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Abstract: Characteristics of residual currents is an indicator for net transport of sediment, nutrients
and pollutants, and the dilution and diffusion of soluble substances in coastal areas, yet their driving
mechanisms remain poorly understood. Here, we studied the characteristics of surface residual cur-
rents along the west coast of Ireland Island and its response mechanism to wind at a seasonal scale,
based on the continuous observation data of high frequency radar (HFR) for one year. Our analyses
indicate that wind has significant effects on generating surface residual currents, with correlation
coefficients of 0.6 - 0.8 between wind speeds and residual current speeds at both annual and sea-
sonal scales. However, correlation between the direction of residual currents and the wind direction
was not as significant as speeds, likely because the direction of residual currents was not only af-
fected by sea surface wind, but also by land boundary conditions in research area. Moreover, the
residual currents had a significant eastward flow trend identical to the wind direction at the maxi-
mum wind speed time, during which the effect of tide on residual currents was relatively weak.
Additionally, comparison among wind fields, HFR surface flow fields and surface residual current
fields reveals that wind is the dominant driver of the variation of surface flow fields and residual
flow fields. These findings shed light on coastal ecological and environmental management, and
can assist prevention and mitigation of marine disasters, by providing helpful information for im-
proving the ability and accuracy of forecasting coastal currents.

Keywords: High Frequency Radar, residual currents, wind speed, surface flow field, seasonal scale

1. Introduction

To meet economic development needs, human beings use marine space to carry out
a series of construction, such as offshore airport, offshore sightseeing platform, offshore
construction platform, island reef construction and so on [1]. These offshore engineering
and structures not only meet their own design functions, but also bear various complex
and severe ocean loads including ocean currents. The stability of marine engineering and
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structures under the action of ocean currents is a complex dynamic response process. In-
vestigation into the driving mechanism of ocean currents is not only an important scien-
tific issue, but also a key practical issue to be solved in marine disaster prevention and
mitigation.

Ocean currents are one of the most important parameters to describe the movement
of sea water. Except for periodical tidal currents, others can be classified as residual cur-
rents. Residual currents refer to the remaining part of the total ocean currents after de-
ducting periodic currents. Different from the periodic tidal currents, movement of resid-
ual currents is unidirectional. Thus, residual currents can move for a long distance along
a certain direction [3]. Although magnitude of residual currents is not large, they are di-
rectly relative to the direction of sediment movement, net transport of nutrients and pol-
lutants, the dilution and diffusion of soluble substances [4]. Analysis on residual currents
is also an effective method to study coastal sediment movement and environmental pro-
tection engineering [5]. By analyzing the response of residual currents to wind in the study
area, the diffusion of industrial wastewater, domestic wastewater and ship oil spill in sea-
water can be prevented and reasonably treated [6].

Studies have adopted different methods to analyze residual currents, depending on
the abundance of data sources, for instance, the veering angles of wind-driven currents
within the surface layer range from 0° to 45° to the right of the wind direction (northern
hemisphere), and its magnitudes are 2-3% of the wind speed. So a wind map was intro-
duced to present the fractional variance of surface currents by Kim, et al. [7]. Moreover,
the transfer functions in summer and winter are presented, which is used to examine the
seasonal variation in ocean surface currents response to the wind. Because eddy-topogra-
phy interactions (topographic stress) are difficult to resolved with numerical models, a
parameterization had been proposed by Holloway [8] based on the statistical mechanical
equilibria tendencies (Neptune effect). Most of the studies mentioned above focus on long-
term behavior of ocean currents, which were based on monthly or even seasonal mean
data. By contrast, Callies, ef al. [9] used daily meteorological data and currents data for
principal component analysis to assess changes in the North Sea circulation.

Residual currents can be affected by many factors, including topography, wind field,
runoff, non-linear factors of inshore tidal wave, uneven seawater density, sea surface tilt
and other factors [10,11]. Previous studies found that residual currents circulation dy-
namic process is significantly affected by sea-air coupling [12]. Wind transfers energy into
the ocean through multi-scale ocean motion, which is the main source of mechanical en-
ergy driving mixing in oceans [13]. Due to the consumption of momentum by viscous
forces in sea water movement, wind has the greatest influence on surface currents, and
weakens with the increase of water depth. Since the wind acts directly on the upper layers
of the water column, residual currents generated by the wind are predominated surface
processes. However, whether and how residual currents correlate with winds remains
poorly understood.

In this study, we investigated the characteristics of surface residual currents along
the west coast of Ireland Island and its response mechanism to wind at a seasonal scale,
based on the continuous observation data of high frequency radar (HEF). HFR has been
widely used to monitor surface currents for coastal areas around the world [15]. Specifi-
cally, we used currents data based on HFR and Butterworth filters to obtain residual sur-
face currents, and subsequently variations in residual currents. We combined such data
with the wind field data to analyze the driving effect of wind on residual current at a
seasonal scale, as winds in the study area are relatively large and have significant seasonal
characteristics [14].

The outline of this paper is as follows. Section 2 gives a brief description of the meth-
odologies used in this study, HFR system, atmospheric data and computation of residual
surface currents. Section 3 presents results of residual surface currents to wind and the
influence of wind on residual currents, followed by discussion in Section 4. Section 5 pre-
sents main conclusions.
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2. Methodologies 9

2.1. Study area 100

The study area is located on the west coast of Ireland island, as shown in Figure 1. 101
This area prevails westerly winds and ocean currents movements are strongly affected by 102
the North Atlantic Oscillation and frequent low pressure systems [16,17]. The bathymetry 103
in the study area ranges from 0 to 140 m, and the nearshore isobaths are roughly parallel 104
to the coastlines. Affected by Atlantic meteorological system, the averaged wind speed in 105
January and June is approximately 11 m/s and 7 m/s, respectively [18]. This Atlantic wind 106
condition has a significantly important impact on the size and direction of the local resid- 107
ual current in the region, and the surface residual current is controlled by wind forcing. 108
[Previous studies about hydrodynamic characteristics in this area are mainly based onnu- 109
merical modelling, rarely observations over a large domain with fine temporal and spatial 110
resolution were obtained and used. It is the first time that continuous observation of sur- 111

face currents was monitored and residual currents were extracted. | 112
Western Ireland is one of the regions with the high wind and wave energy in the 113
world. In April 2021, the Irish National Electricity Supply Board (ESB) announced a de- 114
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tailed plan to immediately start the development of 1.4 GW offshore floating wind farm 115
in this region, which will be one of the largest marine renewable energy projects in the 116
world. After completion, Ireland will become an exporter of clean energy. This will make 117
great social contributions to Ireland and Europe. Thus, study on hydrodynamics of this 118
area will be of great importance for the planning, construction and operation stages of this 119

project. 120
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Figure 1. Study area and HFR coverage. (a) location of study area; (b) HFR coverage area and radar sites. 122
(R1-R4 indicate the four HFR sites in the study area respectively) 123
124

Deployment location of HFR stations and its coverage area are shown in Figure 1(b). 125
This study focuses on the analysis of sea surface currents observed by HER system from 126
a year’s data, covering the offshore area with the maximum meridional and latitudinal 127
length of approximately 100 km and 90 km separately (see Figure 1 (b)). In order to ensure 128
reliability and integrity of the analyzed dataset, sea surface currents monitored for more 129
than 80% of the observation period are defined as high density points, in total 162 points 130
(see Figure 1 (b)). Surface currents at these pointed are selected for following analysis. The 131
maximum latitudinal length and meridional length of high-density monitoring area are 132
approximately 40 km and 50 km, respectively. Figure 1 (b) shows that majority of the high- 133
density points are distributed in the intersection area between two HFR stations. 134

Wind data from an atmospheric model provided by European Centre for Medium- 135
Range Weather Forecasts (ECMWEF, https://www.ecmwf.int/). Detailed descriptions of 136
each dataset are presented next. 137



Remote Sens. 2021, 13, x FOR PEER REVIEW 4 of 18

2.2. HFR system

HER is an advanced type of remote sensing observation equipment, which has the
advantages of large horizon, wide range and all-weather conditions [19]. HFR can extract
sea state information such as wind field, wave field and flow field from radar echo [20,21].
Take flow field for example. Its observation principle is based on Bragg scattering [22].
The electromagnetic wave with wavelength A emitted by HFR is incident on the ocean
surface and propagates along the ocean surface. When encountering the ocean surface
wave with wavelength A/2 and the propagation direction of wave towards or away from
HEFR, the backscattering is the strongest, which is called Bragg scattering [23]. According
to this principle, the echo spectrum can be obtained. The wave propagating towards radar
produces positive spectrum peak, while the wave propagating away from radar produces
negative spectrum peak [24]. This phenomenon is called Doppler frequency shift. In the
case of surface current, the echo spectrum will generate a small frequency shift on the
basis of the standard Doppler frequency shift. The radial currents velocity in the detection
area can be obtained by inversing the small frequency shift through the corresponding
relationship between the currents and the echo spectrum. The flow field data in the obser-
vation area can be obtained by superimposing the radial flow data measured by two or
more HFR stations [16,25,26].

Since Crombie discovered the Bragg scattering in 1955, the research of HFR has been
carried out rapidly based on it. After several research and development stages, it has been
widely used in ocean remote sensing observation [27]. At present, the retrieval algorithm
of currents velocity detected by HFR is relatively mature, which can obtain high-precision
long-time series currents data and is suitable for the analysis of marine dynamic processes
[28].

In this study, dataset was obtained from four HFR stations deployed by the National
University of Ireland, Galway. In 2011, the portable Seasonde HFR stations R1 and R2
produced by Costal Ocean Dynamics Application Radar (CODAR) company were de-
ployed. Their operating frequencies are 26.425 MHz and 24.64 MHz, respectively, and
their transmitted bandwidth is 499.88 KHz, range space is 0.3 km, velocity threshold is
150 cm/s, temporal resolution is 60 min and data averaging period is 94 min. The accuracy
of HFR data is obtained by comparing the sea surface flow observed by HFR monitoring
network of R1 and R2 stations with ADCP (Acoustic Doppler Current Profiler) data in the
same region. Value of root mean square error (RMSE) is 10-12 cm/s, which proves the
reliability of HFR observation data [29]. In 2014, other two HFR stations R3 and R4 were
added in the west coast offshore area, and four stations were connected after that. Oper-
ating frequencies of R3 and R4 is 13.5 MHz, transmitted bandwidth is 49.63 KHz, range
space is 3km, temporal resolution is 60 minutes and data averaging period is 75 minutes.
Surface currents over a depth of approximately 1m from December 2015 to December 2016
monitored by HFR system were selected and used in this study. The HFR processing sys-
tem preliminarily controls the data quality, and the maximum currents speed is set at 150
cm/s.

2.3. Atmospheric data

Since coastal surface currents are sensitive to wind conditions, in order to further
investigate the relationship between wind and residual currents, wind data obtained from
the European Centre for Medium-Range Weather Forecasts (ECMWF) at 0.125°x0.125°
spatial resolution with 6 hours’ temporal resolution were used.

To study wind variation characteristics during the analysis year, a wind rose of
ECMWEF data for 2016 is shown in Figure 2. In general, wind direction refers to the direc-
tion in which the wind blows from, and the direction of residual currents refer to the di-
rection in which the residual currents flow to. In the subsequent rose diagram, the wind
direction and the residual flow direction are plotted based on the same definition.
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The variation a range of wind speeds is from 0.03 m/s to 21.96 m/s. The averaged
wind speed is 7.28 m/s. Its dominant wind direction is southwest, accounting for approx-
imately 40% of the whole year; while winds from northwest direction accounts for nearly
one third of the whole year. It indicates that the wind direction in study area is mainly
western, which is consistent with the fact that study area is located in the westerly belt
[17].

Wind Speedsinm/s N
mW, > 20 e

mi8 < WS<20
mi6 <W <18

w14 < WS<16
s

Figure 2. Wind rose for full year 2016.

2.4. Extraction of residual surface currents

In order to extract residual current data, a filtering technique is commonly used in
physical oceanography to smooth and extract the time series, and to remove the fluctua-
tion in the selected frequency band and change the signal phase. In this study, high fre-
quency oscillation signals need to be filtered from the original HFR dataset.

There are a number of filters used in physical oceanography analysis such as Run-
ning-mean filters, Lanczos-window cosine filters, Kaiser-Bessel filters and Butterworth
filters. Running-mean filters are the simplest, but its frequency response is poor in a rela-
tively short dataset. Other filters mentioned above are more complex and precise.
Lanczos-window cosine filters are simple and the filtering effect is better due to that the
Lanczos window can reduce the leakage of redundant signals to the passband. When the
filter parameter n is large enough, the Lanczos-window cosine filter has better ability to
filter out the required information and suppress the interference information [30]. The
Kaiser-Bessel filter is one of the best filters to process ocean data. It requires specification
of a single parameter, and easy to generate coefficients with high equivalent noise band-
width. Butterworth filters were used in this research considering the filtering effect and
proficiency. This is a special type of recursive filter. Its transfer function is created by using
rational functions in sine and cosine, and its output consists of input data and output past
values. Different from the transfer function of the linear non-recursive filter constructed
by truncated Fourier series, the transfer function of Butterworth filter is monotonically flat
in the pass band and stop band, and has high tangency at the origin and Nyquist fre-
quency [31]. Thus, Butterworth filter was selected and applied to extract residual surface
currents.

In this research, raw surface currents data from a HFR system were filtered using the
second-order Butterworth filter. The high-frequency signals (mainly the semidiurnal tide
periodic signal represented by M2 and S2 tides) were filtered out, and the non-periodic
characteristics (residual currents) contained in the raw data were retained. Through the
comparison of filter threshold settings and filtering effects, the threshold value of the sec-
ond-order Butterworth filter was set to 33 hours, filtering out the semidiurnal and diurnal
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tide signals from raw HFR surface currents, and retaining the low-frequency residual cur- 229

rents signal [32]. The [squared transfer function‘ of the Butterworth low-pass filter canbe 230 | commented [HM2]: Should you call this 'second-
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232
where n is the order of Butterworth low-pass filter, w¢ is the cut-off frequency, wp isthe 233
edge frequency, and ﬁ is the passband edge value of the low-pass filter. Values of 234

lwc and wp were set as 11.88kHz and 3.6kHz respectively in this research based on appli- 235

cation by other studies. | 236" Commented [HM3]: Can you provide a reference

3. Results 37 | for these values

3.1. Response of residual surface currents to wind 238

To study the relationship between wind and residual surface currents, statistics of 239
ECMWF wind speeds and HFR residual currents during the full analysis year and four 240

seasons are computed and presented in Table 1. 241
Table 1. Statistics of wind speeds and HFR residual surface vector speeds. 242
Spring  Summer Autumn Winter Full
Variable Statistics (Mar.- (Jun.- (Sept.- (Dec.-
Year
May.) Aug.) Nov.) Feb.)
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
Residual Maximum 25.12 27.17 35.65 41.18 41.18
Current Speed Average 10.12 9.86 12.36 16.28 11.8
(cm/s) Minimum 0.63 0.2 0.25 0.31 0.16

243

Both wind speed and residual currents velocity display clear seasonal variation (Ta- 244

ble. 1). The maximum annual wind speed by 21.96 m/s and the maximum residual cur- 245
rents velocity by 41.18 cm/s occur in winter. In addition, the averaged wind speed (9.03 246
m/s) and averaged residual currents velocity (16.28 cm/s) are the largest in winter. The 247
averaged values of wind speed and residual currents velocity are least in the summer; 248
while the maximum residual currents velocity in spring is a minimum. 249
To explore the response mechanisms of residual surface currents to wind, rose dia- 250
gram and vector diagrams of spatially averaged residual surface current vectors and wind 251
vectors over the full analysis year are shown in Figure 3 and 4, respectively. 252
253
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() (b)

Figure 3. Rose diagrams for full year 2016 (a) wind; (b) residual currents.

Residual current vector in 2016
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—>
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Wind vector in 2016
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Figure 4. Vector time series of residual currents and winds during the analysis year.

Wind speed is between 0 and 22 m/s during the analysis period in the study area,
and the residual currents velocity magnitude is between 0 and 42 cm/s. The dominant
wind direction is southwest, accounting for approximately 40% of the whole analysis year;
while the northwest wind direction accounts for approximately one third. This indicates
that the wind is mainly westerly during the analysis period, this is consistent with geo-
graphic location of the study area. From the statistical analysis, correlation coefficients of
zonal and meridional component between wind vectors and residual currents vectors
over the analysis year are 0.76 and 0.68, respectively. This further indicates that residual
surface currents in the study area are significantly affected by wind.

To further explore the influence of wind on coastal surface residual currents in dif-
ferent seasons, detailed correlation analyses between wind and residual currents in four
seasons were carried out as detailed below.
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Figure 5. Rose diagram during spring. (a) wind; (b) residual currents.

Residual current vector in Spring
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Figure 6. Vector time series of residual currents and winds in spring.

Wind speed in spring is between 0 and 22 m/s, and the residual currents velocity is
between 0 and 26 cm/s. Figure 5 shows that the direction of residual currents is mainly
west and northwest. While there is no obviously wind direction in the spring rose diagram
among the wind directions, the directions of east and southwest take the larger propor-
tion. Correlation coefficients of zonal and meridional component between wind speeds
and residual currents speeds are 0.74 and 0.70, respectively. This indicates that wind is the
main driving force generating residual surface currents. However, the directions of resid-
ual currents do not correlate well with the directions of wind. Because the study area is a
coastal region with small scale (40 kmx50 km), though the movements of residual currents
are driven by wind force significantly according to the relative analysis, the residual cur-
rents directions are also influenced by the land mass in the study area. As shown in Figure
6 and Figure 5(b), the southerly wind is significant in spring. The southerly winds render
the residual currents varying into westerly directions due to block of the land of west
coast. This explains the difference between directions of wind and residual currents in
Figure 5 and Figure 6. The vector time series in Figure 6 shows that the direction of resid-
ual currents has good agreement with the wind direction in spring according to the cor-
relation analysis. Only in the middle of April and the middle of May, the residual currents
vector shows a trend of northwest direction, while the wind vector shows a trend of south-
erly wind. This may be due to the effect of topography variation in a small scale (40 kmx50
km) region [34].
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Figure 7. Rose diagram for summer. (a) wind; (b) residual currents.

Residual current vector in Summer

Jun Jul Aug Sep

Wind vector in Summer

Jun Jul Aug Sep

Figure 8. Vector time series of residual currents and winds in summer.

From Table 1, the averaged wind speed in summer is 6.38 m/s and the maximum
wind speed in summer is 14.28 m/s, which are the minimum values in the statistics among
four seasons and full year. As is shown in Figure 7, the main residual currents’ direction
is northeast while the wind direction is southwest. The direction of wind and residual
currents qualitatively compare well. However, the difference between residual currents’
direction and wind direction can be shown in the summer vector diagram, as shown in
Figure 8. The averaged wind speed, the maximum wind speed, the averaged and maxi-
mum velocity of residual currents are the lowest of the four seasons. Good agreement
exists between wind vectors and residual surface vectors when the wind speed is high,
see Figure 8. Correlation coefficients of zonal and meridional components between resid-
ual currents vectors and wind vectors are lower in summer than in other seasons at 0.69
and 0.61, respectively. It shows that the direction of residual flows in summer had a sig-
nificant difference when wind speeds are low. Fernand, Nolan, Raine, Chambers, Dye,
White and Brown [18] indicated that currents speed and direction didn’t correlate well
except during the period with strong south-westerly winds. Therefore, the currents direc-
tions are not only driven by wind but also affected by the topography in the study area.
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Figure 9. Rose diagram for autumn. (a) wind; (b) residual currents. 318
319
320
Residual current vector in Autumn
10cm/s
—
Sep Oct Nov Dec
Wind vector in Autumn
Sep Oct Nov Dec
Figure 10. Vector time series of residual currents and winds in autumn. 321
322

Wind speed in autumn is between 0 and 19 m/s, and the residual currents velocity is 323
between 0 and 36 cm/s. Averaged residual currents’ velocity, the maximum residual cur- 324
rents’ velocity, averaged wind speed and maximum wind speed of other currents are only 325
lower than in winter. The direction of residual current flow in autumn is mainly from 326
south to north, as is shown in Figure 9. Wind direction distribution in autumn is diverse, 327
but southwest is still the dominant direction, followed by southeast. The correlation be- 328
tween wind speed and residual currents velocity in autumn is the highest, as is shownin 329
Figure 10. Correlation coefficients of zonal and meridional components between residual 330
currents vectors and wind vectors are 0.8 and 0.75, respectively. Statistically good agree- 331
ment between wind direction and residual currents direction existed in autumn. This in- 332
dicates that wind has a significant impact on driving residual current flow in autumn. 333

334
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Figure 11. Rose diagram for winter. (a) wind; (b) residual currents.
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Figure 12. Vector time series of residual currents and winds in winter.

In winter, the wind speeds are between 0 and 22 m/s, the maximum wind speed oc-
curs in this season; the residual currents velocities are between 0 and 42 cm/s, the maxi-
mum residual currents velocity occurs in this season. Figure 11 shows that the dominant
flow direction in winter is northeast, followed by northwest. Northern flow trend is sig-
nificant. Correlation coefficient of zonal and meridional components between residual
currents vectors and wind vectors are 0.75 and 0.6 respectively. Figure 12 showed that
direction of residual currents had a strong response to wind direction variation in winter
except for in the first ten days in February when a northwest wind occurred.

3.2. Influence of the maximum wind on residual currents

To investigate the influence of regional wind fields on surface residual flow fields
under extreme wind speed conditions at seasonal scale, wind vector fields, currents vector
fields and residual currents vector fields corresponding to the maximum spatially-aver-
aged wind speed (21.31 m/s, 14.28 m/s, 18.26 m/s, 21.96 m/s, see Figure 13) in the four
seasons are analyzed. Through comparisons between wind fields and residual currents
fields at time of the maximum wind speed during the four seasons, the effect of wind
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G) (k) 0]

Figure 13. Residual surface current vectors and HFR currents vector fields corresponding to
the maximum atmospheric wind fields during four seasons. (a)(d)(g)(j) are original currents from
HFR; (b)(e)(h)(k) are residual currents; (c)(f)(i)(1) are wind vectors. The panels at the top left of
(a)(d)(g)(j) are the tidal phrase corresponding to the maximum wind time (the red dot in the topleft
subfigure is the tide level at the corresponding analysis time).

Figure 13 shows that the maximum wind speed in spring occurs in an ebbing tide,
and the dominant wind direction are northwest (shore wind). At this time, the residual
currents field presents an onshore flow tendency, which is not affected by the tidal force
at this time. This reflects that the main driving factor of residual currents is wind stress,
and tidal signals are well filtered after using the second order Butterworth method. At
this time, the directions of the currents field and the residual currents field correlate well,
showing a significant trend of onshore flow tendency, deeply affected by the wind stress
and not reflecting the characteristics of the flow pattern in ebb tide period.

The maximum wind speed in summer is during a rising tide, and the dominant wind
direction is southwest, consistent with the direction of tidal dynamics. The residual flow
exhibits a strong onshore flow characteristic. At the same time, the dominant flow direc-
tion of the currents field is different from that of the residual currents field in the same
period at some spatial points, but its trend is consistent overall, which shows the charac-
teristics of onshore flow.

The maximum wind speed in autumn is at slack flood tide. The direction of the re-
sidual currents is mainly affected by a southerly wind, which exhibits a northward flow
tendency. Onshore flows are not obviously presented during this period. The currents
direction is consistent with that of the residual currents, showing a trend of northward
flow.

In winter, the maximum wind speed is during an ebbing tide. The wind direction is
westerly, which is uncorrelated with the direction of tidal dynamic propagation.

There is a significant correlation between the spatially-averaged residual currents
vector direction and the spatially-averaged wind vector direction at the time of the maxi-
mum wind speeds. The corresponding relationship between the wind direction and the
direction of residual currents from spring to autumn can be seen directly. For the maxi-
mum wind speed in winter, the wind direction and direction of residual currents present
obvious characteristics of westerly and easterly, the movement of the residual currents
and wind is mainly in the zonal velocity component, and their movement in the meridio-
nal velocity component is not obvious; therefore, the residual currents vector and wind
vector at the maximum wind speed point in winter still correlates well.

Table 2. Statistics of the maximum wind for each season.

Variable Statistics Spring Summer  Autumn Winter
Wind Maximum 25.68 16.05 21.19 27.1
Speed Minimum 15.17 12.12 14.74 13.73
(m/s) Average 21.32 14.32 18.26 21.98
Residual Surface Maximum 22.26 36.82 38.83 73.26
Current Speed Minimum 1.85 9.19 13.71 12.97
(cm/s) Average 13.73 23.84 23.73 38.64
Surface Maximum 66.65 41.44 62.89 100.24
Current Speed Minimum 3.95 8.5 22.85 10.65
(cm/s) Average 20.21 23.85 40.42 40.49
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The wind speed range, as presented in Table 2, is from 12.12 m/s to 27.1 m/s at time 396
of the maximum wind speed in each season, the range of residual currents vectors is from 397
1.85 cm/s to 73.26 cm/s, and instantaneous surface currents speed range of HFR is 3.95 398
cm/s to 100.24 cm/s. At the four times of the maximum wind speeds, the averaged speed 399
of currents observed by HFR is greater than the corresponding residual currents’ speed. 400
Among them, the average value of currents velocity is 25% larger than that of residual 401
currents velocity. The range of currents values measured by HFR is 34.84% larger than the 402
range of residual currents values; the range of currents value is 96.29 cm/s and that of 403
residual currents is 71.41 cm/s. The range and magnitude of residual currents velocity 404
being smaller than those measured by HFR proves that the tide filtering process in this 405
study is effective again. Table 2 further shows that the residual currents vector and cur- 406
rents vector at the time of the maximum wind speed are mainly driven by wind stress. 407

The dominant wind direction of the spatial wind field during the spring maximum 408
wind speed is northwest, and the corresponding residual currents flow field’s directionis 409
northwest in a majority of the study area and east in the area near the island in the north. 410
The residual currents direction in most of the study area shows southeast flows corre- 411
sponding to the northwest wind. 412

The dominant wind direction of the wind field corresponding to the maximum spa- 413
tially-averaged wind speed in summer is southwest, while the residual currents field 414
shows a trend of northeast direction. The difference in the distribution of the residual cur- 415
rents in the northern part of the study area is due to the blocking of the northern islands, 416
which shows a trend of northern flow. 417

The dominant wind direction of the wind field at the time point corresponding to the 418
maximum spatially-averaged wind speed in autumn is south, while the residual currents 419
field shows a trend of northward flow. The residual currents field corresponding to the 420
maximum wind speed in autumn is different in the southern and northern part of the 421
study area. The residual currents in the northern part of the study area is blocked by the 422
northern island, showing a trend of flow to the northwest, while the residual currents in 423
the southern part of the study area shows an obvious northward flow trend. 424

The dominant wind direction of the wind field at the time point corresponding to the 425
maximum spatially-averaged wind speed in winter is westerly, while the residual cur- 426
rents in the northeast sea area shows the trend of northeast flow, and the residual currents 427
in the southwest sea area shows the trend of southeast flow, and the residual currents in 428
other sea areas shows the trend of east flow. 429

In conclusion, the wind fields and the residual currents vector fields corresponding 430
to the maximum averaged wind speed in four different seasons exhibit a significant spa- 431

tial consistency. 432
433
4. Discussion 434

In this research, the HFR surface currents over a continuous year are divided into 435
four groups at a seasonal scale to discuss the response of surface residual currents to wind. 436
Daily averaged wind vectors and residual currents vectors are compared for each analysis 437
season. The same time series were used to compute correlation coefficients, but the hyste- 438
resis of residual currents response to wind is not considered. Xing, et al. [35] found that 439
the lag of residual currents response to wind varies from several hours to more than ten 440
hours. In the analysis at daily scale, it is possible to further improve the correlation be- 441
tween residual currents and wind by deeply analyzing the influence of the lag effect. 442

The veering angles of the wind-induced residual currents ranges from 0 to 45 degrees =~ 443
to the right of the wind direction in the northern hemisphere [7]. Because the study area 444
is located in the coastal area, effects of topography and shoreline can not be ignored. Angle 445
between - 90° and 90° can be considered that the residual currents is caused by the wind 446
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[11]. When discussing the drifting in the finite deep sea, except that it is necessary to in- 447
troduce a hypothesis of limited depth, the other assumptions are the same as those in the 448
infinite deep sea, the solution satisfying the boundary conditions can be expressed as [30]: 449
W= (1 + DTy sh(l +i)as )
" 2adip ch(1+i)ah @

where complex velocity W = u + iv, complex press T =T, + ity. It can be seen that the 450
smaller the water depth, the smaller the right deflection angle of the velocity with the 451
increase of depth. In the ocean with very shallow water depth, the drifting flows almost 452
along the wind direction from the surface to the seabed. Considering the influence of to- 453
pography and water depth, the residual flow driven by wind can be distinguished more 454
accurately. Moreover, the corresponding relationship between wind speed and residual 455
currents in the study area can be further improved. 456

Residual currents include tidal residual currents, wind ocean currents and density 457
currents. The wind force in the study area is strong, but the effect of tidal currents cannot 458
be ignored. When a tidal wave is transmitted from the ocean to nearshore, non-linear ef- 459
fects are enhanced due to the shallower water depth, and tide induced residual currents 460
will be generated [36]. In the follow-up research, researchers can further study the re- 461
sponse of residual currents to wind during both spring and neap tides. In the neap tide 462
period, there may be a stronger correlation between residual currents and wind, which 463
will further advance the study of wind mechanisms of wind on residual currents. Alt- 464
hough residual currents are mainly driven by wind forces in the study area, the direction 465
of the residual currents is also influenced by the topography especially at the periods of 466
low wind speeds. In order to study its profound mechanisms, analysis of the residual wa- 467
ter level can be exerted to figure out how the topography of the study area makes a de- 468
flection between wind directions and residual currents directions through the difference 469
of barotropic gradient made by the sea level fluctuation in further study. Prediction of 470
currents in the study area is going to be exerted on further study using machine learning 471
methods. Through the analysis of the mechanism of currents in the study area, the vital 472
driven factors of the currents will be chosen as an input of prediction model and imple- 473
ment prediction of currents in the study area. 474

Additionally, hydrodynamics is an important power source for material transportin 475
coastal areas, and suspended sediment transport is an important embodiment of hydro- 476
dynamic change process. Residual currents are a special non periodic form of ocean cur- 477
rent. Its variation characteristics indicates the net transport and long-term transport of 478
estuarine and coastal materials, and the change of residual current structure makes the 479
mechanism of suspended sediment transport quite different on different temporal and 480
spatial scales. Therefore, investigation into characteristics of residual current circulation 481
and its response mechanism to winds at a seasonal scale is of great importance for explor- 482

ing material transport in study area. 483
484
5. Conclusions 485

Analysis on characteristics of residual surface currents at the west coast of the Ireland 486
Island was carried out based on one-year continuous observations monitored by the HFR 487
system. The main conclusions are as follows. 488

(1) The correlation coefficient of annual and seasonal wind speed and surface resid- 489
ual currents velocity is 0.6-0.8, showing a relatively strong correlation between winds and 490
residual surface currents. 491

(2) From the direction of residual currents field and the corresponding wind rose 492
diagram, ‘the corresponding relationship between residual currents direction and wind 493

direction is not significantL This is because the area is at a small-scale (40 kmx50 km), the 494
residual currents are not only affected by the sea surface wind, but also affected by land 495
boundary conditions in the east of the study area. 496
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(3) The residual currents are affected by wind stress and presents the characteristics
of eastward flow, and does not show the characteristics of onshore flow corresponding to
the period of flood tide. At the time corresponding to the maximum wind speeds in four
seasons, tidal force doesn’t show significant effect on the distribution of currents and re-
sidual currents’ direction. The surface currents and residual currents are mainly affected
by wind force instead. At times of the maximum wind speed, wind stress is the main
driving factor for both residual flow field and currents field.

In short, investigation into response of residual surface currents to wind was under-
taken based on observation from HFR system on the west of Ireland island. These findings
are useful for ecological environment protection and treatment. Correlation between wind
and residual surface currents provides important information for developing soft compu-
ting forecasting models based on artificial intelligent, which will be carried out in future
research.
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