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Abstract

:

Multibeam echo sounders (MBES), side-scan sonars (SSS), and remotely operated vehicles (ROVs) are irreplaceable devices in contemporary hydrographic works. However, a highly reliable method of identifying detected wrecks is visual inspection through diving surveys. During underwater research, it is sometimes hard to obtain images in turbid water. Moreover, on-site diving operations are time-consuming and expensive. This article presents the results of the remote sensing surveys that were carried out at the site of a newly discovered wreck, in the southern part of the Baltic Sea (Poland). Remote sensing techniques can quickly provide a detailed overview of the wreckage area and thus considerably reduce the time required for ground truthing. The goal of this paper is to demonstrate the process of identification of a wreck based on acoustic data, without involving a team of divers. The findings, in conjunction with the collected archival documentation, allowed for the identification of the wreck of a Junkers Ju-88, a bomber from World War II.






Keywords:


remote sensing; shallow water; seafloor mapping; underwater object; wreck identification












1. Introduction


According to [1,2,3] it is estimated that there are about three million shipwrecks at the bottom of the world’s seas and oceans. To date, only 19% of the world’s oceans have been mapped, which means that much of the marine environment, including shipwreck sites, is still unexplored [4,5,6]. In the Baltic Sea area, the greatest number of recorded wrecks are found in Swedish waters. Out of 30,000 identified objects lying on the seabed, a significant part is classified as wrecks or wreck remains from different periods of navigation. Finland indicates the presence of 5200 wrecks in its waters, and in Denmark, the database of wrecks contains 2518 records, without distinguishing the level of risk to the environment. Polish records indicate the presence of over 400 wrecks [7]. The data held by the Hydrographic Office of the Polish Navy (HOPN) show that there are over 415 wrecks in the Polish sea areas, of which about 100 are located in the Bay of Gdańsk [8].



There are over 20,000 underwater objects on the sea bottom of the Baltic Sea in the Polish Exclusive Economic Zone (EEZ), with a still high number of new discoveries, including wrecks. The group of interested parties engaged in the exploration of wrecks includes divers, marine archaeologists, employees of the Maritime Institute, Maritime Offices, as well as the Maritime Museum.



The numerous Baltic shipwrecks scattered on the seabed originate from wars, violent storms, and miscalculation of skippers and captains. These objects are considered an essential part of our cultural heritage and are part of our collective planetary history. They play an important role from the scientific, political, cultural, and economic point of view [9,10]. The presence of a large number of well-preserved wrecks was influenced by geographical, historical and political factors. The geographic and hydrological conditions of the Baltic Sea, such as low salinity and low water temperatures, have had a positive effect on the condition of the wrecks, especially those with wooden structures [11].



Most of the wrecks in Polish sea areas come from World War II [12]. There are sunken passenger ferries, the U-boats, a German aircraft carrier and three wrecks (Steuben, Goya and Wilhelm Gustloff) from the greatest maritime tragedies of all time, where more people died than by the sinking of the Titanic [13]. As an ecological and human safety risk, some wrecks are of particular interest due to the presence of conventional ammunition or fuel-filled tanks [14]. In most cases, the wrecks of large vessels are not affected by human activity, which makes Polish seawaters an attractive place for underwater wreck tourism.



So far, a large number of hobbyist divers and archaeologists have been mainly concerned with the wrecks of ships, but only a few with those of airplanes. Due to the fact that air crashes are accompanied by heavy damage, they result in fragmentation of the wreckage on the seabed. To fill the knowledge gap around aircraft wrecks, the discovery of the German Ju-88 bomber from World War II is of particular scientific interest. The Junkers Ju-88 was one of the most famous German aircraft of World War II. It was a fast bomber, subjected to many modifications, and widely used since March 1939. It was used as a reconnaissance aircraft, dive bomber, day and night bomber and, depending on the weapons installed, as a torpedo bomber and fighter. The fuselage was divided into three sections, the wings had rounded tips and were made of duralumin, with engine nacelles at the bottom that moved three-blade propellers.



The Polish sea area of over 30,000 km2 is not fully covered by bathymetric measurements, and objects are still being discovered. Even using a modern sonar system, a full coverage mapping of such a large area with sufficient quality is still very time-consuming. Remote sensing techniques, especially acoustic, as non-invasive and non-destructive measurement methods, have played an extremely important role in the study of the marine environment for several decades, providing an impressive coverage of spatial data used for its observation and monitoring [15,16,17]. Thanks to them, archaeologists can obtain unique data, unattainable with the use of traditional archaeological excavation techniques [18]. Techniques for measuring the depth and visualizing the bottom surface have developed dynamically since the invention of the first acoustic sounder in the 1920s [19]. Over the last decades, thanks to a steady increase in the number of multibeam echo sounders, more accurate maps of the seafloor surface featuring wrecks have been obtained [4]. Today, these devices are the most effective method of seafloor mapping [20]. This technology allows the generation of information about the wrecks located at great depths.



The paper presents an example of the examination of an underwater object detected in the Polish part of the Baltic Sea. This has been already proven by many authors. Hydroacoustic measurements allow us to detect and survey shipwrecks remotely, to analyze and identify the target without diving operations. The main aim of the article is to present the results of remote sensing surveys that were carried out at the site of a newly discovered underwater object. The author’s approach to the survey of the wreck with particular instruments configuration and sequence of their usage has been demonstrated. Successful identification of the airplane wreck confirmed the usefulness and effectiveness of the use of the appropriate set of sensors and adopted methodology.




2. Materials and Methods


2.1. Study Area


In February 2013, hydroacoustic surveys were conducted by the vessel Arctowski from the Hydrographic Support Squadron of the Polish Navy in the framework of the HELCOM Baltic Sea Environment Protection Commission. The aim of the cruise was to survey the area north of the town of Łeba using a multibeam echo sounder and to detect and verify underwater objects along the Polish coast. During the acoustic mapping, on the eastern coast of Poland, an airplane wreck was detected at a depth of 20–30 m, a few nautical miles north of the Stilo lighthouse (Figure 1).



The first survey data showing the new wreck lying on the seafloor were recorded by means of multibeam echo sounder system (Figure 2). This device performs a multi-point depth measurement in a wide strip of the bottom, and the obtained data make it possible to “build” a three-dimensional, high-resolution point cloud of the surface bottom and visualize objects detected during the survey [21]. A great advantage of the multibeam echo sounder is the possibility of full data coverage of the designated study area, that is, the complete acoustic ensonification of the seabed [22,23]. Figure 2 shows the swath width during the ship’s passage on the survey line no. 70, where a new object—the wreckage—was discovered. Unfortunately, on the basis of such a data it was impossible to determine what type of underwater object we were dealing with.




2.2. Survey Design and Instrumentation


After the discovery of the airplane wreck, a detailed survey was conducted in order to determine the degree of risk to safe navigation in this water area. The main purpose of the research was to determine the position of the object, estimate its geometrical dimensions, measure the depth above the object, determine the bottom type and characterize the orientation of the wreck on the seafloor [24]. The main devices used in the research were a multibeam echo sounder EM-3002D, side-scan sonar Klein 3900, scanning sonar version 1071 (Kongsberg Simrad Mesotech) and a remotely operated vehicle Falcon SAAB SeaEye (Figure 3).



2.2.1. Bathymetric Survey Planning and Data Acquisition


In order to perform a detailed hydrographic survey, on the basis of the initially obtained data, a study site was designated. The area was covered with a grid of survey lines with the directions of 70–250°. The angular swath coverage established for this survey was Sw = ±50° (in total 100°), which resulted in a horizontal range of about 70 m. The spacing between the survey lines was set to 56 m, thus providing a 20% overlap between adjacent swathes (Figure 4). The second grid of survey lines was oriented in the 160–340° direction. In this way, 200% bottom coverage was ensured. At this stage, the main goal of the research was to obtain a full coverage map of the research area.



In the first stage, the bathymetric measurements were performed using the Kongsberg Maritime EM-3002D multibeam echo sounder system with two sonar heads installed at the ship’s hull. The mounting tilt angle of a single head was 40°. We used 254 receive beams spaced in an equidistant pattern within the specified coverage. The spacing between soundings as well as the acoustic footprints can be set nearly constant over the swath in order to provide a uniform and high detection and mapping performance [25,26]. Survey project settings applied to the bathymetric survey are presented in Table 1, and basic MBES specifications are shown in Table 2.



To allow a proper beam forming, sound velocity was received by the mini Valeport sound velocity sensor (SVS) mounted on the blister in close proximity to the sonar heads. Data on the Surface Sound Speed was recorded and sent to the system in real time. The multi-purpose system Seapath 300 was used in the study, ensuring the exact position, course over ground and motion compensation. The system has two built-in GNSS receivers to measure the position and speed of the ship and the Motion Reference Unit MRU5 for measuring pitch, roll and heave. Before starting the bathymetric measurements, the velocity of sound in the water column was measured. For this purpose, the Midas SVX Valeport probe equipped with conductivity, temperature and depth sensors was used. For planning, recording and processing of bathymetric data, the Qinsy software package by QPS (Quality Integrated Navigation System) and Qloud version 2.3 was applied. The speed of the hydrographic ship during the survey was 5 knots and the research was carried out in good weather conditions with wind speed below 2 knots and 0.2 m wave height.



Multibeam echo sounder systems are characterized by the ability to fully insonify the bottom surface, provide high-resolution bathymetric data and the ability to accurately reproduce the actual shape of the bottom [27]. In order to build a high-resolution image of the wreck and obtain a high detail of three-dimensional imaging, it is extremely important to know the resolution capabilities of the system that is planned to be used for surveying. Therefore, the sizes of acoustic footprints of individual beams were estimated for given environmental conditions. The width or dimension of the footprint ellipse in the fore-aft direction, for a flat seafloor, is approximately given by    a x  :  


   a x  =   2 · z   cos β   · tan    φ T   2  ,  



(1)




where ax is the width of the footprint ellipse in the fore-aft direction, z is the mean depth,  β  is the beam pointing angle,    φ T    is the width of the transmitted beam.



Taking a flat and leveled seafloor, the length of this ellipse in the athwartships direction is approximately given by    a y  :  


   a y  =   2 · z     cos  2  β   · tan    φ R   2  ,  



(2)




where ay is the width of the footprint ellipse in the athwartship direction,    φ R    is the width of the reception beam in the athwartship direction.



In order to obtain the best measurement resolution and appropriate detail of the image, a reduced swath angle of MBES was used, i.e., ±50°. Such an opening angle of the multibeam transducer ensured proper survey efficiency and, at the same time, the required resolution of the measurement. The survey lines were planned in such a way that when passing directly over the wreckage, MBES recorded the data using vertical beams with the smallest beamwidth. The initial examination of the wreck with MBES enabled the determination of points of minimum depths in the wreck site, planning of tracks for side-scan sonar survey, and visualization of the wreckage remains and seafloor features.




2.2.2. Sonar Survey Planning and Data Acquisition


For further exploration, a side-scan sonar was used, which offers higher imaging resolution of the seafloor surface. The side-scan sonar (Figure 3b) measures the time from the moment of transmitting the impulse to the moment of receiving the signal reflected from the bottom and records the amplitude of the received echo [28,29,30,31]. SSS allows the identification and verification of detected objects, and thus completes the information collected by the multibeam echo sounder.



The aim of sonar imaging was to record high-resolution data of the seafloor and object. The wreck was examined with the use of SSS operating simultaneously on two frequencies (455 kHz/900 kHz). A Klein 3900 digital sonar (“fish”) was towed on a 200 m kevlar cable and the data were recorded in a computer acquisition system using the SonarPro software. The side-scan sonar 3900 is a high-resolution digital sonar for use in search and recovery missions. The basic technical specifications of the Klein 3900 System are presented in Table 3.



The basic scheme of the sonar examination of the detected wreck was the set of parallel sonar tracks. Several sonar passes were made next to the wreck. The first track was run from one side of the wreck and the second line was followed from the opposite side. Additionally, a survey line at an angle of 45 degrees to the airplane wings was planned. The approximate altitude at which the side-scan was towed over the seafloor (4.3–5.5 m) as well as the right distance from the wreck (15–20 m) resulted in clear and detailed sonar images.



In order to optimize the usefulness of the side scan sonar images, the data were processed with SonarPro software. Raw side-scan sonar data is distorted due to the speed variations in the survey vessel, sonar instabilities and towfish altitude (slat-range distortion) The gain-versus-time (TVG) was set to obtain a uniform level of backscatter throughout the range of interest. Then, the slant range correction was applied to sonar data since uncorrected images are not real representations of the seafloor. After slant range correction, side-scan sonar images were corrected in the along-track direction for variations in ship speed. This correction aimed at delivering images with a 1:1 aspect ratio. Speed variations were corrected by applying calculated ship speed from GPS data.




2.2.3. Scanning Sonar


To ensure the accuracy of the sampling operation, an electronic chart system was used. The aim of this part of the research was to perform a survey with scanning sonar and to inspect the wreck using ROV. After the ship had been anchored, the scanning sonar was prepared to be placed on the seafloor 10 m from the wreckage. The mobile sonar system includes a sonar head of Kongsberg Simrad Mesotech version 1071, a 150 m cable, an interface box, and a computer with MS-1000 software for data recording and processing. The main advantage of the scanning sonar was its high resolution, related mainly to the high-frequency acoustic signal of the 675 kHz, the beamwidth of 0.9° × 30° and the minimum pulse length of 25 µs. The sonar specifications used during the survey are shown in Table 4.



The scan angle is 360° and the minimum transducer angular step size is 0.225°. The system has the ability to scan the bottom surface faster at step size 0.5° or 1.0° and higher, although increasing the rotational speed of the transducer causes a decrease in the resolution of the sonar imagery. Sonar data was recorded with the smb extension using the MS 1000, version 5.25 software.




2.2.4. ROV Mission


Visual inspection of the wreckage with the use of an ROV was performed for detailed ground truthing to verify the acoustic images. Video footage was recorded using a TV camera mounted on a remotely operated underwater vehicle. For visual examination of the wreck, a Falcon SAAB SeaEye vehicle was used, consisting of a submersible vehicle, power supply interface, control and steering devices, and a 300 m long cable line with a drum. During the survey, the ROV pilot performed three vehicle dives.



The use of ROVs is widely practiced and, as experience has shown, much more effective than the use of lowered underwater cameras. Photos and videos obtained with this technique provide information on the physical condition of the discovered object, the degree of destruction of the wreck or how deep the wreck is buried with sediments. Based on the video documentation, it will be possible to determine whether there are any fishing nets, or explosives on the wreck or in its vicinity [7].






3. Results


3.1. MBES Data


To process the recorded MBES data, a standard QINSY (QPS) workflow was applied, including data verification, outlier correction by spline filtering, tide correction and sound speed correction. After removing outliers, a regular grid of data was generated with a size of 0.5 m × 0.5 m (Figure 5).



The bathymetry displayed in Figure 5 is the result of a study around the position of the plane wreck. The depths in the research water area ranged from 24 m to 27 m, and sand was present in the majority of the seafloor [32]. The point cloud images of the wreck presented in Figure 6a,b did not indicate the detection of the airplane wreckage. Only the recording of an additional set of bathymetric data (grid of survey lines 2) and an increase in the density of measurements made it possible to create three-dimensional models of the detected wreck (Figure 6c,d) showing a certain symmetry in the construction.



The digital bathymetric models of the plane wreckage presented in Figure 6a,b are not very detailed or clear and do not reveal many valuable characteristics that could be used in the object identification process.




3.2. Sonar Data and Results of ROV Inspection


Towing the side-scan sonar at a very low altitude (Fa = 2 m) and in close proximity to the wreck resulted in recording a sonogram of negligible value in the process of the wreck’s identification (Figure 7a). On the next track line, located 20 m from the wreck, a sonogram was recorded with a set range of R = 40 m. The sonar was towed at a speed of V = 4.3 knots, however, its altitude was far too high (Fa = 14 m). The sonogram obtained in this way (Figure 7b) was also not suitable for identifying the wreck. Figure 7c shows the sonar image recorded at the speed V = 3.5 knots and sonar altitude of Fa = 6.7 m. In this case, the range was reduced to R = 30 m, however the sonar was towed too far from the wreck. Consequently, part of the acoustic shadow did not fit in the display window. With such imagery, it is not possible to accurately calculate the height of the airplane wing above the bottom. The acoustic images shown in Figure 7 based on the survey lines parallel to the axis of the aircraft wings did not provide sufficient quality for a further identification procedure.



It was decided to plan track lines oriented perpendicular to the axis of the plane’s wings. The first line was designed to be located approximately 20 m from the aircraft cockpit. The range was set to R = 40 m to visualize the wreck in the middle of starboard channel display. The sonar altitude was Fa = 5.5 m above the seafloor surface, with a towing speed of V = 3.5 knots. This time, a recorded sonogram (Figure 8a) clearly indicated what kind of wreck we were dealing with. In order to acquire the image with a greater level of detail, the sonar range was reduced to R = 30 m. The altitude of the sonar was also reduced to Fa = 4.3 m while maintaining the same towing speed. As a result, a clear and detailed sonogram was recorded (Figure 8b), suitable for use in the wreck’s identification process.



According to [27], when examining underwater objects with the use of side-scan sonar, the target (feature, wreck) should be ensonified by an acoustic beam at various angles. For this purpose, we designed the survey lines running parallel to the airplane wings and at an angle of 45 degrees to the wing axis. Sonar images of the wreck were recorded at the towing speed of V = 3.5 knots. The results are presented in Figure 9a,b. These are examples of “good quality” data resulting mainly from selected survey parameters (Table 3) and good weather conditions.



After finishing the bathymetric and sonar survey, we commenced with mapping the object using scanning sonar and ROV. First, the scanning sonar MS 1000 Kongsberg Maritime was placed on the bottom in close proximity to the wreck. Data were recorded with a minimum transducer angular step of 0.225° for the highest resolution. In the last stage of the study, in order to get a visual overview, the ROV was deployed. No material was removed and ROV recorded almost an hour of footage of considerable value (Figure 10). The obtained movie documentation was an invaluable aid in the identification of the wreck. An inspection carried out with the use of an ROV allowed us to determine the current condition of the wreck, the degree of cover with bottom sediments, the presence and quantity of nets, and the presence of ammunition and explosives.





4. Discussion


Identifying a shipwreck or airplane wreck is a complex task, and, in many cases, it is more difficult than discovering it [33]. Berg [34] and Keatts [35] claim that the wreck might be successfully identified based on the artifacts found in it. A hull number or the name of the vessel clearly confirms the identity of the underwater findings. Harpster [36] believes that the letters or numbers on the vessel’s bell may suggest the name and affiliation of the shipwreck. This requires the use of divers. Grabiec and Olejnik [37] claim that the most effective method of wreck recognition is the use of unmanned vehicles. The authors believe that only photographic or TV images of the wreck provide 100% certainty in the identification process.



Wreck identification is a multi-stage process of establishing the identity based on the collected photos and drawing documentation, analysis of historical facts, results of bathymetric and sonar measurements, diving inspection and movie material recorded with a TV camera mounted, for example, on an ROV vehicle [38]. In the process of identifying the wreck, the method of comparative analysis was applied. Sonar images of the airplane wreck were compared with the source documentation. The higher the compliance of the compared geometric features, the greater the probability of a positive identification of the airplane wreck. The consistency of dimensions, similar shapes of the object, analogies in the location, and the shape and size of the characteristic hull parts were analyzed. Initially, four types of aircraft were chosen, the sizes of which, in particular the wingspan, corresponded to the dimensions of the discovery (Figure 11).



The Szcze-2 was a Soviet transport aircraft from World War II, developed in 1942 as a light transport aircraft, especially for transporting paratroopers. The B-25 Mitchell was a World War II American medium bomber used as a horizontal bomber. In turn, the Junkers Ju 88 was a German, twin-engine, fast bomber from World War II, one of the most versatile aircraft of this conflict [39]. The last one, the Dornier Do 217, was a medium bomber and night fighter of German construction, also from World War II [40,41]. Rough measurements of the wreckage using sonar data showed that we were dealing with an aircraft with a wingspan of about 20 m. Analysis of the plating and shape of the wings presented some inconsistencies, which resulted in the rejection of the B-25 Mitchell bomber (Figure 12).



Then, the sonar image of the wreck was compared with the silhouette of the Soviet Szcze-2 transport aircraft. The wingspan was similar, but their shape differed. There was a large difference in distance between the wing engines. The distance between engines in the sonar image was 5.5 m, while in fact on the construction plans this distance was approximately 4.7 m (Figure 13). This difference influenced the decision that the Szcze-2 aircraft should not be taken into account.



The Dornier Do 217 aircraft with a wingspan of 19 m was selected. A thorough analysis of the wing structure and sonar images were compared with the construction diagrams. The aileron of the wings formed a straight line in this model of the aircraft (Figure 14b). A side-scan sonar image (Figure 14a) showed that there is a breakpoint in the ailerons. The Dornier plane had wings that formed a single plane in the vertical section (Figure 15a). The multibeam echo sounder data shows that the wings of this wreck do not lie in one plane. The wings connect with the fuselage at a slight angle (Figure 15b). Thus, the hypothesis that it was a Dornier was rejected.



The Junkers Ju-88 bomber was characterized by a wingspan of 18 m 25 cm. This dimension did not match our measurements. However, the first models had a wingspan of 18 m, and subsequent models were produced with wings extended to 20 m 8 cm [42,43,44,45]. Based on the results of the bathymetric measurements (Figure 16a) and side-scan sonar measurements (Figure 16b) the wingspan was about 20 m. Additionally, the distance between the engines on the bomber’s wings was measured and compared. The results of the comparisons were consistent, and they differed only by 5 cm (Figure 16c).



Comparative analysis of the wingspan, the arrangement of engines and the shape of the cockpit showed compliance with these features. Then the cross-section of the bathymetric point cloud of the wreckage was compared with the front view of the bomber. The data from the multibeam echo sounder clearly shows an airplane wreck, the wings of which were slightly raised (Figure 17). The Junkers Ju-88, unlike the Dornier Do 217, was characterized by such a position of the wings.



The first dozen Ju 88A-4s were equipped with wooden propellers made of refined laminated wood [46]. Part of the preserved propeller of the wreckage is shown in Figure 18. The ROV recorded video documentation of the wreckage and its surroundings. The video material made it possible to identify several characteristic elements of the wreckage. The photos showed the bomber’s entire wings without ailerons, with the pilot’s seat and engine nacelles (Figure 18).



The results of side-scan sonar imaging, bathymetric survey and ROV inspection made it possible to establish certain facts. Based on the bathymetric measurements conducted with MBES, the height of the wreck is 120–140 cm above the seafloor surface, the wings’ orientation at the bottom is 0–180° and the wingspan is 20 m. Side-scan sonar data and ROV footage show that the wreck is free from fishing nets, and fragments of propellers have been preserved. There are two engines without covers, a damaged cockpit and a visible pilot’s seat.



Based on an analysis of the survey results, the discovered object is the wreckage of an airplane. The wingspan and the shape of the wings, the number and layout of the engines, as well as the cockpit size and other features indicated that it is a German Ju-88 bomber in the A-4 version. Data from a multibeam echo sounder allowed for the detection of the object on the seafloor, but only the use of side-scan sonar confirmed the wreckage of the historic World War II Junkers airplane.



The results of the wreck’s examination indicate that the MBES, SSS and ROV are effective sensors not only for routine hydrographic works but also for an archaeological site survey. Data obtained with these instruments constitute key documentation in the wreck’s identification. The wreck does not pose a danger for navigation, and at the same time, it can be a unique attraction for divers, historians and enthusiasts of underwater exploration.




5. Conclusions


The aim of this paper was to show how acoustic remote sensing is used to search, survey and identify an airplane wreck. The proposed approach involves the application of multibeam echo sounder and side-scan sonar technology, an appropriate methodology that enabled the collection of high-resolution remote sensing data that contributed to the identification of the wreck. The identification level allows us to state that the examined object is the wreck of a Ju-88 bomber. The compliance of the research material with the archival documentation, building plans, and historical photos fully justifies the above statement.



This article demonstrated that successful identification of an airplane wreck is possible without involving a team of divers. This is especially important in terms of human safety or survey operation costs. Side-scan sonar enabled obtaining remarkably clear and contrasting sonar imagery with a high level of detail. The paper traced the importance of remote sensing techniques and, in particular, MBES, SSS as well as ROV as efficient and optimized mapping tools. This was exemplified through the project survey and the different techniques employed. The results generated from the remote sensing hydrographic works are hugely important due to their contribution to World War II history, but also to the safety of navigation in the Polish coastal water areas.
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Figure 1. Location of study area where the survey was conducted by Arctowski. 
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Figure 2. The moment of detecting the wreck by means of MBES on the survey line number 70. 
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Figure 3. Instruments used for surveying the airplane wreck: (a) multibeam echo sounder EM-3002D; (b) side-scan sonar Klein 3900 System; (c) scanning sonar ver. 1071; (d) remotely operated vehicle Falcon SAAB SeaEye. 
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Figure 4. Grids of bathymetric survey lines planned in the wreck site. 






Figure 4. Grids of bathymetric survey lines planned in the wreck site.



[image: Remotesensing 14 05195 g004]







[image: Remotesensing 14 05195 g005 550] 





Figure 5. Grid of bathymetric data and location of the wreck prepared based on multibeam echo sounder measurements. 
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Figure 6. Digital models of the plane wreck: (a,b) models developed based on data recorded during one pass over the wreck; (c,d) models developed based on the increased density of bathymetric data. 
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Figure 7. Side scan sonar data of little utility and value: (a) sonar is flying too low and too close to the wreckage; (b) sonar is flying too high above the bottom; (c) sonar is flying too far from the wreckage. 
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Figure 8. Side scan sonar data of considerable utility and value: (a) sonar is flying 20 m from the wreckage, range R = 40 m; (b) sonar is flying 15 m from the wreckage, range R = 30 m. 
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Figure 9. Side scan sonar data recorded with the Klein 3900 system: (a) sonar track line parallel to the axis of the airplane wings; (b) sonar track line at the angle of 45 degrees to the axis of the airplane wings. 
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Figure 10. Video data recorded with the ROV camera: (a) part of the right wing; (b) part of the cockpit; (c) part of the left wing; (d) engine propeller; (e) part of the tail detached; (f) engine cover on the right wing. 
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Figure 11. Four types of aircraft selected in the first phase of identification: (a) Szcze-2 aircraft; (b) B-25 Mitchell aircraft; (c) Junkers Ju-88 aircraft; (d) Dornier Do 217 aircraft. 
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Figure 12. Comparison of the sonar image of the wreck with the B-25 Mitchell bomber: (a) sonar imagery of the wreck; (b) the floor plan of the B-25 Mitchel bomber; (c) identifying the wing feature in the sonar image; (d) identification of the engine on the construction plans. 
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Figure 13. Comparison of the distance between the wing-mounted engines based on sonar data and technical data of the Szcze-2 aircraft. 
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Figure 14. Comparison of the shape and arrangement of the wing ailerons: (a) side-scan sonar image of the airplane wreck’s wing, (b) plane projection of the Dornier Do 217. 
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Figure 15. Comparison of the wing arrangement and wingspan: (a) wing arrangement of the Do 217; (b) wing arrangement of the discovered wreck of plane, vertical cross-section of the multibeam echo sounder data. 
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Figure 16. Comparison of the wingspan and distance between engines: (a) data recorded with MBES; (b) sonar imagery and dimensioning; (c) actual dimensions of the Junkers Ju 88. 






Figure 16. Comparison of the wingspan and distance between engines: (a) data recorded with MBES; (b) sonar imagery and dimensioning; (c) actual dimensions of the Junkers Ju 88.



[image: Remotesensing 14 05195 g016]







[image: Remotesensing 14 05195 g017 550] 





Figure 17. Comparison of the wing elevation angle of the wreck: (a) wing arrangement of the airplane wreck, a vertical cross-section of the MBES data; (b) actual model of the Junkers Ju-88. 
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Figure 18. Identification of selected parts of the wreck of bomber on the basis of data recorded with ROV and side-scan sonar. 
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Table 1. Survey project settings applied to bathymetric measurements of the wreck site.
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	Parameter
	Value





	Total swath coverage
	100°



	Horizontal range
	70 m



	Line spacing
	56 m



	Overlap
	20%



	Bottom coverage
	200%



	Survey speed
	5 knots
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Table 2. Technical specification of the multibeam echo sounder EM 3002D.
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Specifications






	
Frequency

	
300 kHz




	
Max ping rate

	
40 Hz




	
Beamwidth

	
1.5° × 1.5°




	
Depth resolution

	
1 cm




	
Pulse length

	
150 μs




	
Tilt angle

	
40°
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Table 3. Technical specifications of the side-scan sonar Klein 3900.
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Specifications






	
Frequencies

	
455 kHz, 900 kHz




	
Beams

	
horizontal 0.21°; vertical 40°




	
Max range

	
150 m @ 445 kHz; 50 m @ 900 kHz




	
Depth rating

	
200 m




	
Sensors

	
Roll, pitch, heading




	
Options

	
Pressure sensor
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Table 4. Technical specifications of the sonar head used during the survey.
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Specifications




	
Operating frequency

	
675 kHz




	
Beam width

	
0.9° × 30° Fan




	
Range

	
20–25 m




	
Scan angle

	
360°




	
Step size

	
0.225°




	
Pulse lengths

	
25 μs
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