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Numerous studies have demonstrated that high suspended sediment concentration (SSC) can change density distribution and affect water mixing, but few scholars have investigated this impact on numerical simulations of estuarian salinity distribution. The Qiantang Estuary is a macro-tidal estuary with high SSC, which has a more significant influence on water density than that of salinity. Therefore, this paper established a three-dimensional (3D) numerical model coupling flow, salinity and SSC based on Delft3D and first analyzes the impact of SSC on salinity distribution under different runoff and tidal conditions in the Qiantang Estuary. The results indicated that simulated salinity generally decreases when considering the impact of SSC, suggesting a weakening effect on saltwater intrusion. The distribution of salinity difference (ΔS) and SSC show a strong spatial and temporal correlation, and ΔS peak increases and shifts upstream as the tidal range increases or runoff discharge decreases. The mechanism of SSC influencing saltwater intrusion can be summarized as follows: On the one hand, SSC increases the water density, which weakens the driving force for saltwater to move upstream, causing a decrease in flood current velocity and water level, and thereby diminishing the advective transport of salinity. On the other hand, SSC enhances density stratification, which weakens vertical turbulence and reduces the dispersive transport of salinity. These combined effects reduce both the advective and diffusive salinity fluxes during the flood tide, ultimately leading to a decrease in upstream salinity. Therefore, neglecting this effect in estuaries with high SSC can cause significant deviations in salinity simulation results, especially under low-flow and high-tide conditions.
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1 Introduction

As a marker of freshwater mixing, salinity is an important indicator of freshwater mixing and material exchanges in the estuary (Guillou et al., 2023). The spatial and temporal distribution of salinity plays an important role in water resource utilization (Bellafiore et al., 2021; Bricheno et al., 2021; Wu et al., 2023), sediment transport (Shen et al., 2020; Zhu et al., 2021) and estuarine ecosystem (Telesh and Khlebovich, 2010; Weng et al., 2020; Moseev et al., 2022). However, the distribution of estuarine salinity is influenced by various factors, including runoff and tides, wind, river topography, sea level rise, and human activities (Jiao et al., 2021; Wu et al., 2023; Gao et al., 2024). Therefore, it is of great significance to study the influence of these factors on salinity distribution for a more accurate simulation of salinity in the estuary.

With the advancement of computer technology, numerical models based on physical processes have been widely used for salinity simulations in the estuary (Hu et al., 2019). There have been various numerical simulation studies on the factors affecting estuarine salinity distribution. Chen et al. (2016) established a three-dimensional (3D) model to study the responses of estuarine salinity distribution and transport processes to sea level rise in the Zhujiang (Pearl River) Estuary. Akter and Tanim (2021) investigated the response of salinity distribution and stratification to tidal circulation, seasonal variation, topography and river discharge in the Karnafuli River Estuary by a subgrid-scale Horizontal Large Eddy Simulation model in Delft3D. Álvarez et al. (2022)studied the impact of wave effects on salinity distribution in the Magdalena River Estuary based on field measurements and the MOHID 3D model system. Based on FVCOM numerical modeling, Shi et al. (2020) and Qin et al. (2023) investigated the influence of river discharge on salinity distribution and diffusion of the Yellow River Estuary and Laizhou Bay. Zhao et al. (2022) applied a process-based hydrodynamic model (Delft3D) to investigate the salinity distributions and variations in the Yangtze Estuary and studied the combined effects of river discharge regulation and estuarine morphological evolution on salinity dynamics. However, these models primarily focus on the effect of hydrodynamic-related factors (such as runoff, tides, wind, etc.) on salinity distribution, neglecting the impact of suspended sediment concentration (SSC) on water density. Currently, very few studies have incorporated the effect of SSC in estuarine salinity simulation.

The high SSC not only leads to a significant increase in the water density, but also changes the vertical density gradient and causes stratification in the estuary, which affects the turbulence structure and water mixing (Lu et al., 2020). This phenomenon has been confirmed in many field observations and numerical simulations. Winterwerp (2001, 2006) conducted a concise literature review and numerical experiments and found that the stratification effects by cohesive and noncohesive sediment may cause an appreciable modification of the vertical profiles of velocity, vertical eddy viscosity/diffusivity, and Reynolds stresses. Jones and Monismith (2008) found that the dissipation measurements were either equal to or less than that predicted by wall-layer theory due to stratification induced by the SSC gradients near the bed in the shallow embayment of Grizzly Bay, San Francisco Bay, California. Wan and Wang (2017) used Delft3D to study the maximum turbidity zone in the Yangtze River estuary and found that SSC influenced the local density stratification when its contribution to fluid density is comparable to that of salinity, causing an impact on vertical baroclinic gradients and change in internal flow structures. Niroomandi et al. (2018) examined the suspended sediment-induced stratification in the north passage of the Yangtze River estuary by calculating eddy viscosity and found that SSC can reduce eddy viscosity by 10–30%. Stanev et al. (2019) conducted an inter-comparison of the estuaries bordering the German Bight using a 3D unstructured-grid model and found that density effects on stratification caused by high sediment concentrations resulted in a suppression of turbulence and further increase of concentration of suspended matter at the bottom. Therefore, for estuaries with high sediment concentration, the density effect of SSC must be considered in simulations of salinity transport. And the mechanism of this effect on salinity transport processes may provide a new perspective for studying estuarine coastal processes and the mechanisms of estuarine depositional dynamics.

The Qiantang Estuary, located on the east coast of China (Figure 1A), is a typical macro-tidal estuary with a funnel shape. Because of the narrowing width and shoaling, the tidal amplitude rapidly increases as the tidal wave propagates upstream (Pan and Huang, 2010). The multi-year average tide range at the Ganpu is 5.62 m and the maximum tide range can reach up to 9 m. Strong tidal currents lead to severe saltwater intrusion and high SSC reaching up to 40 kg/m3 during tidal bores (Pan and Huang, 2010). According to records since 1972, the number of days when the daily maximum chlorine exceeds the water intake standard (250 mg/L) averages 15 days per year at the Zhakou, and up to 43 days (Han et al., 2001). Therefore, the study of salinity distribution in the Qiantang Estuary is of great significance for the water supply safety of Hangzhou City. So far, there have been some numerical simulation studies on the salinity distribution in the Qiantang Estuary (Han et al., 2001, 2012; Xu et al., 2013; Pan et al., 2014), but most of them are based on 1D or 2D depth-averaged models, and the influence of sediment on density is not considered in these models. The tidal variation of SSC in the Qiantang Estuary depends on the strength of the tides and exhibits significant tidal periodicity. The SSC is larger during flood tides than during ebb tides, and the peak SSCs appeared after the passage of the tidal bore (Wang and Pan, 2018; Xie et al., 2018, 2020). According to the observed data in May 2012, the tidal average salinity from Qibao to Yanguan during spring tide is 0.91-0.64 ppt, while the tidal average SSC is 0.69-1.24 kg/m3. The contribution of SSC to water density exceeds that of salinity in Qibao to Cangqian reach, which can reach more than 6 times of salinity. Considering the above facts, this paper established a 3D numerical model coupling current, sediment, and salinity based on Delft3D to simulate sediment and salinity transport in the Qiantang Estuary. The results are compared with cases that don’t consider the density effects of sediment to analyze the influence of SSC on salinity distribution.




Figure 1 | A map of the Qiantang Estuary. (A) Location of the long-term monitoring stations; (B) Locations of ship-born observation sites and analysis sections. The solid black line represents the scope of the study area, the red squares represent long-term water level monitoring stations, the black square represents long-term runoff discharge monitoring station, the blue triangles represent short-term ship-born observation stations (May 2012) for velocity, salinity and SSC, and the red and black dashed lines represent the cross and longitudinal sections used for results analysis.






2 Materials and methods



2.1 Study area

The Qiantang Estuary (119.6°-121.8°E and 29.7°-30.9°N) is the largest estuary along the East China Sea, with a total length of 282 km from Fuchunjiang hydropower station to the mouth of the Hangzhou Bay (Figure 1A). Based on its hydrodynamic characteristics, the estuary can be divided into three reaches (Li et al., 2020): runoff-dominated reach (from Fuchunjiang hydropower station to Wenyan, 78 km), tidal current and runoff affected reach (Wenyan to Ganpu, 120 km), and tide-dominated reach (Ganpu to estuary mouth, 84 km). This paper focuses on the reach influenced by both tidal currents and runoff, from Wenyan to Ganpu. A total of 25 analysis sections are set up for result analyses, and the locations of section are shown in Figure 1B.

The Qiantang Estuary is a typical funnel-shaped estuary, with its width narrowing from 100km at the estuary mouth to about 20 km at Ganpu, which makes it a worldwide famous macro-tidal estuary. The multi-year average tide range at Ganpu is 5.62m, and the maximum tide range can reach up to 9m. Meanwhile, the multi-year average level of runoff discharge (Q) is approximately 952 m3/s, indicating that the influence of runoff is significantly weaker than that of tidal currents, resulting in more severe saltwater intrusion in the Qiantang Estuary than in other tidal estuaries. Saltwater intrusion in the Qiantang Estuary is more extensive than in most estuaries, with saltwater extending as far as 200 km upstream from the mouth of Hangzhou Bay during spring tides (Li et al., 2019). The saltwater intrusion of the Qiantang Estuary exhibits significant seasonal variation, with high flow and low salinity during the wet season (April to July) and low flow and high salinity during the dry season (August to February) (Han et al., 2012; Pan et al., 2014).

The bedload of the Qiantang Estuary primarily consists of well-sorted fine sand (mean diameter ranging from 0.02 to 0.04 mm near Luchaogang) and clay (mean diameter ranging from 0.004 to 0.016 mm at Ganpu), which is prone to erosion and deposit under strong tidal currents (Guo et al., 2012). The mean SSC in runoff-dominated reach (upstream of Wenyan) is only 0.2-0.4 kg/m3 with the total annual average sediment transport amount of 6.68 × 106 tons. However, in the tide-dominated section near Ganpu, the average SSC can reach 3-4 kg/m3, and the total quantity of sediment transport is as high as 1 × 107 tons per tidal cycle (Chen et al., 1990). Therefore, the suspended sediment in the Qiantang Estuary mainly originates from Hangzhou Bay and is primarily controlled by tidal current dynamics. A great amount of deposited sediment formed a large sandbar in the upper and middle reach of the Qiantang Estuary, with a length of approximately 130 km longitudinally and a height of 10 m above the estuary bed at the top part near Cangqian (Xie et al., 2018).




2.2 Field data

Three datasets of different periods were collected for this study. Dataset 1 comprises the daily discharge series of the Fuchunjiang hydropower station from 2011 to 2012, used to determine the upstream boundary conditions. Dataset 2 is the field observed data from May 23 to May 31, 2012, used for model building and validation. Dataset 2 includes hourly tidal level data from 6 hydrological stations (Ganpu, Yanguan, Cangqian, Qibao, Zhakou, and Wenyan) and hourly velocity, salinity, and SSC sampled at three layers (surface, medium and bottom) from 8 ship-born observation sites (#1- #8) during spring, medium, and neap tide, each covering two complete tidal cycles. Dataset 3 consists of daily tidal level and salinity data at the Ganpu station from August 25 to September 10, 2011, including a complete semimonthly tidal cycle, used for experimental boundary conditions. The locations of monitoring stations and observation sites are shown in Figure 1.

Based on observational data from May 2012, Table 1 summarizes the maximum depth-averaged salinity and SSC at each observation site during spring, medium, and neap tides. During the observation period, Q is 1330-2320 m³/s, averaging 1736 m³/s. As shown in Table 1, the salinity and SSC in the Qiantang Estuary generally decrease from downstream to upstream. Notably, the maximum SSC values exceed salinity in the reach upstream of Yanguan (#6), particularly between Qibao and Cangqian (#4-#5).


Table 1 | Longitudinal variation of maximum salinity and SSC (ppt and kg/m3).



For instance, at Cangqian (#5), the flood duration is shorter than the ebb duration due to the tidal wave deformation, while the flood velocity exceeds the ebb velocity. During spring tide, the average flood velocity is 0.88 m/s, approximately 1.7 times the average ebb velocity of 0.52 m/s. The SSC and velocity curves exhibit similar patterns, with the SSC peaks occurring 1 hour after the peak flood. The salinity peaks lag the sediment peaks by about 2 hours, appearing around 1 hour after flood slack. The maximum SSC can reach 1.95 kg/m³ at Cangqian, significantly higher than the maximum salinity of 0.15 ppt. During spring tide, the tidal average salinity from Qibao to Yanguan ranges from 0.91 to 0.64 ppt, while the tidal average SSC ranges from 0.69 to 1.24 kg/m³. The contribution of SSC to water density significantly exceeds that of salinity in the Qibao to Cangqian reach, which can be more than 6 times that of salinity. Therefore, the impact of sediment on water density cannot be ignored in the salinity simulation of the Qiantang Estuary.




2.3 3D numerical model



2.3.1 Governing equations

The Qiantang Estuary is characterized by strong tidal currents and high sediment concentration, where the influence of SSC on water density cannot be ignored. Sediment transport is a 3D phenomenon. The settling velocity and the near-bottom interaction could generate vertical gradients of SSC (Cancino and Neves, 1999), consequently leading to changes in the distribution of baroclinic gradients in water column. Currently, most 3D numerical models of estuarine salinity have adopted the baroclinic mode (Brice et al., 2005; Rodrigues and Fortunato, 2017; Zhou et al., 2020; Jeong et al., 2022), but there are still many estuarine sediment models using the barotropic mode (Yu et al., 2014; Wang and Pan, 2018; Chen et al., 2020), neglecting the pressure changes caused by the uneven spatial distribution of SSC. Considering the significant variations in both salinity and SSC from Hangzhou Bay to Zhakou, it is necessary to account for the baroclinic effects induced by these two factors. Therefore, we simultaneously consider the influence of SSC and salinity on fluid density, and the density ρ is defined as Equation 1:

 

where  ,   and   are the specific density of water, salt and sediment, and S and C are the concentration of salt and suspended sediment. Based on this, a 3D model coupling current, SSC and salinity is established, with governing equations as shown in Equations 2-4. Equations 2-4 represent the continuity equation, momentum equation and material transport equation respectively.

 

 

 

where   represents the concentration of transported material,   is the source-sink term for the transported material, ϵ is the diffusion coefficients, t is time,   is the Hamiltonian operator, V is the velocity vector, and   is the turbulent viscosity in horizontal or vertical direction.

When substitute Equation 1 into Equations 2-4., the continuity and momentum equations are coupled with material transport equation for the fluid density ρ is related to the salinity and SSC. In the momentum equation (Equation 2), the pressure gradient term   varies not only with the depth Z but also with the density ρ, which represent the effect of baroclinic pressure. In summary, the numerical model presented in this paper reflects the strong coupling of tidal flow dynamics, salinity and suspended sediment, and the baroclinic effect induced by variations in salinity and SSC.




2.3.2 Model setups

The computational domain of the model extends from the Fuchunjiang hydropower station to the Ganpu section, covering the whole tidal current and runoff affected reach, with a total length of 197 km and an area of 779 km². In the horizontal direction, we used an orthogonal curvilinear grid with a total count of approximately 387 million, as shown in Figure 2A. The grid resolution gradually increases from a maximum of 700m at the downstream boundary to less than 150m upstream, and the minimum length of grids in the focus study area (from Qibao to Yanguan) is about 50m. In the vertical direction, the model adopts a boundary-fitted σ-coordinate system and is divided into 12 layers. The thickness of each layer from surface to bottom accounts for 10%, 10%, 10%, 10%, 10%, 10%, 10%, 10%, 10%, 5%, 3%, and 2% of the total water depth, respectively. The computational time range of the model spans from May 15, 2012, 00:00, to June 1, 2012, 00:00, with a time step of 15 seconds. And the model stabilization period is determined to be 15 days based on previous stability experiments, ensuring adequate stabilization.




Figure 2 | Model grids and bathymetry. (A) domain and horizontal grids; (B) bathymetry.



The bathymetry adopted in the model is based on the 1:10,000 topographic data (Figure 2B), and the threshold depth for dry-wet classification is set to 0.2 m considering the complex topographic variation in Qiantang Estuary. The model has two open boundaries, as indicated by the red solid line in Figure 2A. The upstream open boundary at Fuchunjiang hydropower station is discharge-controlled and the boundary condition is determined by the daily average discharge series from Dataset 1. Since the discharged water is primarily fresh water used for power generation with very low sediment content, we set the salinity at upstream boundary to 0 ppt. The downstream open boundary at Ganpu section is water level-controlled, employs measured water levels and salinity series from the Ganpu (Dataset 2 and 3). The conditions of SSC at two open boundaries are calculated by the logarithmic sediment transport capacity formula (Equation 5) based on the current velocity and water depth obtained from hydrodynamic numerical simulations (Sun et al., 2018).

 

In Equation 5, m and b are empirical parameters calibrated through measured data, with values of 1.9 and 5.75. The sediment settling velocity   is calculated using Equation 6,

 

where   is the settling velocity in fresh water, and   is the maximum flocculation settling velocity in saltwater, with reference values obtained from sediment settling experiments at the mouth of the Yangtze River Estuary (Wan et al., 2015), taken as 0.05 and 0.75 mm/s, respectively.   represents the salinity at which flocculation settling velocity reaches  , with values set to 15 ppt based on the research findings in the Qiantang Estuary (Wu et al., 2007). Manning coefficient is used for the bottom friction calculation, and its value is set as 0.010-0.015 according to previous research (Guo et al., 2012; Wang and Fellow, 2018) and then and calibrated in validation. The model adopts a k−ϵ turbulent closure model, and employs the Partheniades-Krone equation (Partheniades, 1965) to calculate the erosion and deposition for sediment. The model’s bedload utilizes uniform cohesive sediment and the median diameter is set as 0.02 mm based on previous studies (Huang et al., 2022).

The model adopts a cold start, with an initial water level of 4 m and an initial SSC of 0 kg/m3. The initial salinity increases from 0 ppt at the upstream boundary to 15 ppt at the downstream boundary. To ensure the model achieves complete stability before the validation period, we set up a tide circle of 15 days based on observed data. It guarantees a smooth transition between the model’s stabilization period and the validation period or research period. To eliminate the interference of topographic changes on salinity simulation, the model doesn’t perform morphology correction, aiming to separately analyze the influence of sediment-induced density change on salinity simulation.




2.3.3 Validation

Dataset 2 is used for model validation, during which the Q from the Fuchunjiang hydropower station ranged from 1330 to 2640 m3/s, and the tidal range at the downstream Ganpu boundary varied between 5.19 and 7.51 m. The salinity ranges during spring, medium, and neap tides were 1.70-6.82, 1.86-6.28, and 1.65-4.29 ppt, respectively. The validation results for Cangqian and Yanguan stations (#5 and #6) during spring tides are shown in Figure 3. Among them, 89% of the points had error less than 10cm in tidal level, 83% had a relative error below 10% in velocity, 85% had a relative error of less than 30% in SSC, and 93% in salinity.




Figure 3 | Comparison of the simulated and measured results at Cangqian and Yanguan stations during spring tide. (A, B) Water level; (C, D) Velocity; (E, F) Salinity; (G, H) SSC.



Two evaluation indicators, correlation coefficient (CC) and root mean square error (RMSE), are employed to evaluate the performance of the model. The calculated results for each indicator are presented in Figure 4. For the water level of each station, the CC value is all above 0.9, and the RMSE value is less than 0.2, indicating good simulation results. For velocity, except for the bottom layer at #3 which exhibited a lower CC value, all other sites have CC values above 0.75, and the flow directions in all sites are well-fitted. Most of the salinity simulation results show CC values above 0.8. Regarding simulation results of SSC, except for the bottom layer at point #1, the CC values at other points are all above 0.7, with higher RMSE values at the bottom layer compared to the surface. The simulation results of the model show a qualitatively good agreement with the observed data.




Figure 4 | The distribution of evaluation indicators. (A) CC (B) RMSE. For CC, values greater than 0.8 indicate a strong correlation, while values below 0.5 indicate a weak correlation. And for RMSE, smaller values are more desirable.







2.4 Settings of numerical experiments

In this paper, two groups of numerical experiments are designed to study the density effect of SSC on salinity simulation. For case 1, both the effect of SSC and salinity on fluid density are considered, while only the density effect of salinity is considered in case 2. The salinity simulation results of case 1 and 2 are expressed as SC and S0, respectively. The other subscript _0 and _C in the following text also mean the same. The details for each experiment are shown in Table 2.


Table 2 | List of configurations of the numerical experiments.



The analysis period is from September 1 to September 9,2011, including three tidal types of large, medium, and neap tide. The downstream boundary conditions are determined by dataset 3, while the Q is selected as 500 m3/s, 1000 m3/s and 3000 m3/s for dry season, multi-year annual average level and wet season based on statistics result from dataset 1.





3 Results



3.1 Effect of SSC on salinity under different tidal conditions



3.1.1 Variations of salinity and SSC with different tide ranges

The simulation results of three sections (No. 10, 12 and 14) located near Laoyancang, Cangqian and Qibao are selected to analyze the variation characteristics of each element in the tidal cycle under different tidal conditions. The time-varying curves of the water level and cross-sectional average velocity, SSC, and salinity (SC) at these sections under dry season runoff (Q = 500 m3/s) are shown in Figure 5.




Figure 5 | The temporal variations of water level, velocity, SC, and SSC in Sections 10-14 under different tidal conditions (Q = 500 m3/s). (A-C) Section 10; (D-F) Section 12; (H-I) Section 14.



According to Figure 5, there is an obvious tidal wave deformation between Sections 10 and 14. The flood duration is significantly shorter than the ebb duration, with a ratio ranging from 0.16 to 0.24. Flood slack generally follows high tide by 50-70 minutes, while ebb slack occurs only 0-20 minutes after low tide. The peak flood occurs within 2 hours after low tide, while peak ebb isn’t significant during ebb tide. The curves of SC and SSC exhibit a single peak pattern, with the peak of SC generally appearing at the flood slack, while the peak of SSC appears 1.5-2 hours after the peak flood. The variations of SC and SSC are primarily controlled by the strength of tidal dynamics. During spring tide, the peak SC is 2.6-4.2 times of that during neap tide, while the peak SSC can reach 3-16 times higher than that during neap tide.

Considering the peak of SSC occurs approximately 2 hours after peak flood in Section 12 (Cangqian), close to the flood slack, and the peak of SC is also close to this moment, we selected the simulation results when Section 12 at flood slack during spring, medium and neap tide to analyze the longitudinal distribution of SC and SSC, as shown in Figure 6. Figures 6A–C reveals a gradual decrease in SC from downstream to upstream, with the contour lines of SC nearly vertical, indicating a strong mixing effect in the Qiantang Estuary, resulting in an almost vertically uniform distribution of SC. As the tidal range diminishes, the SC along the longitudinal section reduces generally, with the position of the 3.0 ppt contour moving about 12 km downstream. There are two high SSC zones within 50-70 km and 20-40 km from Ganpu, with the maximum SSC in the bottom layer reaching 8.21 kg/m3 (Figures 6D–F). In these regions, the impact of SSC on fluid density variation is greater than that of salinity, especially at the bottom during spring tide. Since the sediment transport in the Qiantang Estuary is mainly controlled by tidal dynamics, the SSC significantly decreases as the tidal range reduces, with the high SSC zones also moving downstream. The SSC during neap tide generally is below 1.5 kg/m3.




Figure 6 | Longitudinal distribution of SC and SSC at flood slack of Section 12 (Cangqian) under different tidal conditions (Q = 500 m3/s). (A-C) SC; (D-F) SSC.






3.1.2 Change of maximum salinity with SSC and tide ranges

To analyze the impact of SSC on salinity simulation, we compared the depth-averaged simulation results of SC and S0, and calculated the value of salinity difference ΔS (ΔS = S0 > SC). The distributions of the maximum ΔS during spring, medium, and neap tides under dry season runoff (Q = 500 m3/s) are shown in Figure 7.




Figure 7 | Horizontal and longitudinal distribution of the maximum ΔS caused by SSC under different tidal conditions (Q = 500 m3/s). (A-C) Horizontal distribution; (D) Longitudinal distribution.



As indicated in Figure 7, the ΔS values within the study area are all positive, namely S0 > SC, indicating that the fluid density increase caused by SSC leads to a decrease in the simulated salinity results. In other words, suspended sediment can weaken the saltwater intrusion in the estuary. Taking Section 12 as an example, the maximum values of salinity reduction during spring, medium and neap tides are 0.40, 0.34, and 0.12 ppt, with reduction rates of 8.9%, 12.8%, and 12.3%, respectively. Therefore, the impact of SSC on salinity variation is considerable and cannot be ignored.

In Figure 7D, the ΔS caused by SSC initially increases and then decreases from downstream to upstream in general. The peak of ΔS is mainly located between Cangqian and Yanguan and is relatively consistent with the locations of the top of the underwater sandbar. During spring, medium and neap tides, the maximum ΔS values are 0.42, 0.35, and 0.22 ppt, occurring at 78, 73, and 64 km upstream of Ganpu. And the length of reach where ΔS exceeds 0.15 ppt can reach 65, 63, and 44 km, respectively. Comparing the ΔS distributions under different tidal conditions reveals that as the tidal range at the downstream boundary decreases, the ΔS peak value decreases and moves downstream, and the length of the reach with significant ΔS is also shortened. The main reason is that the SSC decreases as tidal dynamics weaken, and its influence on saltwater intrusion weakens accordingly.





3.2 Effect of SSC on salinity under different runoff conditions



3.2.1 Variations of salinity and SSC with different runoffs

The time-varying curves of the water level and cross-sectional average velocity, SSC, and SC at these sections during spring tide under different runoff conditions (Q = 500, 1000 and 3000 m3/s) are shown in Figure 8. As the Q increases, the tidal range decreases and the high and low tide levels rise, which results in a significant reduction in the peak value of SC. When the Q reaches 3000 m3/s, the SC curves of Sections 12-14 approach 0 ppt and show no obvious fluctuations, indicating that these sections are outside the influence range of saltwater intrusion. Influenced by the increased Q, the SSC in Sections 10-14 exhibits a trend of first increase and then decrease. The SSC at the average flow condition (Q = 1000 m3/s) is approximately 1.3 times that under dry season runoff (Q = 500 m3/s). This pattern may be attributed to the combined effect of changes in tidal dynamics and sediment settling velocity influenced by salinity during flood tide. Meanwhile, the SSC during ebb tides increase relatively due to the increase in ebb tide flow velocity. Especially, Section 10 even shows a significant SSC peak during ebb tide when Q = 1000 m3/s.




Figure 8 | The temporal variations of water level, velocity, SC, and SSC in Sections 10-14 under different runoff conditions (Spring tide). (A-C) Section 10; (D-F) Section 12; (H-I) Section 14.



The longitudinal distributions of SC and SSC at the flood slack under different runoffs are shown in Figure 9. Influenced by increasing Q, the upstream water level rises significantly, and the SC within 40 km from Ganpu is almost unchanged while the SC in reach above 40 km from Ganpu decreases rapidly. It’s notable that there is a significant increase in SSC within the range of 65-80 km upstream from Ganpu when Q increases from 500m3/s to 1000m3/s, which is consistent with the analysis results for Sections 10-14 in Figure 8. However, as Q increases to 3000m3/s, the SSC along the longitudinal section decreases rapidly, and the high SSC zone moves downstream.




Figure 9 | Longitudinal distribution of SC and SSC at flood slack of Section 12 (Cangqian) under different runoff conditions (Spring tide). (A-C) SC; (D-F) SSC.






3.2.2 Change of maximum salinity with SSC and runoff

The distributions of the maximum ΔS during spring tide under different runoff conditions are shown in Figure 10. According to Figures 10A–C, with different runoffs, the simulated salinity results also decrease when considering the density effect of SSC, which is consistent with the analysis results obtained in Section 4.2. When Q is 500, 1000 and 3000 m3/s, the maximum values of ΔS induced by SSC is 0.40, 0.19 and 0.001 ppt, occurring at 78, 73, and 64 km upstream from Ganpu, close to the top of the underwater sandbar. And the length of reach where ΔS over 0.15 ppt can reach 65, 24, and 0.1 km, respectively. By comparing the ΔS distributions under different runoff conditions, it can be observed that as the Q decreases, the inhibition of SSC on saltwater intrusion weakened rapidly, with the ΔS peak decreasing and moving downstream, and the range of significant salinity reduction (ΔS > 0.15 ppt) narrowing apparently. When Q reaches 3000 m3/s, the maximum ΔS decreases to below 0.03 ppt, and the reduction rate is within 2%, indicating that the density effect of SSC on salinity is extremely weak and negligible.




Figure 10 | Horizontal and longitudinal distribution of the maximum ΔS caused by SSC under different runoff conditions (Spring tide). (A-C) Horizontal distribution; (D) Longitudinal distribution.







3.3 Longitudinal variation of maximum salinity contours

In principle, the chlorinity value of domestic water sources should be guaranteed to be below 0.25 g/L (equivalent to a salinity value of 0.45 ppt). We usually take the location where the maximum salinity can reach up to 0.45 ppt as the farthest point of saltwater intrusion, and the distance from this point to the downstream boundary is called the saltwater intrusion distance. Therefore, it’s of great significant to determine the maximum saltwater intrusion distance for protecting the water sources and designing water supply facilities.

Since the upstream salinity increases with the increase of tidal range or the decrease of Q, we selected the simulation results during spring tide under dry season runoff (Q = 500 m3/s) for statistics and obtained the distribution of the maximum S0 and SC in a tidal cycle, as shown in Figure 11. Simultaneously, we calculated the distances L from different salinity contour lines to the downstream boundary and analyzed the variation in the location of each contour, as shown in Table 3.




Figure 11 | Variations of salinity contour locations caused by SSC. (A) Without effect of SSC; (B) with effect of SSC.




Table 3 | Variation of salinity contour locations with the effect of SSC (km).



As indicated in Figure 11, the locations of each salinity contour move downstream due to the impact of SSC. According to Table 3, the contours below 1.0 ppt move downstream significantly, with the ΔL exceeding 5 km when Q is 500 m3/s. Influenced by SSC, the saltwater intrusion distance decreases from 97.6, 84.2 and 60.5 km to 91.2, 80.6 and 60.4 km when Q is 500, 1000, and 3000 m3/s, and the downstream moving distance is 6.4, 3.6 and 0.1 km, respectively. This indicates that when Q exceeds 3000 m3/s, the influence of SSC on saltwater intrusion distance can be almost negligible. However, during dry season, SSC has a significant impact on the simulation results of saltwater intrusion distance. And this situation corresponds to the most serious case of saltwater intrusion. Ignoring this effect in the numerical simulation would overestimate the prediction results of salinity, which can lead to misjudgments of the saltwater intrusion distance.





4 Discussion



4.1 Relation between the distribution of salinity difference and SSC

To explore the relationship between ΔS and SSC in the Qiantang Estuary, we analyzed the temporal and spatial correlation between these two factors. The time-series curves of ΔS induced by the SSC were calculated from simulated salinity results from Sections 10, 12 and 14 during spring tide under dry season runoff (Q = 500 m3/s) and then compared with the SSC curves to analyze their temporal correlation, as shown in Figure 12. The comparison reveals that the ΔS peak occurs between the peaks of SC and SSC, and shifts closer to the peaks of SC as moving upstream. Since the peaks of SC and SSC are relatively close between Yanguan and Qibao, the time interval between the peaks of ΔS and SSC is generally within 10 minutes, indicating a high temporal correlation between the two distributions. Therefore, the change of ΔS is closely related to the value of SSC, especially during flood tide.




Figure 12 | Temporal relationship between ΔS and SSC.



Considering that the peaks of ΔS and SSC curves do not occur simultaneously and the duration between the peaks varies among different sections, we took a complete tidal cycle (about 25 hours) as the period for time-averaging, which can eliminate temporal differences when analyzing the spatial relationship between ΔS and SSC. We calculated the tidal-averaged results of salinity (  and  ) and SSC ( ) at different sections from Ganpu to Wenyan, and then obtained the tidal-averaged salinity difference   (  of each section. The longitudinal distributions of   and   under different tide and runoff conditions are shown in Figure 13.




Figure 13 | Spatial relationship between   and  . (A-C) Q = 500 m3/s; (D-F) Q = 1000 m3/s; (G-I) Q = 3000 m3/s; (A, D, G) Spring tide; (B, E, H) Medium tide; (C, F, I) Neap tide.



Generally, the   included by SSC initially increases and then decreases from downstream to upstream in Figure 14, which is consistent with the longitudinal distribution of ΔS in Figures 7, 10. Its peak is located within 40-80 km from Ganpu, with a maximum value of 0.27 ppt occurring during spring tides when Q is 500 m3/s. Meanwhile, the position of   ( ) peak lies at 30-40 km upstream of the   peak. The maximum   can reach up to 18%, corresponding to   of 0.08 ppt. The   generally decreases from downstream to upstream, but there is a distinct high concentration zone within 40-70 km from Ganpu. The maximum value of   reaches 4.19 kg/m3, occurring during spring tides when Q is 1000 m3/s.




Figure 14 | Variations in vertical density distribution induced by SSC at Section 12 during a tidal cycle (spring tide, Q = 1000 m³/s). (A) Ebb slack; (B) Peak flood; (C) Flood slack; (D) Peak ebb.



Overall, the peak locations of   and   are relatively close, and essentially coincide under the annual average runoff (Q = 1000 m3/s), indicating a strong correlation between the longitudinal distributions of   and  . And the decrease in salinity is more significant in higher SSC zone. As the tidal range increases or the Q decreases, the high SSC zone moves upstream and the peak value of SSC increases, with its weakening effect on saltwater intrusion. It causes the   peak to increase and move upstream accordingly, which is consistent with the results in Chapters 3.




4.2 Influence of SSC on density and turbulence diffusion

Previous studies have confirmed that high SSC can significantly change fluid density distribution and induce stratification, which suppresses the vertical turbulence intensity. To investigate the mechanism by which SSC influences salinity transport, we compared the simulation results of density distribution and vertical turbulent diffusion, analyzing their variations induced by SSC. Table 4 presents the tidal average density differences caused by SSC at Sections 10-14 during spring tides and shows SSC’s contribution to density under different runoff conditions. Additionally, we focused on section 12 (Cangqian), where the ΔS is most pronounced, to analyze the influence of SSC on density stratification and vertical eddy diffusion coefficient, as shown in Figures 14, 15. The density stratification coefficient N is calculated by Equation 7.


Table 4 | Changes of tidal-averaged density induced by SSC (Spring tide, Q=1000 m³/s).






Figure 15 | Variations in vertical eddy viscosity coefficient during flood tide at Section 12 induced by SSC (spring tide, Q = 1000 m³/s). (A) Peak flood (Spring tide); (B) Flood slack (Spring tide); (C) Peak flood (Neap tide); (D) Flood slack (Neap tide).



 

where   and   represent the density of the surface and bottom layers, and   is the vertically averaged density.

As shown in Table 4, the tidal average density difference induced by SSC initially increases and then decreases as Q increases, consistent with the pattern of SSC variation with Q. Due to the reduction in salinity simulation results induced by SSC, the values of tidal-averaged density differences are slightly smaller than the values of the  . It is also observed that the contribution of SSC to depth-averaged density increases with higher Q or further upstream. It’s mainly because salinity generally decreases with increasing Q or further upstream, leading to a diminishing influence on density compared to that of SSC. When the Q exceeds 1000 m³/s, the contribution of SSC to depth-averaged density between Laoyancang and Qibao (sections 10-14) generally exceeds 70%, significantly surpassing that of salinity.

The vertical density distribution of Section 12 at flood and ebb slack, as well as at flood and ebb peak, during the spring tide under annual average runoff (Q=1000 m³/s) is presented in Figure 14. It’s evident from Figure 14 that SSC can markedly increases both the magnitude and the vertical gradient of density at Section 12. When considering the impact of SSC, the N values at peak flood and flood slack rise from 4.68×10-5 and 8.05×10-5 to 4.68×10-3and 4.68×10-3 respectively, representing an increase of over 40 times. The vertical density gradient and N values are higher during the flood tide than the ebb tide, indicating that SSC’s contribution to density stratification is more pronounced during the flood tide. It’s primarily because the SSC is higher during the flood tide.

The Variations in the vertical density gradient induced by SSC will influence the vertical turbulent structure in the water column. As shown in Figure 15, the increase in vertical density gradient and stratification due to SSC reduce the vertical eddy diffusion coefficient values during the flood tide, indicating that vertical mixing is inhibited, which also weakens the turbulent diffusion of salinity. During the spring tide, the vertical eddy diffusion coefficient is reduced by 40-50% at peak flood, and by 70-90% at flood slack. This is mainly because the SSC and the vertical density gradient are greater at flood slack than at peak flood. The reduction in value of the vertical eddy diffusion coefficient due to SSC is more pronounced during the spring tide, because SSC values during the spring tide are higher compared to the neap tide, as well as its impact on fluid density is more significant than that of salinity.




4.3 Influence of SSC on flood tide hydrodynamics

The upstream movement of saltwater depends on flood tide hydrodynamics. Therefore, the variation of hydrodynamic factors (water level and current velocity) induced by SSC during flood tide directly influences the driving conditions for salinity transport and affects the simulation results of saltwater intrusion. To analyze the impact of SSC on hydrodynamic factors, we selected simulation results for Sections 10, 12 and 14 under dry season runoff (Q = 500 m3/s) and calculated the difference of cross-sectional average water level, velocity, and salinity (ΔH, ΔV and ΔS, ΔH = H0 - HC, ΔV = V0 - VC, ΔS = SC - SC) induced by SSC in a whole spring tide period, as shown in Figure 16.




Figure 16 | The temporal variations of ΔS and SSC in Section 10-14 when considering the impact of SSC. (Q = 500m3/s, Spring tide).



It can be observed from Figure 16 that, except for salinity, the water level and velocity of three sections during flood tides also generally decrease when considering the impact of SSC. And as the SSC increases, the values of ΔH, ΔV and ΔS also increase accordingly. Sections 10, 12, and 14 exhibit maximum ΔH values of 1.41, 1.20, and 0.91 cm, maximum ΔV values of 0.38, 0.54, and 0.46 cm/s, and maximum ΔS values of 0.37, 0.40, and 0.24 ppt, respectively. The peaks of ΔH and ΔV are close to the high tide time, preceding the SSC peak by approximately 10-15 minutes, while the peak of ΔS lags the SSC peak by 10-20 minutes. The peaks of ΔH, ΔV, ΔS and SSC occur relatively close together in time.

Furthermore, we selected the ΔH, ΔV and ΔS series of three sections during flood tide and calculated the correlation coefficients between these three factors and SSC, as shown in Figure 17. According to Figure 17 that ΔH and ΔS exhibit a strong positive correlation with SSC, with R2 ranging from 0.76 to 0.93, most of which are greater than 0.85. Except for Section 10, the correlation between ΔV and SSC during the flood tide is relatively weak (R2 < 0.75), but overall, there is a clear trend of ΔV increasing with SSC. In general, ΔH, ΔV and ΔS in Sections 10-14 have strong positive correlations with SSC, and their peaks are close to the peak of SSC.




Figure 17 | Relationship between ΔH, ΔV, ΔS and SSC in Sections 10-14 during flood tide. (A-C) ΔH and SSC; (D-F) ΔV and SSC; (G-I) ΔS and SSC.






4.4 Influence of SSC on salinity flux

To further investigate the impact of SSC on salinity transport in the Qiantang Estuary, we analyzed the changes in salinity flux induced by SSC during spring tide under dry season runoff (Q = 500 m3/s). Based on the simulation results from Sections 10-14, we calculated the average salinity flux generated by advective and dispersive transport during the flood tide at each cross-section, as shown in Table 5.


Table 5 | Changes in average salinity flux induced by SSC (Spring Tide, Q=500 m³/s).



As can be seen from Table 5, the average salinity flux at each Section during the flood tide all decrease due to the impact of SSC, with the reduction degree becoming more pronounced upstream, which is consistent with the changes in ΔS%. During the spring tide, the average total salinity flux at Sections 10, 12, and 14 decreased by 230.5, 203.6, and 95.0 tons/s, respectively, corresponding to reductions of 8.5%, 17.9%, and 28.6%.

Comparing the proportions of salinity flux contributed by advection and dispersion to the total salinity flux during the flood tide in Section 10-14, the advective transport is the primary mode for salinity transport in this region, accounting for over 90% of the total flux. However, the proportion of dispersive transport increases upstream, rising from 5.1% to 8.0%, which indicates that advection-driven salinity transport weakens while dispersion-driven transport strengthens when moving upstream. The results reveal that both the advective and dispersive salinity flux decrease when considering the density effect of SSC, which is primarily due to the reduced flood tide velocity and turbulence diffusion. Moreover, the influence of SSC on dispersive salinity flux is more significant than on advective salinity flux, with this impact becoming more pronounced upstream. At Section 14, the reduction in dispersive salinity flux can reach up to twice as much as that of advective salinity flux.




4.5 Mechanism of SSC influencing saltwater intrusion

In Sections 4.2 to 4.4, we explored the impact of SSC on density distribution, turbulent diffusion, tidal hydrodynamics, and salinity flux. Based on the above analysis, we attempted a preliminary investigation of the mechanism by which SSC influences saltwater intrusion.

During the process of saltwater intrusion, salinity transport primarily depends on advection and diffusion, both of which are weakened by the density effect of SSC. Advective transport is the dominant mode of salinity transport in the Qiantang Estuary, and the reduction in advective salinity flux is mainly due to two reasons. First, the value of water density generally increases when considering the SSC’s effect on density. As sediment-laden water moves upstream during flood tides, it requires more kinetic energy to be converted into potential energy, leading to a reduction in flood current velocity and water level, and thus diminishing the driving force for saltwater moving upstream. In the Qiantang Estuary, the bed level exhibits an overall trend of first rising and then falling from Ganpu to Wenyan, with the top of the underwater sandbar located near Cangqian (Xie et al., 2018). It explains why ΔS first increases and then decreases as it moves upstream, with the location of ΔS peak aligning with the sandbar top. Second, driven by the increasing current velocity during flood tide, a great amount of sediment is suspended and moves upstream with flood flow, causing a continuous rise in SSC until it peaks near the flood slack moment. The increasing SSC during the flood tide increases the energy required to maintain suspension. Therefore, ΔH and ΔV in Sections 10-14 show a strong positive correlation with SSC, both increasing with SSC during flood tide (Figure 10). Additionally, the weakened salinity transport lowers salinity levels in the upstream reach. The diminished upstream salinity combines with the decrease in flood discharge caused by the reduced flood current velocity and water level, which amplifies the decrease in advective salinity flux. This effect accumulates from the Ganpu boundary to the upstream, resulting in ΔS initially increasing before gradually decreasing due to the rapid decrease in salinity upstream. The reduction in dispersive salinity flux is basically related to the weakening of turbulence and mixing caused by SSC-induced density stratification. As analyzed in Section 6.1, an increase in the relative influence of SSC on water density leads to a decrease in vertical eddy diffusivity. Given that SSC’s contribution to water density increases upstream between Sections 10 and 14 (Table 4), the suppression of turbulent diffusion becomes more pronounced, characterized by a greater reduction in dispersive salinity flux.

In summary, SSC causes both the magnitude and vertical gradient of density during flood tides, which in turn increases the energy required for sediment-laden water to move upstream, leading to a reduction in current velocity, water level, and vertical turbulent diffusion during flood tides. It weakens the driving force for saltwater moving or spreading upstream, reducing both advective and diffusive upstream transport of salinity, represented by the decrease of the upstream salinity value, that is, the inhibition of saltwater intrusion. Therefore, it is crucial to account for the impact of SSC on fluid density when simulating salinity in estuaries with high SSC. It can ensure a more accurate simulation of hydrodynamic conditions, thereby improving the accuracy and reliability of salinity simulation results.





5 Conclusion

This paper established a new 3D baroclinic model coupling flow, salinity and SSC based on Delft3D to simulate the salinity distribution in the Qiantang Estuary. By analyzing the changes of salinity simulation results induced by SSC, the following conclusions were drawn:

	Both the measured data and the numerical simulation results show that the impact of SSC on fluid density is generally greater than that of salinity between Yanguan and Qibao, especially when the Q exceeds 1000 m3/s. Therefore, the density effect of SSC cannot be ignored in numerical simulations of salinity in the Qiantang Estuary.

	Simulation results under different runoff and tidal conditions indicated that simulated salinity values generally decreases and contours move downstream when considering the impact of SSC, suggesting a weakening effect on saltwater intrusion. The salinity difference (ΔS) caused by SSC initially increases and then decreases from Ganpu to Wenyan, with a maximum value of 0.41 ppt and occurring during spring tide when Q is 500 m3/s, located at 78km upstream of Ganpu. And the saltwater intrusion distance is reduced by a maximum of 6.4km at the same time. As downstream tidal range decreases or upstream Q increases, the ΔS peak decreases and shifts downstream. When Q exceeds 3000 m3/s, ΔS is generally less than 0.03 ppt, and the effect of SSC on salinity simulation results can be ignored.

	The distribution of ΔS and SSC shows a strong spatio-temporal correlation. From Laoyancang to Qibao (Sections 10-14), the ΔS peaks only lag the SSC peaks by approximately 10-20 minutes, and the ΔS exhibit a positive correlation with SSC during flood tides, with correlation coefficients reaching 0.89-0.97. The peak locations of   and   are relatively close, essentially coinciding under annual average runoff (Q = 1000 m3/s).

	A preliminary exploration of the mechanism by which SSC influences saltwater intrusion is conducted by discussing its impact on density stratification, flood tide hydrodynamics, and salinity flux. Analysis of simulation results between Laoyancang and Qibao reveals that the density effect of SSC will decrease tidal level, current velocity, and vertical eddy diffusion coefficient during flood tide, and increase the vertical density gradient, ultimately decreasing both advective and diffusive salinity fluxes. A positive correlation exists between ΔH, ΔV, and SSC during flood tides, meanwhile, the higher SSC enhance density stratification and inhibits vertical mixing. It indicates that SSC will weaken the driving force for saltwater intrusion, reduce both advective and diffusive upstream transport of salinity, and thereby resulting in a decrease in estuarian salinity simulation results. Therefore, considering the impact of SSC on fluid density is crucial for accurately simulating salinity in estuaries with high SSC, particularly under low-flow and high-tide conditions.



Although this study has conducted a numerical investigation on the impact of SSC on salinity distribution simulation in a high SSC estuary and preliminarily discussed the mechanism of SSC influencing saltwater intrusion, further research is still needed to fully understand the mechanisms by which SSC affects salinity transport, especially its influence on the conversion of potential and kinetic energy and turbulent energy dissipation during flood tides. Additionally, in the Qiantang Estuary, vertical mixing is relatively strong, and vertical stratification of salinity and SSC is not significant. Therefore, in the next phase of our research, we will continue to investigate the impact of SSC on salinity transport in partially mixed or weakly mixed high-turbidity estuaries and compare these findings with those from well-mixed estuaries. And we will also conduct relevant idealized numerical models and physical flume experiments to further explore how different SSC levels influence salinity advective and diffusive transport of salinity in the estuaries.
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