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Abstract


The distribution pattern and the morphology of sandy beaches have been extensively studied, while those in turbid coastal environments near large river estuaries are still unclear. This study analyzes the distribution pattern, morphological characteristics, and influencing factors of Zhejiang sandy beaches using statistical analysis, based on field data and historical records. Results show that the mean grain size distribution of Zhejiang sandy beaches ranges from fine sand to very coarse sand, and the beach slope and sediment grain size correspond well with the wave heights in the three regions of Zhejiang. The extent of beach headlands in central Zhejiang appeared the largest, suggesting an increased susceptibility to wave erosion due to the less sheltered headlands. Most sandy beaches in Zhejiang formed on the islands and the areas far from the estuaries, showing quantity difference in beach distribution. The comparison of the regional difference in Zhejiang sandy beaches shows that embayment is the main factor affecting the beach distribution pattern and morphological characteristics. The different embayment characteristics provide the space for beach formation and the interaction with the coastal process, the sediment supply, the nearshore hydrodynamic environment, and human intervention also have influence on the morphological characteristics of Zhejiang beaches.
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1. Introduction


Sandy coasts constitute over one-third of the world’s non-frozen coasts [1] and possess significant socio-economic and ecological value. These coasts provide habitats for coastal flora and fauna, and sandy beaches are popular tourist destinations, generating substantial benefits for coastal areas [2]. Furthermore, sandy coasts serve as crucial buffers during extreme events, such as storms and coastal flooding, providing a natural protective barrier for coastal residents. However, sandy beaches have experienced erosion in recent years, with 15% of them retreating landward at a rate of 1 m/a or even faster over the past decades [1]. To address this issue, numerous beach ecological protection and restoration projects have been implemented worldwide since the early 20th century [3,4,5], making it crucial to understand the formation conditions and morphological characteristics of sandy beaches.



The distribution pattern and morphological characteristics of sandy beaches have been extensively studied using coastal morphodynamic methods and statistical analysis techniques [6,7,8,9]. Wave action is the primary coastal dynamic factor [10,11], with additional influences from tides, currents, and winds [12,13,14]. Apart from the aforementioned coastal forces, headland (embayment) characteristics, sediment supply, and sea level changes can also play a role in beach formation and evolution [6,15,16]. Among the influencing factors, the geological setting exerts significant control over beach sediments and morphology [17,18,19,20], shaping the distribution pattern of beach landforms. With the increasing demand for beach tourism, human activities such as the construction of seawalls, artificial headlands, artificial sandbars, and breakwaters, and beach nourishment have been undertaken to prevent storm erosion and maintain recreational functions [21,22]. There interventions can also change the nearshore hydrodynamics, and even cause long-term disturbance [23,24], thus influencing beach evolution.



Embayed beaches constitute more than 50% of sandy beaches [25] and exhibit distinct behavior compared to beaches without headland control [7,18,19,26]. This distinction is crucial for beach management and conservation. Assessing and categorizing headland morphology has been proven effective in organizing embayment. The indentation of embayment has impacts on sediment transport and influences morphological patterns [27,28,29]. Previous studies have focused on the classification of embayed beaches [28,30,31,32], while the distribution pattern and morphological characteristics of embayed sandy beaches in different regions require further understanding.



Most of the sandy beaches in China are embayed beaches, and they are mainly distributed in the south and in the Shandong Peninsula, while they are rare in eastern China [15,33]. Zhejiang, with a total coastline of 6910 km—the longest among China’s coastal provincial administrative regions—only has 122 km of gravel–sandy coastline and limited embayed sandy beach resources [34]. Tides, waves, and coastal currents promote the southward transport and diffusion of Yangtze River sediments [35,36,37], resulting in the turbid coastal environment of Zhejiang province with sufficient fine-grained sediment supply [38,39]. Current studies on this sandy beach-poor area are focused on the morphodynamic processes on individual beaches [40,41], while the basic characteristics and regional differences in sandy beaches formed on this coast with sufficient fine sediment supply remain unclear.



Therefore, this study focuses on the Zhejiang sandy beaches in the turbid coastal environment near the Yangtze River estuary, and the aims of this study are (1) to systematically analyze the distribution pattern and morphological characteristics, (2) to find out the regional difference in the sandy beaches in Zhejiang, and (3) to further explore the influencing factors of the distribution pattern and morphological characteristics of sandy beaches in a similar area.




2. Study Area


2.1. Geographical Location and Geological Setting


Zhejiang province is situated on the eastern coast of China (Figure 1a), in a subtropical monsoon climate zone, characterized by seasonal changes in prevailing wind direction and precipitation, and frequently affected by typhoon events (approximately six typhoons per year [42]).



The total length of the Zhejiang coastline is 6910 km, including 2410 km of mainland coastline and 4500 km of island coastline [34]. The Zhejiang coastal zone is in the South China Uplifted Belt. A series of NE-SW and NW-SE trending fault structures formed in the Cenozoic era intersect with the South China coastline obliquely, and mountains or hills rise to the sea, thus forming a series of meandering coasts, which is the basis for the formation of the embayed coast. The northern coast of Zhejiang province is located in the southern margin of the Yangtze River delta plain, while the other coast is located in the volcanic hills of eastern and southern Zhejiang province [33]. Its coastal regions can be broadly divided into northern Zhejiang (NZ), central Zhejiang (CZ), and southern Zhejiang (SZ) from north to south. The NZ coastal region is located at the southern end of the Yangtze River delta plain, including Zhoushan city, which has a wide range of islands and intersecting waterways. The CZ coastal region mainly covers Ningbo city and Taizhou city, with a small number of scattered islands. The SZ coastal region is mostly under the jurisdiction of Wenzhou city, which has a large number of relatively concentrated islands [43]. The southward transport of fine sediments from the Yangtze River has a significant impact on the extensive development of tidal flats in Zhejiang, while the sandy–gravel coastline only accounts for 4% [34]. This study focuses on 75 embayed sandy beaches along the Zhejiang coast, including 30 mainland beaches and 45 island beaches (Figure 1b and Table S1).



Apart from the influence of the southward transport of Yangtze River sediment, Zhejiang rivers also have impacts on the coast. The main rivers of Zhejiang, including Qiantangjiang, Yongjiang, Jiaojiang, Oujiang, Feiyunjiang, and Aojiang, flow into the East China Sea and are all mountainous rivers with short streams, forming the basis of the headland coast of Zhejiang and providing part of the sediment source for the coast (Figure 1b) [33,44]. Among the Zhejiang rivers, Qiantangjiang and Oujiang are the largest and the second large river, with a multiyear averaged sediment discharge of 668.7 × 104 t and 225.6 × 104 t, respectively [33].



The surficial sediments in the Zhejiang sea area are mainly silt and clay (Figure 1b), resulting from the southward transport of Yangtze River sediment and the local small–moderate rivers [36]. The total sediment volume of the clinoform in the Zhejiang–Fujian mud wedge is estimated to be about 4.5 × 1011 m3, which represents about 32% the total Yangtze-derived mud to the sea. The suspended sediment concentration (SSC) in the sea area of NZ is between 0.02 kg/m3 and 0.57 kg/m3 during winter. The SSC distribution in summer is generally lower than that in winter, but the distribution pattern is basically similar, characterized by a low concentration in the eastern islands far from the mainland. The SSC in the CZ sea area is generally low, and the SSC in winter is much higher than that in summer. The SSC in CZ during winter is mostly between <0.1 kg/m3 and 0.69 kg/m3, while the SSC is low during summer, with values mostly below 0.05 kg/m3. The SSC in the sea area of SZ is between <0.1 kg/m3 and 1.66 kg/m3, with the most turbid value occurring in the Oujiang estuary. In summer, the SSC is obviously centered on the Oujiang estuary, and the SSC shows a downward trend from south to east. Compared with winter, the range of low-value areas is greatly expanded, and the range of high-value areas is correspondingly reduced. The SSC in the estuary area is greater than that in the offshore area in SZ [43].




2.2. Coastal Hydrodynamic Environment


The wave direction in the Zhejiang coastal area is generally consistent with the seasonal wind direction. During summer, the waves mainly originate from the south in the coastal regions of Zhejiang, while northeasterly waves are predominant during spring and autumn. The multi-annual average wave heights along the Zhejiang coast range from 0.3 m to 1.2 m, with the average wave periods being between 1.4 s and 5.6 s [43,45,46,47]. The annual averaged wave height of NZ, CZ, and SZ are 0.79 m, 0.52 m, and 0.69 m [43,45,46,47], with the main wave directions from S-SE during summer and N-NE during winter, respectively.



Tides also show significant regional difference in the Zhejiang coastal area. The NZ region is situated in a mixed sea area with both regular and irregular semi-diurnal tides, while CZ and SZ belong to the regular semi-diurnal tidal sea area [48]. The distribution of tidal range along the Zhejiang coast exhibits distinct regional characteristics, with the average tidal range ranging from 1.91 m to 4.48 m. The annual averaged tidal range of NZ, CZ, and SZ is 2.48 m, 3.29 m, and 4.23 m, respectively [43]. The tidal range in the nearshore and island areas gradually increases from north to south and from east to west [43,49].



The coastal current in Zhejiang is mainly the Zhejiang–Fujian Coastal Current (ZFCC) flowing southward (Figure 1a), and this current intensifies in winter, carrying the Yangtze’s brackish water and sediment discharge southward along the inner shelf [36]. Offshore, there is a northward flow of warm and saline middle-deep water flow, the Taiwan Warm Current (TWC, Figure 1). In summer, under the prevailing southeast monsoon, the northward TWC intensifies and, correspondingly, the southward ZFCC weakens.





3. Materials and Methods


3.1. Collection and Processing of Beach Slope and Sediment


In this study, we conducted field measurements on 75 accessible sandy beaches in Zhejiang with lengths greater than 100 m, including 30 mainland beaches and 45 island beaches (Figure 1 and Table S1). To be specific, we established three (in the north, central, and south parts of beaches), two (in the north and south parts of beaches), and one (in the central of beaches) profiles on beaches with lengths longer than 500 m, 300 m to 500 m, and shorter than 300 m, respectively (Table S1). The profiles were measured at low tide on the measurement day from July to August 2020 using RTK GPS connected to Continuously Operating Reference Stations (CORS), with a vertical and horizontal accuracy of ±15 mm and ±8 mm, respectively. The profiles were perpendicular to the coastline, extending from the base (seawall or bedrock) to the daily low tide waterline, and a total of 147 profiles were collected (Table S1). The elevation data were then corrected to the 1985 Yellow Sea Elevation Datum. The average slope (i) of the beach was obtained by calculating the arithmetic mean of slope using the elevation data from all profiles on each beach (Figure S1).



During the measurement of beach slope, we also collected surficial sediment along the profiles (Figure S1), and a total of 441 sediment samples were obtained (Table S1). For beaches with berms, samples were collected along the profile at the backshore, beach berm, and the beach face, respectively. For beaches without berms, the sampling stations were located at the higher, middle, and lower intertidal beach along the profile, respectively. The samples were pre-treated according to laboratory standards [50] and then analyzed by SFY-D sonic vibratory automatic sieve size analyzer (Nanjing Zhonghu Ltd., Nanjing, China). Grain size parameters such as the mean grain size (Mz), sorting coefficient (σ), skewness (Sk), and kurtosis (Ku) of the beach sediments were calculated according to the graphical method [51]. Mz can represent the change in beach sediment characteristics in previous studies on the Zhejiang coast [40] and in the statistical analysis [9], and so we only used this in the subsequent statistical analysis.




3.2. Collection and Processing of Beach Length and Dry Beach Width


In this study, we utilized the beach length (l) and averaged dry beach width (w) (Figure S1) to characterize the beach morphology. The beach length (l) was defined as the coastline length of the sandy beach in this study and determined using ArcGIS 10.8, while the dry beach width (w) was calculated as the arithmetic average of the width between the base (the landward rocky cliff foot or seawall foot) and the waterline at low tide, measured from each beach profile (Figure S1).




3.3. Collection and Processing of Embayment Characteristic Parameters


The beaches in this study are all embayed beaches, characterized by the upper and lower control headlands, a sheltered section, and a tangential section (sometimes divided into transitional sections) [52]. The embayment parameters used in this study were derived from previous research by [6,7,9,52]. These parameters include the headland length (S), the bay mouth orientation angle (γ), the spiral tangent angle (β), the maximum indentation (a), the bay mouth chord length (b), the ratio of the maximum indentation to the bay mouth chord length (a/b), and the tangential section length (L) (Figure 2).



The perennial dominant wave is taken as the vertical line, which is tangent to the arc curve of the shielding section, and the length between the tangent line and the upper headland is S. S can reflect the shadow size of the headland. γ is calculated from the N direction, measured clockwise, reflecting the tectonic setting of the coast. Spiral tangent angle β is the angle between the straight section of the bay and the chord of the bay. It is not only related to the degree of bay erosion retreat, but also related to the bay chord length. a is defined as the longest segment length of the intersection of the vertical line connecting the upper and lower headlands and the curved shoreline. It represents the degree of erosion and the retreat of the coastline under the action of waves. b was defined as the distance between the upper and lower headlands, reflecting the spatial scale of the bay and is related to geological structure. a/b is a ratio which can represent the relative strength of the wave force and the headland sheltering ability. L is the length of the straight shore segment of the curved bay. It indicates the beach segment that is not obscured by the headland, and the incident wave reaches the shoreline directly without diffraction, which is related to the chord length of the bay mouth [6,9,52].



Statistical analyses were performed on those embayment parameters, along with the average wave height and average tidal range obtained from [43,45,46,49].




3.4. Correlation Analysis and Principal Component Analysis


We defined the beach slope (i), mean grain size (Mz), and embayment parameters as the morphological factors and took them into the Pearson correlation analysis. To explore the factors affecting the distribution patten and morphological characteristics of embayed sandy beaches in Zhejiang, we further conducted principal component analysis (PCA) by region. Apart from the morphological factors, we also included the mean tidal range (TR) and mean wave height (    H  ¯   ) obtained from [34,43,45,46,47,49] in PCA, and all of the factors used in PCA are defined as morphodynamic factors in this study. The eigenvalues, variance contribution, and cumulative variance contribution of each principal component were obtained through PCA. A principal component was considered to reflect the main information represented by the morphodynamic factors when the cumulative variance contribution was greater than or equal to 70–85% [53].





4. Results


4.1. Beach Slope and Sediment Grain Size


The average slope (i) of sandy beaches in Zhejiang varied from 0.02 to 0.13 (Figure 3), with a mean value of 0.06. Among these, the inclination of the slope was found to be gentlest at Yangshashan beach and steepest at Miaogan beach. The averaged beach slope was steepest in NZ, while it was gentlest in CZ.



The mean grain size Mz of the surficial sediments of sandy beaches in Zhejiang mainly ranged from 128.93 μm (fine sand) to 1486.74 μm (very coarse sand), with a mean value of 309.07 μm (medium sand). The average value of mean grain size of sandy beaches in NZ was the largest, followed by beaches in SZ, and the finest sediments were observed in CZ beaches (Figure 4a–c). Specifically, in NZ, the Mz distribution ranged from 128.93 μm (fine sand) to 732.91 μm (coarse sand), with a mean value of 335.70 μm (medium sand), while in CZ, it varied between 134.69 μm (fine sand) and 609.30 μm (coarse sand), with a mean value of 240.09 μm (fine sand). In SZ, Mz ranged between 186.45 μm (fine sand) and 1486.74 μm (very coarse sand), with a mean value of 358.80 μm (medium sand).



The sediment sorting coefficients (σ) of beach surficial sediments ranged from 0.29 to 1.89, with an average of 0.81. This indicates that the sediments ranged from poorly sorted to well sorted. The best and worst sorting were observed on Qiansha beach and Huangsha beach (Figure 4d–f), respectively. The mean σ values of surficial sediments on sandy beaches in NZ, CZ, and SZ were 0.81, 0.84, and 0.78, respectively, suggesting that the sediments of SZ beaches had the best sorting.



The skewness coefficient (Sk) of the sediments ranged from −0.48 to 0.20 (Figure 4g–i), with a mean value of −0.20. Predominantly, negative skewness was observed, with extremely negative skewness, negative skewness, and near-symmetry being the main types. The averaged Sk values of surficial sediments on sandy beaches in NZ, CZ, and SZ were −0.16, −0.28, and −0.16, respectively, indicating that negative skewness is the predominant performance.



The kurtosis (Ku) of surficial sediments of studied beaches ranged from 0.78 to 2.92, with a mean value of 1.32, generally showing moderate and narrow peaks (Figure 4j–l). The averaged Ku values of surficial sediments on sandy beaches in NZ, CZ, and SZ were 1.19, 1.56, and 1.24, respectively.




4.2. Beach Length and Dry Beach Width


It is evident from Figure 5 that the lengths of sandy beaches varied significantly, ranging from 112.61 m (Si’ao beach) to 2381.46 m (Huangcheng beach). The sandy beaches in CZ were the longest, with most of them being in the range of 200 m to 1000 m. In contrast, NZ predominantly featured beaches shorter than 1000 m, while those in SZ were mostly shorter than 500 m. The widest and narrowest dry beach widths among the studied beaches were Houcao beach (281.57 m) and Huangsha beach (21.69 m) in NZ, respectively. The average dry beach width (w) of sandy beaches in NZ ranged from 21.69 m to 334.60 m, with the majority measuring smaller than 180 m. The averaged dry beach widths of sandy beaches in CZ were relatively wider, ranging from 37.63 to 268.20 m, and were concentrated in the range from 50 m to 200 m. Meanwhile, w ranged from 32.06 m to 281.57 m in the south, with w smaller than 200 m prevailing. There was significant correlation between the beach width and the beach length, as shown in Figure 6, indicating a trend where longer beaches tended to have wider widths.




4.3. Embayment Characteristics


The headland length (S), bay mouth orientation (γ), and spiral tangential angle (β) are shown in Figure 7. The beach headlands in CZ were the largest among the three regions in Zhejiang, suggesting the higher susceptibility to wave erosion due to the less sheltered headlands. In CZ, the headland length (S) was the largest and exhibited the widest variation, ranging from 7.82 m to 494.65 m, indicating a broader sheltering range. Meanwhile, in NZ, the averaged S value was the second largest, ranging from 4.48 m to 611.18 m, with most beaches having an S shorter than 160 m. Conversely, the averaged S value in SZ was the smallest, with an average shorter than 40 m, ranging between 6.25 m and 117.47 m. The bay mouth orientation (γ) of sandy beaches varied across regions. In NZ, the orientations varied significantly due to the presence of numerous islands, with most facing northeast and northwest. CZ beaches also had an orientation facing northwest and northeast, with γ values mainly ranging from 0° to 90° and 270° to 360°, while in SZ, the γ values mainly ranged from 180° to 360°, with the majority facing southwest and northwest. The spiral tangential angles of sandy beaches in Zhejiang ranged from 2.92° to 168.93°, showing no significant regional difference. The distribution range of β of beaches in CZ was relatively concentrated, while those in NZ and SZ were more dispersed.



The maximum indentation (a) of sandy beaches in NZ ranged from 67.12 to 2743.84 m, with a mean value of 502.55 m, and most of the values were smaller than 900 m (Figure 8a). In CZ, sandy beaches had the largest mean maximum indentation (815.02 m), with values ranging from 171.65 to 1828.58 m, and the distribution of a values was more dispersed (Figure 8b). In SZ, a varied between 42.18 m and 1278.92 m, with a mean value of 440.67 m (Figure 8c), showing the smallest indentation in the three parts of Zhejiang coastal regions.



The bay mouth chord length (b) of sandy beaches in NZ varied from 123.12 m to 2839.65 m, with the most between 123.12 m and 900 m (Figure 8d). In CZ, the headland opening degree was larger, and the shading effect was weaker. Here, b was mainly concentrated between 250 and 1500 m, with a variation range of 290.85 to 3096.37 m (Figure 8e). In SZ, sandy beaches varied from 176.98 to 2175.09 m, with most b values less than 600 m (Figure 8f), indicating a relatively small headland opening degree.



The ratio of the maximum indentation to the bay mouth chord length (a/b) was mostly distributed between 0.25 and 1.00, with the range of variation from 0.22 to 1.60 in NZ, 0.49 to 1.75 in CZ, and 0.18 to 1.59 in SZ (Figure 8g–i). In CZ, the ratios were mostly greater than 0.50, reflecting larger headland indentation, stronger wave action, and a smaller shadowing effect in CZ.



The tangential section length L of sandy beaches in NZ varied from 48.18 m to 1077.91 m, with most of the L values shorter than 400 m (Figure 8j). In CZ, the tangential section was the longest, with the L values scattered between 71.76 m and 448.97 m (Figure 8k). In SZ, L varied from 66.55 m to 834.53 m, with most values distributed within 300 m (Figure 8l).





5. Discussion


5.1. Difference in the Distribution and Morphological Characteristics of Beaches in Zhejiang


All beaches in NZ are distributed on the islands, and most of them are located on the east coast of the islands facing the predominant waves. No sandy beaches have formed along the continental coastline shaded by islands. The beaches in NZ have the coarsest sediment grain size and the steepest beach slope, which corresponds to the maximum nearshore wave height among the three regions in Zhejiang. Meanwhile, the beaches in NZ are affected by the sediments from the Yangtze River and Qiantang River, and fine sediments are abundant. The beaches in NZ can be summarized as sandy beaches affected by rivers and only developed on islands.



There are relatively few islands in the CZ, and a few beaches are distributed on the mainland coast without island shelter in the seaward. The beach headland in CZ is the longest, and the average values of beach lengths and widths in the region are also the largest among the three regions along the Zhejiang coast. Sediment grain size is the finest and beach slope is the gentlest among the three regions, corresponding to the minimum wave height in the CZ sea area.



The beaches in SZ are the least distributed, mainly formed on the islands far away from the Oujiang estuary and the southernmost end of the Zhejiang mainland coast (Cangnan). Affected by the sediment of the Oujiang River, the turbidity in the estuary area of SZ is very high, and there is no sandy beach near the estuary.



To summarize, the distribution pattern and the morphological characteristics of sandy beaches in NZ, CZ, and SZ are different (Figure 3, Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8). All accessible sandy beaches are embayed beaches, with most of the sandy beaches formed on the islands (especially in NZ) and the regions far from the estuaries, showing quantity difference in beach distribution (Figure 9).




5.2. Controlling Factors of the Different Distribution and Morphology among Zhejiang Beaches


To further explore the controlling factors on the difference in Section 5.1, a correlation analysis and a PCA were conducted. The correlation results (Table 1) show that beach slope (i) and the mean grain size (Mz) exhibited a significant positive correlation, indicating that coarser beach sediment particles are associated with steeper beach slopes in this study. The maximum indentation (a) is positively correlated with the length of the tangential section (L), the chord length of the bay mouth (b), and the length of the headland (S), suggesting that a is influenced by multiple parameters. This also implies that the intensity of wave erosion is related to the distance between headlands, resulting from wave refraction and diffraction effects on headland bay geometries [16,19,20,26]. Specifically, as the distance between headlands increases, the erosion ability of waves increases, leading to stronger wave bypassing and refraction with spatial gyration, and ultimately resulting in greater beach indentation.



The chord length of the bay mouth (b), the tangential section length (L), and the headland length (S) were significantly and positively correlated with each other, indicating that the headland distance of the beach is related to the geological structure, which in turn affects the tangential section length and headland length of the beach.



Given the correlations among the above morphodynamic parameters, a principal component analysis was conducted by region to further explore the factors influencing the distribution pattern and morphological characteristics of sandy beaches in Zhejiang, following the methods of previous studies [6,9,54].



5.2.1. NZ Beaches


Four principal components were extracted after the analysis of the morphodynamic factors of beaches in NZ, with the cumulative contribution of the total variance reaching 72.97% (Table S2). These four principal components were then used to analyze the main morphodynamic features. The load values of each factor in the first four principal components were also extracted (Table 2). In the first principal component, the load values of maximum indentation a, tangential section length L, and bay mouth chord length b are relatively large, 0.25, 0.23, and 0.23, respectively. Headland morphology is the primary geological control on the hydrodynamic and morphological processes of embayed beaches [19,55,56,57]. The three embayment characteristic factors (a, b, and L) reflect the geological settings of the headland coast. Several mountainous rivers with short streams enter the East China Sea, forming the basis of the headland coast of Zhejiang. A series of NE-SW and NW-SE trending fault structures formed in the Cenozoic are oblique to the coastline of South China, and mountains or hills rise to the sea, thus forming a series of meandering coasts, which is the basis for the formation of these embayed coasts [33]. The first principal component well reflects this feature, which is consistent with previous research results [9]. The beach slope i and the mean sediment grain size Mz correlate well with the second principal component, both with a load value of 0.32. The second principal component mainly reflects the influence of sediment sources in the formation of the beach. The main source of the sandy beach in Zhejiang is the local erosion of the headland and the sandy sediment from the river discharge [58], the large quantities of islands in NZ, and the Qiantang River can provide the sediment source. Among the third and fourth principal components, the factor loads of the ratio a/b and the average wave height are the largest, with values of 0.61 and 0.68, respectively. The ratio of a/b reflects the relative strength of wave force and the shadowing ability of the headland [6], indicating that these two parameters illustrate the important role of wave action in the formation of sandy beaches.




5.2.2. CZ Beaches


The principal component analysis results for sandy beaches in CZ are shown in Table S3 and Table 2. The first four principal components were used to analyze the main morphodynamic features, as their accumulated contribution reached 78.103%. In the first principal component, the loads of maximum indentation a, tangential section length L, bay mouth chord length b, and headland length S are the largest, with values of 0.26, 0.23, 0.27, and 0.24, respectively. This is consistent with the result of NZ, reflecting the important influence of headland characteristics on beach development. In the second principal component, the load of beach slope i and the mean sediment grain size Mz accounted for a relatively large proportion, 0.50 and 0.45, respectively, closely related to the sediment source. In the third and fourth principal components, the factor loads of the spiral tangent angle β, the ratio of a/b, and the average wave height     H  ¯    are the largest, with values of 0.48, 0.44, and −0.49, respectively. The spiral tangent angle reflects the sheltering ability of the headland on the beach, while a/b reflects the relative strength of wave power and the sheltering ability of the headland. Therefore, these three factors are closely related to wave forcing.




5.2.3. SZ Beaches


The principal component analysis results of sandy beaches in SZ are shown in Table S4 and Table 2. The first four principal components, as their accumulated contribution rate reached 72.98%, were used to analyze the main morphodynamic features. In the first principal component, the loads of maximum indentation and bay mouth chord length are the largest, with values of 0.27 and 0.29, respectively, which are similar to those in NZ and CZ. In the second principal component, the load values of the maximum indentation and the ratio of a/b are the largest, with values of −0.29 and 0.27, respectively. In the third principal component, the load value of beach slope i and sediment mean grain size Mz are relatively large (with the same value of 0.43), further indicating that the sediment source contributes to the formation of the sandy beach. In the fourth principal component, the mean tidal range TR has the largest load, with a value of 0.51, reflecting the influence of tides on the beach. Although sandy beaches are mainly controlled by waves, this component may indicate that the influence of tides cannot be ignored in a macrotidal coast like SZ. The flood and ebb tides affect the wave action on the beach, affecting the distribution of net sediment transport in space and time, and ultimately causing differences in the beach morphological characteristics.





5.3. Influence of Hydrodynamic Environment on Beach Morphological Characteristics


The morphological characteristics of sandy beaches are primarily driven by wave action [10,11]. The deformation and breaking of waves as they propagate from deep water to shallow water dominate the hydrodynamic processes near the beach [11,59]. Wave breaking is a key driver of various coastal processes, including sediment transport and morphodynamic changes [26,55,60]. Wave action in the coastal regions of islands is typically stronger than that in the sheltered mainland coastal regions along Zhejiang [47], resulting in a significantly higher number of sandy beaches on islands compared to the mainland coast (Table S1). The annual averaged wave height of NZ, CZ, and SZ is 0.79, 0.52, and 0.69, respectively [43,45,46,47], showing that NZ has the strongest wave force. This may be the reason why NZ has the majority of the beaches among the three regions with similar sediment supply, although the NZ coast can obtain more sediment from the Yangtze River [36]. The average values of the beach slope (Figure 3) and the mean grain size (Figure 4) in NZ, CZ, and SZ correspond well with the wave height. The larger the wave height, the coarser the mean grain size, and the steeper the beach slope.



Tides are also an important factor in controlling the position of wave action and the resulting changes in beach morphology [12,14,61]. The magnitude of the tidal range can indicate the strength of the coastal tidal dynamic environment. Based on the magnitude of the tidal range [62], coasts can be classified as micro-tidal (0 < TR < 2 m), meso-tidal (2 m < TR < 4 m), or macro-tidal (TR > 4 m). The mean tidal ranges in the sea areas of NZ, CZ, and SZ are 2.48 m (meso-tidal), 3.29 m (meso-tidal), 4.23 m (macro-tidal), respectively, showing a gradual increase from north to south and from east to west in the mainland nearshore and island areas [49]. The distribution of wave height and tidal range along the Zhejiang coast exhibits significant regional differences, and the combination of wave and tide forcings can produce diverse beach morphological characteristics.



Waves, tides, and coastal currents promote the southward transport and diffusion of Yangtze River sediments [35,36,37], creating a turbid coastal environment (Figure 10) with sufficient fine sediment supply supplemented by the Qiantangjiang and Oujiang rivers [38,39]. This may also explain the quantity difference between island beaches and mainland beaches and the quantity difference between the estuary region and other areas (Figure 1b). The sandy sediments are mainly from the local small–moderate rivers, as well as the erosion of rocks from the headlands [58]. The construction of seawalls (Table S1) and the abundance of fine sediments have led to insufficient sand supply, causing some beaches to have the potential to become muddy [63,64]. In this study, 5 mainland sandy beaches among the 75 studied beaches exhibit mud on the subaerial beach at low tide (Table 3 and Figure 1). Similar phenomena were also found in sandy beaches along the Fujian coast of China [65,66], Cayenne beach in French Guiana [67], Casino beach in Brazil [68], Dassari beach in South Korea [69], and a mesotidal beach near the Mekong River Delta in Vietnam [70]. These beaches are all in a hydrodynamic environment with abundant fine sediments, large tidal range, and small wave height, highlighting the need to consider the risk of becoming muddy in the future development and protection of these beaches. The difference is that those beaches with mud occurrence in the above studies are usually open beaches near the river mouth, while the five mudding beaches in this study are embayed beaches, which may be related to the effect of abundant sediment supply from the Yangtze River and the Zhejiang rivers.




5.4. Influence of Human Activities on Beach Evolution


The coastal zone is a fragile and complex dynamic system threatened by the combined pressure of anthropogenic constraints and climate change. Sandy beaches, a significant type of coast, are increasingly at risk of erosion. Typhoons represent the most severe meteorological disaster in Zhejiang province, with an average of six typhoons per year [42], significantly impacting beach morphology and threatening the tourism industry. To mitigate typhoon-induced erosion and meet the increasing tourism demands, Zhejiang has seen an increasing number of beach protection or restoration projects [72] (Table S1), including both hard engineering and soft engineering. The most common approach adopted in Zhejiang to protect beaches is hard engineering, primarily due to the frequent influence of typhoons (e.g., the construction of seawalls and breakwaters; Table S1). Although seawalls provide protection against coastline retreat and the associated loss of coastal property, they may have negative impacts on the adjacent beach and potentially aggravate beach erosion. Additionally, accommodation space is important for beaches facing sea level rise due to climate change [73]. Over half of the studied beaches in Zhejiang have seawalls (Table S1), resulting in insufficient accommodation space and increasing the risk of beach extinction (Figure 11a). In addition to hard engineering, 10 beaches with nourishment projects have been documented (Table S1 and Figure 11b). Beach nourishment could significantly broaden beach width and maintain recreation functions [74,75]. However, nourishment projects may change the nearshore hydrodynamics [76] and further affect the long-term evolution of sandy beaches [23]. Therefore, human intervention is also an important factor influencing sandy beach development in Zhejiang.





6. Conclusions


Based on the analyses of beach sediment, slope, and planform characteristics, combined with the annual averaged tidal range and wave height, this study revealed regional differences in beach distribution, morphological characteristics, and influencing factors of 75 accessible beaches in Zhejiang, eastern China, and the following main conclusions were obtained.



The averaged slope of sandy beaches in Zhejiang varies from 0.02 to 0.13, with the beach slope in NZ being the steepest and that in CZ being the gentlest. The studied beaches are all embayed beaches, with most located on the islands, especially in NZ. The mean grain size (Mz) distribution of sandy beach sediments along the Zhejiang coast ranges from fine sand (128.93 μm) to very coarse sand (1486.74 μm), with the coarsest sediment occurring in SZ and the finest occurring in CZ. Beach sediment grain size is closely related to beach slope, showing that steeper beach slopes correspond to coarser sediment grain size.



The length of sandy beaches in Zhejiang ranges from 112.61 m to 2381.46 m, with the average length of sandy beaches in CZ being the longest. The dry beach width of the studied beaches ranges from 21.69 m to 281.57 m, with the widest beach occurring in CZ. The beach scale in the CZ coast is larger than those in NZ and SZ. In general, the longer the beach length, the wider the beach width.



The beach headlands in CZ are the largest among the three regions in Zhejiang, suggesting the higher susceptibility to wave erosion in the latter regions due to the less sheltered headlands. The distribution pattern and the morphological characteristics of sandy beaches in NZ, CZ, and SZ are different. All accessible sandy beaches are embayed beaches, and most of them formed on the islands (especially in NZ) and the regions far from the estuaries, showing the quantity difference in beach distribution.



Through a comparison of the regional difference in the distribution pattern and morphological characteristics of embayed sandy beaches in NZ, CZ, and SZ, we found that there is a gradual shift from more wave influence in the north to more tidal influence in the south. Although waves are the primary factor controlling sandy beach evolution, the embayment characteristic is the main influencing factor affecting the beach distribution pattern and the morphological characteristics in Zhejiang beaches. The different characteristics of embayment provide the space for beach formation and the interaction with the coastal process, the sediment supply, the nearshore hydrodynamic environment, and human intervention also have influence on the morphological characteristics of Zhejiang beaches.
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Figure 1. Geographical location of study area and the coastal current system (a) and the locations of the 75 accessible embayed sandy beaches in Zhejiang province (b). YSWC, JCC, ZFCC, and TWC in (a) represent the Yellow Sea Warm Current, Jiangsu Coastal Current, Zhejiang–Fujian Coastal current, and Taiwan Warm Current, respectively. Numbers in this figure show the ID of the studied beaches (refer to Table S1; the ID numbers of the beaches are arranged from the north according to latitude). The coastal current system and the surficial sediment type distribution were modified after [36]. 
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Figure 2. Embayment parameters used in this study according to [52]. 
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Figure 3. Averaged slope of the beaches in NZ (a), CZ (b), and SZ (c), respectively. 
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Figure 4. Grain size characteristics of sandy beaches in Zhejiang from north to south: 33 beaches in NZ (a,d,g,j), 25 beaches in CZ (b,e,h,k), and 17 beaches in SZ (c,f,i,l). 
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Figure 5. Beach length and averaged dry beach width of sandy beaches in Zhejiang: 33 beaches in NZ (a,d), 25 beaches in NZ (b,e), and 17 beaches in SZ (c,f). 
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Figure 6. Correlation between dry beach width and beach length. 
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Figure 7. Headland lengths (S), bay mouth direction angles (γ), and spiral tangent angles (β) of sandy beaches in Zhejiang: 33 beaches in NZ (a,d,g), 25 beaches in CZ (b,e,h), and 17 beaches in SZ (c,f,i). 
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Figure 8. Maximum indentation (a), bay mouth arc length (b), ratio of a and b, and tangential section length (L) of sandy beaches in Zhejiang: 33 beaches in NZ (a,d,g,j), 25 beaches in CZ (b,e,h,k), and 17 beaches in SZ (c,f,i,l). The dash lines in each panel show the mean value. 
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Figure 9. Conceptual model of difference in the distribution (a–c) and morphological characteristics (d–f) of NZ beaches (a,d), CZ beaches (b,e), and SZ beaches (c,f). The black dots in (d–f) show the conceptual sediment grain size. 
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Figure 10. Multiyear averaged surficial suspended sediment concentration (mg/L) distribution in the coastal regions of Zhejiang and the adjacent sea areas during summer (a) and winter (b) (modified from [71]), in which the green circles show the sandy beaches in this study. 
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Figure 11. Example of human activities on the Zhejiang beaches: seawall construction (a) and beach nourishment (b). 
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Table 1. Pearson correlation coefficients of the morphodynamic parameters of the studied sandy beaches in Zhejiang.
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	Parameter
	    i    
	Mz
	a
	L
	b
	S
	β
	γ
	a/b





	   i   
	1.000
	
	
	
	
	
	
	
	



	Mz
	0.523
	1.000
	
	
	
	
	
	
	



	a
	−0.230
	0.109
	1.000
	
	
	
	
	
	



	L
	−0.036
	0.098
	0.554
	1.000
	
	
	
	
	



	b
	−0.197
	0.015
	0.756
	0.575
	1.000
	
	
	
	



	S
	−0.068
	0.003
	0.587
	0.533
	0.595
	1.000
	
	
	



	β
	0.035
	−0.039
	−0.226
	−0.098
	−0.224
	−0.223
	1.000
	
	



	γ
	0.080
	0.150
	0.020
	−0.012
	−0.079
	0.096
	−0.274
	1.000
	



	a/b
	−0.058
	0.168
	0.343
	0.036
	−0.182
	0.048
	−0.132
	0.084
	1.000










 





Table 2. The load of morphodynamic factors in principal components of sandy beaches in NZ, CZ, and SZ, respectively.
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	PC
	    i    
	Mz
	a
	L
	b
	S
	γ
	β
	a/b
	TR
	      H  ¯     





	NZ1
	−0.173
	−0.130
	0.246
	0.230
	0.232
	0.095
	0.028
	0.191
	0.015
	−0.065
	−0.065



	NZ2
	0.323
	0.321
	0.063
	0.173
	0.096
	0.021
	−0.283
	0.250
	−0.164
	0.312
	−0.016



	NZ3
	0.066
	0.127
	0.113
	−0.014
	−0.200
	0.047
	0.275
	0.130
	0.613
	0.295
	−0.353



	NZ4
	−0.015
	−0.329
	0.178
	−0.057
	−0.114
	−0.223
	−0.237
	0.179
	0.351
	0.260
	0.681



	CZ1
	−0.050
	−0.027
	0.255
	0.229
	0.268
	0.241
	0.089
	0.095
	−0.044
	0.120
	0.024



	CZ2
	0.502
	0.449
	−0.017
	0.005
	0.019
	0.016
	0.208
	−0.074
	−0.141
	0.096
	0.099



	CZ3
	0.082
	0.174
	−0.017
	0.035
	−0.115
	0.073
	−0.442
	0.476
	0.175
	0.120
	0.220



	CZ4
	0.064
	0.258
	0.227
	0.037
	0.022
	0.008
	0.009
	0.062
	0.439
	−0.333
	−0.491



	SZ1
	−0.188
	−0.081
	0.265
	0.180
	0.290
	0.157
	−0.123
	0.137
	0.003
	−0.125
	0.194



	SZ2
	−0.142
	−0.271
	0.167
	−0.106
	0.088
	0.149
	0.180
	−0.293
	0.268
	0.186
	−0.197



	SZ3
	0.433
	0.431
	0.211
	−0.053
	0.090
	0.237
	0.060
	0.014
	0.328
	0.193
	0.184



	SZ4
	−0.121
	−0.066
	−0.171
	0.219
	−0.123
	0.102
	−0.391
	0.408
	0.238
	0.505
	−0.227







Note: NZ1, CZ1, and SZ1 represent the first principal component in NZ beach PCA, respectively.













 





Table 3. Information of five mainland beaches with mud on the subaerial beach.
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	ID
	Name
	w (m)
	l (m)
	Mz (μm)
	S (m)
	β (°)
	γ (°)
	a/b
	L (m)
	TR (m)
	      H  ¯     





	30
	Yangshashan
	118.52
	322.9
	335.26
	82.89
	28.39
	267.08
	0.65
	262.88
	2.06
	0.40



	34
	Changshayucun
	62.43
	919.89
	609.3
	270.1
	77.07
	32.8
	0.66
	237.46
	2.45
	0.40



	50
	Hutoushanzui
	68.13
	234.58
	218.78
	42.25
	92.38
	14.01
	0.59
	71.76
	4.17
	0.50



	52
	Mushao
	80.75
	440.55
	225.92
	92.92
	21.39
	321.48
	0.54
	168.28
	4.17
	0.50



	54
	Longwan
	68.53
	286.98
	212.25
	494.65
	77.2
	358.16
	0.59
	448.97
	4.17
	0.50
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