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Abstract

:

Lightweight sonar devices may be tethered to an unmanned aerial vehicle or drone and quickly deployed over water for real-time imaging in 2D and the on site creation of geolocated, interactive bathymetric maps without the need for a boat. We show how such data is useful in the preliminary stages of water searches, by providing geophysicists, hydrologists and divers with spatial depth information, the distribution of dive and equipment hazards such as entanglement objects (weed, discarded items) and sediment types. One bathymetry case study location is described in detail, with a further two summarized to demonstrate reconnaissance surveys. Limitations of drone-based sonar surveys are outlined, including dense water weed cover; limits on flight times and adverse weather conditions.






Keywords:


UAV; sonar; water-based search; Geoforensics; bathymetry












1. Background: Why Might Remote Bathymetry Be Needed?


The search for buried or sunken human remains is best achieved by gathering as much background information as possible, prior to the deployment of search personnel. In the terrestrial environment, this comprises a desktop study, followed by a walk over assessment of feasibility, including ground topography [1]. For aqueous environments, publicly available historical data may be available, but knowledge of bathymetry and sediment conditions is likely to be incomplete, due to inaccessibility and constantly changing environments, such as water depth and siltation. Thus, to plan a search, rapid and reliable water bathymetry is essential: this work explores whether lightweight sonar (sound navigation and ranging) devices, tethered to unmanned aerial vehicles (UAV’s, known commercially as drones (used hereon)) can achieve this goal: we abbreviate this combined use as “Dronar” for ease of communication.



Active sonar is a widely used imaging system in water surveys [2,3] and specifically in the forensic search for human remains in water [4]: be it single beam echo sounding [5]; multibeam for mapping waterbed surfaces (op. cit); or sidescan [6]. All active sonar systems rely on the generation, propagation and reflection of acoustic waves from a transmitter to receiver, commonly housed in the same device. Data outputs may comprise two-dimensional (vertical) depth profiles; two-dimensional (horizontal) depth to water base maps and three dimensional datasets [7], with the most common being sidescan imaging for the location of sunken objects. Intensifying an acoustic pulse can be achieved using a CHIRP (compressed high intensity radar pulse) system, which improves horizontal resolution at wider operating ranges: this may allow the visual differentiation of closely spaced targets and suppression of noise [8]. The use of sidescan sonar, divers, as well as more specialist underwater cameras (endoscopes), CHIRPs, water-penetrating radar, water trained scent dogs and geochemical analysis should be based on a desktop study of available information (geology, soils/catchments, hydrology, past water use). However, water bodies are dynamic and may comprise small (e.g., ~1 km diameter) covert forensic search locations that usually do not have up to date information at the detail required for surveys that include minor waterways [9], requiring background information such as bathymetry to be gathered. Acquiring such contemporary and reliable information has previously needed the deployment of boats in sometimes hard to access environments; thus, most surveyors perform what is bad practice, and deploy equipment and personnel “blind”, with no prior knowledge. This approach can be successful if left down to luck, but forces the investigator to gather what should have been background data as the work progresses. In the author’s experience, however, if a rapid and reliable means of obtaining such background data is available, it is worth considering. Likewise, sonar and CHIRP may not be successful where excessive weed, gas bubbles and rocky substrates are present, requiring assessment prior to boat deployment. We test the ability to take this background data by using a drone mounted sonar and CHIRP system, deployed in a similar manner to [10], but concentrating on mapping the entire bathymetry of lacustrine and fluvial locations, as in Giambastiani et al. [11].




2. Equipment and Methods


Bandini et al. [10] completed novel research by attaching a commercially available fishing sonar (Deeper Smart Sonar Pro+), via a winch mechanism, to a DJI Spreading Wings S9000 hexacopter. They used this approach to remotely measure the water depths of a Danish lake and two rivers. This work follows Bandini et al. [10] with the following variations:




	(1)

	
a Deeper Smart Sonar Pro+ and Deeper CHIRP+ 2 were utilized. The capabilities of both devices are presented in Table 1. Each device contains a WiFi module which connects to a smart device to record real-time data;




	(2)

	
the sonar devices were suspended on a static line (no winch) from three different drones: a DJI Mavic Pro, a DJI Phantom and a DJI Inspire 2;




	(3)

	
the Fish Deeper app, containing in built bathymetric mapping software, was utilized for on-site water depth evaluation;




	(4)

	
we are demonstrating a quickly deployed and low cost data acquisition technique that is thorough enough to evaluate the feasibility of an underwater forensic search, if not complete it. Raw data, containing GPS points with corresponding water depth measurements were imported into an ArcGIS Pro to create detailed bathymetric maps which aid in the desktop study portion of the geoforensic search strategy (GSS) of Donnelly & Harrison [1]. The raw data were downloaded as .csv files from the Deeper Data Manager site ‘LakeBook’ found at https://maps.fishdeeper.com (last accessed 20 November 2021).









The rationale for the above variations to previous work include:



(1) to compare the scanning depths of both devices between both sonar devices, as the newly developed Deeper CHIRP+ 2 is advertised as having shallow water (less than 50 cm) and subsediment imaging capability. The accuracy of the drone derived depth measurements was tested against boat derived plumb bob measurements and water penetrating radar profiles for a number of the test sites.



(2) test flights were undertaken in low wind conditions on open water, where a winch mechanism, similar to Bandini et al. [10], can be easily installed.



(3) and (4) provide basic, yet up to date bathymetric maps and sediment type (on the latter, see Gutowski et al. [12] of a greater number of small water bodies where publicly available data is not available or accessibility is limited.




3. Drone Sonar: Study Sites and Data Acquisition


For this test of whether sonar from a drone may be a suitable addition to water surveys, we gathered data from three sites in Northern Ireland (UK):



Site 1 comprises a bathymetric survey of a recreational natural lake with known anthropogenic objects;



Site 2 was a targeted survey over a submerged archaeological feature in a lake in forest service land;



Site 3 was surveyed to assess water volumes in an isolated dammed lake, presumed to be relatively free of anthropogenic targets, and is included to show the problems of aquatic weed growth in a forensic engineering context.



We describe our methodology for Site 1 for simplicity as an example of a small survey environment, typical of those we are asked to survey for search authorities. Data acquisition was the same for all sites (summarized in Figure 1), comprising full safety checks of the drone, tether, sonar and weather/water conditions at a smooth launch site. Flights were nonautonomous (drone pilot controlled) to allow emergency landing, with a trial flight prior to any survey.



Site 1 is the Queen’s University, Belfast Water-ski Club facility at Lough Henney (County Down, N.Ireland), with a nearby lake (Lough Aghery), where presurvey test flights (Figure 1) were undertaken. Lough Henney comprises a 0.8 km (E-W) long, 0.35 km (N-S) wide, 0.16 km2, postglacial interdrumlin lake, sited on the NE–SW oriented (fault) boundary of Lower Palaeozoic metamorphosed shales and sandstones, below glacial/postglacial till and alluvium (Figure 2). Users of the lake facility provided anecdotal evidence of 6 m lake depths at the center and some submerged objects, such as sunken water ski ramp wires (dislodged in winter storms, Figure 3), replicating one search scenario. These depths were previously measured using a StarFish boat borne sonar. The Deeper CHIRP+ 2 was suspended from a Mavic Pro drone and flown around the perimeter of the lake, as in Figure 1. To show how data sets may be combined, the remainder of the lake was flown at a later date with the Inspire drone. Further information can be found in Supplementary Files Videos S1–S5.



Furthermore, where upstanding vegetation was predicted to cause a flight hazard, these areas were completed by either the sequential lowering of the drone and sonar vertically to provide spot depth measurements, or by shallow casting the Deeper buoy using a standard fishing rod. Sites 2 and 3 were surveyed (location maps in Figure 4 and Figure 5) in much the same way, with deeper water negating any need for any shore based data acquisition at Site 2 and very thick weed precluding any data being collected at a small portion of Site 3 (southern end, see Figure 5).




4. Initial Results


All surveyed sites yielded bathymetry from 30 cm depth to over 10 m depth, validated by plumb-bob and water-penetrating radar (WPR), and captured target objects, some of which were confirmed by visual observation in clear water. Examples from Site 1 are shown in Figure 3 with some preliminary interpretations, such as a water surveyor may make in real time to advise search personnel, added to a water depth/volume inventory and/or to be ready for further surveys of water volume, siltation, underwater archaeology or water sampling.



Studies of water volumes, flood risk, agricultural/climate change induced siltation and forensic searches rely on knowledge of water depths and sediment/weed extent [3], such as this survey provides. A summary bathymetric map does not provide adequate detail in comparison to real time data captured on screen and, here, as an accessory file (Supplementary Files Videos S6). Figure 4 shows a bathymetric map of Site 2, derived using four drone flights and augmented by fishing rod and boat surveys at inshore areas of weed growth (potential buoy/drone snag hazard).



Site 3 (Figure 5) comprised a legal enquiry regarding flood hazards and, thus, predicted water volumes in an upland lough in Northern Ireland (details confidential, still subject to enquiry). This example is shown as an area devoid of conventional forensic targets, as a comparator to Site 1, the data being free of submerged objects. It also demonstrates a known limit to sonar and CHIRP—the presence of thick aquatic weed growth in the southern area of the lake, where both devices’ acoustic wave reflected from surface mats of pond weed (Bog Pondweed (Potamogeton polygonifolius) and the invasive species of Canadian Pondweed (Elodea canadensis)).




5. Validation


As with all geophysical and remote sensing techniques, the validation of results is essential. For the bathymetric 2D profiling of waterways, the works of Bandini et al. [10] and Giambastiani et al. [11] achieve this with excellent statistical methods and results, which cannot be bettered here. Bandini et al. [10] describe an in depth comparison of drone tethered sonar compared to other approaches for mapping bathymetry and also errors associated with the depth measurements from the Deeper Smart Sonar+. In a forensic search of water, this is no different, as geophysical/remote sensing devices are checked against plumb-bob depth measurement. However, this is not ideal, as many search scenarios are in waterways with no obvious firm base, being gradational from water, water suspended sediment, through thixotropic sediment to firm layers: these may be tens of centimeters to a few meters in depth, in which the search target may reside. While this introduces uncertainty in which horizon sonar is reflecting from, this problem of threshold is commonly solved by carrying out freshwater search surveys using WPR (see Ruffell & Parker [15]. At Site 2, Deeper CHIRP+ 2 (240 kHz, narrow 20° beam) and WPR (200 MHz) data were collected simultaneously. A comparison between the sonagram and radargram is presented in Figure 6. This example demonstrates the gradational nature of the lake floor being surveyed on the sonar: the WPR is undoubtedly subject to the concept of a dielectric threshold at the 200 MHz frequency used, providing a clear lake floor reflection.



As in terrestrial forensic search, the use of different methods for cross validation is highly recommended, if not always logistically possible or environmentally suitable.



As WPR and sonar data can be gathered simultaneously, either by boat for the radar and Dronar, or both from a boat, it is recommended both are used conjunctively. Ground penetrating radar systems may be deployed from a drone [16]; and, thus, our geoforensic search method of sonar from a drone may also be undertaken simultaneously.




6. Future Applications and Limitations


Previous studies present the applications of drone based sonar in hydrological sciences and hydraulic engineering [10] along with estimating reservoir water capacity [11]. In this work, we propose that drone based sonar can provide a rapid, on site assessment of bathymetry, underwater hazards and sediment/vegetation cover for water based forensic searches. With suitable conditions in the absence of contemporary background data, it shows potential as a survey asset, by combining the work of Bandini et al. [10] and Giambastiani et al. [11]. Such a survey is useful for input to a presearch desk top study and on site evaluation of water sunken objects, such as human remains, weapons, drugs, contraband, wreck/crash sites and (as seen above) in forensic engineering. Where the search target may be beneath sediment in water, the use of sub-bottom profilers and/or WPR may be used in combination, or targeted over areas shown from the Dronar. The basis of this work is in gathering data as part of a forensic search for specific items. Like other geophysical techniques, however, Dronar may provide an “easy win” and locate the specific item, or limit the search to a number of targets: current (confidential) work by the authors at homicide search locations suggests that this is possible, validated by us successfully scanning a diver in a swimming pool and living volunteer limbs in water storage vessels (rain butts). Limitations to drone acquisition include: adverse weather, such as strong winds and even minor precipitation; waves of more than 5–10 cm height (hindering sonar buoy and thus drone movement); upstanding snagging objects and thick surface aquatic weed growth. A common criticism of drone surveying is battery life (typically 15 to 20 min), which we show is of minor concern, given that with numerous batteries and a vehicle/mains/generator charging means, data can be incrementally added as a search progresses. Sonar devices can likewise be rapidly recharged. Above 1 to 2 km distance from shore or line of sight, drone-based surveys become unsafe and such large water bodies commonly have minor waves, although estuaries are an ideal search location, being sheltered and impossible to survey by ground and water penetrating radar [17]. Advances in drone battery life, and the deployment of a quick release mechanism (such as in Bandini et al. [10], with sonar on a 20 to 30 m tether (to allow operator time for release when landing) and monitoring by an observational drone above may be possible ways to overcome such limitations.




7. Conclusions


To facilitate water based forensic searches and reconnaissance surveys, we propose the use of drone based sonar as a cost effective reliable method of bathymetric mapping and feature and hazard identification that can be easily integrated into current practice. This work tested the feasibility of this approach using two different lightweight sonar devices across three study areas. We conclude that commercially available sonar systems tethered to a drone can map bathymetry and identify sunken targets in favorable conditions. Nevertheless, vegetation or high wind conditions could impact the effective implementation of the approach. Dronar can be used for gathering background information of potential study areas, particularly in logistically challenging locations, were boat derived data cannot be collected. Furthermore, drone based sonar can be deployed as an initial step of a search operation in order to provide real time depths and identify possible hazards to boats and divers.
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Figure 1. Test flight image stills from video (see Supplementary Files Videos S1–S5) to show the simple launch and deployment procedure. (A) Possible launch scenario. MavicPro drone with tethered Deeper Smart Sonar+ behind; (B) MavicPro drone during operator controlled take off; (C) MavicPro drone beginning deployment such that the sonar begins WiFi connection to controller and scanning; (D) MavicPro drone with sonar in scanning mode. (A–D): all at the test and detailed study locations (Figure 2 and Figure 3). (E) DJI Inspire 2 drone with Deeper CHIRP+ 2 device, scanning a river in N. Ireland. 
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Figure 2. Background information and bathymetry on the detailed case study at Site 1. (A) Bedrock geology (note the underlying structure is oriented NW–SW, as in the elongated, southwestern portion of the lough); (B) topography of Site 1; (C) drone image at 60 m height of the southwestern area; (D) bathymetric map, created after 4 h (total) of sonar (drone, boat, shore based) surveying: suitable for same day survey planning, but can be brought into GIS for further analysis and output as contour line maps (see Supplementary Files Videos S7), as recommended by Stoelzle and Stein [13]. 
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Figure 3. Examples of real time sonar (here, CHIRP) data from Site 1, acquired by drone and viewed onshore, such as assessing dive depths and hazards. (A–C) Sonar data display on FishDeeper app. Vegetation can be seen as vertical green and yellow structures, with the brown structure representing the lakebed; (D) yellow arc reflections representing sunken water ski debris; (E) yellow reflected area likely represents suspended weed or mud along the lake bottom which contrasts to reflection-free clear water above. (F) yellow arc reflection representing a submerged object (water ski debris). 






Figure 3. Examples of real time sonar (here, CHIRP) data from Site 1, acquired by drone and viewed onshore, such as assessing dive depths and hazards. (A–C) Sonar data display on FishDeeper app. Vegetation can be seen as vertical green and yellow structures, with the brown structure representing the lakebed; (D) yellow arc reflections representing sunken water ski debris; (E) yellow reflected area likely represents suspended weed or mud along the lake bottom which contrasts to reflection-free clear water above. (F) yellow arc reflection representing a submerged object (water ski debris).



[image: Forensicsci 01 00018 g003]







[image: Forensicsci 01 00018 g004 550] 





Figure 4. Site 2 data is shown where reconnaissance lines were flown by drone to narrow a boat borne sonar and water penetrating radar search for a medieval crannog (dwelling/defensive structure in water), detailed in Ruffell and King (2021) [14]. (A) Map of the lake (from AppleMaps), insets: 2D lines of crannog. (B) Reconnaissance sonar lines and depths; (C) detailed sonar bathymetry over the upstanding feature, thought to be a crannog (here, likely medieval—a lake dwelling and/or defensive structure). 
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Figure 5. Site 3, where few subaqueous targets occur and weed growth limited sonar deployment by drone or boat due to surface reflections. Flight lines are left on the map, for illustrative purposes. 
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Figure 6. Example of the comparative and conjunctive use of WPR and sonar over Site 2. The radargram (left) depicts an underwater crannog which is comparable with the sonagram (right). 
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Table 1. The capabilities of both Deeper products utilized in this work.
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	Deeper Smart Sonar Pro+
	Deeper CHIRP+ 2





	Wide angle sonar beam frequency
	55°—90 kHz
	47°—100 kHz



	Narrow angle sonar beam frequencies
	15°—290 kHz
	20°—240 kHz

7°—675 kHz



	Weight
	92 g
	100 g



	Built in GPS
	Yes
	Yes



	Minimum scanning depth
	50 cm
	15 cm



	Maximum scanning depth
	80 m
	100 m



	WiFi range
	100 m
	120 m



	Target separation
	2.5 cm
	1 cm



	Record water temperature
	Yes
	Yes



	Battery Life
	6 h
	15 h
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