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Abstract:



Sound navigating and ranging (SONAR) detection systems can provide valuable information for navigation and security, especially in shallow coastal areas. The last few years have seen an important increase in the volume of bathymetric data produced by Multi-Beam Echo-sounder Systems (MBES). Recently, the General Bathymetric Chart of the Oceans (GEBCO) released these MBES dataset preprocessed and processed with Computer Aided Resource Information System (CARIS) for public domain use. For the first time, this research focuses on the validation of these released MBES-CARIS dataset performance and robustness for bathymetric mapping of shallow water at the regional scale in the Kingdom of Bahrain (Arabian Gulf). The data were imported, converted and processed in a GIS environment. Only area that covers the Bahrain national water boundary was extracted, avoiding the land surfaces. As the released dataset were stored in a node-grid points uniformly spaced with approximately 923 m and 834 m in north and west directions, respectively, simple kriging was used for densification and bathymetric continuous surface map derivation with a 30 by 30 m pixel size. In addition to dataset cross-validation, 1200 bathymetric points representing different water depths between 0 and −30 m were selected randomly and extracted from a medium scale (1:100,000) nautical map, and they were used for validation purposes. The cross-validation results showed that the modeled semi-variogram was adjusted appropriately assuring satisfactory results. Moreover, the validation results by reference to the nautical map showed that when we consider the total validation points with different water depths, linear statistical regression analysis at a 95% confidence level (p < 0.05) provide a good coefficient of correlation (R2 = 0.95), a good index of agreement (D = 0.82), and a root mean square error (RMSE) of 1.34 m. However, when we consider only the validation points (~800) with depth lower than −10 m, both R2 and D decreased to 0.79 and 0.52, respectively, while the RMSE increased to 1.92 m. Otherwise, when we consider exclusively shallow water points (~400) with a depth higher than −10 m, the results showed a very significant R2 (0.97), a good D (0.84) and a low RMSE (0.51 m). Certainly, the released MBES-CARIS data are more appropriate for shallow water bathymetric mapping. However, for the relatively deeper areas the obtained results are relatively less accurate because probably the MBSE did not cover the bottom in several deeper pockmarks as the rapid change in depth. Possibly the steep slopes and the rough seafloor affect the integrity of the acquired raw data. Moreover, the interpolation of the missed areas’ values between MBSE acquisition data points may not reflect the true depths of these areas. It is possible also that the nautical map used for validation was not established with a good accuracy in the deeper regions.
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1. Introduction


The marine environment is divided into open ocean and coast, which includes estuaries, coral reefs and shelf systems. It is a critical habitat for submerged aquatic vegetation, grass and algae [1], which serve as important indicators for water quality and a highly effective sink for atmospheric carbon dioxide [2]. In addition to valuable ecosystem services, shallow coastal areas present unique challenges for navigation and security. They play a fundamental role in the sustainability of global ecosystem biodiversity and mitigate the impact of storms, floods and sea level rise damage for people living in coastal regions [3]. Consequently, bathymetry information must be updated frequently for many applications, especially oceanographic research, marine ecosystems, environmental disaster management and planning near-shore structure activities. These include sensitive engineering projects such as oil exploration, pipeline laying, maritime transportation and port management, fishing and aquaculture breeding, etc. [4]. Moreover, knowledge of water depth also allows an estimation of the sediment budget to maintain the manmade channel depth for smooth navigation [5], especially in the Kingdom of Bahrain where many artificial small islands are under construction.



Traditionally, water depth was often mapped from irregular surveys of limited sampling points based on irregularly distributed point observations collected through underwater divers using rope or cable [6]. Then, bathymetric maps were generated using interpolation techniques. This traditional method is laborious, inefficient, expensive and time-consuming. Currently, several new methods are available for bathymetric information retrieval, such as optical remote sensing (multispectral and hyperspectral) [7,8,9], laser systems such as Lidar [10] and active sound navigation and ranging (SONAR) detection systems. For instance, the multi-beam echo-sounder systems (MBES) employ acoustic detection techniques to collect detailed data in a cross-section of the sea bottom. MBES collects bathymetric soundings in a swath electronically forming a series of transmitted and received beams in the transducer hardware that measure the depth to the seafloor in discrete angular increments or sectors across the swath [11]. It sweeps a large swath of the seafloor by emitting a fan of narrow sound beams and it is currently considered to be the most efficient and accurate system available to collect bathymetric and backscatter data [12,13,14]. The inherent bathymetric and backscatter data acquired by MBES enables marine scientists to generate accurate bathymetric information with a spatial resolution closely matching that of terrestrial mapping [15]. A Global Position System (GPS) signal is required to assign positions to the MBES in the ship as well as an Inertial Navigation System (INS) to follow the ship attitude (roll, pitch, way, and azimuth) and speed variation measurements. Cleveland [16] provides more information and details about MBES data collection procedure and transmission mode.



According to Calder and Mayer [17] MBES is the best way to accurately determine the bathymetry of large regions of the seabed. Their users include hydrographers, navigators, engineers, marine geologists, military planners, maritime explorers, archaeologists, fisheries biologists, geomorphologists and ecosystem modelers [18]. It has significant advantages in delineating the morphology of the seabed, but comes with the disadvantage of having to handle and process a much greater volume of data. The raw bathymetric data collected by MBES are preprocessed and processed using Computer Aided Resource Information System (CARIS) and Hydrographic Information Processing System (HIPS) software. The concept of CARIS was born and developed by professor Salem Masry in 1979 at the University of New Brunswick (NB) in Canada. While it is still headquartered in NB, CARIS now operates offices in the United States, Australia, the UK, and the Netherlands, and offer services to more than 90 countries. Currently, three different processes are available in CARIS-HIPS software to generate depth estimations: (1) swath angle, (2) uncertainty and data CUBE (Combined Uncertainty and Bathymetry Estimator) algorithm for bathymetric data analysis, and (3) filtering and cleaning [19,20]. The results are presented in a CARIS BASE (Bathymetry with Associated Statistical Error) surface of depth calculated from MBES data without validation or any prior knowledge of the truth of the water depths, but it gives an uncertainty for each estimated node. According to CARIS [20], the MBES-CARIS software allows the implementation of surfaces with statistical weight and meets hydrographic standards. Currently, it is the software that is used by the National Oceanic and Atmospheric Administration (NOAA) hydrographers to process bathymetry data [21].



During the last decade, most of the CARIS-HIPS research focused on computer-assisted methods of estimating plausible depths from MBES raw data. Unfortunately, without end-user interaction and the algorithm results-performance it is always assessed and validated only on a small subset of data, which therefore requires validation over a large territory. Moreover, the influence of the data preprocessing and processing methods on the depth and uncertainty is still not well studied [22]. With algorithms that are more complex and based on several assumptions, it is less obvious to predict what the effects are likely to be, but the fact of a modeling uncertainty remains on the bathymetric depths estimation. However, the uncertainty associated with a depth estimate was modeled and quantified by several scientists using different methods [18,22,23,24,25,26,27]. According to Smith et al. [28], for each node in the grid for a given working site an uncertainty value is modeled and computed, and it should be around or less than 0.30 m. Based on physical simulations, residual uncertainties of any MBES can be expected to vary from 0.10 m to 0.30 m and increase with depth [29]. In the Timor Sea (Australia), using the Kongsberg EM3002D (300 kHz) sonar system, Lucieer et al. [18] showed that the depth uncertainty ranged from 0.31 m to 0.60 m and gradually increased from the nadir to outer beams (1.50 m). Near Petit Bois Island, Gulf Islands National Seashore (Mississippi, USA), bathymetric data were collected by USGS using SONAR and were then processed using CARIS-HIPS associated with CUBE to create a depth map with a 50 m pixel size [30]. The cross-validation of this map, using measured and predicted points, showed that the errors vary between 0.18 and 0.90 m. As well, a German project in the Northern Weddell Sea estimated the depths uncertainty in shallow areas to be between 0.50 and 1.00 m [31]. Another pilot project was initiated by the Canadian Hydrographic Service (CHS) to evaluate the solution provided by the CARIS Bathymetry database in the Saint-Lawrence River (Quebec Region) as a part of a larger initiative to integrate database-driven technologies for bathymetric mapping [32,33]. The results of this project showed that the benefits of this new approach are providing simpler and faster access to bathymetry data while maintaining the expected standard for hydrographic products. According to CHS [34], for the best extract of bathymetric information, the uncertainty must be less than 0.50 m for the shallow water (depth < 25 m). However, in the Chilean Patagonian waters the extreme seafloor morphology decreased the CUBE efficiency and significantly increased the uncertainty [35]. Considering the same coastal area near Victoria (Australia), repeated MBES surveys for seafloor altitude change under sedimentation processes showed that the uncertainty in these MBES datasets affects the estimation of the altitude change considerably [36]. In the context of providing accurate mariners nautical chart products and information to navigate safely, NOAA compared several MBES datasets for estimating failed-wreck depths. This study showed significant depth differences of 5.45 m and 5.62 m [21] that exceeded the International Hydrographic Organization (IHO) standard [37]. According to Wyllie et al. [21], a fishery multi-beam water column sonar operating in bathymetry mode can explain these substantial differences and a mast that is smaller than the beam footprint and depths of 110 m causing the majority of main lobe energy to miss the mast and detect the wreck structure below it.



To improve bathymetric data accessibility via the web, CARIS developed a new storage technology that will allow its users to store, process, and visualize very large volumes of data in a unique approach named CSAR, CARIS Spatial Archive [38]. Moreover, the generated bathymetric attributed node-grid points files (X, Y, and depth) from MBES were made available for the users around the world in the General Bathymetric Chart of the Oceans (GEBCO) digital atlas database [39]. In this research, we validated for the first time the MBES-CARIS depth-surface data performance and robustness for bathymetric mapping of shallow water at the regional scale in the Kingdom of Bahrain (Arabian Gulf). The free-released data were imported, converted and processed in a GIS environment [40] using simple kriging. The cross-validation procedure was considered for the data quality assessment and the semi-variogram adjustment and analysis. For validation purposes, 1200 bathymetric points representing different water depths (−0.5 m ≤ depth ≤ −30 m) across the Bahrain national water boundary were selected randomly and extracted from a medium scale (1:100,000) nautical map established by the British navy (observed values), and they were fitted with their homologous generated points from MBES-CARIS data (predicted values) using linear regression (p < 0.05).




2. Material and Methods


2.1. Study Site


The area under investigation in this research is the water boundary of the Kingdom of Bahrain which is a group of islands located in the Arabian Gulf (Figure 1), east of Saudi Arabia and west of Qatar (26°00′N, 50°33′E). The archipelago comprises 33 islands, with a total land area of about 765.30 km2 [41]. The marine and coastal ecosystems in Bahrain are very important natural resources, which play an important role in the development of the country’s economy. Approximately 126 km of coastlines and 8000 km2 of marine area have been supporting Bahraini people with fish and pearls for hundreds of years [42]. Along the southwest coast of Bahrain, the continental plateau extends for kilometers with a depth of less than one or two meters [43]. In addition to tides phenomena, the atmospheric conditions play an important role in the control of water levels variability [44]. The northwest wind can lower the water level close to the north of the Bahrain coasts, while the southeast wind can raise the water level. When both wind directions are blowing with a cold front crossing the region, there is probably, an important increase in the water level close to the northern Bahrain coast zones [42]. Shallow coastal areas in Bahrain rarely exceed a depth of −25 m. The main island of Bahrain is surrounded by areas named “Fashts” where depths do not exceed −10 m. These areas generally support variety of species of seagrass, algae, coral, and fishes [45]. Moreover, they play an important role in the hydrodynamic regime of the area north of Bahrain, which supports diverse biological ecosystems [46]. Obviously, it is necessary to monitor the coastal environment development, to apply coastal resources management policy accurately and to update the marine bathymetry map.


Figure 1. Study area, Kingdom of Bahrain national water boundary.
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2.2. MBES-CARIS Data Processing


The data used in this research are courtesy of CARIS EMEA Marketing and Sales Services (The Netherlands), and they are also available in the GEBCO database [39]. They were collected by MBES, preprocessed and processed using CARIS-HIPS software [20]. These steps were performed considering the corrections of tide, vessel attitude (pitch, roll and heave), sound velocity profiles (variations in the speed of sound through the water column during the data acquisition), filtering and cleaning to eliminate artefacts and noise in the data. The bathymetry nodes-grid was then generated from the CUBE algorithm, which also generated the uncertainty layer representing a priori uncertainty of the depth at each node of the grid points. This uncertainty varied from 0.30 m to 0.90 m and gradually increased from nadir to beams extremities. The generated node-grid point’s data were handled and evaluated in an ArcGIS environment following four major steps (Figure 2). They were converted from ASCII file format (X, Y, and depth) to point’s shapefile. Then, the Bahrain national water boundary shapefile was used to extract the area covering only the water boundary and avoiding the land surfaces (Figure 3). The depth values in all considered node points were multiplied by “−1” to get the negative values for bathymetric altitudes with reference to mean sea level (MSL). As the dataset were stored in regular grid points (Figure 4) uniformly spaced with approximately 923 m and 834 m in north and west directions, respectively, interpolation method was requested for densification to cover all areas without depth information and to generate a new raster bathymetric grid surface.


Figure 2. Methodology flowchart.
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Figure 3. Kingdom of Bahrain national water boundary shapefile with MBES collected data.
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Figure 4. Zoom on the node points near to Bahrain mean Island that are superimposed on Landsat-8 image.
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Selection of an appropriate spatial interpolation method for bathymetric mapping is not an easy task, because the performance of spatial interpolators depends on many factors [47], and it seems that there is no simple answer regarding the choice of an appropriate spatial interpolator because a method is “best” only for specific situations [48,49]. Several interpolation methods exist in ArcGIS [40] and other mapping software’s and the best and most appropriate seabed-topography interpolation method must reproduce the marine terrain shape as closely as possible [50]. Zimmerman et al. [51] and Arun [52] revealed that the kriging approach adjusted itself to the spatial data structure and provided better estimations of the altitude than other interpolation methods. Curtarelli et al. [53] assessed the performance of different interpolation algorithms (deterministic and stochastic) for bathymetric mapping through cross-validation and Monte-Carlo simulation. They showed that all interpolation methods were able to map important bathymetric features, but the best performance was yielded by the ordinary kriging method ensuring the highest correlation (99.7%) and the lowest root mean square error (RMSE of 0.92 m) when compared to other interpolation algorithms. Šiljeg et al. [54] compared the efficiency of 14 different interpolation methods for a lake bathymetric survey and they discovered that the most appropriate method was ordinary kriging. For Australian marine environmental applications, Li and Heap [47] compared more than 20 interpolation techniques and they considered ordinary kriging to be the most appropriate method because of its precision and the smoothness of its interpolated surface. However, Bottelier et al. [55] and Kielland et al. [56] preferred simple kriging to simultaneously interpolate a bathymetric surface and compute the uncertainty associated with it. In this study, ordinary and simple kriging were tested, and based on cross-validation between the measured (observation) and the estimated depths values (prediction) simple kriging (SK) was chosen because it provides the best prediction results. For subsequent analysis, the final bathymetric surface was generated with a 30 m by 30 m pixel size, projected in the UTM system (zone 39), and considering the WGS84 geodetic reference.




2.3. Cross-Validation and Validation Statistical Analyses


Spatial prediction using kriging involves the inversion of a covariance matrix. When the number of locations is very large as in this study (i.e., 10,227 node-grid points distributed uniformly), inversion of the covariance matrix may not be practical. Therefore, efficient cross-validation is very helpful for spatial prediction with large data to assess how well an approximation works [57]. It consists of leaving out one data point at a time, and determining how well this point can be predicted from the neighboring points. In other words, it assesses the anomaly of the used data independently. In this cross-validation procedure, three errors were measured and analyzed using geostatistical modules in ArcGIS [40]: the Mean Standardized Error (MSE), the RMSE and the Root Mean Square Standardized Error (RMSSE). Based on these error values analyses, the semi-variogram was adjusted several times until the best fit of the model was achieved.



In the context of the validation by reference to the truth of the water depths (nautical map, Figure 5), statistical analyses were computed with “Statistica” software. For this step, various statistics tests were computed between the truth which consists of observed values extracted from the nautical map depth established by the British navy in 1997 and the modeled (predicted) values derived from the bathymetric map generated by MBES-CARIS using simple kriging. The relationships between the observed and predicted values were analyzed using a linear regression model (p < 0.05), and the correlation coefficient (R2) of this regression was used to evaluate the strength of this linear relationship. For the validation process, 1200 points were extracted from the nautical map and their homologous from the MBES-CARIS derived map were compared using the 1:1 line (first besectrix). Ideally, the observed and predicted values should have a correspondence of 1:1. An index of agreement (D) reflects the degree to which the observed value is accurately estimated by the predicted value. The index of agreement was calculated as follows [58]:
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(1)




where Pi is the predicted value at sample i, Oi is the observed value at sample i, Pi’ is the difference between Pi and the average of the predicted values, and Oi’ is the difference between Oi and the average of the observed values and n is the number of values. This index provides a measure of the degree to which a model’s predictions are error free. The index ranges between 0 and 1, with 1 indicating a perfect match between observed and predicted values. The RMSE was used as an additional measure to the overall error to supplement the index of correlation described above. This error also quantifies the 1:1 relationship between observed and predicted values. It was calculated as follows [58]:
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(2)






Figure 5. Bathymetric depth map (1:100,000) with zooms on two areas.
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3. Results


Ordinary and simple kriging were both tested considering several mathematical models. Based on the cross-validation statistical analysis between the MBES-CARIS measured values (observations) introduced into the interpolation process and their estimated values (prediction) introduced by both kriging methods, simple kriging (SK) provides the best prediction results. During the SK implementation, the semi-variogram was adjusted to model the spatial autocorrelation between the measured depth samples considering exponential model and assuming a multiplicative skewing distribution. The interpolation procedure was carried out considering the 10,227 node-grid points that cover the Bahrain national water boundary, using eight (8) neighbour nodes, the number of lags was fixed at 12 and the lag size was 0.086. Figure 6 shows the derived Bahrain bathymetry map by applying the SK, and superimposing the contours lines with 4 m equidistance that were extracted using 3D analyst module in ArcGIS. The output pixel size was fixed to a 30 by 30 m, and the depth range varied between −0.5 and −73 m below MSL. The areas in the southwest near Saudi Arabia and in the north near the Iranian water border show the higher depth compared to littoral. Shallow coastal areas rarely exceed a depth of −15 m. The main island of Bahrain is surrounded by areas where depth does not exceed −10 m. Other areas named “Fashts” that are very shallow seabed’s (class with purple in Figure 6 and Figure 7) lying in the intertidal zone, are mostly exposed during low tides and submerged during high tides. The average depth of these areas is around −4 m and the depth of the surrounding “Fashts” areas reaches up to −10 m below MSL. Figure 7 shows the 3D of the derived bathymetric map integrated with SRTM (Shuttle Radar Topographic Mission) land digital elevation model for topographic land representation.


Figure 6. Bathymetric map derived using simple kriging and contours lines with 4 m equidistance.
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Figure 7. 3D of the derived bathymetric map integrated with SRTM land digital elevation model.
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3.1. Validation


In the framework of this study, we conducted the validation procedure in two different steps. First, the cross-validation process between the measured depths with MBES-CARIS and the predicted depth for the same points using SK. This step is so important and helpful for spatial prediction to assess how well the estimation of unknown point’s works (i.e., calculate the prediction errors and eliminate undesirable points). Second, is the validation by reference to the real water depths, which was performed using a medium scale (1:100,000) nautical map established in 1997 by British navy in cooperation with the Kingdom of Bahrain, Department of Hydrographic Services-Ministry of Environment (Figure 5). This map was established in accordance with the IHO standards with the accuracy of ±0.30 m and ±1.00 m, respectively, for depths between −0 and −30 m and depths between −30 and −100 m [59].



Figure 8 illustrate the cross-validation method and it shows that the correlation between these two variables (measured vs predicted depth) is excellent (R2 = 0.99). However, we observed a few points (in green and red) distant from the other observations with little deviation from the 1:1 line. These green and red points (26 in total) represent some nodes with a depth between −25 to −34 m and −35 to −50 m, respectively, and this relative deviation can be explained by the drastic change (increase or decrease) in the depths of the neighboring nodes used in the process of predicting these points. Nevertheless, these points were localized and eliminated before the final interpolation process [60]. The elimination of these 26 points that are biased did not have any impact on the interpolation results when we processed all the remaining points (i.e., 10,201 points) using simple kriging At this preliminary stage, as mentioned before, three types of errors were measured and evaluated in this cross-validation procedure. The MSE, which must be near zero for the best fit, had a value of 0.004 reflecting the appropriate fitting of the modeled semi-variogram (prediction errors are unbiased). The RMSE indicates how closely the model predicts the measured values, the smaller this error the better the prediction. The achieved value for this error is 0.94 m; Curtarelli et al. [53] and USGS [30] obtained similar results, respectively, 0.92 and 0.90 m. Finally, the RMSSE should be close to one if the prediction standard errors are valid. If it is greater or less than one, respectively, this means an underestimation or an overestimation of the variables under prediction. The calculated value for this error is 0.91 (very close to one), which means that the standard error prediction is valid, and the depth values are substantially overestimated by the SK algorithm. Indeed, the scatter plot presented in Figure 8 corroborates these error results. In addition, it also reveals that many other points are relatively underestimated. However, in general, this cross-validation reflects the best fit of the semi-variogram model after several tests, and the statistical errors analysis provides very satisfactory results. Consequently, the MBES-CARIS dataset were processed using SK to retrieve the final bathymetric map (Figure 6).


Figure 8. Cross-validation procedure between the measured depths with MBES-CARIS and the predicted depths for the same points using sample kriging.  [image: Remotesensing 09 00385 i001]  [image: Remotesensing 09 00385 i002] Points with deviation from the 1:1 line.
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Furthermore, for the derived bathymetric map validation by reference to the real water depths, the medium scale (1:100,000) nautical map was scanned and geo-referenced using first order polynomial functions and 10 ground control points (GCPs), assuring a planimetric correction error less than 0.5 m. it was then overlaid on the generated MBES-CARIS raster bathymetric map (Figure 6) in GIS for homologous depth points’ identification and selection. Shallow water between −30 m and −0.5 m depth over the Bahrain national water boundary was considered and 1200 validation points representing different water depths (−0.5 m ≤ depth ≤ −30 m) were selected randomly and extracted for statistical analysis and validation purposes: 400 points were selected in water areas with depth ≥ −10 m and 800 point in areas with depth < −10 m.



Figure 9a illustrates the relationship between bathymetric depths from the nautical map (observed values) and predicted values from MBES-CARIS considering all validation points (1200) using linear regression (p < 0.05). We observe that the two considered variables correlate very significantly (R2 of 0.95) with a good index of agreement (D = 0.82) but generate a relatively large RMSE (1.34 m). In fact, this RMSE is significantly larger than the accuracy (±0.30 m) of the nautical map used for validation. The scatter plot presented in Figure 9a reveals that the fitted line (in red) through the scattered depths points do not fit the 1:1 theoretical line (black dashed line) perfectly. Depending on the water depths, sometimes the MBES-CARIS’ observed values are overestimated and other times are underestimated, especially for depths between −30 and −10 m. Indeed, when we select and isolate only this depth class (−10 m ≤ depth ≤ −30 m) represented by 800 validation points, as illustrated by the scatter plot presented in Figure 9b, the coefficient of correlation and index of agreement decrease (R2 = 0.79, and D = 0.52) and the RMSE increases (1.92 m). This RMSE is higher with 1.52 m than the accuracy of the validation map. These results are expressed and reflected by the fitted regression line (in red) through the scattered depth points, which does not fit perfectly with the 1:1 theoretical line. Indeed, we see that the cloud of points do not tighten around the 1:1 line, the majority of validation points are overestimated and only a limited number of points are underestimated. This statement corroborates the cross-validation results discussed before, although we are using different and independent data (nautical map).


Figure 9. Relationship between bathymetric depths from nautical map (observed values) and predicted values from SK based on the measured MBES-CARIS. Depths between −30 and 0 m (a), depths between −30 and −10 m (b), and depths between −10 and 0 m (c).



[image: Remotesensing 09 00385 g009a][image: Remotesensing 09 00385 g009b]






Furthermore, when we consider exclusively shallow water validation points (~400) with depths between −0.5 and −10 m, the scatter plot, as presented in Figure 9c, reveals a good linear relationship concerning the two variables and shows a strong correlation (R2 = 0.97), a good agreement (D = 0.84) and a low RMSE (0.51 m). Moreover, the fitted line through the scatter depths points (given in red) coincide perfectly with the 1:1 theoretical line (black dashed line). According to the literature, the predicted nodes uncertainty on the acquired data with MBES and processed with CARIS-HIPS ranges from 0.31 m to 0.60 m in shallow areas [18,28]. However, although the errors propagation in the preprocessing and processing chain, from the raw data acquisition to the results validation, the obtained RMSE in this study for shallow water is within the norm of tolerance (0.51 m). As well as it is nearby to the validation map accuracy (±0.30 m). Consequently, it can be concluded that the released-free MBES-CARIS data are more appropriate for shallow water bathymetric mapping. It is possible also that we obtained this good accuracy because the sallow regions in the nautical map were mapped accurately than the deeper regions.




3.2. Discussion


Bathymetric information is very important for oceanographic management decisions, especially in the Kingdom of Bahrain where oil exploration operations are very active and many artificial small islands are under construction while others are under planning. Consequently, water depth information must be updated frequently. However, high quality bathymetric surface estimation is not an easy task because choosing the best mapping method is critical and depends on the investment and the required accuracy. There is no doubt that conventional methods are very accurate but at the same time very expensive and time-consuming for a very limited area. The proposed and available optical remote sensing methods are promising but unfortunately are very limited, and they have not arrived to the operational stage, especially for monitoring the change of the seafloor with acceptable accuracy. Nevertheless, the MBES has several advantages over these available alternatives [22] and provides the best way to determine the bathymetric information for large regions of the seabed [17]. Currently, the generated bathymetric attributed node-grid points using MBES were made available for users around the world in the GEBCO digital atlas database [39]. As we discussed before, in the literature the MBES-CARIS products were widely validated statically focussing on computer-assisted algorithms of estimating plausible depths from MBES raw data. Unluckily, the used algorithms are more complex and are based on several assumptions, as well as always assessed and validated only on a small subset of data [18,22,23,24,25,26,27]. In this research, we validated for the first time the free-released MBES-CARIS depth-surface data performance and its robustness for bathymetric mapping of shallow water at the regional scale. Certainly, the obtained results of this study can provide important information to policy and decision makers to get a sense of accuracy of these released data to predict ocean water depths, especially in the shallow areas.



Firstly, the cross-validation procedure results show that the MBES-CARIS data uncertainties have different degrees of impact according to the water depths. However, the prediction of only some node-points in areas with the depths between −20 and −50 m exhibit significant errors, whereas in general cross-validation reflects the best fit of the semi-variogram model and the achieved statistical errors provide very satisfactory results (MSE = 0.004). Indeed, the accomplished RMSE (0.94 m) indicates how closely the model predicts the measured values. This error value is in agreement with the Curtarelli et al. [53] and USGS [30] results which measured, respectively, 0.92 m and 0.90 m. Moreover, these findings corroborate other scientists’ results [18], who studied the propagation of several sources of uncertainty in the MBES data preprocessing.



Secondly, the absolute validation by reference to the nautical map (that we assume representing the true depth of water) has shown that as we move away from the shallow areas the RMSE become more significant. Indeed, for the relatively deeper areas, the obtained RMSE reflects a lack of accuracy because probably the nautical map used for validation was not established with a good accuracy in the relatively deeper regions. Most likely the MBSE did not cover the bottom in several areas of deeper pockmarks because of the rapid change in depth. Steep slopes and rough seafloor probably affect the acquired raw data. The interpolation of missed areas’ values between MBES acquisition data points may not reflect the true depths of these areas. The errors definitely vary according to the complexity of the marine morphology (curvature and rugosity) and relief (slope and orientation), MBES components (sensor quality and calibration, signal to noise ratio, gyroscope for attitude errors, GPS, etc.), sound speed, tides, and draft as discussed with several other scientists in the literature [27,61,62]. Moreover, other main artefacts can be caused by the combination of the different datasets acquired with multiple instruments from multiple surveys and are probably processed differently with several versions of CARIS-HIPS [17,63,64]. However, as this study illustrated, despite all these problems and error sources discussed above, the realised MBES-CARIS data are able to map properly the shallow water with satisfactory RMSE.





4. Conclusions


This research focuses on the validation of the released MBES-CARI dataset performance and robustness for bathymetric mapping of shallow water at the regional scale, covering the Kingdom of Bahrain national water boundary (Arabian Gulf). The data were imported, converted and interpolated using SK in a GIS environment. To assess how well the SK approximation works, the cross-validation process showed that the modeled semi-variogram was adjusted appropriately, assuring satisfactory results (MSE of 0.004; RMSE of 0.94 m, and RMSSE of 0.91). For validation purposes by reference to the truth of the water depths, 1200 bathymetric points representing different water depths (−0.5 m ≤ depth ≤ −30 m) across the Bahrain national water boundary were selected randomly and extracted from a medium scale (1:100,000) nautical map were used. We obtained relatively different results depending on the depth zones. In fact, when we consider all the depths (1200 validation points), the statistical analysis using linear regression (p < 0.05) provides a good R2 (0.95) and D (0.82), as well as an RMSE of 1.34 m. However, when we consider only the zones with depths less than −10 m (~800) with), the R2 and D decreased to 0.79 and 0.52, respectively, and the RMSE increased to 1.92 m. Otherwise, when we consider exclusively shallow water with a depth higher than −10 m (~400) the results showed a very significant R2 (0.97), a good D (0.84) and a low RMSE (0.51 m). Certainly, the released-free MBES-CARIS data are more appropriate for shallow water bathymetric mapping. However, for the relatively deeper areas the obtained results are relatively less accurate because the nautical map used for validation probably was not established with a good accuracy in the relatively deeper regions. Most likely the MBSE did not cover the bottoms in several deeper pockmarks because of rapid change in depth. The steep slopes and the rough seafloor probably affect the acquired raw data. Moreover, the interpolation of the missed areas values between MBSE acquisition swaths-lines (ship-tracked sounding data) may not reflect the true depths of these areas. Other main artefacts can be caused by the combination of the different datasets acquired with multiple instruments from multiple surveys and probably processed differently with several versions of CARIS-HIPS. However, globally the results of the MBES-CARIS data are very appropriate for bathymetric mapping of shallow water areas.
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