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Multiconsult has developed a comprehensive risk assessment methodology for evaluating underwater noise 
exposure in fish and marine mammals from construction activities in coastal and offshore environments. 
The methodology covers both impulsive noise sources (e.g., blasting) and continuous noise sources (e.g., 
piling). For blasting operations, the methodology employs a modified version of Arons’ formula, 
incorporating validated formulations for stemming efficiency, bottom-reflection damping, and several 
blast-specific variables such as charge weight per delay, rock quality, and local sound-propagation 
characteristics. The model is flexible and can be adjusted to accommodate varying bench heights, blast 
patterns, and methods. The approach has been verified using more than 500 recorded blast events conducted 
under diverse geological and operational conditions across Norway. Continuous sound sources are 
addressed using a duty-cycle-based perspective assessing noise-generating periods (“duty cycle”) used to 
integrate the total sound-exposure level. This component builds on Multiconsult’s long-standing experience 
with airborne noise modelling, adapted for underwater conditions. For both impulsive and continuous noise 
sources, the risk levels are defined by national and international standards, viz. behavioural detection 
thresholds and Temporary/Permanent Threshold Shifts (TTS/PTS). The risk profile can be adjusted to local 
or national assessment criteria for vulnerable species. In our standard set-up, we apply representative 
conditions for Norwegian fjords, where the key concern include fish farms, spawning grounds, and natural 
reserve areas. Behavioural effects in aquaculture settings are of high interest, as exposure can directly affect 
growth rate, feeding response, and overall fish health. We have also performed assessments specifically 
tailored for individual marine mammal species or certain types of fish. The methodology offers a robust, 
adaptable and validated tool for assessing noise emissions, enabling site-specific evaluations of potential 
impacts on marine life that comply with both international standards and local environmental requirements.  

 
1 Introduction 
 
Human activities in coastal and offshore environments have intensified significantly over the past decades, resulting in 
increased levels of anthropogenic noise in the marine environment [1]. Construction operations such as piling, dredging, 
drilling, and underwater blasting introduce substantial acoustic energy into the water column, often exceeding natural 
background levels by many orders of magnitude. Unlike airborne sound, underwater sound propagates efficiently across 
long distances due to the acoustic properties of seawater and the confined wave propagation environment in the ocean. It 
is not uncommon that noise generated at a construction site in the ocean acoustically affects the marine environment many 
kilometres away from the source [2, 3, 4, 5]. 
 

Fish and marine mammals possess well‑developed auditory capabilities that are essential in underwater environments 
where sound travels efficiently and visibility is often limited by darkness and turbidity. Consequently, acoustic cues play 
a central role in key ecological processes such as foraging, navigation, predator avoidance, and communication [6, 7, 8]. 
Because these animals actively use sound and rely on acoustic cues from their surroundings, they are highly sensitive to 
the underwater soundscape. Elevated noise levels can lead to a range of adverse effects, from subtle behavioural changes 
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such as habitat displacement, reduced feeding efficiency, or impaired reproduction success or masking of biologically 
important signals, to elevated stress levels, temporary (TTS) or even permanent (PTS) hearing impairment, and, in 
extreme cases, severe injury and death [5, 9, 10]. 
 

In Norway, there is increasing awareness of the ecological consequences of underwater noise on marine life. Particular 
attention is directed towards caged fish in aquacultural facilities, which cannot escape the sound exposure, and spawning 
fish, which are vulnerable to behavioural disruption and masking of mating cues in certain areas during specific periods 
of time. Sound exposure has also been shown to cause secondary and tertiary effects in caged fish, including injury, 
infections and illness caused by a weakened immune system [11, 12]. For both caged and spawning fish, a precautionary 
and conservative management approach is therefore recommended to avoid any risk of affecting species in ways that may 
reduce biological performance or economic value. 
 

As coastal development increases, regulatory authorities and industry actors face growing expectations to evaluate and 
mitigate the potential impacts of underwater noise on not just fish but all marine life. However, accurately predicting 
sound exposure in complex marine environments remains challenging. Propagation conditions vary with depth, seabed 
composition, hydrographic conditions, and local topography, all of which can greatly affect received sound levels and 
must be incorporated into reliable assessments. Equally important is the need for risk frameworks that align with 
international thresholds for behavioural disturbance and auditory injury, while remaining adaptable to local ecological 
contexts such as noise-sensitive species, fish farms, spawning grounds, and protected habitats. On the other hand, 
prohibiting all construction activities in the ocean or in the coastal zone is neither practical nor feasible. To address these 
challenges a balanced approach is needed to ensure successful implementation while minimizing the environmental 
impact of the activities. 
 

In response to these challenges, a comprehensive and field-validated methodology for assessing underwater noise risk 
from both impulsive and continuous sound sources has been developed. The methodology is specifically tailored to 
Norwegian conditions, reflecting both the most common types of operations in this region and the presence of sensitive 
species in fjords and coastal areas. It has been refined through extensive field data collection, including more than 500 
monitored blast events across diverse coastal settings, along with acoustic recordings from many other relevant source 
types that together form a structured and continuously expanding “source library”. By combining robust physical 
modelling with biologically relevant exposure criteria, the methodology provides a practical and science-based tool for 
evaluating environmental impacts and supporting responsible marine construction practices. 

 
2 Methodology 
 
2.1 Modelling sound propagation from blast events 
 
In Norway, a large quantity of blast events takes place each year in relation to deepening of navigation channels or 
expansion of quay infrastructure. To enable efficient risk assessments of blast execution, we apply a simplified 
propagation model based on damped horizontal spreading of acoustic energy. A central element of modelling noise 
emission from explosions is the use of Arons’ formula, which relates the peak overpressure (p) to the charge weight (Q) 
and distance (d): 

𝑝𝑝 = 𝐴𝐴 � 𝑑𝑑
�𝑄𝑄3 �

−𝑏𝑏
 (1) 

where A is a material constant for the particular explosive, and b an exponent describing geometric spreading [13, 14]. 
Arons’ formulation provides the basis for estimating peak sound pressure levels (SPL) from impulsive events, and in our 
methodology, it is further adapted to account for buried charges, stemming efficiency, and propagation conditions 
representative of Norwegian fjords. 
 

For borehole charges, the stemming effect is defined as the fraction γ of the pressure p from an unconfined charge that is 
attenuated due to the crushing of the surrounding rock. This means that the measured acoustic pressure propagating into 
the waterbody must be reduced by the fraction (1 – γ). The value of γ can vary depending on the composition and 
mechanical properties of the rock. In our experience from channel‑deepening projects, blasting of shoals (both deep bench 
blasts and shallow cap blasts), and rock crushing beneath marine fill, the stemming factor has locally been in the range 
80–90%, implying that 10–20% of the blasting energy is radiated into the sea as acoustic pressure. By combining Arons’ 
formula with the stemming effect and a geometric description of reflection damping in terms of bottom reflections, we 
obtain a complete expression for the blast pressure including a reflection coefficient R. This modelling approach has been 
validated using more than 500 measured dredging blasts (Figure 1). In the present case we have adopted a conservative 
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value of R = 90%, which represents the fraction of acoustic pressure energy being returned to water from each bottom 
reflection. 
 

 
Figure 1. Measured blast data from Norwegian waters. The y-axis represents sound pressure level (SPL) in dB re 1 uPa normalized 
relative to the blast weight (Q). Different colours indicate separate projects and markers with additional outlines indicate whether a 
bubble curtain was active. The two dashed lines indicate stemming effects of 10 % (γ = 0.90) and 20 % (γ = 0.80). Both models have 
a bottom-reflection coefficient of R=90 %.  
 
We have further developed our setup using the more advanced Bellhop model [15]. Bellhop is a numerical tool for 
underwater acoustic modelling based on range dependent ray tracing that accounts for bottom topography, the sound 
speed profile of the water column, and reflections from both the surface and seabed. The model is computationally 
efficient and widely used in many underwater acoustic applications [15, 16]. By combining transmission-loss output from 
Bellhop with the source level for each frequency, we obtain the spatial distribution of acoustic pressure as a function of 
distance and depth, giving the full 3D representation of sound propagation in the region. From each sector, the model 
produces a 2D pressure field, which is then reduced to a single representative pressure value per distance by taking the 
maximum across the water column. This ensures a robust yet still conservative estimate for use in risk distance assessment 
(Figure 2). 
 

 
Figure 2. Example of noise emission calculations from blast operation. Left: based on Arons’ formula and right: based on Bellhop 
model. Blue hatched areas indicate fish spawning grounds and red hatched areas indicate protected areas. 
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2.2 Modelling of Continuous Sound Propagation 
 
Many construction activities such as piling, drilling, excavation, and rock dumping produce continuous or intermittent 
sound rather than impulsive shocks. Pile driving can generate very high sound levels depending on the method and pile 
type (Figure 3). Because the activity is highly repetitive, noise impact is evaluated using the sound exposure level (SEL), 
defined as the pressure squared (p(t)2) integrated over time (t),  

𝑆𝑆𝑆𝑆𝑆𝑆 = 10 𝑙𝑙𝑙𝑙𝑙𝑙10 �∫
𝑝𝑝(𝑡𝑡)2

𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟
2 𝑑𝑑𝑑𝑑𝑡𝑡

0 �   (2) 

relative to the reference pressure (pref) 1 µPa²s. To avoid unnecessary complexity, we describe continuous sources using 
three main parameters: S₀ - broadband source strength at 1 m, duty cycle (fraction of active noise emitting time) and work 
hours (duration of daily operation). These parameters allow SEL to be estimated efficiently without detailed waveform 
modelling (Figure 4). For highly repetitive impulsive sources such as impact pile driving, a single strike SEL is calculated, 
and a reduction factor (α) is applied to account for the pause between hammer blows. This typically reduces the effective 
SEL by 15–25 dB and is parametrized through the strike interval. 
 

 
Figure 3. Measured piling/ramming data from Norwegian waters. Different colours indicate separate projects and markers with 
additional outlines indicate whether a bubble curtain was deployed. The two dashed lines show transmission-loss (TL) models based 
on a 210 dB re 1 µPa source level, using cylindrical (TL = 10·log10(d)) and spherical (TL = 20·log10(d)) spreading, where (d) is the 
distance. 
 

 
Figure 4. Example of sound exposure level (SEL) calculations from impact pile driving. Based on a source level of 210 dB re 1 µPa. 
Left: standard transmission loss model (with 14 dB loss dependence) and right: Bellhop model. The blue hatched area indicates fish 
spawning ground. 
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2.3 Risk assessment 
 
In Norway, the Institute of Marine Research (IMR) provides guidance on the effects of anthropogenic sound and 
electromagnetic radiation on marine life [17]. Their recommendations synthesize current national and international 
literature and provide guidance on limit values for both short-term (impulsive) and long-term (continuous) sound exposure 
for fish, whales, seals, and other marine predators. For caged or spawning fish where conservative thresholds are advised, 
the current advice for a single blast detonation, corresponds to 169 dB re 1 µPa peak pressure and 152 dB re 1 µPa²s SEL 
within the hearing range of salmon (20–500 Hz). For repeated detonations, the corresponding values are 160 dB re 1 µPa 
peak pressure and 145 dB re 1 µPa²s SEL, which must be evaluated in relation to number and frequency of exposure [17]. 
In most cases where a maximum of two blasting operations occur a day, we apply 163 re 1 µPa based on Kvadsheim et 
al. [12], where caged salmon showed only minor behavioural changes. The final threshold is often determined in 
collaboration with the aquaculture facility in question, considering the health status and overall condition of the fish.  
 

For non-spawning fish and marine mammals, the general management objective is to avoid any physical injury, including 
temporary threshold shifts (TTS). Here, the widely used exposure criteria proposed by Popper et al. [5, 18] and Southall 
et al. [19] are applied. IMR also provides recommendations regarding blasting procedures, seasonal considerations, and 
mitigation measures such as bubble curtains. These thresholds and guidelines are directly applied in the risk assessment 
approach. We have also incorporated functionality to implement and visualize additional mitigations measures we supply 
to clients, such as the design and predicted effectiveness of bubble curtains (Figure 5). 
 

 

Figure 5. Example of bubble curtains included in the assessment. Here bubble curtains are positioned in front of each of the two 
aquaculture facilities in the area (red hatched areas). 
 
For activities such as seismic surveys or pile driving, IMR advises against performing continuous operations within the 
concentrated parts of spawning grounds and spawning‑migration routes for relevant species, as well as within a 20 nmi 
buffer zone surrounding these areas. Alternatively, it is considered acceptable that spawning areas may be exposed to 
sound levels up to SEL10 ≤ 145 dB re 1 μPa²s (integrated over 10 seconds). This threshold is derived from observations 
of tagged cod that remained on their spawning grounds despite exposure to a seismic airgun [20]. We currently apply this 
threshold to all sources producing continuous noise for all fish species in spawning grounds (Figure 4) and for fish in 
aquaculture facilities. Thresholds and recommendations are continuously adjusted as new empirical data become 
available. For marine mammals, the sound exposure level and frequency weighting described by Southall et al. [19] is 
followed, along with recommendation from IMR on avoiding certain sensitive species/areas in Norwegian waters [17]. 
As in the case of blast operations, a range of mitigation measures are recommended including avoiding sensitive time 
periods and areas, applying soft-start procedures, temporary halts of operations if marine mammals enter predefined safety 
zones and use of acoustic deterrent devices (ADDs) prior to the onset of piling. The outcome of the risk assessment is 
that it offers detailed guidance on maximum allowable working hours, activity frequency, or maximal pile energy settings 
needed to stay within recommended noise limits. 
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3 Summary 
 
This work presents an integrated and field‑validated methodology for assessing underwater noise from both impulsive 
and continuous sound sources in Norwegian coastal environments. By combining empirical measurements, simplified 
propagation formulations and advanced numerical modelling, such as Bellhop, the approach provides a robust and 
practical tool for estimating sound exposure under a wide range of environmental conditions. The incorporation of key 
physical processes such as reflection damping and realistic propagation‑loss coefficients ensures that predictions reflect 
the complexities of fjord systems while remaining computationally efficient for operational use. This also allows the 
methodology to be easily adapted for use in other types of environments. 
Equally important, the methodology is directly linked to biologically relevant studies and exposure criteria proposed in 
the national and international literature together with recommendations from the Institute of Marine Research (IMR). This 
enables risk assessments that are scientifically grounded and aligned with national management objectives for protecting 
fish, marine mammals, and sensitive habitats in Norwegian waters.  
The framework supports both planning and real‑time decision‑making by identifying safe operational limits, evaluating 
site‑specific risk to aquaculture facilities and spawning grounds, and facilitating the selection of appropriate mitigation 
measures. Our advice is often applied directly by clients to secure the necessary permits for project approval or to ensure 
compliance during project execution. 
 

As coastal development and marine industrial activity continue to intensify, transparent and evidence‑based approaches 
for evaluating underwater noise impact are increasingly necessary. The methodology presented here contributes to this 
need by offering a systematic and scalable tool that integrates physics, biology, and regulatory guidance. Future work 
will focus on expanding the source library, refining species‑specific thresholds as new empirical data become available 
and further improving model performance in highly range‑dependent environments. Together, these developments will 
strengthen our abilities to advice developers, authorities and industry actors to balance a sustainable marine resource use 
with the protection of vulnerable marine life. 
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