Ocean Engineering 209 (2020) 107513

Contents lists available at ScienceDirect

ENGINEERING

Ocean Engineering

FI. SEVIER

journal homepage: www.elsevier.com/locate/oceaneng

t.)

Check for

Variations in directional wave parameters obtained from data measured ol
using a GNSS buoy

Yen-Pin Lin?, Ching-Jer Huang ", Sheng-Hsueh Chen®

@ Coastal Ocean Monitoring Center (COMC), National Cheng Kung University (NCKU), Tainan, Taiwan
> COMC, Department of Hydraulic and Ocean Engineering, NCKU, Tainan, Taiwan
¢ COMC, NCKU, Tainan, Taiwan

ARTICLE INFO ABSTRACT

Keywords:

Global navigation satellite system buoy
Displacements and velocities
Signal-to-noise ratio

Mean wave direction

Directional wave spectrum

Dominant wave direction

This study investigated variations in directional wave parameters by using various combinations of the GNSS
buoy data, such as the displacements (eny) and the velocities (uvw) in the east, north, and upward directions. The
investigated directional wave parameters included mean wave direction, directional spreading, directional wave
spectrum, and dominant wave direction (DWD). The three combinations of GNSS buoy data for determining the
directional wave parameters were yuv, eny, and uvw. Our results revealed that when the significant wave height
(Hg) values are > 1 m, the signal-to-noise ratios (SNRs) for various measured items are sufficiently large, such
that the directional wave parameters obtained from various data, such as ens, uvw, and nuv, are identical. By
contrast, under smooth to slight sea conditions with an Hs of <1 m, the SNRs for the displacements are small. The
small SNRs of eny data tend to produce inaccurate directional wave parameters. The deviation in the mean wave
direction and DWD obtained from the en; data compared with those obtained from the uvw and nuv data de-
creases as the Hg increases. For small seas, the uvw and yuv data are more appropriate than the enz data for use in

determining directional wave parameters.

1. Introduction

Ocean wave heights, periods, directions, and tide data are essential
for coastal engineering and protection projects such as constructing
offshore structures like breakwaters (McConnell, 1998) and for deter-
mining wave run-up height and overtopping discharge on a seawall
(EurOtop, 2018). Directional wave spectra are particularly important for
calculating wave loads on offshore structures, forecasting real-time
swells, or validating the wave prediction model (Kuik et al., 1988;
Goda, 2000).

The directional wave spectra are typically obtained by applying
directional analysis methods to wave properties such as elevation, ve-
locity, pressure, and slopes provided by various measuring systems, such
as directional buoys, a pressure sensor combined with a two-
dimensional (2D) current meter, wave probe arrays, or a remote-
sensing system (Benoit and Teisson, 1994).

Benoit (1992) conducted a performance survey of methods used for
estimating the directional wave spectra from the heave-pitch-roll data.
According to the author’s preliminary conclusions, the directional
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spreading functions (DSFs) around peak frequencies obtained from
various methods may differ from one another. The investigated methods
included the unimodal Gaussian model, bimodal Mitsuyasu model,
Long-Hasselmann method, maximum likelihood method (MLM), itera-
tive MLM, eigenvector method (EVM), iterative EVM, maximum entropy
method (MEM), and Bayesian directional method. Benoit (1992) used
only the simulated heave-pitch-roll data that were calculated using the
unimodal broad spreading function, unimodal thin spreading function,
and bimodal spreading function. Benoit and Teisson (1994) further
evaluated the capabilities of these methods for determining the direc-
tional wave spectra from laboratory wave data obtained from (i) an
array of wave probes, (ii) a heave-pitch-roll gauge, and (iii) a
wave-velocity gauge.

Young (1994) applied the MLM to determine the DSFs using a spatial
array with 4, 5, 6, 7, and 10 water level gauges and noted that the DSFs
improved as the number of gauges increased. However, variations in the
directional characteristics other than those obtained from the water
surface elevations were not investigated.

Riedel and Healey (2005) indicated that by combining time-series
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data of various parameters, such as displacements and velocities in the
east, north, and upward directions, the directional wave spectrum and
its spectral parameters could also be determined. Harigae et al. (2005)
and Doong et al. (2011) used three-axis displacements and three-axis
velocities from a GPS (global positioning system) buoy, respectively,
to calculate the directional wave spectra. However, they did not inves-
tigate the differences in the directional characteristics by using various
combinations of different parameters.

Work (2008) compared the directional energy spectra of nearshore
surface waves by analyzing data obtained from a data buoy and an
acoustic Doppler current profiler (ADCP). He used the MEM to obtain
the directional wave spectra for both systems. For the data buoy, the
time-series data of three linear and three angular motions from the data
buoy were used. The time-series data of 12 velocities from the ADCP
were used: the velocities comprised velocities in the upper three layers,
with each layer having four-beam velocities. Work (2008) noted that
both systems provided similar mean and peak wave directions. The
primary difference was that the directional energy spectra obtained
from the ADCP data were more tightly concentrated around the peak
direction. This may suggest that either the instrument or the combina-
tion of different parameters leads to differences in directional charac-
teristics. However, Work (2008) did not compare the directional
characteristics determined from various combinations of parameters.

Panahi et al. (2015) used observed directional wave data from the
Nortek Acoustic Wave and Current profiler (AWAC) to calibrate the
bimodal DSF by combining DSF models for wind-sea and swell. They
determined the best DSF for describing the observed directional wave
spectra for a region encountering both wind-sea and swell. A data
collection and processing technique used by the AWAC provides direc-
tional wave data by combining water surface elevation and horizontal
and vertical velocity components (Pedersen and Siegel, 2008).

Although both the wave and tide data are required, the conventional
data buoy deployed on the ocean provides only wave data. On the basis
of the Virtual Base Station Real Time Kinematics (VBS-RTK) positioning
technology, Lin et al. (2017a) and Lin (2018) developed a Global Nav-
igation Satellite System (GNSS) buoy for simultaneously monitoring
tides and ocean waves 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 height
(Hs) values, zero-crossing periods, 1D wave spectra, directional wave
spectra, and dominant wave directions (DWDs or peak wave directions)
derived from the GNSS buoy agree very well with those obtained from
the accelerometer-tilt-compass (ATC) sensor that is often installed on a
data buoy to capture wave data. The GNSS receiver obtained time-series
data of six parameters, including longitude, latitude, elevation (here-
after, eny), and the velocities in the east, north, and upward directions
(hereafter, uyw). Lin et al. (2017a) and Lin (2018) used only the water
surface elevation and the velocities in the east and north directions
(hereafter, nuv) to obtain the directional wave spectra and directional
wave parameters. Please also refer to Sickel (2015) and Kaplan and
Hegarty (2017) to obtain more information on the techniques used in
GPS and GNSS, ranging from those used in their designs through those
used for observation, processing, real-time kinematic (RTK), and
real-time networks.

This study investigated the differences in the directional wave pa-
rameters obtained using various combinations of the time-series data
obtained from the GNSS buoy, such as yuv, eny, and uvw. The results may
aid practical engineers in selecting appropriate wave properties, such as
measured displacements and velocities, to determine directional wave
parameters.

2. Methodology

The working principle of the GNSS buoy and GNSS accuracy speci-
fications were reported by Lin et al. (2017a). Lin et al. (2017b) and Lin
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(2018) examined the performance of the developed GNSS buoy to clarify
the effect of the percentage of good elevation data (PGED) on tide and
wave monitoring and possible errors in tides and waves that would be
caused by the inclination of the buoy hull. Field tests were performed by
deploying the buoy in the Wan-Li waters and Small Liu-Qiu waters of
Taiwan (Lin et al., 2017b; Lin, 2018). The results from field tests indi-
cated that when the inclination of the buoy hull was not considered, the
GNSS tide underestimated a water level by 12 cm as the inclination
angle increased up to 16.1°. However, the corrected water levels due to
the inclination of the buoy hull did not lead to a significant change in the
wave data, such as the Hg, mean wave period, and DWD. The possible
reason for the good wave height was that the wave height was obtained
from the relative water level data. In the calculation of the wave height,
the errors involved in the highest and lowest water levels due to the
inclination of the buoy cancel each other out. The inclination of the buoy
was accordingly not used to correct the water surface elevations when
the wave parameters were determined. The field data used in this study
were collected from 00:00 October 15 to 23:00 October 30, 2016, from
the Small Liu-Qiu data buoy. The GNSS buoy measured the ellipsoidal
height, horizontal positions, velocities, and quality index hourly. The
sampling rate was 1 Hz. The data acquisition system was turned on at the
48th minute of each hour to warm up the system for 2 min, and it began
to acquire samples at the 50th minute. The data were thus collected for
10 min. Therefore, in each hour, 600 monitoring data were collected for
each measuring item. The monitored data were transmitted via the
GPRS modem to the receiving system for further data processing. The
outlook and location of the Small Liu-Qiu buoy are presented in Figs. 1
and 2, respectively. For the details of the deployment of the Small
Liu-Qiu buoy, please refer to Lin (2018). In the current study, the water
surface elevation is denoted by #; displacements in the east and north
directions by e and n, respectively; and velocities in the east, north, and
upward directions by u, v, and w, respectively.

2.1. Calculating positions and velocities using a GNSS

Lin et al. (2017a) and Lin (2018) have discussed the VBS-RTK posi-
tioning technology used to determine the position of a buoy. The
VBS-RTK system used in our work consisted of three components,
namely a GNSS base station network, a control center, and a rover sta-
tion. Their respective functions were as follows:

Fig. 1. Outlook of the Small Liu-Qiu buoy.
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2 Small liu-qiu buoy

Google eart
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Fig. 2. Location of the Small Liu-Qiu buoy.

1. GNSS base station network: Each base station received GNSS obser-
vation data and transmitted the raw data to the control center
continuously. Currently, 78 base stations were implemented in
Taiwan.

2. Control center: The VBS-RTK control center for positioning compu-
tation used in this work was operated by the National Land
Surveying and Mapping Center (NLSC) of the Ministry of the Interior,
Taiwan. It supported both GPS and GLONASS constellations. The
Progressive Infrastructure Via Overlaid Technology (PIVOT) com-
mercial software program developed by Trimble Navigation was run
in the center.

3. Rover station: The rover station consisted of a GNSS buoy with a
GNSS receiver and a GNSS antenna attached to it.

The procedure of VBS positioning was conducted as follows:

1. Pre-process network observations: Establishing the network database
and completing the coordinate adjustments for each base station.

2. Obtaining data from regional stations: Collecting continuous obser-
vations and accurate coordinates from each GNSS base station, thus
establishing an area correction parameters database.

3. Generating VBS data for the rover: The rover station reported
approximate coordinates to the VBS-RTK control center. According
to the carrier phase observations, the PIVOT software program
continuously calculated the errors caused by the multipath, iono-
sphere, troposphere, and ephemeris and the integer ambiguity of the
carrier phase of L1 and L2. It also established a VBS dataset at a
location near the rover station. Subsequently, the VBS data were
transmitted to the rover station.

4. Calculating the position of the rover station: The rover station
received the VBS data and processed to ultra-short-baseline RTK
positioning.

Wu et al. (2013) provided detailed information on the precision of
positions obtained using the VBS-RTK system operated by the NLSC.
They reported that the total accuracies of positions for the GPS satellite
positioning reference network and VBS-RTK were approximately 2 cm
and 5 cm in the horizontal and vertical directions, respectively.

The GNSS receiver estimated the velocities using the Doppler shift
with an accuracy in the order of some cm/s. According to He (2015), the
fundamental principle for determining velocities is equation of Doppler
shift for the satellite S and the GNSS receiver R as written in Eq. (1).

Vi s

DYy =, &)

where D3 ; is the shift in frequency between the satellite S and the
receiver R at the j — th frequency channel, f denotes the frequency of the
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GNSS carrier phase observation, V; is the radial velocity of the satellite S
relative to the receiver R, and ¢ denotes the speed of light in a vacuum.
D§ ; had a positive sign when the receiver and the transmitter
approached each other and a negative sign when the receiver and the
transmitter moved away from each other. The GNSS receiver used in this
study could receive carrier phase signals from the satellites. According
to its specification (Topcon Positioning Systems, 2012), the accuracy of
the velocity was 0.02 m/s circular error probability, which was 1.2 times
the root-mean-square accuracy of the velocity.

The procedure for using a GNSS buoy, based on VBS-RTK posi-
tioning, to calculate positions and velocities can be summarized as
follows:

1. A GNSS receiver on the buoy receives signals from satellites and uses
these data to calculate its velocity and approximate position (longi-
tude, latitude, and elevation).

2. The position and GPS time data are transmitted to the VBS-RTK
control center through a general packet radio service (GPRS)
modem.

3. The VBS-RTK control center generates VBS data by using the PIVOT
software and then transmits the data back through the GPRS modem
to the GNSS receiver on the buoy.

4. The GNSS receiver determines the corrected position and the quality
index on the basis of the received satellite signals and VBS data.
These data are then transmitted to the receiving system on land.

2.2. PGED (percentage of good elevation data)

According to some key factors, including the signals received by the
GNSS buoy and GNSS base station network, the network signal quality of
the GNSS buoy and GNSS base station network, and 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 elevation data
(GED). Thus, the hourly PGED is determined as the ratio of the number
of GED to the number of observed data (i.e., 512), and defined as
follows.

GED

PGED = =5 (2)

Based on the adopted sampling rate 1 Hz and the sampling period 10
min/h, 600 data are available for further data analyzing. Only the first
512 data are used. In this study, only hourly data, with PGED = 1.00, are
used to determine the directional wave parameters, such as the mean
wave direction, directional spreading, directional wave spectrum, and
DWD.

2.3. Directional wave spectra determined from nuv data

Hashimoto and Konbune (1988) described the relationship between
the directional wave spectrum and the cross-power spectrum for any
pair of wave properties, such as 7, u, and v, as follows:

Do (f) = /f L(f, O)I.(f,0){cos k(X cOS O + Y, sin 6)] —

— i sinfk(x,u, oS 0+ y, sin 0)]}S(f, 0) dO

3

where f is the frequency, 0 is the wave propagation angle measured from
the x-axis (east direction) and increased in the counterclockwise direc-
tion, @mn(f) is the cross-power spectrum between the m-th and n-th wave
properties, In(f,0) is the transfer function from the water surface
elevation to the m-th wave property, the asterisk (*) denotes the con-
jugate complex, k is the wavenumber, Xmn = Xn — Xm, Ymn = Yp—Ym> (Xm,
¥m) is the location of the wave probe for the m-th wave property, i is the
imaginary unit, and S(f, 6) is the directional wave spectrum.

When the nuv data are used, the vertical elevation () and the ve-
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locities in the east and north directions (u and v, respectively) are
measured by the same GNSS antenna. Accordingly, Xm, = 0 and ymn, =
0, and Eq. (3) can be simplified as follows:

ulf)= [ 10.007.0)5(7.0) do @)
with
L.(f, 6) = hy(f)cos®d sin’0 5)

where the function h,, and the parameters o and f vary with the wave
properties and were provided by Hashimoto and Konbune (1988). When
Eq. (5) is substituted into Eq. (4), the cross-power spectra between the
various wave properties can be obtained.

The directional wave spectrum, S(f,6), could be determined as fol-
lows:

S(fv 0) = D(f, H)C'm(f) (6)
D(f,0) = %{% + 51 (F)cos n0 -+ b, ()sin n6]} %)

where D(f, 0) is the directional spreading function, C,,(f) is the 1D wave
spectrum, a,(f) and b, (f) are the Fourier coefficients, and n is the order
of the Fourier series. Lin et al. (2017a) provided the equations for
determining the Fourier coefficients of D(f, §) from the yuv data. These
equations are given as follows:

()= \/C,,,,(f)[g::((l]:)) T Cnlf)] ®
W e >
B a0
=l av

where Cpy(f) is the cospectrum between the m-th and n-th wave prop-
erties. The cospectrum is the real part of the complex cross-power
spectrum. Note also that the cross-power spectrum of two identical
wave properties has no imaginary part; therefore, it was identical to the
cospectrum of these two wave properties, namely

Do (f) = Con (f) (12)

2.4. Directional wave spectra obtained from enn data

Riedel and Healey (2005) indicated that by using the eny data, the
Fourier coefficients of D(f, §) could be determined as follows:

ey "
%wzw%ﬁiﬁﬁbwm 0
Glf) =gy 2m0) (9
b= s (e

where Im and Re denote the imaginary and real parts of the cross-power
spectrum, respectively. Riedel and Healey (2005) also indicated that

Ocean Engineering 209 (2020) 107513

these coefficients had been incorporated in the Datawell Directional
Waverider to determine the directional wave spectrum. The 3D dis-
placements are obtained by integrating the 3D accelerations measured
by the buoy. In this study, the 3D displacements were measured directly
by the GNSS buoy.

As mentioned earlier, the cross-power spectrum of two identical
wave properties has no imaginary part. Based on Eq. (12), Egs. (13)-(16)
can be rewritten as follows.

R o X oy a
= T T a9
a(f) = % 19
b (f) :7Cil§;’)[f"’c(i)gf) (20)

2.5. Directional wave spectra obtained from uyw data

Riedel and Healey (2005) also provided equations for determining
the Fourier coefficients of D(f,6) from the uvyw data measured by a
tri-directional current meter. Their equations were modified as follows.

W= e e (m
e @
b= @

In this study, the displacement and velocity are measured by the
GNSS buoy, Fast Fourier Transform (FFT) was applied to determine the
cospectrum (the real part of cross-power spectrum) and the quadrature
spectrum (the imaginary part of the cross-power spectrum) for any pair
of wave properties, such as u, v, and w. The obtained cross-power spectra
were then used to determine the Fourier coefficients of the directional
spreading function D(f, #), such as Egs. (8)-(11) for the yuv data, Egs.
(17)-(20) for the enn data, and Egs. (21)-(24) for the uvw data.

2.6. Weighted Fourier series method

Longuet-Higgins et al. (1963) calculated the directional spectrum of
ocean waves by using the floating buoy motions, including the water
surface elevations and slopes in the east and north directions. The au-
thors indicated that the DSF might be negative and therefore proposed
the weighting coefficients to correct the DSF. The weighted Fourier
coefficients were expressed as follows:

@} () =2a(7) (25)
b () =20i0) (26)
& ()= ) @)
by )= ghi() 29)
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Here, we adopt above-weighted Fourier coefficients to determine the
directional spreading functions by using the quv, eny, and uvw data
measured by the GNSS buoy. Accordingly, Eq. (7) can be rewritten as
follows:

2

11 . .
D(f,0) =_{z+ ;[an (f)cos nf+ b, (f)sin né]} (29)
Longuet-Higgins et al. (1963) also indicated that the weighted
Fourier coefficients would extend the width of the DSF. Accordingly, the
values of the DSF thus obtained would be larger than those obtained
using non-weighted Fourier coefficients.

2.7. Mean wave direction and directional spreading

To determine the directional characteristics of ocean waves, two
parameters were also often used, namely the mean wave direction and
directional spreading. The mean wave direction represents the average
propagation direction of ocean waves, whereas the directional spreading
is a measure of the directional spreading of wave energy. According to
Kuik et al. (1988), the mean wave direction 6n,(f) and the directional
spreading oy (f) could be expressed in terms of the first-order Fourier
coefficients as follows:

B0
Onlf) =t 0 p) 0
00(1) = /2 [1 — (@ ()05 O (1) + b, (F)sin 0n 7)) @1

Notably, both the mean wave direction and directional spreading are
functions of the frequency. However, here, the mean wave direction and
directional spreading denote their values at the peak frequency. The
peak frequency denotes the frequency of waves with the maximum
power spectral density in the 1D wave spectrum.

3. Results and discussion
This study applied the weighted Fourier series (WFS) method pro-
posed by Longuet-Higgins et al. (1963) to investigate variations in

directional wave parameters by using the nyuv, eny, and uvw data ob-
tained from the GNSS buoy deployed in the Small Liu-Qiu waters,

700
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Taiwan. The outlook and location of the Small Liu-Qiu buoy are shown
in Figs. 1 and 2, respectively. The investigated directional wave pa-
rameters included the mean wave direction, directional spreading,
directional wave spectrum, and DWD. The field data were collected in
2016 from 10/15/00:00 (this notation refers to month/day/hour,
hereafter) to 10/30/23:00. However, only hourly data, with PGED =
1.0, were used to determine the wave parameters.

3.1. Sea states during the field test period of GNSS buoy

To provide more information to understand the temporal variations
in directional wave parameters, the significant wave heights (Hs) in the
Small Liu-Qiu waters during the field test period were analyzed (Fig. 3).
Fig. 3 displays the hourly time-series data of the significant wave height
obtained using the GNSS buoy and ATC sensor data. The ATC sensor was
installed on the buoy to provide additional wave data to be compared
with those obtained from the GNSS receiver. The ATC sensor measure-
ments were conducted on an hourly basis. Each measurement was
conducted for a duration of 10 min and at a sampling rate of 1 Hz. Lin
et al. (2017a) listed the detailed specifications of the ATC sensor used in
this study. The significant wave height was calculated from the
one-dimensional (1D) wave spectrum as follows:

Hg =4/my (32)
my= / s(Hdf (33)
Jo

where my denotes the zero-th moment of the 1D wave spectrum, and s(f)
is the spectral density at frequency f. Hs values obtained from the ATC
sensor were calculated from the power spectral density of water surface
elevation () based on the method proposed by Earle (1996). For a GNSS
buoy, s(f), which equals C,,(f), was calculated after the water surface
elevations were obtained, and the Hg values were then determined using
Egs. (32) and (33). Because only hourly GNSS data with a PGED value of
1.0 were used to determine the wave data, no Hs values were obtained
from the GNSS buoy for some hours. Fig. 3 reveals that the Hg values
obtained from the GNSS buoy are mostly in close agreement with those
obtained from the ATC sensor. Furthermore, a detailed analysis of 159
Hg data samples obtained from both the GNSS buoy and ATC sensor

600 .

500

400 y

300

o GNSS
. ATC

v

Significant wave height (cm)
»
L]
L]

. ®
200 4

2 ni® oo N
100 B3 ;-%vf% !ﬁ ’

e
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24/00
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Fig. 3. Hourly time-series data of the significant wave height Hs obtained from the GNSS buoy and ATC sensor. The digits on the abscissa indicate the day and hour
in October 2016. The field data were collected from 00:00 on October 15 to 23:00 on October 30 in 2016. Because only GNSS data with a PGED value of 1.0 were

analyzed, no Hs data were obtained from the GNSS buoy for some hours.
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revealed that the mean absolute error between the two data sets was 2.9
cm.

Fig. 3 reveals that the missing Hg values from the GNSS buoy data
mainly corresponded to the hours with heavy winds and waves. The
GPRS connection dropout during severe weather conditions may restrict
the number of GED and make the hourly PGED value less than 1.0;
consequently, no Hg values would be obtained from the GNSS buoy. This
situation poses a serious operational problem when the GNSS buoy
based on VBS-RTK positioning is used for ocean monitoring.

A typhoon occurred near Taiwan during the field test period. Thus,
large wave heights were measured. Fig. 4 illustrates the track of
Typhoon Haima, and Fig. 3 reveals that the Hg values exceeded 2.0 m
from 10/20/06:00 to 10/22/11:00 and exceeded 4.0 m from 10/20/
23:00 to 10/21/11:00 because Typhoon Haima was then closest to
Taiwan. By contrast, during the period from 10/24/11:00 to 10/29/
11:00, 2016, the Small Liu-Qiu waters were smooth with Hg values less
than 0.4 m. In this study, the words used to describe the sea states match
the WMO (World Meteorological Organization) terminology for sea
states.

3.2. Mean wave direction

Fig. 5 (a) displays the hourly time-series data of mean wave direction
and their differences obtained using the yuv and eny data. The angles
were measured clockwise from the north. Fig. 5 (b) presents the corre-
sponding results obtained using the uvw and nuv data. Fig. 5 (b) reveals
that the differences in the mean wave direction obtained using the uvw
and nuv data ranged between —8° and 11° for diverse wave heights.
Fig. 5 (a) shows that from 10/17/11:00 to 10/23/06:00 the differences
in the mean wave directions obtained from the eny and yuv data are quite
small and become large from 10/23/06:00 to 10/30/23:00. Comparing
to Fig. 3, it can be noted that the former period corresponds to moderate
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and higher sea conditions with Hg > 1.0 m, whereas the latter period
corresponds to smooth to slight sea conditions with Hg < 1.0 m. The
maximum angular difference in the mean wave direction obtained using
enn and nuv data was 156° (or 204° when the angles were measured
clockwise), and it occurred at 10/26/00:00, 2016. At this time, the
measured Hs was as low as 0.37 m, indicating a smooth sea state, and the
obtained mean wave directions were 138°, 342°, and 146° by using the
nuv, enn, and uvw data, respectively. The mean wave direction deter-
mined from the ens data was close to that determined using two other
data sets, except under calm sea states. The reasons for this difference
are discussed in Sections 3.4 and 3.6.

3.3. Directional spreading

The hourly time-series data of directional spreading and their dif-
ferences obtained from the yuv and eny data are displayed in Fig. 6 (a),
whereas the corresponding results obtained from the uvw and nuv data
are presented in Fig. 6 (b). Comparing Fig. 6 (a) and 6 (b) reveals that
from 10/17/11:00 to 10/23/06:00 the differences in directional
spreading obtained from the yuv and ens data were close to those ob-
tained from the yuv and uvw data. However, the differences become
larger from 10/23/06:00 to 10/30/23:00. The former period corre-
sponds to sea states with Hs > 1.0 m, whereas the latter period corre-
sponds to sea states with Hg < 1.0m. Fig. 6 (b) reveals that the
directional spreading values obtained using the uvw and nuv data differ
slightly for diverse wave heights, except that occurred at 10/21/13:00,
2016. The angular difference was — 9°.

3.4. Directional wave spectrum

Directional wave spectra calculated using the enn and nuv data,
collected from 10/25/21:00 to 10/26/02:00/26/10, are shown in the
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Fig. 5. Hourly time-series data of mean wave direction and their differences obtained using (a) the yuv and eny data and (b) the yuv and uvw data, measured by the
Small Liu-Qiu buoy. The field data were collected from 00:00 on October 15 to 23:00 on October 30 in 2016, but only hourly data with PGED = 1.0 were analyzed.

The digits on the abscissa indicate the day and hour in October.

left and right sides of Fig. 7, respectively. During this period, the Hg
values were <1 m. The azimuth of the circular plot illustrates the di-
rection from which ocean waves came. The angles 0°, 90°, 180°, and
270°%indicate the north, east, south, and west directions, respectively.
The radial direction indicates the wave frequency in hertz. Furthermore,
the peak frequency and the DWD are also shown in the upper-left corner
of each figure. The DWD is identified as the direction where the
maximum power spectral density (unit: m%/Hz/rad) occurs. The color
bar indicates the strength of the power spectral density.

Notably from Fig. 7 that the directional wave spectra determined
using the enn data are similar to those determined using the nuv data,
except those obtained at 10/26,/00:00. During the observation period, as
depicted in Fig. 7, the ocean wave mainly originated from the south
semicircle except for that determined using the eny data at 10/26,/00:00.
Comparison with the ATC data (see Section 3.6) indicates that the eny
results are likely wrong. Furthermore, at this particular time, the peak

wave energy obtained from the eny data originated from the NW di-
rection, despite the wind originating from the south. Thus, the direc-
tional wave spectrum obtained at 10/26,/00:00 by using the eny data is
unreasonable. The possible reasons that caused this inaccuracy are dis-
cussed in Section 3.6.

Fig. 3 shows that from 10/18/00:00 to 10/23/04:00, the Hs values in
the Small Liu-Qiu waters were larger than 1 m. Fig. 8 compares some of
the directional wave spectra determined by using the yuv, eny, and uvw
data from 06:00 to 11:00 on October 21, 2016. During this period, the
Typhoon Haima was close to Taiwan; hence, the Hs exceeded 6.0 m.
Notably, as shown in Fig. 8, the directional wave spectra obtained from
the nuv, enn, and uvw data were mainly identical. Furthermore, all the
waves with peak energy were from the southwest direction and the peak
frequencies were very low (0.0859 Hz or 0.0957 Hz), probably because
of the typhoon-induced swell. Notably from Figs. 2 and 4 that the
typhoon Haima was in the west-southwest direction of the Small Liu-Qiu
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Fig. 6. Hourly time-series data of directional spreading and their differences obtained using (a) the nuv and ens data and (b) the nuv and uvw data, measured by the
Small Liu-Qiu buoy. The field data were collected from 00:00 on October 15 to 23:00 on October 30 in 2016, but only hourly data with PGED = 1.0 were analyzed.

The digits on the abscissa indicate the day and hour in October.

buoy on October 21, 2016. The results shown in Figs. 7 and 8 reveal that
at small seas, the directional wave spectra obtained from the eny data
differ from those obtained using the nuv data; however, at high seas, the
directional wave spectra obtained using three data combinations were
identical.

3.5. DWD (dominant wave direction)

Fig. 9 (a) shows the hourly time-series of the DWD and their differ-
ences determined using the yuv and eny data collected by the GNSS buoy
from 10/15/00:00 to 10/30/23:00, 2016; whereas Fig. 9 (b) displays the
corresponding results obtained using the uvw and nuv data. The DWD is
the direction from which an ocean wave with peak energy comes, and
the angle is measured clockwise from the north. Notably from Fig. 9 that
the differences in the DWD obtained using the uvw and yuv data were
primarily in the +1.25° range (90.7%), whereas those obtained using

the enn and yuv data were primarily in the +£30° range (93.2%), indi-
cating that the DWDs obtained using the uvw and yuv combinations of
GNSS buoy data were mostly identical. However, as shown in Fig. 9 (a),
we noted that the maximum difference in the DWD between the eny and
nuv data was 169°, which occurred at 10/26,/00:00 and was the same as
the time when the maximum difference in the mean wave direction
obtained using the eny and nuv data occurred. The dominant wave di-
rection determined from the eny data was apparently different from
those determined using two other data sets. Reasons for this difference
are discussed in Section 3.6.

Both the mean wave direction and DWD are widely adopted to
indicate the wave directions. As mentioned, the mean wave direction
represents the average propagation direction of ocean waves; whereas
the DWD denotes the wave direction where the maximum power spec-
tral density occurred in the 2D wave spectrum,; the difference between
them could be noteworthy. The histogram of the differences between the
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Fig. 7. Directional wave spectra obtained using the eny (left) and yuv (right) data collected from 21:00 on October 25 to 02:00 on October 26, 2016; during this
period the Hy values were <1 m, indicating smooth to slight sea conditions. The color bar indicates the strength of the power spectral density (unit: m?/Hz/rad). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Directional wave spectra obtained using the nuv (left), eny (middle), and uvw (right) data at 06:00, 08:00, and 11:00 on October 21, 2016, respectively;
during this period, because of Typhoon Haima, the Hs values exceeded 6.0 m. The color bar indicates the strength of the power spectral density. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

mean wave direction and DWD produced using the yuv data is plotted in
Fig. 10. According to this figure, 85.7% of the difference was in the +
15° range, indicating that mostly two wave directions are very close to
each other. However, the maximum difference is — 102°, which
occurred at 10/27/00:00. The Hs measured by the GNSS buoy at this
time was small (i.e., 0.43 m). The shapes of histogram obtained using the
enn and uvw data are very similar to that obtained from the yuv data;
82.6% and 85.6% of the differences determined using the eny and uwww
data, respectively, were in the +15° range. For brevity, these data are
not shown herein.

3.6. Discussions on mean wave directions and directional wave spectrum

To clarify the reasons that the mean wave direction and directional
wave spectrum obtained from the eny at 10/26/00:00 considerably
differed from those obtained using the yuv and uvw data, the time-series
data of displacements in both east and north directions obtained by the
GNSS buoy at this time are plotted in Fig. 11. There are both low- and
high-frequency oscillations during the 10-min measuring period. The
high-frequency parts should be due to the ocean waves, whereas the
low-frequency portions, with periods of approximately 90 s, may
represent the infragravity waves, which have a typical period of 25-250
s (Munk, 1950). The capture of these low-frequency signals in the eny
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GNSS solutions suggests that these data potentially have additional
value for investigating infragravity waves. Because we are mainly
interested in the ocean waves, in the data analysis, the signals with
frequencies of >0.4 or <0.05 Hz are filtered out. However, the direc-
tional wave spectrum obtained after filtering out the signals in undesired
frequency ranges was nearly the same as that obtained from the original
signals. Thus, the extraordinarily low- and high-frequency movements
did not lead to inaccurate directional wave parameters results.

Because the Hg at 10/26/00:00 was only 0.37 m, we examined the
signal-to-noise ratio (SNR) of the items measured by the GNSS buoy. The
SNR of the measured signals is defined as follows.

Om

SNR=—

a

(34

where o, and o, indicate the standard deviation of measured signals and
noise signals, respectively. o, specifies the accuracy of the measure-
ments and their values for various measuring items are declared by the
VBS-RTK positioning service used in this study. The values of o, for the
displacements and velocities in the east, north, and upward directions
measured by the GNSS buoy are also presented in Table 1. As shown in
Table 1, the root-mean-square accuracies of the displacements and ve-
locities are approximately 0.05m and 0.017 m/s, respectively. Table 1
lists the SNRs of displacements (enz) and velocities (uvw) measured by
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Fig. 9. Hourly time-series data of DWD and their differences obtained using (a) the nuv and eny data and (b) the yuv and uvw data, measured by the Small Liu-Qiu
buoy. The field data were collected from 00:00 on October 15 to 23:00 on October 30 in 2016, but only hourly data with PGED = 1.0 were analyzed. The digits on the

abscissa indicate the day and hour in October.

the GNSS buoy at 00:00 on October 26, 2016. Notably from Table 1 that
the SNRs of displacements were approximately one order of magnitude
smaller than those of velocities, indicating that the better method for
determining the directional wave parameters should be using the uyw
data, rather than the eny data.

Table 2 presents the mean and maximum absolute deviations of the
mean wave direction obtained from the eny data. The deviation is
determined by subtracting the mean wave direction obtained using the
enn data from that obtained using the uvw data. The data analyzed here
were collected from the field test from 10,/15/00:00 to 10/30/23:00,
2016, with PGED = 1.00. The minimum SNR denotes the smallest SNR
value among the samples. The number of samples corresponds to various
Hg values. Notably, as shown in Table 2, the mean and maximum ab-
solute deviations decreased considerably as the Hs increased. The mean
absolute deviation was .4.8° when Hg > 0.4 m. It reached .12.0° when
Hs < 0.4m and decreased to .1.6° when Hg > 2.0 m. The maximum
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absolute deviation was 61° when Hg > 0.4 m. It reached 196° when Hg <
0.4m and decreased to 4° when Hg > 2.0 m. Furthermore, when
Hg > 1.0 m, the mean wave directions obtained using the eny data were
nearly identical to those obtained using the uyw data. Notably, the mean
and maximum absolute deviations of the mean wave direction decreased
as the minimum SNR of displacements increased, and the minimum SNR
of displacements increased with the increase in the Hs.

Possible reasons why the small SNRs of the eny data tended to pro-
duce inaccurate directional wave parameters are the following: In this
study, once the displacement and velocity data were obtained from the
GNSS buoy, FFT was used to determine the cospectrum and quadrature
spectrum for any pair of wave properties. The obtained cross-power
spectra were then used to determine the Fourier coefficients of the
DSF D(f,0). Signals with small SNRs were contaminated with consider-
able noises. These noises produced inaccurate cross-power spectra,
which led to inaccurate Fourier coefficients. This then generated errors
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produced using the nuv data.

in the directional wave parameters.

The mismatch in the directional wave parameters during low seas
that we attributed to the poor performance of the enn data was further
confirmed by comparing the directional wave parameters obtained
using the GNSS buoy data (either eny or uvw) with the parameters ob-
tained using the ATC sensor data. Under smooth sea conditions with
Hg < 0.4 m, a comparison of 37 hourly mean wave directions obtained
from the GNSS buoy and ATC sensor data revealed that the mean error
declined from .9.5° to .2.1° when uvw data were used instead of eny data.
The error was calculated by subtracting the value obtained using the
ATC sensor data from that obtained using the GNSS buoy data. Similarly,
the mean error of the DWD decreased from .7.5° to — .4.9° when uwwvw
data were used instead of eny data.

The results obtained in this study show that, when Hg > 1.0 m, the
directional wave parameters determined from any of the three GNSS
data sets, namely eny, uvw, and nuv, agreed well with each other.
Therefore, any of these data sets is appropriate for determining the
directional wave parameters under these ocean conditions. However,
when Hg < 1.0 m, the uvw and nuv data are more appropriate than the
enn data for determining the directional wave parameters.

Ocean Engineering 209 (2020) 107513

The aforementioned findings, as summarized in Conclusions 1 and 2,
provide useful information for choosing appropriate GNSS data for
determining directional wave parameters. Conclusion 3 suggests that
examining the SNRs of the measured data under various sea states is a
possible method of surveying intrinsic uncertainties in measured data
used for determining directional wave parameters. These findings sug-
gest also that wave-related observations, such as water surface eleva-
tion, pressure, acceleration, tilt, and velocity, can be combined to obtain
directional wave parameters. However, for choosing appropriate data
combination, intrinsic uncertainties in measured data must be
examined.

3.7. Limitations using a GNSS buoy based on VBS-RTK positioning for
ocean monitoring

As mentioned in Section 2.1, the data transmission between the
GNSS receiver on the buoy and the VBS-RTK control center is conducted
using a GPRS modem. The deployment range of the GNSS buoy is limited
by network coverage because the GPRS modem requires a network
signal for data transmission. The range, usually within a few kilometers,
can be extended to a maximum distance of 20 km if PPK (post-processed
kinematic) is used instead of the VBS-RTK positioning (Arroyo-Suarez
et al., 2006). Nevertheless, PPK is not obtained in real time.

El-Mowafy et al. (2017) indicated that precise point positioning
(PPP) technology can provide decimeter-level positioning accuracy by
using a single receiver without a base station. Thus, PPP technology can
be utilized anywhere. Several real-time, open-access commercial ser-
vices are available for PPP positioning, such as IGS-RTS, the Trimble
RTX service (Leandro et al., 2011), the Fugro G2 service (http://www.st
arfix.com/positioning-systems), and TERRASTAR (https://www.terr

Table 1
SNRs of enyy and uvw measured by the GNSS buoy at 00:00 on October 26, 2016.

Displacement (m

-1 \

Index  Displacements (enn) Velocities (uvw)
east north upward east north upward
Om 0.064 m 0.056 m 0.099 m 0.313 m/s 0.297 m/s 0.225 m/s
[ 0.02m 0.05m 0.017 m/s
SNR 3.2 2.8 1.98 18.41 17.47 13.24
. North
o East

0 50 100

150 200 250 300 350 400 450

Time (s)

500 550 600

Fig. 11. Time-series data of horizontal displacements measured by the GNSS buoy at 00:00 on October 26, 2016; the measuring period lasted 10 min with a sampling

rate of 1 Hz.
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Table 2
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Mean and maximum absolute deviations” of the mean wave direction obtained from the eny data.

Minimum SNR Significant wave height (m)

Number of samples

Mean absolute deviations ( *) Maximum absolute deviations ( *)

H;
east north upward s
1.93 2.31 1.40 Hg < 0.4 42 12.0 196
3.08 3.15 2.05 Hg > 0.4 118 4.8 61
9.06 7.45 5.17 Hg>1.0 55 2.1 8
22.64 20.64 10.20 Hg >2.0 18 1.6 4

@ Subtracting the mean wave direction obtained using the eny data from that obtained using the uvw data.

astar.net). Therefore, the range limitation of the GNSS buoy can be
alleviated if the global real-time PPP (RT PPP) service is used instead of
VBS-RTK positioning. The accuracy of PPP technology can be improved
to the centimeter level if satellite-based augmentation systems (SBAS)
are implemented (Choy et al., 2017). Some commercial GNSS
augmentation service providers, such as Novatel (with TerraStar-C

corrections) (https://www.novatel.com/products/terrastar-gnss-co
rrections/#contentTabl), offer both horizontal and vertical
centimeter-level positioning solutions for land and airborne

applications.

In addition to the deployment range limitation, the GPRS connection
dropout under severe weather conditions may influence the number of
observed data with PGED = 1.0. In this case, a GNSS buoy provides less
reliable ocean monitoring data compared with a conventional ATC
sensor (Fig. 3). Moreover, as demonstrated in Sections 3.2 to 3.6, under
smooth to slight sea conditions with Hs < 1.0 m, only the uvw and nuv
GNSS data are recommended for use in determining the directional
wave parameters.

4. Conclusions

This study applied the WFS method proposed by Longuet-Higgin
et al. (1963) to investigate the variations in the directional wave pa-
rameters by utilizing three combinations of time-series data obtained by
the GNSS buoy, such as yuv, enn, and uvw. The data that analyzed in this
study were collected from the field test by deploying the GNSS buoy
developed by Lin et al. (2017a) in the Small Liu-Qiu waters, Taiwan.
Only hourly data whose PGED = 1.0 are utilized to determine the
directional wave parameters including the mean wave direction, direc-
tional spreading, directional wave spectrum, and dominant wave di-
rection. Based on the present results, we may conclude the following.

1. In moderate and higher sea conditions, when Hg > 1.0m, the
directional wave parameters determined from any of the three GNSS
data sets, namely ens, uvw, and nuv, agreed well with each other.

2. Under smooth to slight sea conditions with Hs < 1.0 m, the uvw and
nuv data generate more accurate directional wave parameters than
the enn data. Accordingly, when Hg < 1.0 m, only the uvw and nuv
data are recommended for use for determining the directional wave
parameters.

3. The less accurate directional wave parameters obtained from the enzn
data were associated with smaller SNR values of the displacement
data (ens) compared with those of the velocity data (uvw). The SNR
values of the eny data increased with Hs.

4. During the field tests, the maximum difference in the dominant wave
direction and the maximum difference in the mean wave direction
between the eny and nuv data occurred at the same time, when the Hg
was only 0.37 m.
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