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Zusammenfassung 

Die Erreichung und Überwachung eines guten Umweltzustandes der kontinentalen Schelfmeere 

erfordert auf Grund ihrer Ausdehnung die Zuarbeit von akustischen Fernerkundungsmethoden. Die 

Interpretation von akustischen Signalen im Hinblick auf die Erkennung benthischer Gemeinschaften 

steht noch am Anfang ihrer Entwicklung. In dieser Arbeit werden die Ergebnisse von zwei 

Feldkampagnen mit schiffs- und landerbasierten optisch-akustischen Verfahren in einem sandigen 

Bereich der Nordsee vorgestellt. Ziel der Arbeit ist ein besseres Verständnis des Einflusses des 

Polychaeten Lanice conchilega auf die kleinskalige Oberflächenrauigkeit sowie, damit 

zusammenhängend, auf akustische Signale. Im Ergebnis zeigt sich ein deutlicher Einfluss bereits von 

dünn besiedelten (<2%) Lanice conchilega Feldern auf die Rauigkeitseigenschaften des Meeresbodens. 

Diese dünn besiedelten Bereiche können allerdings derzeit weder von schiffs- noch landerbasierten 

akustischen  Verfahren sicher erkannt werden. Bei dichterer Besiedlung von L. conchilega zeigt sich 

dagegen ein deutlich erkennbares Signal in akustischen Verfahren. Die Ergebnisse sind 

vielversprechend für einen breiteren Einsatz akustischer Fernerkundungsverfahren für die Erkennung 

geeigneter benthischer Habitate oberhalb einer kritischen Besiedlungsdichte.  

 

Abstract 

The achievement and monitoring of a good environmental status on continental shelf seas requires 

the use of acoustic remote sensing techniques due to their range. The interpretation of acoustic signals 

for the identification of benthic communities, however, is still in its infancy. In this thesis, the results 

of two field campaigns conducted in a sandy environment off the shore of Sylt Island (North Sea) 

utilizing ship- and lander-based acoustic and optical remote sensing techniques are discussed. The 

objective of the thesis is a better knowledge of the impact of the polychaete Lanice conchilega on 

physical seafloor properties, especially roughness at a cm to mm scale, which is relevant for 

understanding acoustic scatter. The results show a clear impact of L. conchilega on roughness even in 

sparse populations of less than 2% coverage. However, these sparsely populated areas could not be 

reliably identified with acoustic data; a denser population of L. conchilega provided a clearer signal for 

the acoustic remote sensing methods. The results are promising regarding the broader use of acoustic 

remote sensing techniques for environmental monitoring in selected habitats, although the 

determination of minimum population thresholds that can be identified will require further studies.  
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1 Introduction  

 

1.1 Pressures on Marine Environments 

Intact marine ecosystems are of great importance for a healthy marine environment and are major 

contributors to biological diversity, economic prosperity and human well-being [1,2]. On a global scale, 

the marine environment provides 99% of the living space and contains 90% of the biosphere, which 

are much higher values than those of terrestrial and freshwater ecosystems [3,4]. In addition to a high 

level of biological diversity, marine ecosystems offer irreplaceable ecological services [5,6], including 

fresh air and water, climate regulation, building materials, waste remediation, nursery areas for 

demersal fish species and fish stocks [6–9]. In recent years, marine ecosystems have been put under 

enormous pressure by increasing economic interests (e.g., transport and shipping, mineral extraction, 

renewable energy production, noise, commercial fishing, aquaculture, submarine cables and pipelines, 

and sand extraction) and anthropogenic pollution (e.g., oil spills, the introduction of invasive species, 

eutrophication and waste dumping) [8–13]. The rising anthropogenic pressure on the marine 

environment is very likely to cause, first, the degeneration of the natural habitat, which is associated 

with a loss in biodiversity [1–3,14], and second, ecosystem collapse beyond the point of recovery in 

the near future [15]. To prevent this loss, it is necessary to reduce anthropogenic impacts on the 

marine environment, which forces a tradeoff between the economic potential [6] and the sustainable 

usage of marine resources [13,16]. To balance economic and ecological interests, a regulatory 

framework for sustainable usage is needed [11,12,16–18]. The demand for marine environmental 

management has been underpinned by the EU marine water policy in recent years [11,12,14,17]. 

 

1.2 Strategies for maintaining Marine Environments 

The Marine Strategy Framework Directive (MSFD) was adopted in 2008 by the European Commission. 

This is the first legislative instrument that demands the EU member states (excluding land-locked 

member states) to translate EU Directives on marine environmental protection into national-level 

policies [12,14]. The aim of the MSFD is to achieve a ‘good environmental status’ (GES) in the EU´s seas 

by 2020 [12,19]. To specify what is meant by a GES, the term is defined by article 3(5) of [12] as follows: 

“‘good environmental status’ means the environmental status of marine waters where these provide 

ecologically diverse and dynamic oceans and seas which are clean, healthy and productive within their 

intrinsic conditions, and the use of the marine environment is at a level that is sustainable, thus 

safeguarding the potential for uses and activities by current and future generations…”.To facilitate the 

actual achievement of a GES, the European Commission (2010/477/EU) provided 11 qualitative 
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descriptors in Annex I of [20], which comprise necessary criteria and methodological standards in order 

to provide more coherence among national strategies. Within the Marine Strategy Framework, the EU 

Member States were requested to use the descriptors as references to standardize methods for the 

preservation of the marine environment as follows [12,14,21]: (1) to determine the initial status of 

their national marine environments, (2) to define the GES for their environments, (3) to define targets 

for maintaining or achieving a GES, (4) to develop monitoring programs to assess and report the 

current environmental status and (5) to take action to reach the defined targets. Although the 

standardization of marine environmental protective measures, descriptors and aims has made good 

progress, the quality of the measures undertaken and the outcome depend, to a large degree, on 

sufficient accurate knowledge about the marine environment [22]. “Good policy depends on high-

quality information” [3]. 

 

1.3 Remote sensing of Marine Environments 

Taking the correct actions toward a GES requires scientific information about the geographical 

distribution, conditions and ecological functions of benthic habitats [23,24]. Due to the relatively high 

degree of effort and expense involved in creating full-coverage and high-resolution habitat maps, the 

overall scientific knowledge of marine ecosystems is still very poor compared to that from land-based 

studies [23,25,26]. In recent years, terrestrial ecological studies have benefited greatly from the 

general technical advances made with aerial and satellite remote sensing techniques [23,27,28]. This 

technical advantage has increased the accessibility and affordability of data, which has significantly 

contributed to an increased knowledge of terrestrial ecosystems [23,27]. The basic concept of aerial 

and satellite remote sensing lies in the application of electro-optical sensors, which provide detailed 

surface images (up to 1 cm resolution) over a large area (>10 km) within a short time interval (<1 h). 

Additionally, electro-optical sensors can be utilized to provide altitude, thermal infrared, microwave 

radiometer, radar and lidar (light detection and ranging) data [27]. Field data are still vital for 

calibrating the sensor data [27,32]. A visual interpretation of low-resolution satellite images, multi-

spectral data from the electro-optical sensors and field work data are used for environmental modeling 

to create a composite map that can be used to classify the majority of various land cover types and 

land cover changes [28]. Detailed surface images in combination with infrared data can be used to 

identify specific objects (e.g., trees), ecological patterns (e.g., temporal and spatial patterns) and 

environmental conditions (e.g., soils, surface water) [29]. Time series of remote sensor data allow the 

assessment and reporting of dynamic processes [27,30,31]. However, the application of electro-optical 

remote sensing methods in the marine environment is very limited due to the high attenuation of 

electromagnetic waves by seawater [23,27]. 
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There is an ongoing demand for efficient survey methods to increase knowledge of the marine 

environment to a level that is at least equivalent to that achieved in land-based studies [9,23,32]. Due 

to the high attenuation of electromagnetic waves in the marine environment, acoustic echo-sounding 

techniques are used for seafloor remote sensing in combination with in situ sampling methods 

[23,33,34]. Acoustic waves can travel long distances in water, and the travel time and intensity of the 

returning echoes and scatter provide information on the water depth and the seafloor “hardness” and 

“roughness” (discussed later in detail) [35]. The hardness and roughness of the seafloor affect the 

intensity of the acoustic signals scattered from the seafloor [36]. By combining depth and backscatter 

information, acoustic data can be utilized to compute high-resolution, aerial-like images of the seafloor 

that preserve information about both the geological build-up and the benthic habitat of the seafloor 

[23,36]. Acoustic remote sensing is a more efficient technique for seafloor mapping than traditional 

point sampling methods [23]. Nevertheless, compared to the techniques used in land-based studies, it 

is still inefficient and time consuming due to the high field work effort required to record and ground-

truth acoustic data [27]. Although the operating expenses of acoustic remote sensing are relatively 

high, the seafloor maps generated by these methods are essential for revealing the complexity of the 

sublittoral environment and dividing the marine environment into manageable units [13,23,25]. 

However, the majority of all acoustic seafloor surveys require ground-truthing, as a direct inversion 

between acoustic characteristics and seafloor properties is only possible in idealized cases that are not 

sufficient in light of the challenges of the habitat mapping frameworks discussed above. 

The in situ sampling technique for ground-truthing during field work is the most accurate and 

widespread method for gathering detailed data about the marine environment. These techniques 

include data obtained by divers, grab samples, video footage, underwater photography and laser line 

scanners. Considering the relatively small coverage area of the above methods compared to the total 

area of the marine environment, in principle, ground-truthing by itself is quite time consuming and 

provides only sparse area coverage [32]. Point samples derived from ground-truthing by various 

methods can be used to link backscatter changes to geological or biological seafloor characteristics, 

whereas backscatter changes can be used to trace the specific characteristics of point samples across 

the research area, filling gaps where no sample was or could be taken. Sediment distribution maps 

based on grab samples and acoustic echosounder data [37,38] have helped to classify substrate types 

and divide the marine environment into manageable units [23]. 

The resolution and mapping capability of acoustic systems have strongly benefited from the ongoing 

development of echosounder systems and computing power during the last decade [23,33,37]. In 

principle, this allows a better discrimination of different seafloor facies (including e.g., the presence of 

benthic life) based on acoustic remote sensing data [39]. This would increase the efficiency of acoustic 
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remote sensing for ecosystem identification and delineation purposes. On the other hand, due to the 

higher level of detail provided by recent acoustic surveys and required for ecosystem delineation tasks, 

it becomes increasingly important to develop a robust and detailed ground-truthing method to 

experimentally establish the interactions of the seafloor and acoustic waves [39]. As stated by [25], 

“The key to successful application, however, lies in the translation of basic physical data on bottom 

substrate and characteristics into meaningful representations of benthic habitat quality [25].” 
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2 Objectives and Outline 

 

The objective of this thesis is to measure the impact of benthic abundance on seafloor roughness and 

acoustic scatter to improve the remote sensing of benthic habitats. Toward this aim, an experimental 

approach is presented that utilizes a lander system equipped with an underwater laser line scanner 

and acoustic transducer units in combination with a multibeam echosounder to record a concurrent 

dataset of mm-scale seafloor topography, benthic abundance and acoustic scatter. 

The experiments were conducted off the shore of Sylt Island in a sandy sedimentary environment 

during two field campaigns onboard Mya 2 (August 2015) and Heincke 486 (May 2017). The 

experimental approach to the objective is thematically divided into three parts that build up on 

another. 

The first part, from 2015, utilized optical remote sensing. A lander system equipped with an 

underwater laser line scanner was deployed at three different stations with the aims (1) to develop a 

robust procedure to measure the local seafloor roughness at a sub-mm resolution in highly turbid 

water, and (2) to evaluate the spatial impact of benthic organisms on small-scale seafloor roughness. 

The seafloor roughness is a basic parameter that is of high importance for acoustic scattering 

processes. Relating changes in spatial roughness to benthic activities is likely to improve the 

understanding of acoustic scattering processes. The findings of the first phase are published in: “Impact 

of Lanice conchilega on seafloor microtopography off the island of Sylt (German Bight, SE North Sea)“ 

[40 used with permission] (chapter 6). 

The second part, from 2017, utilized ship-based acoustic remote sensing. A multibeam echosounder 

survey was conducted by mapping the research area three times at different frequencies (200, 400, 

600 kHz) in order to utilize multifrequency backscatter mosaics for an improved interpretation of small-

scale benthic habitats. The frequency is an important parameter related to the resolution of acoustic 

measurement techniques. By applying different frequencies, a multi-beam echosounder system 

measures different backscatter intensities for the same seafloor roughness. The multi-frequency 

backscatter approach offers the opportunity to reveal changes in the spatial roughness of the seafloor. 

The findings of the second phase are published in: “Improved Interpretation of Marine Sedimentary 

Environments Using Multi-Frequency Multibeam Backscatter Data“ [37] (chapter 7). 

The third part, from 2017, utilized combination of acoustic and optical remote sensing. Acoustic 

transducer units were added to the lander system, which allowed simultaneous recording of acoustic 

scatter and seafloor roughness, including the impact of benthic abundance. The deployment locations 
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were located in an area that was measured by a multibeam echosounder prior to lander deployment. 

The lander system was deployed (1) to locally measure the seafloor roughness at a mm resolution, (2) 

to measure the spatial impact of benthic organisms on small-scale seafloor roughness, and (3) to locally 

record the acoustic scatter intensity with the lander system. In addition to the lander data, backscatter 

intensity was predicted as a function of seafloor roughness utilizing an acoustic scatter model, and the 

ship-based backscatter intensity at the deployment locations was derived using the backscatter 

mosaics from the multibeam survey. The data have been compiled for a combined analysis to show 

the opportunities and limits of utilizing a combination of different acoustic and optical remote sensing 

techniques to detect marine habitats in a sandy environment off the shore of Sylt Island. The findings 

of the third phase are published in “Impact of Sparse Benthic Life on Seafloor Roughness and High-

Frequency Acoustic Scatter “[37] (chapter 8)1. 

  

 

1At the date of submission of this thesis, the state of the article is „accepted with major revisions“. The main 

critical remarks of the reviewers are concerned with a) including the experimental data and code as 

supplemental files to allow reproducibility, and b) include the analysis of angular response curves of the 

multibeam echo sounder based on a 200 kHz mosaic. 
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3 Study Site  

 

The experiments were conducted in two adjacent areas located in the German Bight off the shore of 

Sylt Island (Figure 1). The study site is affected by a semidiurnal tide with a mean average water level 

height difference of 1.8–2.2 m. From the west, the area is exposed to storm events. The seafloor 

surface shows a general flat topography and is covered by marine sediments. 

In this area, marine sediments are reported as a layer of potentially mobile deposits (e.g., due to storm 

events), with an average thickness between 1 and 3 m and a sandy sediment composition [40,41]. 

During both experiments, a grain size analysis of the upper sediment layer (0-5 cm) confirmed a 

homogenous, well-sorted sandy sediment composition with a mode of 2.5 phi (chapter 7), with the 

exception of coarser sand retrieved from sorted bedforms (described below). The marine sediments 

were created from Weichselian periglacial and Holocene fluvial deposits, which were reworked during 

the Holocene sea level rise and covered glacial sediment deposits from the Saalian period [40–42]. 

Within the marine sediment deposits, east-west oriented morphological depressions can be observed, 

with a mean depth of 1-2 m and elongations of approximately 350 m [41]. The underlying layer is 

composed of coarser sand and gravel material [41], and the morphological features have been 

described as sorted bedforms [42,43]. Sorted bedforms are reported to remain generally stable over 

decades, with minor variations at the layer edges [41,42,44]. Considering the larger geological 

framework of the research area is important, especially regarding the acoustic remote sensing 

approach described in this thesis [37] (Chapter 7). Sorted bedforms appear as dominant features in 

the backscatter intensity map due to a distinct change in sediment composition, in addition to several 

subtle patchy features (Figure 1). The homogenous substrate conditions provided a crucial advantage 

for testing the impact of benthic life on acoustic scatter, as the impact on the scatter experiments from 

geological features is minimized. The homogenous substrate conditions provided a crucial advantage 

for testing the impact of benthic life on acoustic scatter, as the impact on the scatter experiments from 

geological features is minimized.  

Since the majority of epibenthic communities prefer hard substrate or coarse sand environments, the 

dominant benthic structures in the investigated area are tubes constructed by the sand mason, Lanice 

conchilega (Figure 2). Lanice conchilega is reported to be a habitat structuring species, and in large 

aggregations, its colonies are classified as reefs [46,47]. These reefs contribute to biological diversity 

by providing refuges and settlement areas for larval and postlarval benthic organisms [46]. 

Additionally, the tubes reduce the current velocity near the seafloor, which stabilizes otherwise mobile 

sediments [46]. It has been reported that dense tubeworm colonies significantly affect seafloor 

composition in a way that is detectable by acoustic remote sensing [48,49]. In addition to the sand 
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mason, only a mobile epifauna community has been observed, which is dominated by echinoderms, 

mainly starfish and brittle stars. The dominant impact of Lanice conchilega on seafloor surfaces and 

the lack of biotic or abiotic structures of the same size makes this species an ideal target for developing 

habitat mapping methods.  

 

Figure 1. Location of the study site in the North Sea. (Source [37,45] Schönke et al., 2019 (under review).) 

 

The first experiments onboard Mya 2 were conducted 2.5 km offshore of Sylt Island in August 2015. 

The second experiment onboard Heincke 486 (May 2017) was conducted 17.5 km offshore of Sylt 

island in early May. The relocation of the area is based on the findings of a side-scan sonar presurvey 

onboard Mya 2 one week before the Heincke survey. The presurvey was performed to verify the 

rebuilding state of the Lanice conchilega reef after the strong and extended winter in 2017. During 

storm events, high wave energy frequently reaches the seabed, reducing the tubeworm density, 

especially in shallow water [50]. Therefore, the second field experiment (Heincke 486) was conducted 

further offshore. 

 

Figure 2 Substrate covered by the sand mason Lanice conchilega. (a) Sample recovered by a box corer and (b) by 
a vibrocorer. The sampling location of this study [49] was located southwest off the shore of Sylt Island. (Source 
[49] @ Springer, used with permission, license number 4634180126519) 
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4 Background on high-frequency acoustic scatter 

 

Acoustic and optical remote sensing are the central measurement techniques utilized in this study. The 

following chapter gives an introduction to the theoretical background of acoustic scatter, notes the 

importance of seafloor roughness to acoustic scatter and describes the relationship between acoustic 

and optical remote sensing methods. The theory is focused on the interaction of the acoustic wave 

field with the seafloor. 

 

4.1 Theoretical acoustic background 

The basic principle of hydroacoustic measurement is to transmit an acoustic signal (source signal, SL) 

into the water column and to record the corresponding return signal (echo level, EL). By transmitting 

the signal into the water column, a local pressure fluctuation is caused relative to the average 

hydrostatic pressure. Within an elastic medium, the sound energy is passed from one particle to its 

neighbors, forming a moving acoustic wave field. The wave propagates in the water column along the 

direction of the transmitted energy, causing oscillation between a compression phase (high-pressure 

peaks) and a dilation phase (low-pressure peaks) [35]. The total propagation time of an acoustic wave 

is defined by the time it takes for all excited particles to return to their equilibrium position [35]. The 

important parameters characterizing an acoustic wave are summarized in Table 1. In practice, acoustic 

signals propagating in the form of an acoustic wave field comprise a series of acoustic waves (also 

termed vibrations) [35]. Hydrophones detect the pressure changes as the wave field passes by. A 

hydrophone records the received pressure difference in the form of an electrical signal [35]. Due to 

the high dynamic of the sound pressure level (e.g., ± 10−3 μPa), the acoustic intensities become 

quantified on a logarithmic scale by [35]: 

𝑝 𝑑𝐵 = 20 log( 
𝑝

𝑝𝑟𝑒𝑓
 ). (1) 

The pressure reference level pref is defined by a pressure difference of 1 μPa measured at a distance of 

1 m from the transducer [35]. Commercial systems such as multibeam echosounders or side-scan sonar 

systems commonly provide dB as standard output values. The control software for the transducer from 

the lander system was developed specifically for this study (by Gerald Nickel). The conversion from 

volt values into decibels is the subject of section 5.2.1. 
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Term  Symbol  Definition  

amplitude  maximum intensity change between two pressure peaks (low-

pressure peak to high-pressure peak). The higher the amplitude, the 

higher the difference in pressure  

wavelength  λ time interval required for one oscillation cycle times the speed of 

sound in water 

frequency  f number of oscillations per time period, commonly normalized to 

seconds  

 

period T duration of an oscillation cycle, inverse of the frequency 

sound velocity c time required for an acoustic wave to propagate away from a source  

Table 1 Overview of acoustic parameters. Information for the definitions obtained from [35] 

 

During wave propagation, the amplitude of an acoustic wave field decreases because of geometric 

spreading and attenuation [35]. Geometric spreading is caused by the propagation of the acoustic field 

from a source, with energy spreading out spherically on a larger surface and the conserved energy 

decreasing exponentially with the travel distance [35]. More important for this study is the attenuation 

loss because it is frequency-dependent. The attenuation loss describes the fraction of the energy 

absorbed during propagation. The oscillation of the particles in a viscose medium transfers a part of 

the kinetic energy to thermal energy.  

Therefore, particles disturbed by high-frequency acoustic waves (600 kHz ≙ 600000 oscillations per 

second in this study) perform more oscillations per second than particles subject to lower frequencies 

(200 kHz in this study), which causes the energy to fade much faster. Because the acoustic intensity is 

quantified on a logarithmic scale, the attenuation loss correlates linearly with the travel distance. 

Therefore, the overall transmission loss is computed by an addition of the spreading loss and the 

absorption loss, defined by: 

𝑇𝐿 = 20 log( 𝑅 ) + αR (2) 

with the travel distance (R) and the absorption coefficient (α). Generally, with increasing frequency, 

the penetration into the seafloor subsurface decreases (e.g., 200 kHz ≙ 8 cm, 600 kHz ≙ 1 cm in sandy 

environments). The minimum detectable variation in an acoustic signal is given by the variation 

between two successive wavelengths. Therefore, the resolution of small-scale seafloor features (e.g., 

benthic structures) increases at higher acoustic frequencies (e.g., 200 kHz ≙ 1/200000 s x 1500 m/s = 

0.0075 m, 600 kHz ≙ 0.0025 m). 
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4.2 Seafloor Roughness and its impact on acoustic scatter 

If the propagating acoustic wave field meets a boundary layer (e.g., at the seafloor), then different 

physical processes take place. These processes can be subdivided into three categories: reflection, 

transmission and scatter. For the following discussion, it is assumed that the transmitting system is 

also the receiving system, which corresponds to the geometry of the hydroacoustic systems used. 

For reflection, it is assumed that the seafloor surface is rather smooth and that the incoming wave field 

is reflected symmetrically (red arrow, Figure 3). If the seafloor is a perfect reflector, no signal is 

recorded by a backscatter recording system (for oblique incidence angles). The intensity of a signal 

reflected by the boundary depends on the seafloor “hardness”, characterized by the impedance 

contrast, which is the difference in sound speed and density between the water column and the 

seafloor (Figure 3). 

𝑍 =  𝜌𝑐 (3) 

 

The impedance contrast can be used to compute the portion of energy that is reflected or transmitted 

(blue arrow, Figure 3) considering equal boundary conditions (no energy is lost during the transmitting 

process) [36].  

 

 

  
Figure 3 Example of scatter, reflection and transmission at the water-seafloor interface. 
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At normal incidence angles (corresponding to seismic applications such as parametric echosounders), 

the reflection coefficient (V) at the water (𝑍1) and sediment (𝑍2) boundary layers is given by: 

At oblique incidence angles (corresponding to seafloor mapping applications such as multibeam 

echosounders and side-scan sonar), the reflection coefficient (V) is given by: 

𝑉 =  
𝑍2 𝑐𝑜𝑠 θ𝑖 − 𝑍1 𝑐𝑜𝑠 θ𝑡

𝑍2𝑐𝑜𝑠 θ𝑖 + 𝑍1 𝑐𝑜𝑠 θ𝑡
 

(5) 

where θ𝑖  is the incidence angle and θ𝑡 is the transmitted angle. In nature, the seafloor is not smooth, 

and the roughness of the seafloor in the insonified area scatters the arriving acoustic wave (green 

arrow, Figure 3). For a surface with smooth interface roughness, most of the scattered wave is pointed 

in the direction of the specular reflection (away from the sensor) [51]. For a seafloor surface with high 

interface roughness, a part of the scattered wave is pointed in the opposite direction of the specular 

reflection, also called backscatter (toward the sensor) [51]. Whether a surface is categorized as smooth 

or rough depends on the ratio between the root-mean-square roughness of the insonified area and 

the acoustic wavelength. The root-mean-square roughness is further discussed in chapter 6 and is 

demonstrated by Figure 4 (which is similar to the profile line of a surface scan shown in chapter 6). 

 

 

 

Figure 4 Range (x) and elevation ξ(x) along a height profile. The probability density function p(ξ) describes the 
chance of encountering specific height values at a random distance along the profile. The probability density 
function yields a maximum likelihood of finding heights near the average and decreases for extreme positive 
and negative heights. (Source [36], Chapter 2) 

  

𝑉 =  
𝑍2 − 𝑍1

𝑍2 + 𝑍1
 

 (4) 
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If the root-mean-square surface roughness is smaller than the acoustic wavelength, the roughness is 

considered a smooth interface. If the root-mean-square surface roughness is greater than the acoustic 

wavelength, the interface roughness appears rough [36]. The size of the features varies with the view 

perspective, which makes the seafloor roughness a function of the incidence angle θ. 

If the roughness is larger than the wavelength, the acoustic wave is scattered by different topographic 

roughness features, which results in a small difference in the travel distance [36]. The difference in 

distance causes phase shifts on the scattered wave, causing constructive and destructive interference 

within the wave field, which are recorded by the receiving transducer [36]. Phase shifts in the acoustic 

signal are linked to seafloor roughness as defined by the Rayleigh parameter Γ [36]: 

Γ =  2𝑘𝑤ℎ𝑐𝑜𝑠θ𝑖  (6) 

where h is the root-mean-square surface roughness, 𝑘𝑤 is the acoustic wavenumber in water (𝑘𝑤 =

2𝜋

𝜆
) and θ𝑖  is the incidence angle of the arriving wave field. 

The portion of energy that is scattered back by a defined area to the receiver is called the target 

strength (TS). The TS comprises the scatter intensity scattered back both from the surface and from 

inhomogeneities in the subsurface. Acoustic systems cannot distinguish between surface and volume 

scatter. The relationship between the source level (SL), the echo level (EL), defined as the total 

recorded energy, the transmission loss (TL) from equation (2) and the TS, is expressed in the sonar 

equation: 

EL = SL − 2TL + TS (7) 

TL appears twice because the signal travels twice through the water column (toward the seafloor and 

back to the sensor). Embedded within the TS is the size of the insonified area (A) and the backscatter 

strength (BS) of the corresponding area A. With TL written out, the sonar equation (equation (7)) 

becomes equation (8): 

EL = SL − 2TL + BS + 10log (A) (8) 

To determine the BS strength from a specific target area, equation (8) needs to be transformed and 

solved for BS. By solving the rewritten equation (8), BS measurements become independent of 

variations in source level, transmission loss and target area size. 
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4.3 Modeling seafloor backscatter strength 

A common approach to investigating the interaction between backscatter characteristics and seafloor 

properties is to model backscatter strength with the aim of performing a data-model comparison. Since 

the physical acoustic parameters (equation (5)) are largely understood (reflection, transmission, 

absorption, wave speed), the main focus is on a better understanding of the geophysical parameters, 

which is required in order to introduce the nature of geology into the physical model. Considering 

acoustic parameters, a typical practical concern is that basic parameters such as attenuation loss 

(contained in Eq (2)) and sound speed in sediment are hard to measure during fieldwork and require 

extensive laboratory experiments. Geo-acoustic parameters such as the sediment mass density and 

seafloor roughness are even more difficult to measure. While in recent years the development of 

compact and advanced laser technologies offered the opportunity to measure the seafloor surface 

roughness, measurements of the seafloor subsurface are still virtually impossible. Nevertheless, 

seafloor roughness (surface + volume) is an important parameter in terms of acoustic modeling. In this 

study, acoustic backscatter was modeled based on surface roughness measurements and literature 

parameters (for the sound-speed ratio, density ratio and absorption) to compare a common model 

approach with the acoustic measurements performed by the lander system. A key approach was to 

measure the seafloor surface roughness in areas with benthic abundance to model solely the expected 

intensity of the surface scatter within a sandy seafloor composition. With no measurable information 

available for the seafloor subsurface, the difference between the modeled and the measured 

backscatter intensity is used to estimate the influence of volume scatter in this area. Because the 

transducers are not calibrated, only a relative comparison of the backscatter changes between the 

stations is possible. This approach is discussed in detail in chapter 8. 

The following section on backscatter modeling is based on the information about high-frequency 

seafloor acoustics by [51]. For acoustic modeling, the small-roughness perturbation approximation 

(SPM) was applied based on fluid theory as described by [51]. The model computes the backscatter 

intensity for the scattering cross-section as a function of the surface roughness and physical boundary 

conditions (wave field motion). In fluid theory, the sediment layer is considered a lossless fluid for 

which the acoustic pressure change is the only source of stress. The motion and position of the acoustic 

wave field is simplified to a function depending on the density and the sound-speed changes. The 

backscatter intensity computed by the SPM reflects the sum of volume and surface scatter. 

Considering that only the surface roughness could be measured and the very low penetration of high 

frequency waves into the sandy seafloor, the focus was primarily on the surface scatter in this study.  
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The three central components for computing the predicted backscatter of the scattering cross-section 

𝜎 (Eq (9)) based on the SPM are: 

▪ the wavenumber of the wave field (𝐾𝑤) 

▪ the physical constraint of the applied seafloor model (𝐴𝑤𝑤) 

▪ the parameters describing the surface roughness (𝛾, 𝜔).  

𝜎= 𝐾𝑤
4|𝐴𝑤𝑤(𝜃𝑖, 𝜃𝑠, 𝜃𝛷)|2 

𝜔

𝜅𝛾
 (9)  

 

The model (equation (9)) was computed based on the following assumptions: 

▪ moderate grazing angle (50°) 

▪ homogeneous sediment composition 

▪ homogeneous subsurface without layering or gradients 

▪ sandy seafloor 

▪ surface scatter as the dominant scatter mechanism 

▪ surface roughness is given by a power-law form 

▪ volume scatter was neglected and is a subject of prospective future projects 

The following paragraphs give an overview of the terms used in the acoustic model after [51,52] under 

the conditions of the current study. 

 

The surface roughness parameter 

In contrast to the root-mean-square roughness mentioned as an input parameter (Figure 4), the SPM 

requires the information about the surface roughness to be in the form of a power spectrum (Figure 

5). The power spectrum is a directional characterization of the seafloor morphology and reflects the 

spatial height variations of distinct wavelengths. Commonly, a regression line is fitted to an average 

power spectrum to derive the slope (𝛾) of the fit and the intercept (𝜔) at K=1 m; this is fully described 

in chapters 6 and 8. 
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Figure 5 A rough surface can be decomposed into its spectral components. In the case of sine contributions, the 
spectrum is composed of discrete lines at wavenumbers corresponding to the sine frequency (top). For real 
surfaces, the spectrum comprises a continuum of components (bottom). (Source [36], Chapter 2). 

 

The wavenumber 

The acoustic wavenumber in water, 𝐾𝑤, is given by equation (10), represents the number of radians 

per meter and is the magnitude of the wave vector. The wave vector defines the 2D roughness 

spectrum in the x and y directions. As the wavelength λ in equation (10) depends on the frequency 

(194 kHz) and the speed of sound in water (1500 m/s), the wavenumber is also a function of those two 

parameters. 

Constraint on the applied seafloor model 

The constraint on the applied seafloor model  𝐴𝑤𝑤 in equation (11) is a dimensionless factor based on 

the boundary condition of the applied seafloor model (fluid theory), including the reflection coefficient 

(Vww), the angle information (𝜃𝑖 , 𝜃𝑠 , 𝜃𝛷) and Green's function (G).  

In the current study (chapter 8), a fixed monostatic scatter geometry was used with a grazing angle of 

50° (𝜃𝑠). The grazing angle is defined as the angle between the scatter field and the seafloor surface. 

Due to the monostatic geometry, the angle of the transmitted wave field (𝜃𝑖) is equal to the angle of 

the receiving wave field 𝜃𝑠 and, therefore, 𝜃𝑠 =  𝜃𝑖  = 50°. The angle 𝜃𝛷𝑖  = 360 describes the heading 

direction of the transmitted wave field and the angle 𝜃𝛷𝑠 =  180° of the received wave field (180 

means back to the sensor).  

𝐾𝑤 =
2𝜋

λ
with λ =

𝐶𝑤

𝑓
  (10)  

𝐴𝑤𝑤(𝜃𝑖 , 𝜃𝑠 , 𝜃𝛷) = 0.5 (1+𝑉𝑤𝑤 (𝜃𝑖)) (1+𝑉𝑤𝑤 (𝜃𝑠)) G (𝜃𝑖 , 𝜃𝑠 , 𝜃𝛷) (11)  
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Green's function (G) in equation (11) gives a very simplified special solution for the wave field motion, 

expressed as a linear equation by: 

The values for the density ratio 𝑎𝜌 = 1.85 and the complex sound-speed ratio 𝑎𝑝 between the water 

column and the sediment layers are taken from the literature [52]. The complex sound-speed ratio 𝑎𝑝 

describes the speed ratio for a compressional wave entering the sediment layer. The sound speed must 

be complex to satisfy the reciprocal relationship between the wavenumber and the sound speed and 

is given by: 

The absorption coefficient = 0.016 and the sound-speed ratio = 1.18 could not be measured during 

fieldwork and were taken from the literature [52]. The imaginary factor “i“ in equation (13) is 

connected to the absorption. The factor B in equation (12) describes the ratio of the wave field 

amplitude variation at a fluid–fluid boundary layer as a function of the travel direction, density ratio 

and reflection coefficients, given by: 

The reflection coefficient 𝑉𝑤𝑤 also depends on the pressure change at the boundary layer between the 

transmitted and received wave fields, given by: 

In contrast to equation (4), the reflection coefficient in equation (15) considers density and complex 

sound-speed changes due to the introduction of equation (16). The impedance contrast 𝑍𝑤𝑝(𝜃) 

between the water–sediment interface is computed by equation (16): 

The “wp” in 𝑍𝑤𝑝 denotes a compressional wave entering the corresponding medium, in this case, the 

sandy seafloor subsurface.  

G (𝜃𝑖 , 𝜃𝑠 , 𝜃𝛷) = (1- 
1

𝑎𝜌
 ) (cos(𝜃𝑖)cos(𝜃𝑠)cos(𝜃𝛷) - B(𝜃𝑖,𝜃𝑠) ) - 1 + 

1

𝑎𝜌 𝑎𝑝2
(12) 

𝑎𝑝 = 
𝜐𝑝

1+𝑖𝛿
(13) 

B(𝜃𝑠 , 𝜃𝑖) = sin(𝜃𝑠)𝑠𝑖𝑛𝜃𝑝(
( 1 − 𝑉𝑤𝑤 ( 𝜃𝑖) ) ( 1 − 𝑉𝑤𝑤 ( 𝜃𝑠) )

( 1 + 𝑉𝑤𝑤 ( 𝜃𝑖) ) ( 1 + 𝑉𝑤𝑤 ( 𝜃𝑠) ) 
) 𝑎𝜌 (14) 

𝑉𝑤𝑤 (𝜃) = 
𝑍𝑤𝑝(𝜃) −1

𝑍𝑤𝑝(𝜃) +1
(15) 

𝑍𝑤𝑝(𝜃) = 
𝑎𝜌𝑎𝑝𝑠𝑖𝑛(𝜃)

√(1−𝑎𝑝
2𝑐𝑜𝑠(𝜃)2

(15)
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The imaginary angle 𝑠𝑖𝑛𝜃𝑝 is required for equation (14) to describe the angle between the seafloor 

surface and the moment direction of the p-wave within the sediment layer. The imaginary angle is 

given by: 

The 2D wavevector 𝜅 is defined at the scattering cross-section, which combines the movement 

direction between the incidence wave and the wave direction toward the receiver: 

𝜅 = √(𝐾𝑤 cos(𝜃𝑠) cos(𝜃𝛷𝑠) − 𝐾𝑤 cos(𝜃𝑖) cos(𝜃𝛷𝑖))2 + (𝐾𝑤 cos(𝜃𝑠) sin(𝜃𝛷𝑠) − 𝐾𝑤 cos(𝜃𝑖) sin(𝜃𝛷𝑖))2 (17)  

where 𝐾𝑤 is the wavenumber from equation (10). In this study, all parameters are kept constant except 

the roughness parameters slope 𝛾 and intercept 𝜔, which were derived from the underwater laser line 

scanner measurements. Using equation (9) with the input values and terms given above and a range 

of grazing angles from 0° to 89° provides the final model, displayed in Figure 6. The results of the model 

are discussed in chapter 8. 

 

 

Figure 6 Model results showing the modeled backscatter intensity at different grazing angles for the roughness 
parameters measured in the investigation area. 

  

𝑠𝑖𝑛𝜃𝑝 = √(1 − 𝑎𝑝
2𝑐𝑜𝑠(𝜃𝑠)2:  

(16)   
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5 Methods 

A wide range of different methods were applied within this study. The primary methods described in 

detail in this chapter are the multibeam echosounder system (MBS, Norbit iWBMSe) and the lander 

system (SPECTA), which provided the primary data. 

Additional devices were used to provide a larger overview of the research area. A side-scan sonar 

survey was performed [45] to verify the deployment location for the lander system during the first 

cruise (Mya 2, 2015), and a parametric echosounder system (Innomar SES medium) was used during 

the second cruise (Heincke, 2017) to image the shallow subsurface. For ground-truthing, seafloor 

samples were taken using a Van-Veen-Grab sampler. In addition, a towed Kongsberg color zoom 

camera (Kongsberg Maritime, Kongsberg, Norway) and a GOPRO 4+ Black Edition (GoPro, San Mateo, 

CA, USA) mounted on the lander frame were used for ground-truthing by underwater video. Additional 

details on these methods are given in the respective methods sections of chapters 6 to 8. 

Mya 2, 2015 Heincke, 2017 

side-scan echosounder, EdgeTech 4200 MP multibeam echosounder system, Norbit iWBMSe 

SPECTA lander, 2G Robotic ULS200 laser line 

scanner 

SPECTA lander, 2G Robotic ULS200 laser line 

scanner, single-beam transducer units, Benthowave 

BII-7510 

 Parametric echosounder, Innomar SES 

Van-Veen-Grab sampler Van-Veen-Grab sampler 

Kongsberg color zoom camera Kongsberg color zoom camera 

GoPro Hero3 GoPro Hero3 

Table 2 Comparison of the equipment used between the cruises in 2015 and 2018 

 

5.1 Multibeam echo sounder 

Echosounder systems were developed during World War 2 to detect objects on the seafloor or in the 

water column [36]. To cover more areas while searching for smaller objects on the seafloor at greater 

water depths, side-scan sonar systems were developed in the early 1960s. With the development of 

computer technology, multibeam echosounders became widely available in the early 1980s. 

Multibeam echosounders and side-scan sonar systems transmit signals with the same geometry, but 

multibeam systems can form beams with the receiving signal to capture the returning acoustic wave 

from various arrival angles. 
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The multibeam system transmits and records between 256 and 512 beams perpendicular to the 

direction of the ship's course. In shallow waters, the Norbit MBS used in this study is capable of 

recording time series of backscatter intensities – either per beam or across the entire swath – resulting 

in backscatter maps comparable to those of side-scan sonars. Multibeam echosounders have become 

increasingly important for habitat mapping and seafloor classification and have the capability to record 

parallel bathymetry and backscatter intensity data. In contrast to side-scan echosounders, which are 

commonly towed by a research vessel, MSBs are hull mounted, which increases the accuracy of their 

positioning relative to the GPS system. In this study, a Norbit iWBMSe multibeam echosounder system 

was mounted on the moonpool of the vessel Heincke to map the 17 km research area off Sylt Island 

three times with the use of different frequency settings (200, 400, 600 kHz). For positioning, an 

Applanix SurfMaster inertial navigation and altitude system combined with a differential GPS utilizing 

the EGNOS correction was used. 

The multibeam echosounder uses beamforming to transmit and record multiple beam simulations. 

The beamforming technique is based on an array of transducers that can be individually controlled 

(Figure 8). Adding a time delay to the readings from the individual transducers results in phase shifts 

and causes constructive and destructive interference, which introduces a directivity to the array during 

transmission and recording. The directivity can be controlled by changing the time delays applied to 

the individual transducers. The Norbit MBS is capable of detecting the intensity and travel time of the 

returning signal for 512 different beams. Therefore, the system projector emits a wide acoustic pulse 

that is wide across-track and narrow along-track (Figure 7, top right). The receiver of the system is 

perpendicular to the transmit array and uses beamforming to obtain narrow footprints (Figure 7). This 

allows the simultaneous recording of the backscatter energy from a small area in the across-track 

direction. The across-track beam widths at center frequencies of 200, 400 and 600 kHz are 1.8°, 0.9° 

and 0.6°, respectively, with along-track beam widths at the corresponding frequencies of 3.8°, 1.9° and 

1.3°. 

The signals recorded at the center beams are less influenced by scatter effects than at intermediate 

incidence angles (30 - 60 °) and are characterized by a dominant signal intercept. The inbuilt sound 

probe is used to obtain the speed of sound (m/s) in water and to derive the water depth (d) from the 

time of intercept (𝑡𝑖𝑛𝑡) and the measured sound speed by: 

 Water depth =  c ∗ 𝑡𝑖𝑛𝑡  (18) 

The outer beams are more influenced by the scatter effect than the inner beams and show no clear 

intercept. Here, phase information is used to detect the intercept time to derive depth information for 

the seafloor. 
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Figure 7 Concept (top) and detailed (bottom) illustration of the acoustic footprint of multibeam echosounders on the seafloor. 
Note the different footprints of the beams near the nadir incidence and at oblique angles. (Source [36], corresponding author 
Craig J. Brown). 

Figure 8 Illustration of array directivity and beamforming. A single transducer emits a spherical sound pattern 
(top left). Constructive and destructive interference along a line array of transducers introduces a directivity (top 
right). Time delays to the reading of individual transducers introduce angle directivity (bottom left). Shifting the 
time delays allows a high number of beams to form. (Source [36], corresponding author Craig J. Brown). 
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The processing scheme of the acquired multibeam echosounder data followed standard procedures 

and is summarized in Figure 9. Processing was performed using FMGT (Fledermaus Geocoder Toolbox, 

by Quality Positioning Services B.V. 2020) for the generation of mosaics and mbsystem for the 

generation of angular response curves. Data were corrected against sound velocity profiles to account 

for water column stratification, where possible. Due to the malfunctioning of the sound velocity probe, 

not all data could be corrected. In addition, automated and manual procedures to remove erroneous 

depth and navigation data, as well as a correction against changing water levels due to tides, were 

applied. A patch test was performed to align the horizontal reference planes of the transducers and 

the motion sensors that were not necessarily identical, leading to a flat seafloor erroneously appearing 

to be inclined. For the export of angular response curves (chapter 7 for details), the raw data were 

exported using mbsystem. In the following, static survey gains were removed, spreading and 

frequency-specific absorption values were applied, and the effects of the variable footprint along the 

multibeam echosounder swath were removed. The generation of mosaics was performed within 

FMGT. Here, the angular variations of the backscatter intensity were removed by applying an angular 

varied gain. To allow the relative comparison of the backscatter intensity among the different 

frequencies, the data were clipped to a dynamic range of 10 dB. Subsequently, mosaics were generated 

for each frequency with a resolution of 20 cm and exported as georeferenced TIF files. 

 

 

Figure 9 Schematic overview of the processing steps for the multibeam echosounder data. 
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5.2 Lander System SPECTA 

The remote-controlled SPECTA lander system was developed to measure seafloor roughness and 

acoustic scatter nearly simultaneously. In the first experimental phase (2015), the frame was equipped 

with an underwater laser line scanner (Figure 10). The acoustic unit required significantly more effort 

to develop and was installed in the second experimental phase (2017) (Figure 10). As a complete 

system, the lander system is equipped with a high-resolution laser line scanner, five individual acoustic 

transducer units and a GoPro camera for ground-truthing. 

 

Figure 10 Setup of SPECTA lander. A) Lander during the 2015 experiment. Attached to the metal frame is an 
underwater housing with the laser control hardware (a), the underwater laser line scanner (b) and a battery pack 
(c). B) Prior to the second survey in 2017, a series of 5 transducers was added to the metal frame. The 
insonification area of the transducers overlaps with the area measured by the underwater laser line scanner (C). 

 

5.2.1 Acoustic Unit 

Five transducers that are identical in construction (Benthowave Inc.) were mounted to the lander 

frame with different slant ranges and angular orientations. The selected geometry ensures that the 

five transducers share the same center point in the insonified area. The insonified areas, all of the same 

size, are mainly located in the scanning area of the optical device (Figure 10 C). This setup allows us to 

simultaneously record seafloor roughness and acoustic scatter. 

The transmitted chirp signal is characterized by a pulse duration of 102 µs, a bandwidth range of 80 to 

310 kHz and a center frequency of 194 kHz (Table 3). To confirm that the acoustic system does not 

record reflection from the frame itself, the transducers transmitted and recorded while being elevated 

in the water column. A single measurement comprises 20 transmitting and receiving cycles and is 

subsequently stacked to improve the signal-to-noise ratio. To suppress reverberations and nearfield 

effects, a short blanking distance was set before the recording started. In addition to the stacking, a 

bandpass filter was applied on the receiving signal with a bandwidth between 60 and 330 kHz and flank 

intervals of ± 20 kHz. A sample measurement is provided in Figure 11. 
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The first step, converting the transmitted and received voltage into dB units [V/μPa @1 m], requires 

the power level of the voltage-time series, which is computed by integration over the time series. 

Integration is commonly achieved by applying the root-mean-square function. The power level is 

converted to decibels by applying (20) and (21): 

SL= 20*log(Tx) + TVR (19) 

The time-varying response function (TVR) and the oscillation circuit voltage (OCV) were provided by 

the manufacturer to convert the recorded voltage into an acoustic signal. The TVR describes the 

frequency-dependent relationship between the transmitted signal amplitude at a 1 V driving voltage 

and the pressure change at a one-meter distance in µPa: 

EL= 20*log(Rx) - OCV  (20) 

 

where OCV = -189 dB [V/µPa] at 1 m and 194 kHz. The OCV describes the frequency-dependent 

amplitude conversion of a 1 µPa pressure field into a voltage response. The resulting SL and EL are 

basic parameters for computing the backscatter strength by applying the sonar equation. The 

recording device of the acoustic unit is an Intel NUC PC running on a Windows system. The software 

for the lander system is written in Delphi, and the output data are exported as SEG-Y. 

 

 

transducer incidence angle [°] slant Range [cm] blanking window [µs] 

1 0 0.80 8000 

2 15 0.79 8000 

3 25 0.76 8000 

4 40 0.70 6000 

5 55 0.61 4000 

Table 3 Geometrical details for the five transducers 
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Figure 11 Example traces recorded by the five transducers, with transducer (profiler) 1 
oriented at near-vertical incidence and transducer 5 at an oblique angle. 

 

5.2.2 Optical unit 

The laser line scanner by 2G Robotic Inc. was developed to create high-resolution 3D images of 

underwater objects. In contrast to daylight, the laser emits coherent light with a wavelength of 750 

nm, and the scanner is capable of detecting targets at a distance of 2.5 m underwater. The laser head 

of the system is capable of performing a full 360° rotation with a step size of 0.018°, while the laser 

body is fixed to the lander frame. The fixed position and the rotational movement combine high 

accuracy with sufficient area coverage. The laser port emits a laser swath with a fixed opening angle 

of 50° to project a laser line onto the target. A laser sensor is a calibrated camera that detects the 

position of the projected laser line relative to an inbuilt reference system. Based on the deviations 

from the reference position, the camera is capable of detecting variations with an accuracy of 0.01 

mm. To provide 3D coordinates, the laser sensor automatically localizes 480 equiangular distributed 

positions on the laser line per scan cycle. The center point is located on the rotation axis of the laser 

head between the laser sensor and the port. The laser head rotates between a manually set start and 

stop angle and records 480 points at each step, which results in a point cloud. 

Due to the fixed opening angle, the along- and across-track resolution of the laser system depends on 

the over-ground mounting distance (d) and the chosen step size (Δυ), given by: 

𝐴𝑐𝑟𝑜𝑠𝑠 𝑡𝑟𝑎𝑐𝑘 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =
2𝑑 𝑡𝑎𝑛 (25)

480
 

(21) 
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𝐴𝑙𝑜𝑛𝑔 𝑡𝑟𝑎𝑐𝑘 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =
𝛥𝜐𝜋𝑑

180
 

(22) 

 

Due to the rotation of the laser head while scanning a flat surface from a fixed position, the specular 

scanning direction provides the highest accuracy, while accuracy decreases exponentially at shallow 

incidence angles. To record point clouds with similar distances between individual points, the rotation 

range between the start and finishing angles was kept small around the specular scanning direction. 

With an over-ground mounting height of 50 cm, the laser scan reached an average horizontal point 

spacing of 0.1 cm and a vertical point spacing << 0.1 cm. In addition to the target position, the sensor 

detects the backscatter intensity, which is not used in this thesis. 

Optical measurements face several problematic factors during field operations – hence, the 

widespread use of acoustic remote sensing for most tasks. Laser light cannot pass though particles in 

the water column. The light is reflected by the particles, which results in shadow effects (between the 

particle and the seafloor) as well as outliers in the dataset. High turbidity in the water column is typical 

for shallow water environments, especially in the tidal areas of the North Sea. To eliminate single-

particle detection 

during measurements, the laser system measures the backscatter intensity of multiple rapid scan 

cycles per scan step. Sample points whose intensity deviates far from the mean are eliminated, and 

the remaining detections are averaged. The intensity window for outlier elimination is defined by the 

user. In shallow water deployment locations, the optical sensor can be distracted by the ambient light 

(changing daylight). Ambient light causes false detection points, and in very bright conditions, the 

optical sensor simply detects a random scatter cloud. To ensure stable measurements in challenging 

environmental conditions, the operating software provides several inbuilt filter functions. An ambient 

light filter performs a background measurement before the scanning steps to subtract the ambient 

light during measurement. This filter option significantly reduces the noise but significantly increases 

the scan time. During the Mya 2 cruise, the scan time for a complete surface scan was approximately 

15 min, which was reduced to 2 minutes during the Heincke cruise in 2017. 

The underwater laser line scanner recording device is an Intel NUC PC running on Ubuntu Linux. The 

software for the lander system is written in C++, and the output data are exported as ASCII. The 

software was originally provided by 2G Robotics and subsequently modified to allow remote operation 

in an unsupervised lander system. The ASCII file was imported to MATLAB for further processing steps. 

The point clouds (X, Y, Z-data) were rotated into a horizontal position and gridded. The remaining 

outliers were removed as described in chapters 6 and 8.  
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6 Impact of Lanice conchilega on seafloor microtopography 

off the island of Sylt (German Bight, SE North Sea) 

 

Note: The chapter numbering has not been changed from the submitted paper.  

The raw data used in the article is published in the PANGEA dataset and can be accessed at: 

https://doi.pangaea.de/10.1594/PANGAEA.870896 
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7 Improved Interpretation of Marine Sedimentary 

Environments using Multi-Frequency Multibeam 

Backscatter Data 

 

Note: The chapter numbering has not been changed from the submitted paper. References of chapter 

7 are provided at the end of the manuscript. The published paper can be accessed at: 

https://www.mdpi.com/2076-3263/8/6/214/htm 
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8 Impact of Sparse Benthic Life on Seafloor Roughness and 

High-Frequency Acoustic Scatter 

 

Note: The chapter numbering has not been changed from the submitted paper. At the date of 

submission of this thesis, the state of the article is „accepted with major revisions“. The main critical 

remarks of the reviewers are concerned with a) including the experimental data and code as 

supplemental files to allow reproducibility, and b) include the analysis of angular response curves of 

the multibeam echo sounder based on a 200 kHz mosaic. References of chapter 8 are provided at the 

end of the manuscript. 
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Abstract: Quantitative acoustic marine habitat mapping needs to consider the impact of 

macrobenthic organisms on backscatter data. However, the sensitivity of hydroacoustic 

systems to epibenthic life is poorly constrained. This study explores the impact of a benthic 

community with sparse abundance on seafloor microroughness and acoustic backscatter at a 

sandy seafloor in the German North Sea. A multibeam echo sounder survey was ground-

truthed by lander measurements combining a laser line scanner with sub-mm resolution and 

broad-band acoustic transducers with a center frequency of 194 kHz. Biotic and abiotic 

features and spatial roughness parameters were determined by the laser line scanner. At the 

same locations, acoustic backscatter was measured and compared with an acoustic scatter 

model utilizing the small-roughness perturbation approximation. Results of the lander 

experiments show that a coverage with epibenthic features of 1.6% increases seafloor 

roughness at spatial wavelengths between 0.005–0.03 m, increasing both spectral slope and 

intercept. Despite the fact that a strong impact on backscatter was predicted by the acoustic 

model based on measured roughness parameters, only a minor (1.1 dB) change of backscatter 

was actually observed during both the lander experiments and the ship-based acoustic survey. 

The results show that benthic coverage of less than 1.6% is insufficient to be detected by current 

acoustic remote sensing.  
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1. Introduction

Habitat mapping using acoustic remote sensing has become an important issue for marine 

spatial management and research purposes [1–4], increasingly including the detection of 

benthic life. Multibeam and sidescan sonar systems provide information about seafloor 

characteristics based on the intensity of the acoustic signal backscattered from the seafloor. 

The acoustic backscatter intensity is affected by the sensor geometry relative to the seafloor 

and physical characteristics of the sediment–water interface and the shallow subsurface [5]. 

The physical properties of the seafloor interface are influenced by the presence of benthic life, 

including macrofauna [6,7] and macroflora [8], but also biological activities that change 

physical sediment properties [9–11]. The impact of benthic life on acoustic scatter is both a 

challenge and an opportunity for environmental remote sensing: It was clearly demonstrated 

that benthic life has an impact on both lander-based [6,7,12,13] and ship-based [14–19] acoustic 

remote sensing tools, indicating an unrealized potential to determine spatial and temporal 

dynamics of biologically impacted seafloor. Recent research activities to provide calibrated, 

multi-frequency acoustic scatter data from the seafloor [20–22] allow to compare acoustic 

surveys undertaken at different seasons and with different systems and improve the spatial 

and temporal discrimination power of acoustic surveys. Improved knowledge on the impact 

of benthic life on seafloor properties would allow an improved understanding of the potential 

discrimination of acoustic techniques. Ideally, acoustic scatter would be predicted by a 

forward model, which is based on geophysical seafloor parameters obtained from physical 

sampling. As most of the required geophysical parameters (including sediment type, mean 

grain size, porosity, permeability, particle type, pore fluid, and pore space characteristics) are 

difficult to measure, especially for seafloor impacted by benthic organisms [11], seafloor 

interface parameters are commonly reduced to seafloor roughness [9,23,24]. Especially for 

well-sorted sand environments with limited penetration of a few centimeters for high-

frequency (>100 kHz) acoustic waves [25], interface roughness strongly controls the intensity 

of the backscatter. Natural interface roughness is caused by sediment composition, 

hydrodynamic forces, presence of benthic life and small-scale bioturbation processes [9]. 

Seafloor roughness magnitudes vary with spatial scale. Applied to seafloor morphology on 

scales relevant to high-frequency acoustic wavelengths in the mm to cm scale, roughness is 

dominated by hydrodynamic ripple structures with wavelength >0.1 m. On smaller scales, 

roughness is controlled by biological structures and activities, causing small-scale sediment 

transport and redeposition in the mm to cm scale [26]. In the past, field experiments have been 

conducted to record acoustic backscatter data on extensively ground-truthed sandy 

environments with the aim to compare measured scatter intensities with various types of 

model predictions [27]. The comparison of recorded backscatter intensities and acoustic model 

results at frequencies <100 kHz and above the critical angle (~30° for sand) show good 

correlation if both the surface roughness and subsurface volume scatter mechanism are taken 

into account [28,29]. However, for high-frequency backscatter data (>100 kHz) above critical 

angles, significant model/data disparities were observed, indicating the need for further 
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experimental studies. These disparities were related to biological fragments primarily 

responsible for acoustic scatter [6,9,30]. 

 

The objective of this study is to assess the impact a sparse cover of benthic organisms exerts 

on mm-scale seafloor interface roughness and high-frequency (200 kHz) acoustic scatter in a 

sand environment. Towards this aim, we utilize an underwater laser line scanner in 

combination with an acoustic transducer and underwater video images to record a concurrent 

dataset of local small-scale seafloor morphology, benthic life and acoustic scatter. 

 

2. Materials and Methods 

2.1 Regional setting 

The study area is located 17.5 km offshore Sylt island in the German Bight (Figure 1) at a water 

depth of approximately 15 m. The region is exposed to storm events from the west and 

influenced by semidiurnal tides that are flood dominated. The seafloor surface and subsurface 

of the area have been described as homogenous sandy surfaces by [14,31,32]. A backscatter 

map of the study site reveals numerous patchy features. The benthic community is mainly 

characterized by endobenthic species with few structures protruding from the sediment 

surface. The most prominent structures are tubes constructed by the sand mason Lanice 

conchilega. The endobenthic community inhabiting the fine sands can be assigned as Tellina-

fabula assemblage [33], whereas medium and coarse are colonized by a typical Goniadella-

Spisula assemblage [34]. While attached epifauna is scarce, mobile epifauna is dominated by 

echinoderms, mainly starfish and brittlestars. Mostly due to high wave energy frequently 

reaching the seabed, density and species richness are reduced compared to deeper parts of this 

area [34]. 

2.2 Field measurements 

During the research cruise HE486 onboard FS Heincke in May 2017, a total of 76 optical surface 

scans and 1900 acoustic traces were recorded at 19 different stations (Figure 1). Due to very 

different abundances of benthic life compared to earlier studies in the same environment, three 

previously available optical surface scans measured in 2016 onboard FS Mya were included in 

the analysis [7]. A ship-based background backscatter mosaic of 8 km² was recorded during 

the HE486 survey utilizing a NORBIT iWBMSe multibeam echo sounder operating at 

frequencies of 200, 400 and 600 kHz. The processing of the ship-based data is described in [19]. 
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Figure 1. Left hand side: Overview and bathymetry map offshore Sylt. Middle: A ship-based 

backscatter intensity map of the investigation area. Right hand side: Close up of the study area 

and the lander deployment stations (red cross). The dynamic range of the backscatter values 

is 10 dB. 

 

The autonomous operating lander system is equipped with a rotating laser line scanner 

(ULS200 2G Robotics) and five acoustic transmitter/receiver units (Figure 2). The effective 

optical surface coverage is 0.16 m2 at a resolution of 0.001 m. The scan resolution is controlled 

by the attachment height of 0.5 m above the seafloor, the rotation range of 60°, the rotation 

step size of 0.09°, and the fixed opening swath width of 50° with 480 equidistant capture points. 

At each deployment location, four surface scans were performed, with each scan lasting on 

average, 110 seconds. To mitigate the impact of particle flow within the water column and 

rapidly changing light conditions in a shallow water environment, two digital filters were 

applied during data recording, provided by 2G Robotics. The ambient light filter performs 

multiple line scans to measure and subtract background noise. A defined recording window 

of ± 0.1 m above and below the seafloor reduces reflection from particles close to the laser head. 
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Figure 2. Setup of the lander frame. The size of the lander frame is 120x80x100 cm. Displays 

the slant range and the grazing angle θ of the selected profiler, which is defined as the angle 

between the wavefield motion and the zero mean seafloor surface. The red circles mark the 

areas of the acoustic footprint. In blue the laser swath is highlighted.  

 

For the acoustic experiment, five planar transducers (Benthowave Instrument) were fixed to 

the lander frame (Figure 2). The transducers have different incidence angles and slant ranges 

with a common footprint center and a constant acoustic footprint of ~0.25 m2. For this study, 

we focus on the transducer mounted at a grazing angle of 50°, because backscatter intensities 

recorded at grazing angles between 30° to 60° are less responsive to slight changes in grazing 

angle [21]. The acoustic footprint is located within the area captured by the laser scanner. 

Recording windows of the transducers were adjusted to avoid multiple reflections, system 

reverberation, and nearfield effects. To improve the signal-to-noise ratio at each shot, 20-time 

series were logged and stacked during post-processing. For transmitting, a driving voltage of 

80 V generated a 102 µs linear chirp pulse signal with a bandwidth range of 80 to 310 kHz. For 

receiving, the sampling rate was set to 10 MHz. The time-varying response function (TVR) and 

the oscillation circuit voltage (OCV) were provided by the manufacturer to convert the 

recorded voltage into an acoustic signal. The TVR describes the frequency-dependent 

relationship between the transmitted signal amplitude at a 1 V driving voltage and the 

pressure change at a one-meter distance in µPa. The OCV describes the frequency-dependent 

amplitude conversion of a 1 µPa pressure field into a voltage response. TVR and OCV are 

defined for the transducer center frequency at 194 kHz, with amplitudes strongly decreasing 

for both higher and lower frequencies. Because the transducer-specific response function 

could not be accurately measured, a constant transducer configuration ensures a comparable 

signal between the stations for each grazing angle. To ensure no reflection or scattering effects 

caused by the lander frame or optic unit occurred, the system was tested while elevated in the 

water column. 

 



66 

A Van-Veen-grab sampler was used for sediment recovery at each lander station. To evaluate 

the grain size distribution, sediment subsamples in the depth range of 0 to 0.02 m of the 

undisturbed surface were analyzed by a particle laser sizer (Cilas 1180). Due to the low organic 

content, no chemical pretreatment of the samples was required. For additional ground-

truthing, two GoPro cameras were mounted on the lander frame and an underwater towed 

camera system was used to image the local geological framework. 

 

 

2.3 Data processing 

2.3.1 Optical data 

As a first data processing step, stacking of the point clouds from multiple measurements at 

each station was performed to remove outliers, caused by particle reflection close to the 

seafloor surface. The point clouds were measured with exact same geometry and center points 

and the stacking was performed by computing the mean point cloud from repeated 

measurements. The remaining outliers were removed by applying a 2D high-pass filter with a 

cut off wavelength of 0.0025 m in combination with a density probability function to eliminate 

values outside the 3σ confidence interval, were σ is the standard variation (SD). The variance 

of the surface roughness was assumed to follow a gaussian distribution. Previous studies [7] 

showed that this outlier removal procedure affects less than 2% of the total dataset but is 

crucial for comparing the results of spectral analysis between the different deployment 

locations. Following the outlier correction, the datasets were gridded based on the largest 

horizontal point spacing, resulting in a width (Δx) and height (Δy) of a square pixel of 0.001 

m. A mean plane surface was subtracted, so the mean of each surface grid (Sx,y) is zero. An 

example of a gridded surface is demonstrated in Figure 3a. Each surface contains a spatial 

wavelength range between 0.002 to 0.17 m. The gridded surfaces were used to derive interface 

roughness parameters in the form of the root-mean-square roughness (RMS roughness). The 

RMS roughness was computed according to Eq. (1) and describes the mean height variation of 

the zero mean surface grid.  

 

𝑅𝑀𝑆 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 =  √
1

𝑁𝑀
∑ ∑ |𝑆𝑥,𝑦|

2𝑀
𝑚=1

𝑁
𝑛=1         (1) 

 

The 2D power spectral density (PSD) is a directional characterization of surface roughness and 

reflects spatial height variations of distinct wavelengths (Figure 3c). For PSD computation, the 

measured surface was transformed into the frequency domain by the application of a 2D fast 

Fourier transformation (FFT) [24,35,36]. To avoid spectral leakage during the FFT, the surface 

edges were tapered to smoothly approach zero. This has been achieved by multiplying the 

gridded surface by an equal size 2D Tukey window with a flank interval of 20% of the grid 

length. Based on the transformed surface, the 2D PSD was computed (Figure 3b) according to 

[36] by Eq. (2). The transformed surface (Wkx,ky) in Eq. (2) is obtained by applying the FFT 
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routine onto the windowed surface Sx,y and shifting the zero-frequency component to the 

center [36]. By radially averaging the amplitudes of a given spatial wavelength of the 2D power 

spectrum following the method described in [36], an average radial power spectrum (psd) was 

computed using Eq. (3) and is displayed in Figure 3c. 

 

𝑃𝑆𝐷 (𝑘𝑥 , 𝑘𝑦) =  
𝐴

(𝑀𝑁)2  |𝑊(𝑘𝑥, 𝑘𝑦)|
2
        (2)  

 

PSD: 2D power spectral density [m4] 

W: Fourier transformed windowed surface, given by fft2(winSx,y) [m] 

M,N: number of grid points in the x,y direction 

A: area of the surface grid, given by MΔxNΔy [m2] 

kx: the wave number in the x direction [m-1], 𝑘𝑥 =
𝑓𝑠

𝑀
 ((0, . . , 𝑚 − 1) −

𝑀

2
), 𝑚 = 1,2, . . . , 𝑀, 

ky: the wave number in the y direction [m-1], 𝑘𝑦 =
𝑓𝑠

𝑁
 ((0, . . , 𝑛 − 1) −

𝑁

2
), 𝑛 = 1,2, . . . , 𝑁, 

fs: sampling frequency= 
1

Δx
= 

1

Δy
 

 

𝑝𝑠𝑑(𝐾) =
1

𝑁𝑟(𝑘)
∑ 𝑃𝑆𝐷𝑛(𝐾)

𝑁𝑟(𝐾)
𝑛=1         (3)  

 

psd: 2D radial averaged power spectral density [m4] 

Nr: total number of points, which lie upon a circle with radius K  

K: 2D wave vector length [m-1], given by 

 

𝐾 = √𝑘𝑥
2 + 𝑘𝑦

2    (4) 

 

Computed amplitude values in the frequency domain are displayed as their common 

logarithm multiplied by ten. The radial averaged psdK is used to derive interface roughness 

parameters in the form of the spectral slope (γ2) and spectral intercept (ω2). The parameters 

“spectral slope”, which describes the slope of a linear fit and “spectral strength”, which 

describes the intercept of the linear fit at a certain spatial wavelength were calculated as 

described by [24,37] and are outlined in Figure 3c. For acoustic modeling, the spectral strength 

is required at a spatial wavenumber of K = 1 m-1, which corresponds to a wavelength of 1 m. 

Additionally, for comparison with past studies of seafloor roughness [6], the spectral strength 

was computed at a spatial wavenumber of K = 100 m-1, which corresponds to a wavelength of 

0.01 m. 
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To investigate the spatial effect of benthic organisms on seafloor roughness, the PSDkx,ky and 

psdK were divided into two intervals (Figure 3c–g). The wavelength ranges for the subdivision 

were set according to the information gathered from the surface scans and video footage. The 

D1 roughness domain encompasses the spatial wavelength range 0.03–0.17 m (Figure 3c,e) 

corresponding to hydrodynamic bedforms (Figure 3d). The D2 domain contains the spatial 

wavelength range 0.005–0.03 m (Figure 3c,g) corresponding to the size of observed biological 

features (Figure 3f). An inverse FFT algorithm was applied onto the two PSDkx,ky intervals D1 

(Figure 3e) and D2 (Figure 3g), to visualize the corresponding seafloor structures (Figure 3d,f) 

and to derive the RMS roughness values for the D1 and D2 intervals by utilizing Eq. (1). 

Considering the prefactor “A” and the squared amplitude of “W” in Eq. (2), the RMS 

roughness values computed from Sx,y and PSDkx,ky by Eq. (1) are equivalent within each interval 

[37]. Further, the RMS roughness is also directly related to the psdK by a summation of the 

radial averaged spatial height variations (blue line in Figure 3c) [37].  

An automated differentiation between abiotic and biotic surface structures is challenging, due 

to natural texture and shape variation between individuals of taxonomic groups and due to a 

variation in view perspective. However, for the purpose of this study, a quantitative 

interpretation of biological structures is not required. Therefore, a simple approach using the 

object size was utilized to obtain a biological feature coverage percentage per scan area. The 

observed bedforms are much larger than biological objects and abiotic objects (like gravel), 

which may have a similar size to biological structures, were not observed. Therefore, the 

seafloor surface of the D2 domain could be utilized to obtain the small-scale structures (0.005–

0.03 m) of the seafloor surface. A threshold level of 0.001 m was applied to isolate benthic 

structures and a particle counter was then used to cluster and count the remaining biotic 

objects. The benthic coverage (BC) was computed by dividing the number of grid cells covered 

by the detected objects by the total number of grid cells (Figure 3h).  
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Figure 3. An example of a measured surface by the laser line scanner is displayed in (a), while 

(b) shows the corresponding power spectral density (PSD) containing the wavelength interval 

D (0.002–0.17 m). The blue line in (c) shows the radial averaging PSD of (b). The black line in 

(c) represents the linear fit of the radial averaged PSD required to derive the spectral slope 𝛾 

and the spectral intercepts at the wavelengths 0.01 m and 1 m. The vertical dashed line in (c) 

indicates the separation of the spectrum D into the intervals D1 and D2, which is equivalent to 

separation of the PSD demonstrated in (d)–(g). The inverse transform of the low-pass filtered 

PSD D1 interval is shown in (d) with the corresponding spectrum in (e). The inverse transform 

of the PSD D2 covering wavelength <0.03 m is shown in (f), with the corresponding high-pass 

filtered spectrum in (g). The red circles in (e) and (g) indicate the cutoff wavelength. The red 

markers in (h) highlight the detected objects from (f), which were used to compute the benthic 

coverage (BC). 

 

2.3.2 Acoustic data 

To remove noise in the recorded data, a cosine (0-pi) bandpass filter (60 to 330 kHz) with a 

filter flank of ± 20 kHz was applied. The transmitted (Tx) and received (Rx) energy was 

calculated by integrating over the voltage amplitudes of the recorded time series. To transfer 

the computed voltage energy into the corresponding sound pressure level in dB [V/µa @1m], 

Rx and Tx values are transferred into the logarithmic domain and corrected by the applied 

system gains. Rx is required to compute the acoustic source level (SL) and Tx to obtain the 

acoustic echo level (EL) by: 
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SL= 20*log(Tx) + TVR         (5) 

with TVR: 149 dB [µPa/V] @ 1 m @ 194 kHz 

  

EL= 20*log(Rx) - OCV         (6) 

with OCV = -189 dB [V/µPa] @ 1 m @ 194 kHz 

  

The sonar equation can be utilized to derive the backscatter target strength (BS) by: 

  

BS= EL- SL+2TL + 10 log(A)         (7) 

where A (0.16 m2) is the insonified area in m2 and TL the transmission loss defined by: 

 

TL= 20 log(R)+ 𝜶*R          (8) 

 

with R (0.66 m) being the slant range in and 𝜶 being the absorption coefficient in dB/m. For 

this study, the insonified area and the slant ranges were already known in advance, due to the 

lander geometry. Assuming the absorption coefficient is a constant factor for the observed and 

the predicted backscatter over all stations, Equation (7) is further simplified by:  

  

BS= EL - SL + 40 log(R)         (9)   

2.3.3 Acoustic Scatter Model 

To relate the measured surface roughness to the measured backscatter response, an acoustic 

scatter model was computed to predict backscatter data based on the interface roughness by 

utilizing the small-roughness perturbation approximation (APL-UW 9407). This scatter model 

assumes a homogeneous sediment subsurface with no stratification [6,28]. To predict the 

interaction between the acoustic wavefield and the seafloor surface, the model combines 

geophysical and acoustic parameters. Geophysical parameters describe the physical properties 

of the sediment and include the sediment–water density ratio and the surface roughness. 

Acoustic parameters describe the propagation of the acoustic wave field and include the 

acoustic frequency, the acoustic wave speed in the water, the sediment–water sound speed 

ratio, and the attenuation coefficient. Additionally, the model is a function of the grazing 

angles of the incoming and scattered acoustic wavefield. The input parameters for the surface 

roughness and the sound speed in water were directly measured during the field experiments. 

For the sediment–water density ratio, the sediment–water sound speed ratio and the 

attenuation coefficient literature values [9] were used according to areas with fine to medium 

sand sediment composition. With the grazing angle and literature values kept constant, the 

surface scatter was modeled for the center frequency of the transducer unit at 194 kHz. 

Following [6,38], a detailed summary of the model is provided in appendix A. Calculated from 

the model, for this study the predicted backscatter is only depending upon the changing 

surface roughness parameters. 
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3. Results 

3.1 Ship-based acoustic survey and ground truthing 

The dominant feature in the ship-based background backscatter mosaics (Figure 1) are several 

sorted bedforms composed of coarse sand and gravel, which show high backscatter intensities. 

Sorted bedforms in the northern part of the investigation site (Figure 1) are surrounded by a 

halo of intermediate to high backscatter intensities with little internal structure. Several SE–

NW-elongated stripes of intermediate to high backscatter intensities can be recognized 

throughout the investigation site, which may be interpreted as remnants of bottom trawling 

activities. The remainder of the mosaic shows a featureless to patchy appearance of low to 

intermediate backscatter intensities. The typical diameter of the patches is 10 to 25 m at 

maximum. Generally, the seafloor appears more chaotic towards the southern and especially, 

the northern part of the research site, while the central part appears more homogeneous. At 

the lander sites, ship-based uncalibrated backscatter values have been retrieved at a frequency 

of 400 kHz (Figure 1). The values were averaged over 2 square meters to account for position 

inaccuracies and the resulting intensities are displayed in Figure 4. Between all lander stations, 

the difference in the ship-based backscatter strength is 2.1 dB. 

 
Figure 4. Predicted backscatter strength using the small-roughness perturbation 

approximation (blue), the measured backscatter strength (BS) from the lander (cyan), the 

measured backscatter strength from the ship-based system (black), root-mean-square 

roughness (RMS roughness) for the D1 interval (red), RMS roughness for the D2 interval 

(yellow) and benthic coverage at the seafloor for the lander stations (green). The position of 

the lander stations is shown in Figure 1.  

 

Based on the backscatter data in the study site, a total of 30 grab samples was taken and 21 

underwater camera surveys were performed. Grab samples revealed no stratification of 

sediments in the upper 0.1 m of the subsurface. The top 0.02 m of the sediment recovered by 

the grab sampler was used for grain size analysis. Laser diffraction grain-size analysis (CILAS 

1180) showed homogeneous well-sorted fine sand with a mode of about 2.6 phi. Biological 
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ground-truthing by the camera and grab samples generally revealed an increased coverage of 

the sand mason Lanice conchilega (a tubeworm, annelids) in the northern and southern end of 

the profile. Further, the onboard screening revealed bivalve shells including Tellinidae, Spisula 

spp., Ensis spp., Donax vittatus and Mactra stultorum, as well as a few brittlestars (Ophiuroidea) 

and of the heart urchin Echinocardium cordatum. Abundant shell hash (diameter << 0.01 m) was 

present in all grab samples. 

 

Despite the homogeneous sediment composition, video footage revealed three different 

sedimentary facies within a distance of 20 m, dominant ripple structures with absent to sparse 

benthic coverage (Figure 5a), higher benthic coverage with reworked ripple structures (Figure 

5d) and a reworked ripple structure with sparse benthic coverage (Figure 5e). Considering 

Figure 5a and 4e, no relationship is visually recognized between the occurrence of bedforms 

and the presence of benthic life. Further, no relationship between benthic life and backscatter 

variation (Figure 5f) was visually recognized. 
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Figure 5. Video footage from a survey near station 63_1 (a), (b), (d), (e) (red dots have a 10 cm 

distance), from the lander station 67 (c) and the corresponding position in the ship-based 

backscatter mosaic (f). (a) Reveals asymmetrical straight to sinusoidal ripples with sparse 

benthic coverage and organic fluff located inside the ripple troughs. (b) Indicates the transition 

is between the ripple-dominated and the benthic-dominated seafloor type. In (c), degenerate 

ripple structures were observed with few tubeworm structures, shell fragments and 

brittlestars (Ophiuroidea). (d) Reveals degraded ripple residuals and a higher coverage of 

tubeworm structures, few starfish, and larger shell fragments. The morphology in (e) shows 

no ripple structures and very few visible epibenthic features besides some organic fluff. The 

ship-based backscatter mosaic in (f) shows a corresponding change from low to high 

backscatter along the video track; however, the positioning is not sufficiently accurate to relate 

video snapshots directly to the backscatter mosaic. 

3.2 Lander experiment 

3.2.1 Seafloor roughness 

The location of the individual lander experiments in the larger geological framework is 

displayed in Figure 1. Most lander stations show a weak ripple pattern with ripple 

wavelengths of approx. 0.06–0.10 m (Figure 3a and 4a). Ripple amplitudes vary between 0.025 

to 0.043 m. The slope of observed ripple features ranges from 6.5° to 13°. The RMS roughness 

between the stations varies between 0.004 to 0.008 m. Different biogenic components observed 

in the video images could be recognized in the bathymetric grids (including worm tubes and 

shells of Ensis). The number of observed benthic objects varied between 15 and 122, resulting 

in a BC between 0.1% and 4.6% (Figure 4). 



74 

The impact of benthic objects on roughness is focused on the spatial domain D2 (Figure 3). 

Here, elevated magnitudes in the roughness spectra are observed with increasing biological 

presence (Figure 6). The curves of roughness magnitudes converge at the larger boundary of 

this interval, while convergence at the smaller boundary is incomplete. The maximum 

difference in roughness magnitude is observed at spatial wavelengths of 0.01 m. 

Correspondingly, there is no correlation found between the BC and the RMS roughness of the 

D and D1 interval (both R = 0.06), but a strong correlation for the smaller-scale roughness 

features in the domain D2 (R = 0.73) exists (Table 1). The mean spectral intercept at K = 100 m-

1 (equal to a wavelength of 0.01 m) for the complete roughness spectrum is 0.00012 ± 0.00012 

over all stations, while the spectral exponent is −4.1 ± 0.27 (Figure 4). Generally, a strong 

correlation is observed between the benthic abundance and the spectral intercept @ K = 100 m-

1 (R = 0.91), while the relationship to the spectral slope is moderate (R = 0.64). No significant 

correlation is found between the spectral slope and the RMS roughness of any interval. The 

spectral intercept at K = 1 m-1 contains the extrapolated spatial roughness parameters of 

seafloor features at 1 m wavelength and is primarily affected by the trend of the roughness 

spectrum over all wavelengths. Correspondingly, the spectral intercept shows a moderate 

correlation with the RMS roughness. The spectral intercept at K = 100 m-1 is affected by the 

roughness spectrum with wavelengths <0.01 m and only correlates with the RMS roughness  

of the D2 interval. 

 

 
Figure 6. Left hand side psdK over all lander stations. The vertical dashed line indicates the 

cutoff frequency (K = 33 m-1) between the D1 and D2 domain. The color shows the 

corresponding benthic coverage. High RMS roughness values in the D2 domain correlate with 

high benthic coverage. Right hand side, backscatter strength predicted by the small-roughness 

perturbation approximation given by [6] for the lander sites with acoustic data.  

3.2.2 Acoustic Scatter 

Backscatter strength data recorded by the lander system show a range of 1.1 dB with a mean 

value of −19.3 dB (± 0.3 dB). The amplitude values are displayed in Figure 4. No lander-based 
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backscatter data exist for the Mya cruise 2016 because the system was not fully operational at 

that time. The lander backscatter values recorded during the HE486 cruise show no correlation 

with the RMS roughness and a good correlation with the traced benthos parameters (Table 1). 

The backscatter values predicted by the small-roughness perturbation approximation are 

displayed in Figure 4 and used for a model/data comparison. Between all stations, the 

predicted backscatter strength shows a range of 23.2 dB with a mean value of −58.0 dB (± 5.7 

dB). Excluding stations with unavailable lander backscatter data, the difference in backscatter 

strength decreases to a range of 14.7 dB with a mean strength of −59.7 dB (± 4.0 dB). The 

predicted backscatter during the HE486 cruise shows an insignificant weak correlation with 

the RMS roughness of any domain and a strong correlation with the traced benthos parameters 

(Table 1). No correlation was observed between the ship-based BS values and the parameter 

obtained by the lander system (Table 1). 
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BSship −0.12 0.3 −0.3 −0.31 0.16 0.26 0.21 0.26 0.17 

BSlander 1 0.27 0.18 0.18 0.32 0.17 0.06 0.46 0.57 

BSmodel  1 −0.26 −0.25 0.21 0.96 −0.71 0.88 0.8 

RMSD roughness   1 1 0.56 −0.4 0.59 −0.02 0.04 

RMSD1 roughness    1 0.55 −0.38 0.57 −0.02 0.04 

RMSD2 roughness     1 −0.06 0.48 0.56 0.56 

spectral slope      1 −0.86 0.74 0.64 

spectral intercept K= 1 m-1       1 −0.39 −0.33 

spectral intercept K= 100 m-1        1 0.91 

Table 1. Correlation matrix of the studied parameters. Entries highlighted show a probability 

value <<0.05.  

 

4. Discussion 

Laser-scanner-based bathymetry indicates a benthic coverage (Figure 3) ranging from 0.14% 

to 1.63% during the Heincke cruise, and up to 4.6% during the earlier Mya cruise [7]. The 

combined dataset allows for further investigation of the impact of low to medium abundant 

benthic life on seafloor interface roughness parameters. The low abundances during the 
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Heincke cruise of normally widespread tubeworms, confirmed during the video transects, are 

chiefly attributed to seasonal effects. In the early spring season, the worm tubes are poorly 

developed and the settlement coverage of the specimen is lower compared to the summer 

season, although major changes between years have been reported as well [14,39]. The high 

mean of spectral slope values (>4) derived by the Heincke data, also indicate a lack of high-

frequency roughness and suggest a low recent modification of the seafloor surface by 

biological processes [6]. In comparison, spectral slope values derived by the Mya2 data, 

recorded during the summer season in the same area, increase up to −3.6, which demonstrates 

the high impact of benthic structures on high-frequency spatial roughness [7]. 

  

For a seafloor composed of well-sorted fine sand (2.6 phi), the calculated RMS roughness [29] 

spectral slope and intercept values are within the range of previously reported values [6]. Due 

to the very homogeneous sediment composition at the lander stations, the remaining 

variability of roughness parameters (slope and intercept) is not related to changes in 

sedimentological composition. Based on video observations, the occurrence of benthic life is 

also not related to the presence of sedimentary bedforms for most of the observed sedimentary 

facies (Figure 5 a, d, e). Correspondingly, no correlation is found for the RMS roughness  of the 

D and D1 interval, which are dominated by larger hydrodynamic bedforms and the BC (Table 

1) in the available laser-scanner-derived data. While high abundances of deposit feeders may 

increase large-scale seafloor roughness due to the local presence of larger mounds [6,7,40], the 

impact of benthic life on seafloor roughness is usually focused on higher spatial frequencies 

[19]. A further possibility for benthic life to impact large-scale roughness is the deconstruction 

of hydrodynamic bedforms [41], which decreases large-scale roughness. This is rarely 

observed in the video data (an eventual example is shown in Figure 4a) and depends both on 

the abundance of benthic life and the present hydrodynamic conditions. However, a clear 

positive correlation exists between BC and roughness derived from higher spatial frequencies 

(Figure 6), despite the lower limit of the BC being much less than in previously reported 

studies [7,41,42]. Because the substrate type does not differ between the stations and the 

present hydrodynamic bedforms are not expressed at high spatial frequencies (Figure 3), the 

strong correlation is caused by biological presence with a peak impact at spatial wavelengths 

of 0.01 m. This can also be observed in older 1D power spectra derived from stereo-

photogrammetry [43]. Due to this peak, the presence of the local benthic life has a marked 

control on both spectral slope and intercept (Figure 7a). While both, spectral slope and 

intercept, increase, the spectral intercept at K = 100 m-1 was more clearly impacted (Figure 7). 

The reason for the reduced correlation with spectral slope is the remaining scatter in large-

scale roughness caused by variable ripple amplitudes and wavelengths, which changes the 

slope of the linear regression of the psdK.  
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Figure 7. (a) Spectral slopes and intercepts displayed against the benthic coverage. Grain size 

is constant at 2.6 phi. (b) A slope vs intercept diagram for the study site. Symbol color denotes 

RMS roughness, symbol size denotes the benthic coverage in percent. Arrow 1: Effect of 

increasing high-frequency roughness due to benthic life (this study). Arrow 2: Effect of relative 

decrease of low-frequency roughness [9]. Arrow 3: Effect of the relative increase of low-

frequency roughness [9]. 

 

No clear trend perpendicular to the slope-intercept line exists (Figure 7b), which would be 

expected due to relative changes in low-frequency to high-frequency roughness. Such trends 

were found for seafloors with different sedimentological composition or more contrasting 

bedforms [6,7] (arrow 2 and 3 in Figure 7b). Related to the presence of benthic organisms, such 

behavior can be caused by the increased presence of biological objects causing degradation of 

ripples (e.g., observed by [14]), thus reducing low-spatial-frequency roughness. However, due 

to the relatively low abundances of benthic life present in this study, this effect could not be 

observed. In contrast, the increasing high-spatial-frequency variability caused by changes in 

benthic coverage shifts stations up the slope-intercept line (Figure 7b, Arrow 1). While this also 

represents a relative decrease in low-frequency roughness, in this case, the spectral intercept 

increases because it is defined at spatial wavelengths of 0.01 m, where the maximum of the 

biology-induced roughness is situated. 

  

Spectral slopes and intercepts are frequently required for modeling high-frequency acoustic 

scattering. Generally, at low grazing angles, acoustic scatter is typically controlled by 

roughness features of about half the acoustic wavelength [26]. For the available 80 to 310 kHz 

data, this corresponds to spatial wavelengths of ~0.003 to 0.01 m (Figure 3). As the observed 

small differences in benthic densities already produce an effect on small-scale roughness at 

these scales, it is interesting to compare the impact of benthic life on the effects on seafloor 

backscatter. Backscatter strengths were calculated using the small-roughness perturbation 

approximation for interface roughness, ignoring the (unknown) volume scatter or vertical 

gradient components and the only difference between the stations being the spectral slope and 

intercept. However, interface scatter appears as the dominant mechanism already at 

frequencies as low as 50 kHz for sand-dominated environments with negligible mud and silt 

content and 140 kHz [44]. In addition, grab samples did not reveal sediment layering or lenses 
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of coarser or finer material in the upper centimeters of the subsurface. This is in line with the 

ship-based surveys in the investigation area [19], finding volume scatter impact chiefly in areas 

with increased clay and silt content, which was not encountered during the lander experiments 

reported here. The model results show a backscatter increase of 14 dB between the Heincke 

data (−59.7 dB) with an observed sparse benthic coverage of <1.5% and the Mya data (−45.7 

dB), in which local mounds and a high coverage of polychaetas could be observed with a 

corresponding benthic coverage >2.5%. Unfortunately, no sufficient acoustic data was 

available to confirm the results of the model.  

 

Comparing backscatter variations with benthic densities for lander stations with available 

acoustic data (BC = 0.8% ± 0.4%), a strong correlation is predicted (R = 0.74, Table 1) for the 

modeled backscatter (SD = 4.0 dB), whereas the observed backscatter by the lander (SD = 0.3 

dB) shows a moderate correlation (R = 0.51, Table 1). No correlation was found for the ship-

based backscatter (SD = 0.6 dB). While absolute values of the measured and modeled data 

cannot be compared, due to the unknown transducer source level and the lack of a precise 

geoacoustic parameter, measured and modeled backscatter strengths are only very weakly 

correlated (R = 0.27). Hence, by comparing the observed backscatter variations with the 

seafloor interface-roughness parameter (RMS roughness, slope and intercept) no significant 

relationships were found (Table 1). In fact, the observed lander backscatter difference (1.1 dB) 

may be within a natural time-varying fluctuation in sand environments [45,46] and is less than 

4 dB for small patches with increased abundance of benthic life in the investigation area based 

on a 200 kHz ship-based multibeam echo sounder survey reported by [19]. The lander data-

model comparison showed no correlation and since it is unlikely that volume scatter or vertical 

gradients play a decisive role, the small-roughness perturbation approximation (computed for 

surface scatter) is likely not applicable to predict backscatter strength at high frequencies for 

seafloor covered with sparse benthic macrofauna. Spectral slope and intercept, which are 

primary input parameters for the acoustic model, seemed more sensitive to BC changes than 

the recorded backscatter.  

 

 One reason for the missing relationship between the observed and measured acoustic 

backscatter may be introduced by deriving the spectral slope and intercept from the linear 

regression of the power spectrum. The linear fit is based on the assumption, that seafloor 

morphology alteration in a sandy environment is a constant process and occurs as a dynamic 

balance between hydrodynamics forces and benthic activities [5,6]. This means, in a highly 

energetic regime (e.g., during storm events), hydrodynamic forces dominate over benthic 

activities, which destroy benthic structures and form distinct ripple fields. With decreasing 

energy, benthic activities dominate over hydrodynamic forces, which continuously alter ripple 

structures until an isotropic roughness regime is reached [5,6,47]. As discussed earlier, a spatial 

impact of epibenthos on seafloor roughness was demonstrated, while an interaction with 

hydrodynamic bedforms was rarely observed. The lack of interaction between the two 

roughness domains indicates an imbalanced seafloor alteration process. Following [5], a 
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roughness spectrum with two roughness components (D1 and D2 RMS roughness), which 

differ over a limited spatial frequency domain (D1 or D2 interval) without been related by a 

continuous alteration process, is referred to follow a scale-free, power-law behavior. A scale-

free, power-law behavior is not applicable to derive input parameters for high-frequency 

acoustic modeling [5]. Therefore, slope and intercept values derived by the Heincke data with 

benthic coverage <2% must be considered to introduce error associated with the backscatter 

prediction. Unfortunately, no lander-based acoustic data was available for the Mya data [7] 

with benthic coverage >2.5%, where an interaction between epibenthos and hydrodynamic 

bedforms was demonstrated. 

  

 Moreover, benthic structures, which do not form a continuous cover and approach the size of 

the acoustic wavelengths, must be considered as discrete objects [9,23]. A previously 

performed data/model comparison for sandy seaside demonstrated that for frequencies of 

about 200 kHz, shell fragments and benthic structures act as discrete objects. Scattering from 

discrete objects can become the dominant scatter mechanism [23,29,30]. This scatter 

mechanism may affect the lander backscatter measurement; however, it has not been 

considered by the model. 

5. Conclusions 

The results of an optical–acoustic lander experiment in a sand environment offshore Sylt island 

(German North Sea) show that sparse benthic life dominated by tubeworms, shell fragments 

and brittlestars (1%–5% seafloor coverage) impacts seafloor roughness at spatial wavelengths 

of 0.005 to 0.03 m and increases both the spectral slope and intercept. In turn, backscatter 

strengths modeled by the small-roughness perturbation approximation are strongly 

influenced by sparse benthic organism abundance. However, measured acoustic data do not 

agree with the modeled data or correlate with benthic coverage (backscatter difference of 1.1 

dB). This suggests that sparse benthic life cannot be reliably detected by each acoustic scatter 

data set. While a clear impact of local benthic habitats on backscatter data has been 

demonstrated in the past, the lower limit of biological abundance that can be detected in the 

studied sandy environment remains to be determined. In addition, the small-roughness 

perturbation approximation for interface scatter is not suitable to predict backscatter values 

for the observed seafloor facies at frequencies typically utilized during ship-based acoustic 

surveys. In addition, the non-linearity in the power spectra introduced by benthic life must be 

considered when modeling backscatter strengths of lower frequencies.  
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Appendix A:  

For backscatter strength modeling, the small-roughness perturbation approximation was 

applied considering the fluid seafloor model, using the method described by [5]. The small-

roughness perturbation approximation describes the physical interaction between the acoustic 

wavefield and the sediment interface via partial equations. The three central components are, 

(1) the surface roughness (slope and intercept) of the scattering cross sections, (2) the 2D wave 

vector (𝜅) of the wavefield and (3) the constrain of the applied seafloor model (𝐴𝑤𝑤). The 

model was computed based on the following assumptions, moderate grazing angle (50°), 

homogeneous sediment composition, homogeneous subsurface without layering or gradient, 

sandy seafloor, surface scatter as dominant scatter mechanism and the surfaces roughness is 

given by a power law form. Volume scatter was neglected. All parameters, except those related 

to surface roughness, are assumed to be constant. The model approach is performed to 

estimate the relative backscatter variation caused by surface roughness. A quantitative 

model/data comparison is not intended.  

 

Values given by field measurements: wavenumber 𝜅, slope 𝛾 , intercept 𝜔, sound speed in 

water 𝐶𝑤 , frequency f 

Literature values listed by [38]: Density ratio, 𝑎𝜌 = 1.85, sound speed ratio 𝜐𝑝  = 1.18, absorption 

coefficient 𝛿 = 0.016 

 

Determination of the angles for the incoming and scattered acoustic wavefield.  

 𝜃𝑠: scattering angle, for monostatic, scatter geometry 𝜃𝑠 =  𝜃𝑖  = 50 deg 

𝜃𝛷𝑠: angle describing the direction of the receiving wavefield 𝜃𝛷𝑠  = 180 deg 

𝜃𝛷𝑖: angle describing the direction of transmitted wavefield 𝜃𝛷𝑖 = 360 deg;  

Computation of the acoustic wavelength in water (λ) and the acoustic wavenumber in water 

(𝐾𝑤): 

𝐾𝑤 = 
2Pi

λ
, with λ= 

𝐶𝑤

𝑓
.  

The 2D wavevector 𝜅 defined at the scattering cross section, which combines the movement 

direction between the incidence wave and the wave direction toward the receiver:  

𝜅 = √(𝐾𝑤𝑐𝑜𝑠(𝜃𝑠) 𝑐𝑜𝑠(𝜃𝛷𝑠) −  𝐾𝑤𝑐𝑜𝑠(𝜃𝑖) 𝑐𝑜𝑠(𝜃𝛷𝑖))2 + (𝐾𝑤𝑐𝑜𝑠(𝜃𝑠) 𝑠𝑖𝑛(𝜃𝛷𝑠) −  𝐾𝑤𝑐𝑜𝑠(𝜃𝑖) 𝑠𝑖𝑛(𝜃𝛷𝑖))2 . 

The complex sound speed ratio 𝑎𝑝: 

𝑎𝑝 = 
𝜐𝑝

1+𝑖𝛿
:  

Factor B to describe the subseafloor stratification for a fluid–fluid boundary layer.  

B(𝜃𝑠 , 𝜃𝑖) = sin(𝜃𝑠)𝑠𝑖𝑛𝜃𝑝(
( 1 − 𝑉𝑤𝑤 ( 𝜃𝑖) ) ( 1 − 𝑉𝑤𝑤 ( 𝜃𝑠) ) 

( 1 + 𝑉𝑤𝑤 ( 𝜃𝑖) ) ( 1 + 𝑉𝑤𝑤 ( 𝜃𝑠) ) 
) 𝑎𝜌  

The imaginary angle 𝑠𝑖𝑛𝜃𝑝,  required to describe the angle between the seafloor surface and 

the moment direction of the p-wave within the sediment layer 

𝑠𝑖𝑛𝜃𝑝 = √(1 − 𝑎𝑝
2𝑐𝑜𝑠(𝜃𝑠)2:  

Computing the impedance contrast 𝑍𝑤𝑝(𝜃)  at the water–sediment interface:  
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𝑍𝑤𝑝(𝜃) = 
𝑎𝜌𝑎𝑝𝑠𝑖𝑛(𝜃)

√(1−𝑎𝑝
2𝑐𝑜𝑠(𝜃)2

 

Determination of the reflection coefficient 𝑉𝑤𝑤 for the transmitted and received wave field:  

𝑉𝑤𝑤 (𝜃) = 
𝑍𝑤𝑝(𝜃) −1

𝑍𝑤𝑝(𝜃) +1
 :  

The green's function G gives the special solution for the movement of the wave field.  

 G (𝜃𝑖 , 𝜃𝑠 , 𝜃𝛷) = (1- 
1

𝑎𝜌
 ) (cos(𝜃𝑖)cos(𝜃𝑠)cos(𝜃𝛷) - B(𝜃𝑖,𝜃𝑠) ) - 1 + 

1

𝑎𝜌 𝑎𝑝2
 

A dimensionless factor 𝐴𝑤𝑤, according to the seafloor model (fluid theory).  

 𝐴𝑤𝑤(𝜃𝑖 , 𝜃𝑠 , 𝜃𝛷) = 0.5 (1+𝑉𝑤𝑤 (𝜃𝑖)) (1+𝑉𝑤𝑤 (𝜃𝑠)) G (𝜃𝑖 , 𝜃𝑠 , 𝜃𝛷) 

Predicted backscatter 𝜎 for scattering cross section.  

𝜎= 𝐾𝑤
4|𝐴𝑤𝑤(𝜃𝑖 , 𝜃𝑠 , 𝜃𝛷)|2 

𝜔

𝜅𝛾:  

Correction for the footprint (A) for the scattering cross section  

𝐵𝑆𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 =  𝜎+ 10log (A) 
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9 Outline and personal contribution 

 

This thesis comprises three manuscripts dealing with different approaches to improve the remote 

sensing of benthic habitats in the areas of the North Sea. All three manuscripts have been submitted 

to international peer-review, whereby two of them are published and one is accepted with major 

revision. The first and the third manuscript have been as corresponding and the second manuscript as 

co-author. 

The first article, “Impact of Lanice conchilega on seafloor microtopography off the island of Sylt 

(German Bight, SE North Sea)” published in 2016 by M. Schönke M, P. Feldens, D. Wilken, S. 

Papenmeier, C. Heinrich, J. Schneider von Deimling, P. Held and S. Krastel presents a stationary 

approach to study surface roughness variations caused by marcofauna. The study is focused on the 

development of a method to relate the impact of marcofauna structures on seafloor roughness. For 

seafloor roughness measurements a lander system has been deployed, equipped with an underwater 

laser line scanning system. In this study, the lander system has undergone a practical test in nature for 

the first time. The personal contribution in this study involves the development of controlling software 

for the lander hardware, the development of programs to perform point cloud preprocessing and 

developing routines for formal data analysis and imaging. Further contribution includes the 

interpretation and discussion of the results and the writing of the original manuscript draft. All co-

authors were involved in the review, editing and writing process, as well in interpretation and 

discussion. P. Feldens also contributed on original draft preparation. The corresponding author 

contribution lies at 70%. 

The second manuscript “Improved Interpretation of Marine Sedimentary Environments Using Multi- 

Frequency Multibeam Backscatter Data” by P. Feldens, I. Schulze, S. Papenmeier, M. Schönke and J. 

Schneider von Deimling deals with a ship-based approach to improve the detection of macrobenthic 

presence. For this ship-based approach, multibeam echosounder system data were recorded at 

different frequencies to use variations in backscatter intensity between the frequencies as indicator 

for seafloor type changes. The personal contribution involves acoustic data analysis and the 

interpretation and discussion of the results. Further contribution includes the writing, review and 

editing of the manuscript. According to the corresponding author P. Feldens, all author contributed 

equally to the paper (20% each). 

The third manuscript “Impact of Sparse Benthic Life on Seafloor Roughness and High-Frequency 

Acoustic Scatter” by M. Schönke, L. Wiesenberg, I. Schulze, D. Wilken, A. Darr, S. Papenmeier, P. 

Feldens presents a combination of lander-based and ship-based experimental approaches. Acoustic 
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data recoded by the lander system are compared with acoustic data recorded by the research vessel 

using the same frequency range. Optical data were recorded in parallel by the lander system to gather 

information on seafloor surface roughness and for acoustic ground truthing. The contribution to the 

third manuscript involves hardware and software development and improvement of the optical unit 

performance. Further, the software for the optical system has been significantly improved to increase 

measurement speed, reliability and quality. The acoustic software and hardware of the lander system 

were completely redesigned. All co-authors were involved in the review, editing and writing process, 

as well in interpretation and discussion. Controlling software for the acoustic hardware was designed 

by Gerald Nickel, whereas personal contribution includes the software and method development for 

preprocessing, acoustic data analysis and imaging. Further personal contribution includes the formal 

analysis of the raw data, the writing, review and editing of the original manuscript draft as well as 

visualization of the data and conceptualization of the manuscript. I. Schulze has contributed 

significantly to visualization of backscatter and GoPro data. A. Darr essentially helped to identify 

biological seafloor features. L. Wiesenberg and D. Wilken had contributed significantly to the 

discussion on acoustic data processing and interpretation. P. Feldens, S. Papenmeier and D. Wilken 

contributed significantly to the conceptualization and data recording. P. Feldens also contributed to 

original draft preparation and the multibeam data processing and imaging. The contribution of the 

corresponding author is 70%. 

The data used in the first manuscript are freely accessible on Pangea. The data of the second 

manuscript are stored on the dedicated servers of the Leibniz Institute for Baltic Sea Research 

Warnemünde and are available upon request. The data of the third manuscript are added as 

supplementary files to the manuscript and will be freely accessible after publication. 
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10 General Conclusion 

 

This thesis presented a detailed analysis of the relationship between seafloor roughness, benthic 

abundance and acoustic scatter, with the objective of improving the remote sensing of benthic habitats 

in sedimentary environments. Toward this aim, two field campaigns were conducted off the shore of 

Sylt Island using a lander system for detailed measurements in combination with a multibeam 

echosounder system for continuous ship-based mapping. The lander system was equipped with an 

underwater laser line scanner and five acoustic transducer units. In addition, in the lander experiment, 

grab samples and underwater video footage were used for ground-truthing. The combined analysis of 

multifrequency backscatter data and the data recorded by the lander system in this study has proven 

promising for improving the detection of benthic life.  

The first experiment was performed onboard Mya 2 in August 2015, and the second onboard Heincke 

486 in May 2017. A comparison of the results clearly demonstrated the seasonal dependency of habitat 

mapping. During the Mya 2 cruise in August, pronounced tubeworm colonies were observed in video 

transects. Two of the three lander deployment locations showed a high abundance of epibenthic 

organisms, with advanced reworking of ripple structures by benthic activities including the 

construction of local mounds. During the Heincke cruise in early May, low benthic coverage was 

observed in the video footage and the lander experiments. At the 19 deployment locations, low 

benthic coverage was also observed. In contrast to that observed in the Mya cruise, the larger-scale 

seafloor morphology (ripples) was formed independent of benthic activity. 

A multifrequency multibeam echosounder dataset was recorded during the Heincke cruise by mapping 

the area three times with different frequencies. The effort of mapping the same area three times can 

probably be reduced in the near future by adding the functionality to rapidly change between 

frequencies. Nevertheless, the multifrequency approach presented in this study was found to improve 

the interpretation of subtle seafloor features. The multifrequency backscatter map revealed detailed 

information on subtle features that could not be detected using single-frequency backscatter data. 

Due to the small size of the features, the positioning of the lander system and the grab samples was 

insufficient to gather information for detailed ground-truthing. Scientific divers in combination with 

ultra-short baseline systems should be utilized to ensure a positioning accuracy better than 1 m, which 

will be required for a quantitative comparison of lander and ship-based results, especially with 

changing benthic abundances. 

The results of the seafloor roughness measurements are found to be in accordance with those of 

previous studies [51,89–91]. The derived power spectra of the seafloor roughness confirm a 
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measurable impact of epibenthos on seafloor roughness. Based on the developed method, further 

fieldwork can be conducted, with the aims of (1) measuring the impacts of a wider range of organisms 

on seafloor roughness, (2) differentiating the impacts of different benthic structures within a single 

surface scan, and (3) recording a time-series of roughness changes within a benthic habitat. 

The transformation of seafloor roughness into power spectra allowed us to compute the parameters 

required for the prediction of acoustic scatter. In nature, the measured backscatter intensity comprises 

surface and subsurface scattering effects, and the prediction of the scattering provides the opportunity 

to characterize the dominant scattering mechanism. The Jackson small-roughness perturbation 

approximation modeling approach [51] was applied to predict the acoustic backscatter intensity and 

the scattering by the seafloor surface while ignoring volume scattering effects. The predicted 

backscatter intensity values show a strong correlation with benthic coverage but not with seafloor 

roughness. The model was not applicable for the field study because it shows no correlation to seafloor 

roughness and was not able to reproduce the scattering variation measured by the acoustic 

transducer. For further work, either a more complex model or a heuristic model approach must be 

tested to investigate the scattering mechanism. As an alternative, an experimental approach is in 

development by (Schulze et al., in prep.) that utilizes a lander system for 3D seismic measurements 

with overwhelmingly high vertical resolution and offers the opportunity to visualize discrete objects 

(scatteres) in the shallow subsurface using acoustic remote sensing. 

A bandpass filter was applied on the laser scanned seafloor surface to remove large-scale features 

(e.g., ripple structures) with the aim of tracing benthic structures. This approach is successfully applied 

in this study to identify Lanice conchilega tubeworms. Nevertheless, it does not provide a general 

solution, since it is not applicable in cases where the abiotic and biotic benthic structures are the same 

size. Additionally, a new method has to be found that provides the opportunity to perform a remote 

classification of similar benthic structures. In this context, different pattern recognition algorithms - 

which is another wide field of research - are suggested to provide a solid basis. Pattern recognition in 

images, including pattern recognition through the use of neuronal networks, is becoming more 

important as the training of such networks becomes feasible due to the increasing amount of 

annotated video and laser scan images recorded during fieldwork. 

The footprints of the acoustic transducers of the lander system were located within the coverage area 

of the laser line scanner. Due to the unknown receiver functions of the transducers, a quantitative 

comparison could not be achieved. The results from the 50° mounted profiler were presented in this 

study and showed a significant correlation with the benthic structures. The correlation was not clearly 

defined due to the very low range of backscatter variation (+/- 1 dB). Calibration of the transducer 

units could help to evaluate the significance of these very small backscatter changes. 
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In this study, only one of the five transducer units was used. In future work, all five (calibrated) 

transducer units of the lander system can be utilized to record the angular response curve, as in 

multibeam echosounder systems. The angular dependence of multibeam echosounder data is required 

for seafloor classification. To determine the backscatter intensity range for the different substrate 

classes, reference areas in the backscatter mosaics are typically chosen based on visual selection by 

experts [39]. In a combined field experiment, the lander system could be deployed to measure the 

angular response curves of different seafloor types identified during the multibeam echosounder 

survey. This could lead to an experimental approach to utilize the angular response curves measured 

by the lander system to calibrate multibeam echosounder data for an improved classification of 

different seafloor facies. The ability of the lander system to simultaneously measure the seafloor 

surface and the backscatter data introduces additional parameters into the classification process. 

Field experiments were only conducted in a sandy sediment environment, where ground-truthing 

through grab samples and horizontal lander deployment is a reliable process. Studies on hard seafloor 

substrates (with stones and boulders) have proven challenging [92]. Nevertheless, testing the 

approach presented on a hard seafloor substrate could be remarkably interesting.  
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