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Abstract Ambient noise variability is a critical challenge encountered by multiple
stakeholders, including sonar designers and operators. Among the sources of
ambient noise in the ocean, wind related noise has significant impact on sonar
performance. The tropical waters in the Indian Ocean Region (IOR), present ran-
dom fluctuations in the surface parameters, namely the wind speed, surface tem-
perature, wave height, etc. resulting in variations in the ambient noise
characteristics. The site-specific surface fluctuations in the tropical regions restrict
the possibility of generalized algorithm design to mitigate the ambient noise impact.
The work attempts to study the variations in the ambient noise levels corresponding
to the fluctuations in the surface parameters. The site-specific behavior of the
tropical IOR is demonstrated using surface data available from moored buoy at
three distinct locations of the IOR. The analysis methodology can be used to
characterize, predict and improve sonar performance, particularly in severe condi-
tions of the tropical IOR.
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1 Introduction

The ambient noise in the oceans has been on the rise and the acoustic systems
present sub-optimal performance due to poor Signal to Noise Ratio (SNR) at the
deployment location. Modern underwater acoustic systems are largely passive due
to their obvious advantages for both military (related to stealth) and also
non-military (related to power budgeting in offshore deployments) applications [1].
Hence, the ambient noise becomes a key limitation in improving sonar perfor-
mance. The ambient noise in the ocean has a multiple source components mani-
festing at varying frequency bands. Among these ambient sources, the wind noise
by far has the maximum impact on the sonar performance due to its overlapping
frequency spectrums ranging from 3 kHz up to 5 kHz [2-4].

The different regions, namely the tropical, temperate, and polar present diverse
environmental behavior that has direct ramifications on the sea surface parameters
and the related wind fluctuations. Further, among them the tropical region displays
significant high random diurnal, seasonal and site-specific surface fluctuations
namely sea surface temperature, wind speed, wind direction, wave height, current
speed and current direction [5]. Thus, the tropical littoral waters of the Indian Ocean
Region (IOR) are highly sensitive to the surface disturbances that translate to wind
noise [6-10].

The classical SNR enhancement techniques fail to mitigate the noise impact due
to random behavior of the ambient noise. However, the understanding of the
relation between the measurable surface parameters and the ambient noise can
potentially improve our ability to estimate the ambient noise characteristics. Such
estimation will facilitate improved mitigation of the wind related ambient noise on
sonar performance [11]. Ambient noise measurement and characterization at certain
sites have demonstrated high correlation with the surface parameters like wind
speed, wave height and sea surface temperature [12-15]. Pioneering work by
Knudsen et al. [2] in 1948 had investigated ambient noise variations based on
surface parameters and found that ambient noise increases with increasing wind
speed and wave height. However, the tropical water of IOR has not been studied
that extensively. There are no studies representing site-specific comparison of
ambient noise which is the key feature of IOR and is critical for any ambient noise
estimation and subsequent SNR enhancement efforts.

The work attempts to study the variations in the ambient noise levels corre-
sponding to the fluctuations in the surface parameters that can be easily measured
using Commercially-Off-The-Shelf (COTS) equipment based on available models
from the open source literature. Section 2 introduces measurements and ambient
noise dependency on surface parameters. Results and site-specific behavior in [OR
is demonstrated in Sect. 3.
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2 Measurement and Processing Methodology

The data was collected in Arabian Sea off the cost of Goa. Measurements were done
periodically eight times a day over a period of 2 month with moderate environmental
condition which gives 118 data samples. ITC 8264 omnidirectional hydrophones
were used with sensitivity —175 dB re 1 pPa and bandwidth 10 Hz—100 kHz. The
data were acquired at rate of 256 kHz filtered and digitized to 16 bits resolution [9].
The site-specific surface data was made available from moored buoy owned by
Indian National Centre for Ocean Information Services (INCOISE) at three distinct
location of the IOR, namely Arabian Sea, Bay of Bengal and Indian Ocean.

The spectral analysis was carried out using Welch power spectral density [16].
Ambient noise in dB was plotted for different wind speed and wave heights for a
frequency range of 105000 Hz. Ambient Noise level at different frequencies have
been observed for varying wind speed and wave heights. A mathematical model has
been designed based on sea surface temperature, wave height, and wind speed. The
time series variations of wind speed and wave heights from three distinct sites from
IOR namely Arabian Sea, Indian Ocean and Bay of Bengal are analyzed for a
yearly data. Wind—wave relationship of the three sites was observed by plotting
wind speed against wave height. Ambient noise levels at three sites were compared
based on modeled data.

3 Results and Discussions

The results of ambient noise variation with wind speed and wave height are pre-
sented in Figs. 1 and 2. Measurements showing dominant evidence of noise from
ship (46 samples) were not included in analysis. Figure 1 shows ambient noise
variation with respect to variation of wind speed over the spectrum of 10-5000 Hz.
It is observed that noise level increases with the increase in wind speed. The
frequency spectrum up to 500 Hz shows less variation with respect to wind speed.

Fig. 1 Ambient noise 70
spectrum for wind speed of

1 m/s (dotted line), 2 m/s
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Fig. 2 Ambient noise 70
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However, spectrum of 500-4500 Hz shows higher dependency on wind speed.
Spectrum follows Knudsen [2] spectra with a decreasing slope of 6 dB per octave
for a frequency range of 100-5000 Hz. It shows higher noise level and slope up to
1 kHz, however, slope decreases with increase in frequency representing weak
dependency of ambient noise due to wind at higher frequency. Figure 2 shows
ambient noise variation with respect to wave height over spectrum of 10-5000 Hz.
A peak is observed at a low frequency of 70-100 Hz which is due to turbulence.
Wide variations between 1000-5000 Hz are mainly due to bubbles and spray.
Noise due to bubbles show higher variations with increase in wave height [17, 18].
It shows a decreasing slope of 11 dB/octave for frequency band of 10-5000 Hz.
Higher slope at frequency of 1-3 kHz clearly represents the higher variation of
noise level due to wave height, bubbles and spray [17].

This analysis represents high correlation of ambient noise with wind speed and
wave height. Ambient noise model have been designed based on nonlinear
regression analysis given by Eq. 1.

NL=a+b*log,o(W;) +c*1og,o(SST) +d * W} +e * W, (1)
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Fig. 3 Comparison of field (solid line) and modeled (dotted line) spectra
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where, NL is noise level, Wy is wind speed, W), is wave height and a—e are the
regression coefficients.

Figure 3 shows comparison of field measurements with modeled results. It
shows that predicted values by the model are close to the measured ambient noise
value.

3.1 Comparison of Field Environments

Indian Ocean Region is well-known for the random fluctuation of the environment;
hence generalized mitigation algorithm fails in IOR. In order to design efficient
mitigation methods it is necessary to analyze dependency of physical parameters
and their effect on ambient noise. Sea surface data from moored buoy (owned by
INCOISE) at three distinct sites namely Arabian Sea, Indian Ocean, and Bay of
Bengal is used for analysis of the relation between surface parameters in IOR.
Figure 4 shows time series variation of sea surface temperature, wind speed and
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Fig. 4 Time series plot of a sea surface temperature, b wind speed and ¢ wave height for Arabian
Sea (dotted line), Indian Ocean (solid line) and Bay of Bengal (dash line)
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Fig. 5 Wind speed—wave height scatter plot for a Arabian Sea, b Indian Ocean, ¢ Bay of Bengal

wave height over a period of year. Monthly average values of parameters are
considered for plots, however, diurnal variations over the year are considered for
scatterplot.

The correlation between wind speed and wave height can be analyzed based on
scatter plot between wind speed and wave height. Wind—wave relationship for the
three sites is shown in Fig. 5, where it is observed that it follows similar rela-
tionship proposed by Barth et al. [19] despite the range of wind speed and wave
height is different, the relationship can be observed based on mean of scatter plots.

As all the sites in consideration follows similar wind—wave relationship, it fol-
lows similar physical phenomenon however time series fluctuations are severe for
Arabian Sea. Ambient noise model was evaluated for three sites and corresponding
results are shown in Fig. 6.

Figure 6 shows that ambient noise levels are higher in the month of June, July,
August as it’s the period of monsoon. Increase in ambient noise in this period is due
to high tides and bubble noise because of rain. Ambient noise level in Bay of
Bengal is 10 dB higher as compare to Indian Ocean and Arabian Sea, however
diurnal and seasonal ambient noise fluctuations are higher in Arabian Sea.
Figure 7a—c shows relationship of normalized variance of sea surface temperature,
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3

Fig. 6 Modeled ambient
noise for Arabian Sea (solid
line), Indian Ocean (dotted
line) and Bay of Bengal (dash
line)
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variance of wave height, and variance of wind speed for IOR. Figure 7d compares
the variance of ambient noise for IOR.

Variance of ambient noise with respect to surface parameters at different sites of
IOR can be observed in Fig. 7. Where it is observed that ambient noise level is
highly correlated to wind speed and wave height, however variance of surface
parameters is site-specific, which results in site-specific variance of Noise level
(Fig. 7d).
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Fig. 7 Comparison of variance of SST (dot line), wind speed (dash line), wave height (dash dot
line) and ambient noise (solid line) for a Arabian Sea, b IOR, ¢ Bay of Bengal. d Comparison of
variance of ambient noise for Arabian Sea, (solid line), IOR (dash line), Bay of Bengal (dotted line)
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4 Conclusions

Various studies have shown that ambient noise is highly correlated with sea surface
parameters like wind speed, wave height, sea surface temperature; however, it
shows wide variations with time and site. In this work, ambient noise variations are
observed with respect to surface parameters at Arabian Sea. The analysis shows that
ambient noise level increases with increase in wind speed and wave height.
Ambient noise variations at different frequencies have been observed for range of
wind speed and wave height it shows higher noise levels at 1 kHz frequency which
may be due to bubbles and spray. Ambient noise model have been verified with
field data and found to be efficient for ambient noise analysis. Sea surface parameter
fluctuations at three sites of IOR have been analyzed and ambient noise variations
are plotted based on monthly average sea surface parameters for three sites which
shows seasonal variation of ambient noise in IOR. It shows remarkable fluctuations
in ambient noise level. This is the first such effort to compare seasonal variation of
ambient noise in different regions of IOR. However it can be further improved by
improving ambient noise model using real-time data with wide variation of sea
surface parameter. The analysis methodology can be used to characterize, predict
and improve sonar performance, particularly in severe conditions of the surface
fluctuations in the tropical IOR.
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