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Abstract

:

This study conducted an in-depth analysis of the sediment dynamics in the lower reaches of the Changhua River and its estuary on Hainan Island. Through field collection of topographic data and sediment sampling, combined with advanced computational techniques, the study explored the transport pathways and depositional patterns of sediments. The grain size trend analysis (GSTA) method was utilized, in conjunction with the Flemming triangle diagram method, to classify the dynamic environment of the sediments. Furthermore, hydrodynamic modeling results were integrated to further analyze the transport trends of the sediments. The study revealed that the sediment types in the research area are complex, primarily consisting of gravelly sand and sandy gravel, indicating a generally coarse sedimentary environment in the region. The sediments in the lower reaches of the Changhua River generally transport towards the south and southwest (in the direction of Beili Bay). The net sediment transport directions inferred from the GSTA model are largely consistent with the Eulerian residual flow patterns, especially in the offshore area, where discrepancies are observed in the nearshore zone. The nearshore transport is influenced by the combined effects of alongshore currents, residual flows, and river inputs, while the offshore transport exhibits a shift from the northwest to southwest directions, reflecting the regional circulation patterns.
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1. Introduction


In recent years, with the advancement in marine scientific research [1,2,3,4,5,6], sediment grain size analysis techniques have been extensively applied [7,8,9,10,11,12]. Grain size parameters, such as mean grain size, sorting coefficient, and skewness, have been established as effective indicators for reflecting the provenance, transportation, and depositional environment of sediments [13,14,15]. Concurrently, the continuous refinement of sediment dynamic zoning and sediment transport trend analysis methods has provided robust tools for uncovering sedimentary processes [16,17]. The transport process of sediments not only reflects the complexity and variability of the regional hydrodynamic environment, but also significantly impacts regional geomorphological evolution, ecological environments, and resource development and utilization [18]. The grain size characteristics and distribution of sediments are key parameters for revealing sediment transport patterns, and detailed grain size analysis can provide an in-depth understanding of the sources, transport pathways, and depositional mechanisms of sediments [19]. It is against this technological backdrop that we are able to more meticulously explore the transport patterns of sediments in specific areas, such as the lower reaches of the Changhua River, and their environmental impacts.



In the exploration of sediment transport directions in the lower reaches of the Changhua River, the issue of sediment accumulation, as one of the core challenges in the field of water conservancy projects, cannot be overlooked due to its complex causes and the urgency of its management [20]. The Gao–Collins method, a two-dimensional sediment grain size trend analysis model, has been widely applied in various marine environments to infer net sediment transport patterns from the spatial distribution of grain size parameters [21,22,23]. Yet, its application in the Changhua River estuary has been sparse, and the results have not been fully synthesized with the local hydrodynamic conditions and sediment sources [12,24]. With the rapid development of computational technology, sediment transport models, particularly the GSTA (grain size trend analysis) model, have provided a powerful tool for accurately simulating and predicting the dynamic processes of river sediments [25,26,27]. The GSTA model, an evolution of the Gao–Collins method, incorporates advanced computational techniques to enhance the accuracy and resolution of sediment transport predictions [28,29,30]. The GSTA model not only integrates classical hydrodynamics theory with modern numerical simulation techniques, but also innovatively considers the coupled effects of topographical changes, flow conditions, sediment grain size distribution, and riverbed morphology, providing a more comprehensive and accurate reflection of sediment transport and deposition processes within river systems.



The lower reaches of the Changhua River in Hainan Island and its estuary, a critical transition zone between terrestrial and marine systems, have been subject to complex hydrodynamic conditions shaped by fluvial inputs, tidal actions, and wave energies [12,24,31]. These conditions are further influenced by the presence of dams upstream, which regulate the river’s flow and significantly impact sediment transport patterns. The water discharge data used in our hydrodynamic model, sourced from the nearest Baoqiao Hydrological Station, captures the regulatory role of these dams, ensuring that our analysis reflects the real-world conditions influenced by their presence. The lower reaches of the Changhua River, characterized by low-lying terrain, suffer from severe sediment accumulation, which not only restricts the river’s flood discharge capacity, increasing the risk of flood disasters, but also directly threatens the safety of the lives and property of surrounding residents and agricultural production [32,33]. Additionally, the land use patterns within the basin significantly influence the sediment dynamics. According to recent research, the predominant land use types in the Changhua River basin include arable land, forest land, and urban areas, with significant changes observed over the past two decades [34,35]. Arable land, primarily distributed in coastal areas, and forest land, mainly in the central mountainous regions (Figure 1), have experienced fluctuations that reflect the interplay between natural conditions and human activities. These changes directly affect the generation and transport of sediment, exacerbating the sediment accumulation issues in the lower reaches. Therefore, in-depth research on the transport direction of sediments in the lower reaches of the Changhua River is crucial for understanding the spatiotemporal distribution characteristics of sediment accumulation, evaluating the effectiveness of river channel regulation projects, and formulating scientific management measures.



The application of the GSTA model will enable us to more accurately simulate the sediment transport processes in the lower reaches of the Changhua River under different seasonal and flow conditions, revealing the transport patterns of sediments in the river channel and predicting potential future accumulation trends. This will provide a scientific basis and technical support for river channel regulation, flood control planning, navigation safety, and ecological environment protection in the lower reaches of the Changhua River. Additionally, through the simulation analysis of the GSTA model, we can evaluate the effectiveness of different management measures, optimize resource allocation, and achieve sustainable development in the lower reaches of the Changhua River. Furthermore, the incorporation of hydrodynamic modeling in this study allows for a detailed analysis of sediment transport trends by simulating the complex interactions between flow velocity and direction, which are crucial for understanding the net transport patterns in the lower reaches of the Changhua River.



Building on the achievements of previous research, this study, in conjunction with the actual conditions of the lower reaches of the Changhua River and the nearby sea area of the river mouth, employs the Flemming triangle diagram method and the GSTA model. Focusing on the surface sediments of the lower reaches of the Changhua River and the nearby sea area of the river mouth, the study aims to explore the transport direction and dcontrolling factors of sediments in the area through grain size analysis, sediment type classification, and dynamic environmental zoning. Additionally, it will utilize the residual current from hydrodynamic modeling to further analyze the transport of sediments, providing a more comprehensive understanding of the sediment dynamics in the study area.




2. Study Area and Data


The study area is situated in the western part of Hainan Island, mainly encompassing the lower reaches of the Changhua River and its estuary (Figure 2). The approximate coordinates range from 108°36′ E to 108°50′ E and 19°15′ N to 19°22′ N. The study area covers a large part of the region from Chahe Town to the estuary of the Changhua River, including Xiantiancun, Dangchangcun and Jiuxiancun, among others. A total of 40 offshore sampling points were investigated and collected by the Haikou Geological Survey Center. Sediment data for the open sea were obtained through historical data [24,32,33,37].



The hydrological regime of the lower Changhua River is characterized by a distinct seasonal variability, with a pronounced flood season typically occurring from May to October and a dry season from November to April [38]. The river’s discharge is highly variable, with the flood season accounting for approximately 77% of the annual net flow [39,40,41,42,43]. The estuary, shaped by the river’s dynamic interaction with tidal and wave forces, exhibits a weak tidal regime with a mean tidal range of less than 2 m, indicating the dominance of fluvial inputs over tidal influences [32,44]. The river’s sediment is predominantly coarse-grained, reflecting its strong erosional capacity, particularly during the flood season when high discharges lead to significant sediment mobilization and transport [32,35]. Figure 3 illustrates the long-term dynamics of the relationship between water discharge and sediment transport in the lower reaches of the Changhua River. This figure presents the annual discharge, sediment concentration, and sediment transport rate, highlighting the seasonal variability and the dominant factors influencing sediment movement. The data reveal a pronounced flood season from May to October, during which approximately 77% of the annual net flow occurs, significantly impacting sediment mobilization and transport. The dry season, from November to April, shows a marked decrease in both water discharge and sediment transport, indicating the critical role of seasonal hydrological patterns in shaping sediment dynamics.




3. Materials and Methods


3.1. Sediment Sampling


Sediment grain size analysis was conducted at the Hainan Provincial Research Center for Geological Testing. Initially, an appropriate amount of the original sample was thoroughly mixed and uniformly dried at 80 °C. For samples with particle sizes less than 2000 μm, a suitable amount of the sample was treated with 10 mL of hydrogen peroxide and hydrochloric acid solutions to remove organic matter and calcareous biomaterials, respectively. Subsequently, 0.05 N sodium hexametaphosphate was added, and the mixture was allowed to stand in a beaker for 24 h. Afterward, it was sonicated for 15 min using an ultrasonic oscillator and then analyzed using a Master-sizer 2000 laser particle size analyzer. The measurement range of this analyzer is 0.02 to 2000 μm, with a relative error of less than 2%, a particle size resolution of 0.01Φ, and a repeatability relative error of less than 3%. The data from both parts were merged using a laser diffraction particle size analyzer simulation program to obtain a complete particle size distribution.



To evaluate the sensitivity of the sample point selection, we conducted additional analyses. By varying the number of sample points, we found that the results remained robust within a certain range: we set up multiple groups with different quantities of sample points and observed the changes in the Flemming triangle diagram. When the number of sample points was reduced by 20%, the results exhibited minimal variation, consistent with those obtained using the full set of sample points in terms of the dynamical partitioning. This indicates that our sample point selection is representative to a certain extent and that the research findings possess high robustness. Figure 4 illustrates three scenarios: all sampling points, a 20% reduction in sampling points, and a 40% reduction in sampling points.



The sample particle sizes were expressed using the Udden–Wentworth scale in phi (Φ) units. The mean particle size (Mz), sorting coefficient (δ), and skewness (Sk) were calculated using the Folk–Ward graphical method with corresponding formulae [13].




3.2. GSTA Model for Sediment Transport Trend Analysis


The planar distribution trend of sediment grain size parameters is known as the grain size trend. By comparing the grain size parameters at a given point with those of its surrounding points, the possible direction of the net transport can be determined. In the case of any two adjacent sampling points, based on sediment grain size parameters such as the mean grain size, sorting coefficient and skewness, a grain size trend vector can be defined, which is a unit vector from the sampling point to the point of interest [29].



A characteristic distance is used to determine whether two sampling points are adjacent. The characteristic distance is usually defined by the maximum sampling interval (or geostatistical distance) and should first be determined to assess the nearest neighbors of a sampling site [22,23]. In this paper, the characteristic distance chosen is the maximum sampling interval. Based on the aforementioned grain size trend vector conditions, all grain size trend vectors between the sampling point and its adjacent sampling points can be obtained. Then, by summing all the grain size trend vectors at this point, the resultant vector for this sampling point can be derived. The length only indicates the significance of this particle size trend, not its magnitude. Its direction represents the net transport direction of sediments at the sampling point [28].




3.3. Hydrodynamic Modeling


In the study, bathymetric data are derived from ETOPO1 global seafloor topography data and in situ measurements using ADCP. The spatial resolution of ETOPO1 data is 1/60° × 1/60°, which is insufficient for the research requirements. ADCP depth measurements have higher density in nearshore areas and provide actual measured data with higher accuracy.



The model’s open boundary conditions are defined by the forced tidal water level, incorporating eight primary tidal components: M2, S2, K1, O1, N2, K2, P1, and Q1. The open boundary water level is dynamically adjusted to match simulation outcomes. The model’s closed boundary aligns with the terrestrial boundary, where the normal velocity of ocean currents is set to zero, precluding any exchange of temperature and salt between land and seawater. The model also integrates the impact of wind fields, with data sourced from ECMWF at a resolution of 1/8° × 1/8°. This dataset encompasses the u (east–west) and v (north–south) components of the wind vector, along with the sea level pressure.



An unstructured grid, finite volume, regional ocean model FVCOM [45] was used to simulate the hydrodynamic background and hydrological features. It has been widely used for the study of coastal oceanic and estuarine circulation [46,47,48]. To enhance computational accuracy and reduce computation time, the density of boundary nodes gradually decreases from nearshore to offshore. In the offshore region, the grid density is lower, with a resolution of 0.2 km, while the nearshore part of the open boundary has a higher grid resolution. In the main research area near the river channel, the grid resolution is highest, reaching 50 m. The entire study area grid comprises a total of 25,921 computational nodes (Figure 5). Since the primary focus is on the surface-related hydrodynamic information, the vertical dimension is discretized into five layers. The hydrodynamic model used in this study has been previously validated for its ability to simulate current velocity and direction [49]. In that work, we compared the model outputs with in situ measurements and found a high degree of correspondence, confirming the reliability of the model for our region of interest.





4. Results


4.1. Sediment Types


Granulometric analysis results were utilized to construct a distribution map of surficial sediment types (Figure 6d). The study area, encompassing the lower reaches of the Changhua River and the adjacent marine area, exhibits a diverse array of surficial sediment types. These include gravelly sand, silty gravel, sandy silt, silt, sandy gravel, sand, gravelly silt, gravel sand, silty sand, and gravelly muddy sand, among which gravelly sand and gravelly sand are predominant. The overall sediment particle size is relatively coarse, with gravelly sand constituting 30% and gravel sand 17.5% of the sediment types. Silty sand and sand account for 7.5% each, while silt, gravelly muddy sand, and silty gravel each make up 10%. The sediment types in the study area display a patchy distribution pattern, dominated by gravelly sand and gravelly muddy sand. In contrast, the offshore sea area exhibits simpler sediment type distributions with larger distribution areas. The northern sea area (the Beibu Gulf) is primarily characterized by fine-grained sediments such as mud and silty sand; the central area is dominated by coarse-grained sediments like gravelly sand and gravel sand; and the southern sea area is mainly composed of sandy silt.




4.2. Distribution Characteristics of Sediment Grain Size Parameters


The isopleth distribution of the mean grain size of sediments is shown in Figure 6a. The mean grain size of sediment samples in the study area ranges from 0.02Φ to 7.18Φ, with an average value of 3.17Φ. It can be observed that the distribution of the mean grain size of sediments in the study area shows a fine-coarse-fine change from north to south, which is consistent with the trend in the sediment type distribution. This reflects that the hydrodynamic energy in the study area gradually transitions from a low-energy environment in the northern bay to a high-energy environment at the estuary, and then shifts to a low-energy environment in the southernmost part (the Bay direction). Within a 3 km range of the downstream river channel to the estuary, there is a coarse-grained area. Most of the mean grain size of sediments is less than 2Φ, dominated by coarse-grained sediments, and the isopleth lines of 0.4–1.6Φ are distributed in a SE–NW strip, reflecting a general southeast to northwest sediment transport direction. From the estuary extending 3 km outward to the open boundary of the ocean, there is another area of coarse-grained sediments. From the southeast to the northwest, from the downstream river channel to the estuary extending nearly straight to the far sea, the sediments are mainly coarse-grained, reflecting the strong average dynamic force of sediment transport in this area, which is the manifestation of wave convergence and transportation force dominated by waves and wave-generated longshore currents.



It can be seen from Figure 6b that the sorting of mud and sand in the study area is between 0.6 and 3.2, which is poor. The sorting coefficient in the main river channel of the lower reaches of the Changhua River is as high as 3.0, and the degree of sorting is very poor. This is because the action of the current is supported by the tide, and the mud and sand are mixed and settle directly without sorting. The sorting coefficient in the southern part of the study area (the Beili Bay direction) is generally greater than 2.4. The region is affected by the current, waves, and tides, with strong hydrodynamic conditions, which can transport particles of different grain sizes together, resulting in a mixture of coarse and fine sediments and poor sorting. The sorting coefficient in the northern part of the study area (the Beibu Gulf) is greater than 1.5, and the degree of sorting is relatively poor, which is better than that in the southern part of the study area. The best sorting area is located in the nearshore area and the far northwest sea area, with a sorting coefficient between 0.6 and 1.2, and the degree of sorting is moderate. Overall, the study area has a high overall sorting coefficient and poor sorting, reflecting the complex material source and hydrodynamic conditions of the area.



It can be seen from Figure 6c that the range of skewness in the study area is from −0.66 to 0.75. The southern part of the study area (Beili Bay) and the B and C estuaries are all negatively skewed, with the median at the finer end and the grain size enriched at the finer end. Most of the remaining areas are positively skewed, with sediments enriched at the coarser end, and the grain size is mainly enriched at the coarser end. The study area’s skewness is extremely negatively skewed to extremely positively skewed, and most of the outer sea of the study area is nearly symmetrical. There is an area with extremely positive skewness at the C estuary.




4.3. Sediment Dynamic Zoning


The dynamic environmental characteristics of surficial sediments in the research area were analyzed using the Flemming triangle diagram method [50], which integrates sediment grain size features and the strength of hydrodynamic forces they represent to delineate sediment dynamic environments and sub-environments. The sediment grain size classification standards in the dynamic zoning map are as follows: sand sediment particles with a diameter of 0.063–2.000 mm, silt from 0.004 to 0.063 mm, and clay less than 0.004 mm. The structural classification lines in the diagram are based on the mass fraction of sand as nodes, at 5%, 25%, 50%, 75%, and 95%, creating six components from S to E, indicating a gradual decrease in sediment particle size from S to E. The fine-grained components (clay and silt) in the sediments are used as classification lines for the triangular structure, at 10%, 25%, 50%, 75%, and 90%, dividing into six hydrodynamic zones from I to VI. The closer to the clay and silt end-members, the weaker the hydrodynamic force; from I to VI, hydrodynamic forces gradually weaken. Thus, the Flemming triangle diagram method divides the triangle into 25 areas, each representing different sediment dynamic environments. Consequently, in the Flemming triangle diagram, the sediment grain size increases from S to E; hydrodynamic environments weaken from I to VI.



Based on grain size parameters, topography, sediment sources, hydrodynamics, and sediment transport, the study area is divided into four sedimentary regions (Figure 7a,b): the Northern Offshore Depositional Zone, Central Offshore Depositional Zone, Southern Offshore Depositional Zone, and Downstream River Channel Depositional Zone.




4.4. Sediment Transport Trend Analysis


In this paper, the GSTA model is used to calculate the grain size transport trends of surficial sediments in the study area based on the spatial distribution of average grain size, sorting coefficient, and skewness (Figure 8). The maximum sampling interval of 2 km is used as the characteristic distance. The vector arrows in the figure represent the net transport direction of sediments, and the length of the vectors indicates the significance of sediment transport, not the rate of sediment transport.



The transport trend in surficial sediments from the Changhua River to the nearshore sea area in the study area generally shows a trend from the river to the near sea and then to the far sea. The transport trend at the river outlet is generally strong, mainly moving northwestward after entering the ocean. The transport trend in the near sea is influenced by the combined effects of alongshore currents, residual currents, and rivers. The alongshore current flows in the NE–SW direction, the nearshore residual current flows in the northeast direction, mainly affecting the direction of sediments, and the river mainly flows in the northwest direction. At the southern outlet, affected by both the alongshore current and the river, the sediments gradually change from northwest to southwest; at the central river outlet, affected by the comprehensive influence of seawater, the transport trend changes from northwest to west; at the northern river outlet, affected by the influence of the bay’s horn, it moves westward, and after reaching the far sea, the transport direction gradually changes to southwest, consistent with the direction of sediments from other outlets. The overall transport characteristics are northwestward near the sea and southwestward in the far sea. The transport trends of the several distributaries of the Changhua River are the same, all moving towards the ocean. The transport trend in the far sea changes from northwest to south to southwest from north to south. The northwestward transport in the north, together with the circulation of the Beibu Gulf carrying material, will form a deposition center [24,32,33], converging fine-grained sediments, which is consistent with the muddy sediments shown in Figure 2. Under the strong hydrodynamic action of waves, alongshore currents, and runoff, the southwestward transport in the southern far sea will transport coarse particles to Beihai Bay.





5. Discussion


5.1. Implications of Sediment Grain Size Parameters


The fine-coarse-fine change in the mean grain size of sediments from north to south, as observed in the study area, is a direct reflection of the varying hydrodynamic energy. The transition from a low-energy environment in the northern bay to a high-energy environment at the estuary, followed by a shift to a low-energy environment in the southernmost part, highlights the importance of hydrodynamic forces in shaping sediment distribution. The coarse-grained area within 3 km of the downstream river channel to the estuary, together with the SE–NW strip distribution of isopleth lines, indicates a general southeast to northwest sediment transport direction, which is a significant finding for understanding sediment dynamics in the area.



The poor sorting observed in the study area, with a high overall sorting coefficient, suggests a complex material source and hydrodynamic conditions. The very poor sorting in the main river channel of the lower reaches of the Changhua River, due to the mixing and settling of mud and sand without sorting, is a notable characteristic that impacts sediment transport and deposition processes.



The skewness range in the study area, from extremely negatively skewed to extremely positively skewed, indicates varying sediment enrichment patterns. The negative skewness in the southern part and the B and C estuaries, with enrichment at the finer end, contrasts with the positive skewness in most remaining areas, where sediments are enriched at the coarser end. This variation in skewness provides insights into the sediment transport mechanisms and the influence of different hydrodynamic forces on sediment distribution.




5.2. Sediment Dynamic Zoning and Its Significance


The Flemming triangle diagram method provides a comprehensive framework for analyzing the dynamic environmental characteristics of surficial sediments. The division of the study area into four sedimentary regions based on grain size parameters, topography, sediment sources, hydrodynamics, and sediment transport offers a clear understanding of the sediment dynamic environments and sub-environments. The distribution of sampling points across different zones in the Flemming triangle diagram indicates a dispersed sediment grain size distribution and a predominantly strong overall hydrodynamic force in the study area.



The Northern Offshore Depositional Zone, with its fine sediment particles and low-energy hydrodynamic environment, is likely influenced by the fine-grained material transport of the Beibu Gulf circulation. The Central Offshore Depositional Zone, with its mixture of clay, silt, and sand, suggests moderate hydrodynamic conditions and a broad distribution of sediment grain sizes, influenced by strong tides and seasonal storm tides. The Southern Offshore Depositional Zone, dominated by sandy sediments, indicates a higher-energy hydrodynamic environment and possible influence from distant material inputs. The Downstream River Channel Depositional Zone, with its complex and variable sediment grain size compositions, reflects the diversity of river flow velocity, water depth, and sediment supply sources, showing a strong nature of transition areas.




5.3. Interpretation of Sediment Transport Trends


The sediment transport trends in the study area can be divided into three paths: one from the downstream river channel to the estuary to the southern part of the study area’s outer sea; one from the downstream river channel to the estuary to the northern part of the study area’s outer sea and then to the southern part of the outer sea; and one from the northern part of the study area’s outer sea to the southern part of the outer sea. The first two sediment sources are from the lower reaches of the Changhua River, and the last one is from the Beibu Gulf. This is consistent with previous studies on the sediment transport trends in the lower reaches of the Changhua River [33,35,38,45].



In the estuarine and downstream regions of the Changhua River, climate and water levels exhibit distinct seasonal variations [24,33,38,39,41,42,45], which significantly influence the direction of sediment transport. During the flood season, which corresponds to the summer months, the discharge of the Changhua River increases markedly due to the substantial rise in rainfall, enhancing the river’s sediment transport capacity [32,33,42]. During this period, the river carries a substantial load of sediment, leading to increased sediment deposition in the estuary and downstream areas. The faster water flow velocities characteristic of the flood season facilitate the easier transportation and dispersion of sediment particles near the estuary. Against the backdrop of the prevailing southerly winds in summer, this rapid water flow, in conjunction with the impact of waves and the southwest–northeast coastal current, induces a shift in the sediment transport direction from northwest to southwest. Particularly in the estuarine region, this change is closely related to the intensity of riverine sediment transport and wave action [32,33,45]. Moreover, the high discharge during the flood season may also alter the estuarine topography, creating new erosional channels and depositional areas, which further affect the distribution and transport pathways of the sediment [35,38,45].



In the dry season, which corresponds to spring, the flow of the Changhua River diminishes, leading to a decrease in the river’s sediment transport capacity. During this period, the river carries less sediment, and the sediment deposition rate in the estuary and downstream areas is correspondingly reduced. The slower water flow velocities typical of the dry season result in sediment particles being more prone to deposition on the riverbed, leading to more localized and limited sediment transport patterns [32]. Additionally, the low flow during the dry season may enhance the relative significance of wave action in the estuary, exerting a greater influence on the transportation and deposition of sediment. These seasonal variations in water flow and wave action result in different sediment transport characteristics across different seasons. Especially in the estuarine area, the shift in sediment transport direction from northwest to southwest reflects the intensity of riverine sediment transport and wave action during the flood season, as well as the relative enhancement of wave action during the dry season.



To discuss and verify the rationality of the GSTA model calculation results, this paper calculates the surface residual current within 15 synodic days according to the vector synthesis and decomposition method based on the hydrodynamic model results of sea currents, and then uses the drawing tool kit in the Surfer 11 software to draw the residual current distribution map (Figure 9).



There are two vortices in the residual current of the study area, a large counterclockwise vortex in the middle nearshore area, and a small counterclockwise vortex in the southern area. The residual current near the shore flows northeastward, deflects after passing below the topped wall angle, and changes to west–southwestward, moving together with the northwestward residual current from the Beibu Gulf [38]. Most of the residual currents in the far sea are southward and southwestward, and the residual current directions in the river channels all point to the ocean.



Overall, the residual current direction is consistent with the net sediment transport direction of the GSTA model, indicating that the analysis of the sediment transport trend map of the GSTA model is feasible. The main difference is near the shore, where the residual current direction is parallel to the shore and flows northeastward, while the sediment transport direction is parallel to the river channel and flows northwestward. This may be the effect of terrain guidance. The river channel terrain may guide the water flow, causing the water to flow in a specific direction in the river channel. This terrain guidance effect may mask the direct impact of the residual current on sediment transport, causing the sediment transport direction to be inconsistent with the residual current direction. Secondly, the seasonal variation characteristics of the lower reaches of the Changhua River will also lead to inconsistencies between sediment transport and the Euler residual flow field. Although seasonal changes are short-term, they can have a significant impact on long-term sediment transport patterns through long-term cumulative effects. During the flood season, the water flow of the Changhua River increases, carrying a large amount of sediment into the river mouth. These sediments, under the action of strong water flow, may be more easily transported along the river channel direction (or the direction affected by the terrain) and are deposited at the river mouth, thus affecting the morphology and position of the sand spit. During the dry season, the water flow weakens and the amount of sediment carried decreases, but the action of waves and alongshore currents relatively strengthens. These forces may re-transport the already deposited sediment to other locations, causing the sediment transport direction to be inconsistent with the Euler residual current direction.





6. Conclusions


The following conclusions summarize the key findings of our study on sediment transport dynamics in the lower reaches of the Changhua River and its estuary:



Three Main Paths of Sediment Transport: One from the downstream river channel to the estuary to the southern part of the study area’s outer sea; one from the downstream river channel to the estuary to the northern part of the study area’s outer sea and then to the southern part of the outer sea; and one from the northern part of the study area’s outer sea to the southern part of the outer sea. The first two sediment sources are from the lower reaches of the Changhua River, and the last one is from the Beibu Gulf.



Sediment Transport Direction: Sediments in the lower reaches of the Changhua River are primarily transported towards the south and southwest, a trend consistent with Eulerian residual flow patterns, particularly in the offshore areas. Nearshore sediment transport is influenced by the combined effects of alongshore currents, residual flows, and river inputs, leading to complex sediment transport directions.



Mixed Sediment Origins: The sediments in the outer southern part of the study area originate from both the fine-grained materials transported by the circulation of Beili Bay in the north and the coarse-grained materials from the lower reaches of the Changhua River, resulting in a mixed distribution of sediment types in the outer southern part.



Tidal Currents and Sediment Transport: Tidal currents are a significant factor affecting sediment transport, with residual current directions in the outer sea and downstream river channel generally aligning with the net sediment transport directions. However, discrepancies in the nearshore area suggest that the guiding effect of the river mouth sand spit may override the influence of residual currents on sediment transport, causing sediment transport directions to diverge from the residual current flow.



Limitations: In order to assess the sensitivity of the sampling point selection, we conducted additional analyses. By altering the position and quantity of the sampling points, we observed that the results remained robust within a certain range. This suggests that our selection of sampling points is representative to a certain extent, and the study outcomes exhibit a high degree of robustness. However, we also recognize that increasing the number of sampling points, particularly in certain critical areas, may further enhance the representativeness of the results. Future studies could consider augmenting the sampling points in these areas to further validate our findings.
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Figure 1. Land use patterns in Hainan province with a focus on the Changhua River Basin, the black star refers to the source of the Changhua River (Origin: International Research Center of Big Data for Sustainable Development Goals. DOI: 10.12237/casearth.63eb24d7819aec795e09af68. [36]). 
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Figure 2. Geographical extent of the study area in the lower reaches of the Changhua River and its estuary, highlighting the key sampling locations and topographical features that influence sediment transport dynamics: (a) Orange Box Denotes the Study Area with 3 Major Estuaries (A, B, C), and Changhua Port Located at Estuary C. (b) Red Box Encompasses Villages and 40 Sampling Points Within the Study Area. 
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Figure 3. (a) Annual Discharge in the Lower Reaches of the Changhua River: The maximum value of 587 m3/s occurred in August 2018. (b) Annual Sediment Concentration in the Lower Reaches of the Changhua River: The maximum value of 0.772 kg/m3 was recorded in July 2014. (c) Annual Sediment Transport Rate in the Lower Reaches of the Changhua River: The maximum value of 373 kg/s was reached in August 2018. 
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Figure 4. The Flemming Triangle Diagram under Different Numbers of Sample Points: (a) The blue hexagons represent the distribution of the original sampling points, serving as the control group. (b) The red dots indicate the distribution of 80% of the sampling points. (c) The green triangles show the distribution of 60% of the sampling points. 
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Figure 5. The study and simulation area consisted of a mesh file (mesh triangulation and boundary conditions) and applied in the model: The grid resolution varies from 0.2 km in the offshore region to 50 m in the main research area near the river channel. 
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Figure 6. (a) Spatial distributions of the mean diameter of the surface sediment. (b) Spatial distributions of the sorting coefficient. (c) Spatial distributions of the skewness. (d) Spatial distributions of the sediment types in the study area. 
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Figure 7. (a) Distribution characteristics of sediment classification in the study area. (b) Sediment classification according to Flemming triangle diagram: Dividing the study area into four sedimentary regions: Northern Offshore Depositional Zone (red dots), Central Offshore Depositional Zone (green triangles), Southern Offshore Depositional Zone (purple rhombuses), and Downstream River Channel Depositional Zone (blue hexagons). 
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Figure 8. Trends in sediment transport in the Changhua river estuary and downstream areas: The base map is a bathymetric map of the seabed, and the red arrows represent the direction of sediment transport. 
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Figure 9. (a) Eulerian residual current fields during summer (flood season) (b) Eulerian residual current fields during spring (dry season). 
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