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This study investigates the long-term morphological pattern of the Hsinchu coast in northwestern Taiwan using
three different methods: long-term isobath and shoreline change analysis, bathymetric volume change analysis,
and the empirical orthogonal function (EOF) method. Our objectives include analyzing and understanding the
effects of anthropogenic structures, natural processes, and their combined impacts on coastal morphological
change. The shoreline analysis and bathymetric volume analysis briefly reveal that the morphological pattern of

Hsinchu coast. Then, EOF analysis is applied to identify the dominant impact factors affecting the coastal
morphology near the harbor, determine the weights of the impact factors, and infer the impact range of
anthropogenic structures. Moreover, the EOF analysis is divided into two-time segments—namely, the periods
2005-2010 and 2017-2021—based on different bathymetric surveys and the corresponding values of impact
factors. The primary and secondary EOF modes are strongly linked to the “interaction between wave and structure”
and “interaction between river discharges and structure”, respectively. The spatial components of the EOF modes
demonstrate that the impact range influenced by river discharges was mainly located in the northern part of the
harbor, while the minimum impact range of the structures on coastal morphological interaction changes under
natural factors was 3.5 km south of Hsinchu Fishing Harbor.

1. Introduction

Coastal erosion and accretion are natural phenomena that occur
worldwide. However, coastal erosion is of greater concern, especially in
developed countries, due to the obvious impact of coastal erosion on
coastlines. Both natural processes and human activities can influence
coastal morphological changes (Mentaschi et al., 2018; Komar, 1999;
Gopinath and Seralathan, 2005). In Taiwan, coastal erosion is a serious
issue, and the Integrated Coastal Zone Management Plan (ICZMP) of
Taiwan has identified thirteen coastal hotspots suffering from severely
unbalanced littoral sediment transport (Construction and Planning
Agency of the Ministry of the Interior (CPAMI), 2017). This unbalance is
caused by anthropogenic factors such as the construction of nearshore
structures or natural factors including abnormal river discharges and
extreme wave forcing. Hsinchu Fishery Harbor, located on the north-
western coast of Taiwan, was constructed rapidly in the 1990s without
adequate consideration and planning, resulting in a significant “groin
effect” in nearby coastal areas (van Rijn, 2011). This alteration of the
nearshore hydrodynamic mechanism has led to enhanced morphological
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changes and disruption of the littoral sediment transport balance,
resulting in accumulation and erosion on the two sides of the structures,
respectively (Mentaschi et al., 2018; Delgadillo-Calzadilla et al., 2014;
Sumer et al., 2001; Martins and Pereira, 2014; Kim et al., 2013; Hsu
etal., 2017). Numerous studies have shown that the coastal morphology
around the Hsinchu coast—one of the thirteen coastal hotspots—has
been modified by anthropogenic structures such as Hsinchu Fishery
Harbor (Hsu et al., 2018; Huang, 2022).

It must be considered that natural factors, such as waves (Martins
and Pereira, 2014), tides, currents, storms (Gopinath and Seralathan,
2005), and river discharges (Chang, 1997) also affect the coastal
configuration. It should also be noted that, from 1998 to 2021, Taiwan
was hit by three to four typhoons a year on average. The impact of ty-
phoons results in not only heavy rainfall, leading to massive fluvial
sediment accumulation at the estuary, but also the generation of huge
waves that rapidly crash on the coastline, potentially causing severe
coastal erosion. These effects of typhoons can significantly change the
estuary and nearshore morphology (Holden and Marshall, 2018). The
above-mentioned studies clearly demonstrated that the effects of both
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Fig. 1. (a) Detail of the study area and adjacent costal area (the yellow star represents the wave buoy, and the white dotted line represents the profiles); (b) view of
Touchien River estuary; (c) view of the south of Hsinchu Fishery Harbor; (d) view of Kangnan coast of supported by Kangnan seawall. Photographs (b)—(d) taken by
the authors on 17 May 2020. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

anthropogenic and natural factors play a major role in the research
area—the Hsinchu coast—which has both estuaries and structures
(Mentaschietal., 2018; Komar, 1999; Gopinath and Seralathan, 2005;
Nishi, 2008; Rosati, 2005, Dean, 1986, Boyd et al., 1992, Harley etal.,
2015; Nicholls et al., 2007; Dalrymple et al., 2012; Masselink et al.,
2016). However, in Taiwan, according tothe ICZMP (Construction and
Planning Agency of the Ministry of the Interior (CPAMI), 2017), it is
imperative for the governing authority of Hsinchu Fishing Port to
investigate the underlying causes of the abnormal sediment balance
occurring in its vicinity. Subsequently, appropriate measures must be
proposed to effectively mitigate this issue. Therefore, conducting a
comprehensive study is crucialtoexamine the relationship betweenthe
impact factors and the morphological changes observed within the study
area,whilealsodeterminingtherelativeweightsandrangesofinfluence
forthesefactors. The obtained resultswould offer quantified insights for
relevant government agencies and organizations, facilitating improved
communication and coordination in preparation forthe implementation
of compensation measures.

Analysis of the coastal morphological variability provides a simple
and straightfor-ward way to comprehend the rate of erosion and ac-
cretion in a coastal environment, as well as the associated evolution
trend. Therefore, in recent years, analyses of coastal morphological
variability, including shoreline changes, isobath changes, and sediment
volume changes have beenwidely used in various studies considering
coastal changes. These methods provide engineers with the possibility of
gaining insight into the long-term, short-term, or seasonal patterns of
morphological processes along a coastline (Boak and Turner, 2005).
Normally, coastal morphological variability is investigated and analyzed
by comparing satellite images or video images from different time pe-
riods(GopinathandSeralathan,2005; Tanakaetal.,2015),aswellasby
determining changes in volume measured through beach and bathy-
metric surveys in different periods (Martins and Pereira, 2014; Kim
et al., 2013).

According to the ICZMP (Construction and Planning Agency of the
Ministry of the Interior (CPAMI), 2017), 56.11% of the coastline around

Taiwan had been covered by coastal defenses or structures, such as
harbors, groins, seawalls, and revetments. When a protected shoreline
suffers from severe erosion, the shoreline retreats to and is gradually
controlled by the coastal defenses. Despite the fact that the historical
shoreline variation would have brought about differences in the changes
in the above-mentioned circumstance, it would actually have consti-
tuted a very small or negligible measurement error in this situation. This
is the reason why some protected coastal regions are not easily observed
when utilizing shoreline change analysis. Hence, shoreline change
analysis is not a suitable method for detecting changes insome coastal
regions that are protected from coastal defenses. In contrast, the use of
bathymetric change analysis not only can resolve the situation where the
0 m shoreline has retreated to the structure, causing observation error
but also allows more coastal morphological change information to be
obtained. Although the analysis of coastal morphological variability can
illustrate the coastal process at varying scales and indicate changes in
coastal characteristics, the effects of impact factors cannot be quantified.
In order to verify the dominant factor influencing the nearshore
morphology, this paper adopted the EOF method developed by Winant
et al. (1975). EOF analysis is a data-driven method that has been
employed in many studies. The EOF method not only can be used for
qualitative investigation, but also provides a tool for dividing the tem-
poral and spatial variabilities in bathymetric survey data and can
identify the pattern of nearshore change (Miller and Dean, 2007a,
2007b; Taaouati et al., 2020). Many studies have used the EOF method
for analysis of the coastal morphology; for example, it has been applied
in the context of 1D cross-shore beach profile variation (Thanh et al.,
2018; Reeve et al., 2018), 2D bathymetric surface (Buonaiuto et al.,
2008; Karunarathna et al., 2008), beach nourishment (Keshtpoor et al.,
2013; Habel et al., 2016), and morphological change in estuaries or
riverbanks (Yuhi et al., 2013; He et al., 2019). Several recent studies
have used the EOF method to determine the dominant factor affecting
morphological changes (He et al., 2019; Hu et al., 2020).
This study investigates the long-term variation of isobaths and
volumetric changes on the Hsinchu coast through multiple sets of field



W.P. Huang et al. Journal of Sea Research 195 (2023) 102432
SUMMER WINTER All seasons
( a ) NORTH - NORTH _— NORTH —_
n - o
40% v 15 40% 40%
30% 30% - 30%
20% 20% 20%
WEST ’ ‘- EAST  WEST EAST WEST ‘| EAST
§ - 2.5- 3.0
m 2.0- 2.5
= 1.5- 2.0
= 1.0- 1.5
= 0.5- 1.0
; : i = 0.0- 0.5
SOUTH SOUTH SOUTH
Hs (m)
( b) Current (summer) Current (winter) Current (All seasons)
0 © " w 00
0 = « 3 w0 P w
: Current speed
- i — 1 (m/s)
15
£ 6 &
. z
= <
S 1 >
[ 4>
z ]
g o
2 i
; 0.5 . q>)
= 4 ‘>u
o >
g
0 0

Fig. 2. (a) Directional distribution of significant wave height during summer, winter, and the time period from 1998 to 2021; (b) directional distribution of current
speed during summer, winter, and the time period from 1998 to 2021; and (c) time series of yearly significant wave height (represented by green bars) and wave
energy (represented by the orange line) during the time period from 1998 to 2021. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

survey data. We also examine the spatial and temporal variation of
isobaths (0 mi=5 m,20 m, 45 m, 28 m) during the pre- and post-
construction periods of the Hsinchu Fishery Harbor, as well as the
sediment volume variation from 1998 to 2021. Additionally, the coast is
divided into three areas, based on its characteristics, and the correla-
tions between sediment volume variation in the different areas and
various impact factors are calculated. The study was conducted with the
aim of identifying the dominant impact factor affecting the coastal
morphology near the Hsinchu Fishery Harbor, as well as determining the
weights of the impact factors and inferring the impact range of
anthropogenic structures through bathymetric analyses and the EOF
method. Section 1 describes the introduction, the study site, marine and
fluvial information. Section 2 explains the methods used to visualize and
quantify the morphological changes and interpret impact factors. Sec-
tion 3 presents the results of shoreline variation, morphological changes
over the past twenty years, and EOF analyses. Section 4 discusses the
spatial and temporal components of the EOF results, associated with
marine mechanisms, anthropogenic structures, and river discharges, as
well as the impact range of the impact factors. Finally, Section 5 pro-
vides the summary and conclusions.

1.1. Description of study area

The site investigated in this paper, Hsinchu coast, is located in the
northwest of Taiwan and spans 7 km from Zhubei to Kerya River. The
study area is oriented NNE-SSW and includes an estuary (Touchien
River estuary), an anthropogenic structure (Hsinchu Fishery Harbor),
two beaches (New Moon Beach and Hsinchu Beach), and Kangnan
seawall along the coast. Detailed information on the locations can be
seen in Fig. 1.

Hsinchu Fishery Harbor, the most prominent anthropogenic struc-
ture in the study area, was originally built in the inner area of the estuary
in 1954, in order to expand the fishery industry and to remove in-
efficiencies caused by the tidal harbor. Since 1981, the harbor has been
rebuilt on the southern coast of the estuary to solve these problems, and
it was completely finished in 1998. Hsinchu Harbor has two breakwa-
ters: a northern one 1.1 km in length and a southern one 0.9 km in
length, extending towards their respective offshore areas to secure
navigation channels. The construction of a new harbor has disrupted the
littoral sediment transport continuity and caused substantial changes in
the coastal morphology of Hsinchu coast, mainly attributed to the
presence of breakwaters (Fredsge and Deigaard, 1992; Liou etal., 2009).
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Fig. 3. Temporal variation of discharges of Touchien River (blue bar) and Fengshan River (orange bar) during the period 1998-2021. The black line represents the
sum of the discharges of the two rivers, and the red dotted line represents the average river discharges in different time periods (1998-2005, 2005-2010, 2010-2017,
and 2017-2021). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

As aresult, anomalous erosion and accretion events have been observed
around the Hsinchu Fishery Harbor over the past few decades, primarily
driven by physical factors such as river discharges, marine hydraulics,
and jetty effects, which occur to the north and south of the harbor (Ding
and Wang, 2008).

1.2. Hydrodynamic conditions

A wave buoy is situated southwest of Hsinchu Fishery Harbor (see
Fig. 1a, yellow star), 1500 m from the shore where the water depth is
approximately 23 m. The wave buoy is managed and monitored by the
Central Weather Bureau (CWB) of Taiwan, and it measures the details of
currents and waves. Fig. 2a summarizes the wave characteristics based
on hourly wave data measurements recorded by the CWB from 1992 to
2021. During the summer season (i.e., from June to August), the mean
significant wave height is 0.63 m and the corresponding period is 4.3 s.
The prevailing wave directions are from the west (W) and west-
southwest (WSW). In contrast, in the winter season (i.e., from
December to February), the influence of the strong winter monsoon
results in the main wave directions being from the north (N) and north-
northwest (NNW). The significant wave height is 1.3 m, and the corre-
sponding wave period is 5.0 s. Fig. 2b depicts the dominant current
directions: from north to south in winter and from south to north in
summer. In this context, the littoral sediment transport is primarily
affected by waves and currents, where the dominant transport directions
in summer and winter are from south to north and from north to south,
respectively. The wave energy during winter exceeds that of summer,
resulting in the alongshore sediment transport driven by waves in the
study area predominantly from north to south (Liou et al., 2009). Fig. 2c
displays the mean significant wave height and wave power between
1998 and 2021. The statistical wave data show that the annual mean
significant wave height has gradually increased, indicating that Hsinchu
Coast has been experiencing higher wave energy year by year.

1.3. Fluvial information

Touchien River Estuary has an approximately 1.2 km wide river
mouth and is fed by two rivers, Touchien River (TCR) and Fengshan
River (FSR); see Fig. 1. Normally, the annual discharge of the two rivers
is characterized by two periods: flood (or typhoon) season, from June to
October; and a dry season, consisting of the remaining months. As can be
seen from the measurements at Jeinkuo Bridge Station (station No.
H017, TCR) and Hsinpu (2) Station (station No. H002, FSR), recorded by
the Water Resources Agencyi, it is obvious that the annual discharge of
TCR is higher than that of FSR, with average river discharges from 1998
to 2021 of 7334.95 m%/s and 3347.58 m°/s, respectively, shown in
Fig. 3. Fengshan River and Touchien River merge at a common estuary
located north of Hsinchu Fishery Harbor. Consequently, the discharges

of both rivers are combined to establish a connection between the
impact factors and the empirical orthogonal function (EOF) modes in
Section 3.3.

2. Material and methods
2.1. Data sets

The coastline of the study area is approximately 8.5 km long. The
bathymetric measurements for the cross-shore stretch were taken from
the high tide line (HTL) to the 20 m isobath. The data used in this study
were obtained from a single-beam survey with a minimum scale of
1:10,000, covering the period from 1998 to 2021. Long-term trends in
shoreline and bathymetric changes were analyzed based on the bathy-
metric survey data. Additionally, the bathymetric survey data were used
to analyze the morphological pattern through the use of the empirical
orthogonal function method.

2.2. Evolution of historical isobaths and quantification of long-term
morphological changes

The shoreline and isobaths (0 m, 5 my 10 m—15 m,—20 m) from
Touchien estuary to Kerya River during time periods including pre-
construction (in 1983) and post-construction of Hsinchu Fishery Har-
bor (September 1998, September 2005, September 2010, October 2017,
April 2019, and June 2021) were collected and compared to determine
the evolution of historical isobaths and the spatial and temporal varia-
tion of the isobaths.

The study area has fourteen profiles (see Fig. 1a and Fig. 5), which
are parallel and aligned from the north to south of Hsinchu coast, with
the distance between every two profiles being 500 m. Then, the volume
of erosion and accretion between two control profiles (also 13 sections)
was calculated. The bathymetric survey data from different periods were
compared in order to determine the sea bed changes. The accretion/
erosion bathymetric volume rate (m3/year) in different time periods was
also calculated. The volumetric changes in each section were estimated
from the hightide line to #+ m, which is the depth of closure (hc).
Solving the inner depth of closure equation according to Hallermeier
(1981), the estimated depth of closure around Hsinchu Coast is equal to
7 m (in this paper, He and Te are 3.79 m and 7.69 s, considering the
statistics from Hsinchu Buoy).

2.3. EOF analysis

Furthermore, to separate the spatial and temporal components of the
bathymetric survey data set and quantify the impact factors using in-
dependent modes, this paper utilized the EOF method. The EOF method
is a mathematical technique used to identify a series of orthogonal
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Fig. 4. Satellite images of Hsinchu Fishery Harbor and adjacent beaches: (a) The isobaths at—20 m, —15 m, —10 m, —5 m, and O m in different years; and (b) focus
on the 0 m shoreline of Kangnan coast, on the south side of Hsinchu Fishery Harbor. The red and blue arrows represent the isobaths retreat to the land and extend to
offshore, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

functions or eigenvectors, which allowed for decomposition of the
original bathymetric survey data set at any given location during the
study period (Alvare and Pan, 2016). The methodology utilizes spatial
eigenfunctions (referred to as spatial components) and temporal eigen-
vectors (referred to as temporal components), —denoted as en(x) and
Ca(t), respectively—which can not only be used to explain the variations
in the nearshore bathymetric observed in the bathymetric surveys
(Thanh et al., 2018), but enables the establishment of a link between the
impact factors and the empirical orthogonal function (EOF) modes (Hu
et al., 2020). The EOF method was utilized to analyze two series of
bathymetric survey data: from 2005 to 2010 and from 2017 to 2021. The
bathymetric surveys could thus be clearly categorized as spatial or
temporal, and separated into temporal eigenvectors and spatial eigen-
functions, as detailed in Eq. (1):
0y, = 2 G Den(x,) @
wherehistheseabedelevation,x’andy aretheperpendicularshoreline
and parallel shoreline coordinates in the latitude-longitude system, tis
the year, ¢, denotes the temporal eigenvectors (temporal components),
endenotesthe spatial eigenfunctions (spatial components), Nisthetotal
number of eigenfunctions, and n is the number of modes (Keshtpoor
et al., 2013).

Moreover, the individual contribution rates of the impact factors can
then be de-scribed using the following Eqg. (2):
Rn =—% 2)

i

il

where R, represents the contribution rate, N is the total number of
eigenfunctions, and in is the associated eigenvalue (Thanh et al., 2018).

3. Results
3.1. Evolution of historical isobaths

Historical data on the coast, such as isobaths, shorelines, and
bathymetric survey data, can provide direct insight into the long-term
morphological processes and serve as key indicators for understanding
the evolution of the coast. The results of this study revealed an apparent
morphological change between the pre- and post-construction periods of
Hsinchu Fishery Harbor, particularly inthe 20 m, #m, 38m, 5m,
and 0 m shorelines, as shown in Fig. 4. Fig. 4a depicts the historical
shorelines and isobaths in 1983 (pre-construction) and in 1998, 2005,
2010, 2017, 2019, and 2021 (post-construction). The results reveal that,
after the construction of Hsinchu Fishery Harbor in 1988, the historical
isobaths gradually extended to the offshore in the north of the harbor
and gradually retreated to the land side in the south of the harbor,
supporting the idea that the construction of Hsinchu Fishery Harbor is
primarily responsible for the nearshore morphological change.

Fig. 4bfocuses on Kangnan coast, presenting the historical shorelines
from 1998 to 2021 after the harbor had been constructed, as well as the
historical coastal lines. The shoreline retreat is significant and, after
2001, the shorelines were mostly held by the seawall. Therefore,
shoreline changes alone cannot accurately capture the trend of erosion
on the south side of Hsinchu Fishery Harbor.

3.2. Long-term variation of coastal morphological changes

This study selected bathymetric survey data collected in September
of 1998, 2005, and 2010, as well as October 2017 and June 2021, in
order to calculate the changes in bathymetric volume. The spatial
pattern of coastal morphology in Hsinchu coast over the last two decades
is displayed in Fig. 5, where Fig. 5a shows the bathymetric changes
between 1998 and 2005, Fig. 5b shows the bathymetric changes be-
tween 2005 and 2010, Fig. 5¢ shows the bathymetric changes between



W.P. Huang et al.

Journal of Sea Research 195 (2023) 102432

(m] Volumetric Change; 10* m?/year
(a) B 1998-2005 -30 -20 -10 0 10 20 30
8000 s

S1- {Area (@)
s2
s3-+ I A
- e
ss (Areatb) R @000 ]
6 | i a

8000

7000

s7-
s8- . |

$9- £,

Volumetric Change; 10% m*/year
-30 -20 -10 0 10 20 30

S1- {Area (a) ] i
H :| '

INGERL))

ml Volumetric Change; 10* m?/year
(b) {mm2005-2010 30 20 -10 0 10 20 30
oyl 00000 Bl T ancgemseie e e
i S1- !Area (a) |
s2 | [l
7000 S3+ :‘ __-__ ______________ 3
- 2 R, e
5 (Area(b) | ]
o0 6 | ] s
00 S7- : I
s8- \_ |
o S9- /a o | [ \
sio} | Area (c) & i
s11 1] 3
si2- | ;
s\

[m]

(d) | mm2017-2021]

Volumetric Change; 10* m3/year
-30 -20 -10 0 10 20 30
s1- {Area(a) | ‘:
$2- 3
o . - e ;
54 ]

SSr 3
$6- |

8000

‘Area (b) )
[ 1

S7

Area (

‘
'
'
'
'
'
'

o)

Fig. 5. Bathymetric changes of Hsinchu coast: (a) 1998 to 2005; (b) 2005 to 2010; (c) 2010 to 2017; and (d) 2017 to 2021. Blue color indicates accretion, while red
color indicates erosion. Each bar chart shows the accretion (positive values) and erosion (negative values) rates for each section during the periods 1998-2005 (blue

bar), 2005-2010 (orange bar), 2010-2017 (yellow bar), and 2017-2021 (green bar).

According to the spatial characteristics, (e) shows the division of the coast into

three sections: Area (a), S1-S3; Area (b), S5-S8; and Area (c), S9-S13. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

2010 and 2017, and Fig. 5d shows the bathymetric changes between
2017 and 2021. The blue color in the image represents positive values,
indicating accretion, while the red color represents negative values,
indicating erosion. The rates of accretion and erosion were calculated
for each section during the different time periods to determine whether
the sediment volume along the Hsinchu Coast was increasing or
decreasing (Fig. 5a—d, histograms).

According to the results, the temporal variation of coastal morpho-
logical changes can be divided into three intervals: Period 1 (1998 to
2005, P1) is characterized by accretion in Touchien River Estuary and
both sides of Hsinchu Fishery Harbor, as well as erosion on the south
side of Hsinchu Fishery Harbor, from Kangnan seawall to Kerya river. In
Period 2 (2005 to 2010, P2), the estuary started to erode and the range
from Kangnan seawall to Kerya river was still eroding. Then, in Period 3
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(2010 to 2017 and 2017 to 2021, P3), erosion can be observed
throughout the coast, except for the sheltered area on the south side of
Hsinchu Fishery Harbor. According to the bathymetric change analysis,
this study divided the research area into three subareas. Areas (a), (b),
and (c) represent the estuary region (S1-S3), sheltered zone (S5-S8),
and the region from Kangnan coast to Kerya river (S9-S13), respectively.
The net changes in bathymetric volume around Hsinchu coast are pre-
sentedinFig. 5. The change of bathymetric volumein Area (a) indicated
a net accretionof 3.4 x 10® m® with an average accretion rate of 4.%
10° m®/year from 1998 to 2005, as shown in Fig. 5a. However, from
2005 to 2010, 2010 to 2017, and 2017 to 2021, area (a) experienced net
erosion of 49 18° m?, 1.7 405 m?, and 6.9 10%m3, respectively,
with corresponding average erosion rates of 9.8 10* mS/year, x 2.4
10° mSlyear,and 1.7 10° m%/year, assshown in
Fig. 5b, ¢, d. To the contrary, the volumetric change results for area (b)
indicated that the sheltered zone (S5-S8) experienced net accretion of
8.2 x10°mS, 9.5 x10°m?, and 1.1 x10° m3 during the time periods of
1998 to 2005, 2010 to 2017, and 2017 to 2021, respectively, with
corresponding average accretion rates of %2 10° m3/year, 1.4 10°
m3lyear, and 2.7x10° m3yr. However, during the time period from
2005 to 2010, the sheltered zone experienced net erosion of— 1.5¢ 10°
mS, with an average erosion rate ef 2.9<10* m%/yr. Fig. 5 also depicts
the volumetric changes in area (c), revealing that the region from
Kangnan coast to Kerya river (S9-S13) experienced a consistent net
erosion with total amounts of —1.2 x 10° m3, —2.1 x 10°m3, £5 x
10% m3, and — 1.4 x 10° m®over the four time periods, with corre-
sponding average erosion rates of—1.6 x 10° m%/year, —4.2 x 10° m%
year, —2.2 x 10° m3/year, and —3.6 x 10* m®/year, respectively.
During P1 (Fig. 5a), the morphological changes along the Hsinchu
coast were significantly affected by Hsinchu Fishery Harbor, altering the
original hydrodynamic mechanism and obstructing littoral sediment
transport. Therefore, the bathymetric changes from 1998 to 2005 pre-
sented a severe disequilibrium in erosion and accretion from the north to
the south of the harbor. This means that, as Hsinchu Fishery Harbor
blocks littoral sediment transport, sediments must be accumulated to a
certain extent in the north end of the harbor before they can bypass the
groin to the south side of the harbor. When the sediments come to the
sheltered area, the sediment begins to accrete in S5-S8 due to the sig-
nificant reduction in wave energy, leading the sediments to not pass to
S9-S13. Moreover, in the southern region of the coast (S9-S13), the
original wave energy returns, and less sediment is accreted, causing
erosion to become more serious. In contrast, during P2 (Fig. 5b), the
shelter zone and estuary started to erode, especially in the waterway,
due to an insufficient supply of fluvial sediment caused by decreased
river discharge from 2005 to 2010 compared to 1998 to 2005. Addi-
tionally, comparing Fig. 5b to Fig. 5a, areas (a) and (b)—namely, the
estuary and shelter zone—shifted from accretion to erosion. Further
south, in area (c), the erosion became more severe along the coast from
S9 to S13. The observed morphological changes in this time period
provide an obvious sign that the river flow magnitude directly affects the
morphological changes of the Hsinchu Coast, especially that in Touchien
River Estuary. In P3 (Fig. 5c, d), similar morphological characteristics
were observed for Hsinchu coast during the time period of 2010 to 2017
and 2017 to 2021. The estuary continued to erode due to the decreased
river discharge from 2010 to 2021, compared to 1998 to 2010. Although
the erosion in the estuary was more serious than in the past two periods,
the sheltered area began to present obvious accretion, and the extent of
erosion in Kangnan area also slowed down. The morphological pattern
in P3 proves that the Hsinchu coast has presented a new morphological
dynamic equilibrium over the past decade, instead of the previous groin
effect.

3.3. Principal mode of coastal morphological changes and corresponding
weighting

EOF analysis was performed on a bathymetric survey data set of the
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240000

242000

Fig. 6. EOF analysis area. The blue rectangle shows a 1800 m x 1000 m grid
comprising 14,700 elements, while the red rectangle shows a 1400 m x 4200 m
grid comprising 4500 elements. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Hsinchu coast in order to explore the major and minor modes of its long-
term evolution. This study divided the EOF analysis into two distinct
time periods; namely, 2005 to 2010 (with low wave energy and high
river discharge) and 2017 to 2021 (with high wave energy and low river
discharge). Nine bathymetric survey data sets covering the period be-
tween 1998 and 2021 were interpolated and transformed into two
regular grids with dimensions of 1800 m 3000 m and 1400 m 42R0

m. These grids consisted of a total of 19,200 elements and are illustrated
in Fig. 6. The bathymetric change analysis areas (a), (b), and (c) were
also included in the EOF method analysis. This approach facilitated a
comparison of the EOF analysis results with the results of the bathy-
metric change analysis, which provided more information from the data
set. The procedure successfully separated the data set into several in-
dependent modes, each with spatial eigenfunctions (spatial compo-
nents) and temporal coefficients (temporal components). Spatial values
indicated the impact ranges of the corresponding impact factors, while
the temporal coefficients described the annual variation of the impact
factors.

The EOF analysis results, based on the two time periods, included the
first two spatial eigenfunctions of the model and the corresponding
temporal coefficients, as represented in Fig. 7. As the first two modes of
the EOF analysis results explained most of the variability, it was not
considered necessary to integrate the remaining modes into the analysis;
in particular, the EOF analysis results indicated that the two possible
modes accounted for more than 98% of the variability observed on
Hsinchu coast, as detailed in Table 1. The first mode in the EOF results
revealed the most significant morphological changes, accounting for
93.61% (2005-2010) and 98.29% (2017-2021) of the co-variability in
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coefficients during 2017 to 2021.

Table 1
Percentage of variability in the first two modes obtained in the EOF analysis.
Mode-1 Mode- Total of EOF-Model and EOF- Remain
2 Mode2
2005-2010 93.61% 521% 98.82% 1.18%
2017-2021 98.29% 1.22% 99.51% 0.49%

elevation. Therefore, spatial characterization of the first mode revealed
the influence of the interaction of waves and structures on the change in
coastal morphology (Fig. 7a, c). On the two sides of Hsinchu Fishery
Harbor, the positive components in the updrift area were due to the
structures blocking the littoral sediment transport, thus forming a
deposition area, while the positive components in the downdrift were
caused by the interaction between structures and waves, forming a
sheltered area and causing sediment deposition in this region. The cor-
responding temporal coefficients for the first mode in the two time pe-
riods indicated an increasing coefficient, ranging from 318.4 to 370.75
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legend, the reader is referred to the web version of this article.)

in 2005-2010 (Fig. 7e) and 544.91-615.46 in 2017-2021 (Fig. 7f).
Although the EOF temporal coefficients of the first mode inthe two time
periods were inversely proportional to the yearly variation of wave
energy (Fig. 8a, c), the temporal pattern of the annual wave energy and
corresponding temporal coefficients from 2005 to 2010 showed a very
statistically similar pattern (R> =0.81; Fig. 8 g). Therefore, it can be
inferred that the positive components (orange color) represent the

Table 2
Average River discharges (m®/year) and average wave energy (KN) were
calculated for different time intervals.

Calculated Interval Average River Discharge (m3l Average Wave
Period (Year) Year) Energy (KN)
TCR FSR Total

1998

1 7 8916.74  3410.29 12,327.03 4.10
2005
2005

2 5 754250 404153 11,584.03 2.98
2010

3 2010 7 6583.67 3953.42  10,537.09 5.08
2017
2017

4 2019 2 6201.71 2565.91  8767.62 5.55
2019

5 2 5901.23  1596.07  7497.30 4.96
2021

morphological changes related to the structure, while the negative
components (green color) represent those not related to the structure.
The second mode of the EOF analysis results explained 5.21%
(2005-2010) and 1.22% (2017-2021) of the co-variability in elevation.
The spatial components of the second mode reflected the influence of the
interaction of river discharges and structures on the change of coastal
morphology (Fig. 7c, d). In Fig. 7c, the positive components in updrift
indicate an obvious water path where the water depth exceeds 0 m.
Notably, the component width of Touchien River's water path is wider
than that of Fengshan River; this reflects the actual physical phenome-
non in Touchien River, whose discharges from 2005 to 2010 were
generally greater than those of Fengshan River. When the water depth is
below 0 m, the positive components clearly show signs of river discharge
affecting coastal morphological change. As a result of the large reduc-
tion in river discharge, the original positive component in the upper
reaches of Fig. 7c was replaced with a negative component in Fig. 7d.
The corresponding temporal coefficients of the second mode in the
two time periods showed the coefficient ranging from —33.21 to 15.80
in 2005-2010 (Fig. 7g) and — 79.55 to 38.86 in 2017-2021 (Fig. 7h).
There was a very strong correlation between the temporal coefficients
and corresponding river discharges (Fig. 8b, d). Moreover, comparing
D RiANg IR GlaRARII PR SB IR T RR P ORI R AL S G very

high correlations (R? = 0.833 and R? = 0.705; Fig. &f, h). The findings
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indicate that, akin to the first mode, the positive components of the
second mode depict the morphological variations linked to river
discharge, whereas the negative components depict those not associated
with river discharge.

4. Discussions
4.1. Possible relationship between impact factors and different regions

Wave forcing and river discharge are important factors that signifi-
cantly influence the morphological changes in the vicinity of Hsinchu
Fishery Harbor. This study endeavored to examine the connection be-
tween coastal morphological alterations and natural factors, such as
wave forcing and river discharge, and to establish a correlation between
them. Correlation coefficients (R) were calculated to estimate the degree
of correlation between annual wave energy, river discharge, and
bathymetric changes. Table 2 presents the average river discharges and
wave energy during different time intervals from 1998 to 2021, which
were obtained from annual hydrological reports and wave buoy records.
The mean river discharges during the 7-year period of 1998-2005, the 4-
year period of 2005-2010, the 7-year period of 2010-2017, the 3-year
period of 2010-2017, and the 3-year period of 2019-2021 were
12,327.03 m¥s, 11,584.03 m%/s, 10,507.09 m%/s, 8767.62 m%/s,and
7497.30 m%/s, respectively. The average wave energies during the same
time intervals were 4.10 KN/m, 2.98 KN/m, 5.08 KN/m, 5.55 KN/m,
and 4.96 KN/m, respectively. Fig. 9 illustrates the correlations between
river discharges, wave energy, and the bathymetric volume for each
area.

The findings shown in Fig. 9 indicate that there exists a significant
relationship between temporal bathymetric changes and natural factors
such as river discharge and wave energy. Specifically, Fig. 9b demon-
strates a correlation (R = 0.73) between the bathymetric changes in

Touchien River estuary (S1-S3, Are a) and average river discharge.
Meanwhile, Fig. 9c demonstrates that there was a strong correlation (R
0.88) between the bathymetric changes in the shelter area (S5-S8;
Area b) and wave energy. Fig. 9e demonstrates that there was a strong

correlation (R = 0.88) between the bathymetric changes in Kangnan
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coast (S9-S13; Areac)and wave energy. Moreover, comparing the net
bathymetric volume changes with average river discharge, it was
observed thatriver discharge did not significantly affect the coast south
of the harbor, but did impact the morphology of the coast north of the
harbor (Fig. 9b, d, and f). Meanwhile, comparing the net bathymetric
volume changes with wave energy, it was observed that wave energy did
not significantly affect the coast north of the harbor, but did impact the
morphology of the coast south of the harbor (Fig. 9a, ¢, and e). Ac-
cording to the above, the statistical results reveal that the volumetric
changesin Touchien estuary (S1-S3, Area a) were mainly affected by
river discharge (Fig. 9a, b). Similarly, the volumetric changes in Kan-
gnan coast (S9-S13, Area c) were mainly affected by wave forcing
(Fig. 9e, f). However, these results do not imply that the coastal
morphological changes in each region are solely influenced by one
particular factor. The volumetric changes in the shelter area (S5-S8,
Area b) presented dissimilarities in both wave energy and river
discharge, implying that the coastal morphology in this region is com-
plex and influenced by various factors (Fig. 9c, d). Specifically, the
coastal bathymetric changes in Hsinchu coast were affected by both
river flow and wave energy, but in different weights and different
positions.

4.2. Anthropogenic influences at Hsinchu coast

The presence of structures within the study area was a constant
variable. Thus, the impact of structures on coastal morphological
changes was considered dependent on the combined effects of structures
and other influencing factors. Analysis of the EOF results from 2005 to
2010 and 2017 to 2021 demonstrated that the weights of the first mode,
which represents the interaction between wave energy and structures in
coastal morphological changes, were 93.61% and 98.29%, respectively.
Despite the significant increase in wave energy (from 2.98 KN to 5.22
KN) between the two time periods—with a rate of increase of 75.2%—
the corresponding weighting only changed slightly (by 4.68%). The
second mode in the EOF analysis represented the interaction between
river discharge and structures in coastal morphological changes, with
corresponding weightings of 5.21% and 1.22% for the two time periods,
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respectively, resulting in a change of only 3.99%. However, the average
river discharge showed a 24.3% downward trend over the two time
periods, decreasing from 11,584.03 m®/year to 8767.62 m3/year. These
findings highlight the complex nature of the relationship between the
measured value and weighting value of each impact factor in the study
area. Specifically, although the change in influence weights do not
demonstrate proportional variations in response to changes in wave
energy and river discharge magnitudes, the results still indicated that
the interactions between wave energy and structures is still the primary
impact factor affecting the study area.

To determine the impact range resulting from anthropogenic
effects—namely, the interaction between wave energy and structur-
es—the cross-shore and alongshore impact ranges were obtained from
the boundary between the positive and negative spatial components of
the firsttwo modes in Fig. 7aand c as illustrated in Fig. 10a. The changes
of the cross-shore impact range between the two periods are presentedin
Fig. 10c. Furthermore, the bathymetric changes for the two time periods

11

were compared to Fig. 10b, in order to verify the reasonableness of the
determined impact range. As shown in Fig. 10a and ¢, between 2005 and
2010, the impact range along the south-west side of the harbor had a
trend that should continue to extend further to the southwest (red color),
but the analysis results cannot be displayed due to insufficient bathy-
metric survey data on this side. Meanwhile, the impact range along the
coast only reached SWA3500 between 2017 and 2021 (blue color). The
cross-shore impact range showed a clear tendency to extend offshore in
the SW+0 to SW #800 range, with a maximum change of 303.01 m,
while it retreated to the land side in the SW 3100 to SWA+4200 range,
with a maximum change 6£185.99 m. In the SW 1800 to SW 3100
range, the change in the impact range was less than 50 m, indicating that
the interaction between structures and wave energy did not directly or
indirectly alter the cross-shore impact range in this area. In NE 200 to
NE 4000 range, between 2005 and 2010, wave energy was relatively
low, so most of the sediment was deposited in the estuary. However,
during 2017-2021 (blue), the wave energy was higher than 2005-2010,
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bringing the original sediment in the estuary to the south of the fishing
port, thus affecting the area the impact range on the northeast side of the
harbor retreated to the land side with a maximum change 0+408.01 m
(Fig. 10a, ¢). Therefore, considering the increase in average wave energy
from 2.98 KN to 5.22 KN and the changes in the influence range for the
two time periods, it can be inferred that the power of the wave energy is
the primary cause of the impact range. Comparing the impact range
obtained through the EOF analysis with the results of historical volu-
metric changes from 2005 to 2010 and 2017-2021 (Fig. 10b), the S11
interval was found to be a critical turning point at the moment of
morphological change from erosion to accretion, and also defines the
impact range of structures, which is affected by the interaction between
structures and wave energy. Based on historical data and the EOF re-
sults, the minimum impact range of structures was 3.5 km south of
Hsinchu Fishing Harbor.

5. Conclusions

Through the collection of basic data and analysis of historical
morphological changes, itwas found thatthe morphological changesin
Hsinchu coastwere affected by the groin effect of the breakwater of the
Hsinchu Fishing Harbor, which disrupted the continuity of sediment
transport from the north to the south or sediment transport from the
rivermouthtothe ocean. Asaresult, significant erosion occurred onthe
south side and accretion on the north side of the harbor from 1998 to
2005. However, after 2005, the coastal morphological changeswere no
longer characterized by erosion onthe north ofthe harborand accretion
on the south of the harbor, and were influenced by the magnitude of
wave energy andriver discharge. To further understand the interaction
between river flow and structures, as well as the interaction between
wave energy and structures, in relation to their degree of influence on
coastal morphological changes, this study analyzed coastal morpho-
logical changes during two periods affected by different scenarios (2005
to 2010, with lower wave energy and higherriver discharges, and 2017
to 2021, with higher wave energy and lower river discharges) and uti-
lizedthe EOF analysis method to determine the primary and secondary
influencing factors. According to the EOF analysis results, the main
factor affecting coastal morphological changes over the past 20 years
was the interaction between wave energy and the structures, while the
interaction between river discharge and structures was the secondary
factor. Furthermore, through a comparison of the spatial distribution
obtained in the EOF analysis and the historical morphological change
analysis results, it was inferred that the minimum impact range of the
structures on coastal morphological interaction changes was 3.5 km
south of the Hsinchu Fishing Harbor. In summary, the appearance of
structures will inevitably lead toirreversible impacts on and changes to
the coastal morphology, becoming the maininfluencing factor affecting
coastal morphological changes. However, over time, coastal morpho-
logicalchangeswillgraduallyreachanew dynamicequilibrium, andthe
main factors influencing coastal morphological changes will shift from
structures to natural factors. This study provides insights into the
morphological changes induced by anthropogenic structures and their
combined impacts with natural processes, and it can inform the devel-
opment of effective coastal management strategies.
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