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ABSTRACT The ambient noise field in the ocean is formed by a mixture of many source types, such as
seismic noise, marine noise, shipping noise, and wind-generated noise. The correlation matrices of the
ambient noise spectrum levels offer a promising approach for identifying and isolating the active source
mechanisms in ambient noise datasets. This study attempts to use frequency correlation matrices to examine
inter-frequency relationships and identify frequency bands that are dominated by specific sources present
in samples of ambient noise. Deep-ocean ambient noise recorded by hydroacoustic monitoring systems in
the East China Sea and South China Sea was used to analyze the frequency correlation characteristics over
a broadband frequency range, with a focus on the contribution of wind-related and shipping-related source
mechanisms to the overall ambient noise field at various frequencies. The primary sources observed in both
the South China Sea and East China Sea were shipping sources and wind sources. During the observation
window, wind was responsible for a significant amount of the ambient noise energy above 477 Hz in the
East China Sea, while the corresponding frequency threshold was shifted up to 575 Hz in the South China
Sea. Another interesting feature was also observed in the East China Sea: a higher degree of correlation was
found between the levels at the wind noise dominated frequencies and mixture noise (mainly consisting of
wind noise and shipping noise) dominated frequencies at the upper receiver than at the lower receiver. Data
analysis results show that the cause of this effect is that shipping activity contributes more to the soundscape
at the lower receiver than at the upper receiver.

INDEX TERMS Ambient noise, correlation matrices, wind-related noise, shipping-related noise.

I. INTRODUCTION
The spectral characteristics of ambient noise in the deep
ocean are continually changing due to changes in the nature
and positions of the many sources that contribute to it [1]
as well as the fluctuations in transmission associated with
varying oceanographic conditions [2]–[5]. Understanding the
variability of ambient noise in the ocean is essential for
investigating natural ocean processes such as wind [6]–[12],
submarine seismic activity [13]–[16], and breaking waves
[17]–[20] as well as for monitoring anthropogenic activities
such as oil exploration [21] and marine transport [22]–[26].
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Correlation matrices are a useful tool for visually identi-
fying different variables that tend to change together. And
the correlation matrices have been effectively researched in
many fields [27]–[29], a number of studies have attempted
to adapt it for use in underwater ambient noise analysis in
recently years. The earliest known analysis of underwater
ambient noise by means of correlating the sound levels in
different frequency bands was performed by Nichols and
Sayer [30]. In their work, they used a 4.5-day recording
of ambient noise from a bottom-mounted receiver in the
Atlantic Ocean and correlated the sound levels of seven
different frequency band pairs, with band center frequen-
cies ranging from 5 to 150 Hz. A high degree of cor-
relation was found between the levels at low frequencies
(5-25 Hz) and those at high frequencies (70-150 Hz), while
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the primary midrange frequencies (25-70) were poorly cor-
related with both the lower and higher frequencies. The data
analysis results showed that the causes of these effects were
the dominance of wind noise at high and low frequencies and
the dominance of shipping noise in the middle range.

Curtis et al. [31] found similar results by computing the
covariance of the spectral levels at pairs of frequencies based
on long-term ambient noise statistics collected by 13 widely
distributed receivers in the North Pacific. For some receivers,
the sound level in the 12-15 Hz band was moderately corre-
lated with the sound level in the 200-400 Hz band, indicating
that both of these frequency bands are associated with wind
events. In addition, an interesting acoustical phenomenonwas
observed in which the correlation between the sound level in
the 200-400 Hz band and the wind speed was weaker for the
coastal ocean than for the open ocean.

Using low-frequency deep ocean ambient noise data
recorded by the Comprehensive Nuclear-Test-Ban Treaty
Organization (CTBTO) hydroacoustic monitoring system,
Nichols and Bradley et al. performed a series of studies
using the correlation matrix technique. In 2013, they [32]
applied this technique to identify and isolate sources present
in large low-frequency ambient noise datasets and success-
fully identified microseism, earthquake, airgun and whale
noise from deep ocean data. In addition, they [33] inves-
tigated the relationship between the wind speed and the
sound levels in different frequency bands to determine the
prominence of wind-related noise in the combined ambi-
ent noise spectrum. In 2014, they [34] extended the use
of correlation matrices to the identification of the tempo-
ral characteristics of underwater ambient noise sources. The
correlation matrices were computed for two groups of noise
spectra, grouped by two different surface wind speed cate-
gories. After an exhaustive analysis of the measured ambient
noise data, they drew the following conclusions: the noise
spectrum under low wind conditions (≤2 knots) did not
reach saturation until approximately 4 Hz, while the noise
levels were unsaturated up to 2 Hz for high wind speeds
(5-25 knots). In 2015, they [35] briefly discussed the possible
applications of the correlation matrix technique for three
purposes: to analyze the change of ambient noise with time,
to monitor meteorological conditions in remote locations,
and to better define the source properties of ambient noise.
The ability to use correlation matrices to identify active
sound sources was also further exploited by Miksis-Olds
and Nichols in 2016 [36], by analyzing the primary drivers
behind multiyear changes in ambient noise levels, these
authors provided a reasonable explanation for the decreasing
trend in low-frequency noise (5-115 Hz) in the Equatorial
Pacific and South Atlantic Oceans observed in recent years.
An exhaustive discussion of correlation matrices for ambient
noise is presented in [37], in which the use of correlation
matrices is extended to the identification of characteristic
spectra of specific sources to enable the use of a limited num-
ber of those spectra to reconstruct measured ambient noise
fields.

As discussed above, frequency correlation matrices have
proven useful in identifying the underlying frequency struc-
tures and constituent sound spectra of measured noise. This
study attempts to identify frequency bands which are domi-
nated by specific sources present in samples of ambient noise
recorded in the South China Sea and East China Sea using
frequency correlation matrices. The dominant frequencies of
wind noise and shipping noise at two experimental sites are
analyzed and compared, and the influence of wind speed con-
ditions and the receiving depth on the frequency correlation
characteristics at various frequencies is investigated.

This paper is organized as follows. A brief description of
the theory of frequency noise correlation is given in Sec. II,
followed in Sec. III by a detailed introduction to the relevant
data acquisition and processing procedures. Spectrograms
from various receivers and the associated frequency corre-
lation matrices are presented, and the dominant sources at
various frequencies are identified using the noise correlation
technique. The proportion of wind activity contributing to
the soundscape at different receiving depths is investigated
by comparing the spectral correlations at different receiving
depths. The final section summarizes the key results.

II. THEORY OF NOISE FREQUENCY CORRELATION
Correlation matrices reveal critical information about the
relationships between groups of measured variables. For
the present analysis, the variables are the characteristics
of the frequency spectrum. Frequency correlation matrices
are useful for better identifying and understanding changes
in the contributions of different sources to regional sound-
scapes. The normalized correlation coefficient between the
demeaned spectral densities (in dB) at frequencies fc and fd
is defined as follows:

r (fc, fd )

=

∑N
a=1

(
X (fc, ta)− X (fc)

) (
X (fd , ta)− X (fd )

)√∑N
a=1

(
X (fc, ta)− X (fc)

)2∑N
a=1

(
X (fd , ta)− X (fd )

)2
(1)

Here, X (fc, ta) represents the spectral density at frequency
band fc using the ath time segment, whereas the overbar
represents the mean over all times, and N is the number of
time segments. High correlation between the sound levels at
a given pair of frequencies indicates that the corresponding
sound levels tend to increase and decrease at the same time,
implying that the noise at this pair of frequencies is likely due
to the same source mechanism. Similarly, a large frequency
region in which the sound levels are strongly correlated
indicates a frequency range in which the noise is due to a
particular source. The strength of the correlation coefficients
in the matrix is predominantly driven by the amplitudes of
the source signals relative to the background noise and the
durations of the signals relative to the total length of the
analysis window [34].

The frequency correlation matrix of a measured noise
recording is constructed via the following steps: First,
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FIGURE 1. (a) Measured sound speed profile and (b) illustration of the
receiving system for the experiment in the South China Sea.

the total recording is discretized into N time segments x (ta),
ta ∈ t1, t2 . . . tN , and those segments are converted into a
series of sound pressure spectra X (fc, ta) , fc ∈ f1, f2 . . . , fM
using the Fast Fourier transform (FFT). Second, the spectral
densities for all windows are averaged to obtain the mean
spectral density at each frequency. In the third step, the cor-
relation coefficients for arbitrary pairs of frequencies are
obtained using the above equation. The chosen lengths of the
FFT windows and averaging segments will be specified in
detail in the data processing descriptions given in the latter
section.

III. DATA AND ANALYSIS
A. THE SOUTH CHINA SEA EXPERIMENT
1) DESCRIPTION OF THE EXPERIMENT AND DATA
PROCESSING
The analysis data used here were obtained from measure-
ments in the South China Sea. Fig. 1 shows the measured
sound speed profile and a schematic diagram of the sub-
surface mooring used in the experiment. The sound chan-
nel axis was at a depth of approximately 1000 m, and a
sound pressure receiver was deployed at a depth of 164 m.
The sampling frequency for the sound pressure recordings
was 12000 Hz to provide information at acoustic frequen-
cies up to 6000 Hz. Information from the receiver response
curves was applied to the data to obtain absolute values
over the full frequency spectrum. The dataset selected for
this study has a duration of approximately 10 hours. Fig. 6
(b) shows the spectrogram for that time period, consisting
of 1200 time segments, each of 30 seconds in length. For
Fig. 2, Fig. 3 and Fig. 5, to achieve a high frequency resolution
at a relatively low computational cost, the recorded data were
first downsampled to 1600 Hz before data analysis, and the
spectral levels were then calculated using a Hann-windowed
6400-point discrete Fourier transform with no overlap to
produce sequential 30-second mean power spectrum esti-
mates over the duration of the dataset. With this design,
the frequency resolution is 0.25 Hz, and the time resolution

FIGURE 2. (a) Frequency correlation matrix and (b) corresponding
spectrogram of the ambient noise in the 0-150 Hz band recorded in the
South China Sea. The spectrogram has been normalized by subtracting
the maximum spectral densities.

is 30 seconds. For Fig. 6, the spectral levels were calculated
using a Hann-windowed 12000-point discrete Fourier trans-
form without downsampling preprocessing, this discretiza-
tion results in a frequency resolution of 1 Hz and a time
resolution of 30 seconds.

2) CORRELATION MATRIX ANALYSIS
Fig. 2 (a) illustrates the frequency correlation matrix of the
set of ambient noise data in the 0-150 Hz band, and the corre-
sponding spectrogram is shown in Fig. 2 (b). The spectrogram
has been normalized by subtracting the maximum spectral
densities. As one might expect, the diagonal elements are
always exactly unity, and there is a general tendency for the
correlations of the levels at a given frequency f1 with the lev-
els at various other frequencies f2 to fall off as the frequency
spacing between f1 and f2 increases in either direction. Two
other features can be observed. First, a broadband feature
from 2 to 33 Hz is observed in approximately the last six
hours of the dataset [region (i) of Fig. 2 (b)]. The amplitude
of this feature is constant across the bandwidth and varies
randomly over time. This feature corresponds to an unknown
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FIGURE 3. (a) Frequency correlation matrix and (b) corresponding spectrogram of the ambient noise in the 0-60 Hz band recorded in the
South China Sea. The spectrogram has been normalized by subtracting the maximum spectral densities.

FIGURE 4. The difference in the average sound levels between the last five hours and the first five hours in the
0-10 Hz band. All spectral levels are reported in dB re 1Pa2/Hz.

source mechanism and results in a block of strong correlation
from 2 to 33 Hz, which ends abruptly at 2 and 33 Hz; the
corresponding correlation behavior shows sharp transitions
at those two frequencies, implying that the dominant sources
change beyond this frequency band. In addition, a set of
narrowband tones is also present during the last five hours,
with frequency ranges of 37-39 Hz, 64-72 Hz, 81-87 Hz,
93-103Hz, 112-122Hz and 129-131Hz, corresponding to the
regions labeled (ii) to (vii) in Fig. 2 (b). The average ampli-
tudes of these narrowband tones range from 0.1 to 4.8 dB
above the background. The sound levels in these narrow-
band tone dominated regions are moderately well correlated
(r = 0.3-0.75) with the sound levels in the frequency
range dominated by the broadband feature, as shown in
regions (ii) to (vii) of Fig. 2(a).

The frequency correlation matrix of the ambient noise
dataset in the 0-60 Hz band is shown in Fig. 3 (a), and the
corresponding spectrogram is presented in Fig. 3 (b). Five
narrowband tones are detected, which mainly appear in the
first five hours, corresponding to region (i) to (v) in Fig. 3 (b).
These features are representative of distant shipping noise.
The first two narrowband tones are fully contained within

the frequency limits of the unknown source corresponding to
region (i) in Fig. 2 (a) but are independent of that feature,
as reflected in the frequency correlation matrix. These two
features create a band of strong correlation from 10.5 to 12Hz
and 26 to 27.5 Hz, but uncorrelated from the surrounding
region, resulting in two ‘‘plus-sign’’-shaped correlation fea-
ture, labeled as regions (i) and (ii) in Fig. 3 (a). The square
regions of high correlation labeled (iii) to (v) in Fig. 3(a) rep-
resent the other three narrowband tones, corresponding to
regions (iii) to (v) in Fig. 3 (b). Another noticeable feature is
that these three narrowband tones translate to an additional
series of moderate correlation rectangles in the correlation
matrix, representing the correlations between the different
narrowband tone pairs. The side lengths of these rectangles,
labeled as regions (vi) to (viii) in Fig. 3 (a), are equal to the
widths of the frequency bands of each corresponding pair of
narrowband tones. Notably, the soundscape was mainly dom-
inated by the features labeled (i) to (v) in Fig. 3 for the first
five hours but was mainly dominated by the features labeled
(i) to (v) in Fig. 2 for the last five hours, as shown in Fig. 4.
Since these two clusters of features generally appeared in
different time periods, the correlation between them is weak.
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FIGURE 5. (a) Frequency correlation matrix and (b) corresponding spectrogram of the ambient noise in the 1-800 Hz band recorded in the
South China Sea. The spectrogram has been normalized by subtracting the maximum spectral densities.

FIGURE 6. (a) Frequency correlation matrix and (b) corresponding spectrogram of the ambient noise in the 1-6000 Hz band recorded in the
South China Sea. The spectrogram has been normalized by subtracting the maximum spectral densities.

In Fig.4, the average sound level X̃ at frequency f is defined
as:

X̃ (f ) =
1
K

K∑
k=1

X (f , tk) (2)

Fig. 5 (a) illustrates the frequency correlation matrix of the
ambient noise data in the 0-800 Hz band, and the correspond-
ing spectrogram is shown in Fig. 5 (b). The spectrogram
contains two prominent spectral features. First, two strong
broadband components are evident, which was present dur-
ing the first 2.5 hours (with the energy concentrated above
150 Hz) and the last two hours (with the energy concentrated
between approximately 290 and 477 Hz), as seen in the two
regions labeled (i) in Fig. 5 (b). This feature corresponds to
ships passing in the vicinity. The classical work of Wenz [38]
indicates that the ambient noise at frequencies from dozens
of Hertz to several hundred Hertz in deep water near a sea
route is a mixture of wind noise and nearby discrete shipping
noise. Thus, it is reasonable to expect that the ambient noise

in the 150 to 477 Hz band is dominated by a mixture of
wind noise and nearby discrete shipping noise during the
observation period. This translates to a square region of mod-
erate correlation (average correlation coefficient r = 0.61)
from 150 to 470 Hz in region (i) of Fig. 5 (a). Since wind
sources make a nonnegligible contribution to the soundscape
in the 150-477 Hz range, the sound levels in that range are
moderately well correlated (average correlation coefficient
r = 0.56) with the sound levels in the frequency range
dominated by wind noise (above 477 Hz). Second, a nar-
rowband harmonic tone was persistently present during the
last 5.5 hours, with a frequency range of approximately
226 to 235 Hz. This harmonic tone has an amplitude of
approximately 15 dB above the background and corresponds
to distant shipping. This feature creates a square of strong
correlation from 226 to 235 Hz that is uncorrelated with the
surrounding area.

Fig. 6 (a) illustrates the frequency correlation matrix
of the ambient noise data in the 1-6000 Hz band, and
the corresponding spectrogram is shown in Fig. 6 (b).
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FIGURE 7. (a) Measured sound speed profile and (b) illustration of the
receiving system for the experiment in the East China Sea.

Strong correlations are observed in the frequency band
of 477 to 6000 Hz (the average correlation coefficient in
this band is 0.78). It is likely that the noise in this band
is predominantly caused by surface wind. Considering this
observation in combination with the previous conclusions,
it is reasonable to suppose that for the ambient noise recorded
in the South China Sea, the principal constituent of the ambi-
ent noise in the 477-6000 Hz band is wind-generated noise,
while the ambient noise in the band of 155 to 477Hz ismainly
a mixture of wind-generated noise and shipping noise, and
the main contributors to the ambient noise below 155 Hz are
shipping noise and some unknown noise sources.

B. THE EAST CHINA SEA EXPERIMENT
1) DESCRIPTION OF THE EXPERIMENT AND DATA
PROCESSING
Continuous acoustic recordings were collected in the East
China Sea from 20 June 2016 to 27 June 2016 at a sampling
rate of 16000 Hz. The recorder was deployed in a water depth
of 2680 m, with two hydrophones suspended 2410 m and
270 m above the seafloor respectively, as shown in Fig. 7 (b).
The water column was characterized by a typical deep ocean
sound speed profile, as illustrated in the left of Fig. 7.

A high-pass filter with a cutoff frequency of 50 Hz was
applied in the acquisition device. Review of the data revealed
no evidence of instrumental problems throughout the record-
ing period; however, most data were contaminated by the
impact sounds induced by collisions between the receivers
and the iron chain. For this reason, we artificially eliminated
these distinct contaminants to obtain 18 hours of relatively
pure ambient noise data. Fig. 9 (a) shows the spectrogram
for that time period, consisting of 2160 time samples, each
of 30 seconds in length. To achieve a high frequency res-
olution at a relatively low computational cost, the recorded
data were first downsampled to 4000 Hz before data anal-
ysis, and the spectral levels were then calculated using a
Hann-windowed 4000-point discrete Fourier transform with

FIGURE 8. Wind speed during the experiment.

no overlap to produce sequential 30-second power spectrum
estimates over the duration of the dataset. With this design,
the frequency resolution is 1 Hz, and the time resolution is
30 seconds. During this particular deployment, a relatively
strong breeze was blowing at speeds in the range of 5-9.5 m/s
(see Fig. 8), with an average wind speed of 7.5 m/s.

2) CORRELATION MATRIX ANALYSIS
Fig. 9 (a) shows the spectrogram for the observed time period.
Some clear features of this ambient noise include the impact
noise induced by collisions between the receivers and the
iron anchor chain, which covers the whole frequency band
[region (i) in Fig. 9 (a)]; distant shipping noise, ranging from
283 to 306 Hz between the 1.8th and 9.5th hours [region (ii)
in Fig. 9(a)] and from 430 to 450 Hz between the 13.2th and
17.5th hours [region (iii) of Fig. 9 (a)]; and wind-dominated
noise above 570 Hz throughout most time segments of the
18-hour analysis window [region (iv) in Fig. 9 (a)].

The frequency correlation matrices for the upper and lower
receivers, shown in Fig. 9 (b) and (c), respectively, are char-
acterized by four dominant features. First, from 50 to 100 Hz,
a block of strong correlation corresponds to impact noise.
The energy of the impact noise is mainly concentrated in the
frequency band of 50 to 100 Hz. Some of this energy also
extends into the 100 to 2000 Hz band, resulting in a mod-
erate correlation between the 100 to 2000 Hz band and the
50-100 Hz band. Second, the strong correlation block
between 100 and 250 Hz corresponds to distant shipping
traffic noise; the noise in this band is almost uncorrelated
with the noise above 575 Hz, which is dominated by wind-
generated noise, indicating that the noise corresponding to the
100 to 250 Hz band is dominated by distant shipping noise.
Third, a square region of strong correlation is observed at
250-575 Hz, which is distinct from the second feature.
There is a moderate correlation between the 250-575 Hz
band and the higher-frequency band dominated by wind-
generated noise, implying that the ambient noise in this
band is dominated by a mix of distant shipping noise and
local wind sources. Both wind sources and shipping sources
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FIGURE 9. (a) Spectrogram of the ambient noise recorded by the upper receiver. (b) Frequency spectrum correlation matrix for the upper
receiver. (c) Frequency spectrum correlation matrix for the lower receiver. (d) The difference between the frequency correlation matrices
for the upper and lower receivers.

significantly contribute to the noise in this frequency band,
and the wind noise sources contribute more to the noise
with increasing frequency. Fourth, a region of significantly
elevated correlations above 575 Hz corresponds to wind-
dominated noise. The strongest correlations are observed
between pairs of frequencies in this band (the average cor-
relations in this band are 0.9472 and 0.9415 for the upper and
lower receivers, respectively).

To better interpret Fig. 9 (d), we first compared the propa-
gation loss for the wind-generated noise sources and the ship-
ping sources, as shown in Fig. 10 and Fig. 11. One significant
difference between these two types of sources is the source
depth. For wind-generated noise, the sources are distributed
on the sea surface (the corresponding source depth was set
to 0.1 m in the simulation). Due to the high bottom loss,
distant wind-generated noise suffers high propagation loss
and contributes little to the noise field; thus, only local wind-
generated sources significantly contribute to the noise field.
For shipping noise, the sources are located at a depth near the
surface (the corresponding source depth was set to 10 m in
the simulation), and the propagation loss is significantly less
than that for wind-generated noise, indicating that relatively
distant shipping may contribute to the noise field.

The frequency correlation difference matrix in Fig. 9(d)
highlights the fact that local wind-generated noise shows a
different trend of variation as a function of depth than dis-
tantly generated shipping noise does. In the wind-dominated
frequency band (the square region at approximately 575 to
2000 Hz), the differences in the frequency correlation coef-
ficients are approximately zero, indicating that the ambient
noise intensities at the two receivers at various frequencies
may increase or decrease at the same time. In the combined
region consisting of a region dominated by wind-generated
noise and a mixed region of wind noise and shipping noise
(rectangular areas at 250 to 500 Hz and 500 to 2000 Hz),
the ambient noise at the upper receiver shows better frequency
correlation performance than that at the lower receiver. This
phenomenon is mainly due to the different weights of the
wind-generated noise in the mixed noise fields at the two
receivers. For distant shipping sources, the acoustic energy
is mainly concentrated near the bottom of the ocean in the
experimental environment, as shown in Fig. 11 (a) and (b), but
wind activity contributes more to the soundscape at the upper
receiver than at the lower receiver. This results in weaker
correlations at the lower receiver than at the upper receiver
in these rectangular areas because wind-generated noise is
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FIGURE 10. Propagation loss for a point source located at 0.1 m in depth (modeling a wind-generated noise source) for frequencies of
(a) 250 Hz and (b) 450 Hz. Bottom compressional wave speed of 1600 m/s, bottom density of 1.8 g/cm3, and bottom attenuation
of 0.8 dB/λ were used in the simulation.

FIGURE 11. Propagation loss for a point source located at 10 m in depth (modeling a ship noise source) for frequencies of (a) 250 Hz
and (b) 450 Hz. Bottom compressional wave speed of 1600 m/s, bottom density of 1.8 g/cm3, and bottom attenuation of 0.8 dB/λ
were used in the simulation.

generally uncorrelated with distant shipping noise. In the
shipping-dominated region and the mixed region of shipping
noise and wind-generated noise (square regions at approxi-
mately 100 to 500 Hz), the frequency correlation differences
are slightly less than zero, implying that the correlations of the
ambient noise at the lower receiving depth are slightly differ-
ent from those at the upper receiving depth. This phenomenon
may be attributed to the differences in the propagation loss
for distant shipping sources at different receiving depths and
frequencies.

To illustrate the effect of the wind speed on the frequency
correlation characteristics, the ambient noise was divided into
two groups: one group corresponding to wind speeds less
than 7.5 m/s (defined as low wind conditions) and another
group corresponding to wind speeds greater than 7.5 m/s
(defined as high wind conditions). Both groups have a dura-
tion 8 hours of data. The frequency correlation matrices for
high wind conditions and low wind conditions are presented
in Fig. 12 (a) and (b), respectively. These frequency cor-
relation matrices were then subtracted from each other to
find the correlation difference matrix between high wind

conditions and low wind conditions, as shown in Fig. 12 (c).
It is evident from Fig. 12 (a) and (b) that the ambient noise
spectral levels are highly correlated in the band of 575 to
2000 Hz, and the average correlation coefficient values are
0.9496 and 0.8902 for high wind speeds and lowwind speeds,
respectively, indicating that the wind-generated noise is the
main constituent in this frequency band. Notably, several
‘‘plus-sign’’-shaped correlation features are contained within
the frequency band of the wind-dominated frequency region,
labeled (i) in Fig. 12; these features are induced by the
narrowband noise radiated by distant discrete shipping traffic.
In the vicinity of the diagonal lines, the frequency correlation
differences approach zero because the elements adjacent to
the diagonal are always approximately equal to unity under
any wind conditions. For other frequency regions (except for
the plus-sign region), the frequency correlation differences
are slightly greater than zero, indicating that the correlations
are increased under high wind conditions compare with low
wind conditions. The higher frequency correlations for high
wind conditions can likely be attributed to the increase in
the contribution of the wind noise component to the overall

7224 VOLUME 8, 2020



J. Zhou: Analysis of Ambient Noise Spectrum Level Correlation Characteristics in the China Sea

FIGURE 12. Frequency correlation matrices for (a) high wind speeds and (b) low wind speeds. (c) Frequency correlation difference
matrix derived by taking the point-by-point differences between the frequency correlation matrices for high wind conditions and low
wind conditions.

soundscape under high wind conditions compared with low
wind conditions.

IV. CONCLUSION
Frequency correlation matrix analysis was performed on
ambient noise data recorded in the South China Sea and the
East China Sea to quantify the predominant sources driving
the noise levels in different frequency regions. The wind-
dominated and shipping-dominated frequency regions as well
as the mixed regions combining both types of noise sources
were identified. In addition, the frequency correlation charac-
teristics at different receiving depths and under different wind
conditions were compared and investigated.

For the ambient noise recorded in the South China Sea,
the correlation coefficients between the noise levels in pairs
of frequency bands were calculated, and the correlation plots
showed distinct boxes of high correlation with high contrast
relative to the uncorrelated regions of the spectrum. These
boxes were used to identify the regions dominated by vari-
ous noise sources. During the observation window, the wind
noise was the absolute principal constituent above 477 Hz,
the ambient noise was dominated by a weighted mixture of
the wind noise and shipping noise in the band of 155-477 Hz,

and the ambient noise was dominated by an unknown source
mechanism below 155 Hz.

For the ambient noise recorded in the East China Sea,
the correlation matrices at upper and lower receiving depths
were compared. The analysis demonstrated that local wind-
generated noise change as a function of depth compared to
distantly generated shipping noise. In the wind-dominated
region, the correlations of the ambient noise at the upper
receiver are almost identical to those at the lower receiver,
unlike in the shipping-noise dominated region. In addition,
the wind-dominated noise region is better correlated with
the mixed noise region at the upper receiving depth than at
the lower receiving depth because the wind noise component
accounts for a greater percentage of the overall noise at the
upper receiver than at the lower receiver. The use of corre-
lation matrices to analyze the influence of wind speed on
the noise spectral level correlations in the wind-dominated
frequency band was further demonstrated by computing the
correlation matrices for two groups of noise spectra, grouped
by two different surface wind speed categories. The cor-
relation matrices for data recorded under low wind speed
conditions and high wind speed conditions were compared,
and the results indicate that the wind-dominated noise was
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better correlated under high wind conditions than low wind
conditions.
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