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Recreational boating is a popular pastime in many regions, often in sheltered coastal zones. Recreational 

boats and commercial shipping typically operate in different areas. This means that the anthropogenic 

underwater noise in these important coastal zones is often dominated by the much smaller recreational 

boats. This noise has not been included in past attempts at producing underwater noise maps.  Here, a case 

study is presented where an underwater noise map is produced for recreational boats in the Kosterhavet 

marine national park on the west coast of Sweden. An overview of the methodology is presented, along 

with a description of the main differences compared to how mapping is done for the commercial shipping 

sector. Finally, the output noise map is compared to four validation measurements in the region, showing a 

reasonably good agreement.

1 Introduction 

Underwater noise is a growing concern as an environmental issue in the marine environment, with indications that it is 

harmful for a wide range of marine species [1]. To evaluate where anthropogenic underwater noise might be an issue, it 

is essential to know what levels of underwater noise these are in the environment. Maps of underwater noise levels is a 

good way to study this problem [2]. These maps of the underwater noise levels, overlayed with maps of the habitats of 

key indicator marine species, offer a convenient way to estimate the risk of harming the environment with the noise.  

On the open seas the main anthropogenic source of noise are large commercial merchant ships. Another group of vessels 

that travel on our waters is recreational boats. While small, these recreational boats travel in areas where the larger 

commercial ships do not. In such locations the commercial ships are typically not the dominant anthropogenic noise 

source – the recreational boats are [3, 4]. These areas are often sheltered coastal zones which have a high ecological 

importance, often with a different type of ecosystem compared to the open and deeper oceans.  

Noise maps have previously been developed that considers noise from commercial shipping as the only source of 

anthropogenic noise [5]. These noise maps typically use vessel movement information from the Automatic Identification 

System (AIS) that all large commercial ships are connected to. As such, noise maps that cover the commercial ships are 

based on knowledge of the positions of all ships in an area at any given time. The typical procedure for noise mapping is 

to predict the noise levels created in the environment by each of those ships and then aggregate those noise levels. The 

noise generated by a single vessel is predicted using empirically determined source level models representing the 

acoustical energy input into the environment [6], and numerical propagation loss models to describe the spreading of that 

acoustical energy over the area of interest for the mapping [7]. 

Conceptually, a noise map for recreational boats is produced in a similar way as those that treat the commercial ships. 

However, there are important differences in each part of the noise mapping process. The largest difference is that most 

recreational boats do not have an AIS transceiver. As such, a noise map cannot be created from accurate knowledge of 

the movement of these boats – that knowledge is not available. Furthermore, the empirical source level models developed 

for commercial ships should not be extrapolated to recreational boats. The sizes, relative speeds, engines, and overall 

hydrodynamic behaviour is too different. This necessitates the development of new source level models tuned specifically 
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for recreational boats. Lastly, the numerical propagation loss models used on the open seas are designed for that 

environment – open and relatively deep seas. The regions where many of the recreational boats travel is often much 

shallower and with many small islets that prevent propagation along straight lines. 

Herein we describe our work to resolve some of these issues and produce a noise map that covers recreational boats in 

the Kosterhavet marine national park on the west coast of Sweden, see Figure 1. The Koster Islands is chosen as a proof-

of-concept study area both due to its status as Sweden’s first marine national park with many visits from recreational 

boats, but also due to its complex acoustical environment.  

 
Figure 1: Satellite image of the Koster Islands. 

2 Methods 

The general framework for computing the noise maps is based on a grid of receiver points. As mentioned above, most 

recreational boats do not have AIS-transceivers. Hence, the noise map cannot be computed from the positions of each 

individual boat at each given time. As an alternative, a noise map can instead be computed from a statistical measure of 

how many boats are expected to be in each area at a given time. The expected number of boats in a specific grid cell times 

the average acoustic power output from a typical boat naturally gives the expected acoustical power input into the 

environment from that grid cell. This power input can then be propagated from the input cell to all the receiver points, the 

same way as otherwise done for a single vessel. The approach is described in its component parts below. 

2.1 Satellite images and boat density 

The knowledge of the exact boat positions is replaced by knowing the expected number of boats in each grid cell that 

composes the noise map. This can be thought of as the average number of boats within each grid cell when observed with 

enough snapshots of boat positions in the area. One efficient way to obtain these snapshots is to use satellite imagery. An 

automatic boat detection algorithm was developed to detect moving boats in the satellite images. The algorithm starts 

with Canny edge detection to find distinct edges of objects that stand out against the water, followed by morphological 

closing to identify single objects. These objects were filtered to remove objects detected in the same location across too 

many images – these are likely not boats but other objects that the algorithm detects, e.g., rocks. 

The detections of the individual boats were aggregated together into one set with all detections. These detections are too 

sparse to directly use as the expected number of boats within each of the grid cells. To solve this, as kernel density estimate 

(KDE) was applied to the detections. This is a smoothing algorithm designed to determine the probability density function 

of an underlying distribution from individual observations. The output from this smoothing stage is the expected boat 

density in each grid cell, given as the number of boats per unit area. Such a metric is directly proportional to other metrics 

used to describe traffic intensity, e.g., ship hours per month per area. 
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2.2 Source power input 

The expected source power input in a grid cell is the product of the boat density in the cell, the total cell area, and the 

acoustical noise power of a typical boat in that cell. Here, the main difficulty is to know the acoustical noise power of a 

typical boat. As mentioned above, the source power models for large commercial ships are not applicable for the much 

smaller recreational boats. There is ongoing work to develop and improve source power models for recreational boats, 

but at this time the available models are based on measurements of only a few dozen boats [8]. This is further complicated 

by the lack of knowledge of the boats that travel the area – from the satellite images it is not possible to determine any 

particulars for any specific boats, only that there is a boat present. As such, the source power model used here is based on 

measurements of 25 recreational boats of varying size and type, and those are assumed to be a sufficiently representative 

sample of the many more boats that travel around the Koster Islands.  

The available measurement data indicate that the acoustical noise power depends on the vessel speed, up to the speed 

where the boats starts planing. Above this speed, the noise power from the boat is essentially unchanged by further 

increases in speed. The spectral shape of the source power typically consists of a constant power density at low 

frequencies, then a decrease with 20 dB/decade above a speed-dependent breakpoint. Using this knowledge, the source 

power for a typical boat can be modelled based only using typical travelling speeds in each grid cell. This speed is difficult 

to determine empirically without large observation campaigns. Instead, the speeds were chosen based on distance from 

land and known speed restrictions in the area, see Figure 2. The assumption is that boats travel at their marching speed 

when possible, but slow down to meet local regulations or to keep safe speeds closer to land. Since the noise power model 

is not sensitive to speed increases above a certain threshold, the specific marching speed used in modelling does not affect 

the results.  

 
Figure 2: Speed map for boats around the Koster Islands. 

2.3 Propagation loss 

The Koster Islands consist of two large islands and an archipelago of many small ones. The interior of the archipelago is 

mostly shallow with typical water depths of around 10 m or less. There is a deep trench with depths over 200 m between 

the group of islands and the mainland to the east, with a heavily trafficked boat fairway. This situation presents an 

interesting challenge for the modelling. An ideal propagation model should be able to predict how the higher source levels 

in the fairway spreads into the more sheltered archipelago. This is difficult since many receiver points in the archipelago 

do not have an unobstructed direct propagation path to the fairway. As such, the propagation model should be able to 

account for propagation along curved paths, i.e., diffraction around smaller islands. 

A pragmatic solution is to develop a semi-empirical propagation loss model. The model is based on simple models for 

propagation loss, tuned to several thousand measurements of propagation loss performed in the Koster Islands. The 

measurements were performed using a Lubell 1424 HP source, sending exponentially swept sine pulses to a number of 

autonomous recorders placed in the area. The received signals were correlated with the source signal to improve signal 

to noise ratio [9]. The received and correlated levels was corrected with a previously measured source level of the driver, 

yielding the propagation loss spectrum between each source and receiver pair. These measurements were used to optimize 
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model parameters for the semi-empirical propagation loss model, accounting for factors such as frequency, depth profile, 

distance, and how curved the path between source and receiver is. 

3 Results 

Satellite images from the Copernicus Sentinel-2 satellites were used to detect boats in the Koster Islands. These images 

have pre-processed masks for land, water, and clouds. Since boats are only visible on the water, images with too much 

cloud coverage were discarded. This gave a total of 8 usable images from the summer of 2023. In total, there were 800 

boats detected in these images, after filtering of stationary objects. The boat density after KDE-smoothing is shown in 

Figure 3. Notable is the high density to the east of the islands (where the fairway is) compared to the lower density in the 

interior of the archipelago. 

 
Figure 3: Boat density around the Koster Islands. Note the logarithmic colour scale. 

The boat density is combined with a map of the speeds in the area and the source model to give the source input power in 

each grid cell. This source power can then be propagated to the corresponding receiver grid with the semi-empirical 

propagation loss model. The final broadband level is shown in Figure 4, which also has four labelled positions where 

validation measurements were taken. 

 
Figure 4: Broadband noise level from recreational boats around the Koster Islands. 
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The validation measurements were performed during two months of the summer of 2024. Figure 5 shows spectra from 

the four measurement sites, along with model results from the same sites. Shown is the average level during daytime on 

days with fair weather, and the corresponding levels during night-time. This is a relevant comparison since the satellite 

images are taken at noon and only images from clear weather days are included while computing the boat density map. 

The measured daytime levels (orange) mostly match the noise map model results (blue), except for the Soundtrap 3 

measurements. Similarly, the night-time measured levels (green) resemble a model for wind-driven noise in shallow 

waters [10].  

The results from Soundtrap 3 show higher levels than the models, both during daytime and night-time. The daytime results 

can be related to a recreational boat fairway that goes between the north Koster Island and the smaller island “Saltholmen” 

to the east of the recording site. The presence of this is expected to increase the local boat density, but this is not captured 

in the boat density map. The night-time results might be caused by waves breaking at shore, since this recorder is much 

closer to shore than the others. 

 
Figure 5: Results of the validation measurements. 
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