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1 INTRODUCTION 

It is currently well known that climate change is affecting the Earth [1]. About 90% of the added heat 
energy resulting from anthropogenic perturbations (e.g. greenhouse gases) is absorbed by the 
oceans [2] [3]. Consequently, the oceans’ temperatures are increasing globally. In polar regions this 
is accompanied with the melting of ice, which impacts the salinity gradients. These trends have local 
differences and depend on the area of interest (cf. chapter 2). This phenomenon affects the 
propagation of sound, and consequently sonar performance [4]. Oceanographic conditions are not 
the only factor affecting sonar performance. Wind, rain, biology, and anthropogenic sources such as 
shipping also contribute and must be taken into. In this work, climate change is related to sonar 
performance. A top-down approach is developed in a block diagram which relates climate change to 
sonar. Finally, this approach is illustrated using a passive sonar scenario case study in the high north.  
 
 

2 CLIMATE CHANGE AND ITS RELATION TO SONAR 
PERFORMANCE 

Ocean temperature affects the acoustic sound propagation as well as other factors also contributing 
to the performance of a sonar system. Figure 1 presents a comprehensive approach relating climate 
change to sonar performance. This happens in several stages, climate change and human activities 
affect the Acoustic Environment, which describes all the important factors necessary to determine the 
Ocean Acoustics. The Ocean Acoustics describes the propagation, scattering and noise. Finally, the 
Ocean Acoustics affects the Sonar Performance, both on the signal and the noise side. 
 
The block diagram from Figure 1 can be used to analyse the impact of climate change in the area of 
interest, and gives insight in what literature or knowledge is necessary. 
Many institutes do climate modelling to compute the oceanography (temperature, salinity, pH) for a 
future date, [1], [5], [6]. Similar work is done for the wind and rain [7], [8], [9], although results do not 
always agree [10], [11]. 
However, future biology and shipping activities are hard to predict. The presence of a species 
depends on the oceanography, the overall ecosystem, and the presence of human activity as fishing. 
 
Most of the biology studies are conducted on few species, and to the best of our knowledge, there is 
no overarching work done on the change of animal and plankton distributions for future scenarios. 
Concerning marine traffic activity, we can separate it within shipping, leisure, and fishing.  
On one hand, the presence of fishing boats (and therefore the noise produced by them) depends on 
the presence of preys to capture, for which no real prediction is available. On the other hand, new 
commercial shipping routes are expected to open in the Arctic [12].  
There is currently a lot of work being done on predicting the sea ice coverage in the Arctic. Predictions 
support a decrease in the ice sea coverage, more important in summer than in winter, [13], [14]. 
Eventually, the Arctic is predicted to be ice-free in summer time, even if all prediction don’t always 
agree of when this will happens or for how many months [15], [16], [17].  
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When enough information is gathered on the Acoustic Environment, modelling for scattering, 
propagation, and ambient noise can be applied to compute the relevant inputs for a sonar 
performance calculation.  
 

 
Figure 1. A block diagram, relating climate change to sonar performance. Arrows indicate how different blocks 
interlink with each other but not the strength of the link. 

 

3 A PASSIVE SONAR CASE STUDY IN THE NORTH ATLANTIC 

3.1 Scenario description 

The scenario that will be considered here is a passive sonar scenario. This means solving the passive 
sonar equation, which can be written as [18], [19], [4]: 
 

𝑆𝑁𝑅 = 𝑅𝑁𝐿 − 𝑃𝐿 − 𝑁𝐿 + 𝐴𝐺,     (1) 
 

where 𝑆𝑁𝑅 denotes the signal-to-noise ratio in a given frequency band. 𝑅𝑁𝐿 is the radiated noise 
level, the sound radiated by the object of interest. 𝑃𝐿 is the propagation loss. 𝑁𝐿 is the ambient noise 

level, which is a combination of sea state noise (wind noise), rain noise, and shipping noise and 𝐴𝐺 

is the array gain. The 𝑆𝑁𝑅 can be converted to a probability of detection using equation 7.34 of [19] 
as: 

𝑝𝑑 = 𝑝
𝑓𝑎

1

1+𝑅,       (2) 

 

where 𝑝𝑑 is the probability of detection, 𝑝𝑓𝑎 is the probability of false alarm, and 𝑅 is the linear SNR 

computed as: 𝑅 = 10
𝑆𝑁𝑅

10 . 𝑝𝑓𝑎 which is assumed to be 10−5. Furthermore, the detection range in this 

work is assumed to be the largest distance for which 𝑝𝑑 = 0.5. 
 
In the scenario, a latitude of 76 degrees and a longitude of 10 degrees are chosen, where the water 
depth is 2200 m, as reported in [20]. The sediment is assumed for this case study to be medium sand 
(with properties described in [19]).  

A single hydrophone receiver at 30 meters depth is placed at these coordinates. The hydrophone is 
assumed to have a 1 s integration time, resulting in a processing bandwidth of 1 Hz.  
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Furthermore, a submerged target is located at 40 m depth. It has two tonals, based on [21]. The first 
tonal is at 63.096 Hz, bandwidth is 0.1 Hz, and the integrated radiated noise level over this bandwidth 
is 130 dB re μPa2m2. The second tonal is at 6309.6 Hz, same bandwidth, and the same integrated 
radiated noise level. It is assumed that these tonals have top-hat spectra: constant value within the 
bandwidth, zero outside of it. The integration bandwidth of the receiver is wide enough to capture all 
the energy of the tonals. 
 
The oceanography is described in 3.2. Wind and rain distributions is described in 3.3. Biology is not 
considered in this study. Distant shipping is described in 3.4.  
 
3.2 Oceanography 

The area is the same as location 1 in [20], where the temperature and salinity were extracted from 
the outputs generated by the HadGEM3-GC31-HH model [22], part of the High Resolution Model 
Intercomparison Project [23]. The HadGEM3-GC31-HH model is based on the RCP8.5 scenario 
(worst case climatic scenario) [24], which assumes that the average temperature is going to increase 
4.4C by 2100. Figure 2 showsthe average sound-speed-profiles for three years: 1995, 2020, and 
2045. Multiple years are represented (dotted lines) with their average (filled coloured lines). The SSPs 
(Sound Speed Profiles) are similar within each decade and their average is a good representation, 
as it could be one of them. An acoustic duct is present within the first 45 meters, after which the sound 
speed decreases until reaching its minimum around 700m depth. If the shape is similar, the values 
themselves and the gradient change. There is a general increase of sound speed over time, especially 
between the surface and 700 m (minimum) with a difference of about 15 m/s in 1995 and about 30 
m/s in 2045 (Figure 2).  
 

 
Figure 2. Sound speed profile (SSP) at the location of study. The year mentioned is the central year, the dashed 
lines are SSPs from 4 years before and after the central one and the solid colored lines are averages. After the 
first 1000 m, the curves collapse to the same increasing sound speed curve. 

 
3.3 Wind and rain 

Wind and rain distributions were generated using the atmospheric component of the same climate 
model [22] considered for oceanography and are shown in figure 3. Although it is not true, in this work 
it is assumed that windspeed and rain are independent of each other. From [25] it is known that most 
storms happen within 30 to 90 minutes, for the intents and purposes of this work it is assumed that 
all the precipitation of the day happens in a one hour interval (meaning that 23/24 hours of the day 
there is no rain). Between 1990s and the 2020s, the wind distribution has shifted toward higher wind 
speed with a slightly less high centre. However, between 2020s and 2040s, the difference is thinner 
than expected. Concerning the precipitation, in 2020s there is a higher density of low precipitation 
than in 1990s and 2040s. However, the slopes have quite similar shapes. The contribution from rain 
and wind to the modulation of SNR is therefore expected to be quite low. 
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Figure 3. Probability density function of wind and rain at the location of study. The lines represent the average 
wind and rain for the month of September in the given decades. 

 
3.4 Distant shipping noise 

For the modelling of distant shipping noise, an implementation of the CANARY model [26] is used. 
Here all ships are assumed to be merchant container ships, where [27] present a formula (equation 
10) for the mean spectrum per decidecade band. These can be converted to the 1 Hz bandwidth (for 
our receiver bandwidth) of the two frequencies for our case study. Furthermore, these ships are 
assumed to be a point source at 6 m depth. 
 
Over time the number of ships in the area will increase [28]. It is expected that ships will get quieter, 
but currently there is no work that quantifies this reduction and is therefore currently ignored. 
For the period of 2013-2019 it is reported that shipping noise increases linearly in the Barents Sea 
[28]. Our implementation of the CANARY model requires shipping densities as input. The linear 
relationship of the noise levels was extrapolated to 1995, 2020, and 2045. From these extrapolated 
noise levels, an estimation was done to determine what the corresponding average shipping density 
would have been. For these years the average shipping density per square kilometre are: 0 ships per 
km2 in 1995; 1.3*10-5 ships per km2 in 2020; and 1.8*10-2 ships per km2 in 2045. Although this increase 
in ships may seem unrealistic, one should not forget that the region of interest will most likely be close 
to a future major shipping lane, when the Arctic becomes free of ice. 
 

4 RESULTS AND DISCUSSION 

4.1 Propagation loss 

 
Figure 4. Propagation loss for the month of September in the three years. The frequency is 6309 Hz. The 

surface is assumed to be flat. The receiver is the green star, and the target is at the green dashed line. 

Propagation loss was computed using two models, RAM for the lower frequency [29], and for the high 
frequency an incoherent ray model called INDRA [30] using a range independent SSP. The high 
frequency results for the three considered years are plotted in Figure 4, with a similar result for the 
low frequency. Although the receiver is inside the (weak) surface duct, it seems that the propagation 
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changes only a little bit at the target depth throughout the years. The surface duct seems to become 
weaker, and more acoustical energy leaks towards deeper depths.  
 
4.2 Noise levels 

The noise is a combination of shipping noise, wind noise (sea state noise), and rain noise. Biological 
sources of noise are not considered here. The noise distributions for our case study are presented in 
Figure 5.  
At the low frequency, the 1990s case includes wind and rain noise. In 2020s, there is some shipping 
activity, raising the lowest noise levels to about 67 dB. In 2045, the wind and rain have don’t have 
influence anymore and the shipping noise constitute all of the noise. This leads to a very thin peak, 
around 98 dB.  
For the high frequency, the noise levels lie very close together. The shipping noise does not have an 
influence anymore, and the differences in noise are only due to the changes in wind and rain 
distributions. These changes in distributions are much smaller than the change in the number of ships, 
which mostly affect the 63.096 Hz scenario. 
 

 
 
Figure 5. Noise level distribution as function of the year for two different frequencies (63.1Hz and 6309Hz). 

These are a combination of shipping noise, wind noise, and rain noise; received at the receiver location. 

 
4.3 Detection range distributions 

Combining the propagation, the noise levels, and the source level of the submerged vessel, one can 
compute the SNR and convert that to the probability of detection. The detection range is defined as 
the range for which the probability of detection equals 0.5. The cumulative probability density function 
(CDF) of detection range is shown in Figure 6. Where a value of 0 at a range means there are no 
detection ranges smaller than this range, and a value of 1 means there are no detection ranges above 
this range. From the receiver’s perspective ideally, the CDF stays 0 as long as possible and only at 
long ranges it increases and goes to 1.  
For the 63.096 Hz case, there is a big difference in the detection ranges over the year. This is because 
over the years the increased shipping changes the noise levels so significantly, that the tonal cannot 
be heard at all in 2040s, no matter the distance. In 2020s the detection ranges are worse than in 1995 
with a CDF always higher for each range. 
 
For the high frequencies, the CDFs lie almost on top of each, with slight differences due to changing 
wind and rain distributions, in combination with a slightly different SSP. 
However, the changes in the SSP are relatively small, the overall shape is similar, only the absolute 
values and the values of the gradients change. In [31] it is show that in certain areas ducts can appear 
or disappear due to changes in the oceanography. It is expected that if the SSP changes in shape, 
the detection ranges for the high frequencies could also change. 
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Figure 6. Detection ranges as CDFs. A CDF(r)=0 means no detection ranges are smaller than this r. A CDF(r)=1 
means that there are no detection ranges larger than this r. Left: 63.096 Hz. Right: 6309.6 Hz. 

 

5 CONCLUSIONS 

In this work a block diagram is presented which links climate change to sonar performance. Climate 
change affects the acoustic environment, which impacts the ocean acoustics, and finally the sonar 
performance is influenced. Different amounts of literature and knowledge is available on how climate 
change affects the acoustic environment. 
 
The method of decomposing the problem into blocks (Figure 1) and finding corresponding data for 
the past, present, and future was used to do a passive sonar case study in the north Atlantic, towards 
the arctic. A submerged vessel was held at constant depth of 40 m, and a single hydrophone receiver 
was placed at a constant depth of 30 m; both of which were inside a weak surface duct. The changing 
environment caused very little change in acoustic propagation. The noise statistics show that the 
biggest changes are at the low frequency, due to the large, expected increase in ships in this area. 
Similarly, the detection ranges were analysed. At the high frequencies there were barely any 
differences in the detection ranges. For the low frequency the detection ranges are becoming shorter 
through the years, in this case mostly driven by the increase in shipping noise. 
 
This case study shows that it is important to look at all the components of the sonar equation, not just 
propagation, to determine future performances. Furthermore, this analysis of looking at all parts that 
contribute to the sonar performance is an important tool to explore what locations around the globe 
are affected by climate change. It would therefore be of interest to do similar work for more regions 
around the globe, for more frequencies, at different times of year, and for other target and receiver 
depths. 
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