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This study employs the Delft3D coupled wave-current model to investigate the spatiotemporal variability of flow and salinity fields, and the mechanisms governing residual currents under varying runoff and wave conditions in an estuarine area on the southeastern coast of the Shandong Peninsula, China. Model calibration and validation using multi-source observational datasets confirm good agreement with measured water levels, currents, and waves. Results reveal pronounced seasonal variations in the estuarine flow field: in summer, runoff-driven flows enhance seaward surface currents, whereas winter flow fields are primarily tide-driven and vertically uniform. The residual current patterns show significant sensitivity to runoff magnitude and spatial configuration. Northern runoff induces robust surface outflow and bottom inflow across a wide estuarine region, while southern runoff is topographically constrained. The result of double-runoff case exhibits nonlinear interactions, including localized enhancement and cancellation of residual currents. Wave forcing modulates the vertical structure and magnitude of residual currents, especially in offshore and geomorphically complex areas, with stronger influence on longitudinal components. These findings clarify the interplay between seasonal hydrodynamics, runoff input, and wave dynamics, offering new insights into residual circulation mechanisms in seasonally dynamic estuaries.
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1 Introduction


Estuaries are dynamic transitional areas between riverine and marine environments, where freshwater and seawater interact under the influence of multiple physical forces including tides, runoff, wind, and waves (Zhou et al., 2013; Luan et al., 2016; Miguel et al., 2017; Gao et al., 2024). These interactions give rise to complex hydrodynamic structures that control material transport, sediment dynamics, and ecological processes in the estuarine system (Kim et al., 2006; Nienhuis et al., 2020; Gao et al., 2021). Understanding estuarine hydrodynamics is crucial for the prediction of saltwater intrusion, pollutant dispersion, sediment transport, and ecosystem health (Ding and Wang, 2008; Dissanayake et al., 2014; Yuan et al., 2020).


A key aspect of estuarine hydrodynamics lies in its temporal and spatial variability, which is often governed by the seasonal cycle of river runoff and the periodicity of tidal forcing (Jay and Smith, 1990). Seasonal variations in runoff alter the salinity field and stratification patterns in estuarine waters, which in turn modify current structures and the exchange between estuarine and coastal waters (Scully et al., 2005; Gao et al., 2023). Previous studies have shown that increased freshwater input during wet seasons typically enhances seaward surface currents and strengthens stratification, whereas reduced runoff during dry seasons facilitates vertical mixing and tidal intrusion (Lerczak et al., 2006; Wang et al., 2019). These processes have significant implications for sediment dynamics and water quality (Mayerle et al., 2015; He et al., 2021).


Residual currents, defined as the time-averaged net flow after removing tidal oscillations, have attracted growing attention due to their critical role in sediment transport, pollutant dispersion, and biogeochemical cycles (Meyers et al., 2014; Zhu et al., 2015). The formation mechanisms of residual currents involve a combination of tidal rectification, density-driven flows, wind forcing and wave-current interactions (Li and O’Donnell, 2005). Recent advances in numerical modeling have enabled detailed investigations into the formation and variability of residual flows under various hydrodynamic scenarios, such as wave-induced modifications and terrain constraints (Cheng et al., 2010; Sánchez et al., 2014; Zhang et al., 2024).


Runoff is a dominant factor affecting residual currents, especially in seasonally dynamic estuaries. Numerous studies have demonstrated that strong runoff can intensify seaward surface currents and induce compensatory landward bottom flows, forming classical estuarine circulation patterns (Sylaios and Boxall, 1998; Geyer and MacCready, 2014). However, the effects of variable runoff intensity and spatial distribution—particularly from multiple tributaries—on residual circulation and sediment transport remain underexplored in compound or bifurcated estuarine systems. Meanwhile, increasing attention has been paid to the role of waves in modifying residual currents, especially in open or wave-exposed estuaries (Lerczak et al., 2006; Green and Coco, 2014; Gao et al., 2020). Wave-current interaction not only reshapes the nearshore hydrodynamic environment but also introduces significant variability to current directionality and intensity (Roberts et al., 2000). Waves can enhance vertical mixing, modulate stratification, and affect baroclinic circulation through stress gradients and Stokes drift (Green and Coco, 2014). Particularly in shallow estuarine mouths, wave-induced radiation stresses may amplify or counteract river-driven flows, resulting in non-uniform and spatially heterogeneous residual currents (Roberts et al., 2000).


Despite progress in understanding these mechanisms independently, limited research has integrated the combined effects of runoff and wave dynamics in estuarine hydrodynamics, especially in seasonally varying runoff environments. Moreover, in regions with asymmetric estuarine geometry or compound openings, the spatial coupling between multiple runoff and coastal waves is complex and not yet well-characterized.


In this study, we investigate the dual control of runoff and wave forcing on estuarine hydrodynamics in a typical seasonal estuary located along the southeastern coast of the Shandong Peninsula, China. The study area features a bifurcated estuarine configuration with an open northern estuary and a narrow southern estuary, receiving runoff from three rivers with marked seasonal variability. Among these, Tianshui River and Jili River converge and discharge into the sea through the northern estuary. 2020 was chosen as the reference year because it represents a typical wet year. It included pronounced summer strong-runoff events as well as strong wave conditions, both of which are crucial for analyzing the coupled dynamics of runoff and waves. In addition, 2020 is temporally close to the bathymetric data obtained in 2018, which minimizes potential morphological changes and ensures greater reliability of the model simulation and mechanism analysis. By employing a coupled hydrodynamic and wave model, we explore how spatially and temporally varying runoff interacts with incident wave forcing to influence the estuarine hydrodynamics. The results provide new insights into the spatially differentiated impacts of seasonal runoff and wave forcing on estuarine hydrodynamics, with implications for coastal engineering, environmental assessment, and adaptive management in complex estuarine systems.






2 Data and methods





2.1 Study area


The study area is located in Qizi Bay along the southeastern coast of the Shandong Peninsula, China, adjacent to the Yellow Sea (West side of Dongjiakou Port in 
Figure 1
). It falls within a temperate monsoon climate zone, characterized by distinct seasonal variations, with an average annual temperature of 12.8°C and an average annual precipitation of approximately 682 mm, mainly concentrated from June to August in summer. Three rivers—the Liangcheng River, Tianshui River, and Jili River—discharge into the sea from the south and north, respectively. Their flow rates are significantly influenced by precipitation and typhoon events, exhibiting marked seasonal fluctuations (
Figure 1
).


[image: Map and satellite images detailing Beijing, the Bohai and Yellow Seas, and ports in China, with river locations near Dongjiakou Port. An inset highlights detailed port areas. A bar chart below presents monthly runoff data for 2015, 2019, and 2020, showing peak runoff in July and August.]
Figure 1 | 
Geographic location of study area (a–c) and distribution of annual runoff of Liangcheng River in 2015, 2019 and 2020 (d).




The study area is dominated by an irregular semidiurnal tidal regime, with asymmetrical flood and ebb durations. Flood currents are generally stronger than the ebb currents, and surface currents exhibit the highest velocities in the vertical direction. The prevailing wave directions range from ESE to SSE, accounting for approximately 59.52%, among which SE-direction waves are the most frequent. The wave climate is primarily characterized by a mixture of wind waves and swell, with a maximum observed significant wave height of approximately 3.6 m. The frequency of waves with a height less than 0.7 meters is about 74%.






2.2 Numerical model


Delft3D is a multidimensional modeling software developed by Delft University of Technology. The software is well known for its flexible framework and excellent performance, particularly in simulating two-dimensional and three-dimensional hydrodynamics, waves, water quality, ecology, sediment transport, bed morphology, and the interactions among these processes. The Delft3D model system consists of seven major modules: FLOW (hydrodynamics), SEDIMENT (sediment transport), PART (particle tracking), WAQ (water quality), WAVE (waves), ECO (ecology), and MOR (morphology), all of which are open source (Deltares, 2014). To better represent complex terrains, Delft3D employs an orthogonal curvilinear coordinate system, which reduces simulation errors that may arise in curvilinear coastal and riverine boundaries (Dissanayake et al., 2012; Van der Wegen and Roelvink, 2012).


Delft3D has been widely applied to simulate hydrodynamic and sedimentary processes in various estuarine and coastal systems worldwide. In China, it has been successfully implemented in several large estuaries, such as the Changjiang (Yangtze) Estuary (Hu et al., 2009; Kuang et al., 2013), the Qiantang Estuary (Xie et al., 2013, 2017), and the Pearl River Estuary (Twigt et al., 2009), demonstrating its capability to reproduce complex wave-current interactions and estuarine circulation patterns.





2.2.1 Model description


Delft-Flow solves the shallow-water Navier-Stokes equations based on the hydrostatic pressure difference method. In the vertical momentum equation, vertical acceleration is ignored, and the hydrostatic pressure equation is obtained. In 3D simulation, the vertical velocity is calculated based on the continuity equation. In the horizontal direction, Delft-Flow uses orthogonal curve coordinates and supports two coordinate systems: Cartesian coordinate system (ξ, η) and spherical coordinate system (λ, ϕ). The conversion relationship between the two coordinate systems is as follows (Equation 1):
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Vertically, Delft-FLOW provides two different vertical grid systems: the σ coordinate system and the Cartesian Z coordinate system. This article uses the σ coordinate system. The vertical grid of the σ coordinate system is defined by two σ planes, namely the liquid free surface and the seabed. When activating the σ coordinate system, it is necessary to specify the number of vertical layers and the thickness ratio of each layer (the sum of all layer ratios is 100%). In this article, the vertical direction is divided into 5 layers, and the thickness percentages of each layer from the free surface to the seabed are 40, 27, 18, 10, and 5, respectively. The σ coordinate system is defined as  (Equation 2):
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z is the vertical coordinate in physical space (Cartesian coordinate system); ζ is the elevation of the free surface above the reference plane (z = 0); d is the water depth below the reference plane; H is the total water depth (H = d + ζ) (
Figure 2
).


[image: Cross-sectional diagram of a water column over uneven seabed. The water is blue, with surface elevation denoted by ζ. The depth from the base to water surface is labeled d, and the total height H is expressed as H = d + ζ. The seabed is brown and the z-coordinate ranges from z = 0 at the water surface to z = -h at the seabed. The vertical axis σ runs from σ = 0 at the surface to σ = -1 at the seabed.]
Figure 2 | 
Parameter diagram (Deltares, 2014).




In the σ coordinate system, the governing equations of Delft-Flow are as follows:


Continuity equation:
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ξ−directional momentum equation:
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η−directional momentum equation:
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The ω in Equations 3–5 is the vertical velocity relative to the σ plane, which can be interpreted as the velocity related to the motion of the upwelling or descending flow. The actual vertical velocity w is calculated based on the mass conservation equation (Equation 3) using the horizontal velocity, water depth, water level, and vertical velocity ω in the σ coordinate system (Equation 6):
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in Equations 3–6, u, v, and ω represent the velocity components in the ξ-, η-, and σ-directions, respectively. qin
 and qout
 denote the source and sink terms representing the volume of fluid entering or leaving a unit volume of the medium per unit time. ρ
0 is the seawater density. Pξ
 and Pη
 are the pressure gradient terms, while Fξ
 and Fη
 represent the Reynolds stress terms induced by turbulence. Mξ
 and Mη
 are the external momentum source/sink terms, which include external forces such as those induced by hydraulic structures, water withdrawal or discharge, and wave stresses. f is the Coriolis parameter, given by f = 2Ω sinϕ, where Ω is the angular velocity of Earth’s rotation. νv
 is the vertical eddy viscosity coefficient, calculated using Equation 7.




ν
v

=

ν

m
o
l


+
max 
(

ν

3
D


,

ν
v

b
a
c
k


)


(7)


in which νmol
 is the molecular turbulent viscosity coefficient, ν
3

D
 is the three-dimensional turbulent viscosity coefficient, and 
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 is the background turbulent viscosity coefficient.


Delft-FLOW solves the momentum conservation equations and the continuity equation using the ADI (Alternating Direction Implicit) method to obtain the hydrodynamic field at each time step. The time step Δt is generally determined by the CFL (Courant-Friedrichs-Lewy) number (Equation 8):
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in which, 
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The Delft-WAVE module adopts the third-generation wave model SWAN to compute wave dynamics. It is capable of simulating random waves with a two-dimensional dynamic spectral density, using relative frequency σr
 and wave direction θ as independent variables. The wave action density is defined as the energy density divided by the relative frequency: N(σr, θ) = E(σr, θ)/σr
. In SWAN, this spectrum may vary with both time and space. The dynamic spectral balance equation is expressed as (Equation 9):
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The first term on the left-hand side of the equation represents the local rate of change of wave action density in time. The second and third terms describe the propagation in the geographic space x and y with velocities cx
 and cy
, respectively. The fourth term accounts for changes in relative frequency due to variations in depth and currents (propagation in σr
 space with velocity cσr
). The fifth term represents refraction caused by depth and current variations (propagation in θ space with velocity cθ
). On the right-hand side of the equation, S denotes the source and sink terms of energy (Equation 10):
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in which, Sin
 represents the source term due to wind input; Sds
 denotes the dissipation term caused by white capping, bottom friction, and depth-induced breaking; Snl
 represents the nonlinear wave-wave interaction term.


The coupling between waves and currents can be implemented in either offline or online modes. In the offline coupling mode, the wave module calculates the relevant wave parameters at predefined time intervals for subsequent hydrodynamic computations. However, during this process, the hydrodynamics do not provide any feedback to the wave field. In contrast, the online coupling mode is more dynamic, enabling real-time information exchange between wave and hydrodynamic modules, thereby allowing mutual interaction in their computations.






2.2.2 Model setup and verification


In this study, the hydrodynamic module and wave module in Delft3D are used to perform wave-current coupled numerical simulations. The Delft3D-FLOW and WAVE modules are coupled in online mode, exchanging parameters every 360 seconds. Two sets of computational grids are employed. As shown in 
Figure 3a
, the coarse grid covers the Bohai and Yellow Seas and is used to calculate regional hydrodynamic parameters, providing boundary inputs for a finer local grid (
Figure 3b
). The coarse grid is configured for two-dimensional hydrodynamic modeling, while the fine grid is used for three-dimensional simulations. To ensure computational efficiency while maintaining grid orthogonality and smoothness, local grid refinement is applied near the study area. The spatial resolution of the coarse grid ranges from 1.5 to 4.6 km, while the fine grid ranges from 40 to 800 m, with the highest resolution in the study area. Vertically, the fine grid adopts a five-layer σ-coordinate system, with increased resolution toward the seabed. In this study, the Manning coefficient is set as a spatially uniform constant because the computational domain coverage is relatively small with limited variation in seabed material. The constant value of 0.02 was adopted after calibration against measured data, ensuring good agreement between simulations and observations.


[image: Map showing parts of China, highlighting Beijing, Bohai Sea, Xiaomaidao Island, Yellow Sea, and Dongjiakou Port. The left panel displays larger geographical areas, while the right panel zooms into Dongjiakou Port. Water depth is color-coded, with a gradient from red (shallow) to blue (deep). Locations L1 to L3, and P1 to P8 are marked in the right panel.]
Figure 3 | 
Numerical simulation calculation grid diagram. (a) Coarse grid and (b) finer grid.




The model bathymetry is based on 2018 digitized nautical chart data, and the simulation time step is set to 60 s. Open boundary conditions include wave, water level, and runoff. Wave boundary conditions for the fine grid are interpolated from the large-scale hydrodynamic simulation, which itself uses wave data from the ERA5 database (Hersbach et al., 2020). The water level boundary is extracted from the NAO.99b global tidal model (Matsumoto et al., 2000), incorporating eight primary constituents (K1, K2, M2, N2, O1, P1, Q1, and S2). There are three rivers entering the sea within the study area, with two on the north side converging before entering the sea. Daily runoff data are sourced from the Rizhao and Qingdao Hydrological Bureaus.


The model was calibrated and validated using measured data, including assessments of water level, current velocity and current direction. For the latter two parameters, validation was performed at the surface, mid-layer (0.6 H), and bottom layer. The spatial distribution of the validation sites is shown in 
Figure 3b
. The location distribution of the verification sites is shown in 
Figure 3b
, where P1 ∼ P8 was measured from August 1st to August 9th, 2015, and L1 ∼ L3 was measured from March 7th to March 10th, 2016. Model performance was quantitatively evaluated using the percent bias (PBIAS) (Moriasi et al., 2007), calculated as follows (Equation 11):
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where M is the measured value and S is the simulated value. When the PBIAS values below 10 indicate excellent model performance; values between 10 and 20 are considered good; values between 20 and 40 are deemed fair; and values exceeding 40 suggest poor performance and the need for further model adjustment (Moriasi et al., 2007).




Supplementary Figure S1
 presents the comparison between measured and simulated current velocity and direction at stations L1 to L3. The results demonstrate that the model can satisfactorily reproduce regional hydrodynamics. A good agreement is observed between measurements and simulations, with the best performance at the surface layer, followed by the middle layer (
Supplementary Table S1
).


The measurements at P1 ∼ P8 were conducted over 24-hour periods during spring, medium, and neap tides between August 1 and 9, 2015. As these data are temporally scattered, scatter plots were used to compare the measured and simulated values of current velocity and current direction (
Supplementary Figures S2
 and 
S3
) to evaluate model accuracy. The results indicate good agreement between the simulated and measured currents and water levels (
Supplementary Figure S4
), with surface current velocities showing better consistency than bottom-layer values (
Supplementary Table S2
).


Wave data from the Xiaomaidao Island station (location shown in 
Figure 3a
) were compared with the simulated results (
Supplementary Figure S5
). 
Supplementary Figures S5b
, 
S5c
 include the significant wave height comparisons during the passage of Typhoon Matmo (2014) and Typhoon Lekima (2019), respectively. The measured and simulated wave heights show good agreement, with corresponding PBIAS and RMSE values confirming the model’s capability to accurately reproduce wave dynamics in the study area.








3 Results


Based on the three-dimensional hydrodynamic numerical model established in Section 2, this chapter simulated the hydrodynamic process of a typical wet year (2020) and studied the seasonal changes in hydrodynamics in the estuarine area. The control variable method was used to design different control numerical experimental groups, focusing on the analysis of the individual and combined effects of waves and runoff. Furthermore, the characteristic point and characteristic profile method was used to compare and explore the differences in hydrodynamic responses of the northern and southern estuaries under seasonal regulation.


In the wet year, summer runoff exhibits a substantial increase (
Figure 1
), leading to significant alterations in flow field distributions. Since seasonal variations in spring, autumn, and winter demonstrate relatively minor differences, this section focuses on comparing the differences in flow field characteristics between winter and summer under the wet year.




Figure 4
 shows the flow field distribution during the winter neap tide. During slack ebb tide, the surface layer currents of the northern and southern estuaries are both toward the sea, with the current velocity of approximately 0.16 m/s. The surface current direction around the southern estuary is mainly southeast, and the distribution is relatively uniform. However, the flow field distribution around the northern estuary is more complex. There is a landward flow at the northern estuary, which conflicts with the seaward flow upstream, forming a low velocity zone, causing the velocity to decrease to 0.03 m/s. In the offshore area, affected by the estuarine jets, the current direction in the northeastern area is southeast-southwest, and the current direction in the southwest area is southeast-eastward. The bottom flow field distribution is similar to the surface in the nearshore area, but the velocity is greatly reduced.


[image: Graph (a) shows water level fluctuations over time in blue, with section (b) highlighted in red. Graph (b) details a segment of the fluctuations with labeled points c, d, e, and f. Panels (c1), (d1), (e1), and (f1) depict ocean current velocity and direction over a specified geographic area at different times, indicated by black arrows on a blue gradient map. Panels (c2), (d2), (e2), and (f2) show similar data for a corresponding period. A scale bar indicates current velocity in meters per second.]
Figure 4 | 
Distribution diagram of neap tide flow field in winter of wet year. (a, b) are water level diagrams; (c–f) respectively show the flow field distributions during slack at ebb tide, peak flood tide, slack at flood tide, and peak ebb tide; number 1 represents the surface flow field, number 2 represents the bottom flow field.




During peak flood tide, tides control the current velocity of the estuary, with both surface and bottom currents directed landward. Surface instantaneous velocities range 0.2 ∼ 0.6 m/s, while bottom velocities are significantly lower. During slack flood tide, the control of tides over the estuarine current is significantly weakened. Surface currents in the northern estuary reverse to seaward, forming a counterclockwise circulation with offshore flood currents near the estuarine area. The impact of runoff on the bottom layer is relatively weak, with upstream bottom current maintaining flood current direction. During peak ebb tide, the direction of ebb currents align with runoff, generating reinforced seaward currents at the surface with maximum instantaneous velocities reaching 0.7 m/s. The bottom flow field exhibits similar spatial patterns to the surface, but the current velocity is significantly smaller, with the greatest decrease at the estuary.




Figure 5
 shows the flow field distribution during winter spring tide. Due to the significant tidal range of the spring tide, the momentum exchange is enhanced during the tidal cycle. Even during the slack ebb tide, the study area still maintains strong background current velocity (mainly southwestward offshore current), with significantly higher surface velocity than during the neap tide period. The bottom flow field shows spatial differentiation characteristics: the estuarine area is seaward, while other areas have complex flow patterns and weaker current velocity.


[image: Graphs illustrating water level variations over time and corresponding current velocity maps. (a) Displays water level oscillations with time in hours. (b) Focuses on a section, marking key points c, d, e, and f. Subplots (c1)-(f2) show current velocities at these points, depicted with blue-shaded vector fields and arrows indicating flow direction and speed with varying scales. Coordinates are in latitude and longitude, with current velocity measured in meters per second. A color gradient bar represents current velocity intensity.]
Figure 5 | 
Distribution diagram of spring tide flow field in winter of wet year. (a, b) are water level diagrams; (c–f) respectively show the flow field distributions during slack at ebb tide, peak flood tide, slack at flood tide, and peak ebb tide; number 1 represents the surface flow field, number 2 represents the bottom flow field.




During peak flood tide, landward currents dominate both surface and bottom layers with velocities significantly exceeding neap tide period (surface: 0.4 ∼ 0.9 m/s; bottom: 0.06 ∼ 0.5 m/s). During slack flood tide, as the tidal forcing gradually weakens, runoff influence becomes predominant in the northern upstream estuary, driving seaward currents. This seaward currents converge with landward flood currents near the estuary area, forming a low-velocity zone. Both surface and bottom current velocities decrease significantly compared to peak flood tide, shifting northward as the currents transition toward ebb tide. Notably, the surface flow field along the southwest nearshore completes this flood-to-ebb transition earlier than the surrounding waters. During peak ebb tide, the flow field distribution during spring tide resembles that of neap tide, but intensified tidal forcing increases current velocity to 2 ∼ 3 times that of neap tide.


During summer spring tide (
Figure 6
), there is a significant difference in flow field distribution compared to winter due to strong runoff. During slack ebb tide, the water level drops and nearshore current velocity decreases, but the velocity is still higher than during winter spring slack ebb tide. Enhanced by strong runoff input, the seaward flow intensifies significantly throughout the study area, with the most obvious changes occurring in estuarine and river channel areas, which is about 2 ∼ 5 times than winter spring tide values.


[image: Graph (a) shows a time series of water levels over 300 hours, with highlighted section (b) focusing on 140-200 hours. Plots (c1) to (f2) illustrate current velocity maps at different times, with longitude and latitude axes, and a color bar indicating velocity magnitude from 0.02 to 0.18 meters per second. Each map includes arrows showing current direction, set at a scale of 0.4 meters per second, depicted in shades of blue.]
Figure 6 | 
Distribution diagram of spring tide flow field in summer of wet year. (a, b) are water level diagrams; (c–f) respectively show the flow field distributions during slack at ebb tide, peak flood tide, slack at flood tide, and peak ebb tide; number 1 represents the surface flow field, number 2 represents the bottom flow field.




During peak flood tide, the enhanced tidal forcing compresses the runoff control range to the upstream of the estuary. The runoff-dominated seaward currents and tide-dominated landward currents counteract within the river channel, causing instantaneous velocity to drop from 0.36 m/s to 0.03 m/s. During slack flood tide, as flood tidal forcing diminishes, the runoff-dominated zone extends seaward to approximately the 7 m isobath, driving the surface flow field to shift southeastward. Beyond the 7 m isobath, runoff influence on surface flow field diminishes while northwestward tidal currents dominate, albeit with generally reduced velocities due to energy dissipation. This surface flow field characteristic synchronously affects the bottom hydrodynamic structure: the bottom current direction on the land side of the 7 m isobath is northeastward, and turns to the southeast on the seaward side, forming a distinct hydrodynamic boundary. During peak ebb tide, strong tidal forcing combines with co-directional strong runoff, causing the instantaneous seaward current velocity reaches the maximum. The maximum surface velocity can reach 1.2 m/s, and the bottom velocity is mainly distributed between 0.2 ∼ 0.4 m/s.


The current velocity exhibits significant spatial variability in the study area. To investigate the spatial heterogeneity of the flow field, three characteristic points were selected—the northern estuary (characteristic point 1), southern estuary (characteristic point 2), and offshore region (characteristic point 3) (
Figure 7a
)—for a comparative analysis of surface and bottom velocity distributions under different tidal periods. During the winter neap tide (
Figure 7b
), the velocity at the characteristic point 1 is the largest, followed by the characteristic point 2 and the velocity at the characteristic point 3 is the smallest. The velocities at the characteristic points exhibit tidal-phase-dependent variations, with a distinct double-peak pattern emerging during ebb tides in the estuarine area, indicative of nonlinear hydrodynamic interactions between tidal forcing and wave deformation. The bottom velocity fluctuation is synchronized with the surface layer, but its value and variation are smaller than the surface layer, suggesting enhanced energy dissipation near the bed.


[image: Map and graphs illustrating tidal and current behavior at three characteristic points along a coastline. Panel (a) shows a map indicating locations of these points. Panel (b) presents water levels and current velocities during winter neap tides. Panel (c) details winter spring tide data, while panel (d) covers summer spring tide data, highlighting a period of strong runoff. The graphs show measurements in meters and meters per second over time, with blue and orange shading representing different data.]
Figure 7 | 

(a) Location of characteristic points. (b) Current velocity distribution of characteristic points during winter neap tide: (b1) water level, (b2) velocity at point 1, (b3) velocity at point 2 and (b4) velocity at point 3. The blue fill indicates the surface velocity, while the orange fill indicates the bottom velocity. The orange shading corresponds to the part of ebb-tide process. (c) Current velocity distribution of characteristic points during winter spring tide. (d) Current velocity distribution of characteristic points during summer spring tide. The purple dashed line represents the strong runoff process.




In contrast to the estuarine area dominated by complex topography and runoff-tide interactions, the offshore area exhibits more regular tidal-period velocity variations without the double-peak observed in the estuary. The persistent seaward runoff promotes the development of ebb-dominated current in the offshore area, with the most significant flood-ebb asymmetry occurring in surface layer velocity (the ebb current velocity increases by about 10% ∼ 30% compared to the flood current). During winter spring tide (
Figure 7c
), the velocity at each characteristic point increases by a factor of 1.2 ∼ 1.8 relative to winter neap tide. Despite the increase in velocity, its spatial distribution pattern (northern estuary > southern estuary > offshore) and temporal evolution characteristics (such as phase relationships, vertical structure) remain highly similar to those of neap tide.


During the summer spring tide (
Figure 7d
), the current velocity distribution patterns under weak runoff are similar to those of the winter spring tide. When subjected to strong runoff forcing (29th hour in 
Figure 7d
), the estuarine characteristic points demonstrate rapid velocity amplification, with the most pronounced enhancement occurring during ebb tides. Peak velocities at slack ebb tide reach 0.98 m/s and 0.85 m/s at the northern and southern estuarine characteristic points respectively, which is about twice that before the strong runoff. Throughout the strong runoff period, the velocity in the estuary area is maintained in the high value range except for a temporary attenuation during the flood tides. When the strong runoff effect ends (55th hour in 
Figure 7d
), the flow velocity quickly returns to the background state. In contrast, the flow field in offshore (characteristic point 3) is relatively stable throughout the summer spring tide, indicating that the impact of strong runoff is mainly confined to the estuarine area.




Figure 8a
 illustrates the boxplots of surface current velocities at each characteristic point. The results demonstrate that the spatiotemporal variability of surface currents is governed by the combined influences of tidal dynamics, runoff, and topographic conditions, exhibiting pronounced seasonal variations and spatial heterogeneity. On the temporal scale, current velocity exhibits obvious tidal periodicity. During the winter neap tide, hydrodynamic conditions are weakest, resulting in the smallest velocity fluctuation ranges and the lowest median velocities among the three periods. During the winter and summer spring tides, the tidal range significantly increases and the current velocity changes more dramatically. The median velocity of the summer spring tide is the highest, followed by the winter spring tide. This is mainly attributed to differences in tidal range and seasonal variations in runoff intensity. Further comparison reveals that the velocity during winter neap is lower and changes steadily, while during the summer spring tide, strong tidal forces combined with runoff during the wet season result in significantly higher velocities and more severe fluctuations.


[image: Two box plots compare current velocity in meters per second at three characteristic points for the surface and bottom layers during winter neap, winter spring, and summer spring tides. The surface layer shows higher velocities, with the summer spring tide generally having the highest velocity. The bottom layer shows lower velocities across all points, with more variation observed in the summer spring tide.]
Figure 8 | 
Velocity box plot of each point. (a) surface layer, (b) bottom layer. Blue represents winter neap tide, pink represents winter spring tide, and orange represents summer neap tide (time period: 72 hours).




Spatially, the near-estuary and offshore regions display distinct current velocity distributions. The interquartile range (IQR) of characteristic point 1 is the largest among all points across different periods, indicating the strongest variability in its time series of current velocities. Additionally, the velocity distributions at the near-estuary points (characteristic points 1 and 2) are right-skewed, whereas the offshore point (point 3) is less affected by runoff and topography, showing a more symmetric distribution with greater spatial uniformity. Notably, both the mean velocity and fluctuation amplitude at characteristic point 1 are the highest among all characteristic points, which is likely due to hydrodynamic intensification caused by the interaction between runoff and tides in the estuary area.




Figure 8b
 presents the boxplots of bottom current velocities at each characteristic point. The magnitudes of bottom current velocities are significantly smaller than those of the surface (
Figure 8a
), and the interquartile ranges (IQRs) are also smaller, indicating weaker variability in bottom currents. Moreover, the occurrence of outliers is more frequent in bottom current velocities than in surface, with this phenomenon being especially prominent at the southern estuarine point (characteristic point 2). The distribution patterns of bottom currents are predominantly governed by the combined influences of seabed topography and sediment. Complex terrain changes can significantly alter the structure of the underlying flow field, leading to abnormal fluctuations and the emergence of outliers. In particular, at characteristic point 2 within the southern estuary, the steep frontal slope and complex shoreline shape contribute to the most pronounced occurrence of bottom velocity outliers. These anomalous currents contrast sharply with the relatively stable distribution observed in surface currents, highlighting the distinctive hydrodynamic response characteristics of the near-bed boundary layer.


Residual currents refer to the components of ocean currents after removing the periodic astronomical tidal constituents, including wind-induced currents, density currents, tidal induced residual currents, etc. As the net transport flow field after filtering out periodic motions, residual currents can more clearly reveal the net material transport trends within the study area. The calculation formula usually involves averaging or integrating current velocity data over one or more cycles. The formula used in this section to calculate residual current is as follows (Equation 12):
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where T denotes the duration used for the residual current calculation, typically covering multiple tidal cycles (three tidal cycles in this study), and 
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Figure 9
 shows the spatial distributions of seasonal mean residual currents in the surface layer, bottom layer, and vertically averaged during winter and summer of the wet year. The residual current field in the study area exhibits significant three-dimensional spatial heterogeneity, with the surface residual currents being the strongest. In winter, the maximum surface residual current reaches 0.15 m/s, occurring in the northern estuary and indicating seaward transport. Moving seaward, the influence of runoff gradually weakens, and the residual currents at the northern estuary decrease markedly to approximately 0.02 m/s. In contrast, the residual current distribution in the southern estuary is more complex due to the larger channel curvature and the comparable widths of the inlet and river channel. The residual currents at the southern estuary remain around 0.04 m/s, while a pronounced high-value zone (0.1 m/s) is observed around the bend, which may result from flow convergence induced by the locally protruding shoreline. Along the coastal regions, the northern coast exhibits a stable northeastward alongshore currents, whereas the southern coast is dominated by a southwestward alongshore currents, accompanied by a nearshore northeastward return currents, forming a small-scale circulation system. The offshore area generally shows a seaward transport pattern, with a small high-value residual current zone observed in the southeastern sea area.


[image: Six vector field maps showing ocean current patterns in 2020. The top row represents winter with surface, bottom, and vertical average layers. The bottom row represents summer with the same categories. Arrows indicate current direction; color gradient from light blue to dark blue shows current strength, with a scale on the right. Each map is labeled with latitude and longitude coordinates.]
Figure 9 | 
Distribution diagram of seasonal average residual current in wet year. The first row shows the distribution of surface, bottom and vertical average residual current in winter; the second row shows the distribution of surface, bottom and vertical average residual current in summer.






Figure 9
 illustrates that in the nearshore area, the bottom residual currents are mostly northeastward alongshore currents, whereas around the estuary, current velocities increase due to the topographic constriction effect, with maximum bottom residual current reaching approximately 0.06 m/s. Compared to the surface residual currents, the bottom residual currents exhibit markedly reduced intensity and has an opposite direction. This vertical shear characteristic constitutes a typical estuarine circulation system. The formation mechanism of this circulation is mainly attributed to the baroclinic effect driven by salinity gradients. When low-salinity freshwater interacts with high-salinity seawater, pronounced density stratification develops. The density of surface freshwater is relatively low, floating on the surface and spreading seaward, while the high-density seawater at the bottom is driven landward under the influence of baroclinic pressure gradient forces, thereby forming a vertical circulation pattern (Hughes and Rattray, 1980; Dyer and Ramamoorthy, 1969). This gravitational circulation is a typical dynamic characteristic of estuarine areas, exerting crucial regulatory effects on material transport and energy balance.


In the deep-water region, the vertically averaged residual currents are relatively weak, with a localized clockwise circulation observed in the southeastern area. The estuarine area exhibits a complex flow structure: within the northern estuarine channel, the residual currents are directed seaward, but shifts landward just outside the estuary; in contrast, the residual currents within the southern estuarine channel are landward, forming a radial residual current distribution at the protruding shoreline. Compared to the surface and bottom residual currents, the vertically averaged residual current field displays a more uniform spatial distribution, reflecting the integral effect of vertical water column motion, which effectively smooths out local hydrodynamic variability. It is worth noting that although summer runoff is characterized by pronounced intermittent high-intensity transport, this short-term process becomes averaged out over the seasonal scale, resulting in a residual current pattern similar to that in winter.






4 Discussions


The results indicate that the hydrodynamic characteristics of the study area are significantly influenced by runoff and waves. Accordingly, this section presents a series of numerical experiments to systematically investigate the mechanisms through which wave-runoff interactions affect estuarine hydrodynamics.





4.1 Impact of wave


Wave-current interaction is a complex and dynamically significant process in marine dynamic systems (Mellor, 2003), with wave effects on currents realized through multiple mechanisms (Zhang et al., 2022). As waves propagate, periodic stress variations are generated on the sea surface, which induce water motion in the same direction as the waves (Yu et al., 2017). Additionally, wave-induced turbulence significantly enhances vertical exchange, thereby modifying the vertical structure of the flow field (Olabarrieta et al., 2010). Waves can also affect the strength and direction of currents by altering the dynamic characteristics of the bottom boundary layer, including the bottom friction coefficient and the shape of the velocity profile (Wolf and Prandle, 1999). These interaction effects exhibit significant differences under different water depths (Olabarrieta et al., 2011). A series of controlled numerical experiments (
Supplementary Table S3
) were designed to investigate the modulation effect of waves on the residual current field.




Figure 10a
 illustrates the seasonal average distribution of wave-induced residual currents during a wet year. In winter, the high-value zones of surface wave-induced residual currents are primarily located near the coast, predominantly exhibiting seaward rip currents. Scatter points with velocities exceeding 0.01 m/s are mainly distributed in areas with water depths less than 7 m (
Figure 10b1
). Within the estuarine channels, the residual currents display disorganized patterns, with mean velocities around 0.003 m/s. This spatial heterogeneity primarily results from the unique topographical conditions of the estuarine area: complex shoreline and shallow water conditions induce wave reflection and diffraction, interacting with incident waves to form complex wave fields. Moreover, lateral constraints imposed by river channel boundaries also influence the distribution of wave-induced residual currents at the estuary. Furthermore, both estuarine areas exhibit high-value zones of surface residual currents extending seaward, which are likely driven by seaward runoff (discussed further below). Offshore areas exhibit surface wave-induced residual currents of 0.002-0.005 m/s, generally directed seaward.


[image: Wave-induced residual current visualization with two sections. Section a: Plane distribution maps indicating surface, bottom, and vertical average currents for Winter and Summer 2020. Black arrows show current direction and magnitude, with blue shading indicating intensity. Section b: Scatter plots showing velocity differences across water depths for surface, bottom layers, and vertical average. Orange dots represent Summer, purple dots represent Winter.]
Figure 10 | 

(a) The difference diagram of seasonal average wave-induced residual flow in wet year. The first row shows the difference distribution of surface, bottom and vertical average residual flow in winter; the second row shows the difference distribution of surface, bottom and vertical average residual flow in summer. (b) Scatter plot of wave-induced residual current and water depth in the study area. Purple scatter plots are summer, and orange scatter plots are winter.




As the vertical water depth increases, the intensity of wave-induced residual currents in the bottom layer significantly decreases due to energy dissipation during the momentum transfer process. Over 90% of bottom-layer velocities fall below 0.005 m/s (
Figure 10b2
). The impact of waves on residual currents exhibits spatial differences: the steep slope and complex shoreline along the southwest coast induce more intense and localized wave breaking, resulting in a greater influence of waves on the bottom residual currents compared to the northeast coast. In other regions, bottom wave-induced residual currents generally remain below 0.003 m/s. The vertically averaged wave-induced residual current field is directed seaward, with intensity decaying from nearshore to offshore. This distribution pattern reflects the significant enhancement of wave dynamics in the nearshore region and its rapid attenuation with increasing water depth.


In summer, high-value zones of surface wave-induced residual currents are also primarily distributed in estuarine and nearshore regions, dominated by offshore transport, with most surface velocities exceeding 0.02 m/s. Compared to winter, the nearshore wave-induced residual currents in summer are significantly enhanced, and areas with velocities greater than 0.01 m/s extend to the 8.5 m isobath (
Figure 10b1
). Due to topographic effects, stronger residual currents are observed near the southern estuary compared to the north. Bottom-layer patterns resemble those in winter but exhibit overall lower velocities. Notably, velocity discontinuities are observed in both surface and bottom layers near the 6 ∼ 7 m isobath, likely associated with wave breaking. The vertically averaged residual currents increase from offshore to nearshore, with high-velocity zones mainly concentrated within the 1 ∼ 3 m water depth range (
Figure 10b3
), similar to the pattern in winter.


When runoff is excluded (
Figure 11a
), surface wave-induced residual currents near the coast remain offshore-directed. However, the original high-value zones extending seaward at the northern and southern estuaries disappear, confirming that these zones are primarily formed by runoff. Surface wave-induced residual currents in the study area generally weaken, and the proportion of velocity exceeding 0.01 m/s drops markedly (
Figure 11b1
). The impact of runoff is particularly evident in the offshore area, where it enhances surface wave-induced residual currents and induces southward shifts. Furthermore, the inclusion of runoff also reverses the current direction in the southwestern offshore area—from southeastward to northeastward—indicating that runoff modulates both surface and bottom flow fields. Under no-runoff cases, vertically averaged wave-induced residual currents in the southwestern area exhibit broader weakening, while changes nearshore are limited, suggesting that winter runoff primarily affects the offshore area with only minor nearshore influence.


[image: Panel a displays plane distribution maps showing wave-induced residual currents without runoff for surface, bottom, and vertical average layers during winter and summer 2020. Arrows indicate current direction and intensity, with a color scale indicating velocity. Panel b shows scatter plots of velocity difference against water depth for surface, bottom, and vertical layers, comparing summer and winter.]
Figure 11 | 

(a) The difference diagram of seasonal average wave-induced residual flow in wet year without runoff. The first row shows the difference distribution of surface, bottom and vertical average residual flow in winter; the second row shows the difference distribution of surface, bottom and vertical average residual flow in summer. (b) Scatter plot of wave-induced residual current without runoff and water depth in the study area. Purple scatter plots are summer, and orange scatter plots are winter.




During high-runoff conditions in summer, the removal of runoff leads to a substantial reduction in wave-induced residual currents across the study area. The surface current direction remains seaward, but the high-value zones near both estuaries contract, with a more pronounced decrease around the southern estuary. The most significant reductions occur within the 0 ∼ 5 m depth range, where the number of data points with velocities between 0.01 and 0.04 m/s drops sharply (
Figure 11b1
). In addition, the surface wave-induced residual current beyond the 6m isobath decreases from 0.015 m/s to 0.002 m/s, and the current direction shifts from southward to southwestward, highlighting the essential role of runoff in sustaining offshore-directed residual currents. Compared to the surface layer, the response of bottom wave-induced residual currents to runoff changes is relatively weak, with reductions mainly concentrated in the nearshore areas and smaller velocity attenuation than that at the surface.


In summary, the impact of waves on the residual currents in the study area is primarily concentrated in the nearshore areas and gradually weakens offshore. In the wet year, the intensity of wave-induced residual currents in summer is approximately four times that in winter, which is directly attributed to stronger wave forcing during the summer. Moreover, a velocity discontinuity emerges near the 6 m isobath due to wave breaking. Comparative experimental results indicate that the addition of runoff significantly enhances wave-induced residual current. In the absence of runoff, the intensity of wave-induced residual currents decreases markedly throughout the entire study area.






4.2 Impact of runoff


Runoff, as a key driving factor of the estuarine dynamic system, has a significant impact on the distribution of residual currents (Wang et al., 2008; Liu, 2011). The input of runoff breaks the original hydrodynamic equilibrium and enhances the complexity of the flow field (Simpson et al., 1993; Gao et al., 2009; Moon et al., 2010). Furthermore, the density gradient formed by freshwater input also significantly affects the vertical structure and stability of the flow field (Wu and Zhu, 2010; Palma and Matano, 2012). A series of numerical experiments was conducted to quantitatively assess the regulatory effect of runoff on the flow field (
Supplementary Table S4
). Given the relatively low runoff in winter during the wet year, the analysis in this section primarily focuses on the summer period.


In the case with runoff input solely from the northern estuary, the surface seaward residual currents are significantly intensified within the channel and along the jet axis, with the strongest enhancement within the channel (
Figure 12
, DE condition). Moving outward from the estuary, the intensity of the residual current gradually decreases due to channel expansion, accompanied by lateral dispersion toward both banks. Notably, a high-value zone of surface residual current difference appears near the southern estuary, which is closely associated with flow convergence and reflection effects induced by steep slopes and abrupt shoreline transitions. At the bottom layer, baroclinic forcing drives a compensating landward flow, with the high-value zone distribution closely mirroring that of the surface layer.


[image: Grid of six vector field plots displaying residual currents in a region. Top row covers DE case with panels for the surface layer, bottom layer, and vertical average. Bottom row covers DW case for the same layers. Each plot uses a blue color gradient to indicate current magnitude, with arrows showing direction. Latitude and longitude are mapped along the axes. A color scale to the right indicates current magnitudes from zero to zero point six meters per second.]
Figure 12 | 
Distribution diagram of summer residual flow difference of different runoff experimental groups in wet year. The first line is the difference distribution between experimental group D and experimental group B; the second line is the difference distribution between experimental group E and experimental group B; the third line is the difference distribution between the baseline experiment and experimental group B.




When runoff is introduced exclusively from the southern estuary, the zone of maximum enhancement in residual currents remains centered along the channel and jet axis (
Figure 12
, DW case). However, its hydrodynamic characteristics are significantly different from the DE case. Due to the small angle between the jet axis and the shoreline, along with the narrow channel and irregular coastline, the generated alongshore currents are weak. The impact of the DW case on the alongshore residual currents on both sides of the estuary is substantially weaker than that of the DE case, especially in the northeastern area. In terms of vertical structure, runoff induces a landward compensation flow in the bottom layer, with high-value zones primarily located in the southwestern area, corresponding spatially to the surface layer. Vertically averaged residual currents show a clear seaward transport pattern in the southern estuary, although the velocity is high only near the estuary, with generally low velocities elsewhere. This spatial pattern highlights the critical role of local topographic constraints in shaping the runoff-driven hydrodynamics in the southern estuary.


When runoff is applied at both estuaries, the enhancement of residual currents within the channels reaches its maximum (
Figure 12
, DD condition). Compared to the single-runoff cases, residual currents in the northern offshore area are significantly stronger under the double-runoff case, while the enhancement near the southern estuary is comparatively weaker. This spatial differentiation primarily results from the differing flow characteristics and interactions between the two runoff sources. The northern runoff predominantly flows southeastward, while the southern runoff—modulated by the orientation of the estuary—intensifies the eastward component of residual currents and gradually deflects southward during offshore expansion, eventually converging with the northern runoff in the offshore region. Meanwhile, the diminished enhancement of residual currents near the southern estuary can be attributed to the mutual offset between the southwestward alongshore currents generated by the northern estuary and the northeastward residual currents from the southern estuary.


In summary, the input of runoff significantly enhances the surface residual current field in the study area, mainly manifested as the intensification of alongshore and offshore currents. Due to its wide estuarine mouth and gently sloping shoreline, the northern estuary exerts a broader influence range. In contrast, the southern estuary, constrained by the orientation of the mouth and the complex shoreline, produces a more confined offshore jet, resulting in a weaker impact on alongshore residual currents compared to the northern runoff. Under the double-runoff case, the residual currents around the northern estuary are significantly enhanced, while those around the southern estuary are clearly suppressed.


We selected the period of sustained strong runoff in summer and conducted a temporal analysis of the transverse and longitudinal components of the runoff-induced current at three characteristic points (
Figure 13
). Due to the highly consistent current distribution of the northern estuary under both the double-runoff and DE cases, characteristic point 1 only compares the current results of the double-runoff and DW cases (
Figure 13a
). Likewise, for characteristic point 2 in the southern estuary, the analysis compares only the double-runoff and DE cases (
Figure 13b
). The results indicate that in the absence of runoff, the velocities at the characteristic points approach zero. The addition of runoff significantly enhances the seaward and northeastward components of velocity at the estuaries, indicating that runoff input intensifies both offshore and alongshore currents. Specifically, the northern estuary runoff enhances the offshore current at characteristic point 1 (with a maximum increase of 1.3 m/s), while the southern estuary runoff primarily strengthens the northeastward alongshore current at characteristic point 2 (with a maximum increase of about 0.8 m/s). At characteristic point 3, the current distributions of the double-runoff and DE cases largely overlap, so only the results for the double-runoff and DW cases are plotted (
Figure 13c
). This suggests that the northern estuary runoff predominantly governs the offshore current field, primarily by enhancing the seaward component while weakening the northeastward component.


[image: Three line graphs labeled (a), (b), and (c) show transverse and longitudinal velocity differences over time in hours. Graph (a) compares DW case, graph (b) compares DE case, and graph (c) again compares DW case. Transverse velocity difference is shown in blue, and longitudinal velocity difference in orange. Graphs exhibit fluctuating trends with varying peaks. Legends clarify color coding for each case as “Double Runoff” and “DW/DE case.]
Figure 13 | 
Time series distribution of residual flow at characteristic points. (a) characteristic point 1, (b) characteristic point 2, (c) characteristic point 3. The blue curve is the horizontal residual flow distribution at the estuary (+: seaward, –: landward); the orange curve is the longitudinal residual flow distribution at the estuary (+: northeastward, –: southwestward).






Figure 14
 presents the residual current distribution along the characteristic cross-sections of the northern and southern estuaries. The residual currents along the characteristic profile a-a’ show minimal differences between the double-runoff and DE cases, suggesting that the southern runoff has a limited influence on the northern estuary. However, when the northern runoff is excluded, the residual currents in the northern estuary decline significantly. For the characteristic profile b-b’, the results indicate that the northern runoff plays a significant role in shaping the residual current field, with its impact concentrated in the estuarine area during summer and around the offshore area during winter. The removal of the southern runoff leads to a general reduction in residual currents along profile b-b’, showing a decreasing distribution pattern, characterized by low values at both ends and a peak in the middle, with the largest reduction occurring near the estuary mouth.


[image: Graphs showing runoff-induced residual currents in meters per second across different distance scales. Each panel represents different seasonal and layer conditions: (a) and (b) show surface layer in winter, (c) and (d) show bottom layer in winter, (e) and (f) show surface layer in summer, (g) and (h) show bottom layer in summer. Three scenarios are compared: Double Runoff, DW case, and DE case, marked by blue, red, and yellow lines.]
Figure 14 | 
Distribution of runoff-induced residual flow along the profile under different cases. The first column is the a-a’ profile (a, c, e, g), and the second column is the b-b’ profile (b, d, f, h). The blue solid line is the double runoff case runoff-induced residual flow distribution, the orange solid line is the DW case runoff-induced residual flow distribution, and the yellow solid line is the DE case runoff-induced residual flow distribution (+: seaward, –: landward).




To further investigate the influence of waves on runoff-induced residual currents, scatter plots of the runoff residual current with and without waves were drawn at three characteristic points (
Figure 15
). The red scatter points represent the residual current in both cases, and the black dashed line (y=x) indicates the ideal consistency line, which is used to assess the agreement between the two datasets. The results show that waves exert limited influence on the transverse component of the runoff-induced residual currents (
Figure 15a
). The scatter points at all three characteristic points are closely aligned with the y=x line with good linear correlations (R
2 values of 0.93, 0.88, and 0.85, respectively), indicating that the influence of waves on the transverse component of the runoff-induced residual currents is limited. Spatially, point 1 has the highest correlation coefficient and the weakest wave interference, indicating that in open and gently sloping terrain, runoff dominates the hydrodynamics and wave effects are weak. Point 2 is situated in the narrow southern estuary, where terrain constriction and nearshore wave reflection enhance the runoff-wave interaction, leading to a slight decrease in R
2. Point 3 lies offshore beyond the estuary mouth, where the runoff control weakens and wave influence increases, resulting in more dispersed scatter and further reduced correlation.


[image: Scatter plots illustrating relationships between wave and no-wave cases of residual currents at three characteristic points. Panel a shows transverse runoff-induced currents with high R-squared values (0.93, 0.88, 0.85). Panel b shows wave-induced currents without runoff, with slightly lower R-squared values (0.73, 0.75, 0.71). Red circles indicate data points, and dashed lines represent trend lines.]
Figure 15 | 

(a) Scatter plot of transverse runoff-induced residual currents under wave and no-wave cases. (b) Scatter plot of longitudinal runoff-induced residual currents under wave and no-wave cases.




The correlation coefficients (R
2 = 0.73, 0.75, and 0.71, respectively) for the longitudinal component of the residual currents at the three characteristic points are significantly lower than those for the transverse component, indicating that wave-induced disturbances more strongly affect the longitudinal component (
Figure 15b
). Spatially, point 1 is characterized by gentle topography and a relatively simple hydrodynamic structure. Although influenced by wave action, the longitudinal component retains a relatively high correlation (R
2 = 0.73), indicating that the runoff-dominated currents remain largely intact, with waves serving a modulatory rather than a reconstructive role. At point 2, the longitudinal component is minimally affected by wave disturbances (R
2 = 0.75), exhibiting a relatively stable flow response under the coupling of waves and runoff, likely due to channel confinement. The R
2 of offshore point 3 is only 0.71, indicating that waves exert the strongest modulation on the longitudinal transport of runoff in this area.


Directionally, wave effects are more pronounced on the longitudinal component of residual currents than on the transverse component. Spatially, wave-induced disturbances gradually intensify from the inner estuary toward the offshore area, reflecting the increasing regulatory influence of waves as geomorphic constraints weaken. These directional and spatial patterns highlight the non-uniform modulation of waves on runoff-induced residual currents under varying geomorphic backgrounds.


In summary, the input of runoff significantly enhances seaward and alongshore currents in the estuarine area. The northern estuary runoff has a wide and continuous impact range, while the southern estuary runoff is limited by terrain and has a relatively weak impact. The superposition of double runoff generates spatial heterogeneity, characterized by the coexistence of residual current enhancement and attenuation in different areas. Vertically, the flow field presents a classic estuarine circulation pattern, with surface seaward flow and bottom landward return flow. The influence of waves on runoff-induced residual currents exhibits pronounced directional and spatial variation: transverse disturbances are minor, while longitudinal disturbances are significant, and the regulating effect of waves is strongest in offshore areas.







5 Conclusions


This study investigated the seasonal hydrodynamic processes in the estuary coastal system using a wave-current coupled three-dimensional Delft3D model. Through detailed numerical simulations under various runoff and wave scenarios, we analyzed the seasonal flow field variability and residual current mechanisms, emphasizing the role of runoff-wave coupling and estuarine morphological differences. Main conclusions are as following:


The estuarine hydrodynamics exhibit strong seasonal variability governed primarily by the changes in runoff. During the summer wet season, enhanced runoff leads to intensified seaward transport and stronger alongshore currents, while in the winter dry season, flow velocities are generally weaker and more tidally dominated. The northern estuary, characterized by a wide and gently sloping mouth, shows a more extensive influence range compared to the morphologically constrained southern estuary. The generation and evolution of residual currents are strongly modulated by runoff magnitude and distribution. The inclusion of runoff, especially in the northern estuary, significantly enhances residual currents along the seaward and alongshore directions. The vertical structure of residual flows exhibits a classic estuarine circulation pattern, with surface seaward and bottom landward flows. Notably, the simultaneous presence of two runoff sources produces non-uniform enhancement and cancellation zones, depending on the angular deviation of the jet and the shoreline alignment. Moreover, wave forcing introduces substantial spatial and directional heterogeneity in the residual current field. The transverse components of residual currents remain largely unaffected by waves, but the longitudinal components exhibit significant modulation, particularly in offshore regions where geomorphic constraints are weaker. The correlation analysis reveals a progressively stronger wave influence from the inner estuary to the outer sea, highlighting the non-uniform regulatory role of waves under varying terrain backgrounds.


Overall, this study demonstrates the importance of integrating runoff variability and wave dynamics in the investigation of estuarine hydrodynamic, especially in systems with seasonal freshwater input and complex multi-inlet geometry. The findings provide essential insights into the spatial heterogeneity of residual flows and the interaction mechanisms that sediment transport, stratification, and estuarine exchange processes.


Although this study mainly focuses on hydrodynamic responses to runoff and wave forcing, the findings also have implications for sediment dynamics and morphological evolution. Previous studies in large estuaries, such as the Qiantang Estuary and Yangtze Estuary, have shown that high runoff can enhance bottom shear stress and promote bed erosion during wet seasons or high-flow conditions (Xie et al., 2018; Liu et al., 2020). Similar processes are likely to occur in the present dual-inlet estuary, where increased runoff may alter sediment resuspension and redistribution patterns. Future work will expand the current modeling framework by coupling sediment transport modules to investigate how residual currents modulated by waves and runoff influence sediment redistribution and estuarine morphology. Emphasis will also be placed on simulating extreme events such as typhoons to assess system resilience.
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a. Wave-induced residual current without runoff - plane distribution
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