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Abstract

:

This publication is aimed at developing a concept of an innovative system for dimensioning and predicting changes in the coastal zone topography using Unmanned Aerial Vehicles (UAVs) and Unmanned Surface Vehicles (USVs). The 4DBatMap system will consist of four components: 1. Measurement data acquisition module. Bathymetric and photogrammetric measurements will be carried out with a specific frequency in the coastal zone using a UAV equipped with a Global Navigation Satellite System (GNSS)/Inertial Navigation System (INS), Light Detection And Ranging (LiDAR) and a photogrammetric camera, as well as a USV equipped with a GNSS Real Time Kinematic (RTK) receiver and a MultiBeam EchoSounder (MBES). 2. Multi-sensor geospatial data fusion module. Low-altitude aerial imagery, hydrographic and LiDAR data acquired using UAVs and USVs will be integrated into one. The result will be an accurate and fully covered with measurements terrain of the coastal zone. 3. Module for predicting changes in the coastal zone topography. As part of this module, a computer application will be created, which, based on the analysis of a time series, will determine the optimal method for describing the spatial and temporal variability (long-term trend and seasonal fluctuations) of the coastal zone terrain. 4. Module for imaging changes in the coastal zone topography. The final result of the 4DBatMap system will be a 4D bathymetric chart to illustrate how the coastal zone topography changes over time.
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1. Introduction


1.1. Effects of a Lack of Dimensioning and Predicting Changes in the Coastal Zone Topography


Bathymetry is a branch of hydrology that deals with the measurements of depths and watercourses [1]. Bathymetric measurement results plotted on the waterbody map as depth points enable the determination of isobaths, i.e., isolines connecting points of equal depths of water areas, depicting the topography of the waterbody bottom [2]. The data made available by the General Bathymetric Chart of the Oceans (GEBCO) show that the global ocean floor has only been approx. 20% explored [3], despite the fact that the aquatic environment is among the most rapidly changing regions on the Earth, particularly in the coastal zone [4].



The coastal zone, i.e., the area encompassing the seashore and the adjacent parts of land and sea, is of particular importance from the perspective of economic and environmental policies of the coastal states. This is due to the fact that it is rich in natural resources, which is why approximately 50% of the world’s population inhabit areas located within 100 km of the shoreline [5]. For this reason, it is essential to carry out continuous bathymetric monitoring and to predict the dynamically occurring changes in the coastal zone topography. These are determined by numerous anthropogenic and natural factors, which include biological activity, marine erosion, rising water levels [6], ocean currents, rock debris transport, tides, wave action [7], seawater intrusion [8], earthquakes, river regulation [9], ocean acidification, rising temperatures [10] and coastal flooding [11]. Studies on the influence of the above-mentioned factors on the course of landforms in the coastal zone were carried out on different waterbodies, e.g., deltas, estuaries [12,13], wetlands [14], bays [15,16] and other geographic formations situated along the coast [17,18]. Changes in topography occurring in the coastal zone can cause an adverse impact on the aquatic environment and humans [19,20,21].



Makar et al. [22] analysed changes in the seabed topography in the waterbody adjacent to the Sopot pier (Poland) that occurred in the years 2010–2018. In order to determine the temporal and spatial variability of the area topography, both archival and current bathymetric measurements were carried out using manned and Unmanned Surface Vehicles (USVs), on which Single Beam Echo Sounders (SBESs) and MultiBeam EchoSounders (MBESs) were mounted. For each of the four measurement campaigns conducted in the years 2010, 2012, 2014 and 2018, a Digital Bathymetric Model (DBM) was developed in an identical manner using the Inverse Distance Weighting (IDW), which is commonly applied for seabed modelling (Figure 1).



The study demonstrated that the construction of the “Molo” marina in Sopot in 2011 caused a local inhibition in the debris (sand) transport along the coast, thus resulting in debris accumulation between the marina and the shore. The process of forming a tombolo, which refers to the connection of a peninsula to the mainland, began in Sopot as a result [23]. This phenomenon mostly shapes the course of beaches and coasts under natural conditions but can be the result of human activity, as is the case in Sopot [24]. After the construction of the marina, the area of the coastal strip increased by approx. 13,062 m2, i.e., by 34.6%, and the shoreline moved towards the sea by 53 m [2020].



The tombolo phenomenon in Sopot has an adverse effect on the aquatic environment and on humans. Firstly, it poses a danger to navigation by both sailing and motor-powered vessels, particularly near the yacht marina, where the depths decreased, during the period under study, from approx. 3.5 m to 1.5 m. Secondly, research demonstrated that the tombolo phenomenon contributed to the occurrence of more stagnant water and to the faster heating of water, which created more favourable conditions for the blooms of cyanobacteria and other bacteria. Thirdly, every year the city of Sopot incurs millions of PLN in costs to curb the development of the phenomenon by commissioning dredging works.



The example of the waterbody adjacent to the Sopot pier proves that if accurate and periodic bathymetric measurements, as well as tools for predicting changes in the area topography, were available in this area, the adverse effect of the tombolo phenomenon on the aquatic environment and on humans could be inhibited or prevented.



Di Martino et al. [25] assessed the changes in the topography of a shallow waterbody with depths ranging from 2 m to 15 m, located in the Gulf of Pozzuoli in the eastern part of the Tyrrhenian Sea (Italy). Bathymetric measurements were carried out using manned hydrographic survey vessels with MBESs mounted on them. For each of the two measurement campaigns conducted in the years 2006 and 2017, a Digital Terrain Model (DTM) with a grid resolution of 1 m × 1 m was developed in an identical manner. The DTM models created in this way were then compared to produce maps showing the differences in the shallow waterbody depths.



The study demonstrated that the area of the waterbody affected by marine erosion increased by 38.91% (93,000 m2) between 2006 and 2017. Considerable changes in the seabed topography (of more than 30 cm), as manifested by sand accumulation or depletion, are clearly seen within the 2–15 m depth range both in the central and the southern part of the water area under study. For example, a considerable accumulation of sand with a volume of 1254 m3 was noted in area 1–2 with an area of 3406 m2. As a result, the waterbody became shallower by up to 70 cm in some places. On the other hand, in area 2–1, with an area of 34,000 m2, a significant loss of 15,000 m3 of sand was noted. As a result, in some places the water area deepened by almost 1 m.



The authors of the publication claim that it was human activity (the construction of piers, coastal and shore protection works, etc.) carried out from the 1910s to 1990s that contributed to the considerable changes in the seabed topography in this area. In addition, these changes are affected by the marine erosion caused by coastal currents. The authors of this study recommend that periodic hydrographic surveys should be carried out in the coastal zone to analyse changes in the seabed topography. On the basis of these, it will be possible to plan dredging and silting works to prevent these changes and reduce their extent.



Mielck et al. [26] assessed the changes in the seabed topography that occurred over a short-term (6 months) and a long-term period (25 years) in the Westerland Dredging Area (WDA), where major dredging operations in Germany are carried out. This area is subject to severe water erosion caused by storms. Bathymetric measurements were carried out using survey vessels with MBESs and SBESs mounted on them. For each of the four measurement campaigns conducted in the years 1993, 2008/2009, 2016 and 2017, a DBM model was developed in an identical manner using the IDW method (Figure 2).



To assess the amount of sediment loss and gain over a longer period of time, it was decided to compare the depth data from 2017 with the bathymetric soundings conducted in the years 1993 and 2013. Figure 3 shows three bathymetric profiles crossing the area under study in a north–south direction. The locations of the cross-sections are shown in Figure 2b. Based on the analysis of the bathymetric profiles, a considerable sand loss of almost 5 m can be observed in the W-IIA area (Figure 3a,b) and a sand loss of approx. 8 m in the area W-IIIA (Figure 3c) due to the dredging works carried out in recent decades. Minor sediment losses were detected at the margins of the newly created dredge holes (Figure 3c). In addition, the sand accumulation was noted in dredge holes: ~3 m in the W-IIA area in the years 1993 and 2017 and ~0.5 m in the W-IIB area in the years 2013 and 2017.



The authors of the publication identified the effect of dredging works on the natural regeneration of the seabed in the WDA. The study showed that steep slopes gradually eroded in the newly created holes, which was followed by a slide of sand into the holes. Slow bottom currents in the holes prevent the transport of debris (sand), which results in mud deposition. It is difficult to estimate the time required to restore the seabed to its natural form on the basis of available data. Even more than 30 years after the dredging works were finished, deeper holes are still clearly recognisable. The authors of this study claim that the natural regeneration of the seabed may take many decades or even several centuries.



Shallow waterbodies with a high temporal and spatial variability of the seabed topography are often the subject of numerous tenders invited by public institutions. One of the most recent such procedures was the “Monitoring of sea shores based on data obtained by LiDAR, orthophotomap and transverse profiles of the sea shore”, commissioned by the Maritime Office in Gdynia in 2020. The subject of the contract was the assessment of the seashore condition by analysing the topography of the seashore and all features of the coastal zone, natural or artificial, that have an effect on the maintenance of a 417.5 km long seashore. In addition, port areas with a total area of 5433 ha were covered by bathymetric monitoring. As part of this tender, photogrammetric surveys of ports and the Hel Peninsula were to be carried out by the Airborne Laser Scanning (ALS), resulting in the preparation of an orthophotomap. In addition, bathymetric measurements of coastal protection structures were to be carried out using at least one vessel equipped with an MBES or SBES, resulting in the development of DBM models. Four tenderers applied for the open tender procedure: AirborneHydroMapping GmbH, GISPRO Sp. z o.o., MEWO S.A. & MGGP Aero Sp. z o.o. and Geo Ingenieurservice Polska Sp. z o.o. & OPEGIEKA Sp. z o.o. The most favourable tender offer in the public procurement procedure was submitted by Geo Ingenieurservice Polska Sp. z o.o. & OPEGIEKA Sp. z o.o., and it received the highest score based on the offer evaluation criteria, which included the price, a weight of 60%; the extent and depth of Light Detection And Ranging (LiDAR) scanning, a weight of 30%; and the experience, a weight of 10%. The price of the selected tender offer was PLN 2.643 million gross, which was less than the Contracting Authority’s budget of PLN 3.874 million [27].



Another important project from Poland’s economic and strategic perspective is the Vistula Spit canal, which enables entering the Baltic Sea from the port in Elbląg without crossing Russian territory, thus reducing the previous route by approx. 100 km. Currently, the canal provides access to Elbląg for seagoing vessels with a length of 100 m (or 180 m for a set of barges), a width of 20 m and a draft of 4.5 m. It should be noted that the min. depth of the canal is 5 m. Hence, the max under-keel clearance is only 50 cm [28]. Therefore, continuous seabed topography monitoring appears to be necessary to ensure the safety of marine shipping. In addition, it seems important to predict depths at the entrance to the canal from the Gulf of Gdańsk due to the shallow water conditions found there, with depths of less than 3 m (Figure 4a) [29]. As demonstrated by the results of studies by other authors [22,25], the construction of hydrotechnical structures, e.g., a breakwater near the Vistula Spit canal, may result in sand accumulation in its area (Figure 4b). Therefore, it is necessary to monitor the debris transport that may pose a navigational hazard to vessels.




1.2. Current State of Knowledge


The survey devices and methods used in bathymetric measurements in shallow waterbodies (with depths of less than 1 m) are characterised by a low accuracy of the position coordinate measurement in terms of the accuracy requirements provided for the most stringent International Hydrographic Organization (IHO) Orders (Exclusive and Special) [30], and a low bottom coverage with surveys. This can result in a misinterpretation of the topography and the processes occurring in the coastal zone [31,32].



The methods and survey equipment most commonly used in hydrography include:




	
The tachymetric method involves determining the position of a depth point based on the measurement of horizontal and vertical angles and distances, usually carried out using an electronic total station. This method is characterised by a high position measurement accuracy (<1 cm). However, its main disadvantage is the low coverage of the bottom with measurements, which is determined by the depth to which the surveyor with a pole can enter [31,33].



	
The geodetic method involves a surveyor entering marine water depths to a preset depth using a Global Navigation Satellite System (GNSS) receiver mounted on a pole. Similarly to the tachymetric method, it is characterised by a high positioning accuracy (1–2 cm when using a GNSS Real Time Kinematic (RTK) receiver) and a low coverage of the bottom with measurements [34,35] (Figure 5).



	
The hydrographic method involves performing a bathymetric survey using a manned vessel with a measurement set comprising a hydroacoustic device (SBES) and a positioning system (maritime Differential Global Positioning System (DGPS) receiver) usually mounted on it. This method has a limited range of operation due to the draft of hydrographic vessels (approx. 1 m and more) and the echo sounder transducers mounted on their bows. It can be assumed that bathymetric measurements down to a depth of 1 m are virtually not carried out using the hydrographic method. In addition, it should be noted that hydrographic surveys of this type involve considerable financial outlays [36,37].



	
Satellite-Derived Bathymetry (SDB) involves the determination of the waterbody depth by measuring light intensity using high-resolution (0.5–2.5 m) multi-spectral images derived from DubaiSat, IKONOS, QuickBird and WorldView satellites, or moderate-resolution multi-spectral images derived from Landsat satellites [38]. Undoubtedly, the advantages of satellite bathymetry include the lack of costs associated with the performance of hydrographic surveys, the considerably shorter time it takes to carry out the measurements as compared to the traditional methods and the possibility of conducting research in remote and inaccessible areas. The disadvantage of the SDB method is the unsatisfactory accuracies of depth measurements (of several metres), which are strongly determined by water transparency [39,40].



	
Airborne LiDAR Bathymetry (ALB)/Airborne LiDAR Hydrography (ALH) involve determining the depths of a waterbody by measuring the time difference between the moments of reception of two pulses recorded by the on-board sensors of a manned aircraft [41]. The advantage of the ALH/ALB systems is the full coverage of the bottom with measurements, the accuracy of which, however, depends on water transparency [42]. A study conducted by [43] proved that these systems failed to meet the accuracy requirements provided for the most stringent IHO Orders (Exclusive and Special). The disadvantages of the ALB/ALH systems also include the relatively low resolution that is largely determined by the local hydrometeorological and hydrological conditions, as well as the considerable financial outlays for the research.








The literature research revealed that the existing hydrographic solutions used in bathymetric measurements in shallow waterbodies (with depths of less than 1 m) are characterised by low accuracy of the position coordinate measurement and a low bottom coverage with surveys. Therefore, the aim of this article is to present a concept of an innovative system for dimensioning and predicting changes in the coastal zone topography using Unmanned Aerial Vehicles (UAVs) and USVs. It will allow dimensioning and predicting of the terrain in accordance with the accuracy requirements provided for the IHO Special Order.



Section 2 describes measurement methods and tools (UAVs, USVs and a method for determining the depth of shallow waterbodies) that will be used to create an innovative system for dimensioning and predicting changes in the coastal zone topography using UAVs and USVs. This chapter also presents how the geospatial data recorded by the 4DBatMap system will be processed. Section 3 presents the concept of an innovative system for dimensioning and predicting changes in the coastal zone topography using UAVs and USVs, including the final result of the system, i.e., a 4D bathymetric chart to illustrate how the coastal zone topography changes over time. In Section 4, existing solutions similar to the 4DBatMap system were made, such as MIKE 21. In Section 5, potential application areas of this system were discussed.





2. Materials and Methods


2.1. Measurement Aspect


To develop a prototype of dimensioning and predicting changes in the coastal zone topography that uses autonomous unmanned flying and floating measurement platforms, two main research aspects should be considered:




	
The measurement aspect, which will involve the optimal selection of equipment, survey methods and techniques for acquiring geospatial data that meet the accuracy requirements provided for the IHO Special Order.



	
The mathematical modelling aspect, which will involve the analytical processing of geospatial data for predicting changes in the coastal zone topography. As a result, an optimal method will be determined to describe the temporal and spatial variability of the coastal zone topography and criteria for the assessment of these changes will be determined.








The aspect related to mathematical modelling will largely determine the scientific value of the system under development. However, in order to implement it, it is necessary to acquire precise geospatial data with a high measurement coverage of the area using unmanned survey platforms (measurement aspect). These will enable the prediction of changes in the coastal zone topography to be carried out in a reliable manner.



To conduct the proposed study, the system will use the following measurement methods and tools:




	
A UAV is an aircraft capable of performing a flight with no pilot on-board. Therefore, the flight of the aircraft must be performed autonomously, in pre-programmed mode or using remote control [44,45]. Aerial drones are characterised by their high manoeuvrability, small size and high accessibility, and they enable the performance of complex photogrammetric surveys with an accuracy of up to several centimetres thanks to the possibility of mounting high-resolution digital cameras or 3D laser scanners on them [46,47,48,49,50]. The system will use an Aurelia X8 UAV, on which a prototype optoelectronic module comprising the following nine components will be mounted: a camera (Sony A6500 + Sony E 35 mm f/1.8 OSS), communication module, gimbal (Gremsy T3V3), GNSS/Inertial Navigation System (INS) (SBG Ellipse-D), Internet modem, LiDAR (Velodyne VLP-16 Puck LITE), module supporting camera and gimbal control, power control module and a single-board computer (PICO-WHU4) (Figure 6a). A UAV will enable the performance of photogrammetric surveys of the coastal zone onshore topography and the determination of the depths between the shoreline of the shallow waterbody and the min. isobath recorded by the echo sounder [51]. The prototype optoelectronic module to be mounted on the UAV was designed during the implementation of a research project entitled “Innovative autonomous unmanned system for bathymetric monitoring of shallow waterbodies” (INNOBAT system), funded by the National Centre for Research and Development (NCBR) in Poland under the LIDER XI programme [35].



Photogrammetric measurements using a UAV will be carried out under appropriate weather conditions, i.e., sunny and windless weather. In order to obtain LiDAR data and low-altitude images, the research will be conducted along previously planned flight profiles parallel and perpendicular to the coastline, spaced every 10 m from each other, with a longitudinal and transverse coverage of approx. 80%. To fully cover the area with photos, the flight will be carried out at a speed of 10 km/h at a height of 70 m. Thanks to this, it will be possible to obtain the Ground Sample Distance (GSD) of approx. 2–3 cm [45,52].



	
A hydrographic USV is a remotely, radio-controlled surface vessel that enables hardware integration with a GNSS receiver and a vertical echo sounder (min. equipment), designed to carry out hydrographic surveys in harbour basins, lakes, rivers and small waterbodies [53,54,55,56,57]. The main advantage of USVs is their shallow draft (10–20 cm in certain cases). This allows them, in contrast to manned hydrographic vessels, to carry out bathymetric measurements on shallow water areas with depths of up to 1 m. The system will use a hydrographic “HydroDron” USV (Figure 6b) [58,59], built during the implementation of a research project entitled “Development of an autonomous/remotely controlled surface platform dedicated to hydrographic surveys in restricted waterbodies”, funded by the NCBR in Poland under the INNOSBZ programme [60]. This is undoubtedly a solution that meets the highest global standards for the performance of hydrographic surveys. Thanks to the state-of-the-art equipment, the “HydroDron” vessel allows bathymetric, LiDAR and sonar measurements to be carried out in autonomous mode. The “HydroDron” USV enables the implementation of hydrographic surveys of fixed and floating objects, aids to navigation, features above the vertical reference significant to navigation, coastline, overhead clearances, water flow direction, water flow speed and angular measurements in accordance with the accuracy requirements provided for the most stringent IHO Order, i.e., the Exclusive Order.



Hydrographic surveys using a USV will be carried out under appropriate hydrometeorological conditions, i.e., no waves and no wind. For depths exceeding 1 m, bathymetric measurements will be performed with the use of the “HydroDron” USV equipped with an MBES parallel to the coastline. However, at depths of up to 1 m a shallow-draft USV equipped with a SBES will be used. Hydrographic surveys will be conducted along main and control profiles. In places where it is impossible to obtain bathymetric data at depths, the geodetic method will be applied, which will enable full coverage of the bottom with measurements [52,61].



	
A method for determining the depth of shallow waterbodies, which involves acquiring aerial images from the UAV and then processing (interpreting) them in post-processing mode. The Support Vector Regression (SVR) algorithm [62] will allow the depth of a shallow-water area to be determined based on the radiometry of the field pixel image [63]. As part of the INNOBAT project, a validation study of this method was carried out on two waterbodies: marine and inland. In the marine water area, the 2σ depth measurement accuracy (p = 0.95) was 0.16 m (Figure 7a), while in the inland waterbody, the 2σ depth measurement error (p = 0.95) ranged from 0.22 to 0.24 m. It should be noted that the above results were obtained for a depth range of up to 1 m. The study demonstrated that the proposed method for determining the depth of shallow water areas within a range of 0.1 to 1 m met the accuracy requirements provided for the IHO Special Order [30]. In addition, the INNOBAT project implemented this method in the form of the “Depth prediction” plug-in in the QGIS software (Figure 7b).









2.2. Analysis of Time Series


The above-mentioned measurement methods and tools will allow reliable dimensioning and predicting of changes in the coastal zone topography. Without the measurement aspect, it would not have been possible to achieve the main scientific objective of the system under development, namely the development of an optimal mathematical method to enable predicting changes in the coastal zone topography showing long-term tendencies (trends) [64,65,66] and seasonal fluctuations (seasonality) [67,68].



The mathematical modelling aspect will be solved by carrying out an analysis of time series, which has been gaining increasing importance recently, and is being used with undiminished success in many areas of science, business and industry [69,70]. The time series itself is an observation of an interesting quantity recorded at consecutive (usually regular) time intervals, e.g., consecutive months or years. The analysis of time series in this system is aimed at developing a model to describe the temporal and spatial variability of the coastal zone topography well. The model will later be used to predict the future (unknown) values of the depths/heights of coastal zone points [71].



The system will involve an analysis of the time series, to be conducted in four steps [71,72,73,74,75]:




	
Step I: Analysis of the basic properties of the series. In this step, the measurement data will be presented as graphs. They will enable the determination of a long-term tendency (trend) and seasonal fluctuations (seasonality). In addition, a graph will be produced to assess whether a temporal correlation is occurring in the data and how strong it is (the so-called autocorrelation).



	
Step II: Necessary transformations. Before starting the proper analysis and predicting of time series, the measurement data must be prepared in an appropriate way. To this end, transformations are used to simplify the modelling and predict the construction process. These include:




	○

	
Box–Cox transformation (power transform) is applied when variance in the data under analysis increases or decreases with the series level. Very importantly, the application of this transformation allows the effect on the analysis results, occurring in the series of atypical (outlier) observations, to be mitigated, and the data distribution more similar to the normal one to be obtained (a typical assumption for classical models for time series).




	○

	
Differentiation is used to transform data to the stationary form, i.e., one whose properties do not change over time (no occurrence of a long-term trend and seasonality). If a stationary series is obtained following the elimination of the trend and seasonality, it will then be possible to fit a suitable model from an extensive family of stationary models, e.g., AR, MA and ARMA models.




	○

	
The division of data into a training set and a test set. In order to be able to reliably assess the accuracy and to compare the performance of different prediction methods, the measurement data will be divided into two parts: the training set and the test set. Forecasts will be constructed based on the training set, while the assessment of their accuracy will be carried out using the test set.









	
Step III: Model fitting and diagnostics. When analysing time series, the choice of an appropriate mathematical model for the measurement data is of vital importance. To this end, the following models will be used to predict changes in the coastal zone topography:




	○

	
Stationary models, e.g., AR (p), MA (q) and ARMA (p,q).




	○

	
Non-stationary models to account for the differentiation operations, e.g., ARIMA (p,d,q).




	○

	
Seasonal models, e.g., ARIMA (p,d,q) (P,D,Q)s.




	○

	
Models based on ExponenTial Smoothing (ETS).




	○

	
Decomposition models to account for the breakdown of the series into seasonality, trend and random fluctuations.




	○

	
Basic information will be presented for each model and diagnostic charts will be produced to confirm the model fit correctness.









	
Step IV: Prediction. Forecasting future values based on historical data is among the main tasks of time series analysis. The choice of an appropriate prediction method is determined by many factors, e.g., long-term trends occurring in the series under analysis and seasonality. In order to assess the actual suitability of the prediction construction methods applied, it is advisable to also take into account simple reference methods in the comparison to assess whether the forecasts determined using advanced methods are more accurate and how much more accurate they are.








The main criterion in selecting the appropriate method for predicting changes in the coastal zone topography will be the accuracy of the forecasts constructed. It can be determined using the following statistical measures:




	○

	
Criteria based on prediction methods, e.g., Mean Absolute Error (MAE), Mean Square Error (MSE) and the Root Mean-Square Error (RMSE).




	○

	
Criteria based on percentage prediction methods, e.g., Mean Absolute Percentage Error (MAPE), Mean Percentage Error (MPE) and the Maximum Absolute Percentage Error (MaxAPE).




	○

	
Criteria based on scaled errors, e.g., Mean Absolute Scaled Error (MASE).




	○

	
Criteria using reference forecasting methods, e.g., Theil and Theil’s U indexes.









The statistical measures determined enable an assessment of the risk associated with decisions taken based on the selected prediction methods. Based on these, an optimal method will be then determined to describe the temporal and spatial variability of the coastal zone topography.





3. Results


The final effect of the implementation of the proposed research will be the 4DBatMap system, i.e., an integrated system using autonomous unmanned flying and floating measurement platforms designed to dimension and predict changes in the coastal zone topography. It will enable the dimensioning and forecasting of the area topography in accordance with the accuracy requirements provided for the IHO Special Order (horizontal position error ≤ 2 m (p = 0.95), vertical position error ≤ 0.25 m (p = 0.95)) [30]. Bathymetric and photogrammetric surveys will be carried out using UAVs and USVs within the coastal zone, both in the onshore area adjacent to the shallow waterbody and in the underwater area to a depth of several metres.



	
The 4DBatMap system should be understood as a system that provides a service:



	
The performance of bathymetric and photogrammetric surveys with an appropriate frequency using unmanned flying and floating measurement platforms for studying short-term (seasonal) and long-term changes in the coastal zone topography.






Predicting changes in the coastal zone topography based on geospatial data, resulting in the compilation of a 4D bathymetric chart to illustrate how the coastal zone topography changes over time.



As compared to other existing solutions, the 4DBatMap system will allow the entire coastal zone topography to be surveyed in an accurate and precise manner based on the geospatial data acquired by UAVs and USVs. The system will comprise four main modules (Figure 8).



	1

	
Measurement data acquisition module. For the purposes of this module, bathymetric and photogrammetric surveys will be carried out with an appropriate frequency (ascertained on the basis of research) to identify short-term (seasonal) and long-term changes in the coastal zone topography. To this end, a UAV with a prototype optoelectronic module comprising a GNSS/INS system, LiDAR and a photogrammetric camera mounted on it, as well as a USV equipped with an MBES and a GNSS/RTK receiver will be used.




	2

	
Multi-sensor geospatial data fusion module. In this module, the geospatial data recorded using autonomous unmanned measurement platforms will be processed. LiDAR data will allow a land area model to be developed. The images taken by the photogrammetric camera will enable the determination of the waterbody shoreline and the determination of the water area depth between its shoreline and the min. isobath recorded by an echo sounder mounted on an unmanned vessel, which is approx. 1 m. The remaining part of the seabed will be surveyed by an integrated hydrographic system (MBES + GNSS/RTK receiver) mounted on the USV. For the processing of geospatial data, three plug-ins for the QGIS software, developed as part of the INNOBAT project implementation, will be used:




	○

	
“Shoreline extraction”—a module designed to extract the shoreline based on LiDAR data using the algorithms proposed by Xu S. et al. [76] and the contour method [77].




	○

	
“Depth prediction”—a module designed to determine the shallow waterbody depth based on the Structure from Motion (SfM) point cloud using the SVR algorithm [62].




	○

	
“Data integration”—a module designed to integrate hydroacoustic and optoelectronic data using the method proposed by Dąbrowski P.S. et al. [78] and also to use the algorithms designed to model the coastal zone topography.









The final result of this module will be the coastal zone topography, accurate and completely covered with measurements in the form of a regular grid of squares (GRID). It will be generated using the “Data integration” plug-in.




	3

	
Module for predicting changes in the coastal zone topography. For the purposes of this module, an analysis of the time series will be carried out in four steps:




	○

	
Step I: Analysis of the basic properties of the series. In this step, the measurement data will be presented as graphs in order to identify long-term tendencies and seasonal fluctuations.




	○

	
Step II: Necessary transformations. Before starting the proper analysis and predicting of time series, the measurement data must be prepared in an appropriate way on the basis of, e.g., Box–Cox transformation, differentiation or the division of data into a training set and a test set.




	○

	
Step III: Model fitting and diagnostics. When analysing time series, the choice of an appropriate mathematical model for the measurement data is of vital importance. To this end, the following models will be used to predict changes in the coastal zone topography: stationary, non-stationary, seasonal, ETS and decomposition models.




	○

	
Step IV: Prediction. The main criterion in selecting the appropriate method for predicting changes in the coastal zone topography will be the accuracy of the forecasts constructed. The statistical measures will enable an assessment of the risk associated with decisions taken based on the selected forecasting methods. Based on these, an optimal method will be then selected to describe the temporal dynamics of the variation in the coastal zone topography.
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Module for imaging changes in the coastal zone topography. The final result of the 4DBatMap system will be a 4D bathymetric chart to illustrate how the coastal zone topography changes over time. Among other things, it will help in investigating navigability conditions, anchorages, fairways and other usable waterbodies, determining safe depth parameters for fairways in the vicinity of ports, as well as taking proper navigational and hydrographic decisions.







One of the effects of the research activities will be the development of a unique 4DBatMap computer application that will enable the solution of an optimal method to describe the temporal dynamics of the variation in the coastal zone topography, followed by the generation of a 4D bathymetric chart on its basis.




4. Discussion


The proposed solution is an innovative product with no equivalent on the domestic or foreign market. A system that is functionally most similar is the MIKE 21 software distributed by a Danish company DHI, which has more than 50 years of experience in modelling and numerical simulations in the field of water, environment and natural resources [79]. The main task of the MIKE 21 software is not the dimensioning and predicting of changes in the coastal zone topography but the numerical modelling of various hydrodynamic processes occurring in coastal waters, lakes and rivers [80,81,82].



As compared to the 4DBatMap system, the MIKE 21 software is devoid of two essential modules: measurement data acquisition and multi-sensor geospatial data fusion. Hence, the application prevents the acquisition and processing of geospatial data recorded using UAVs and USVs in the coastal zone that would meet the accuracy requirements provided for the IHO Special Order (horizontal position error ≤ 2 m (p = 0.95), vertical position error ≤ 0.25 m (p = 0.95)) [30]. Another significant disadvantage of the MIKE 21 software is that it has the ability to predict changes in the coastal zone topography based exclusively on a single set of bathymetric data and not on a series of periodic bathymetric and photogrammetric surveys. Therefore, this software forecasts changes in topography based primarily on computer simulations that account for phenomena such as currents, sediment transport, tides and waves, as well as interactions between water and built structures, and not on the basis of historical, more reliable, actual measurement data. This also enables the identification of short-term (seasonal) and long-term changes in the coastal zone topography.



In addition, the 4DBatMap system will include the following novelty elements as compared to the existing solutions:




	
A new methodology for carrying out bathymetric and photogrammetric surveys, using unmanned aerial and surface measurement platforms for predicting changes in the coastal zone topography.



	
A computer application for predicting changes in the coastal zone topography based on the geospatial data acquired using UAVs and USVs.



	
A new method for predicting changes in the coastal zone topography based on the geospatial data acquired using unmanned aerial and surface measurement platforms, which meets the accuracy requirements provided for the IHO Special Order.









5. Conclusions


This publication presents a concept of an innovative system for dimensioning and predicting changes in the coastal zone topography using UAVs and USVs. It will allow dimensioning and predicting of the terrain in accordance with the accuracy requirements provided for the IHO Special Order.



The target recipients of the services provided using the system for dimensioning and predicting changes in the coastal zone topography will include:




	
Investors in construction projects in port and inland waterbodies.



	
Hydrographic companies performing work on waterway sections that are involved in measurement data acquisition.



	
Public administration offices, including the Geodetic Bureaus of Marshal’s Offices, Hydrographic Office of the Polish Navy, Maritime Offices, Offices of Inland Navigation, port authorities and the State Water Holding Polish Waters (Regional Water Management Authorities).








In summary, the final recipients of the system outcomes can be all units that are involved in coastal zone monitoring, e.g.,



	
Carrying out hydrographic surveys, investigating navigability conditions, anchorages, fairways and other usable waterbodies, as well as determining safe depth parameters for fairways in the vicinity of ports.



	
Surveying the watercourse and waterbody bottom topography. This particularly applies to the Great Masurian Lake district, whose bathymetric charts are based on measurements carried out in the 1950s and 1960s and therefore include outdated and insufficiently detailed data on the water area bottom topography.



	
Bathymetric measurements of inland marinas.



	
Inventory of the bottom before the commencement and after the completion of dredging and silting works.



	
Performance of hydrotechnical works, e.g., the construction of breakwaters and groynes.



	
Checking the capacity of waterbodies.



	
Regeneration of sea beaches.



	
Shore protection and strengthening.






It should be noted that all the above-mentioned operations should be carried out periodically every five years or so.



Testing of the 4DBatMap system will be carried out on various measurement areas, such as the inland waterbody, open sea, public beach and river mouth at different times of the year. The factor determining bathymetric and photogrammetric measurements will be the transparency of water. The conducted research will determine the possibilities of using the 4DBatMap System, i.e., in which waterbodies and at what water clarity this type of measurement can be carried out. Based on the measurement data recorded in this way, an optimal mathematical method will be selected based on the analysis of time series, allowing for predicting changes in the coastal zone topography showing long-term tendencies (trends) and seasonal fluctuations (seasonality). The advantage of the 4DBatMap system will be the ability to acquire and process geospatial data recorded using the most modern solutions, i.e., unmanned flying and floating measurement platforms in the coastal zone, which would meet the accuracy requirements provided for the IHO Special Order (horizontal position error ≤ 2 m (p = 0.95), vertical position error ≤ 0.25 m (p = 0.95)) [30].
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Figure 1. A DBM model of the waterbody adjacent to the pier in Sopot, developed based on bathymetric measurements carried out in 2010 (a) and 2018 (b) [22]. 
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Figure 2. A DBM model in the WDA area in the years 1993 (a), 2008/2009 (b), 2016 (c) and 2017 (d) [26]. 
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Figure 3. The temporal and spatial variability of the seabed topography in the WDA area in the years 1993–2017 along the bathymetric profile DP-A (a), DP-B (b) and DP-C (c) [26]. 
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Figure 4. A bathymetric chart of the Vistula Spit canal (a) [29] and a view of the canal from the Gulf of Gdańsk (b). 
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Figure 5. A surveyor during bathymetric measurements in a shallow waterbody (a) [35] and the coverage of the area surveyed (b) by the geodetic method. 
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Figure 6. Aurelia X8 UAV with the mounted prototype optoelectronic module (a) and the “HydroDron” USV (b). 
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Figure 7. A graphic representation of the differences between the actual depths and the depths obtained by using the SVR algorithm for the depth range of 0.1 m to 1 m on the waterbody at the public beach in Gdynia (a) [52] and the user interface of the “Depth prediction” plug-in in the QGIS software (b). 
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Figure 8. A diagram of the operation and functioning of an innovative system for dimensioning and predicting changes in the coastal zone topography using UAVs and USVs. 
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