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1 Abstract

As all EU member states with marine waters, Denmark is required to monitor continuous underwater noise and assess the
levels against Good Environmental Status (GES) criterion D11C2 of the EU Marine Strategy Framework Directive. The
national monitoring is coordinated through the monitoring programs of the Regional Seas Conventions (HELCOM for
the Baltic Sea, including Danish Straits; and OSPAR for the Kattegat and the North Sea). It consists of three parts. First
part is measurements of underwater sound at six stations in Danish waters, rotated with the aim of obtaining at least one
year of recordings from each station every second year. The second step is basin-scale modelling of the underwater
noise, done jointly within frameworks of HELCOM and OSPAR, followed by joint assessments (HOLAS 3 for
HELCOM, QSR23 for OSPAR area 2). Last step is a national assessment at the level of Danish waters. The most recent
assessment was completed in 2023 and concluded that GES was not achieved on D11C2. The monitoring follows
established procedures, with gradual improvements integrated in parallel. In 2025, a pilot study investigated the potential
of using existing fibre-optic cables on the seafloor in D11C2 monitoring, with the prospect of a cost-effective alternative
to sound recorders. We used a dataset from the communications cable between Renne and Sassnitz which is enabled for
Distributed Acoustic Sensing (DAS) with collocated acoustic recorders collected over 17 days. We compare
automatically detected vessel passages in the acoustic data to those in the DAS data. While there are aspects of DAS that
can benefit ship noise monitoring, including the ability to detect ships not tracked by for example AIS (‘dark ships’),
challenges including inherent directionality, unsolved issues regarding calibrations, limited frequency range, and high
self-noise means that traditional acoustic recording systems will still be necessary for quantifying underwater noise levels.

2 Introduction

The EU Marine Strategy Framework directive (MSFD) established underwater noise as a pressure factor on the marine
environment and thereby created the need for coordinated monitoring and assessment programs for the EU member states
[1]. The MSFD requires each member state to monitor and report on two specific criteria, D11C1 on impulsive noise
sources and D11C2 on continuous low frequency noise. The specific requirements for monitoring and assessment were
outlined in the 2017 Commission Decision and recommendations from the TG-Noise expert group [2, 3]. These
recommendations stress that whereas the reporting itself is a national responsibility, the monitoring and assessment should
be regionally coordinated. This regional coordination is commonly understood as a delegation of responsibility to the
Regional Seas conventions, more specifically HELCOM for the Baltic Sea and OSPAR for the Greater North Sea.



Recommendations and guidelines for monitoring of continuous underwater noise emphasise the need for a combination
of measurements of underwater sound at representative locations in the marine environment and modelling (hindcasting)
of the sound in the entire assessment area.

2.1 Noise monitoring in Denmark

Noise monitoring to fulfil Danish MSFD obligations started in 2012 with the EU LIFE project BIAS and is done according
to the national Danish standard [4, 5], derived from the HELCOM monitoring guidelines [6]. Briefly, the objectives of
the measurements part of the monitoring can be divided into some that are essential for the program (need to have) and
some that increase the usefulness of the data also for other purposes (nice to have). The essential objectives are to:

e Provide characterisation of the natural ambient noise in the frequency range 20 Hz to 20 kHz, including
description of the effect of wind/waves (so-called Knudsen-Wenz curves)

e Provide measurements that can be used to determine the frequency-dependent propagation loss in the
environment

e Provide high-quality recordings of radiated noise from representative examples of typical sources (primarily
ships, but also offshore installations and bridges) to allow subsequent soundscape modelling

Additional objectives typically involve inexpensive adjustments/additions to the monitoring that do not conflict with the
essential objectives. Examples are:

e Extended bandwidth of recordings. This can be downward (only applicable in deep water) and/or upward
(allowing monitoring in the ultrasonic range, where dolphins and porpoises have their best hearing).

e Tracking of individual sources recorded on multiple recorders/channels by triangulation, beamforming or other
techniques.

e  Monitoring of compliance with local regulation, for example whether power boats respect time/area restrictions.

e Application of real-time and/or offline passive acoustic detection of vocalising animals (marine mammals, fish)
or anthropogenic activities.

e Specific assessment of anthropogenic noise in particular areas, typically Special Areas of Conservation.

To meet the essential objectives, a recording system needs both a high effective bandwidth and a sufficient sensitivity to
be limited by external (ambient) noise under most conditions yet have sufficient dynamic range not to be saturated
(clipped) except under extreme conditions. In the existing monitoring, these requirements are met by deployment of
autonomous sound recorders, capable of recording sound continuously for several months. The disadvantages of these
recorders include the need to physically visit the stations to retrieve data and change batteries and the risk of loss of
equipment and/or data due to extreme weather, bottom trawling or equipment failure, all of which means that there is an
economic limit to how many recorders can be deployed at any one time. For these reasons, the recent rapid development
of Distributed Acoustic Sensing (DAS) technology, whereby acoustic recordings can be obtained from existing fibre-
optic cables on the sea floor, has received considerable attention. As a result, we conducted a pilot project in 2024 to
assess the feasibility of including DAS technology as a supplement to the existing monitoring program [7].

2.1.1 Assessment of the MSFD D11C2 criterion

Assessment of MSFD D11C2 in Denmark generally follows the TG-Noise recommendations [3].These are described
briefly below and illustrated with a representative example. The full methodology and results are available in the
background report (in Danish) [8]. Assessment follows nine steps.

1. Identify indicator species and their habitats. Harbour seal, grey seal, harbour porpoise and cod were used. Cod
is used in the example below.

2. Determine the Level of Onset of Biologically Adverse Effects (LOBE) for each indicator species. For cod this
was established by HELCOM as 20 dB excess level in the 125 Hz decidecade band [9]. Excess level is the
elevation in natural ambient noise (reference condition) caused by anthropogenic sources (ships) and 20 dB
increase in ambient noise corresponds — under simplifying assumptions — to a 90% decrease in maximum
communication distance.

3. Determine time periods for assessment. This was done monthly for the year 2018.

4. Assess the acoustic status by monitoring. This was done jointly for the Baltic Sea through the BLUES project
(using the Quonops model) and for the North Sea through the JOMOPANS project (using the Aquarius model).



Recordings of sound were obtained from autonomous recorders deployed 2-3 m above the sea floor. These
recordings were used to calibrate the sound propagation properties of the spatial models.

5. Establish the reference condition. From sound recordings in the monitoring program relationships between wind
speed / wave height and ambient noise were determined (Knudsen-Wenz curves). These relationships allowed
hindcasting of natural ambient noise from meteorological inputs, providing estimates of what noise levels would
have been under the actual weather and hydrographical conditions in 2018 but without all the anthropogenic
sources.

6. Establish the current condition. Anthropogenic sources used in modelling were larger ships and fishing vessels,
whose position could be obtained from either AIS or VMS data. Vessel-specific details, such as type and size,
as well as speed over ground, were extracted from AIS/VMS data. This information, in turn, was used to model
the source properties of each individual vessel, based on statistical models relating size, speed and ship type to
source level and spectrum, the JOMOPANS-ECHO modified RANDI3 model [10]. The entire year of 2018 was
modelled by drawing data about positions and parameters for every tracked vessel every 1 or 2 hours, together
with hindcasted hydrographical and meteorological data, assigning source properties to each vessel from
statistical distributions from the RANDI3 model, and propagate the sound into the modelled waters. All
contributions were then summed into a spatial grid, providing a snapshot estimate of the total anthropogenic
noise in a spatially explicit grid. The baseline condition (natural ambient sound), modelled under step 5 above,
could then either be added to the anthropogenic noise, yielding the total sound pressure level, or the ratio between
the two could be calculated, providing the excess level. The excess level has a lower limit of 0 dB (no
contribution from anthropogenic sources). All snapshots from an entire month were combined to a statistical
distribution within a single grid cell (spatial resolution between approximately 50 m and 200 m), also sampled
in the vertical dimension (variable resolution of a few meters) and characterized by percentiles, including the
median. The median was used for subsequent steps. An example is shown in Figure 1 A.

7. The condition of each grid cell was evaluated for each month by comparing the monthly median against LOBE.
If the median was lower than LOBE conditions, that grid cell was assigned as “acceptable” for that particular
month. This step created monthly maps with binary values assigned to each grid cell: “acceptable” or “not
acceptable” (median below or above LOBE).

8. The status of the habitat of the indicator species (in this example cod) was assessed by tallying the proportion of
grid cells within the habitat (red polygons in Figure 1A) where conditions were not acceptable. This proportion
was then held up against the threshold for Good Environmental Status for D11C2, set at 20% [3]. Two examples
for cod around Bornholm are shown in Figure 1B, each month represented as the distribution of median excess
levels within the cod habitat. In February, where hydrographical conditions created strongly upward-refracting
conditions for sound propagation, the median excess level was above LOBE in almost all parts of the habitat. In
contrast, conditions were downward refracting in August, leading to acceptable status in almost the entire habitat.

9. The final step included assessment over the two Marine Reporting Units of Denmark — one being the Danish
part of the Greater North Sea (including Skagerrak and Kattegat), the other being the Danish Straits and Danish
EEZ in Western Baltic and around Bornholm. A summary of results for cod is shown in Figure 1C. Here the
fraction of the habitats of each of the four Danish stocks of cod is compared to the 20% threshold for good
environmental status. Cod habitats in the North Sea were the least affected, but still with median excess level
above LOBE in two months of 2018, followed by the Western Baltic habitat, where the threshold was exceeded
from January to May. Most severely affected were the habitats around Bornholm and in Kattegat, with the
threshold exceeded in 2/3 or more of the habitats from November/December until May. By including the time
of spawning of the different stocks in the assessment (horizontal bars in Figure 1C), it is clear that the largest
overlap between excess ship noise and spawning, and thereby potential for impact, is for the stock in Kattegat,
as spawning takes place in early spring, whereas the overlap and thereby potential for impact is less for the stock
around Bornholm due to the later spawning. Combined, the assessment for both Marine Reporting units was that
Good Environmental Status was not achieved for cod in 2018.

2.2 Distributed Acoustic Sensing

Distributed acoustic sensing (DAS), in which existing marine fibre optic telecommunication or energy cables are used to
record sound, has sparked investigations into its potential for soundscape monitoring. As part of a pilot study funded by
the Danish Environmental Protection Agency (Miljestyrelsen) [7], we investigated the potential of using DAS technology
to monitor continuous low-frequency underwater noise in accordance with the EU Marine Strategy Framework Directive
Descriptor 11 Criteria 2. To evaluate the feasibility of obtaining calibrated, absolute measurements from DAS-enabled
cables, we compared DAS measurements to those from calibrated acoustic recorders.



2.2.1 Data Collection & Analysis

To conduct an initial assessment of the feasibility of using a Danish fibre-optic cable for monitoring human-made
continuous low-frequency noise, we deployed three acoustic recording stations near the DAS-enabled telecommunication
cable between Bornholm/Renne, Denmark and Sassnitz, Germany (Figure 2A).

Three SoundTrap ST300 acoustic recorders (Ocean Instruments, NZ) were deployed within 100 m of the cable and
recorded continuously for roughly two months at a sampling rate of 48 kHz. Due to built-in high-pass filtering, the
functional frequency range of ST300 recorders is approximately 20 Hz to 20 kHz. Acoustic data were processed in
MATLAB (Mathworks, USA). Data was processed using custom scripts in MATLAB (Mathworks, USA). Sound
pressure levels per frequency band were calculated with 1-second resolution, resulting in 34 decidecade bands from 10
Hz to 20 kHz. Bands were used to run a custom-written vessel passage detection algorithm that identified the acoustic
peak of a potential vessel passage. The potential passages were validated using AIS data from the Danish Maritime
Authority. Diagnostic parameters used by the detector comprised a peak noise detection threshold 20 dB above the daily
mean received levels (RL) in the 500 Hz decidecade band,a vessel range threshold of 600 m, and a minimum
distance to other vessels of three times greater than the closest point of approach (CPA) of the vessel passage in question.

DAS data were collected by the Geological Survey of Denmark and Greenland (GEUS), which operates the DAS
interrogator unit on the Bornholm cable. The ground station, an Alcatel Submarine Networks OptoDAS interrogator, is
hosted at GEUS in Copenhagen. Data was acquired with 10 m channel spacing, 40 m gauge length, and a sampling
frequency of f; = 500 Hz, providing ~250 Hz of bandwidth, including coverage of frequencies below 1 Hz. For this pilot
study, GEUS collected data for several hours each day on 17 days spread across August and September 2024, of which
three that overlapped the deployment of the acoustic deployments were analysed. The timeframe for the acoustic
deployments for this study was chosen in parallel with a data acquisition period that GEUS had already planned
for autumn 2024. Analysis was carried out by means of custom-written scripts provided by GEUS using Xdas [11].
Data were truncated to the nodes + 3 km around the CPA on the cableto the recording station that detected
the vessel passage, with a duration + 5 minutes from the time of CPA.

Vessel passages detected by the hydrophone were manually inspected in the DAS data to find passages with a clear DAS
signal. For each of 11 vessel passages which were successfully detected in both the acoustic and DAS data, peak
measurements were compared to determine whether DAS measurements were sensitive enough for potential noise
monitoring. After removal of DC offset and a 5 Hz high-pass filter, a sliding window RMS with a window length of 10 s
was calculated for both the DAS measurement and the acoustic data. The peak RMS DAS value and peak RMS acoustic
amplitude were extracted, and a Pearson’s correlation coefficient was calculated to determine whether the two
measurement systems were recording correlated measurements of the same event.

2.2.2 Results & Discussion

The methodology recommended by TG-noise for assessment of continuous low-frequency noise could be applied
successfully to Danish marine waters. The uncertainties in the analyses have not been assessed systematically, but it is
commonly agreed that most uncertainty is connected to the biological input, particularly selection of LOBE criteria and
determination of habitat. This is followed by uncertainty in input to the soundscape modelling, most importantly lack of
coverage of vessels without AIS or VMS transmitters, but also other sources presently unaccounted for, such as noise
from operating oil and gas installations and wind turbines, dark ships, and small motorised vessels. Uncertainty in the
soundscape models themselves is considered minor in comparison to the other factors mentioned, except for the inherent
difficulties involved in modelling sound propagation in very shallow water (less than 5-10 m).

The overall take-home from the assessment of the 2018 results is therefore that the current methodology is operational,
but requires improvements, particularly with respect to biological input and more comprehensive coverage of the
anthropogenic sources used as input for the modelling. One prospect of DAS technology is therefore that it could
potentially provide coverage from larger areas than presently possible with acoustic recorders.

Currently, the major limitation of DAS technology is the lack of a system calibration. The frequency and amplitude
sensitivities, as a function of the cable’s physical properties, environmental dynamics, and overall detection probability,
must be properly calibrated for DAS data to be used for long-term noise monitoring with absolute noise measurements.
In this analysis, we find that the sound produced by a ship passage is detected in both measurement systems (Figure 3).
However, there was very little correlation between the DAS and the acoustic measurements (Figure 2B), with a Pearson’s
correlation coefficient of 0.098. Because the exact location of the cable was not made available by the cable owner,
GlobalConnect, for analysis, the exact distance from the cable of each vessel passage was not possible, meaning we cannot
correct our comparison of DAS and acoustic data for their different distances from the CPA for each vessel.

One vessel passage is visualized in figure 3D. The vessel passage is clearly visible in the spectrogram for both data types
(Figure 3A and 3B). DAS and acoustic recorders cover very different frequency ranges, but interestingly, even within the



frequency range covered by both recording systems (20 Hz — 250Hz), the distribution of energy across frequencies differs
considerably, with DAS measurements showing less energy in the higher frequencies. A previous study [12] also noticed
the absence of acoustic energy above 60 Hz during their study; this may be a result of insensitivity of the DAS system at
higher frequencies, possibly due to poor coupling of the cable to the sediment, and raises the question of whether
increasing the sampling rate of an interrogator system would actually allow for detection of higher frequencies along the
cable.

The RMS amplitude of the acoustic data shows an elevated sound level associated with the passage for a much longer
time than the DAS cable. While the DAS data may only be detecting when the vessel crosses directly over the cable, the
hydrophone may be able to pick up the ship for a larger portion of its passage through the area (Figure 3C). Due to the
lack of exact coordinates of the cable, we cannot say where exactly the vessel crossed the cable; however, data was
extracted from the node that had the strongest signature, which is likely to be where the vessel directly crossed. This
poorer sensitivity of the DAS system may reflect that the system is limited by self-noise inherent to the lasers and
electronics in use in the system or may be a function of higher sediment ambient sound pressure compared to ambient
sound pressure in the water column. This indicates that DAS may not be sensitive enough to describe the full time period
in which marine life is likely to be exposed to elevated noise.

Previous studies [13, 14] note the potential to apply ship noise models to DAS-detected vessels to quantify noise levels.
However, detection probability of vessel passages in DAS data remains unquantified. In all data in which the vessel
crossed the cable near the hydrophone and there was a strong DAS signal, the vessel likely crossed at the angle shown in
figure 3D, though without exact cable coordinates the exact directionality cannot be evaluated. This is consistent with
previous research into the sensitivity of DAS data which showed that perpendicular cable crossings are not well detected
by DAS cables [12]. Notably, in the three days of examined overlap between measurement systems, in addition to the 11
passages investigated in both measurement systems in this analysis, six more high-quality passages were identified in the
acoustic data but were not detectable in the DAS data. In combination with AIS data, further analysis could evaluate
performance of ship detection with DAS technology, which would then inform the feasibility of using the detections and
identified vessel characteristics to develop ship noise models that supplement continuous noise monitoring.

We find that DAS technology is not yet sufficiently mature to be a useful supplement to the current acoustic recorder-
based monitoring used to monitor long-term continuous noise. The lack of correlation between the DAS RMS
measurement and the acoustic broadband sound pressure level means that a calibrated DAS system from which
meaningful absolute measurements can be extracted seems unlikely with present technology. However, DAS could be
useful for maritime surveillance, and in that sense could help quantify the number of dark vessels without AIS or VMS.
A better understanding of detection probability as a function of ship class would help assess which aspects of existing
maritime traffic DAS technology could help monitor.

2.3 Figures
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Figure 1. Example of assessment of MSFD criterion D11C2 on cod. A) Modelled map of median excess level in the 125
Hz decidecade band in February 2018. Overlaid as polygons are the spawning habitats of the cod stock in the Bornholm
and Arkona basins. B) Distribution of excess levels within the cod habitats in A), shown for August and February 2028.
C) Aggregated results by month for the four cod stocks in Danish EEZ, showing the fraction of each habitat where
median excesses were higher than 20 dB. The threshold for Good Environmental status (20%) is indicated with a
horizontal line.
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Figure 2. DAS Cable and comparison of measurement systems. A) Study Area. The red arrow indicates the approximate
position of the DAS-enabled fibre cable. Map & cable layer: QGIS, DKCPC cable awareness map
(https://qgiscloud.com/exjure/DKCPC_CableAwarenessMap/?=&=&I1=Telecom%2CPower&bl=mapnik&t=DKCPC_C
ableAwarenessMap&). B) Peak RMS DAS vs Peak RMS WAV. Scatter plot showing the peak measurement from DAS
and the acoustic measurement from each of the analysed vessel passages.
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Figure 3. Vessel passage as recorded in both measurement systems. A) Spectrogram (WAV). The vessel passage as
recorded by the SoundTrap. B) Spectrogram (DAS). The same vessel passage, as recorded by the DAS cable. C) RMS
WAYV vs. RMS DAS. The RMS of the acoustic signal (pink) over the course of the passage and the DAS RMS
measurement (green) over the same time period. D) The vessel track (blue dashed line) as it passes over the
approximate location of the cable (black line). The placement of the hydrophone is noted in pink and the node from
which the vessel passage was extracted on the DAS cable is noted in green. Note that the exact coordinates of the cable
were not available so the location relative to the vessel and hydrophone is approximate.
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