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A three-dimensional numerical model is used to quantitatively evaluate the contribution of each driving force to the Lagrangian residual velocity (LRV) in Xiangshan Bay under conditions of constant buoyancy gradient in time and multi-frequency tide. Each component of the LRV from various processes is derived by tracking each driving force in a tidal period along the particle trajectory. For a comparison of the results, the driving force in the momentum equations is averaged at the fixed points to obtain six components of the Eulerian residual velocity (ERV). A quantitative evaluation of the contribution of each component to the total ERV and total LRV is performed. The sum of the acceleration component, nonlinear advection component, and barotropic pressure gradient component of ERV determines the structure of the total ERV. The LRV is influenced by different dynamic mechanisms. The barotropic pressure gradient component of LRV determines the outflow pattern of the total longitudinal LRV at the surface of the inner Xiangshan Bay, and the density gradient component of LRV is the main determinant of the structure of the total longitudinal LRV at the bottom of the inner Xiangshan Bay. The eddy viscosity component causes the total longitudinal LRV to flow seaward in the Niubi Channel. The sum of the acceleration component and nonlinear advection component of LRV is the main contributor to the inward total longitudinal LRV in the Fodu Channel. The barotropic pressure gradient component leads to total lateral flow in the outer Xiangshan Bay. The collective effect of the components induced by all of the forces determines the structure of the lateral LRV in the inner Xiangshan Bay.
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1 Introduction

Coastal plain estuaries are formed at the intersection of an ocean and a river; they typically have abundant natural resources that support human settlement. Accelerated growth of urbanization and industrialization leads to an increase in pollution-related problems in coastal plain estuaries. In this context, it is important to explore exchange circulation and its dynamic mechanisms. Estuarine exchange circulation is described in terms of two types of residual velocity—Eulerian and Lagrangian residual velocities. Eulerian residual velocity (ERV) is the average of the velocities during one or several tidal periods at a fixed location (Abbott, 1960). Lagrangian residual velocity (LRV) is defined as the net displacement of a labeled water parcel over one or several tidal periods (Zimmerman, 1979). When the ERV is used as the inter-tidal transport velocity, the non-conservation “tidal surface source” appears at the surface and the “tidal dispersion” is present in the inter-tidal transport equation (Feng et al., 1984). However, when the LRV acts as the advection velocity, the tidal surface source, and tidal dispersion both vanish in the weakly nonlinear conditions (Feng, 1987), in accordance with the law of mass conservation. Furthermore, Feng et al. (2008) showed that the LRV follows the law of mass conservation in the general nonlinear condition.

In the classical view, Pritchard (1956) proposed that the exchange circulation is mainly induced by the momentum balance of density gradient and friction. Based on the theory of Pritchard (1956); Hansen and Rattray (1965) established the theory of gravitational circulation. The classical analytical theory has been widely used to explore the dynamics of exchange flow. Jeong et al. (2022) indicated the baroclinic effect plays a significant role in residual circulation at the inner harbor in a macro-tidal environment. Zhu et al. (2021) showed friction effect has obvious influences on the structure of residual current. Kobayashi et al. (2022) showed estuarine gravitational circulation has seasonal variability, which is mainly driven by the inhomogeneity of temperature in the lower layer.

However, there are some discrepancies in the simplification of the momentum balance. In addition to the density gradient and friction, many processes have significant influences on exchange flow. Simpson et al. (1990) recognized that the asymmetric stratification induced by the variation of the velocities during flood and ebb has significant influences on estuarine exchange circulation. Jay and Musiak (1994, 1996) emphasized that tidal straining, as described by Simpson et al. (1990), strengthens gravitational circulation. Lerczak and Geyer (2004) indicated that lateral advection significantly influences estuarine exchange circulation. Cheng et al. (2017) showed that when differential advection dominates, lateral advection-induced circulation is landward in the channel and seaward on the shoals; when the Coriolis force dominates, seaward flows and landward flows occupy the right side and left side of the cross section, respectively. Alahmed et al. (2021) investigated the role of the advection and density gradient in the residual circulation in the Gironde estuary in France. Advective accelerations drive inflow in the channel and outflow over the shoals and density gradient has different contributions to the total residual current during neap and spring tides. The effects of eddy viscosity profiles and directional winds on exchange flow are explored by Basdurak et al. (2021). Pein et al. (2018) investigated the transfer of along-channel momentum to lateral circulation by the meander. The meander contributes differently to the lateral circulation during flood tides and ebb tides by influencing the turbulence and centrifugal force. Zhang et al. (2022) found the longitudinal and lateral circulation are modulated by the deepening and narrowing of the estuary. Cui et al. (2018) confirmed that the momentum balance is mainly influenced by not only the pressure gradient and friction but also the advection acceleration and the horizontal diffusion. Chen et al. (2019) indicated that the momentum balance is complex in real geometries. Nonlinear advection plays a significant role in the lateral circulation in the Pearl River Estuary as Coriolis and baroclinic pressure terms, indicating complex dynamic mechanisms of the exchange flow (Xu et al., 2021).

To evaluate the contribution of each component from various processes to total residual velocity, the decomposition methods of estuarine exchange circulation are explored. The empirical orthogonal function (EOF) is extensively used to obtain the components that are induced by various forcing mechanisms (Cerralbo et al., 2018; Valle-Levinson et al., 2019). Sometimes, however, the EOF has no specific physical meaning (Huang et al., 1998). Under weakly nonlinear conditions, a linear decomposition method for the ERV was deduced with zero net river discharge and a rigid lid assumed in a one-dimensional equation (Burchard and Hetland, 2010), and the analytical method was extended for a two-dimensional cross-sectional model (Burchard et al., 2011; Burchard and Schuttelaars, 2012; Burchard et al., 2014). Cheng (2014) removed the limiting, simplified assumptions of Burchard’s methods and extensively developed the decomposition methods by considering the continuity equations; the application of these updated methods in a real bay is a closer reflection of actual conditions. Dijkstra et al. (2017) used a systematic analysis of generation mechanisms and found that exchange flow is influenced by the covariance between shear and eddy viscosity at twice the dominant tidal frequency. The dynamic mechanisms of the interaction among the asymmetric tidal turbulence, the estuarine circulation, and salt transport in short estuaries are explored by Wei et al. (2021). However, those decomposition methods are restricted to the ERV and a weakly nonlinear condition. To understand the mechanisms of the LRV, Jiang and Feng (2014) decomposed tidal body force into three terms with specific physical meanings and determined the quantitative contribution of these terms to the LRV under the condition of constant eddy viscosity. Cui et al. (2019a) used a semi-analytical method to quantify the role of the Stokes’ drift stress term, the nonlinear advection term, and the Coriolis effect of the local acceleration derived from the tidal body force in the LRV. An improved version of the method was used for a wide bay (Cui et al., 2019b). Chen et al. (2020) derived the analytical solution for the LRV with vertically varying eddy viscosity and evaluated the contribution of the Stokes’ drift stress term and the nonlinear advection-induced LRV to the total LRV under weakly nonlinear conditions. However, the two studies did not consider temporal eddy viscosity. Deng et al. (2017) performed a qualitative study of the effects of nonlinear eddy viscosity on the LRV; however, they did not perform a quantitative evaluation of the contribution of each component to the total LRV. Liu et al. (2021) derived the Lagrangian mean momentum equation for measuring the initial time dependence of wind-driven and density-driven LRV. However, a general decomposition of the dynamic mechanisms of the LRV has not yet been developed.

Xiangshan Bay is located in the north of Zhejiang Province, to the south of Hangzhou Bay (Figure 1). It is a narrow and semi-closed bay on the edge of the East Sea. The bay is separated into the inner Xiangshan Bay and the outer Xiangshan Bay. The outer Xiangshan Bay includes the Niubi Channel and the Fodu Channel, which connect to the East China Sea. The bay extends across approximately 70 km, from the mouth to the head. The greatest width of the bay is 20 km, at the mouth, and the narrowest is approximately 3 km, in the middle of the bay. The average depth is approximately 10 m, and the maximum depth is 70 m. The total area of the bay is approximately 560 km2, of which more than one third is accounted for by tidal flats. The tidal range increases gradually from the mouth to the head of the bay. The difference between the high tide and the low tide increases as the tidal wave propagates upstream along the bay, indicating strong nonlinearity in the bay. The river discharge of the bay is small, and the wind is weak because the bay is surrounded by mountains and hills. The horizontal stratification in summer is high due to the influence of the Taiwan Warm Current, whereas in winter the difference in salinity between the mouth and the head of the bay is approximately 2 psu, indicating weak horizontal stratification. The main tidal constituent is semi-diurnal M2, with an amplitude that is two times that of the second major constituent (S2). Studies on the LRV in Xiangshan Bay have been limited to qualitative analysis in the outer Xiangshan Bay (Xu et al., 2016). Few studies have explored the dynamic mechanisms of the LRV in the bay.




Figure 1 | (A) Bathymetry of model domain (shading). The black rectangular box represents the position of the Xiangshan Bay. (B) Bathymetry of Xiangshan Bay (contours), schematic of the positions of four stations (red stars) and four cross sections (blue lines): (a) represents the cross section of the middle of the inner Xiangshan Bay, (b) represents the cross section of the mouth of the inner Xiangshan Bay, (c) represents the cross section of the Niubi Channel, and (d) represents the cross section of the Fodu Channel.



The aim of this study is to determine the contribution of the components induced by each force to the total LRV in Xiangshan Bay. This paper is structured as follows. A description of the parameters for the model setup, validation of the model, and decomposition methods is provided in Section 2. The contribution of each component to the total ERV and the total LRV is discussed in Section 3. The discussion and conclusions are presented in Section 4.



2 Methodology


2.1 Formulation

The momentum equations in sigma coordinates are as follows:

 



where u (x, y, σ, t), v (x, y, σ, t), and ω (x, y, σ, t) are the velocity components in the longitudinal (x), lateral (y), and dimensionless vertical (σ) directions, respectively. Here, D = H + ζ, where H (x, y) is the mean depth of water, ζ ( x, y, t) is the water surface elevation, t is the time, ρ (x, y, σ, t) is the water density, ρ0 is the reference density, f is the Coriolis parameter, and vh (x, y, σ, t) is the vertical eddy viscosity.

ERV is defined as the average of the current velocities over one or several tidal periods at a specific location (Abbott, 1960):

 

 

where n = 1,   represents the parcel position, and the Eulerian-averaged operator is defined as follows, with T representing the tidal period and t0 denoting the start time:

 

LRV is defined as the net displacement of a labeled water parcel over one or several tidal periods (Zimmerman, 1979):





where n = 1,   is the initial parcel position when t = t0, and   is the parcel position at time t.

The Lagrangian-averaged operator is defined as follows:



The Eulerian-averaged and Lagrangian-averaged operators can be used to not only calculate the ERV and LRV but also analyze the momentum equations at the intertidal scale.


2.1.1 The Eulerian-Averaged Equations

Equations (1) and (2) are averaged at the fixed points in a tidal period, based on Equation (5):

 

	(

Equations (9) and (10) are divided by the Coriolis parameter to obtain the components induced by various driving forces, based on Equations (3) and (4):

 



 

 

The term   and   represent the acceleration components of ERV (vEac and uEac);   and   represent the nonlinear advection components of ERV (vEad and uEad);   and   represent the barotropic pressure gradient components of ERV (vEba and uEba);   and   represent the density gradient components of ERV (vEgr and uEgr);   and   represent the eddy viscosity components of ERV (vEtu and uEtu); and |Fx|/(−f) and |Fy|/(f) represent the horizontal diffusion components of ERV (vEho and uEho).



2.1.2 The Lagrangian-Averaged Equations

Each term in Equations (1) and (2) is integrated along the particle trajectories in a tidal period and divided by the time period to obtain each Lagrangian-averaged force. The variables u, v, ω, ζ, vh, ρ in each force are the functions of the initial position, initial phase, real-time position, and real time in the tracking process. The tracking algorithm uses a constant time step of 30 s. During each time step, each forcing term is interpolated linearly according to the real-time position and real time, and is integrated using the fourth-order Runge–Kutta time-stepping scheme.

 

 

Equations (15) and (16) are divided by the Coriolis parameter to obtain the components induced by various driving forces, based on Equations (6) and (7):

 

 

 

 

The terms   and   represent the acceleration components of LRV (vLac and uLac);   and   represent the nonlinear advection components of LRV (vLad and uLad);   and   represent the barotropic pressure gradient components of LRV (vLba and uLba);   and   represent the density gradient components of LRV (vLgr and uLgr);   and   represent the eddy viscosity components of LRV (vLtu and uLtu); and 〈Fx〉/(−f) and 〈Fy〉/(f) represent the horizontal diffusion components of LRV (vLho and uLho).




2.2 Model Configuration

The Finite-Volume Community Ocean Model (FVCOM; Chen et al., 2006) is used for the numerical experiments. FVCOM is a three-dimensional (3D), unstructured-grid, free-surface, primitive equation ocean model with an arbitrarily sized triangular mesh and stretched terrain-following vertical coordinates. The mesh in the model is the same as that in Xu et al. (2016); The resolution is 10 km at the open boundary that is set in the middle of the East China Sea and it decreases in the direction toward the nearshore with 200–1000 m in the Zhejiang coastal water, approximately 200 m in the mouth of Xiangshan Bay, and 150–200 m inside the Xiangshan bay. The number of calculated nodes is 76,148, the number of cells is 148,223, and the sigma layers are uniformly separated into 15 layers. The depth data outside the bay are obtained from the 1′×1′ resolution SKKU dataset (Choi et al., 2002). For Xiangshan Bay, the bathymetry data are derived from a nautical chart with a resolution of 600 m (China Maritime Safety Administration, 2008). Three open boundaries are present in the eastern, northern, and southern directions. Eight tidal constituents on the open boundary are predicted by using the Oregon State University Tidal Prediction Software (OTPS, http://volkov.oce.orst.edu/tides) for model forcing. Since there are small river discharges and weak winds in Xiangshan Bay (Kong et al., 2022), they are neglected. The bottom friction coefficient is 2.5 × 10−3 outside the bay and 0.3 × 10−3 in Xiangshan Bay. The July average salinity and temperature in Xiangshan Bay are derived from Han et al. (2014); the corresponding values for locations outside the bay are obtained from the Marine Atlas of the Bohai Sea, the Yellow Sea, and East China Sea: Hydrology (Chen, 1992). A constant longitudinal buoyancy gradient is used to study the drivers of the ERV (Burchard and Hetland, 2010; Burchard et al., 2011). The vertical stratification is weak during a tidal period in Xiangshan Bay (Sheng et al., 2022). In this study, we mainly use the month-averaged temperature and salinity data for July to constitute a buoyancy gradient that is constant in time and variable in space. And the dynamic mechanism of the ERV and LRV in Xiangshan Bay will be investigated and the corresponding results will be compared with Burchard’s results. The MY-2.5 turbulence closure model is used to calculate the temporally and spatially varying eddy viscosity based on the turbulent kinetic energy equation. The external time step is 0.5 s, and the internal time is 10 times the external time. The model is run for 1 month. When the model reaches a steady state, the physical variables are obtained from the model output every 30 s for data analysis and particle tracking. Since the structure of the LRV during spring tide has slight differences from that during neap tide (pictures are not included), the results are mainly analyzed during neap tide.



2.3 Model Verification

The Xiangshan Bay is roughly aligned with the zonal (W-E) direction. The positive x-axis, u, uE, and uL are chosen to be eastward and the positive y-direction, v, vE, and vL are designated as northward. Due to the mouth of the bay located east of the head of the bay, the positive uE and uL flow outside of the bay, which is called outflow or seaward flow; and the negative uE and uL flow inside of the bay, which is called inflow or landward flow.

The model verification involves two tasks. The first task is a comparison of the elevation and velocity obtained from the model and the corresponding values obtained through observation. The observed sea surface elevation data at station B1 are obtained from one-day field observation, from April 10 to April 11, 2012. The observed elevation data at station D2 are obtained from two-day field observation, from April 9 to April 11, 2012. The observed elevation and velocity data at stations B2 and B3 are acquired from one-day field observation, from September 14 to September 15, 2011 (Table 1). The model is run with eight tidal constituents at the corresponding observation time. The sea level and velocity data from the model are compared with the observed data from Xiangshan Bay. The close match in the corresponding values demonstrates the practicability of the model (Figure 2).


Table 1 | Information of observation stations (B1, D2, B2 and B3), the correlation coefficient (CC), and the skill assessment parameter (Skill) of the elevation and current validations.






Figure 2 | Comparisons between the observed (red line) and model (blue line) elevations and currents at four stations. Hourly time series of elevations at stations (A) B1, (B) B2, (D) D2 and (E) B3. Hourly time series of currents at stations (C) B2 and (F) B3.



To further evaluate the model performance, two statistical parameters including the correlation coefficient (CC) and Willmott Skill score (Willmott, 1981) are calculated, as follows:

 

 

where obi and moiare the observation and model data, respectively,   and   denote the temporal average, respectively, and the N represents the number of observations. Table 1 shows the validation results of the model performance at four stations. The correlation coefficients are higher than 0.9752 and all Skill cores are bigger than 0.9791. The result indicates that the model can perform reasonably well.

The second task is a comparison between the residual current calculated by the model and that reported in previous works and derived from drifter data. The model is forced only by the M2 tidal constituent, thus matching the result in Xu et al. (2016). The structure of the LRV has two branches—a branch flowing from the northern region of the Niubi Channel to the southern region of the Fodu Channel and another branch flowing from the northern region of the Fodu Channel to the southern region of the Niubi Channel in the outer Xiangshan Bay (Figure 3); these results are consistent with those noted in Xu et al. (2016). The LRV flows inside and outside from the north and south of the inner Xiangshan Bay, respectively (Figure 3). When the model is forced by multi-frequency tide and the temporally constant density gradient, the ERV has similar results to that in Wan et al. (2015). The results show a laterally sheared structure with inflow in the middle areas and outflow over two shoals from the surface layer to the bottom layer at the head of the inner Xiangshan Bay, and a gravitational circulation in the region between the middle and mouth of the inner Xiangshan Bay; in the outer Xiangshan Bay, the ERV flows inward from Fodu Channel and outward from the Niubi Channel (Figures 6A–C). Under the consideration of multi-frequency tide and the temporally constant density gradient, the LRV is seaward in the surface layer at the head of the inner Xiangshan Bay (Figure 4A), the same as that calculated based on drifter data (Sheng et al., 2022).




Figure 3 | Horizontal distribution of the LRV for M2 tidal constituent in the (A) surface, (B) middle, and (C) bottom layers. The shaded area and contours represent flow variation.






Figure 4 | Horizontal distribution of uL (A–C) and vL (D–F) for multi-frequency tide in the (A, D) surface, (B, E) middle, and (C, F) bottom layers. The shaded area and contours represent flow variation.






3 Results


3.1 Structure of the LRV and ERV

When the temporally constant density gradient and multi-frequency tide are considered, the horizontal distributions of uL in the surface, middle, and bottom layers are as shown in Figures 4A–C. In the outer Xiangshan Bay, uL has the same pattern from the surface layer to the bottom layer, with inflow in the Fodu Channel and outflow in the Niubi Channel. The magnitude of uL decreases slightly from the surface layer to the bottom layer in the outer Xiangshan Bay. uL has the greatest value on the northern bank of the Fodu Channel and the southern bank of the Niubi Channel, with values of −0.06 m/s and 0.08 m/s, respectively. In the inner Xiangshan Bay, uL shows a gravitational circulation with inflow in the bottom layer and outflow in the surface layer; in the middle layer, the LRV flows inward from the deep channel and outward from both shoals. In the inner Xiangshan Bay, uL has a maximum value in the range 0.04 m/s–0.06 m/s. The horizontal pattern of vL in Xiangshan Bay is shown in Figures 4D–F. In the outer Xiangshan Bay, vL is negative, indicating a flow toward the southern bank. In the Niubi Channel, the magnitude of vL decreases from 0.1 m/s in the surface layer to 0.06 m/s in the bottom layer. In the inner Xiangshan Bay, vL flows southward on the northern bank and northwardon the southern bank, and the two flows meet in the deep channel. At the mouth of the inner Xiangshan Bay, a two-layer structure of vL is present, with a northward flow in the lower layer and a southward flow in the upper layer. The magnitude of vL reaches a maximum value of 0.04 m/s in the inner Xiangshan Bay, which is approximately half the value in the outer Xiangshan Bay.

The vertical structures of uL and vL in four cross sections are shown in Figure 5. Significant differences in the pattern of the LRV are observed in the four cross sections. The cross section of the middle of the inner Xiangshan Bay has inflows in the middle areas and outflows on both sides (Figure 5A); the inflow increases with an increase in depth and peaks at a magnitude of 0.03 m/s, whereas the outflow decreases with an increase in depth and peaks in the upper layers of both sides. In the cross section of the mouth of the inner Xiangshan Bay, the LRV has a two-layer vertically sheared structure with inflows in the lower layers and outflows in the upper layers (Figure 5B). In the cross sections of the Niubi Channel and Fodu Channel, outflows with a maximum value of 0.04 m/s occupy the cross section of the Niubi Channel, except in some shoal areas, and inflows with a peak value of −0.06 m/s are present in the cross section of Fodu Channel (Figures 5C, D). The vertical structure of vL in the four cross sections is shown in Figures 5E–H. In the cross section of the middle of the inner Xiangshan Bay, vL flows northward on the southern bank and southward on the northern bank, and its magnitude decreases as the depth increases. A southward flow with a maximum value of −0.008 m/s exists in the surface layers, and a northward flow with a peak value of 0.006 m/s is present in the middle and lower layers of the cross section of the mouth of the inner Xiangshan Bay. In the cross sections of the Niubi Channel and Fodu Channel, the southward flow occupies all areas except some small areas; the peak value of -0.1 m/s is observed on the southern bank of the cross section of the Niubi Channel and the deep portion of the cross section of the Fodu Channel.




Figure 5 | Vertical structure of uL (A–D) and vL (E–H) in (A, E) the cross section of the middle of the inner Xiangshan Bay, (B, F) the cross section of the mouth of the inner Xiangshan Bay, (C,G) the cross section of the Niubi Channel, and (D, H) the cross section of the Fodu Channel. The shaded area and contours represent flow variation. The locations of the four cross sections are shown in Figure 1.



The horizontal distributions of uE and vE are shown in Figure 6. The uE in the outer bay flows in through the Fodu Channel and out from the Niubi Channel, showing the same pattern as uL; the difference is that uE has a greater magnitude than uL. In the Niubi Channel, uE peaks on both sides with a magnitude of 0.1 m/s, whereas in the Fodu Channel, the peak uE value of −0.11 m/s appears in the deep part of the channel (Figure 6A). In the inner Xiangshan Bay, uE flows inward through the deep channel and outward from both sides and the magnitude of uE decreases from the surface layer to the bottom layer, with a maximum value of 0.1 m/s at the surface on both sides of the inner Xiangshan Bay (Figures 6A–C). The vE flows nearly southward from the surface layer to the bottom layer in the entire bay, except in some shoal areas of the inner Xiangshan Bay (Figures 6D–F). The vE decreases from the surface layer to the bottom layer, and the peak values appear in the surface layer, with a magnitude of 0.13 m/s in the inner Xiangshan Bay and 0.14 m/s in the outer Xiangshan Bay.




Figure 6 | Horizontal distribution of uE (A–C) and vE (D–F) in the (A, D) surface, (B, E) middle, and (C, F) bottom layers. The shaded area and contours represent flow variation.



The vertical structures of uE and vE are shown in Figure 7. The uE shows obvious differences in the cross section of the mouth of the inner Xiangshan Bay (Figure 7B)—with inflow in the channel and outflow on both sides—when compared with the two-layer structure of the LRV in the same cross section (Figure 5B). In the other three cross sections, uE has the same structure as uL; however, their magnitudes, especially in the cross sections of the Niubi Channel and the Fodu Channel, are significantly different. The maximum value of uE in the two cross sections is 2–3 times that of uL. The vertical structure of vE is different from that of vL, especially in the cross sections of the middle and the mouth of the inner Xiangshan Bay. The vE flows southward in the two cross sections except for some bank areas (Figures 7E, F), thus differing from the northward flow of vL in most areas of the cross section of the middle of the inner Xiangshan Bay (Figure 5E) and the two-layer structure of vL in the cross section of the mouth of the inner Xiangshan Bay (Figure 5F). The peak value of vE is 1–2 times greater than that of vL in the two cross sections. In the cross sections of the Niubi Channel and the Fodu Channel, the structures of vE are approximately the same as those of vL; however, their magnitudes are significantly different (Figures 7G, H).




Figure 7 | Vertical structure of uE (A–D) and vE (E–H) in (A, E) the cross section of the middle of the inner Xiangshan Bay, (B, F) the cross section of the mouth of the inner Xiangshan Bay, (C, G) the cross section of the Niubi Channel, and (D, H) the cross section of the Fodu Channel. The shaded area and contours represent flow variation. The locations of the four cross sections are shown in Figure 1.



Overall, there are obvious differences between the structures of the ERV and the LRV in the inner Xiangshan Bay, and their magnitudes are significant not only in the inner Xiangshan Bay but also in the outer Xiangshan Bay. The dynamic mechanisms of the ERV and LRV considering density gradient constant in time are notably different and are analyzed below.



3.2 Decomposition of the ERV and LRV


3.2.1 Components of the ERV

Based on the decomposition method for the ERV presented in Section 2.1.1, the longitudinal and lateral ERV are decomposed into acceleration components uEac and vEac, nonlinear advection components uEad and vEad, barotropic pressure gradient components uEba and vEba, density gradient components uEgr and vEgr, eddy viscosity components uEtu and vEtu, and horizontal diffusion components uEho and vEho.

The nonlinear advection component and barotropic pressure gradient component of ERV are greater than the components of ERV induced by other forces by one order of magnitude but the two components are reverse in structure (pictures are not included). The sum of uEac, uEad, and uEba in the four cross sections is shown in Figures 8A–D. The structure of the sum of these three components primarily determines the structure of the total uE, except in some small areas. In the cross section of the middle of the inner Xiangshan Bay, the sum of uEac, uEad, and uEba shows a laterally sheared structure with inflow in the middle area and outflow on both sides (Figure 8A), which has the same pattern as that of the total uE and is greater than total uE in magnitude on the northern bank in the same cross section (Figure 7A). In the cross section of the mouth of the inner Xiangshan Bay, inflow exists in the middle area and on both sides, and outflow occupies the slope (Figure 8B), consistent with the pattern of the total uE in the same cross section (Figure 7B). In the cross section of the Niubi Channel, the only difference is that the inflow area expands on the southern bank and in some small middle areas (Figure 8C), compared with the total uE (Figure 7C). In the cross section of the Fodu Channel, landward flow dominates in most areas of the cross section except in the upper layers of the southern slope (Figure 8D); this result matches the pattern of the total uE (Figure 7D). The sum of vEac, vEad, and vEba is shown in Figures 8E–H. The pattern of flow induced by the collective effects of the three components dominates the structure of the total vE even though the magnitude is not entirely consistent. The sum of vEac, vEad, and vEba flows northward from the northern slope and southward from the residual areas in the cross section of the middle of the inner Xiangshan Bay (Figure 8E); this result is nearly the same as the pattern of the total vE (Figure 7E), except that the northward flow area of the total vE expands on the northern side. Northward flow appears on the southern sides and the lower layers of the middle areas, and southward flow is present in the residual areas of the cross section of the mouth of the inner Xiangshan Bay (Figure 8F); these results are highly consistent with those of the total vE(Figure 7F). In the cross section of the Niubi Channel, northward flow occupies a small area on the southern bank whereas southward flow dominates the cross-sectional area (Figure 8G); this result closely matches the pattern of the total vE (Figure 7G). In the cross section of the Fodu Channel, the flow is southward in the entire cross section except for a few scattered areas where the flow is northward (Figure 8H); this result slightly differs from that of the total vE in which northward flow is only distributed on the southern bank (Figure 7H). For both the longitudinal and lateral ERV, the magnitude of the sum of the three components is slightly greater than the total ERV in the four cross sections, indicating that the components of ERV induced by other forces play a secondary role in shaping the total ERV.




Figure 8 | The vertical structure of the sum of the Longitudinal (A–D) and lateral (E–H) acceleration, nonlinear advection, and barotropic pressure gradient components of ERV in (A, E) the cross section of the middle of the inner Xiangshan Bay, (B, F) the cross section of the mouth of the inner Xiangshan Bay, (C, G) the cross section of the Niubi Channel, and (D, H) the cross section of the Fodu Channel. The shaded area and contours represent flow variation. The locations of the four cross sections are shown in Figure 1.





3.2.2 Components of the LRV

Based on the decomposition method for the LRV in Section 2.1.2, the longitudinal and lateral LRV are decomposed into acceleration components uLac and vLac, nonlinear advection components uLad and vLad, barotropic pressure gradient components uLba and vLba, density gradient components uLgr and vLgr, eddy viscosity components uLtu and vLtu, and horizontal diffusion components uLho and vLho.

The barotropic pressure gradient component uLba and density gradient component uLgr are shown in Figure 9. The uLba is depth-independent with the same pattern and magnitude from the surface layer to the bottom layer (Figures 9A–C). Inflow is dominant in the outer Xiangshan Bay, except on the southern bank of the Fodu Channel and the northeastern side of the Niubi Channel, where the outflow is present. At the mouth of the inner Xiangshan Bay, uLba shows inflow in the middle area, with outflow on both sides. In the inner Xiangshan Bay, outflow occupies all areas except the northern bank of the head of the inner Xiangshan Bay.




Figure 9 | Horizontal distribution of the longitudinal barotropic pressure gradient component (uLba; A–C) and density gradient component of LRV (uLgr; D–F) in the surface (A, D), middle (B, E), and bottom (C, F) layers. The shaded area and contours represent flow variation.



The density gradient component uLgr has the same structure but has an increasing intensity from the surface layer to the bottom layer (Figures 9D–F). The structure of uLgr is the reverse of that of uLba. In the outer Xiangshan Bay, inflow dominates on the southern bank and outflow dominates on the northern bank in the Fodu Channel, and inflow and outflow occupy the inner and outer areas of the Niubi Channel, respectively, nearly reverse to the pattern of uLba. At the mouth of the inner Xiangshan Bay, inflow on the two sides encloses outflow; and inflow dominates in the inner Xiangshan Bay except on the northern side of the head of the inner Xiangshan Bay; this structure is the reverse of the corresponding structure for uLba. Closer to the bottom layer, the density gradient drives a flow that is more intense than that at the surface, with the peak value varying from -0.15 m/s to -0.2 m/s.

The barotropic pressure gradient component vLba shows the same pattern from the surface layer to the bottom layer and drives the water flow southward (Figures 10A–C). The vLba attains a maximum value of -0.2 m/s in the inner Xiangshan Bay. The structure of the density gradient component vLgr is the reverse of that of vLba, except in some small areas, forcing the water to flow northward. The vLgr has the same pattern across layers; however, its magnitude increases from the surface layer to the bottom layer (Figures 10D–F) and attains a maximum value of approximately 0.25 m/s in the bottom layer (Figure 10F).




Figure 10 | Horizontal distribution of the lateral barotropic pressure gradient component (vLba; A–C) and density gradient component (vLgr; D–F) in the surface (A, D), middle (B, E), and bottom (C, F) layers. The shaded area and contours represent flow variation.



In the surface layer, the eddy viscosity component uLtu flows seaward in the Niubi Channel, except in the northern area, and has a maximum value of 0.13 m/s at the mouth of the Niubi Channel. In the Fodu Channel, inflow and outflow are distributed on the southern and northern banks, respectively. In the inner Xiangshan Bay, inflow is dominant, with a maximum value of -0.08 m/s (Figure 11A). The inflow area in the outer Xiangshan Bay and outflow area in the inner Xiangshan Bay expand, and the magnitude of uLtu decreases from the surface layer to the bottom layer (Figures 11A–C). The eddy viscosity component vLtu flows northward from the surface layer and southward from the bottom layer in the inner Xiangshan Bay (Figures 11D, F). Southward flow exists in the Fodu Channel and northward flow dominates in the Niubi Channel except in the bottom layers on the two banks (Figures 11D–F).




Figure 11 | Horizontal distribution of the longitudinal (uLtu; A–C) and lateral (vLtu; D–E) components of eddy viscosity in the surface (A, D), middle (B, E), and bottom (C, F) layers. The shaded area and contours represent flow variation.



The vertical structure of uLtu is shown in Figures 12A–D. The uLtu is laterally sheared, with the outward flow in the channel and inward flow on both banks in the cross section of the middle of the inner Xiangshan Bay (Figure 12A). In the cross section of the mouth of the inner Xiangshan Bay, uLtu is vertically sheared, with outflow and inflow in the upper layer and lower layer, respectively (Figure 12B). Outflow is present in all areas of the cross section of the Niubi Channel except for a small inflow area on the northern bank (Figure 12C), which dominates the structure of the total uL (Figure 5C). In the cross section of the Fodu Channel, the inflow area is distributed in the upper layers of the channel, and the outflow area is scattered on both banks (Figure 12D).




Figure 12 | Vertical structure of the longitudinal (uLtu; B–E) and lateral (vLtu; E–H) components of eddy viscosity in (A, E) the cross section of the middle of the inner Xiangshan Bay, (B, F) the cross section of the mouth of the inner Xiangshan Bay, (C, G) the cross section of the Niubi Channel, and (D, H) the cross section of the Fodu Channel. The shaded area and contours represent flow variation. The locations of the four cross sections are shown in Figure 1.



The eddy viscosity component vLtu is a two-layer structure with the northward flow in the upper layer and southward flow in the lower layer in the cross sections of the middle and the mouth of the inner Xiangshan Bay (Figures 12E, F). The vLtu has a unidirectional northward flow in the cross section of the Niubi Channel except in some small areas (Figure 12G) and a laterally sheared structure in the cross section of the Fodu Channel, with the northward flow in the channel and southward flow on both banks (Figure 12H).

The sum of the longitudinal acceleration component uLac and nonlinear advection component uLad is landward in the inner Xiangshan Bay and the Fodu Channel (Figures 13A–C), and the flow is seaward in the Niubi Channel. The sum of the acceleration component vLac and the nonlinear advection component vLad results in a unidirectional northward flow in the Xiangshan Bay except for southward flow in the outer area and on both banks of the Niubi Channel (Figures 13D–F).




Figure 13 | Horizontal distribution of the sum of the longitudinal (A–C) and lateral (D–F) acceleration and the nonlinear advection components of LRV in the surface (A, D), middle (B, E), and bottom (C, F) layers. The shaded area and contours represent flow variation.



The contribution of the horizontal diffusion components uLho and vLho to the total LRV is smaller than the components of LRV induced by other forces (pictures are not included).

The total uL in the Fodu Channel flows inward, which is mainly determined by the sum of the acceleration component uLac and nonlinear advection component uLad. In the Niubi Channel, the eddy viscosity-induced outflow dominates the total uL. At the surface of the inner Xiangshan Bay, the barotropic pressure gradient component uLba is the main contributor to the outflow. At the bottom of the inner Xiangshan Bay, the inflow is dominated by the density gradient component uLgr. The total vL in the Fodu Channel and Niubi Channel is mainly influenced by the barotropic pressure gradient-induced southward flow. In the inner Xiangshan Bay, the total vL is determined by the collective effect of the components of LRV induced by all of the forces.

The total longitudinal LRV of the six components derived through decomposition methods (Figure 14) has a transverse structure that closely matches the structure obtained through the direct use of tracking methods (Figures 5A–D). There is a slight difference in the magnitudes obtained using the two methods; this difference is attributable to the spatial and temporal resolution of tracking and interpolation. The results of the comparison demonstrate the self-consistency of the decomposition methods.




Figure 14 | Vertical structure of the sum of uLac, uLad, uLba, uLgr, uLtu, and uLho in (A) the cross section of the middle of the inner Xiangshan Bay, (B) the cross section of the mouth of the inner Xiangshan Bay, (C) the cross section of the Niubi Channel, and (D) the cross section of the Fodu Channel. The shaded area and contours represent flow variation. The locations of the four cross sections are shown in Figure 1.






3.3 Intensity of Each Component of the ERV and LRV

The relative importance of the horizontal density gradient and the eddy viscosity term is measured by a dimensionless parameter defined as the modified horizontal Richardson number (RI) (Burchard and Hetland, 2010):

 

where ∂xb is the tidally averaged horizontal density gradient, umax is the absolute maximum velocity, and H is the depth of still water.

To determine the relative importance of the component of residual velocity induced by each force, the mean of their absolute values in the cross section is defined as follows [similar to Equation (29) in Burchard and Hetland (2010) in the vertical profile]:



where abs represents the absolute value function. The symbol · can be replaced with each component of the ERV and LRV. B represents the transect area. The contribution ratio of each component to the total residual velocity R(·) is defined as follows:




3.3.1 Relative Contribution of Each Component to the ERV

In the Eulerian-averaged condition, the nonlinear advection component of ERV has the same magnitude as the barotropic pressure gradient component. They account for 30%–40% each of the total ERV. The components of ERV induced by other forces have a small contribution ratio to the total ERV and influence the total ERV differently in the four cross sections.

In the cross section of the middle of the inner Xiangshan Bay, the longitudinal acceleration component, density gradient component, eddy viscosity component, and horizontal diffusion component of ERV [R(uEac),R(uEgr),R(uEtu), and R(uEho) in Table 2a] each account for approximately 4%–5% of the total ERV. In the same cross section, the lateral acceleration component and horizontal diffusion component of ERV account for 3% and 2% of the total ERV [R(vEac) and R(vEho) in Table 2a], respectively, which are 1/3–1/4 of the density gradient component and eddy viscosity component of ERV [R(vEgr) and R(vEtu) in Table 2a].


Table 2 | Contribution ratio of each component to the total ERV.



In the cross section of the mouth of the inner Xiangshan Bay, the longitudinal acceleration component of ERV accounts for 5.58% of the total ERV [R(uEac) in Table 2b]; the longitudinal eddy viscosity component and horizontal diffusion component of ERV have the nearly same contributing percentage [R(uEtu) and R(uEho) in Table 2b]. In the same cross section, the contribution ratios of the lateral acceleration component and horizontal diffusion component of ERV are similar to those in the cross section of the middle of the inner Xiangshan Bay [R(vEac) and R(vEho) in Table 2b]; however, the difference is that the lateral density gradient component of ERV is the smallest [1.96%; R(vEgr) in Table 2b] and is approximately half the size of the eddy viscosity component of ERV [4.39%; R(vEtu) in Table 2b].

In the cross sections of the Niubi Channel and Fodu Channel, the eddy viscosity component of ERV accounts for more than 10% of the total ERV and makes the third highest contribution to the total ERV [R(uEtu) and R(vEtu) in Tables 2c,d], which is greater than the contribution of the density gradient component of ERV [R(uEgr) and R(vEgr) in Tables 2c,d]. The acceleration component of ERV has a larger contributing ratio in the cross section of the Fodu Channel than in other cross sections [R(uEac) and R(vEac) in Table 2d].

For a comparison with the results from previous studies (Burchard and Hetland, 2010; Burchard et al., 2011), the relationship between the eddy viscosity component and the density gradient component of ERV is analyzed; it is observed that the ratio between them differs for different values of RI (Table 3). The eddy viscosity component of ERV is more than two times the density gradient component of ERV when RI is 1.8 × 104 (Table 3b), which is highly consistent with the results in Burchard and Hetland (2010), and the ratio of the eddy viscosity component of ERV to the density gradient component of ERV decreases as RI increases, indicating that the relative contribution of the density gradient component of ERV increases, which matches the results in Burchard et al. (2011).


Table 3 | The horizontal Richardson number (RI) and the ratio of the eddy viscosity component of ERV to the density gradient component of ERV.





3.3.2 Relative Contribution of Each Component to the LRV

The acceleration component, nonlinear advection component, and barotropic pressure gradient component of LRV are the three dominant components. The barotropic pressure gradient component of LRV [R(uLba) and R(vLba) in Table 4] is the greatest contributor; it is approximately 2–4 times the density gradient component of LRV [R(uLgr) and R(vLgr) in Table 4] in the four cross sections. The acceleration component of LRV [R(uLac) and R(vLac) in Table 4] has the same magnitude as the nonlinear advection component of LRV [R(uLad) and R(vLad) in Table 4], which is different from the case of ERV, in which the acceleration component of ERV [R(uEac) and R(vEac) in Table 2] is one order of magnitude smaller than the nonlinear advection component of ERV [R(uEad) and R(vEad) in Table 2].


Table 4 | Contribution ratio of each component to the total LRV.



The longitudinal eddy viscosity component of LRV is the second greatest contributor to the total LRV in the cross section of the Niubi Channel [R(uLtu) in Table 4c]; it is approximately 1.6 times the density gradient component of LRV [R(uLtu)/R(uLgr) in Table 5c]. However, in the other three cross sections, the longitudinal eddy viscosity component of LRV has a relatively small contributing ratio [R(uLtu) in Tables 4a, b, d]. The lateral eddy viscosity component of LRV is approximately 1.4 times the density gradient component of LRV in the cross section of the Niubi Channel [R(vLtu)/R(vLgr) in Table 5c] and approximately 0.5 to 0.7 times the density gradient component of LRV in the cross sections of the middle and mouth of the inner Xiangshan Bay, and the Fodu Channel (R(vLtu)/R(vLgr) in Tables 5a, b, d).


Table 5 | The horizontal Richardson number (RI) and the ratio of the eddy viscosity component of LRV to the density gradient component of LRV.



The horizontal diffusion component of LRV is smaller than the components of LRV induced by the other forces; it accounts for 2%–5% of the total LRV, revealing that it is not a dominant component [R(uLho) and R(vLho) in Table 4)].





4 Discussion and Conclusions

In the Lagrangian-averaged approach, the decomposition method requires a high temporal resolution. In this study, results are analyzed when the time steps for the tracking algorithm are 10 min and 30 s, respectively. The results demonstrate that the difference in the trajectories is more pronounced as the integration time increases. The difference between the sum of the six components and the total LRV obtained through the direct use of tracking methods is notable, and the error is comparable to the actual value of the total LRV when the time step is 10 min. The errors other than resolution errors originate from the model output of each term in the momentum equation, and from the interpolation of the velocities and each driving force at every time step during the entire tracking process. The decomposition method is not based on any assumptions and can be applied in any bay, irrespective of whether it is weakly or strongly nonlinear. Thus, the method is a significant step in exploring the dynamic mechanisms of the LRV.

In the Eulerian-averaged approach, the ERV is not obviously sensitive to temporal and spatial resolution. The ERV is decomposed into six components based on different driving forces. The structure of the total ERV is determined by the contribution of the sum of the acceleration component of ERV, nonlinear advection component of ERV, and barotropic pressure gradient component of ERV. The results show that when the Richardson number is approximately 1.8×10 4, the eddy viscosity component of ERV is two times the density gradient component of ERV; furthermore, as the Richardson number increases, the ratio between the eddy viscosity component and the density gradient component of ERV gradually decreases.

The dynamic mechanism of the LRV in Xiangshan Bay is explored; the results are significantly different from those of the ERV. Longitudinal and lateral exchange circulation are driven by different dominant forces. The eddy viscosity component of LRV dominates the longitudinal LRV in the Niubi Channel. The longitudinal LRV in the Fodu Channel is mainly determined by the sum of the acceleration component and nonlinear advection component of LRV. The barotropic pressure gradient component of LRV is the main driver for the outflow at the surface of the inner Xiangshan Bay; at the bottom of the inner Xiangshan Bay, the density gradient component of LRV is the greatest contributor to the inflow. At the surface of the inner Xiangshan Bay, the collective effect of all of the forces is the main contributor to the lateral LRV. The barotropic pressure gradient component of LRV determines the lateral LRV in the cross sections of the Niubi Channel and Fodu Channel.

The magnitudes of the barotropic pressure gradient component of ERV and nonlinear advection component of ERV account for 30%–40% each of the total ERV. The longitudinal and lateral components of LRV induced by the barotropic pressure gradient account for 30%–40% and 23%–27%, respectively, of the total LRV; they are 2–4 times the density gradient component of LRV. The acceleration component of ERV is one order of magnitude smaller than the nonlinear advection component of ERV, whereas the acceleration component of LRV is comparable to the nonlinear advection component of LRV. The longitudinal eddy viscosity component of LRV is the second greatest contributor to the total LRV and determines the structure of the LRV in the cross section of the Niubi Channel. The horizontal diffusion component of LRV is a smaller contributor than the other components.

In this study, Xiangshan Bay is considered a classical bay with complex coastlines and bathymetry. In future work, the coastline and bathymetry will be simplified to obtain more general conclusions. Furthermore, various vertical and horizontal stratifications will be considered to analyze the contribution of the components induced by different forces to the LRV.
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