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The Pearl River Delta (PRD), where several megacities are located, has undergone drastic morphological changes caused by anthropogenic impact during the past few decades. In its main estuary, the water area has been reduced by 21% whilst the average water depth has increased by 2.24 m from 1970s to 2010s. The mainly human-induced morphological change together with sea level rise has jointly led to a remarkable change in the water stratification. However, the spatial and temporal variability of stratification in the estuary and associated driving mechanisms remain less understood. In this study, stratification in the Pearl River Estuary (PRE) in response to morphological change and external forcing is investigated by 3-dimensional numerical modeling. Simulation results indicate that stratification in the PRE exhibits distinct spatial and temporal variabilities. At a tidal-to-monthly time scale, variation of stratification is mainly driven by advection and straining through tidal forcing. At a monthly-to-seasonal scale, monsoon-driven river runoff and associated plume and fronts dominate the variation of stratification. Human-induced morphological change leads to an enhancement of stratification by up to four times in the PRE. Compared to an overwhelming human impact in the past few decades, future sea level rise would further enhance stratification, but to a much lesser extent than past human impacts. In addition, stratification in different areas of the estuary also responds differently to the driving factors. The western shoal of the estuary is most sensitive to changes in morphology and sea level due to its shallowness, followed by the channels and other parts of the estuary, which are less sensitive.
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   1 Introduction

 Water column stratification is an essential characteristic of estuaries. Conventionally, according to stratification or vertical salinity structure, estuaries can be classified as salt wedge, strongly stratified, weakly stratified and well mixed types (Pritchard, 1955; Cameron and Pritchard, 1963). In tidal estuaries, stratification is normally determined by salinity gradients which result from a balance between the stratifying tendency of estuarine circulation and mixing by tides, with additional but short-term impacts generated by energetic weather events (Zhang et al., 2018). Stratification has important consequences for estuarine ecology and matter transport (Li et al., 2018a; Zhang et al., 2020; Zhang et al., 2021b) and environmental hazards such as hypoxia or anoxia may be triggered by a persistently stable stratification (Cui et al., 2019).

 Estuaries and coastal seas are transition areas between land and ocean with profound changes exerted by human activities and climate change (Wu et al., 2016; Ralston and Geyer, 2019; Deng et al., 2020). Numerous observational and modeling studies have confirmed a significant modification in estuarine stratification by morphological changes and sea level rise. For example, the dredging of shipping channels results in enhanced estuary circulation and salinity intrusion in many estuaries (Kennish, 2003). Chant et al. (2018) demonstrated that a relatively small (15%) increase in depth by dredging in a short reach of an estuary may double the exchange of salt flux and remarkably increase stratification in the estuary. In contrast, Ralston and Geyer (2019) showed that channel deepening due to dredging may result in an increase in salinity intrusion but almost no change in the estuarine circulation, suggesting that the impact of channel dredging on stratification is nonlinear and site dependent. Sea level rise also influences the stratification of estuaries. Gong and Shen (2011) simulated the hydrodynamics of Chesapeake Bay in response to the projected sea level rise scenarios in the 21st century. Their results show that the bay-scale averaged stratification would strengthen along with a sea level rise and characterized by obvious seasonal and inter-annual variations. Through scenario simulation Chua and Xu (2014) found that sea level rise would increase the strength of gravitational circulation, resulting in higher vertical stratification by increasing the strength of salinity gradient and reducing the bottom-generated turbulence.

 The Pearl River, located in the south of China, with an annual mean discharge of 336×109 m 3 (Zhang et al., 2009), is one of the world largest rivers in terms of river discharge ( Figure 1A ). The Pearl River Estuary (PRE) is featured by a complex channel network through its delta that hosts several megacities (Guangzhou, Shenzhen and Hong Kong) with a total population of 63.01 million (Zhang et al., 2021a). A major portion (~61%) of river discharge from the Pearl River to the continental shelf of the South China Sea is delivered through Lingding Bay ( Figure 1C ) (Han et al., 2021), where is subject to intense morphological changes by human activities (Wu et al., 2016). Since 1970s, frequent dredging in the two main shipping channels (i.e., east and west channels) have deepened the mean channel depth by more than 15% till 2010s. Meanwhile, the water area of Lingding Bay has decreased by ~170 km2 (8.1% of the total Lingding Bay water area in 1970s) due to land reclamation, and sediment input to the bay has been reduced by 70% by human activities at the catchment like river damming (Dai et al., 2007). A joint accumulative effect of land reclamation, channel dredging, river damming and sand excavation resulted in a decrease of water areas and a deepening of the mean water depth by 2.24 m from 1970s to 2010s over the entire Lingding Bay, with annual variation at local sites up to ± 5m/yr (Wu et al., 2016).

  

 Figure 1 | Location maps. (A) The location of the Pearl River Estuary in south China. (B) The model domain. Squares represent sites for salinity validation; triangles represent sites for temperature validation; the black dot is the location of the tidal gauge. (C) Bathymetric change from the 1970s to 2010s. The black frame indicates the Lingding Bay. The orange line refers to the shoreline in the 1970s. (D) Bathymetry (unit: m) of the PRE in 2010s, the marksed areas are: Zone 1 (Lingding Bay), Zone 2(channels), Zone 3 (west shoal), and Zone 4 (river plume dominated area). The four red triangles indicate the selected sites which are used to assess the stability of stratification. The five-pointed star indicates the location of Victoria harbor. The four-pointed star indicates the location of Waglan Island. (E) An example of computational grid around small island. 

 

 The mean sea level at the mouth of PRE rose at a rate of 3.1 mm/yr during 1954-2021 (https://www.hko.gov.hk/en/climate_change/obs_hk_sea_level.htm), and exhibits an accelerating trend in recent decades (Wong et al., 2003; Masson-Delmotte et al., 2021). Existing studies show that the impact of sea level rise on the estuarine circulation and stratification in the PRE is through a modification of tides and estuarine circulation. Based on three-dimensional hydrodynamic modeling, Hong et al. (2020) found that the salinity, stratification and tidal range all increase as sea-level rises and are characterized by clear spatial and seasonal variations. By calculating the water flux, Yuan et al. (2015) found that the upstream salinity intrusion increased linearly in the main channel (Modaomen) of the estuary with sea level rise, meanwhile the isohaline of 0.45 (which is the salinity standard for drinking water) moved offshore in other two smaller channels Jiaomen and Hongqimen.

 Previous studies of stratification in the PRE mainly focused on the extent of saltwater intrusion. The spatial and temporal variation of stratification in the PRE in response to decadal-scale morphological change and sea-level rise remains largely unknown. As the PRE is a bell-shaped estuary, the tidal range and current in response to the morphological change and sea-level rise are highly nonlinear (Hong et al., 2020; Valentim et al., 2013). In the short term, the stratification strength varies from days to seasons, with a prominent variation in the tidal cycle (Luo et al., 2009). In the longer term, how the interaction between tides and river runoff responds to morphological change and sea-level rise and consequent impact on stratification are yet to be explored (Hong et al., 2020). The aim of this study is to contribute to addressing this question and quantify the role of morphological change and sea level rise in driving the variation of stratification in the PRD at multi-temporal and spatial scales by high-resolution 3-dimensional numerical modeling.

 
  2 Data and methods

 We used a 3-D model to simulate three scenarios, namely one historical scenario based on the morphology (bathymetry and coastline configuration) in 1970s, one present day scenario based on the morphology in 2010s and one future scenario for 2050s based on the present day morphology superposed by a moderate sea level rise of 20cm, which are represented by Run_1970s, Run_2010s and Run_2050s, respectively. Data for model setup and performance assessment as well as methods for result analysis are described in following sections.

  2.1 Data

 Several observational datasets obtained via field surveys and gauge stations in the study area as well as global hydrographic datasets and projections were used to initialize and validate the model. The topographic data used in this study primarily consist of historical bathymetrical maps of Lingding Bay (Deng et al., 2020). Two topographic datasets of Lingding Bay derived from the 1970s and 2010s were used for modeling in this study. Another two topographic datasets from 1980s and 1990s were additionally used for the analysis of morphological change during the period of 1970s - 2010s.

 Compared to dominance by the human-induced morphological change between 1970s and 2010s, future change of stratification in the PRE would be mainly driven by climate change especially the sea-level rise because of a legal prohibition of land reclamation and sand excavation initiated in recent years (Zhao et al., 2015).

 The historical mean sea level recorded at the estuary mouth (Vitoria Harbor at Hong Kong, https://www.hko.gov.hk/en/climate_change/proj_hk_msl.htm) was used in the simulation of the scenarios 1970s and 2010s. A sea level rise by 20 cm from present day level was used to study the sensitivity of stratification to a moderate sea level rise for a futures scenario corresponding to 2050. Recorded data from the Hong Kong Observatory indicate that the mean sea level in the station Victoria Harbour rose at a rate of ~3 mm/year during 1954-2021 (https://www.hko.gov.hk/en/climate_change/obs_hk_sea_level.htm). However, it is expected that future sea-level rise rate would be accelerated. The scenario simulation for 2050s in this paper is based on SSP2-4.5 from IPCC AP6, showing that the mean sea level of the world sea would rise at a mean rate of 5 mm/year in the future, which means that the sea level would rise by 20 cm until 2050s compared to that in 2010s. The SSP2-4.5 scenario considers intermediate greenhouse gas emissions, in which CO2 emissions around current level until 2050, then falling but not reaching zero by 2100. The probability for likely range of SSP2-4.5 to cover the outcome is at least 66% (IPCC, 2021). Thermal expansion of a warming ocean makes up 21-43% of the total global mean sea level rise in the scenario SSP2. The melting of land ice (glaciers and ice sheets) adds mass to the ocean (as freshwater), and makes up most of the remainder of global mean sea level rise (Couldrey et al., 2022).

 Monthly river discharge data are available from the China Sediment Report (http://www.mwr.gov.cn/sj/tjgb/zghlnsgb/). Daily river discharge from July to September 2017 was collected from existing publications (Liu and Gan, 2020) to assess model performance against observations. In addition, historical data from the eight main outlets of the PRE (Liu and Gan, 2020; Yu et al., 2021) were collected to calculate the proportion of river tributary discharge.

 The Copernicus Marine Environment Monitoring Service (CMEMS) data were used to specify the initial fields of temperature and salinity as well as to provide open boundary conditions in the study area (Shen et al., 2018). The CMEMS data is a reanalysis product of the global ocean eddy-resolving model (with 1/12 degree horizontal resolution and 50 vertical levels). Cruise data for surface water temperature and salinity during the period of July to September 2017 were collected from existing publications (Liu and Gan, 2020) to assess model performance.

 Atmospheric forcing driven by monsoons was included in open boundary (CMEMS data) and interpolated into our model grid using wind, air pressure, precipitation, and net solar radiation obtained from European Centre for Medium Range Weather (ECMWF) ERA-interim (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview). The spatial resolution of ERA-interim data is 0.25° × 0.25° and the temporal resolution is 1 day.

 Eight primary tidal constituents (M2, S2, N2, K2, K1, O1, P1, Q1) were specified at the open boundary. The tidal data were extracted from the global TPXO9-atlas (https://www.tpxo.net/global/tpxo9-atlas). In addition, daily data of water level, salinity, temperature, and currents (u, v) from 1th June 2017 to 1th June 2018 obtained from CMEMS were specified at the open boundary. At the upstream river boundaries, a constant salinity of 3 psu was specified with a daily varying temperature extracted from the Himawari-8 satellite product (http://www.data.jma.go.jp/mscweb/en/index.html) from 1th June 2017 to 1th June 2018.

 
  2.2 Methods

  2.2.1 Hydrodynamic model and setup for the study area

 The hydrodynamic model used in this study is the Semi-implicit Cross-scale hydroscience Integrated system Model (Zhang et al., 2016). SCHISM is developed from the SELFE model and includes new features that ensure its robustness in application to estuarine and coastal areas with complex coastline and morphology. In particular, SCHISM includes (1) a new advection scheme for the momentum equation which includes an iterative smoother to reduce excess mass produced by higher-order kriging method, (2) a new viscosity formulation to work robustly for generic unstructured grids and effectively filter out spurious modes without introducing excessive dissipation, and (3) a new higher-order implicit advection scheme for transport (TVD 2) to effectively handle a wide range of Courant number as commonly found in typical cross-scale applications. In addition, the model shows a good performance in the eddying regime, which represents the last missing link for cross-scale modeling (Zhang et al., 2016).

 The model domain covers the PRE and its eight river outlets spanning from 21 to 23°N in latitude and 112.4 to 115.25°E in longitude ( Figure 1B ), with a high grid resolution (~50 m) in the Lingding Bay and coarsening resolution (till ~1000 m) toward the open boundary at the shelf of the South China Sea. In particular, sparsely distributed islands in the PRE are resolved by a high-resolution grid so that their impact on hydrodynamics is included ( Figure 1E ). Three scenarios, namely Run_1970s, Run_2010s and Run_2050, were designed. The morphological data of 1970s and 2010s were used in the Run_1970s and Run_2010s, respectively. Land reclamation and sand excavation in the PRE were officially banned during the past decade (Tang et al., 2016). Therefore, it is expected that future morphological change until 2050 would not be as dramatic as the historical change between 1970s and 2010s. Dredging in the two main shipping channels is expected to continue to maintain the depth. Based on this, the Run_2050s adopted the morphology in 2010s but superposed by a 20 cm higher sea level compared to that of 2010s. The 3D hydrodynamic model time step was 60 seconds and the simulation period was one year (starting from 1st June 2017) in each scenario and adopted the same atmospheric forcing from 1st June 2017 to 6th July 2018. The simulation results of Run_2010s are assessed by observation data from 2017. Further details of model setup are provided in the  Supplementary Material ( Supplementary Table 1 ).

 
  2.2.2 Potential energy anomaly

 In this study, potential energy anomaly (PEA) φ (Simpson and Bowers, 1981) is used as a measure for stratification:

  

 Where ρ is the vertical density profile over the water column of depth H, given by H = η + h, η is the free surface, h is the bed level,  is the depth average density, z is the vertical coordinate, and g is the gravitational acceleration. The value of φ indicates the work required per unit of volume to cause a complete vertical mixing of the water column.

 The water column is considered as stratified when φ exceeds the threshold 10 J/m 3 (Chegini et al., 2020). Based on the scenario Run_2010s, the average value of φ>10J/m 3 covers 89% of the time over the entire simulation in a major part of the study area. In order to distinguish strong stratification, another threshold φ>50J/m 3 is used, above which the water column is highly stratified.

 
  2.2.3 Gradient Richardson number

 To evaluate the stability of vertical stratification, the gradient Richardson number Ri  is computed by:

  

 with the definition of buoyancy frequency

  

 and the vertical shear

  

 The water column is considered stably stratified when log10(Ri)≥1 (Chen, 2018).

 
  2.2.4 Salinity variance balance

  MacCready et al. (2018) introduced the concept of salinity variance to understand the budget change of salinity. Salinity variance is given by  , where s is the in-situ salinity,  is the salinity averaged over the entire water body of the estuary. According to Wang et al. (2017), the total salinity variance of an estuary can be calculated by:

  

 where V indicates the whole estuarine water volume. Li et al. (2018b) separated the total salinity variance into two parts corresponding to the horizontal and the vertical components:

  

 where  represents the horizontal salinity variance and  represent the vertical salinity variance.

 In this study, we focus on vertical density stratification. For this reason, only the vertical salinity variance is considered. Based on the conservation of vertical salinity variance  , Li et al. (2018) proposed a dynamic equation to describe the temporal change of the vertical salinity variance integrated over the entire water column:

  

 where  is the vertically averaged salinity, ∇ h  is the horizontal gradient operator, Uh  is the horizontal velocity vector, and Kzz  is the vertical eddy diffusivity. In a physical process-based understanding, Equation (7) can be expressed as Tendency + advection = straining + dissipation.

 By using the above equations, Li et al. (2018b) quantified the influence of straining and mixing on stratification in the Yangtze estuary. Their research indicated that the salinity variance method could be used as a useful approach for examining the spatial and temporal variability of stratification in estuaries and coastal environments.

 
  2.2.5 Sub-division of the study area for process understanding

 To better understand the spatial variation in stratification, the study area is divided into four zones, as shown in  Figure 1D , taking into account their distinct features in hydrodynamic conditions and morphology. Zone 1 covers the entire Lingding Bay. Zone 2 covers the channel area in the Lingding Bay, including two channels and the area in between. Zone 3 covers the west shoal of the Lingding Bay and Zone 4 covers the coastal area dominated by the river plume.

 
 
 
  3 Results

  3.1 Model validation

 To assess the model performance, simulation results of the scenario Run_2010s were compared to observation data (salinity and temperature) collected in a cruise from 11th to 21th of July 2017 (Yu et al., 2021) as well as water level recorded at a fixed gauge station (Waglan Island,  Figure 1B ).

 The comparison demonstrates a general satisfactory model performance in capturing both spatial and temporal variations of water level, salinity and temperature ( Figure 2 ). The recorded tidal amplitude is ~2 m at the gauge station (Waglan Island) and the Root Mean Square Error (RMSE) of the simulated water level is 0.15 m, corresponding to 7.5% deviation from observation. The data show a dominance of semi-diurnal tides with a distinct spring-neap cycle in the study area. Salinity constantly changes under the effect of tides ( Figure 2B ). The correlation coefficient between the simulated surface water salinity and field data is 0.93, and the RMSE is 2.7 psu. The Taylor diagram of the simulated sea surface temperature compared to field data indicates a high correlation coefficient between 0.95 and 0.99, and a RMSE within 1°C. Based on the satisfactory agreement between observation and simulation for the surface water, and the understanding that surface water dynamics in the estuary, especially temporal and spatial variation of temperature and salinity, is jointly controlled by interaction between freshwater discharge and bottom saline water, we therefore believe that the model also reliably captures the bottom water dynamics which is not covered by existing observation data. The overall good model performance allows for using the extended simulation results (for 400 days in each scenario) to derive insights into the impact of morphological change and sea-level rise on variation of stratification in the PRD at multi-temporal and spatial scales.

  

 Figure 2 | Comparison between model result and field data of (A) water level at the gauge station Waglan Island and (B) surface salinity collected during a research survey in July 2017 by Yu et al. (2021). In addition, simulated temporal variation of surface salinity within a tidal cycle at each measuring station is indicated by the bar crossing the measured value. Location of the stations is shown in  Figure 1B . (C) Taylor diagram showing the standard deviation, the correlation coefficient, and the RMSE of simulated surface temperature against field data at 23 stations. Location of the stations is shown in  Figure 1B  by red dots. 

 

 
  3.2 Variability of stratification and driving factors

 The morphology of the PRE changed considerably from 1970s to 2010s, especially in the Lingding Bay ( Figure 1C ). The average depth of Lingding Bay (Zone 1) increased by 2.24 m. The most significant deepening occurred in the channels (Zone 2) due to dredging, with a mean depth increase of 4.85 m and local maximum of 12 m in the southern Lingding Bay, close to the Lantau island. Depth of the western shoal area (Zone 3) was increased by approximately 1 m on average (the calculation is based on the water area of 2010s), whilst the area close to the west bank became shallower and the coastline extend to the sea due to land reclamation. The total water area of the Lingding Bay decreased by approximately 170 km2 because of land reclamation, accounting for 8.1% of the total water area in the 1970s. Most reduction of water area occurred in west shoal (Zone 3), with 14.32% of its total water area in the 1970s transformed to land till 2010s by artificial reclamation. The overall trend of changes in the Lingding Bay was narrowing and deepening from 1970s to 2010s.

 River runoff in the PRE has a remarkable seasonality driven by monsoon. A direct comparison of the spatial distribution of stratification among the three scenarios can be seen in the salinity difference between the bottom and surface water averaged in two representative seasons ( Figure 3 ). The wet season from 1st July to 1st September is characterized by a mean river runoff of 2.5×104 m 3/s, while the dry season from 1st October to 1st December has a much reduced mean river runoff of 0.75×104 m 3/s. Model results indicate a salinity increase in the bottom water of Lingding Bay by about 70% during the wet season and about 50% during the dry season from 1970s to 2010s. In contrast, the increase of salinity in the bottom water of the Lingding Bay from the 2010s to 2050s is 3.5% and 2.1% in the wet and dry seasons, respectively.

  

 Figure 3 | The salinity difference from bottom to surface in wet and dry season of Run_1970s, run_2010s and Run_2050s, areas with salinity difference values greater than 12 psu is surrounded by brown lines. The black line indicates the 7-m isobath. The white dashed line in the Run_1970s refers to the location of coastline in 2010s. (Unit: psu). 

 

 The salinity difference of 12 psu between the bottom and surface water can be used as a simple indicator for stratification (depicted by the brown line in  Figure 3 ) as proposed by Li et al. (2017). As shown in  Figure 3 , the morphological change from 1970s to 2010s has notably changed the spatial distribution of stratification in the Lingding Bay. In the simulation result of 1970s, we found that the 7-m isobaths (described by the black lines in  Figure 3 ) roughly describe the northern edge of stratification in the wet season. Stratification is mainly located in the outer the Lingding Bay and the river plume dominated area (Zone 4). Whilst in the 2010s, although the northern edge of stratification is still mostly limited by the 7-m isobaths in the wet season, stratification extends to the interior the Lingding Bay along the two channels (Zone 2) and appears in the western shoal (Zone 3) and further expands in Zone 4 due to the morphological change. Compared to the wet season, stratification in the dry season is weaker but with a different spatial pattern ( Figure 3 ). Due to decrease in river runoff, stratification appears in the upper part of the Lingding Bay and extends into the rivers. Stratification in the Run_2050s shows very minor difference with the Run_2010s in both wet and dry seasons, suggesting a minor role of sea level rise (by 20 cm) in controlling the spatial pattern of salinity difference between bottom and surface water in the study area.

  3.2.1 Variation caused by morphological change

 To further understand the spatial and temporal variation of stratification and driving processes behind, the potential energy anomaly (φ) the four terms in Equation 4 are quantified for each sub-region for each scenario and compared accordingly. A variation index σ mc , calculated by σ mc =φ2010  s /φ1970  s  where φ2010  s  and φ1970  s  represent the potential energy anomaly in the Run_2010s and Run_1970s, respectively, is used to indicate the change of stratification induced by the morphological change between the 1970s and 2010s, while σ sc =φ2050  s /φ2010  s  is used to indicate the change of stratification induced by sea-level rise.

 The daily value of φ for each sub-region in the three scenarios is shown in  Figure 4 . The results cover the period of simulation, which includes variation in wet and dry season. Results of both wet season and dry season were shown. There exists a persistently strong stratification (φ≥50J/m 3) in the PRE during the wet season in all scenarios (Run_1970s, Run_2010s and Run_2050s), due to the large river runoff. Morphological changes mainly occurred in the Lingding Bay (Zone 1). Consequently, enhancement of stratification also mainly occurs in the Lingding Bay. In the channel area (Zone 2), stratification is always strong in the wet season, whilst in the dry season the strength of stratification becomes much weaker with φ normally ranging between 10 and 30 J/m 3 in all three scenarios (Run_1970s, Run_2010s and Run_2050s). In the west shoal area (Zone 3), strong stratification does not occur before the morphological change (Run_1970s), but occasionally occurs after the morphological change (Run_2010s and Run_2050s) in the wet season. Stratification in the river plume dominated area (Zone 4) exhibits similar change to that in Zone 3 in the wet season, but in the dry season the value of φ is almost the same in all scenarios in Zone 4 whilst periodic enhancement in φ is seen in Zone 3.

  

 Figure 4 | Time series of daily-averaged potential energy anomaly (φ) in the entire PRE and different sub-regions in the three scenarios (Run_1970s, Run_2010s and Run_2050s). The light blue and yellow rectangles indicate the wet season (July and August) and dry season (October, November and December), respectively. 

 

 The enhancement of stratification due to morphological change in the entire PRE is most significant in the wet season. In the wet season, the strength of stratification averaged over the Zone 1 and 2 is up to 4 times and in Zone 3 even up to 7 times stronger in the Run_2010s than that in the Run_1970s, while in the dry season the enhancement of stratification by morphological change becomes less prominent ( Table 1 ). Besides a general strengthening of stratification in the wet season, the enhancement also exhibits some obvious periodic cycles ( Figure 4 ).  Figure 5  indicates that this periodic enhancement is caused by the spring-neap tidal cycle. These results indicate that the stratification of the Lingding Bay becomes much more sensitive to tidal and river runoff impact after the morphological change.

  Table 1 | The factor by which the stratification is enhanced due to morphological changes and sea-level rise in different areas. 

 

  

 Figure 5 | Potential energy anomaly (φ) in different sub-regions in the three scenarios from 16 July to 15 August. Duration of the typhoon Roke is marked by the orange rectangle. 

 

 Tides affect stratification in the PRE mainly at short time scales from hours extending to spring-neap cycle. Tidal signals are clearly seen in the time series of φ at each sub-region ( Figure 5 ). Spectral analysis of φ in the Run_2010s shows that the tide-driven fluctuation of φ is mainly at M4, M2, and K1 cycles, which is consistent with field observation (Mao et al., 2004). According to the simulation results, morphological change in the Lingding Bay (Zone 1) from 1970s to 2010s results in an increase intidal in this region, the increase range gradually decreases from north to south, and the maximum increase can reach 0.5 m in the northern of the Lingding Bay near the coastline. The increase of tidal amplitude caused by the changes of coastline (Shen et al., 2018); and the deepening of the channels area (Zone 2) makes stronger tidal flow than before(Run_1970s) in the Lingding Bay, which leads to stronger salt water intrusion. Both the increase of tidal amplitude and the intensification of tidal flow lead to a nonlinear response of stratification.

 Before the morphological change (i.e. in the Run_1970s), φ 1970s in the Lingding Bay (Zone 1) fluctuates mildly around 25 J m-3 in the wet season and slightly higher than 15 J m-3 in the dry season. The impact of spring-neap tidal cycle is hardly visible. By contrast, φ 2010s exhibits a positive correlation with the tidal cycle, and fluctuates between 25 to 100 J m-3 during the spring-neap tidal cycle ( Figures 4 ,  5 ). The enhancement of stratification caused by the morphologic change σ mc  ranges between 1 and 4 depending on the tidal phase. The peaks of σ mc  appear normally before the peak of spring tides, and the troughs appear after the spring peaks but before the neap tides. Advection is primarily responsible for this phenomenon ( Figure 6 ), as the advection term (Equation 4) increases by about three times during the transition from neap tides to spring tides. It can be seen in  Figure 6  that the advection of the horizontal gradient of salinity variance is the main contributor to stratification. During the advection process, the vertical salinity variance  increases significantly (by about 200% on average) with a strong saltwater intrusion from the bottom, resulting in an import of salinity variance to the Lingding Bay.

  

 Figure 6 | Spring-neap tidal cycle reflected in the change of water level and corresponding change in the vertical salinity variance (tendency, advection, straining, dissipation) in the Lingding bay (Zone 1). Duration of the typhoon Roke is marked by the orange rectangle. 

 

 In the channels of the Lingding Bay (Zone 2), stratification is more significant than in other sub-regions, which is attributed to a strong saltwater intrusion, similar to many other estuarine channels (Xu et al., 2008; Ralston and Geyer, 2019). The response of stratification to morphological deepening in the channels is similar to that in the entire Lingding Bay (Zone 1) as seen in  Figures 4 ,  5  as well as  Table 1 . Advection is the main controlling process for variation of stratification in the channels. In the west shoal area (Zone 3), φ1970s fluctuates mildly around 10 J m-3 without obvious seasonal variation. This means that water is between well mixed and weakly stratified in this area before the morphological change (Run_1970s). By contrast, a clear fluctuation related to the spring-neap tidal cycle is seen in φ2010s, which can reach up to 70 J m-3 in the wet season during the transition from the neap tides to spring tides, approximately 7 times larger than that in the Run_1970s. This result indicates that the morphological change alters the west shoal (Zone 3) from a well mixed/weakly stratified environment in 1970s to periodically strongly stratified environment in 2010s.

 Compared to the sub-regions Zone 1-3, the river plume dominated area (Zone 4) appears to be less affected by the morphological change ( Figures 4 ,  5 ;  Table 1 ). In the dry season, stratification is only slightly enhanced by morphological change (up to 1.2 times) and sea level rise (up to 1.15 times), while in the wet season, stratification is persistently enhanced by morphological change (up to 2.5 times) and sea level rise (up to 1.25 times) and can exceed the threshold of strong stratification (φ=50 J m-3) episodically during neap tides and transition to spring tides.

 Short-term extreme events such as typhoons also impact the stratification in the PRE. Three typhoons (Roke on 23rd July, Hato on 22-23rd August, Pakhar on 26-27th August, www.hko.gov.hk) occurred in 2017 and were included in the simulations. Impact of the typhoon Roke (23rd July) was shown in  Figure 5 . In the Run_1970s, there is no obvious response to the typhoon in the channels (Zone 1 and 2) and the shoal area (Zone 3). The reduction in stratification occurs only in the river plume-dominated area (Zone 4). After the morphological change, stratification is significantly reduced by the typhoon in every sub-region in the Run_2010s and 2050s. This is caused by a higher landward advection of salt water induced by the typhoon, as well as higher straining and dissipation ( Figure 6 ). However, typhoons impact stratification in the PRE only for a short-term and the system rapidly (in 2 days after the typhoon Roke) restores to a tide-driven status after the typhoon passage.

 At a monthly-to-seasonal scale, monsoon-driven river runoff dominates the variation of stratification ( Figure 4 ). The location of stratification is bounded by the estuarine fronts. The fronts in the PRE are formed by salinity gradient between the riverine water and saline shelf waters (Wong et al., 2004).

 To identify the location of the fronts, the horizontal salinity gradient in surface and bottom water is calculated respectively in the three scenarios with peak values (>0.0015 psu/m) indicating the fronts ( Figure 7 ). Results show that in the surface water ( Figure 7A ), the front is dominated by the river runoff, and is mostly located in the outer estuary and the estuarine plume area (Zone 4) in the wet season of all three scenarios. As river runoff decreases, the surface front moves landward in the dry season. In the Run_1970s, the surface front is located in the middle of the Lingding Bay, exhibiting a belt-like shape. After the morphological change (Run_2010s), the surface front is located in the inner part of the Lingding Bay and close to the river outlets. This is also the case in the Run_2050s. In the bottom water ( Figure 7B ), result of the Run_1970s shows that the front is roughly limited by the 7m isobath of the Lingding Bay in the wet season, whilst in the Run_2010s and Run_2050s, the front is located along both sides of the two shipping channels, on the shoal between the channels and the western shoal (Zone 3). These results indicate that the shoals have become the place for the frontogenesis (in the wet season) after the morphological change. In the dry season, the bottom front in the Run_1970s is located quite close to the surface front, indicating a vertically homogeneous but horizontally stratified state. After the morphological change, the fronts retreat onshore and are located close to the river outlets (Run_2010s and Run_2050s).

  

 Figure 7 | Location of estuarine fronts in the (A) surface and (B) bottom water (identified by salinity gradient greater than 0.0015 psu/m) in the PRE in the three scenarios. The black line indicates the 7-m isobaths. (Unit: psu/m).  Supplementary Material  provides a zoom in view of Lingding Bay ( Supplementary Figure 1 ). 

 

 
  3.2.2 Variation caused by sea-level rise

 Sea level rise is one of the main drivers of the variation in future scenarios. As seen in  Figures 4 ,  5 ;  Table 1 , the enhancement of stratification due to sea-level rise (Run_2050s) is minor compared with that caused by morphological change, but it varies among the sub-regions. The strongest enhancement of stratification due to sea-level rise occurs in the west shoal (Zone 3) in both wet and dry seasons. In Zone 3, stratification is enhanced up to 2.5 times in the wet season while 1.5 times in the dry season by a sea-level rise of 20 cm (Run_2050s). In other sub-regions, stratification is enhanced by maximum of 1.25 times in the wet season and 1.15 times in the dry season by the sea level rise.

 The study of Chua and Xu (2014) mentioned that sea-level rise results in a stronger baroclinic pressure gradient proportional to the water depth, indicating an increase in the strength of gravitational circulation, thereby resulting in higher vertical stratification. The enhancement of stratification is through a tidal straining of the density field (Cheng et al., 2011). In Equation (7), the straining term  describes a transformation of horizontal salinity gradient to vertical salinity gradient. A positive value of the straining term means destruction of stratification (destratification), while a negative value refers to enhancement of stratification. The temporal variation of the straining term ( Figure 8 ) shows amplified negative straining during spring tides, which means that stratification is enhanced during the spring tides, as the negative straining leads to increased salinity variance. The peaks of enhancement of stratification caused by sea level rise also appear during spring tides ( Figure 8 ). This result means that the sea level rise would cause a transformation of horizontal salinity gradient to vertical salinity gradient, with most significant effect in spring tides caused by negative straining, thereby increasing the vertical stratification. Thus, the impact of sea level rise on stratification is different from the morphological change, as the morphological change mainly alters the advection process as described previously.

  

 Figure 8 | Time series of (A) water level, (B) straining and (C) magnification of negative straining due to morphologic change and sea-level rise. 

 

 
  3.2.3 Variation of stability in stratification

 To further assess the impact of morphological change and sea level rise on stratification in the PRE, stability of stratification in the four selected sites ( Figure 1D ) is calculated based on the gradient Richardson number Ri . As already indicated by results from previous sections (3.2.1), stratification is most significant in the wet season. Therefore, the analysis of the stability of stratification is focused on the wet season.

   Figure 9  shows one-month variation of the vertical distribution of the gradient Richardson number Ri  at the four sites in the wet season. In the Run_1970s, stratification does not exist in the eastern channel (S1), where water depth is around 3 m. Stable stratification (log10(Ri)>1) frequently occurs in the western channel (depth > 7 m, S2) and the river plume-dominated area (depth is around 3.5 m, S4). By contrast, stable stratification in the shallow western shoal (Zone 3) mainly appears during neap tides and is absent for the rest of the time. In the Run_2010s, stability of stratification is enhanced at all four sites, with most significant change in the eastern channel ( S1 ,  Table 2 ), where the channel depth is increased by ~ 3 m. Similar to the strength of stratification represented by φ, stability of the stratification also presents fluctuations following the spring-neap tidal cycle. The strongest enhancement of Ri  occurs during neap tides and their transition to spring tides, whilst is weakened or completely destroyed by strong mixing during spring tides.

  

 Figure 9 | Time series of vertical profile of the gradient Richardson number Ri  (plotted in log10(Ri)) in the wet season at the four selected sites in the Run_1970s (left column), Run_2010s (middle column) and Run_2050s (right column). Duration of the typhoon Roke is marked by the orange rectangle. 

 

  Table 2 | Index of stability of stratification at the four sites in the wet season. 

 

 The stability of stratification at the two channels and the west shoal exhibits similar temporal variation in response to the spring-neap tidal cycle, meanwhile is characterized by a vertical variation in its maximum value ( Figure 9 ). Maximum Ri  migrates downward to the deeper part of the water column during a transition from spring to neap tides, and then starts to rebound towards surface during the transition from neap to spring tides. However, such pattern is not observed at S4 located in the river plume-dominated area (Zone 4). The reason is attributed to the spatial variation of the river plume and its front. During neap tides, the river plume and its front reach their maximum extent in Zone 4. The site S4 is mainly dominated by well mixed fresh water which greatly dampens stratification. During the transition from neap to spring tides, the river plume and its fronts retreat to the inner shore, and stratification at S4 becomes more stable.

 It is worth to note that typhoons exert only short-term perturbations to the stability of stratification. As can be seen in  Figure 5 , it takes around two days for the stratification to restore to a tide-driven state after the typhoon passage. The stability of stratification exhibits similarly ( Figures 9 ,  10 ). Further, our simulation results show that the instability of stratification is controlled by a joint impact of spring-neap tidal cycle and typhoons ( Figure 10 ). Stratification is quite unstable and relatively weak during the typhoon period overlapping with the transition from spring tide to neap tides. However, stratification rapidly restores with a significantly enhanced stability after the typhoon passage and during the transition from neap tides to spring tides. In addition, morphological change results in a delay of the restoration by half a day as seen by a comparison between the Run_1970s and Run_2010s, whilst the impact of sea level rise is hardly seen.

  

 Figure 10 | Time series of the (A) water elevation, and the gradient Richardson number Ri in the (B) Run_1970s, (B) Run_2010s, and (D) Run_2050s at site 2 (Zone 2). The arrival and duration of two typhoons (Hato and Pakhar) are marked by red triangles and orange rectangles, respectively. 

 

 Sea-level rise also increases the stability of stratification in the PRE, although the extent is much weaker than that caused by the morphological change ( Figure 9 ;  Table 2 ). The extent also varies among the sites, with maximum increase (by ~15%) at S1 (Zone 2) and S3 (Zone 3), and minimum increase at S4 (Zone 4).

 
 
 
  4 Discussion

  Geyer and MacCready (2014) provided a quantitative means of classification of estuaries in terms of stratification, which are based on two dimensionless parameters. The first parameter, i.e., the Freshwater Froude number Frf =U 0/(βgS 0 H)1/2, represents the ratio of the mean river velocity (U 0) to the gravitationally driven exchange flow that is scaled with the water depth H. Here, S 0 is the background ocean salinity and β≅7.7×10-4 is the coefficient of saline contraction. The second is the mixing parameter  , which measures the ratio between the tidal timescale and the timescale of vertical turbulent mixing. In, N 0=(βgS 0/H)1/2 is the buoyancy frequency for maximum top to bottom salinity variation in an estuary, where ω is the tidal frequency, Ut  is the amplitude of the depth-averaged tidal velocity, Cd ≅(1–2.5)×10-3 is the drag coefficient.

 Estuaries can be classified into different stratification conditions based on the freshwater Froude number Frf  and the mixing number M ( Figure 11 ). The range of M is calculated from the variation of tidal current velocities and water depth in a spring-neap cycle, whereas the range of Frf  is estimated by the variation of the monthly mean river runoff within a year. Many estuaries, including the Puget sound, the Chesapeake Bay, the Pearl River Estuary and the Yangtze River, are characterized by a broad range of M not only due to the variation of spring-neap tides but also owing to the signification variation of water depth (Geyer and MacCready, 2014; Chen, 2018). Data from these estuaries show that M decreases along with an increase in the average water depth, which is evidenced by a decrease of M for the Lingding Bay from the 1970s to the 2010s ( Figure 11 ). Compared to the Yangtze Estuary which mainly falls into the type of salt wedge because of its large Frf , stratification in the PRE in 2010s is more variable and encompasses three types (salt wedge, strongly stratified and partially mixed) in the wet season, and two types (strongly stratified and partially mixed) in the dry season (Chen, 2018). However, Frf  of the PRE seems to be underestimated in our simulation, since salt wedge intrusion in the area has been reported by several studies (Mao et al., 2004; Cui et al., 2019) both during the wet and dry seasons. The main reason for underestimation is likely caused by an exclusion of tributaries on the western coast of the bay in our model, therefore U 0 is underestimated in our results.

  

 Figure 11 | Estuarine parameter space with the freshwater Froude number (Frf ) and mixing number (M). The red solid line calculated from  , in which α=3.4, which divides the estuarine parameter space into estuaries that always remain stratified and those that experience boundary-generated mixing during a tidal cycle. The location of PRE in different ages and different seasons are indicated in the figure. The yellow rectangle is the location of North passage Yangtze River according to Chen (2018); the green rectangle represent the Hudson River according to Geyer and Maccready (2014). SIPS is Strain-Induced Periodic Stratification. Modified from Geyer and Maccready (2014). 

 

 The morphological change in the Lingding Bay between 1970s and 2010s not only causes a remarkable decrease of M but also a mild decrease of Frf . According to the simulation results in the Run_1970s, stratification in the PRE mainly encompasses three types (salt wedge, strongly stratified and partially mixed) in the wet season, whilst in the dry season salt wedge is replaced by strain-induced periodic stratification (SIPS) ( Figure 11 ). In the Run_2010s, SIPS does not exist in the dry season anymore, and the whole system is shifted toward strongly stratified conditions. By contrast, a sea level rise of 20 cm (Run_2050s) only shows a minor impact on M and Frf  when comparing with the Run_2010s scenario. The range of M shifts slightly to the left due to a sea level rise-induced decrease in mixing. The range of Frf  remains unchanged, suggesting that a 20 cm-sea level rise alone would not affect river flows in the study area.

 The PRE shows both similarity (e.g. decrease of M along with an increase of depth) and difference with other estuaries which have also experienced human-induced deepening. In the Hudson estuary, modification for navigation since the late 1800s has increased the channel depth by 10-30%, which results in a strong salinity intrusion but almost no change in the estuarine circulation according to the study by Ralston and Geyer (2019), which argued that the import of salt by estuarine circulation is balanced by the export of salt by the mean advection due to river discharge. Our results demonstrated that both the import of salt and the estuarine circulation are enhanced by the morphological change. The difference is likely to be attributed to that (a) the Lingding Bay experienced not only deepening but also reduction in water area by 8.1%, which have consequent impact on tidal velocity and amplitude (Shen et al., 2018), and (b) an exclusion of the effect of tidal mixing in the estimate by Ralston and Geyer (2019).

 The relationship between depth change and salt fluxes is nonlinear in estuaries. Chant et al. (2018) found that a relatively small (15%) increase in depth by dredging in a short reach of an estuary may double the exchange salt flux and remarkably increase stratification in the estuary. Ralston and Geyer (2019) found that channel deepening by 10%-30% in the Hudson estuary increases salinity intrusion by 30% and enhanced stratification during neap tides. In the PRE, the channels (Zone 2) were deepened by 49% (4.85m) from 1970s to 2010s, and the salt fluxes are increased by 78%, resulting in an increase of stratification by max. 400% in the channel area. Meanwhile, the west shoal was deepened by 28% along with a significant reduction in its water area, leading to an increase of stratification by max. 700%. These results suggest a highly amplified and irreversible impact of human-induced morphological change on estuarine environments in terms of stratification. It is worth noting that although direct human interventions including sand mining and land reclamation have been banned, other human activities which may also affect morphological change of the estuary, such as channel dredging and river damming, will still continue in future (Liu et al., 2018). An exclusion of potential morphological change caused by reduced sediment input from rivers due to damming or by extreme events (e.g. floods, typhoons) in the future scenario Run_2050s would lead to uncertainties of our estimation. To what extent these natural and anthropogenic drivers would lead to morphological change and consequence on estuarine circulation and stratification in future remains to be explored.

 Our simulations show a minor impact of sea level rise (by 20 cm from 2010s to 2050s) on the stratification and circulation in the PRE. However, climate change impacts not only the sea level but also other environmental variables such as temperature and precipitation which have not been taken into account in this study so far. Climate change also seems to cause more frequent occurrence of extreme events such as cyclones (storms) and marine heat waves. The former may strongly affect the stratification at a short-term (as shown in our results), while the latter could cause higher temperature in the surface water, thus enhancing a thermal induced stratification [e.g., the southern North Sea, Chen et al. (2022)]. However, in typical estuarine environments such as the PRE where stratification is caused mainly by salinity gradient, we hypothesized that a change in temperature gradient by marine heat waves and enhanced solar radiation would not significantly affect the stratification. To test the impact of sea surface temperature increase on the stratification of PRE, a scenario with an increase of surface water temperature (above the pycnocline) at the open boundary by 2°C and enhanced atmospheric radiation over the entire model domain in summer (July and August). These results confirms our hypothesis and shows that the change in surface water temperature has only minor impact on stratification of the PRE, characterized by a change of the PEA within 5% from the reference level ( Supplementary Table 1 ;  Supplementary Figure 2 ).

 Future climate change might affect stratification in the PRE mainly through modified river runoff. Hong et al. (2020) found that the rate of increase in stratification in response to the sea-level rise is higher during the high-flow conditions than that during the low-flow conditions. This might be related to the stability of the stratification, which shows a weaker vertical stratification with lower stability during dry season, and opposite in the wet season. Since river runoff is the main driving factor for monthly-to-seasonal variation of stratification in the PRE, how future climate change would affect monsoon intensity and associated river runoff and consequent impact on estuarine stratification remains to be further explored.

 
  5 Conclusion

 A high-resolution 3-D hydrodynamic model was used to investigate the impact of mainly human-induced morphological change (from 1970s till 2010s) and climate-induced sea level rise (from 1970s till 2050s) on the stratification in the PRE. The following conclusions are drawn from the simulation results.

  	 Morphological change in the Lingding Bay (the main estuary of the PRE) from 1970s to 2010s results in a bay-scale enhancement of stratification by up to four times, with maximum enhancement (up to seven times) at the western shoal of the bay; 

 	 Stratification in the PRE becomes more sensitive to tidal and river runoff impact after the morphological change. The variation is greatly amplified by the spring-neap tidal cycle. The maximum enhancement in stratification occurs in the transition period from neap to spring tides due to the increase of advection of salinity variance; 

 	 The relationship between depth change and salt fluxes is nonlinear and varies among different morphological units. In the PRE, the eastern channel and the western shoal experience the greatest enhancement in both strength and stability of stratification caused by the morphological change; 

 	 Compared to an overwhelming impact of human-induced morphological change in the past few decades, future change of stratification driven by sea level rise would be further strengthened but to a much less extent. The maximum enhancement associated with sea level rise occurs in spring tides due to the increased negative straining; 

 

 Our results suggest a highly amplified and irreversible impact of human-induced morphological change on estuarine environments in terms of stratification, which should be taken into account in future planning of estuaries. The results of our researches might have potential implications for the estuarine management, in particular, human intervention such as the planning of land reclamation or sand mining in Lingding Bay, etc. As the human intervention is the main driving factor of variations of the hydrodynamic environment in PRE. With the deepening of channels as well as the average depth of Lingding Bay, the stratification becomes more stable and extends in space. Cui et al. (2019) found that the spatial distribution of coastal hypoxia can be well predicted by the overlapping zone between river plume and salt wedge. Therefore, the distribution of stratification is highly relevant to the occurrence of hypoxia in the PRE. Our model is suitable for further scenario studies to assess the impact of climate change and human intervention on estuaries.
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