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Abstract: Research on coastal ocean circulation pattern over long time periods is significant for var-
ious marine endeavors, such as: environmental protection, coastal engineering construction and
marine renewable energy extraction. Based on sea surface current data remotely observed by a
shore-based high frequency radar (HFR) system for one year (2016), spatiotemporal characteristics
of surface flow fields of sea surface flow fields along the west coast of Ireland are studied using
harmonic analysis, rotary spectral analysis and representative flow fields over different seasons and
the whole year. Coastal surface currents in the study area are dominantly affected by tidal dynamics
of the M2 constituent, showing significant characteristics of regular semidiurnal tide such as M2
and S2. The energy spectrum distribution indicates that the tidal constituents M2 and S2 are the
dominant periodic energy constituents in a counterclockwise spectrum, which mainly presents ro-
tating flow; the representative diurnal tidal constituents is the constituent K1, and its energy spec-
trum distribution is mainly clockwise. A comparison between Probable Maximum Current Velocity
(PMCV) and Measured Maximum Current Velocity (MMCV) is presented. It shows that, although
tidal current characteristics in the study area are significant, the main driving force of the currents
at the time of the maximum currents is wind energy. These results provide new insights into a re-
gion of huge societal potential at early stages of sustainable economic exploitation where little data
currently exists.

Keywords: high frequency radar; tidal currents; rotational spectral analysis; surface currents; har-
monic analysis; maximum ocean currents

1. Introduction

Ocean currents are driven by several forces, such as tides, density gradients, wind
stress and geostrophic deflection force [1]. Understanding ocean currents is fundamental
to a diverse range of marine activities[2]. Therefore, acquiring ocean current data with
fine temporal and spatial resolution over a long time to analyze the mechanisms of its
movement is important. However, oceanic states are complex processes, and it is difficult
to obtain continuous data over a long time relying only on conventional equipment[3].
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Conventional ocean current measuring instruments, such as current recorders and
Acoustic Doppler Current Profilers (ADCP) measure data at single points. High Fre-
quency Radars (HFR) were developed as an alternative for measuring surface currents at
higher temporal and spatial resolutions: HFR is the now widely applied[4-6]. HFR can
provide highly resolved temporal (tens of minutes) and spatial data vital to understand
marine mechanisms over relatively large domains[7]. These HFR-derived ocean surface
currents are utilized at multiple spatiotemporal scales along the coastal regions to under-
stand the spatial variability of tidal currents [8-10]and associated mechanisms[4,7], to in-
vestigate the mesoscale and sub-mesoscale eddy dynamics[6,10-12], to understand the
coastal upwelling features[13,14] and to unveil seasonal surface circulation variabil-
ity[5,15-17]. Several radar systems are now widely applied, such as Seasonde CODAR,
WERA, and OSMAR. They can be categorized into beam forming and direction-finding
types. Beam forming HFR systems electronically steer a linear phased array of receiving
antennas toward a sector of ocean surface, such as OSCR and WERA [18,19]. While direc-
tion finding HFR system exploits the directional properties of loop antennas to determine
bearing, such as CODAR [20].

Regular semidiurnal tides are important and interactions between tide and bathym-
etry occur over different ranges of depth. Shen, et al. [21] conducted a study on the spatial
distribution of surface tidal currents in southwestern Taiwan based on HFR dataset using
the method of quasi harmonic analysis. They found that tidal currents were affected by
semi-diurnal and shallow tidal water constituents. Shallow water tidal constituents are
also highly significant off west coast Ireland and are investigated herein. Many processes
can benefit from knowledge of the maximum currents in a region, these can be assessed
in a number of ways, such as probable maximum current velocity (PMCV) and measured
maximum current velocity (MMCYV). These currents are particularly relevant to offshore
engineering projects, such as the Green Atlantic Project. In this research, remote sensing
HFR was used to determine the surface circulation of a proposed large offshore floating
wind farm site. Surface currents measured using HFR network during the period Decem-
ber 2015 to December 2016 were analyzed. In order to study the spatiotemporal distribu-
tion characteristics and variations of ocean current flows off the western coast of Ireland,
we have looked at seasonal variations, significance of wind impacts, tidal ellipses, rota-
tional spectral analysis and maximum current analysis. This is important research as it
provides new insights into a region of huge societal potential at early stages of sustainable
economic exploitation; when this installation is completed, 1400MW power will be gener-
ated from hundreds of floating wind turbines. This electricity will be used to power the
national grid through the development of the largest synchronous compensator in the
world.

The structure of this paper is as follows. Section 2 presents methodologies, including
the study area, HFR system and tide. Results are presented in Section 3. Discussions and
main conclusions are given in Section 4.

2. Methodologies
2.1. Study area

Located on the northwest European Continental Shelf, the waters off the Irish west
coast span the transitional zone of oceanic to coastal waters, exhibiting characteristics of
both coastal and Atlantic behaviour. The width of the continental shelf (defined by the 200
m contour) approaches within 100 km of the coast in the region. In general, the seabed
slopes rapidly to 80-100 m within 20 km of the coast, from here the bathymetry plateaus
out to the shelf break. Thus shoaling is significant and shallow water tidal constituents
contribute to the hydrodynamics of the region. The Atlantic weather systems strongly in-
fluence the region; average wind speeds in January are in the order of 11m/s, and during
June the average is around 7 m/s [22]. Consequently, wind plays a significant role in de-
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termining residual currents circulation in the region [23,24]. The meteorological condi-
tions exert significant influence on magnitudes and directions of surface currents locally;
surface currents generally contain contributions from wind stress, whereas winter surface
currents may actually be dominated by wind forcing in the study area [25]. Oceano-
graphic data for west coast Ireland is sparse. McMahon et al. [22] described some oceano-
graphic features of the region. A major feature of Ireland's western continental shelf is a
thermohaline front, which separates Ireland's coastal waters from offshore waters.

This study focuses on analyses of sea surface currents observed by a HFR system
from a full continuous year’s data; the system covered an offshore area with maximum
meridional and latitudinal lengths of approximately 100 km and 90 km, (see Figure 1 (b)).
To ensure reliability and integrity of the dataset, sea surface currents monitored for more
than 80% of the observation period were considered monitoring high density points (in
total 162) (see Figure 1 (b)). This data selection criterion is the same as that used by Liu,
Zhou and Wen [6]. The maximum latitudinal length and meridional lengths of the high-
density monitoring area are approximately 40 km and 50 km, respectively. Figure 1 (b)
shows that the majority of the high-density points are distributed in the intersection area
between two HFR stations.

Observational datasets include: surface currents obtained from the HFR system and
tidal water elevations from a tidal gauge close to study area. Detailed descriptions of each
dataset are presented below.
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Fig. 1 Study area and data area. (a) location of study area; (b) HFR coverage area and radar sites.

2.2. HFR system

Despite the potential for economic development off the Irish west coast, little com-
mercial exploitation has taken place. Large oil and gas deposits are known to exist on the
continental shelf. The region is rich in sea life and has large economic potential for fishing
and aquaculture. Studies undertaken in recent years have identified west coast Ireland as
being in one of the regions with the highest offshore wind and wave energy potentials in
the world [26]. In April 2021 the Irish National Electricity Supply Board (ESB) announced
detailed plans to immediately begin the development of a 1.4 GW offshore floating wind
farm in the region. This development, Green Atlantic, will include a major hydrogen pro-
duction facility to store excesswind energy. Post completion, Ireland will become an ex-
porter of clean energy and will benefit significantly in economics terms from this devel-
opment.

The study area is located on the west coast of Ireland (9.26°- 10.79° W, 52.33°-
53.26°N), as is shown for the Atlantic in Figure 1. It is located in the westerlies and ocean
current movements are affected by the North Atlantic Oscillation and low-pressure sys-
tem [27,28]. Figure 1 (b) shows that the bathymetry in the study area ranges from 0~ 140
m, and the isobaths nearshore are roughly parallel to the coastline. To the west of the

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

117

118

119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134



Remote Sens. 2023, 15, x FOR PEER REVIEW 4 of 20

study area, the water depth increases suddenly up to approximately 1000m deep ocean
waters. The region with depths of 80~100m consists of alternaitng ridges and troughs.
Ridges scattered in the northwest of the study area between 80m and 100m isobaths and
to the west of study area with 120m isobaths. This complex bathymetry with ridges,
troughs, and basins leads to rapid changes in water depth in the study area. Figure 1(b)
also shows the deployment location of HFR stations (R1- R4) and their area of coverage.

HER is a shore-based sea state monitoring system. Compared with traditional current
measuring instruments, it has several advantages: high spatial and temporal resolution,
wide area of coverage and it is on all-weather system. HFR senses fields ofsea surface
currents, waves and sea surface winds using Bragg scattering and Doppler frequency shift
effect produced by the interactions between high frequency radio waves and the sea sur-
face[27,29].

The University of Galway deployed two Seasonde HFR stations on Galway Bay in
2011. The four observation stations were connected at the end of 2014, monitoring param-
eters within approximately 200km of the west coast of Ireland. Characteristics of the radar
stations are presented in Table 1. Surface currents monitored by the HFR system over a
complete year (December 2015 to December 2016) were selected for this research. Herein,
the authors focused on analyzing spatial and temporal characteristics of the surface flow
fields with high coverage density.

Inter-comparison between surface currents observed by HFR and ADCP at Galway
Bay had been undertaken by O’'Donncha, ef al. [30]. The accuracy of HFR data, with root
mean squared error (RMSE) by 10-12 cm/s, was comparable to datasets in other coastal
areas, such as surface currents at the southeast of China and currents on Monterey Bay
located on the west coast of the USA[6,31].

Table 1. Summary of CODAR HFR system parameters.

Station Operating Transmitted Spatial res- Temporal Data averaging
frequency bandwidth olution resolution period (minutes)
(MHz) (KHz) (km) (minutes)
R1 26.425 499.88 0.3 60 94
R2 24.64 499.88 0.3 60 94
R3 13.5 49.63 3 60 75
R4 13.5 49.63 3 60 75

2.3. Tidal current analysis
2.3.1 Tidal current patterns

To investigate tidal hydrodynamics, the major semi-diurnal constituents (M2, S2, and
N2), major diurnal constituents (K1 and O1) and shallow water constituents (M4, M6, 54
and MS4) are considered in this study.. The major and minor axes of tidal ellipses are
determined by the tidal current harmonic constant, and the major axis points in the direc-
tion of the maximum velocity of the tidal constituents [32].

A coefficient F is used to describe characteristics of tidal ellipses and tidal currents.
Tidal current patterns were assessed using [33]:

_ WortWxi
F= W (1)

where Wy;, Wy, and Wy, are the lengths of the semi-major axes of the tidal ellipses of O1,
K1 and M2, respectively.

When F < 0.5 the area is mainly affected by regular semi diurnal tidal currents; when
0.5 < F £2 the area is mainly affected by irregular semi diurnal tidal currents; when 2 <F
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<4 the area is mainly affected by irregular diurnal tides; and when F > 4 the area is affected 175

by regular diurnal tides [33]. 176
Rotational characteristics of tidal currents can be expressed by the rotation rate R [33]: 177
178
M.
R M @)
M,

where M; is the magnitude of the short axis of its tidal ellipse, and M, is the magnitude 179
of the major axis of the tidal ellipse. 180

When the absolute value of the rotation rate R is greater than 0.25 the tidal current 181
has strong rotational flows; when the absolute value of R is less than 0.25, it indicates that = 182
the tidal current is characteristic of reciprocating flows. The positive or negative value of 183
R indicates direction of tidal ellipse rotation. When R value is positive, the tidal ellipse 184
moves counterclockwise; when R value is negative, the tidal ellipse moves clockwise [33]. 185

To explore spatial characteristics of tidal currents firstly, surface current data were 186
spatially averaged at each monitoring time [21]. Secondly, harmonic analysis of surface 187
currents was carried out using the t-tide package in Matlab. 188

2.3.2 Rotary spectral analysis 189

The Coriolis force is important force to include when analysing ocean currents. Tra- 190
ditional analysis splits an ocean current vector into zonal (u) and meridional components 191
(v). Power spectra of both zonal and meridional components are computed respectively; 192
the direction of ocean current motion is determined from both components. However, 193
traditional methods cannot reflect the action of the Coriolis force, or the influence of the 194
earth's rotation on sea water while analysing the movement of sea surface currents [34- 195
36]. 196

In order to study frequency characteristics of ocean current movements, the methods 197
of spectrum analysis are used in characterizing features of different high frequency de- 198
pendent data. Rotary spectra, which consider movement of ocean currents as a function 199
of u(t) and v(t) and reflect effect of rotation, have been widely used to analyze the charac- 200
teristics of currents movements[37,38]. The rotary spectral analysis method is an effective 201
way to determine the strength of different periodic signals in ocean currents motion, and 202

may be used to determine the significance of each tidal constituent. 203
Here, the rotary spectral analysis method is used to analyze ocean current en- 204
ergy[37,39,40]. Firstly we define current vectors in complex form as [39]: 205
w(t)=u(t)+i*v(t) 3)
The counterclockwise rotation energy spectrum is defined as: 206
5.(H)=Syu (D+Syy (D+2Im[Syy(f)] (4)
The clockwise rotation energy spectrum is defined as: 207
S.(£)=Suu(H)+Syv(f)-2Im[Syy(f)] (5)
The total energy spectrum S is given by: 208
S=S.(H)+S.(f) (6)
oty f etaw(p @
2nt ).,
2
S (=g B dzv((ff)) | ®
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1 1dW(H)I?
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where S, (f) and S.(¥) indicates counterclockwise and clockwise rotary spectral respec- 209
tively; w(t) indicates the motion of current vector with time, u(%) represents the motion 210
process of the east component of the surface current vector, v(¢) indicates the motion 211
process of northern component of the surface current vector, Sy;(f) and Sy (/) represent 212
the auto spectra of u(t)and v(%), respectively. Syy(f) indicates the cross spectrum of 213
u(t) and v(t), Imindicates imaginary part of variable, W(f)represents the Fourier-Stepian 214
transformation of w(%), Erepresents expectation, the increment dW(¥) represents the com- 215
plex amplitude associated with the differential of the circular frequency (f) [34-36]. 216

The rotary spectral method categorizes the total density spectrum into a clockwise 217
spectrum and a counterclockwise spectrum. The difference spectrum, computed by dif- 218
ferentiating the clockwise spectrum with the counterclockwise spectrum, can be used as 219
an important index to evaluate patterns of ocean flow vectors. If the value of the difference 220
spectrum is 0, it indicates absolute reciprocating motion of the current on a line segment 221
and the rotation coefficient of the current vector is 0 [34-36]. The absolute value of the 222
rotation rate is the ratio of the differential spectral energy density to the total spectral en- 223
ergy density. If the rotation rate of the current vectors is 1, then the current vector is in 224
complete rotational motion [35]. 225

In this research, the hourly surface current data over the year 2016 obtained from 226
HFR observation system were analyzed as follows. Firstly, since few gaps exist among the = 227
observations, missing data for observational points with high coverage density were filled 228
using linear interpolation, a commonly used approach in data filling. Secondly, surface 229
currents were averaged in space. Thirdly, the spatially-averaged surface current dataset 230
was used for rotary spectral analysis. 231

2.3.3. Effects of bathymetry variation on currents 232

Marine bathymetry influences shallow water constituents of tidal currents. The coef- 233
ficient of shallow tidal water constituent, G, is used to describe effects of bathymetry in 234
tidal wave propagation and the movements of tidal currents; ,G is calculated as follows 235
[33]: 236

_ WniatWiiss (10)

G
Wiz

where W), is the major axis of the M4 tidal ellipse, Wjs, is the major axis of MS4 tidal 237
ellipse, and W), is the major axis of the M2 tidal ellipse. 238

G describes the influence of bathymetry on the propagation of a tidal wave. When G = 239
is greater than 0.04 the effect of the shallow tidal water constituent is considered signifi- 240
cant. The higher the value of G, the more significant the effect of coefficient of shallow 241
tidal water constituents [33]. 242

2.4. Maximum ocean currents 243

In order to study the main driving force of surface current movement at some partic- 244
ular time, the time of maximum ocean current was selected. PMCV and MMCYV are widely 245
used in the field of marine engineering, the comparison between PMCV and MMCV is 246
often used to study whether wind or tidal forces dominate the movements of ocean cur- 247
rents at the time of the maximum current speeds. PMCV is an estimated vectors of the 248
maximum current speeds based on the outcome of harmonic tidal analysis. MMCV is a 249
measured vector of the maximum current speeds, in this case based on HFR observations. = 250
MMCYV represents extreme current speed at each spatial point during the analysis period 251
[33]. Values of PMCV can be obtained from: 252

PMCV = 1.29 x Wy, + 1.23 x Wg, + Wy + Wi (11)
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where W, Wsp W, Wiy represent the semi-major axis vectors of tidal ellipses of M2,
52, 01, K1, respectively.

3. Results
3.1. Mean surface flow fields

To explore the general spatial distribution characteristics of sea surface flow fields in
the study area at a seasonal scale, HFR surface currents were averaged at each observation
point over a whole year and four seasons separately. Figure 2(a)-(d) show the mean vector
maps in spring, summer, autumn and winter, respectively. Figure 2(e) shows the mean
surface vector fields over the full analysis year.

Figure 2 shows that flow directions and magnitudes of mean surface vectors are sig-
nificantly different across the four seasons. Flow directions of mean surface vectors are
predominantly northern or western. In spring, the distribution of the mean surface flow
field is quite disparate, dominant flow directions are northwestern and western (see Fig-
ure 2(a)). However, flow directions of mean surface vectors in summer, autumn, winter
and the whole analysis year are more consistent and are mainly northeast and northwest.
In summer, the mean surface flows had northwestern directions only near the north of the
study area due to the blocking of the islands (see Figure 2(b)). In autumn, the flow trend
of mean surface flow field is mainly northwest. Northeastern flow trend only occurred at
few points close to the West Atlantic Ocean. Figure 2(d) shows that mean surface flows in
winter dominantly had a northeastern flow trend. Only in the northern part of the obser-
vation area a northwest flow exists due to the blocking of the northern islands. Figure 2(e)
shows that northward flow is the dominant trend of annual mean surface flow fields. The
annual mean surface flow field presents a northward flow in the southern part of study
area, while northwestern flow trend exists in the northern part. This difference may result
from due to the blocking effect of the northern islands (Aran Islands).
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Fig. 2 Mean surface vector fields. (a)~(d) are mean surface flow fields in spring, summer, autumn,
and winter, respectively; (e) is mean surface flow fields during the analysis period (year 2016).

To further analyze characteristics of mean flow fields at a seasonal scale, the maxi-
mum, minimum and mean values in space are computed; these are presented in Table 3.
Table 3 shows that the maximum and minimum values of the time averaged surface cur-
rent velocity occur in autumn and spring; they are 15.27 cm/s and 0.28 cm/s respectively.
The maximum current speed of autumn is approximately twice that of spring. The mean
current speed of winter is considerably greater than that of the other seasons; it is nearly
twice the annual average speed. The mean value of averaged surface velocity for the full
year is less than the values during summer, autumn and winter.

Table 3. Statistics of temporally averaged surface current speeds (cm/s)

Statistics  Spring Summer Autumn Winter Full
Year
Maximum  7.07 9.00 15.27 13.56  10.58
Minimum  0.28 2.78 243 5.54 2.92
Mean 3.07 6.01 7.62 9.26 5.54

3.2. Tidal elevation analysis

Tidal water levels from the nearest tidal gauge (Galway port, as is shown in Figure
1(b)) were used for harmonic analysis using MATLAB’s t-tide package [41]. Based on the
original HFR current data, 67 tidal constituents (with 95% confident interval) were ex-
tracted using the method proposed by Halverson and Pawlowicz [42]. Note that only
those tidal constituents with signal to noise ratio (SNR) are greater than 2 are considered
significant and quantified in this study. The diurnal tidal constituents (K1, O1, P1, Q1),
semidiurnal tidal constituents (M2, N2, S2, K2) and shallow tidal water constituents (M4,
MS4, M6) are presented in Table 4.

Table 4 shows that M2 and K1 constituents have the maximum amplitudes of the
semidiurnal and diurnal constituents respectively. The M2 amplitude is approximately 3
times greater than the 52 constituent, 5 times greater than the N2 constituent and 10 times
greater than the K2 constituent. The amplitude of the K1 tidal constituent is approximately
2 times greater than the O1 constituent, and 5 times greater than the Q1 constituent. The
averaged amplitudes of the semi-diurnal constituents are approximately 11 times greater
than the diurnal constituents and 25 times greater than the shallow tidal water constitu-
ents. The values of the amplitudes of different shallow tidal water constituents are similar,
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while the amplitudes of diurnal tidal constituents and semi-diurnal tidal constituents are 307

significantly different. 308
Table 4. Amplitudes and phases of tidal water elevation (December 2015 to December 2016) 309
Tidal Amplitude Phase
constituent (zm) ®) SNR
M2 150.28 125.81 480000.00
52 54.64 158.05 67000.00
N2 30.87 105.16 25000.00
K2 15.56 156.73 3000.00
K1 10.79 62.82 750.00
01 7.16 316.71 200.00
M4 3.72 329.77 770.00
P1 3.65 50.61 99.00
MS4 3.19 47.98 580.00
Mo 3.11 350.11 120.00
Q1 222 265.40 18.00
310
3.3. Characteristics and patterns of tidal currents 311

Based on the spatially-averaged sea surface current data, the value of the coefficient 312
F calculated, Equation (1), is 0.3009; this indicates that the tidal currents exhibit strong 313
semi diurnal characteristics. To further study characteristics of tidal currents, harmonic, 314
spectral and tidal ellipses analyses on HFR data were performed and presented in follow- 315
ing sections. 316

3.3.1. Harmonic analysis on spatially-averaged surface currents 317

The dominant astronomical and shallow water tidal constituents are presented in de- 318
scending order of amplitude in Table 5. Meteorological tidal constituents SA (solar annual 319
constituent) and SSA (solar semiannual constituent) are determined by solar radiationand 320
other meteorological factors on an annual scale [43]. Since the length of the surface current 321
data analyzed in this research is only one year, it is not possible to undertake an effective 322
analysis of the characteristics of these constituents. Thus, meteorological tidal constituents 323
were not included in this study. 324

Table 5 shows that amplitude of the M2 tidal constituent is approximately three times 325
andfour times greater than of the 52 and N2 constituents respectively. The amplitude of 326
the K1 tidal constituent is approximately equal to the S1 and P1 constituents, and about 327
twice as large as the O1 constituent. The average amplitudes of semi-diurnal tides are 328
approximately three times that of diurnal tidal constituents, and 16 times that of shallow 329
tidal water constituents. The values of the amplitudes of different shallow tidal water con- 330
stituents are similar to each other, while the amplitudes of diurnal tidal constituents and 331
semi-diurnal constituents are significantly different from each other. Thus the energy of 332
the semi-diurnal signals is dominant in the study area compared with other periodic sig- 333
nals. The value of F here is 0.30 (<0.50), indicating that the tidal surface currents had sig- 334
nificant contributions from semidiurnal constituents which is consistent with above. 335

In addition, Table 5 shows that ocean current movement is significantly affected by 336
the semidiurnal tidal constituents, including M2, 52 and N2; M2 plays a major role. To 337
investigate rotational characteristics of tidal currents, dominant constituents M2 and S2 338
are selected to calculate rotation rate using, Equation (2). The results show that the rota- 339
tion rates (R) of M2 and S2 are 0.56 and 0.32 respectively. The absolute value of rotation 340
rates are greater than 0.25, and also their rotation rates are positive; this indicates that the 341



Remote Sens. 2023, 15, x FOR PEER REVIEW 10 of 20

tidal ellipses of M2 and S2 exhibit rotational flow, and their direction of rotation is pre-
dominantly counterclockwise. Additionally, results indicate that the rotationality of the
M2 tidal ellipse is more significant than that of the S2 tidal ellipse.

Table 5. Summary of harmonic analysis for spatially-averaged surface currents (December 2015 to December 2016)

Tidal Amplitude Phase Period

constituent (cm/s) ®) (hour)
M2 9.5661 264.29 12.42

52 3.8180 116.11 12.00
N2 2.3696 55.89 12.66
K2 0.8610 128.53 11.97

K1 1.8667 171.11 23.93

S1 1.4701 33.25 24.00

P1 1.4384 126.26 24.07

01 0.7627 225.74 25.82
M4 0.3683 326.92 6.21
MS4 0.3332 197.86 6.10
M6 0.2629 242.66 4.14

3.3.2 Rotary Spectral Analysis

To further hydrodynamics in the study area, rotational spectral analysis was con-
ducted on spatially averaged surface tidal currents, see Figure 3. Nowhere in the study
area did flows exhibit absolute rotational flows. Figure 3(a-b) shows clockwise spectra and
counter clockwise spectra of currents and Figure 3(c) shows the total spectrum of cur-
rents.

The magnitude of the rotary spectrum is significant in the frequency range 0.03 cph
to 0.1 cph; thus rotary spectra in the range 0.03 cph to 0.1 cph is chosen for further analysis,
Figure 3(b). Through rotary spectral analysis dominant tidal constituents are chosen to
describe variation characteristic of tidal currents. From analysis of the spectra in Figure
3(b), it can be shown that this counterclockwise spectrum of surface currents accounts for
52% (the counterclockwise spectrum at all frequencies/ the total spectrum at all frequen-
cies) of the total spectral energy density; while the clockwise spectrum accounts for the
other 48% (the clockwise spectrum at all frequencies/ the total spectrum at all frequencies).
45% of the frequency of the difference spectrum has behaves as a counterclockwise spec-
trum and 55% of the frequency behaves as a clockwise spectrum. The counterclockwise
spectrum accounts for more of the total spectral energy density and less of the of the dif-
ference spectrum, this indicates that the counterclockwise density spectrum is dominant
in the total energy density spectrum. However, the frequency distribution of the counter-
clockwise density spectrum is relatively concentrated; the spectrum peaks are concen-
trated in a relatively narrow frequency range, while the clockwise density spectrum is
dispersed over a broader frequency range. The energy density of the clockwise spectrum
is higher than that of the counterclockwise spectrum in most frequencies. The energy den-
sity of the semidiurnal tidal constituents, dominated by M2 and S2, accounts for 16% of
the total spectral energy. The counterclockwise energy density of the frequency corre-
sponding to the M2 tidal constituent accounts for 13%. In combination with analysis of
Figure 3(c), counterclockwise energy spectrum of semidiurnal constituents, especially M2,
contributes the most to the total energy spectrum. Spectral energy presents a cusp around
0.067 cph (cycle per hour) in Figure 3, which corresponds to the period of inertial flow in
study area.
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Fig. 3 Clockwise and counter clockwise rotational power spectra (December 2015 to December 2016).
(a) entire spectrua; (b) spectra in frequency range of interest; (c) total rotational power spectrum.

Analysis of tidal patterns and rotary spectra indicates that the pattern of tidal cur-
rents in the study area is mainly driven by semi-diurnal tidal forcing. The range of low
frequency corresponds to the period of one year, half a year and several months. The spec-
tral peak density may be affected by wind stress, showing strong monthly and seasonal
characteristics.

3.3.3. Spatiotemporal rotation of surface currents

To further investigate the characteristics of tidal currents movement, the spatial dis-
tribution of tidal ellipses is analyzed as shown in Figure 4. Based on the harmonic analysis
of the HFR surface currents and tidal water elevations at Galway port, M2 and S2 (astro-
nomical constituents) tidal ellipses are shown in Figure 4. According to the rotary spectral
analysis, the energy density of M2 tidal constituent accounts for the highest proportion of
all constituents. In the high-density coverage area, the major and minor axes of the M2
tidal ellipses are generally larger than those of the 52 tidal constituent. The average lengths
of major and minor axes of M2 tidal ellipses are 9.51 cm/s and 4.47 cm/s, respectively; the
average lengths of major and minor axes of S2 tidal ellipses are 3.70 cm/s and 1.14 cm/s,
respectively. The mean lengths of the major and minor axes for M2 tidal ellipses are ap-
proximately 3 to 4 times greater than those of S2 tidal ellipses. This indicates that the effect
of the M2 constituent on tidal currents was more significant than that of the 52 constituent.
For the semidiurnal tidal signals, M2 and S2, most of the current ellipses mainly exhibit
counterclockwise flow, only one tidal ellipse of M2 is in a clockwise direction; this ellipse
is located in the southeast region of the study area. The tidal ellipses of the 52 constituent
exhibit counterclockwise flow over the entire study area.
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Fig. 4 Tidal ellipses for (a) M2 constituent and (b) S2 constituent (CW means clock wise, CCW means
counter clockwise). Note. Scales are different in Figures 4(a) and 4(b).

M2 and S2 tidal ellipses mainly exhibit rotating flow, the rotation of M2 ellipses are
more pronounced than those of 52 ellipses. As shown in Figure 4(a), the M2 tidal ellipses
in the northwest of the study area tend to rotate flow whereas the tidal ellipses in the
southeast of study area, exhibit reciprocating flow tendency. The spatial distribution char-
acteristics of tidal ellipses of both 52 and M2 are similar. They show the characteristics of
rotating flow in the northwest of the study area, and more reciprocating flow characteris-
tics in the southeast direction due to topographic steering. Although S2 ellipses generally
exhibit rotating flow, the rotational characteristics are not as pronounced as the M2 ellip-
ses. Considering the two dominant tidal ellipses, their flow strucutres are influenced by
both coastal topography and submarine bathymetry. The tidal ellipses in the north-west
of the study area exhibit rotational flow tendencies since they are less affected by the is-
lands; while the tidal ellipses in the east of the study area are inclined to show reciprocat-
ing trends because they are more affected by coastal topography.

However, the tidal ellipses in the south of the study area show that reciprocating flow
characteristics are not related to distance from the coast. This is due to the block of coastal
topography in the movements of sea surface currents. The reciprocating flows are due to
both coastal topography and submarine bathymetry. Sea surface currents in the area of
seabed ridges tend to show reciprocating characteristics while the currents in the area of
seabed slopes show rotational characteristics; this explains why currents in the north of
the study show rotational characteristics despite proximity to the islands and explains
why sea surface currents in the south show reciprocating characteristics in the area of
seabed ridges regardless of distance from the coast.

In the middle of the study area, bathymetry slope changes slowly compared with the
northern and southern part of the study area. Offshore tidal ellipses (west of the study
area) exhibit reciprocating flow tendencies while tidal ellipses close to shore (east of the
study area) exhibit rotating flow tendencies. However, tidal ellipses exhibit reciprocating
flow tendencies in the northern and southern part of study area because of energy prop-
agating caused by significant bathymetric slope changes41./., m

A clockwise spectrum represents energy propagating from top to bottom; and an an-
ticlockwise spectrum represents energy propagating from bottom to top[11,37,44]. Surface
current tidal ellipses are affected by variations in submarine bathymetry because these
variaitons influence vertical energy propagation, a factor which controls movements of
tidal ellipses.

The shallow tidal water constituent is a kind of tidal constituent caused by abrupt
change in water depth when a tidal wave propagates from deep sea to shallow water. The
shallow tidal water constituent coefficient based on M4, MS4 and M2 tidal constituents
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can be used to characterize the influence of how the marine topography in an area affects
propagation of a tidal wave. Comparison between water depths and the distribution of
the coefficients of shallow tidal water constituents at high density points (see Figure 5)
shows that areas with small coefficient of shallow tidal water constituents correspond to
seabed areas with shallow slopes. Conversely, areas with large coefficient of shallow tidal
water constituents are mainly located in areas with significant bathymetric changes. Iso-
lines of the coefficients of shallow tidal water constituents are not parallel to the coastline
or adjacent isobaths as basin bathymetry has characteristics of isolated aggregation in
these areas. This indicates that there is an abrupt change in water depth at points with
high coefficient of shallow tidal water constituents in the south of study area. Two other
areas of abrupt change in bathymetry occur in the middle and south of the study area,
they are between 60m and 80m isobaths (see Figure 5(a)).

depth(m)

0.08

iy 15 b

(a) (b)

Fig. 5 Comparison between (a) spatial distribution of the coefficient of shallow tidal water constitu-
ents (G) and (b) contours of water depth.

The coefficients of shallow tidal water constituent, in this study area are in the order
of 0.08 (>0.04), this suggests that the shallow tidal water constituent effect is significant.
This is important as it illustrates that, hydrodynamically, this region is in the transition
between deep sea and shallower coastal waters and is influenced by this feature. Further,
there are a few areas, such as in the south of the study area, with large shallow tidal water
constituent coefficients where values are greater than 0.10. These values occur in areas
where marine bathymetry was varying more abruptly.

3.4. Characteristics of maximum surface currents maxima

In order to provide useful information for coastal engineering operations and to fur-
ther study the mechanisms of surface current movements, the maximum surface current
velocities, both PMVC and MMCV, were computed using Equation (11); summary results
are presented in Figure 6.
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(a)

(b)
Fig. 6 Comparison between (a) PMCV and (b) MMCV.

Figure 6 shows range and distribution of PMCVs and MMCVs throughout the study
area. The ranges of PMCVs and MMCVs are 7 cm/s to 13 cm/s and 60 cm/s to 130 cm/s,
respectively; very large differences exists between the 2 velocity fields. Large values of
PMCYV prevail in the south and north of the region, while large values of MMCV prevail
in the center of the region. The spatial distribution of PMCVs does not agree well with
that of MMCVs, primarily due to wind influences. To investigate effects of wind on
MMCVs, statistics of spatially annually averaged ECMWEF wind speeds, maximum, min-
imum and mean values, are presented in Table 6.

Table 6 shows that the maximum annual wind speed occurs in winter by 21.96m/s.
Average wind speeds are the highest (9.03m/s) and least (6.38m/s) in winter and summer
respectively. At times of maximum wind speeds, more energy is transferred from to the
top surface layer of the water column; surface current speeds are highly influenced by
strong winds [45]. Wind stresses cause the large differences between PMCV and MMCV..
PMCVs are based on the computation of tidal constituents alone and only reflect tidally
driven currents; however, in this region strong prevailing winds significantly increase
speeds of surface currents. PMCVs do not correlate well with MMCVs in the study area;
our analysis has shown that PMCVs should not be used for estimating maximum surface
currents in the region, doing so will result in grossly under-estimated velocities.

Table 6. Statistics of wind speeds

Variable Statistics

Full

Spring Summer Autumn Winter Year

Wind Speed Maximum  21.31 14.28 18.26 21.96 21.96

(m/s) Average

6.64 6.38 7.21 9.03 7.28

Minimum 0.14 0.13 0.03 0.42 0.03

The above approach presents a most useful methodology to determine significant
characteristics of complex oceanographic features. This is the first time these techniques
have been applied to a highly wind dominated environment.

4. Discussion

As expected, tidal currents in the study area are shown to be dominated by semi-
diurnal constituents especially M2 and S2 tidal constituents. Shallow water tidal constit-
uents are generated by abrupt changes in in bathymetry. These constituents give rise to a
complex hydrodynamics regime, including changes to slopes of tidal ellipses.

Previously, studies on mechanics of current movements have been undertaken using
spectral analysis. Li, et al. [46]studied the characteristics of tidal currents in the northern
South China Sea using rotational spectral analysis and found the power spectral density
is stronger at the diurnal frequency band than at the semidiurnal frequency band. How-
ever, the tidal currents in this study are dominated by semidiurnal tides. Li ef al. [46] stud-
ied the characteristics of tidal force over depth, they found that the clockwise spectrum
was stronger than the counterclockwise spectrum, and that the counterclockwise spec-
trum dominated the spectral power density of total rotary spectral. Rotary spectral anal-
ysis on HFR surface currents in our study area indicates that the counterclockwise spec-
trum dominated current movements. Yang, ef al. [47]found that tidal ellipses around
Tangshan International Tourism Island exhibited reciprocating characteristics, whereas
tidal ellipses exhibited rotational characteristics in our study area. Additionally, Ren et al.
[45] studied residual current circulation and its response mechanism to wind at a seasonal
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scale for the same area; this study mainly focused on characterizing patterns of tidal cur- 508
rents. Detailed analysis herein of mean surface flow fields, spatially-averaged surface cur- 509
rents and maximum surface currents provide a new perspective when assessing ocean 510
currents. 511

Shen et al. [33] found that the PMCV was in accordance with the MMCV around the 512
Zhoushan Islands; PMCVs and MMCVs exhibit very significant differecne in our study 513
area; wind is one of the main driving forces of surface currents at the time of MMCV rather 514
than tidal forcing alone. Becasue only a one-year dataset was used for analysis in this re- 515
search, effects of SA and SSA constituents were not considered in detail. Further, differ- 516
ences between PMCVs and MMCVs may also be because the movements of currents at 517
the time of maximum current are mainly driven by meteorologically variable wind rather 518
than tidal force. Thus, in this area it is important not to use the PMCV method when esti- 519
mating maximum currents. In locations where strong prevailing winds exist, it is very 520
important that MMCVs are determined and PMCVs should not be relied upon to provide 521
estimates of maximum surface currents. 522

5. Conclusions 523

Surface currents obtained from HFR system were used to study characteristics of 524
tidal and non-tidal currents of west coast of Ireland island in this research using a rigorous 525
methodology. Characteristics and patterns of tidal currents were analyzed and discussed 526
above. The main conclusions from our research are as follows: 527

(1) The direction of temporally-averaged flow in the four seasons and over the whole 528
year in the study area shows significant northly flow. Flow direction of currents in spring 529
and autumn is primarily westerly, the temporally averaged currents in the other three 530
seasons and the whole year show that flow directions are strongly related to wind direc- 531
tion. The surface currents are affected not only by te wind stress, but also steered by ba- 532
thymetry and topography. 533

(2) Surface flow fields in the study area are mainly affected by the tidal dynamics of 534
M2 constituent, showing significant regular semidiurnal tide characteristics. The tidal el- 535
lipses mainly exhibit rotating flow patterns. 536

(3) Shallow water tidal constituents are significantly influenced by changes in ba- 537
thymetry. Values of the coefficient of shallow tidal water constituents are relatively large 538
in areas with abrupt change of bathymetry. 539

(4) During times of maximum wind speeds, MMCVs are dominated by wind stress, 540
whereas PMCVs are only affected by tidal dynamics. Spatial distributions of differences 541
between MMCVs and PMCVs are very significant. Distributions of PMCVs and MMCVs 542
are not spatially well-correlated throughout the study area. This is because wind is the 543
main driving force of surface currents at the time of MMCV. It is very important thatin 544
locations where strong winds prevail that surface maxima are estimated using MMCV 545
rather than PMCV. 546

AForecasting of surface currents in the study area is going to be carried out in further 547
study using alternative methods such as machine learning methods. Through the analysis 548
of surface currents in the study area, the significant driven factors of the currents will be 549
chosen as inputs to develop prediction models. New information and approach have been 550
presented in this paper that will be significant for the commercial exploitation of marine 551
assets of the west coast of Ireland; also, tracking pollutant slick, such as oil spills, will 552
require highly accurate esitmates of surface currents. More ocean current data at depth 553
which are not available during this study should be measured and used in the analysis of 554
the vertical structure of currents in this hydrodynamically complex region. 555
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