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Abstract: The Pearl River Estuary is a typical estuary region in southern China, and the study
of surface wave occurrence and characteristics is of great importance for shipping management,
nearshore engineering, and monitoring shoreline changes and other human activities. Long-term and
continuous observational data are critical for achieving a better understanding of waves. In this study,
the wave measurements based on a high-precision wave gauge were analyzed and observation data
over approximately two years at a sampling frequency of 2 Hz were obtained. The wave system in
the Pearl River Estuary was found to deviate from the assumption of a stationary stochastic process
similar to that in the open ocean, due to the effects of abnormal waves caused by human activities.
Therefore, traditional distribution functions such as Rayleigh and Weibull were not suitable for
accurately fitting the main wave parameters (Hs, Tp, etc.), particularly in the tail. Consequently,
abnormal wave signals were extracted from all wave sets, and through the comparison and analysis
of the wave spectral features, it was determined that these abnormal waves are caused by the ship
wakes. The spectral characterization of these waves was performed to determine the characteristics
of different ship wake processes. Ship wakes in the Pearl River Estuary are an important part of
the wave system, and their wave height is significantly larger than the normal wave. Based on the
spectral characteristics of ship wakes, this study proposed some news characteristics of ship wakes in
the main channel of the Pearl River Estuary.

Keywords: waves; wave parameters; wave spectrum; ship wakes; Pearl River Estuary

1. Introduction

The Pearl River Estuary (PRE) is located on the southern coast of China, adjacent to the
continental shelf of the northern South China Sea. The PRE sustains large populations and
productive ecosystems regionally. Marine environment dynamic systems, including waves,
are critical for the sustainable development of socio-economic activities and ecosystems [1–7].
The PRE is a bell-shaped estuary [8] with a complex estuarine bathymetry [9–11]; thus, it
is a complex dynamic system. As waves influence shipping, harbor operations, nearshore
engineering construction, and sediment resuspension, wave observation in estuaries is critical.

Recently, remote sensing data and ocean numerical model data have been widely used
to study regional wave systems [12–16]. With a moderate spatial resolution, WaveWatch3
and ECMWF are the most commonly used ocean numerical model datasets of wave
data [12,17,18]. For the medium/small-scale wave models, nonlinear Boussinesq models
were widely used [19–21]. These models and data have wide applicability and are suitable
for large-scale applications; however, they cannot replace in situ observations with high-
precision and high-frequency sampling. Wave observations are particularly useful for the
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study of small-scale water surface abnormal fluctuations (e.g., ship wakes, freak wave, sea
level monitoring, and air–sea interaction).

To better understand the wave climate of a target area, studies are conducted in the
area to calculate and analyze the spatiotemporal distribution of the wave height and wave
period [15,22–25]. In oceans, waves are generated by strong and frequent winds over long
fetch lengths; these waves propagate to the coast with large amplitudes. Wave heights
can exceed 10 m or dozens of meters. In most estuaries, winds are infrequent, and wind
speeds are relatively low. In addition, wind forcing at the water surface generally varies at
small spatial scales, and the effective fetch length is restricted to several kilometers. Hence,
the wave field in most estuaries is characterized by waves with small amplitudes and
high frequencies; therefore, this wave field differs considerably from the wave field in the
ocean [26]. However, besides wind waves, surface waves generated by large freighters and
tourist ship traffic are important components of wave systems in estuarine, lagoon, and lake
areas with high human activity. Moreover, they are currently the focus of extensive research
in this field [27–32]. In Lake Constance, in particular, ship-generated waves are as important
as wind-generated waves and they contribute approximately 41% of the annual mean wave
energy flux to the shore [26]. In contrast to wind waves that occur only sporadically, ship
waves propagate into the littoral zone frequently at regular time intervals. The different
patterns of the occurrence of ship and wind waves result in different patterns of disturbance
in the littoral ecosystem. These ship wakes propagate as long-term, strongly nonlinear,
solitary Riemann waves of depression over substantial distances into the Venice Lagoon.
Unexpectedly high (up to 2.5 m) solitary depression waves are generated by moderately
sized ships sailing at moderate-depth Froude numbers and block coefficients in channels
surrounded by shallow banks. These ship waves can propagate to a distance of up to 500 m
from the navigation channel [33,34]. In the above-mentioned studies, theoretical analysis
and observations under specific environmental conditions (such as ships or short-term
observations) were the main research methods and fundamental data. However, there have
been few reports on the analysis of the causes and inherent structure of abnormal waves
from large amounts of high-frequency continuous data.

To better understand the internal structure of the wave systems in the PRE, we devel-
oped a high-precision and high-sampling-frequency wave meter with a pressure sensor
over more than two years. In the data, lots of abnormally large wave heights were observed.
By utilizing these high-frequency continuous data and combining frequency domain analy-
sis methods, the inherent structure of abnormal waves in the Pearl River Estuary is revealed,
and the causes of the abnormal waves are identified.

In this study, a dataset was created by collecting the data recorded by a wave meter,
SZS3-1, for more than 2 years at a sampling frequency of 2 Hz. The principle of the
instrument used and the parameters used for measurement are described in Section 2. The
statistics and distribution of the wave parameters are presented and discussed in Section 3.1.
The characterization of the ship wake based on the wave spectra is described in Section 3.2.
The main findings of the study are summarized in Section 4, which concludes the paper.

2. Instrument and Methods
2.1. Principle of the Instrument

As illustrated in Figure 1, the wave gauge was mounted on a stationary platform
below the water surface, and air pressure was introduced into the pressure sensor via the
water body transmission. Thus, the pressure measured was the sum of the atmospheric and
seawater pressures. Using P = Pa + Pw = Pa + ρgh and H = (P− Pa/ρg), the measured
pressure signals can be converted into water surface height signals. In the above equations,
P is the total pressure measured by the pressure sensor (average value after filtering out
the wave pressure variations), Pa is the atmospheric pressure, Pw is the water pressure, ρ is
the average density of seawater from the sensor to the sea surface, g is the gravity at the
measuring site, and H is the vertical height from the pressure sensor to the water surface.
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Figure 1. Measurement principle.

We assumed that during the observation time, the change in the average density of
seawater was insignificant, and the acceleration due to gravity, g, was constant at the
selected release point in the conversion process of the water surface height signal. The
total pressure measured by the pressure sensor and the atmospheric pressure measured
by the barometer on the shore can be used to calculate the sea level, thereby obtaining the
tide level. The various elements of the surface waves can be obtained by converting the
pressure spectrum to the surface wave spectrum as follows:

S0(w) = N2Sp(ω)
ch2kd

ch2k(d + z)
, (1)

ω2 = gk th(kd), (2)

where k is the wave number (k = 2π/L, L is the wavelength), d is the water depth, z is the
pressure sensor depth, S0(ω) is the surface wave spectrum, Sp(ω) is the pressure spectrum,
g is the acceleration due to gravity, ω is the wave circle frequency, and N is the conversion
coefficient. The corresponding wave height, period, and other wave elements can then be
calculated using the surface wave spectrum.

2.2. Wave Instrument Composition

The wave meter (SZS3-1) included a high-precision pressure sensor, microcontroller,
and memory. The design utilizes the microcontroller software resources and maximally
replaces the hardware circuits with software methods, thus resulting in a simple, low-
power, and high-reliability instrument circuit. The self-contained working time is long,
and the system has real-time data processing capability. Automatic wave encryption
observation is conducted according to the preset wave height threshold. In this study, the
wave instrument was connected to a computer via an RS232 interface, and it was equipped
with data reading, configuration, and communication software. This simplified the human–
machine communication and operation, and the data output format could be directly
adjusted to meet the needs. Through the cable socket on the end cover, we performed direct
parameter setting and data playback on the instrument. Given that the instrument had a
power-down memory function, the parameters did not require re-setting upon changing
the battery, and the stored data were not lost. The instrument was equipped with an
external switch and a working-status viewing window (Figure 2). The working status of
the instrument can be understood using light-emitting diodes in the viewing window.
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Figure 2. Operating principle.

The pressure gauge signals were low-pass filtered to long-period of tidal fluctuations
and converted to the elevation of surface waves following the conversion procedure pro-
vided by the instrument instruction. In the range of 0–8 m, the maximum indication error
is 0.6 cm [35].

2.3. Data and Wave Parameters

SZS3-1 wave-tide gauges were installed near the main channel of the PRE (Figure 3).
with continuously operating pressure sensors at a sampling frequency of 2 Hz. The exact
location was 22◦17′15” N, 113◦48′49” E, where the water depth was approximately 8 m,
and the wave-tide gauges were installed 2 m below the water surface (observed mean
water level) and fixed on a small ocean platform. The instrument recorded continuous data
from 22 September 2015 to 15 July 2017 at a data completion rate of 89.1% (Figure 4).

Figure 3. Cont.
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Figure 3. Position of the wave gauge in the PRE. The blue box in the top picture (a) shows the
geographical extent of the area depicted in the bottom picture (b).

Figure 4. Time range of all observation data.

The acquisition of wave characteristic parameters should satisfy the following principles:
(1) The original sample passes the 10 min sample segment sliding test to remove

outliers with values greater than the mean + 3 × std (mean: mean, std: standard deviation).
(2) The number of samples is greater than 2400 × 2/3 = 1600; otherwise, the set of

samples is removed.
After the pressure data were converted into wave surface data, the main wave parame-

ters (e.g., Hs, Tp, and Hm0) of each wave were determined using the zero-crossing statistical
method and by calculating the wave spectrum. For the zero-crossing statistical method,
a “wave” is defined as the portion of a record between two successive zero up-crossings
(Figure 5). Therefore, the separation of wave crests and wave troughs is a prerequisite for
the zero-crossing method. In this study, the time series of the crests and troughs of the
wave trains were extracted using the WAFO software package [36]. Moreover, we set 1200 s
as the statistical time window. If valid data are observed at all times during this window, a
total of 2400 wave surface data in each window can be obtained with a sampling frequency
of 2 Hz. The significant wave height (Hs or H1/3) is the mean of the highest one-third wave
height and is calculated as follows:

Hs =
1

N/3 ∑N/3
i=1 Hi, (3)
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where Hi is the highest one-third wave height, and N is the number of zero-crossing waves.
Similarly, the significant wave period (T1/3) is the mean of the periods of the highest
one-third waves and is calculated as follows:

T1/3 =
1

N/3 ∑N/3
i=1 Ti, (4)

where Ti is the highest one-third wave height, and N is the number of zero-crossing waves.

Figure 5. Zero-crossing wave.

From the calculated wave spectrum, the main wave parameters commonly used to
describe the wave period and wave height can be obtained using the spectral moments.

Hm0 = 4 ∗
√

m0, (5)

Tp =
1
fp

=
1

f (SMAX)
, (6)

Tm01 =
m0

m1
, (7)

Ss = 2∗pi ∗Hs/
(

g∗Tm02
2
)

, (8)

where Hm0 is the significant wave height from the wave spectrum, Tp and Tm01 are the
peak and mean periods, respectively, and Ss is the significant wave steepness. The spectral
moments are defined as follows:

mn =
∫ ∞

0
f nS( f )d f , (9)

where S( f ) is the spectrum of the surface elevation.
According to conventional understanding, abnormal waves typically refer to a wave

train that features extreme wave heights. Following the definition of rogue waves, abnormal
waves were defining a wave train with individual waves exceeding 2.2 times the significant
wave height. That is to say that Hx ≥ 2.2Hs, where Hx is the actual crest-to-trough (wave)
height [2,37].
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3. Results

By using 1200 s as the time window to segment the original sample, a total of
n = 37, 145 wave parameters were obtained. As can be seen from Figure 6, the mean
of Hs over all the data is 0.0854 m, and the maximum wave height is 1.89 m. The maximum
Tmax of 520.31 s was in April. Overall, the observed wave heights were small because the
observation position (Figure 3) was located in the estuary and the area had many small
islands that block the waves, especially swells, from the open sea. However, the maximum
wave height and period were unexpectedly large.

Figure 6. Time series of monthly averaged and maximum wave parameters from all datasets.

This section details the analysis of the properties of all the wave sets to determine the
actual characteristics of the waves in the PRE. The ship wakes were analyzed separately. By
analyzing the characteristics of the observed waves, the validity of the sensor was verified,
and the wave characteristics of the PRE, a shallow water estuary, were determined.

3.1. Wind Wave Parameters Statistics

The significant wave heights, Hs and Hm0, were obtained using the zero-crossing
statistical method and calculating the wave spectrum. According to previous research,
Hs should be approximately equal to Hm0, and the correlation coefficient can reach 0.99.
However, Figure 7 indicates that the correlation between Hs and Hm0 was not excessively
high. In particular, the correlation coefficient was only 0.9065, and Hm0 was slightly larger
than Hs. This may be because the observed wave heights were too excessively small (the
minimum value was in the millimeter scale) to be limited by the minimum precision of the
instrument, and did not reflect the actual ocean wave process. Moreover, owing to several
small disturbances caused by undetectable human activities, the fluctuation process may
not satisfy the assumption of a stationary random process.
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Figure 7. Scatter plot of Hs and Hm0. The expression for the red line is y = 0.9065x − 0.0089,
N = 37,145.

A statistical analysis of the main wave parameters was conducted using the parameters
of the up-crossing significant wave height Hs. The analyses of Tp and Tm01 revealed similar
statistics. This paper only presents the results for Tp, as it is more commonly used to
characterize the sea state. The probability distribution functions (PDFs) of the significant
wave height and peak period are shown in Figures 8 and 9, respectively. In previous studies,
attempts were made to model the distributions of the wave height and period [23,24,38].
The description of the tail is particularly important for the engineering design. Several
studies were conducted to describe and model the Hs and Tp distributions (e.g., [15,22,25].

Figure 8. Comparison of Rayleigh and Weibull distributions (right panel) and exceedance probability
(left panel) for Hs over the entire dataset.

Figure 9. Comparison of the normal and Weibull distributions (right panel) and exceedance probabil-
ity for Tp (left panel) for the entire dataset.
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The distribution of the wave height has been commonly associated with the theoretical
Rayleigh or Weibull distributions, with the probability density functions of a variable ε
expressed as follows:

p(ε) =
ε

a2 e
−ε2

2a2 , (10)

p(ε) =
b
a

( ε

a

)b−1
e[−(

ε
a )

2], (11)

where a and b are the scale and shape parameters, respectively. A normal-type distribution
is applied to characterize the wave period as follows:

p(ε) =
1

σ
√

2π
e−

(ε−µ)2

2a2 , (12)

where µ and σ are the mean and standard deviation, respectively.
The Weibull and Rayleigh curves were plotted in comparison with Hs, as shown in

Figure 8; the figure also shows the PDF and exceedance probability. From the observation
location to areas inside the estuary, the waves were mainly wind waves, and the wave
amplitudes were small. From the left panel, it can be seen that most of the Hs values are
less than 0.2 m. The Rayleigh and Weibull fits are in good agreement with the distribution
for Hs < 0.1. However, neither model represented the upper tail. It should be noted that the
Hs values in the PRE do not accurately reflect the characteristics of wind waves.

Figure 9 presents the normalized distribution and Weibull distribution for Tp corre-
sponding to the full dataset. Similarly to Hs, the normal and Weibull fits were in good
agreement with the peak period distribution obtained from the entire dataset. However, the
tail was not accurately represented. The proportion of waves with larger periods increased
significantly, as can be seen from the right panels of Figure 9, which may be due to ship
wakes or other human influences.

3.2. Ship Wakes

In addition to the analysis of all the waves in the previous section, the ship wake
characteristics are discussed in this section. The four cases of ship wakes are shown in
Figure 10. The sea level dropped unexpectedly (the depression referred to by [33] before
the occurrence of the main wave of the ship wakes. The various features of the ship wakes
are shown in Figure 10. As shown in Figure 10a, the frequency and amplitude increased
abruptly after a period of relatively low frequency and small amplitude fluctuations. There
were two consecutive abnormal fluctuations in the water surface, as shown in Figure 10b,d.
Figure 10c presents a more unexpected case, in which relatively large amplitude fluctuations
occurred for a longer period.

Figure 10. Time processes of four typical ship wakes, and subfigures (a–d) represent four different cases.
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The occurrence of ship wakes was accompanied by an abrupt increase in the wave
height, in addition to certain changes in the corresponding wave period. Therefore, we
attempted to conduct a frequency domain analysis based on Fourier transform.

In the wave spectra, different peak frequencies or frequency bands can represent
different ship-generated waves [26]. In the PRE, the four typical ship wake data were
transformed into the frequency domain for the frequency analysis, as shown in Figure 11.
The two peaks were clear in all the spectra. Both peaks correspond to two typical pro-
cesses of the ship wakes: depression and main wave. In the frequency range

[
10−3, 10−2]

(T ∈ [100, 1000]), the peak can be attributed to the depression process, whereas in the
frequency range [10−1, 0.2] (T ∈ [5, 10]), the peak can be attributed to the main wave
process. Thus, the characteristic spectral properties of wind and ship waves were used
to discriminate between them at the threshold frequency of 0.2 Hz (T = 5 s). Waves with
frequency peaks of below 0.4 Hz for the main wave and below 10−2 Hz for the depression
can be attributed largely to the ship wake process rather than the wind wave process.

Figure 11. Four wave spectra corresponding to Figure 10. (Blue triangle: peak for depression; blue
square: peak for main wave).

Another identification method of the ship wakes is based on the wave spectrogram.
According to the cause of generation and the amount of energy carried, ship wakes can
be divided into multiple parts. Torsvik et al. [39] divided the observed ship wakes in
shallow water area into five parts: one, PW: precursor; two, LW: leading wave; three, TW:
transverse wave, four, DW: divergent wave, and five, LF: low frequency. Additionally, it
was proposed that these five features can be used as the basis for identifying ship wakes.
Figure 12 shows two observed spectrograms of ship wakes, which have signals of TW and
DW, which are most obvious as ship wakes. However, there are also some differences from
the ship wakes in [39]. First, there is an obvious process of water level drop during the
ship wake, which causes the two parts, PW and LF, to merge and leads to the energy of
the low-frequency process being much larger than the PW and LF in [39]. This process is
similar to that of ship-generated tsunamis [40–43], and will not be discussed here. Second,
compared with Torsvik et al. [39], there is an additional transition process of primary wake
chirp between the PW and LW. Third, the proportion of energy carried by DW and TW is
smaller than that in [39]. In addition, in all the abnormal fluctuation observation data, not
every ship traveling wave process has the above five characteristics, and the process shown
in Figure 12b has no obvious LW process.
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Figure 12. Decomposition of the wake recorded into components identified by their time–frequency
domain. The upper panel shows the spectrogram of ship wakes (subfigures (a,b) represent two
different cases), where the whole spectrum is divided into 5 parts: 1, primary long wave (depression
wave, bow wave, and infragravity wave); 2, primary wake chirp; 3, leading wave; 4, transverse wave;
and 5, divergent wave. (Subplot (a) was cited from [44]).

Since the observations did not record the information of the passing ships, it is not
possible to analyze the reasons for these differences very well. According to the larger
proportion of the ship type in the Pearl River Estuary main channel and the recall of on-site
observers, it can be inferred that the process of this kind of ship wakes may be caused by
a large cargo ship with a displacement of thousands of tons at a certain speed, which is
different from the cruise ship of Torsvik et al. [39] in terms of ship type.

4. Conclusions

The internal composition of waves is highly complex due to the influence of human
activities. Moreover, the inner composition of waves in the PRE is highly complex. Al-
though there is almost no swell effect, these complex characteristics are due to human
activities, the wind wave components such as wave effects caused by ship movements,
and other unknown effects. Combined with the algorithm for the pressure conversion
wave surface, a high-precision pressure sensor (SZS3-1) can meet the requirements for
high-precision monitoring of estuary waves and distinguish the structure of the ship wakes
from all fluctuating processes.

Without considering the ship wakes, the correlation coefficient between Hs and Hm0
was only 0.9065 for 37,145 samples. Moreover, Hs was slightly larger than Hm0. The
correlation coefficient was smaller than the values reported in previous studies conducted
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in the open ocean. In addition to being influenced by ship wakes and other human activities,
the wave process does not satisfy the assumption of a stationary stochastic process. Weibull
and Rayleigh curves were plotted in comparison with Hs, and the normal and Weibull fits
were presented along with the Tp distribution. The four models could not represent the
upper tails of Hs and Tp due to the influence of ship wakes and other human activities.

We separated 2726 ship waves from all the wave sets. As observed, there was a water
level drop before the occurrence of the ship wakes, and its corresponding frequency peak
was between 10−3 Hz and 10−2 Hz. A larger energy for the main waves was mainly
observed in the vicinity of 0.2 Hz, which may be one of the most important characteristics
of ship wakes in the PRE. These two features can be used to distinguish between wind
waves and ship wakes in the PRE. It should be noted that the data were collected near
the navigation channel of the PRE and did not include all types of ship wake signals.
Furthermore, these ship waves can only propagate up to a limited distance (500 m, as
reported by [34]) from the navigation channel.

In this study, we identified only the ship wakes with large amplitudes from the
observation datasets, which are not representative of all water surface fluctuations caused
by human activity (including unladen large freighters on the main channel). In terms of
dynamic characteristics, the similarities and differences between it and the ship traveling
waves observed by previous scholars reflect the complexity of the dynamic characteristics
of shallow water ship traveling waves. In the future, we need to examine how ships of
different types (freighter, passenger ship, and cruise) and in different states (in terms of
speed and load capacity) generate ship wakes and how they affect the propagation of
the ship wakes; such an investigation will help improve shipping management and river
management. This article employs a method of analyzing the characteristics and causes of
abnormal waves using high-frequency continuous observation data that can be applied
to other similar coastal areas. Revealing the causes and mechanisms of abnormal wave
phenomena is of great significance for preventing abnormal wave disasters.
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