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ABSTRACT

China’s beaches exhibit different geomorphic characteristics depending on location. Due to increasing contemporary
climate change, induced storm activities and human activities, beaches along the Chinese coast have been exposed to the
risk of erosion. This article examines the different shoreline evolution processes from 1973 to 2021 as well as the erosion
vulnerability of 9 headland-embayed beaches (of which 5 beaches, each at Baishawan, Dasha, Dongdan, Nanshajiao, and
Mushao are on the muddy coast in Southern China and 4 beaches, namely, Bathing Beach 1, 2, 3 and Shilaoren Beach
are on the sandy coast in Northern China) based on the inherent geomorphic characteristics and nearshore hydroclimatic
factors of the beaches. In the analysis, there were 3 stages. During the first stage, erosion dominated both the muddy and
sandy coasts as a result of intense storm conditions. During the second stage, the beaches had earlier recovered as a
function of natural processes, however, storm activities later eroded the beaches. During the third stage, most of the
beaches accreted as a result of coastal engineering interventions and beach nourishment project. The shoreline analysis
results indicate that beaches on the muddy and sandy coasts have been eroding in the long term. During the first erosion
stage, erosion is more severe on the muddy coast than on the sandy coast in the short term. On the sandy coast, the beaches
recorded severe erosion from 1973 to 1998. Of the 9 beaches, the most eroded location was at Dasha on the muddy coast
(LRR: =5.315 m/y; EPR: =5.671 m/y; NSM: —141.94 m) between 1974 and 1998. In summary, beaches on muddy coasts
are more vulnerable to erosion than those on sandy coasts. On the muddy coast, there has been a shortage in the supply
of sediment from the Yangtze River-derived sediment to the coast. The primary source of sand material for the studied
beaches on the muddy coast has been the regular storm condition that changes the sand-mud transition line on the coast.
For the sandy beaches, the primary factor responsible for the vulnerability and beach modification includes a shortage in
the natural supply of beach material and storm activities, however, recent beach nourishment and coastal protection
procedures are gradually stabilizing the beaches. Ultimately, the outcome of this research is suitable for beach
management procedures on the Chinese coast.
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Beaches are important and fragile locations that are affected by
both human and natural factors. They are vulnerable to human-induced

COPYRIGHT interventions that affect the dynamics of sediment on the beach such as

beach sand mining, sand nourishments, and nearshore soft and hard

structures!!-2], beaches are dynamic
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engineering Naturally,
environments, they are controlled principally by complex factors

including wave energy, tides, storm surges, and sediment grain sizel*-
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3. The contemporary global climate change, particularly, increased
storm frequency and sea-level rise, has added a new dimension to
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worldwide modifications of sandy shorelines!™. The vulnerability of beaches to human actions and concomitant
climate change is exacerbated when they are low-lying and characterized by a natural supply of beach
material 7],

Around the world, beaches have been eroding at an alarming rate. For example, in Nigerial®!, Spain!®,
United Kingdom and France!*, Sri Lanka!® as well as Chinal'-'%!2!, The factors responsible for the changes on
the beaches could vary with sedimentary and geomorphological characteristics. Usually, compared with sandy
beaches, muddy beaches are more vulnerable to these factors!!?.

Along the Chinese coast, the geology condition, human interaction, and natural factors on beaches vary
with location. The subsidence belts such as the Yellow River and Yangtze River estuaries are muddy coastal
locations marked with reduced sediment supply due to large human modifications such as the construction of

the Three Gorges Dam along the Yangtze River!®!*!4

. The uplift belts, for example, the Shandong Province
and Xiamen Island coasts are characterized by sandy coastal environments that have received numerous beach
reclamation and experiencing erosion as a result of storm surges and hurricanes, and sand mining!"'%), The
Northern coast of China such as Qingdao is marked with rocky headland and sandy cape-bay beaches. In the
South, as in the Zhejiang region, the coast is marked by muddy tidal flats often characterized by small sandy

beaches.

Except Zhejiang, China, the presence of “small” sandy beaches in muddy coastal environments has been
reported in several locations worldwide. Of all, the coastal stretch between Orinoco River, Maroni River, and
Amazon River estuaries in South America host good examples of sandy beaches in a muddy coastal
environment. The large fine sediment discharge from the rivers, longshore current, and wave characteristics
have created small embayed sandy pockets in Yalimapo, French Guiana!'®), and Cayenne, French Guianal®!7],
The condition is facilitated by complex interactions between different factors such as the source of sediment
supply to the coast, longshore current direction and intensity, nearshore wave energy, storm conditions as well

as ocean currentst'> 18],

Similarly, rocky headland and sandy embayed beaches such as those in Zhejiang and Qingdao, China are
common around the world. In fact, about 50% of the world’s embayed beaches are located on naturally
occurring or human-engineered headlands!'*?%. For example, in Narrabeen-Collaroy embayment, Sydney,
Australia?!!, Haeundae Beach, Korea®?, beaches on New South Wales coast, Australial®*! and several beaches
in the Mediterranean coasts of Italy, France, Spain, Tunisia and Turkey?. The morphological conditions of
these embayed sandy beaches on rocky headlands are controlled by nearshore wave interaction, sediment
supply from catchment sources, and the storm climate along the coasts!!*23],

The presence of Sandy beaches is facilitated by the geomorphic conditions of beaches around the muddy
coastal environment. For example, embayed beaches are dominated by a closed sediment circulation system.
Regardless of negligible residual transport, embayed beaches are affected by cross-shore and long-shore
sediment transport processest??,

Meanwhile, vulnerability assessment is an important indicator for evaluating coastal erosion!'!. Besides,
identifying factors that cause beach erosion is important in beach management. The vulnerability of sandy
beaches to erosion is culminated by the inherent and external characteristics and factors acting on the beach,
including beach material composition, geology, beach profile, sea level, the shape of the beach, and storm
activities on the beach>*28l, Studies accessing the long-term and short-term changes and vulnerabilities of
sandy beaches have employed several methods of analysis including geophysical observation and analysis!”'®],
computer modeling!*>?1] geochronology®” and satellite images!®*!!1,

Several studies have attempted to define the vulnerability and as well, describe the contributing factors
of Mainland China to erosion!!237-10-1214.1829.30] ‘However, most of these studies have focused specifically on
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large-scale (entire Chinese coast) and regional (sections of the Chinese coast with the same geological
characteristics and nearshore dynamics). Regardless, there is a need to compare and contrast the vulnerability
of Chinese beaches with different geomorphological and inherent geological characteristics. Moreover, there
is a need to understand the evolution of sandy beach pockets found in sandy, muddy and rocky coastal
environments around the world.

Hence, in an attempt to quantify the vulnerability, as well as better understand the implications of human
and natural factors affecting the sandy beaches on the Chinese coast, this paper utilizes field survey, remote
sensing, and comprehensive analysis to study the shoreline change characteristics and vulnerability of 9
embayed beaches on two regions with different geological characteristics and nearshore dynamics along the
coast of Chinese mainland. Five (5) of the beaches are located along the coast of Zhejiang province of China
(Southern part of China). Four (4) of the beaches are located on the Qingdao coast of Shandong province,
China (Northern part of China). The objective of this research hence is to (1) describe the short-term and long-
term characteristics of the shoreline morpho-dynamics. (2) Indicate the vulnerability level using each beach’s
geomorphic and nearshore hydrodynamic conditions. (3) Compare and contrast the factors responsible for the
changes observed on the beaches studied using a comprehensive proxy analysis method. The outcome of this
analysis will provide additional information to the existing repository on the effect of anthropogenic and storm-
induced erosion on the beaches along the Chinese coast. In addition, the result of this research is suitable for
improving the beach management strategies of China. Ultimately, this work will provide clear understanding
on the formation of sandy beaches on sandy, rocky and muddy coastal environments around the world.

2. Study areas

In this work, five (5) sandy beaches namely Baishawan, Dasha, Dongdan, Mushao, and Nanshajiao were
studied in the muddy coast in the Zhejiang province, which are located in southern China (Figure 1(a)). Four
(4) sandy beaches were studied in Qingdao, China namely Bathing Beach 1, Bathing Beach 2, Bathing Beach
3, and Shilaoren (Figure 1(b)).

For the sake of the scope of this article, Baishawan, Dasha, Dongdan, Mushao, and Nanshajiao, sandy
beaches located in a mud dominated coast near Samen Bay area of Zhejiang province in China would be
referred to as “muddy coast beaches” while Bathing Beach 1, Bathing Beach 2, Bathing Beach 3, and Shilaoren,
sandy beaches located in sand and rock dominated Qingdao, Shandong, China would be referred to as “sandy
coast beaches” in this article.

2.1. Beaches in the muddy coast (Zhejiang Province)

Although the studied beaches in this region are sandy (Figure 1(a)), the coastal types of Zhejiang
Province could be generalized into the muddy (about 50% of total length), bedrock (40%), and sand coast
(4%)". The coast has embayed beaches with a wide and flat coastal shelf open to the marginal sea. The beaches
are directly exposed to the East China Sea and have undulating topography!'*3!l. Under the influence of the
hydrodynamic condition and sediment source, these coasts have obvious seasonal variations: erosion in

summer and deposition in winter!-!,

Here, the East Asian monsoon is the dominant physical driver of the formation, distribution, and
sedimentary processes of the mud belt®?. The main tidal characteristics are mixed semidiurnal tides with
medium tide ranges and high current velocities!”. During summer, the Yangtze River discharges large amounts
of water and sediments with 32% of the riverine sediment load estimated to be deposited at the river mouth
sites during this time. During winter, intensified East Asian Monsoon activities and wave action resuspend the
deposits of river-derived sediment in the mud area!?.
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Figure 1. The 9 studied sandy embayed beaches on headlands are located along the China Mainland coast. (a) Five of the beaches
(Baishawan, Dasha, Dongdan, Mushao, and Nanshajiao) are located in the mud dominated coast of Zhejiang, Southern part of China;
(b) Four of the beaches (Bathing Beach 1, Bathing Beach 2, Bathing Beach 3, and Shilaoren) are located in the sandy coast of
Qingdao, Northern part of China. The red stars indicated the location of the sea level data measurement station in Kanmen (Zhejiang)
and Yentai (Qingdao).

The general current circulation system here is dominated by the Taiwan Warm Current (TWC). The flood
currents come from the outer shelf and flow toward the nearshore area, while the ebb currents have the opposite
behavior!”. The winter monsoon also drives the Taiwan Warm Current (TWC) to form upwelling circulation
offshore, with the Zhejiang—Fujian Coast Current (ZFCC) causing downwelling in the near-shore region.
Upwelling and downwelling circulation constrains the distribution of fine-grained sediments within the inner
shelf (<75 m isobath) and formed the “inner shelf mud area of the East China Sea”. In addition, the circulation
prevents sediments from escaping to deeper waters in the East China Sea, hence favoring fine-grain sediments

to cover the relict sand located on the middle and outer shelves!>”.

Here, surge waves are more frequent than wind waves affected by southeasterly winds!”!. The dominating
strong Eastward wave conditions are stronger in autumn due to the frequent storm (including typhoons and
storm surges) conditions during the period™. The location is also one of the regions that are most affected by
storm activities along the Chinese coast. The sea level rise regime along this area in the recent few decades
has risen as high as 6.6 mm/year!'%.

2.2. Beaches on the sandy coast (Qingdao Province)

Qingdao is located in the southeastern part of Shandong Peninsula, China. It is bordered by the Yellow
Sea in the East and South, Yantai City in the Northeast, Rizhao City in the Southwest, and Weifang City in the
West. Qingdao coast has flat beaches that are made of rocky and coarse sandy clastic materials with cliffy
beakheads distributed over sections of the study areal®.. The beaches here are located at the edge of the Yellow
Sea and are characterized by high wind wave energy that interchange the beach materials with sediments in

adjoining bays!>¢!,

The wave and wind characteristics here change with the season. The annual mean wave height is 0.7 m.
Qingdao’s wave height increases gradually in the first half of the year and reaches a maximum of 0.9 m in
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July. In the second half of the year, the wave height decreases gradually to a minimum of 0.5 m in January and
December. In winter, the waves are usually in the NWW-NNW direction, with 18% in NW, and 7% NNW; in
spring the wind waves are in E (14%) and SEE (9%); in summer, the main wind direction is ES, and 12% are
in E and 9% in SEE, and in fall the frequency of NW wave is 10%!°..

Qingdao’s tidal regime type is characterized by regular semi-diurnal tides, with an average tidal range of
2.8 m and a spring tidal range of 4.75 m!>%. The sea level rise characteristics along this area in the recent few
decades have been up to 4.8 mm/year!'%, The storm condition along the coast is not as frequent when compared
to Zhejiang (for the sake of this study), however, the coast is still affected by temperate and tropical storm
surges such as typhoons. During the storm surge, semi-open bays facing the open sea (as in the studied beaches)
are vulnerable to the attack of rough waves.

The coast of Qingdao is marked with bays that were formed during the Holocene transgressionl®). The
rock in Qingdao bays is mainly Mesozoic granite and some volcanic assemblages. There is a breccia tuff and
volcanic silication zone outcrop near Shilaoren. Faults are mainly developed in NE-NNE as the controlling
factor over the structural and geomorphological patterns here.

3. Data and methodology

3.1. Shoreline change

Landsat imagery is widely used for shoreline change analysis along sandy beaches around the world.
They have spatial, spectral, and radiometric characteristics as well as temporal continuity that make them
suitable for implementation in shoreline change analysis of low-lying sandy beaches!®!!,

Cloud-free multitemporal Landsat MSS, TM, ETM+, and OLI images from 1973 to 2021 with pixel
resolution of 30 m were downloaded from the USGS Global Visualization Viewer repository**l. Storm

1334 hence we avoided

conditions are more frequent along the Chinese coast between July and Septembe
selecting satellite images during this period. Table 1 shows a comprehensive detail of the respective Landsat

images used in both study areas considered in this research.

Table 1. Details of the multitemporal Landsat imageries used for the shoreline position identification along the studied Zhejiang and
Qingdao beaches.

Headland-embayed beaches in the muddy coast (Zhejiang) Headland-embayed beaches in the Sandy coast (Qingdao)

Sensor Date Sensor Date

Landsat 1/MSS 01/30/1973 Landsat 1/MSS 05/02/1975
Landsat 1/MSS 01/08/1983 Landsat 1/MSS 02/02/1980
Landsat 1/MSS 01/07/1986 Landsat 1/MSS 11/04/1986
Landsat 1/MSS 02/22/1991 N/A N/A

Landsat 5/TM 02/09/1998 Landsat 5/TM 01/11/1998
Landsat 5/TM 02/20/2002 Landsat 5/TM 01/28/2001
Landsat 5/TM 04/07/2007 Landsat 5/TM 04/02/2006
Landsat 7/ETM+ 01/12/2011 Landsat 7/ETM+ 01/26/2011
Landsat 7/ETM+ 01/03/2015 Landsat 7/ETM+ 03/28/2016
Landsat 8/OLI 01/18/2019 Landsat 8/OLI 02/22/2021

Considering the small scale of the studied beaches, we employed semi-automatic shoreline identification
to elucidate the regression and progradation history of the shoreline position of the studied beaches. We use
image filtering and arithmetic operations to digitize the shoreline on the high-water mark before manual
corrections. The shoreline change rates were calculated in the form of three statistical methods namely LRR,
EPR, and NSM using the Digital Shoreline Analysis System (DSAS) plugin on ArcGIS 10.8.

We selected alternating years for the two study areas according to the satellite images available suitable
for delineating the shoreline position through the semi-automated water-line identification method.
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3.2. Beach vulnerability assessment

The vulnerability of a beach to erosion is affected by the local geomorphological characteristics of the

24,2527

beach and its nearshore characteristics! 1. The choice of the indicators considered in this study is affected

by the availability of reliable data to assess the vulnerability of the selected study area.

After identifying the indicators and assigning a weighting value for each one, the beach vulnerability can
be determined from the average of the indicator for each variable!?*?>3>3¢1 The resulting value which indicates
the beach vulnerability for each of the beaches was distributed in three classes, with respectively associated
vulnerabilities of low, moderate, and high (Table 2).

The weighing values were determined from field survey and comprehensive analysis of the factors that
are responsible for the changes in the beach geomorphology. For example, beaches whose local geological
characteristics can be easily eroded (for instance, loose sand) are more susceptible to erosion than those that
are not easily eroded (e.g., rock basement). Hence a higher weighting classification level would be assigned to
sandy beaches compared to rocky beaches when measuring their vulnerability to erosion.

Table 2 shows the weighting values for each variable considered in the vulnerability assessment for this
work. The weights of each variable were distributed within the range of 0 to 3, where values that tend towards
0 represent low vulnerability and values that tend towards 3 represent high vulnerability.

The main variables considered for the vulnerability of the studied beaches are (1) long-term shoreline
variation over the period of 1973 to 2019 for Zhejiang beaches and 1975 to 2021 for Qingdao beaches. This
variable was considered because the change rate of a shoreline, in connection with the geomorphology of a
beach, indicates its response of the beach to factors that influence it, and as well, affect the vulnerability of a
beach to erosion!?>?%l; (2) the frequency of storm activities on the beaches 1991 to 2021. The variable was
incorporated into the vulnerability analysis because the frequency of storm activities on a beach affects its
geomorphology!®®*%l; (3) summary of the sea level from 1980 to 2021, adapted from the China Sea Level
Bulletin®"). Sea level data was considered here because the intensity of sea level rise on a beach affects the
storm conditions observed on the beach>*¢3I; (4) the geology of each beach, described by the distribution of
sand, silt and bedrock characteristics of each beach. According to Ding et al.*’], beach geology plays an
important role in the level of vulnerability of a beach. Data acquired from field survey, remote sensing, and
comprehensive literature review; (5) the beach protection of each beach. Which describes the embayment of
each beach. This research included beach protection because erosion-preventing facilities available on a beach
will affect the vulnerability of a beach!®*). Data was acquired from field surveys and remote sensing.

Table 2. List of the variables considered, their source, years of data incorporated and vulnerability weight classification of the
variables used in the vulnerability assessment. NA indicates Not Applicable.

Variable Data source Year Vulnerability weight classification
1 2 3
Shoreline  Satellite image analysis ~ 1973-2019 (for Zhejiang); <-0.15 -0.15<-1.10>- >-1.50
change LRR 1975-2021 (for Qingdao) 1.50
(m/y)
Storm China Marine Disaster 1991-2021 2-For Zhejiang
frequency  Bulletin 1-For Qingdao
Sea level China Sea Level Bulletin  1980-2021 1 (average change of 3—4 mm/y for all beaches)
Geology Field survey and NA Rocky beach on rocky Sandy beachon  Sandy beaches in
comprehensive analysis coast sandy coast muddy coast
Beach Field survey and NA Seawall, natural Natural headland Embayed
protection  comprehensive analysis headland and and embayed
embayed
Beach vulnerability index Low vulnerability Moderate High vulnerability
vulnerability




The beach vulnerability index for Zhejiang and Qingdao beaches is defined thus.
SC + ST + SL + GE + BP
- 5
where, SC is the shoreline change, ST is the storm frequency on the beach, SL is the Sea Level of the beach,

GE describes the local geology of the beach, BP defines the level of man-made beach protection against erosion
on the beach, and BVI is beach vulnerability index.

4. Result
4.1. Shoreline change

The summary of the shoreline change rates and respective information of the stages and statistical methods
are displayed in Table 3. The results show varying short-term and long-term changes in terms of erosion as
well as accretion.

4.1.1. Shoreline changes on three stages

For the first stage, we considered shoreline positions of the years 1973, 1983, 1986, 1991, and 1998 for
sandy beaches studied in Zhejiang and the years 1975, 1980, 1986, and 1998 for beaches in Qingdao. For the
second stage, we considered shoreline position in the years 1998, 2002, 2007, 2011, and 2015 for Zhejiang
beaches1998 and shoreline position in the years 2001, 2006, and 2011 for Qingdao beaches. During the third
stage, we considered shoreline positions in 2015 and 2019 (for Zhejiang beaches) and 2011, 2016, and 2021
(for Qingdao beaches) for the analysis.

The first stage

For the first stage (1973/1975 to 1998—Zhejiang and Qingdao beaches respectively), all the beaches
showed a continuous landward shift in the shoreline positions during this stage (Figures 2 and 3). In 1998, the
situation intensified as the shoreline position shifted farthest inland. For example, in Bathing Beach 2, most of
the beach area was drowned (Figure 2(b)). We traced the inundation during this stage to several typhoon storm
conditions that were recorded before 1998.

The second stage

The studied beaches experienced a series of fluctuations during this stage (Figures 2 and 3). Initially, all
the beaches had recovered and shifted seaward from the retreat experienced in 1998, however, they later
experienced recurrent seaward and landward fluctuation that ended with a landward movement in 2015 (for
Zhejiang beaches) and 2011 (for Qingdao beaches). The frequent storm conditions on these beaches were
suspected to be responsible for beach loss during this stage.

The third stage

During this stage, all the beaches showed a positive budget compared to respective previous years
(Figures 2 and 3). It is admitted that the beach management procedure and protective features have improved
compared to previous stages in some of the studied beaches. For example, at Bathing Beach 2, the beach was
protected by breakwaters perpendicular to the beach and created a relatively enclosed system due to the
curvature of the beach, hence preventing the erosion of the coast by natural nearshore dynamics including
waves, and storm conditions. This later contributed to the positive budget recorded on the beach in our long-
term analysis (Figure 2(b)).

4.1.2. Long term and short-term changes

In this section of the paper, we highlighted the results of the long-term and short-term shoreline evolution
of selected sandy beaches in Zhejiang and Qingdao, China. For the analysis, we divided the results into 3
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different short-term periods (For Zhejiang beaches; 1973—-1998; 1998-2015; 2015-2019, For Qingdao beaches;
1975-1998; 1998-2011; 2011-2021) as a function of a literature review and comprehensive analysis of the
conditions of the coasts and recorded results.

For the long-term analysis, we considered all the shoreline positions on respective study areas (i.e., 1973,
1983, 1986, 1991, 1998, 2002, 2007, 2011, 2015, and 2019 for Zhejiang beaches and 1975, 1980, 1986,
1999,2001, 2006, 2011, 2016 and 2021 for Qingdao beaches).

The short-term results showed a similar trend of change in both locations, marked by near-stable beaches
with fluctuating trends in accretion and erosion in recent years and severely eroded beaches before 2000
(Figures 2 and 3). In the long term, the analysis indicates a retreating coastline in both regions shows an overall
similar trend in the movement and coinciding offshore and landward movement of this shoreline position
during respective years on these beaches.

NSM, expressed in m herein, is the total distance between the earliest and most recent shorelines for each
transect. EPR, expressed in m/y herein, is calculated by dividing the NSM by the number of years between the
oldest and the most recent shoreline. LLR, expressed in m/y herein, is determined by LRR and is computed by
fitting a least-squares regression line to multiple shoreline positions for a particular transect.

Table 3. The locations with zero change rates and zero shoreline movement indicate a steady shoreline. The LRR analysis result for
Zhejiang beaches is not available because we only considered the shoreline position for two years, 2015 and 2019, hence LRR
analysis is not possible because it requires at least 3 years of the position of the shorelines. (N/A: Not available).

LRR (m/y)
Beaches on 1973-1998 1998-2015 2015-2019 1973-2019
muddy coast  Accretion Erosion Accretion  Erosion (%) Accretion Erosion Accretion Erosion
(%) (%) () (%) (%) (%) ()
Baishawan +0.00 (0%) —4.847 +1.046 -0.330 (9%) N/A N/A +0.00 (0%) —2.138
(100%) (91%) (100%)
Dongdan +0.00 (0%) -1.921 +0.201 —0.675 (77%) N/A N/A +0.00 (0%) —0.810
(100%) (23%) (100%)
Nanshajiao +2.706 3%) -2.825 +2.983 -2.091 (77%) N/A N/A +0.00 (0%) —1.321
(97%) (23%) (100%)
Dasha +0.00 (0%) -5.315 +2.248 —0.00 (0%) N/A N/A +0.00 (0%) —1.788
(100%) (100%) (100%)
Mushao +0.00 (0%) -2.936 +0.818 —0.00 (0%) N/A N/A +0.00 (0%) —1.021
(100%)  (100%) (100%)
LRR (m/y)
Beaches on 1975-1998 1998-2011 20112021 1975-2021
sandy coast  Accretion Erosion Accretion  Erosion (%) Accretion Erosion Accretion Erosion
(%) (%) (%) (%) (%) (%) (%)
Bathing 1 —0.0988 —0.00 (0%) +1.078 -3.534 (82%) +1.586 -1.523 +0.00 (0%) —0.117
(100%) (18%) (75%) (25%) (100%)
Bathing 2 +0.010 —0.00 (0%) +0.00 (0%) —2.838 (100%) +1.424 -0.00 +0.00 (50%) —0.010
(100%) (100%)  (0%) (50%)
Bathing 3 +0.00 (0%) —0.078 +5.989 —6.591 (34%) +1.839 —0.793 +0.00 (0%) —0.087
(100%) (66%) (95%) (5%) (100%)
Shilaoren +0.00 (0%) -0.079 +9.338 -5.198 (86%) +1.716 —-0.839 +0.00 (0%) -0.110
(100%) (14%) (70%) (30%) (100%)




(a) Baseline proximity - Zhejiang beaches
& Baishawan -~ Mushao

E 150 & Dasha -8~ Nanshajiao

b ~#- Dongdan

£

S

Z

< 100-

g

g

kS

2

s 50~

3

g

g

A

&
(b) Baseline proximity - Qingdao beaches

150 )

-+ Bathung Beach 1
-©- Bathing Beach 2
- Bathing Beach 3
-@- Shilaoren

100

50+

Distance to reference baseline (m)

>
o
5o "
& & &

o ® >
& S} N
& W o
™
> N

Figure 2. The shifting of the shoreline positions of each beach with respect to a reference to the baseline buffer point. (a) Zhejiang
beaches; (b) Qingdao beaches.

Moderate Vulneraj

1250m

Shilaoren

Figure 3. The shoreline position of all the years considered in this study on respective beaches. The LRR (long-term analysis
considering all the shoreline positions for each beach) results are shown in respective study locations.

9



The short-term shoreline changes and summary

All the beaches in the two study locations had a retrograding shoreline for the first stage from 1973/1975
(Zhejiang and Qingdao beaches respectively) to 1998 (Figures 2 and 3; Table 3). The shoreline positions were
consistent on all the beaches for the years considered in this stage. Initially, in 1983 (for beaches in Zhejiang)
and 1980 (for beaches in Qingdao), the shoreline positions had moved seaward, however, there was a recorded
retreat of the shorelines in 1998 (Figure 2). The LRR, EPR, and NSM statistical analysis showed a negative
average for all the beaches during this stage. The lowest value (most eroded locally) was recorded at Dasha
(LRR: =5.315 m/y; EPR: —5.671 m/y; NSM: —141.94 m), while the least erosion was recorded at Bathing
Beach 2 (LRR: —0.00 m/y; EPR: —0.010 m/y; NSM: —2.96 m). In general, the summary indicates a steady
shoreline before 1980, before a sharp retreat that started in early 1980 through to the late 1990s.

The second stage is characterized by fluctuating shoreline positions in both study areas. The shoreline
position in 1998 and 2015 (for Zhejiang beaches) was almost the same. The situation was similar in Qingdao
beaches for this stage (1998-2011), except for Bathing Beach 2 where the shoreline position shifted farther
inland in 2011. However, there was a significant shift in the position of the shorelines in 2002/2001, and
2007/2006 for Zhejiang and Qingdao beaches respectively. In Bathing Beach 3, the recorded inundation in
1998 had recovered in 2011.

During this stage, the shoreline position was the most stable compared to the other two stages. The
shoreline position on Zhejiang beaches shifted seaward in 2021 from its initial position in 2015. However, on
Qingdao beaches, the shoreline was almost the same in 2011 and 2019.

The long-term shoreline changes and summary

The result for the long term considered all the shoreline positions for the LRR analysis for both study
areas and 1973/1975 and 2019/2021 for Zhejiang and Qingdao beaches respectively for the EPR and NSM
analysis. Overall, erosion dominates all the beaches in the long term (Figures 2 and 3; Table 3). The analysis
indicates that Zhejiang beaches have been severely eroded irrespective of the recorded short-term results. On
Qingdao beaches, the situation is similar, but the long-term intensity of erosion is not as high as that on
Zhejiang beaches. In fact, at the least eroded beach, Bathing Beach 2, we recorded an accretion in half of the
beach in the long term, elsewhere, erosion dominates. The highest level of erosion was at Baishawan with an
LRR erosion rate of —2.138 m/y.

4.2. Features on hydrodynamics
4.2.1. Sea level change

The sea level data was extrapolated from the China Sea Level Bulletin®®"). For this article, we selected the
sea level data from Kanmen (Zhejiang) and Yentai (Qingdao) stations. The location of the stations is marked
with a red star in Figure 1. According to the China Sea Level Bulletin, the average sea level change rate for
both study regions is 3—4 mm/y. Figure 4 shows the trend of sea level change for the two regions from 1980
to 2021.

Zhejiang - Kanmen station

Sea Level (mm)

average change rate for both location: 3-4 mm/y

T T T T T T T T T T
1980 1984 1988 1992 1996 2000 2004 2008 2012 2016  2020,2021

Year

Figure 4. The sea level for Zhejiang (Kanmen) and Qingdao (Qingdao) stations from 1980 to 2021. The average change rate for both
location is 3—4 mm/y!37,
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4.2.2. Storm surge

Chinese beaches in the southern part of China (as in Zhejiang) are frequently affected by storm conditions
more than the Northern part (as in Qingdao). In Figure 5, we presented a summary and frequency of storm
surge events in both studied regions. The data presented in this section is the storm surge and typhoon
conditions that had landfall connections at Zhejiang and Qingdao provinces, rather than the studied beaches.
The summary of storm and typhoon events in China from 1988 to 2021 has been presented in the China Marine
Disaster Bulletin by the Ministry of Natural Resources, PRCP,

Zhejiang is one of the locations that is frequently affected by storm surges and typhoons in China. Over
the years, the region has experienced some major storm events including the disastrous Typhoon Winne and
Polly of 1978 and 1992 respectively. Qingdao is also frequently affected by storm conditions; however, the
frequency and intensity of the storm conditions are lesser when compared to Zhejiang>!.

: : i
e —— |fH1III|IH|”|MI~W‘n il

1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

B Zhejiang B Qingdao

Figure 5. The number of storm surge activities including Typhoons that made landfall along the coast of Zhejiang and Qingdao
between 1991 and 20215,

4.2.3. Erosion vulnerability assessment

In general, beaches in Zhejiang indicate more vulnerability to erosion than those in Qingdao when
considering the geomorphic and hydrodynamical conditions of the beaches. Of all, Dasha in Zhejiang shows
the highest vulnerability while Bathing Beach 2 in Qingdao is the least vulnerable of all the studied beaches.
Table 4 shows the vulnerability level of each beach.

Table 4. The level of vulnerability on Zhejiang and Qingdao beaches.

Location Beach Vulnerability
Zhejiang Baishawan High
Dongdan High
Nanshajiao Moderate
Dasha High
Mushao Moderate
Qingdao Bathing Beach 1 Moderate
Bathing Beach 2 Low
Bathing Beach 3 Low
Shilaoren Moderate

5. Discussion

The beaches studied show varying vulnerability due to the difference in the geomorphic and hydroclimatic
characteristics of the two regions. The factors responsible for the vulnerability of a beach to erosion can be
complex, for example, the vulnerability assessment indicated that beaches in Zhejiang are more vulnerable to
erosion from storm conditions. However, the storm conditions seem to be the primary source of beach materials
here. During extreme storm events, cross-shore sediment processes affect the distribution of sediment on
beaches®®!. In the Zhejiang region, the storm conditions played an important role in the distribution of sandy
material on the beach. However, in Qingdao, the geology of the beaches and coastal engineering as well as
fewer storm events have caused an increase in the resistance to erosion on the beaches.
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5.1. Contributing factors during different stages
5.1.1. First stage

Storm conditions can exacerbate the susceptivity of a beach to erosion!'?!. It could as well reduce the time
required for a beach to recover from erosion under natural conditions. Usually, the beaches on the studied
coasts have been regularly affected by typhoons. Between 1973 and 1998, the Chinese coast experienced
several violent typhoon conditions. Although the coasts had only recorded catastrophic storm conditions after
the 1980s. In particular, two historical typhoon events, Typhoon Polly in 1992 and Typhoon Winne in 1978
have caused serious impacts on the local economy and development of the Chinese coast. Typhoon Polly
landed in Fujian Province on 31st August 1992, with a maximum wind speed of around 25 m/s and a central
pressure of 975 hPa. It later moved northeast through the north of the Yellow Sea after entering Haizhou Wan
on Ist September®#%, Similarly, Typhoon Winne landed at Wenling, Zhejiang Province with a maximum wind
speed of 40 m/s and a central pressure of 960 hPa on 18th August 1997. It is one of the typhoons that made a
land connection on the Chinese mainland. It crossed Zhejiang and Anhui provinces and entered Shandong
Province. During these two typhoons, several tide stations in Qingdao exceeded the local warning tide level,
which caused direct economic loss up to 680 million RMB and 271 million RMB, respectively®..

5.1.2. Second stage

It has been established that storm conditions can lead to beach area loss!'%. Up to 120 storm events have
been recorded in Qingdao between 1898 and 19941, Besides, extratropical storm surges occurred in Bohai
Bay and Laizhou Bay in October 2003 and March 20071?, However, Zhejiang province of China is one of the
locations that is mostly affected by storm conditions in China. The low-lying south Yangtze coastal plain has
been reported to be vulnerable to coastal inundation since the middle Holocene!*?!. Besides, there were a total
of 6 obvious typhoon-level waves that occurred in the China sea in 2016 and 2017 with most of them having
a strong influence on the Zhejiang coast*?,

Naturally, all the beaches had a recurrent recovery from inundation during the second stage. Usually,
beaches recover naturally after storm conditions!'?. However, the rate of recovery could be in the range of a
few days to years depending on sediment supply by catchment rivers, longshore transport energy, the type of
wave on the beach as well as the energy condition of the waves®*. The nearshore conditions on Qingdao
beaches do not support sedimentation and the major recovery source of sediment to the lost beach is sand
nourishment!'?l, The sandy beaches in Qingdao have been affected by shortage of sediment due to sand
dredging on the beaches and/or adjacent offshore areas and reduction in the sand sourced from river channels
and longshore transport. Similarly, the natural condition on Zhejiang beaches supports the sedimentation of
muddy materials, however, the harsh condition of the coast could have improved the presence of sandy material
on the studied beaches!'33%,

5.1.3. Third stage

In Zhejiang, the shoreline recovery has followed a natural trend with all of the beaches here recording the
progression of seaward movement (Figures 2 and 3). Although the studied beaches did show evidence of
increased human activities including minor coastal modification.

However, the seaward movement here during this stage cannot be connected to human activity such as
beach nourishment procedures since there have not been any substantial beach management procedures on
sandy beaches in Zhejiang.

5.2. Contributing factors for the long-term shoreline change of beach on the different coasts

Factors affecting accretion or deposition on embayed sandy beaches on rocky headlands include the
nearshore wave characteristic, tidal current, storm conditions, longshore transport, local geology, and the
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anthropogenic activities occurring on respective beaches®*!°23], Despite the beaches having different local
geological characteristics, the trend of change on the coast is similar. Inferable, natural hydro physical
conditions, in particular, wave and storm conditions have contributed to the loss in beach volume in the two
study locations. Considering the low-lying sea level of these coasts, waves and storm conditions are one of the
most destructive natural disasters that will affect the inundation recorded. Besides, due to the nearshore
properties (including beach slope) of the studied beaches, sea level rise could affect the storm conditions in

5431 coasts. For example, in the long term, the result of this analysis shows a positive

Zhejiang¥ and Qingdao!
correlation between the effect of Sea level rise and storm surge (Figures 4 and 5). The contemporary increase
in Sea-level results from Kanmen and Yantai Sea-level measuring stations have indicated a positive correlation

with the frequency of observed storm surge events on the beaches of Zhejiang and Qingdao.

The intensity and frequency of storm conditions on Qingdao and Zhejiang beaches are different, with
Zhejiang beaches being more open to frequent attacks of high intensity. Eventually, beaches are expected to
recover after storm event!!”); but the source of sediment supply to Qingdao and Zhejiang beaches can either be
natural (longshore transported from river catchments or offshore origin) or human-aided (sand nourishment).
Overall, the intensity of human modification and nearshore hydrodynamics has culminated in the recoveries
on these beaches, with the effect more evident on Qingdao beaches. The next subsections describe these factors
in detail for each location.

5.2.1. Muddy coast beaches (Zhejiang) controlling factors

The effect of storm conditions on Zhejiang beaches has been established>#*42, However, the pathway to
the recovery of studied Zhejiang beaches from the storm condition is not the same as those in Qingdao. The
studied beaches are located in a muddy coastal environment that hardly receives sediment supply from the
catchment Yangtze River. And the Yangtze is the primary source of sediment supply to the Zhejiang region,
however, close to 80% of its suspended transports are deposited in the coastal shelf of the East China Seal”>!,
Moreover, several authors have concluded that the Three Gorges Dam which was constructed in 2003 has
trapped up to 60% of Yangtze River suspended transport, reducing the amount of possible sedimentation of
the coast!>!¥, Ultimately, the nearshore conditions of the coast do not favor the deposition of sandy materials.
Although the Taiwan Warm Current pushes fine sediment towards Sanmen bay to be deposited in adjacent
beaches creating a muddy coast around the studied sandy beaches. But still, the sedimentation rate is nearly
zero as the suspended material approaches the coast leading to low sedimentation and hence does not favor the
natural recovery of the beaches and the beach sediment is not replenished as fast as storm conditions remove
them.

In an interesting twist, the storm condition on the studied beach has been linked to the presence of sand
material on a coast characterized by low-energy swells!!®3% The high waves created during the storm
conditions, the topography, and the morphology of the beaches could promote the sedimentation of sand
material by shifting the Sand Mud Transition (SMT) offshore. Moreover, the embayment condition of the
beaches has promoted sand deposition during storm conditions!'®). Besides, Anthony et al. and Dolique and

1617 have reported that the distribution of sandy material to small, embayed beaches on mud banks is

Anthony
primarily affected by wave intensity on the coast. Since the storm conditions on this coast are frequent®”, the
high waves generated during storm conditions transport sand materials to the beaches, creating sandy beach

pockets in a muddy coastal environment.

5.2.2. Sandy coast beaches (Qingdao) controlling factors

Qingdao is affected by weather events such as typhoons and heavy rain that can lead to disaster throughout
the year, especially when crossing typhoons combined with wind, storms, and tides™). Besides, the natural
supply of sediment to the beaches in Qingdao has been inconsistent since the 1950s and hence has been eroding
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due to the shortage in the sediment supply via alongshore drift and sand dredging from the beach and offshore.
The sediment load delivered from the Yellow River to the Bohai Sea has decreased sharply from 1.08 x 109
t/y in the 1950s to 0.15 x 109 t/y from 2000 to 200521, Also, evidence of shoreline erosion was reported in
Qingdao in 2013 and 2017 as an aftermath of a storm condition. There has been extensive removal of sand
from beaches and offshore shallow waters in Qingdao since the 1980s. This sand removal has been linked to
the erosion features on the coast up till the 20th century. This had led to the recent coastal engineering
remediation procedures including the seawall at Bathing Beach 2 (Figure 2(g)). However, strict laws by the
Chinese government have further prevented the excavation of beach sand in Qingdao. The beaches have
received recurrent sediment nourishment projects in recent years too. This remediation put in place has
compensated for the deficiency in the sediment supplied to the beaches and hence has stabilized the shoreline
position.

6. Conclusion

We examine the implication of storm conditions and anthropogenic activities on the shoreline position of
4 sandy beaches in Qingdao and 4 sandy beaches in the Zhejiang regions of China. Ultimately, we contrast the
factors responsible for the shoreline change in different geomorphic environments and evaluate the presence
of Sandy beach in a muddy coastal environment.

The research has revealed that the sandy beaches in Zhejiang are more vulnerable to erosion than those
in Qingdao. In addition, the sandy beaches in both regions have been eroding since the early 1970s. During
the first stage, both types of beaches experienced serious erosion as a response to severe storm conditions that
dominated the period. During the second stage, the beaches initially recovered as a natural process, however,
they were again eroded after 2015 as a result of suspected hydroclimatic conditions. During the third stage, the
beaches recorded accretion. Coastal protection and beach nourishment activities have contributed significantly
to this advancement. Overall, this research has linked the landward beach regression to a combination of the
shortage of sediment supply and storm conditions in Qingdao. Although the beach protection and sand
nourishment procedures have improved recently in Qingdao, this has removed the earlier harsh conditions on
the beach, however, erosion is still persistent except on Bathing Beach 2. In Zhejiang, the sandy beaches have
been constantly shaped by the storm condition of the coast. Even though erosion is still persistent here, the
storm condition is the main factor that promotes the supply of the beaches with sand material.

The constant negative trend recorded is an indication of the bigger picture happening around the world.
Sandy coastlines around the world are currently being eroded at an alarming rate. Low-lying beaches have
been constantly affected by human activities concomitantly with the nearshore hydroclimate regime. These
actions have been persistent around the world and happening at different scales. The “non-severity” could
cause the constant neglect of these beaches and continuous exposure to the contemporary increasing pressures
including climate change and human pressure including exploitation of beach minerals such as beach sand.
This situation could lead to irreversible problems when the beaches reach a tipping point if better management
plans are not implemented.
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