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Abstract

Lin et al. (2017) developed a Global Navigation Satellite System (GNSS) buoy for monitoring water
surface elevations in estuaries and coastal areas. The directional wave spectrum was obtained from
analyzing the altitude, and the velocities in the east and north directions. This study aims to
determine the directional wave spectrum by utilizing various combinations of the GNSS buoy data,
such as the displacement in the east, north, and upward directions (enn) and the velocities in the
east, north, and upward directions (uvw). The three combinations are nuv, enn, and uvw. We find that
the mean direction at the peak frequency, the directional spreading at the peak frequency, and the
dominant (peak) wave direction obtained by utilizing these three combinations are almost identical.
Besides, the mean direction at the peak frequency and the dominant wave direction are nearly
identical. Furthermore, the directional wave spectra are very similar by utilizing three combinations,
especially when the significant wave heights are larger than 1 m.
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l. Introduction time-series data of various parameters , such as the
displacement in the east, north, and upward
directions (henceforth enn) and the velocities in the
east, north, and upward directions (henceforth uvw),
the directional wave spectrum and its spectral
parameters could also be calculated.

Ocean wave heights, periods, directions, and tide
data are very important to coastal engineering and
coastal protection, e.g., the determination of the run-
up height on the seawall needs tide and wave data
simultaneously.

Work [3] compared wave data obtained from a data
buoy with those from an acoustic Doppler current
profiler (ADCP). He utilized the maximum entropy
method (MEM) to analyze the directional wave
spectrum of both systems. For the data buoy, time-
series data of three linear and three angular motions
were used. For the ADCP, time-series data of twelve
velocities were utilized. The twelve velocities are
composed of velocities at the upper three layers with
each layer has four-beam velocities. He found that
the wave energy of the ADCP was more tightly
concentrated around the predominant direction and
indicated this was due to that the six time series from
the data buoy were measured at a point; however,
twelve time series from the ADCP were measured at
three layers near the top of the water column. That
was to say, combination of different parameters
might lead to differences in directional characteristics.

Based on the Virtual Base Station Real-Time
Kinematics (VBS-RTK) positioning technology, Lin et
al. [1] developed a Global Navigation Satellite
System (GNSS) buoy for monitoring tides and ocean
waves simultaneously in estuaries and coastal areas.
The tide levels obtained from the GNSS buoy were
consistent with those from a neighboring tide station.
The root-mean-square error of the tide data was
within 10 cm. The water surface elevations,
significant wave heights, zero-crossing periods, one-
dimensional wave spectra, directional wave spectra,
and dominant (peak) wave directions derived from
the GNSS buoy were consistent with those obtained
from the accelerometer-tilt-compass (ATC) sensor.
The GNSS receiver obtained time-series data of six
parameters, including the longitude, latitude, altitude,
and the velocities in the east, north, and upward
directions. Lin et al. [1] utilized only the water surface
elevation and the velocities in the east and north  This study aims to investigate the differences in the
directions (henceforth nuv) to obtain the directional  directional wave spectrum and directional wave
wave spectrum and directional wave parameters. parameters  obtained by  utilizing  various
Riedel and Healey [2] indicated that by combining  combinations of the time-series data of enn and uvw
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from the GNSS buoy. These combinations include
nuv, enn, and uvw.

Il. Methodology

The working principle of the GNSS buoy and the
GNSS accuracy specifications had been presented
in Lin et al. [1]. The deployment of the Small Liu-giu
buoy and the data acquisition were presented at
Section 4.1.2. in Lin [4]. Inclination data are not
utilized in this study to correct water surface
elevations. The field data were collected from 00:00
October 15 to 23:00 October 30, 2016. Hourly data
whose percentage of good altitude data equals to
1.00 are utilized. The maximum significant wave
height was near 7 m. The definition of the
percentage of good altitude data is shown as follows.
The outlook and location of Small Liu-giu buoy are
shown in Figs. 1 and 2, respectively. In this study,
the water surface elevation, the displacement in the
east and north directions, the velocity in the east,
north and upward directions are denoted by n, e, n, u,
v, and w, respectively.

A. Percentage of good altitude data

According to factors, including the signal received by
the GNSS buoy and the GNSS base station network,
the network signal quality of the GNSS buoy and the
GNSS base station network, and the ionospheric
activity, the GNSS buoy obtains specific resolution
results with specific quality indicators. When the
quality indicator shows “4 — RTK Fix solution,” the
instantaneous resolution result is identified as good
altitude data. Thus, the hourly percentage of good
altitude data, PGAD, is determined as the ratio of the
number of good altitude data, GAD, to the number of
observed data (512), and defined as follows.

pGAD=CAD (1)
512

Figure 1. The outlook of Small Liu-qiu buoy
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Figure 2. The location of Small Liu-qiu buoy

B. Directional wave spectra obtained from nuv data

According to Lin et al. [1], the directional wave
spectrum, S(f, 8), can be determined as follows.

S(f,6) = D(f, 6)Cyy (f) (2)

D(f,0) = 2 {; + Y2-i[an(f) cosnf + b, (f) sinnd]}
(3)

where f is the frequency, 6 is the wave propagation
angle measured from the x-axis and increases in the
counterclockwise direction, D(f,0) is the directional
spreading function, C,,(f) is the one-dimensional
spectrum, a;,(f), b;,(f) are the Fourier coefficients,
and n is the order of the Fourier series.

Lin et al. [4] transformed time-series data of the
altitude obtained from the GNSS receiver into those
of the water surface elevation. We also derived the
equations for the Fourier coefficients of the
directional spreading function using the GNSS time-
series combination of nuv . Hence, the one-
dimensional spectra, significant wave heights, zero-
crossing periods, peak periods, directional wave
spectra, and dominant wave directions were
obtained. The Fourier coefficients of the directional
spreading function were determined as Equations (4)

= ().

a;(f) = ) 4)
Jcnn (N [Cuu(H+Cop(H)]
bi(f) = (1) 5)
J Com (P [Cuue (N +Con(P]
’ _ Cuu(f)=Cop(f)
a2 (f) - Cuu(F)+Cpp(f) (6)
e 2Cu(f)
bz (f) - Cuu(H+Cop(f) (7)

where C,,,(f) was the cross-power
between the m-th and n-th wave properties.
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C. Directional wave spectra obtained from enn data

Riedel and Healey [2] indicated that, by using the
time-series combination of enn , the Fourier
coefficients of the directional spreading function were
determined as Equations (8) — (11). They also
indicated that these coefficients were used for the
Datawell Directional Waverider measuring three-
component accelerations of the buoy, which were
integrated to obtain three-component displacements.
In this study, three-component displacements were
measured directly by the GNSS buoy.

’ lm[cen(f)]
ai(f) = (8)
! JemiCeetrr+cantr]
bl (f) — Im[cnn(f)] (9)
() =
Jcm,(n [Cee(F)+Cnn(F)]
Loy CoelD)=Can(f)
() = o emm(D (10)
, 2Re[Cen
by(f) = —RelCenDL (11)

Cee(f)+Cnn(f)

where Im and Re were to extract the imaginary and
real part of the cross-power spectrum, respectively.

D. Directional wave spectra obtained from uvw data

Riedel and Healey [2] also indicated that by
combining the uvw data measured by a tri-directional
current meter, the Fourier coefficients of the
directional spreading function can be determined as
follows.

Im[Cwyu ()]

G = P (DG (12)
bi(f) =7 wa(;?[[CZIE;f))Jr]Cw(f)] (13)
wp-es o
bi(f) = o (15)

In this study, the tri-directional current speeds
were measured by the GNSS buoy.

E. The Weighted truncated Fourier series (WFS)
method

By applying the WFS method proposed by Longuet-
Higgins et al. [5], the above Fourier coefficients are
further corrected as follows.

According to Earle [6], we found that a weighting
of the Fourier coefficients could increase the width of
the directional spreading function, but this approach
prevented unrealistic negative values for directions
far from the mean direction. The weighted truncated
Fourier coefficients in Egs. (16) — (19) were utilized

to calculate the directional spreading functions.
Accordingly, Eq. (3) was rewritten as Eq. (20).

af' (f) = 2ai(f) (16)
by (f) = 2bi(f) (17)
ay (f) = za5(f) (18)
by (f) = < b3 () (19)

D(f,0) = 25 + Y2-i[an(f) cosnf + by (f) sinnd]}
(20)

F. The mean direction and directional spreading

According to Kuik et al. [7], the mean direction
(6,,(f)) and the directional spreading (o4 (f)), which
was a measure of the directional spreading energy,
could be expressed in terms of the first-order Fourier
coefficients as follows.

On(f) = tan™ 202 1)
% (f) =
[ = @ o5, (N + BB (@22)

Notably, both the mean direction and the directional
spreading are functions of the frequency. However,
in this study, the mean direction and the directional
spreading denote their values at the peak frequency.

lll. Results and Discussion
A. The mean direction

The hourly time series of mean directions which are
analyzed by utilizing the nuv, enn, and uvw data of
the GNSS buoy, differences in the mean directions
between using enn and nuv, and differences in the
mean directions between using uvw and nuv are
plotted in Fig. 3. The mean direction in Fig. 3
indicates the direction from which ocean waves
come and the angles are measured clockwise from
the north. Notably from Fig. 3 that the differences in
the wave mean direction is very small; hence, the
mean directions of waves are mainly identical.
However, the maximum difference in the wave mean
direction between the enn and nuv combinations is
204° , which occurs at 00:00 October 26, 2016. The
significant wave height measured by the GNSS was
0.37 m, it was quite small. The mean directions are
138°, 342° , and 146° by using the nuv, enn, and
uvw combinations, respectively. The mean direction
by utilizing the enn combination is different from
those of the other two combinations. Besides,
according to the directional wave spectra obtained
from analyzing the enn combination during 21:00
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October 25 — 02:00 October 26 (Fig. 7), the main
wave is mostly coming from the south semicircle
except that at 00:00 October 26. According to the
rule of continuity, the directional wave spectrum, the
mean direction and the dominant wave direction
obtained by utilizing the enn combination is abnormal
at 00:00 October 26.
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Figure 3. Hourly time-series data of mean directions
and their differences

Both the mean direction and the dominant wave
direction are popular-used wave directions. It's
interesting to realize the difference between them.
The histogram of difference between the mean
direction and the dominant wave direction by using
the nuv combination is plotted in Fig. 4. According to
this figure, 83.8% of the difference fall into +15°, that
is to say, mostly, two wave directions are identical.
However, the maximum difference is -102° , which
occurred at 00:00 October 27. The significant wave
height measured by the GNSS was 0.42 m, it was
small. The shapes of histogram by using the enn
and uvw combinations are very similar to that
obtained from the nuv combination. 82.4% and

84.8% of the difference fall into +15° by using the enn
and uvw combinations, respectively.
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Figure 4. The histogram of difference between the
mean direction and the dominant wave
direction by using the nuv combination.

B. The directional spreading

The hourly time series of directional spreading
obtained by using three combinations of GNSS buoy
data are plotted in Fig. 5. Notably from Fig. 5 that the

230

maximum difference between the enn and nuv is
11° and that between the uvw and nuv is 5°. Both
values are very small, indicating that the directional
spreading by using three combinations is nearly
identical.
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Figure 5. Hourly time series of directional spreading
obtained by using various combinations
of GNSS buoy data.

C. The dominant wave direction

The hourly time series of dominant wave directions
and their differences obtained using three
combinations of GNSS buoy data are plotted in Fig.
6. The dominant wave direction in Fig. 6 is the
direction from which ocean waves come and the
angles are measured clockwise from the north. We
find that the differences between the uvw and nuv
combinations fall into +12° mostly, meanwhile, those
between the enn and nuv combinations fall into +30°
mostly (93.8%), indicating that dominant wave
directions obtained by using three combinations of
the GNSS buoy data are mostly identical. In Fig. 6,
we find that the maximum difference in the dominant
wave direction between the enn and nuv
combinations is 169° . The reason is that the
directional wave spectrum and the dominant wave
direction are abnormal by using the enn combination
at 00:00 October 26, which is indicated in Section A
and D.

—e— nuv

—m— e
ww

—A - Diff. (enn - nuv)
DIff. (uvw - nuv)

DWD and difference (° )

-100+
16101500

16102107 16102715
Time (YYMMDDHH)

Figure 6. Hourly time series of dominant wave
directions and their differences



D. The directional wave spectrum

The directional wave spectra calculated by utilizing
the enn (left) and nuv (right) combinations, during
21:00 October 25 - 02:00 October 26, 2016, are
shown in Fig. 7. The significant wave heights
measured by the GNSS were smaller than 1 m. The
tangential direction of the circular plot illustrates the
direction from which ocean waves come. The 0°,

90° , 180°, and 270° indicate the north, east, south,
and west directions, respectively. The radial direction
indicates the wave frequency in Hz. The eight-digit
caption on the top indicates the year, month, day,
and hour of the data, sequentially, each has two
digits. Furthermore, the peak frequency and the
dominant wave direction are also shown in the
upper-left corner of each figure. Whenever the wind
speed is larger than or equal to 1 m/s, an arrow is
plotted to indicate the local wind data, on the other
hand, the arrow is not shown.
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Figure 7. Directional wave spectra obtained by using
the enn (left) and nuv (right) combinations
whenever significant wave heights are
small

We find that the directional wave spectra obtained by
using the enn combination are similar to those by
using the nuv combination, except the directional
wave spectrum at 00:00 October 26. In Section A,
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we illustrate that the directional wave spectrum
obtained by using the enn combination at 00:00
October 26 is abnormal; furthermore, the peak wave
energy coming from the NW direction at the
frequency higher than 0.3 Hz. The dominant wave
direction and the wind direction do not match.
According to the dataset, among three combinations,
we find that the nuv and uvw combinations are a
litle better for analyzing the directional wave
spectrum whenever the significant wave height is
small.

Fig. 8 llustrates the directional wave spectra
obtained by utilizing the nuv , enn, and uvw
combinations. From 06:00 to 11:00 October 21, 2016,
the significant wave heights measured by the GNSS
were larger than 4.2 m. The directional wave spectra
at each hour are identical. Hence, there is no
difference between utilizing three time-series
combinations for analyzing the directional wave
spectrum whenever the significant wave heights are
large. Furthermore, during the epoch of the dataset,
all the peak waves come from the SW direction and
the peak frequencies are very low (0.0859 Hz)
because of the typhoon-induced swell. Fig. 9 shows
that typhoon HAIMA is located at the WSW direction
of Small Liu-giu buoy on October 21.
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Figure 8. Directional wave spectra obtained from the
nuv (left), enn (middle), and uvw (right)
combinations whenever significant wave
heights are large
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Figure 9. The path of typhoon HAIMA [8]

IV. Conclusions

Based on the WFS method, three combinations of
time-series data obtained by the GNSS buoy, such
as: nuv, enn, and uvw, were used to determine the
directional wave spectrum and its spectral
parameters. Conclusions are itemized as follows:

1. The mean directions at the peak frequency are
mostly identical by using three combinations.

2. The peak wave directions obtained by the three
various combinations of the GNSS data_ are
nearly identical.

3. The mean directions at the peak frequency and
the dominant wave directions are mostly identical.

4. The directional spreading at the peak frequency is
nearly identical by using three combinations.

5. The directional wave spectra are very similar by
using three combinations, especially when the
significant wave heights are larger than 1 m.
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