomorphological monitoring of rivers. The main findings are as follows:




	
Generation of NRT VHR outputs, i.e., an ortho-photomosaic and DEM, is useful for multi-temporal hydro-geomorphological analysis.



	
The very short time of data processing is crucial for risk assessment and management of monitoring and emergency activities.



	
The main advantage of ARDAS is satisfying the need to rapidly access highly accurate information.



	
The potential limits of ARDAS, such as detection of only some river reaches and the need to move manually from one sequence to another in the system, would be overcome in future development of the system.








As it is designed, ARDAS can be placed in the value chain of the new space economy and sustainable development.
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Figure 1. Examples of river boundary extraction from RS data through different image-processing algorithms. (1) River extraction along the Zambezi reach (Mozambique) from a Sentinel−1 SAR image acquired on 15 July 2015 (a), by applying texture analysis through pixel-based homogeneity computation (b) and the threshold operator of the resulting values into the set region boundaries (c). (2) River extraction along the Zambezi reach (Mozambique) from a Sentinel−2 multispectral image acquired on 28 September 2016 (a), by applying the normalized difference vegetation index (NDVI) (b) and the threshold operator of the resulting values into the set region boundaries (c). (3) River extraction along the Basento reach (Italy) from a very-high spatial resolution (1 cm) ortho-photomosaic derived from drone images (a) (through the ARDAS system, see below), by applying algorithms of edge detection through a Sobel filter (b) and unsupervised k-means clustering (c) that distinguish the bars in the channel. 
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Figure 2. Examples of RS data integration in flood monitoring. (1) Photographs of flood event effects (a–d) in the historical site of Metaponto (Basilicata, Italy) and maps of the inundated area (A), with the different water extents detected by optical and SAR images (B–D). Figure from [27]. (2) Flood map deriving from the integration of multi-frequency SAR data. Figure from [28]. (3) Map of the sediment flow connectivity index of an area of the Severn River catchment (UK), overlaid with the water extent borders (blue line) of the flood event (left) and a comparison with aerial photography (right), showing the flooded areas (top, red box) corresponding to high sediment connectivity areas (in red) and non-flooded areas (bottom, yellow box) corresponding to low sediment connectivity areas (in green). Figure from [11]. 
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Figure 3. Detection and processing sequences of the ARDAS system: (1) acquisition of UAV data; (2) NRT processing in the cloud environment; (3) application of the photogrammetric workflow through SfM techniques; (4) processing of the multi-temporal VHR ortho-photomosaic and DEM for hydro-geomorphological analysis. 
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Figure 4. Output generated by the ARDAS application in Basilicata (Southern Italy) (a) along a reach of the Basento River catchment (respectively, the red spots and green borders in (b)): ortho-photomosaic (c) and DEM (d). 
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Figure 5. (a) DEM of Difference between 2019 and 2021, showing channel deposition (blue) and erosion (red) along the reach. The black segment indicates the trace of the cross−section shown below. Basemap: Google Satellite. (b) Multi−temporal river cross-section comparison (2019–2021) and flood discharge area estimation (A) for each river cross-section (2019 and 2021). 
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Figure 6. Map of the channel displacement with the extraction and overlap of channel location relative to 2019 (green) and 2021 (light blue) and the indication of the corresponding sinuosity index. Basemap: Google Satellite. 
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Figure 7. Future development of the ARDAS system with integration of some sequences (indicated by orange circles): (1) Galileo and EGNOS systems; (2) acquisition of the UAVs’ fleet data; (3) RT transmission into the cloud environment (see Section 2.1); (4) application of the photogrammetric workflow through SfM techniques (see Section 2.1); (5) processing of the multi-temporal VHR ortho-photomosaic and DEM (see Section 2.1); (6) automation algorithms for extrapolation and analysis of the hydro-geomorphological features and parameters (7). 
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Table 1. Synthetic list of hydro-geomorphological parameters with their corresponding definitions and components, potential remote detection techniques, and RS data. DEM = digital elevation model. O = optical sensor. S = SAR sensor. UAV = unmanned aerial vehicle. InSAR = interferometric SAR. LiDAR = light detection and ranging. VHR = very-high resolution. NDVI = normalized difference vegetation index. PolSAR = polarimetric SAR. PSI = permanent scatterer indicators.
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HYDRO-GEOMORPHOLOGICAL PARAMETERS

	
REMOTE DETECTION TECHNIQUES

	
REMOTE SENSING DATA




	
Definition

	
Components

	
Indirect Modality

	
Direct Modality






	
Confinement Degree *

	

	➢

	
length of the banks;




	➢

	
length of the confined banks







	
Channel boundary digitalization and measurement

	
Channel boundary extraction (spatial filtering, segmentation, pattern recognition)

	
DEM, satellite (O, S), aerial and UAV imagery




	
Confinement Index *

	

	➢

	
width of the channel;




	➢

	
width of the floodplain







	
Channel and floodplain boundary digitalization and measurement

	
Channel boundary extraction:

channel area/reach length from river axis (average width)

	
DEM, satellite (O, S), aerial and UAV imagery




	
Planimetric Channel Index * (sinuosity, anabranching, etc.)

	

	➢

	
length of the river axis;




	➢

	
length of the orientation axis




	➢

	
number of channels in riverbed







	
Channel boundary digitalization and measurement

	
Channel boundary extraction

	
Satellite (O, S), aerial and UAV imagery




	
Discontinuity of riverbed slope *

	

	➢

	
longitudinal profile







	
-

	
Longitudinal profile extraction from InSAR and LiDAR derived DEM

	
DEM




	
Hydrological Discontinuity *,†

	

	➢

	
tributaries along the reach







	
Tributaries detection

	
-

	
VHR satellite (O), aerial and UAV imagery, DEM




	
Artificiality (human-induced elements)†

	

	➢

	
embankments, dams, bridles etc. in the reach







	
Elements detection

	
-

	
VHR satellite (O), aerial and UAV imagery




	
Sediment Connectivity Index†

	

	➢

	
structural components (slope, land cover, surface roughness, etc.);




	➢

	
functional components (soil stability, water storage capacity etc.)







	
-

	
Slope from InSAR-LiDAR derived DEM;

Land cover recognition (supervised algorithms);

Surface roughness detection through the measurement of Haralik features

	
DEM, satellite (O, S), aerial and UAV imagery




	
Section Variability†

	

	➢

	
presence of river bars, vegetation and/or boulders in riverbed etc.







	
Elements detection

	
-

	
VHR satellite (O), aerial and UAV imagery




	
Banks Erodibility†

	

	➢

	
types of banks;




	➢

	
retreat rate;




	➢

	
presence of embankments etc.







	
Only for banks retreat: multi-temporal analysis of images

	
Only for banks retreat:

measurement of the shift derived from the multi-temporal comparison of channel

	
VHR satellite (O, S), aerial and UAV imagery




	
Presence of Large Wood Material†

	

	➢

	
transport of wood material;




	➢

	
density of wood material







	
Large wood detection

	
-

	
VHR satellite (O), aerial and UAV imagery




	
Width and Extent of Vegetation Band  *,†

	

	➢

	
width of riparian vegetation band;




	➢

	
extent of riparian vegetation band







	
Vegetation band detection (mapping)

	
Vegetation band extraction (segmentation and pattern recognition; NDVI index and other ones; InSAR and PolSAR)

	
Satellite (O, S), aerial and UAV imagery




	
Slopes Instability†

	

	➢

	
density and frequency of landslides along the reach;




	➢

	
solid flux in the reach







	
Only for the landslides:

slopes and channel observations

	
Only for the landslides:

multi-temporal InSAR (PSI)

	
Satellite (O, S), aerial and UAV imagery








* Parameter detectable only remotely; thus, without the integration of in situ data. † Parameter directly connected to flood hazard valuation.
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Table 2. Quantitative comparison of ARDAS with CPP.
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ARDAS

	
CPP






	
RMSE (m)

	
X

	
0.86

	
0.92




	
Y

	
1.11

	
0.96




	
Z

	
1.30

	
1.57




	
TIME (min)

	
900

	
2400
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