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In recent decades, episodic extreme meteorological events have occurred frequently worldwide. Extreme drought and flood events have notably impacted on the evolution of large estuarine deltas, affecting estuarine geomorphology, human settlements, and infrastructure. However, understanding the impact of these extreme hydrological events on estuarine geomorphic evolution is hampered due to the lack of knowledge about event-based hydrodynamic mechanisms. Lingdingyang Estuary (LE), which is located in the central and southern part of the Pearl River Delta, southern China and has large number of records in extreme drought and catastrophic flood disasters from 1960s to 2010s, provides an opportunity to examine variations in estuarine deposition regime caused by such extreme hydrological events. A state-of-the-art modeling tool (TELEMAC-2D), was used to simulate geomorphic evolution in six scenarios, accounting for low upstream runoff (i.e. extreme drought) and high upstream runoff (i.e. catastrophic flood). This results revealed that: i) The deposition regime in the Inner-lingdingyang Estuary (ILE) altered from an erosion pattern under low upstream runoff conditions to a strong deposition pattern under high upstream runoff conditions, where the scale of upstream runoff and sediment delivery was of key importance. The deposition regime shift may occur at the upstream runoff conditions between 3120 m3/s and 6831 m3/s. ii) Under high upstream runoff conditions, large area of strong depocenters were easily formed outside the outlets, causing flood discharge block from outlets, which increased the risk of flooding. iii) The most prominent morphologic response to changes in upstream runoff was observed in the Western Shoal, i.e. a medium erosion pattern in the MQ1scenario (Extreme drought) and an extremely strong deposition pattern in the MQ5 scenario (Normal drought). The geomorphic balance (i.e., the state of net deposition volume approaching equilibrium) between the Western Shoal and the Western Channel requires critical consideration. iv) The sudden and substantial sedimentation was detected in the navigation channels, i.e. a net deposition volume of 1.22×106 m3 in the Eastern Channel under catastrophic flood conditions. During catastrophic flood, bathymetric monitoring should be implemented to guide mitigation measures, such as emergency necessary dredging operations. Finally, large-scale sand mining should be avoided in the whole Middle Shoal owing to its limited sediment deposition capacity (For example, the net deposition volume in the Middle shoal was found to be less than 10% of that in the Western Shoal and 65% of that in the Eastern Shoal under catastrophic flood). However, appropriate sand mining scheme can be performed in the Eastern Shoal due to the net deposition pattern under upstream various hydrological conditions. My findings are valuable to improve the scientific comprehensive management of LE and promote the high-quality development of the Guangdong-Hong Kong Macao Greater Bay Area. The insights obtained from this study can be comprehensively understand the morphological transition in LE and benefit other estuaries that are subject to similar experiences.
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1 Introduction


Estuaries are crucial transition zones connecting river system and ocean systems (
Pritchard, 1967), and they displayed complicated progradation and degradation (Leonardi et al., 2013). The runoff and fluvial sediment injects into the estuary, and the sea fills the estuary with salty water and marine sediment (Devon et al., 2018). Thus, estuarine systems are extreme sensitive to the flow and sediment supply both in upstream rivers and adjacent coasts (Zhu et al., 2016). With the sediment supply reduction, rapid changes have taken place. Among them are sediment transport adjustments, coastal retreat, slowdown of accumulation, and even onset of erosion (Xie et al., 2017; He et al., 2020). For instance, drought events resulted in severe saltwater intrusion in the Yangtze River estuary, which in turn affected sediment transport and deposition processes (Wu et al., 2021). Similarly, in the upper Qiantang Estuary, the flood dominance was increased during the high flow periods, explaining the fast sediment input and bed recovery in the post high flow periods (Xie et al., 2022). Chen et al. (2020a) reported that the reductions in coarse sediment supply entering the Ayeyarwady Delta coastal plain induced the erosion of the major channels in the lowermost delta and the western delta coast. Two-thirds of the Brazos River subaqueous delta presented little net accumulation, and most of the sediment in this area actively resuspended and transported by waves and currents (Carlin and Dellapenna, 2014). A similar phenomenon also occurred at the Nile subaqueous delta (Stanley, 1996), Yellow River subaqueous delta (Fu et al., 2021) and Modaomen Estuary subaqueous delta (He Y. et al., 2022). In contrast, even with a 70% reduction in the upstream sediment load, the distal upstream sediment source had little effect on the Yangtze over the longer term (Dai et al., 2014). Therefore, it is still debatable to what degree the estuarine morphology has responded to changes in upstream runoff and sediment load, and there is no consensus on any persistent evolution pattern.


Estuaries were prone to drought and flood events, which varied in frequency and intensity depending on water management and climate change (Dittmann et al., 2015). Extreme hydrological event was one of the most catastrophic natural hazards in the estuarine regions, affecting the geomorphic stability of the estuary and the associated human livelihoods (Blott et al., 2006; Wang et al., 2021). High-magnitude flood events (i.e., large or catastrophic floods), which transported exceptionally large volumes of runoff and sediment fluxes (Rickenmann et al., 2016), had the potential to notably alter estuarine geomorphic evolution (i.e. pronounced erosion and deposition processes in channels, rivers, and floodplains) (Liu et al., 2019a). For instance, turbid water was discharged in repeated pulses from the Yangtze Estuary and penetrated the East China Sea during the Yangtze extreme flood in 1998 (Watanabe, 2007), causing the subaqueous delta to prograde outward remarkably (Zhao et al., 2022). Maillet et al. (2006) reported that the mouth-bar in the Grand Rhône River (southern France) had prograded 200 m induced by the December 2003 flood event. In contrast, drought events could result in mouth closures of estuaries and lagoons owing to insufficient riverine sediment supply, causing hypersalinity, estuarine erosion, and degeneration of tidal flat (Wu et al., 2021). For example, on the decrease of sediment delivery in the interannual and dry seasons, the Gudong littoral area in the Yellow River Estuary had experienced erosion with a net vertical erosion rate of 0.1 m/yr (Ji, 2021), and the Yellow River subaqueous delta was also believed to transition from the accretion into net erosion since 2000 (Fu et al., 2021). The Mississippi River estuary by comparison experienced a retreat of the old subaqueous delta due to the sharp decrease of runoff and sediment delivery after channel switching (Tornqvist et al., 2006). In addition, some previous studies had stressed the importance of the bathymetric changes on the estuarine hydrodynamics (Xie and Wang, 2021
; Xie et al., 2022). For instance, the inner estuary was eroded, the tidal range could be doubled. However, little attention has been paid to the underlying mechanisms of geomorphic response and regime transition to change in upstream runoff and sediment delivery, and they are crucial for estuarine management.


Lingdingyang Estuary (LE) in the central and southern part of the Pearl River Delta, southern China, has a unique hydrodynamic and geomorphic pattern with three shoals (Eastern, Middle, and Western Shoals) and two channels (Eastern and Western Channels) (
Figure 1
). Historically, substantial water discharge and sediment loads came into LE from upstream through four outlets (Humen, Jiaomen, Hongqili, and Hengmen outlets), accounting for 53.4% and 47.7% of the gross from the Pearl River to the sea, respectively (Yu et al., 2010; Luo, 2010). In the past few decades, flood and drought frequently occurred in the entire Pearl River Basin (i.e. catastrophic flood in 1998 and 2008; extreme drought in 1963) (
Figure 1d
). Most previous studies have focused on the impacts of upstream runoff and sediment change on salinity intrusion (Zou, 2010; Wang, 2011), plume front (Zheng et al., 2014; Gong et al., 2019), and long-term geomorphic evolution of LE (Wu et al., 2018; Chen et al., 2022). However, the geomorphic response and the mechanism of regime transition during extreme hydrological events remain unclear in this multi-input outlets estuary. Importantly, as LE has frequently experienced major hydrological disasters with relatively clear records of upstream runoff and tidal level changes, it serves as a valuable target area for providing insights on these aspects. Additionally, there is an urgent need to obtain a systematic understanding of geomorphic response and shift mechanism to variation in upstream runoff of LE, as it is one of the most vulnerable estuaries to flooding worldwide (Hallegatte et al., 2013).


[image: Map and diagram showing Guangdong Province and the Pearl River Delta in China. Panel (a) highlights Guangdong and Pearl River Delta locations. Panel (b) details cities and rivers in the delta. Panel (c) depicts areas of land reclamation with a color scale indicating elevation changes from 1978 to 2015. Panel (d) is a line graph showing decade-wise extreme hydrological events from 1950 to 2020, including water and sediment discharge, dry events, and catastrophic floods. Legends indicate symbols for hydrological stations and elevation changes.]
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(a–c) Location and variation of shoreline and bathymetry in the Inner-lingding Estuary (ILE), and (d) extreme hydrological events in the Pearl River from 1950s to 2010s. The variation of river and sediment discharge from the Pearl River, calculated as the sum from the Boluo, Shijiao and Gaoyao hydrological stations. ILE: Inner-lingding Estuary; OLE: Outer-lingding Estuary. QI: Qi'ao Island; LE: Inner-lingding Island.




The primary objectives of this study are as follows: 1) to explore if sedimentation regime shifts can occur in multi-input outlets estuaries such as LE under upstream runoff variations; 2) to evaluate what are the upstream runoff conditions that triggering deposition transition if they do occur; 3) to reveal the mechanism of the sedimentation regime shifts if they do occur; 4) to provide implications for estuarine comprehensive management in the future. In this study, a state-of-the-art numerical model (TELEMAC-MASCARET (TELEMAC-2D)) was employed to investigate the geomorphic response to change in upstream runoff and the possible variations in the sedimentation regime in LE. To fully depict the estuarine morphology, the model was composed of rivers, outlets, and estuarine bays. It was validated using tidal level, velocity, and SSC data obtained at multiple stations within the bay. Subsequently, a series of numerical experiments was designed to explore the response of i) volume of deposition and erosion; ii) sedimentation pattern; and iii) intensity and distribution of erosion center and deposition center influenced by upstream runoff variations under six typical hydrological conditions in LE. Finally, the effects of various runoff levels are quantified following the hydrological events.






2 Regional setting


The LE, a funnel-shaped estuary-bay system in China’s Pearl River Delta (
Figure 1b
), spans 1180 km² and extends 60 km between the narrow Humen outlet in the north and the wide southern mouth. It receives 50-55% of the Pearl River’s runoff and ~45% of its sediment via four outlets (Chen et al., 2024), with Humen dominated by tides (runoff-to-tidal discharge ratio: 0.25) and the others by river flow (Zhang et al., 2010). Morphologically, LE features three shoals (western, middle, eastern) and two channels (eastern, western) (
Figure 1c
), divided into Inner-Lingding Estuary (ILE) and Outer-Lingding Estuary (OLE) by Qi’ao and Inner-Lingding Islands (
Figure 1b
). Salinity in ILE varies seasonally, with flood-season runoff pushing the zero-salt line seaward beyond Inner-Lingding Island, while dry-season low-salinity water concentrates near outlets (Chen et al., 2024). Tides are irregular semi-diurnal/mixed, with annual ranges of 1.0–1.6 m (spatial) and 0.7–2.0 m (temporal, neap-spring cycles). Southeasterly waves dominate (29% frequency), averaging 0.41 m in height and 4.50 s in period (Yin et al., 2017), though wave energy in ILE is attenuated by OLE’s islands. Surface sediments are primarily cohesive silt and clay (mean grain size: 6–8 φ, 0.004–0.016 mm) (Xiao, 2012), with spatial compositional variability.






3 Modelling approach


Numerical simulations were performed using the TELEMAC-MASCARET modeling system (www.opentelemac.org), a package that includes modules for modeling free-surface hydrodynamics, sediment transport, water quality, waves, and groundwater flows. The system was developed by the Laboratoire National d’Hydraulique et Environnement (LNHE), a research department of Électricité de France (EDF). The TELEMAC-MASCARET system is based on an unstructured grid with finite element or finite volume numerical schemes, and is suitable for estuaries with irregular and complex geometries. Hydrodynamics were computed using the TELEMAC-2D module, and sediment transport and bed evolution were calculated using the SISYPHE module. Additional details of the TELEMAC-2D model are provided in relevant studies (Chen, 2021; He X. Z. et al., 2022).





3.1 Model configuration





3.1.1 Model domain and offshore salinity boundary


The hydrodynamic and sediment transport model of LE (LEM) was constructed by using the TELEMAC-2D system coupled with hydrodynamic and sediment transport modules. The model grid and computational domain are presented in 
Figure 2
. The unstructured grids had spatial resolutions ranging from 1,200 m in the offshore region to 100 m in the upper outlet area, comprising a total of 320,676 gird elements and 163,222 grid nodes. The model domain of LEM was defined with Sisheng, Dasheng, Huangpu, Sanshakou, Nansha, Fengmamiao and Hengmen as its upstream boundary (
Figure 2b
), and an open boundary extending offshore approximately to the -40 m isobath. The model used the topography measured in 1999 and the actual shoreline in 1999. The topographic data of 1999 was obtained from Pearl River Water Resources Commission of the Ministry of Water Resources, with the average density of 16–25 survey points/km², so the accuracy of the bathymetric survey exceeded 90% (Chen et al., 2020b). The Universal Transverse Mercator (UTM) coordinate system and the Pearl River datum were used for modeling, and the terrain was based on the Pearl River datum.


[image: Three panels depict estuary models: (a) Pearl River Estuary Model shows elevation with a gradient from red for high to blue for low. (b) Lingdingyang Estuary Model displays a similar elevation gradient. (c) Initial salinity field uses colors from purple for low salinity to red for high. Legends and geographic locations are marked on each panel.]
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(a–c) The hydrodynamic and sediment transport model of LE.




The Pearl River Estuary Model (PREM) has been fully verified by a large number of tidal level stations, hydrological stations and synchronous observation data of the Pearl River network (
Figure 2a
). For additional details on the parameter setting and validation of the PREM, the reader is referred to (He et al., 2017). The stable salinity field pattern of the PREM provided the initial salinity field for the LEM (
Figure 2c
), as well as the hourly salinity of the downstream boundary input during different simulation stages.






3.1.2 Main parameter settings


The mean particle size of surficial sediments in LE varies from 1.5φ to 7.7φ, with an average of 6.5φ (Zhao, 1981; Xiao, 2012). According to the seasonal variation, the sediment particle size of the LEM were set as 0.03 mm (flood season) and 0.025 mm (dry season). The Strickler’s law was used to calculate bottom friction, and the friction coefficients for the outlets, estuary, and the offshore sea were set as 60 m1/3/s, 65 m1/3/s, 70 m1/3/s, and 80 m1/3/s, respectively. In previous in situ studies, we obtained τce (the critical erosion shear stress of the mud) of the mud values of 0.05–0.45 N/m2 for LE using the UMCES-Gust Erosion Microcosm System (Dong et al., 2020). The Partheniades constant is 2.0×10–5 kg/m2/s. Thus, the τce in various areas was in various areas was defined based on the surface sediment particle size distribution in this study. Higher τce values were assigned to coarse-grained sediment zones (e.g., estuarine sandbar), whereas lower τce values were applied to fine-grained sediment areas. The bottom sediment was divided into four layers, and τce values for these layers were set as 0.10 N/m2, 0.25 N/m2, 0.38 N/m2, and 1.05 N/m2, with the bottom layer set at 1.05 N/m2 to suppress unrealistic scour in the model. Only cohesive sediment was considered in the LEM.


Model performance was tested at different time scales. Three simulation periods were set in this study: July 1 to July 31, 1999 (31 days in total), from January 1 to January 31, 2000 (31 days in total), and from February 1 to February 28, 2001 (28 days in total) (
Table 1
). The time steps in the TELEMAC-2D and SISYPHE modules were 30 s and 10 s, respectively, and the model parameters during both simulation periods were identical. For the downstream boundary input, the tidal level and flow velocity of the corresponding period were obtained using the TPXO tidal prediction system.



Table 1 | 
The hydrological data of seven hydrologic stations in upstream.





	Hydrologic station

	Period

	Data types






	Sisheng; Dasheng; Huangpu; Sanshakou; Nansha; Fengmamiao and Hengmen
	1999.07.01˜07.31
	(Tidal level; flow velocity; SSC)



	2000.01.01˜01.31
	(Tidal level; flow velocity; SSC)



	2001.02.01˜02.28
	(Tidal level; flow velocity; SSC)







The data were selected from the simultaneous hydrologic observation data of the network river in the Pearl River Delta in July 1999, January 2000, and February 2001. SSC: Suspended Sediment Concentration.









3.2 Model validation





3.2.1 Verification points


There were ten verification points in 1999, 2000, and 2001, consisting of three types of tidal level, flow velocity, and suspended sediment concentration (SSC) each. These validation points were primarily located in the inner bay and the upstream channel of LE (
Figure 3
). The tidal levels, flow velocities, and SSC were derived from the synchronized hydrological surveys conducted in July 1999 in the lower reaches of the Xijiang and Beijiang rivers and the Pearl River Delta network channels, and supplemented by the archival records of the Guangdong Provincial Hydrographic Bureau.


[image: Three-panel map showing verification points in a coastal area during different seasons. Panel (a) represents the flood season in July 1999 with red triangles indicating tidal levels. Panel (b) depicts the dry season in January 2000 with red triangles for tidal levels and green circles for velocity points. Panel (c) shows another dry season in February 2001 with red and white triangles for tidal levels and SSC. Locations like Humen, Q’ao Island, and Inner Lingding Island are labeled. A scale bar and compass rose are included.]
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(a–c) The pattern of verification points in 1999, 2000, and 2001.








3.2.2 Model validation


Simulation results for tidal level, flow velocity and depth-averaged SSC in 1999, 2000, and 2001 were compared against measured data. The Nash Sutcliffe efficiency (NSE) coefficient (Equation 1) and coefficient of determination (R
2) (Equation 2) were used to evaluate the modelling results. NSE values range from -∞ to 1, with values closer to 1 indicating a higher model accuracy (Sun and Su, 2020). R
2 values range from 0 to 1, with high values indicating that the independent variable can explain the variance in the dependent variable to a high degree. In this work, 
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The difference between the simulated and observed tidal levels was small (
Table 2
). The 
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¯



 and 




R
2


¯



 values for the tidal level evaluation were 0.915 and 0.932 in 1999, those in 2000 were 0.875 and 0.9, and those in 2001 were 0.897 and 0.897, respectively (
Table 2
). The NSE and R2
 of the tidal level at Xiangzhou station and Guishan Island station beyond 0.9 (
Table 2
), indicating that the model results in the OLE are reasonable. In general, the flow velocity evaluation in 1999 and 2000 were good, with the values of 



N
S
E

¯



 and 




R
2


¯



 exceeding 0.78. The low validation effect of SSC is a common problem in the evaluation of the hydrodynamic and sediment transport model, but the 


R
2



 value of SSC in the LEM also exceeded 0.65 in 1999 (
Table 2
).



Table 2 | 
Evaluation parameters for model at each observation site in 1999, 2000, and 2001.





	Sites

	Flood season (1999.07)

	Dry season (2000.01)

	Dry season (2001.02)




	Tidal level

	Flow velocity

	SSC

	Tidal level

	Flow velocity

	Tidal level

	SSC




	
NSE


	
R
2


	
NSE


	
R
2


	Ob

	Mo

	
R
2


	
NSE


	
R
2


	
NSE


	
R
2


	
NSE


	
R
2


	Ob

	Mo

	
R
2







	L1
	0.943
	0.948
	0.871
	0.904
	0.065
	0.063
	0.676
	0.910
	0.911
	–
	–
	0.869
	0.848
	0.074
	0.062
	0.461



	L2
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	0.925
	0.952
	0.043
	0.042
	0.438



	L3
	0.935
	0.953
	–
	–
	–
	–
	–
	0.840
	0.841
	–
	–
	0.903
	0.906
	–
	–
	–



	L4
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	0.833
	0.880
	–
	–
	–



	L5
	0.905
	0.940
	–
	–
	–
	–
	–
	–
	–
	–
	–
	0.916
	0.952
	0.044
	0.041
	0.527



	L6
	0.900
	0.913
	–
	–
	–
	–
	–
	–
	–
	–
	–
	0.934
	0.840
	0.043
	0.042
	0.514



	L7
	0.907
	0.921
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 



	L8
	0.902
	0.915
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 



	A1
	–
	–
	–
	–
	–
	–
	–
	–
	–
	0.714
	0.777
	–
	–
	–
	–
	–



	A2
	–
	–
	–
	–
	–
	–
	–
	–
	–
	0.741
	0.841
	–
	–
	–
	–
	–



	A3
	–
	–
	–
	–
	–
	–
	–
	–
	–
	0.808
	0.892
	–
	–
	–
	–
	–



	A4
	–
	–
	–
	–
	–
	–
	–
	–
	–
	0.861
	0.900
	–
	–
	–
	–
	–



	AV
	0.915
	0.932
	0.871
	0.904
	0.065
	0.063
	0.676
	0.875
	0.876
	0.781
	0.853
	0.897
	0.897
	0.051
	0.047
	0.485







Ob, Observation value; Mo, Model value; AV, Average value. – indicates no data.




As can be seen from 
Table 2
, some sites had relatively low values for model evaluation. Therefore, the validation curves for these sites are shown in 
Figure 4
. Although the 


R
2



 values of SSC at sites L1 and L2 are below than 0.5, the variation curves of SSC at sites L1 and L2 are consistent with the measured values, and the average SSC has the same order of magnitude (
Figure 4c, d
). For example, the average simulated and measured SSC values at site L2 are 0.042 kg/m3 and 0.043 kg/m3, respectively. In general, the simulation results of the LEM in 1999, 2000, and 2001 were good, indicating that the deposition changes in LE were well represented.


[image: Four graphs compare observations and models. (a) Tidal levels over time in 2000 with high correlation (NS = 0.8402, R² = 0.8406). (b) Velocity during neap tide in 2000, showing a direction of 134.24° (NS = 0.714, R² = 0.777). (c) Suspended sediment concentration (SSC) in 2000, with an average discrepancy between observation and model (R² = 0.461). (d) SSC in 2001, also showing moderate correlation (R² = 0.438). Red lines represent observations; blue lines represent models.]
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(a–d) Evaluation parameters for 4 stations of the LE in 2000 and 2001.




To verify the model’s ability to simulate morphological patterns, the morphological evolution for 1999 was simulated and compared with historical bathymetric data. As shown in 
Table 3
, the simulated and observed average deposition/erosion rates are comparable in magnitude. Specifically, the observed deposition rate in the ILE was 0.1079 m/yr, while the simulated rate was 0.0983 m/yr, and these two values showed good agreement. Similar agreement was found between the observed and simulated rates for shoal deposition and channel erosion. This confirms that the hydrodynamic and sediment transport model described in Section 3.1 is well-validated and meets the morphological simulation requirements of this study.



Table 3 | 
Comparison between simulated and observed deposition/erosion rates for 1999.





	Region

	ILE

	OLE

	Shoals

	Channels




	Ob

	Mo

	Ob

	Mo

	Ob

	Mo

	Ob

	Mo






	Deposition rate (m/yr)
	0.1079
	0.0983
	0.0695
	0.0632
	0.1282
	0.1127
	–
	–



	Erosion rate (m/yr)
	-0.0949
	-0.0828
	-0.0658
	-0.0587
	–
	–
	-0.1140
	-0.1269



	Net deposition rate (m/yr)
	0.0130
	0.0156
	0.0037
	0.0045
	–
	–
	–
	–







Ob, Observation value; Mo, Model value; ILE, Inner-lingdingyang Estuary; OLE, Outer-lingdingyang Estuary. Shoals (including Eastern Shoal, Middle Shoal, and Western Shoal) and channels (including Eastern Channel and Western Channel). Simulated period: January 1, 1999, to December 31, 1999. The bathymetric data (observation values) for 1999 and 2000 were obtained from historical chart - derived topographic data. Note: “–” indicates no data.









3.3 Scenarios with various upstream runoff conditions


Historically, runoff and sediment came mainly from the upstream flow into the LE through the four outlets, and ~90% of the sediment in the Pearl River came from Xi River (Wu et al., 2016). According to the hydrological statistics, the annual average flow and sediment discharge from four eastern outlets into LE during 1950–1980 were ~174.2 billion m3 and ~33.89 million tons, respectively. Furthermore, ~80% of runoff and sediment pouring into the LE will be deposited in the OLE, and ~20% will be transported to the open sea (Yuan et al., 2013). Then, what are the response of deposition regime to changes in river discharge in LE? In order to better reveal the impact of upstream runoff changes on the geomorphological evolution, five typical upstream runoff conditions were selected in this study (
Table 4
). As can be seen in 
Table 4
, the monthly flow and monthly SSC of the multi-year flood season during 1960–2017 were basically comparable to the measured flow and SSC in July 1999. Similarly, the monthly flow and SSC of the multi-year dry season during 1960–2017 were basically comparable to the measured flow and SSC in February 2001. Therefore, based on the well validated model (LEM) during the flood season (July 1999) and the dry season (February 2001), this study focuses on the changes of geomorphologic evolution patterns in LE under various upstream runoff conditions.



Table 4 | 
The hydrological characteristics of typical event conditions in upstream of Pearl River Estuary from 1960 to 2017.





	Typical runoff conditions

	Multi-year dry season average runoff

	Flood season in extremely dry year

	Multi-year flood season average runoff

	Large flood

	Catastrophic flood

	Observation




	Flood season

	Dry season






	Date
	1960-2017
	1963.06-08
	1960-2017
	2008.06
	2005.06
	1999.07
	2001.02



	Monthly flow (m3/s)
	3120
	6831
	17184
	29630
	34367
	16490
	2787



	Monthly SSC (kg/m3)
	0.037
	0.098
	0.103
	0.105
	0.108
	0.102
	0.041







The data were obtained from “Guangdong Provincial Hydrological Statistical Yearbook”. SSC, Suspended sediment contraction. Water discharge and SSC from the Pearl River calculated as the sum from the Boluo, Shijiao and Gaoyao hydrological stations. Large flood means the flood frequency less than 2%; Catastrophic flood means the flood frequency less than 1%.




In this study, MQ1 and MQ3 were set based on actual conditions, and four computational scenarios of the LEM, namely MQ0 and MQ2 were set based on MQ1, MQ4 and MQ5 were set based on MQ3 (
Table 5
). MQ0 was the scenario without considering upstream runoff and sediment, and its upstream flow and SSC input value were both set as 0. MQ1was the scenario considering multi-year dry season average flow and SSC, and its upstream flow and SSC input value were set as measured in February 2001. MQ2 was the scenario considering the flow and SSC of flood season in extremely dry year, and its upstream flow and SSC input value were set as measured in July 1963. MQ3 was the scenario considering multi-year flood season average flow and SSC, and its upstream flow and SSC value were set as measured in July 1999. MQ4 was the scenario considering the flow and SSC of large flood (Flood frequency less than 2%), and its upstream flow and SSC input value were set as measured in June 2008. MQ5 was the scenario considering the flow and SSC of Catastrophic flood (Flood frequency less than 1%), and its upstream flow and SSC input value were set as measured in June 2005. Other than the conditions specific to each scenario, all conditions of the MQ0 and MQ2 computational models were in line with those of the MQ1 scenario, and all conditions of the MQ4 and MQ5 computational models were in line with those of the MQ3 scenario.



Table 5 | 
Scenarios of various upstream runoff and SSC conditions in LEM.





	Scenarios

	Boundary

	Terrain

	Hourly flow and SSC input in upstream

	Monthly flow (m3/s)

	Monthly SSC (m3/s)

	Tidal level and velocity in downstream

	Flood conditions






	MQ0
	1999yr
	1999yr
	0
	0
	0.000
	In July 1999
	–



	MQ1
	In February 2001
	1659
	0.041
	Extreme drought



	MQ2
	In July 1963
	4238
	0.084
	Normal drought



	MQ3
	In July 1999
	11417
	0.156
	Normal flood



	MQ4
	In June 2008
	18392
	0.207
	Large flood



	MQ5
	In June 2005
	22384
	0.228
	Catastrophic flood







MQ1 and MQ3 are the baseline scenarios for comparative analysis; Except for the consideration factor of different scenarios, the other conditions of the model were consistent. The data were obtained from “Guangdong Provincial Hydrological Statistical Yearbook”. Water discharge and SSC conditions in LEM calculated as the sum from the Sisheng, Dasheng, Huangpu, Sanshakou, Jiaomen, Hongqili, and Hengmen hydrological stations. SSC, Suspended Sediment Concentration.




In addition, for each scenario, a 30-day simulation was conducted using monthly flow and monthly SSC as upstream input conditions. The specific values for each scenario were listed in 
Table 5
.






3.4 The classification method of deposition and erosion centers


The intensity of deposition center or erosion centers was a relative concept, similar to the urban heat island. A large number of previous studies had been reported on the intensity of urban heat island (Wu, 2010; Chen et al., 2017), but few studies on the intensity of sediment deposition center or erosion center. Therefore, the classification of sediment deposition centers or erosion centers were carried out according to the classification method of urban heat island intensity. The above processing involved three steps as follows:


	
Based on the previous studies in this area (Chen et al., 2020b), a deposition center of the LE was defined as a region with an annual sedimentation rate > 0.15 m/yr (corresponding to a monthly sedimentation rate > 0.0125 m/month) and a deposition area > 0.5 km2, while an erosion center of the LE was defined as a region with an annual erosion rate< -0.15 m/yr (corresponding to a monthly erosion rate< -0.0125 m/month) and an erosion area > 0.5 km2. Thus, the patches of sedimentary and erosional centers could be identified across varying hydrodynamic scenarios.


	
In this study, 


S
R



 was an index used to describe the intensity of bed elevation change (i.e., intensity of deposition center or erosion center), and its formula was as follows:
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whereas, 


S
R



 represented the intensity of bed elevation change; 


S
i



 represented the rate of bed elevation change in the i patch; 


S
a



 represented the defined rate of the bed elevation change of ± 0.0125 m/month (Positive values signify deposition centers, and negative values indicate erosion centers).


	
3. The intensity of bed elevation change was calculated by Equation 3, and the classification of deposition center or erosion center could be divided into four grades (
Table 6
). For example, Weak deposition center, Medium deposition center, Strong deposition center, and Extremely strong deposition center.






Table 6 | 
Classification of sediment deposition center and erosion center.





	



S
R



 index

	>0.75

	0.50~0.75

	0.25~0.50

	0.00~0.25

	−0.25~0.00

	−0.50~−0.25

	−0.75~−0.50

	<−0.75






	Types
	Deposition center
	Erosion center



	Classification
	Extremely strong
	Strong
	Medium
	Weak
	Weak
	Medium
	Strong
	Extremely strong















4 Results





4.1 Variation in volume of deposition and erosion





4.1.1 Change in volume of the ILE and OLE


The volume of deposition and erosion in LE differed notably under six typical hydrological scenarios (
Figure 5
). The major variations in volume of deposition and erosion were as follows: i) Overall, the volume of deposition and net deposition in LE showed an upward trend with the gradual increase of upstream runoff (
Figure 5a
). For example, the volume of deposition increased by 1.63 times from 1.57 ×107 m3 in the MQ0 scenario to 4.12 ×107 m3 in the MQ5 scenario. Correspondingly, the volume of net deposition increased significantly by 5.40 times from 0.54 ×107 m3 in the MQ0 scenario to 2.85 ×107 m3 in the MQ5 scenario. However, under the MQ1 scenario, the LE exhibited a dynamic equilibrium between deposition and erosion volumes, resulting in a comparatively lower net deposition of approximately2.52 ×106 m3 than other scenarios. ii) In the ILE, it showed a net erosion situation in the MQ0 and MQ1 scenarios, and the volume of net erosion were 2.78 ×106 m3 and 9.43 ×106 m3, respectively. However, it showed a net deposition situation in the MQ2-MQ5 scenarios, and the volume of net deposition increased from 0.93×107 m3 to 2.38×107 m3 with the gradual increase of upstream runoff (
Figure 5b
). iii) In the OLE, the volume of deposition altered slightly, and the net deposition volume showed a trend of “first increasing and then decreasing” with the increase of upstream runoff. Moreover, the maximum net deposition volume in the MQ1 scenario was 1.20×107 m3, which was 3 times of that in the MQ3 scenario.


[image: Bar graphs comparing deposition, erosion, and net volume for LE (total), ILE, and OLE in six periods (MQ0-MQ5). Red indicates deposition, blue indicates erosion, and yellow indicates net values. Positive values signify deposition, negative values signify erosion.]
Figure 5 | 

(a–c) The volume of deposition and erosion in LE under six typical hydrological scenarios.




As can been see in 
Figure 6
, the percentage of deposition and erosion area in LE changed slightly, and the overall percentage of deposition area was ~75%, except for the MQ1 scenario. However, the average percentage of erosion area increased slightly to 35% in the ILE and up to 45% in the MQ1 scenario (
Figure 6b
). In addition, the OLE was dominated by deposition, and the average percentage of deposition area was more than 85% (
Figure 6c
).


[image: Bar charts showing the percentage area of erosion and deposition for three scenarios: (a) LE (total), (b) ILE, and (c) OLE, across six time periods labeled MQ0 to MQ5. The bars are divided into blue for erosion and red for deposition.]
Figure 6 | 

(a–c) The percentage of deposition and erosion areas in LE under six typical hydrological scenarios.








4.1.2 Variation in volume of the five geomorphic units


With the increase of upstream runoff, the volume of deposition and erosion in the five geomorphic units (namely, Eastern Shoal, Eastern Channel, Middle Shoal, Western Channel, and Western Shoal (
Figure 1c
)) differed significantly (
Figure 7
). The main variations were as follows: i) In the channels, the Western Channel had always maintained the pattern of net erosion, and the maximum net erosion volume was 2.87 ×106 m3 in the MQ1 scenario (
Figure 7a
). In contrast, the net erosion pattern in the Eastern Channel was observed at low upstream runoff (MQ0 and MQ1 scenarios), while the net deposition pattern was observed at high upstream runoff (MQ2-MQ5 scenarios). ii) In the shoals, the Eastern Shoal had always kept the pattern of net deposition, the net deposition volume generally increased with the increase of upstream runoff, expect for MQ1 scenario (
Figure 7b
). In contrast, the net erosion patterns in the Middle Shoal and Western Shoal were observed at low upstream runoff, while the net deposition patterns were observed at high upstream runoff. The volume of net erosion or net deposition in the Western Shoal was 18 times larger than that in the Middle shoal (
Figure 7b
).


[image: Bar charts depicting the volume of net deposition (in millions of cubic meters) for channels and shoals across different methods (M00 to M05). Chart (a) represents channels with colored bars indicating EC, WC, ES, MS, and WS. Chart (b) represents shoals with the same color coding. Both charts show variations in net deposition volumes on the y-axis, with some negative values, indicating erosion, particularly in the channels.]
Figure 7 | 

(a, b) The volume of deposition and erosion in channels and shoals under six typical hydrological scenarios. Positive values indicate deposition; Negative values indicate erosion. EC, Eastern Channel; WC, Western Channel; ES, Eastern Shoal; MS, Middle Shoal; WS, Western Shoal.




The preceding analysis revealed that the overall net erosion pattern was observed in LE at low upstream runoff (especially the net erosion volume of the Western Channel and Western Shoal in the MQ1 scenario were 2.87 ×106 m3 and 2.43 ×106 m3, respectively), while the net deposition pattern was observed at high upstream runoff (especially the net deposition volume of the Western Shoal in the MQ5 scenario was up to 1.2×107 m3). Therefore, the Western Shoal could be regarded as a major sediment sink at high upstream runoff and an important source for downstream sediment supply at low upstream runoff. In addition, the back siltation trend in the Eastern Channel increased significantly with the increase of upstream runoff, especially in the MQ5 scenario.







4.2 Variation in deposition and erosion pattern


The response of deposition and erosion pattern to change in upstream runoff varied greatly (
Figure 8
). The main variations were as follows: i) In the MQ0 scenario, a general pattern of slight erosion was observed in the ILE, while an overall pattern of deposition was observed in the OLE. ii) The deposition and erosion pattern in the MQ1 scenario was similar to that in the MQ0 scenario, but the range of deposition and erosion in the former scenario was large than that in the latter scenario. Moreover, the strong erosion zone appeared in the area between Qi’ao Island, Inner-lingding Island, and the mouth of Shenzhen Bay (
Figure 8b
). iii) In the MQ2 scenario, the high-deposition centers were scattered outside the Humen outlet and Hengmen Eastern Channel “artificial outlet”. In addition, high-erosion areas were distributed inside the Hengmen Eastern Channel and Fuzhou Channel (
Figure 8c
). iv) With the increase of upstream runoff from MQ2 scenario to MQ5 scenario, the situation of deposition and erosion in the ILE and OLE were quit similar, but the area of the mouth bar outside the Humen outlet, Longxue Southern Channel “artificial outlet”, and Hengmen Eastern Channel “artificial outlet” widened seaward by 3−6 km, 2−3.5 km, and 4−5 km, respectively (
Figures 8c-f
). In contrast, the deposition in the OLE was generally weaker than that in the MQ1 scenario.


[image: Six-panel map series showing sediment thickness across a region, labeled MQ0 to MQ5. Each map displays variations in thickness using a color gradient from blue to red. Notable areas include OLE, ILI, and Shenzhen Bay, with a consistent scale bar of zero to sixteen thousand meters, and a legend indicating thickness in meters. Major geographical features and annotations like H[uM], WQSI, and ILE are present throughout all maps. North is oriented upwards.]
Figure 8 | 

(a–f) Variation of elevation in LE under six typical hydrological scenarios. HuM, Humen; JM, Jiaomen; HQL, Hongqili; HM, Hengmen; LXI, Longxue Island; WQSI, Wanqinsha Island; HMI, Hengmen Island; QI Qi'ao Island; ILI, Inner Lingding Island; ILE, Inner-lingding Estuary; OLE, Outter-lingding Estuary; LXSC, Longxue Southern Channel; HMEC, Hengmen Eastern Channel; ILI, Inner-lingding Island.




The preceding analysis in the volume and pattern of deposition and erosion revealed that the ILE was a critical site for sediment deposition at high upstream runoff (large to Catastrophic floods). However, the sediment in the ILE was eroded at low upstream runoff (multi-year dry season runoff), and then transported to the OLE for deposition.






4.3 Change in deposition and erosion centers





4.3.1 Characteristics of deposition and erosion centers


A sediment deposition center was a region with a high sediment concentration, a rapid deposition rate, and a large amount of deposition (Zhang et al., 2016). Several previous studies reported that the deposition rate in the Pearl River estuary (PRE), South China, was generally lower than 0.05–0.06 m/year due to high runoff and a low sediment load (Xiao, 2012; Liu et al., 2017). In the previous study, a deposition center in LE was defined as a region with an annual sediment deposition rate >0.15 m/year and a deposition area >0.50 km2 (Chen et al., 2020b). Therefore, this definition of deposition center was also adopted in this study. In addition, the definition of erosion center could refer to the definition of deposition center. The average erosion rate in LE was 0.07–0.09 m/year (Wu et al., 2016; Chen et al., 2020b). Through the comparison of the rates and areas of sediment erosion in LE, an erosion center in LE was defined as a region with an annual sediment erosion rate<-0.15 m/year and an erosion area >0.50 km2.


The number, area, and average rate of deposition and erosion centers changed notably under six typical hydrological scenarios (
Figure 9
). The main variations were as follows: i) In general, the number and area of deposition centers were relatively small at low upstream runoff (in the MQ0-MQ2 scenarios), while those at high upstream runoff (in the MQ3-MQ5 scenarios) were large, which were 6−11 patches and 50.93−62.53 km2 (
Figures 9a, b
), respectively. ii) The number and area of erosion centers in the MQ1 scenario were the largest, which were 8 patches and 14.53 km2. iii) The average rate of deposition and erosion centers increased obviously with the increase of upstream runoff, except for MQ4 scenario. The average rate of deposition and erosion centers in the MQ5 scenario were the largest, which were 0.215 m/year and −0.235 m/year (
Figure 9c
), respectively.


[image: Bar graph with three sections (a, b, c) comparing deposition and erosion centers across six locations labeled MQ0 to MQ5. Graph (a) shows the number of patches, with deposition centers having more patches. Graph (b) indicates the area of total patches, predominantly larger for deposition centers. Graph (c) displays the average rate, with positive values for deposition and negative for erosion. Deposition bars are pink, and erosion bars are blue.]
Figure 9 | 

(a–c) The number, area, and average rate of deposition and erosion centers under six typical hydrological scenarios.








4.3.2 Classification and location of deposition and erosion centers


The intensity of sediment deposition or erosion was calculated by Equation 3, and the classification of sediment center or erosion center could be divided into four grades (
Table 6
). For example, Weak deposition center, Medium deposition center, Strong deposition center, and Extremely strong deposition center.


Based on the classification of deposition center and erosion center in 
Table 6
, the map of deposition center and erosion center under different upstream runoff scenarios were drawn (
Figure 10
). The intensity and location of deposition or erosion center varied notably, and the main variations were follows: i) In the MQ0 and MQ1 scenarios, a few and small weak deposition centers were observed in the southern part of the OLE, in the northern side of ILE, and near the Humen outlet. However, a large number of weak to medium erosion centers were located in the Hengmen Eastern Channel, Fuzhou Channel, and in the zone between Qi’ao Island, Inner-lingding Island, and the mouth of Shenzhen Bay (
Figure 10b
). ii) In the MQ2 scenarios, a few weak to medium deposition centers appeared in the Humen outlet, Longxue Southern Channel, and outside the Hengmen Eastern Channel “artificial outlet”. iii) With the increase of upstream runoff, the area of deposition center formed outside the outlets widen seaward, and the intensity of deposition centers increased. For example, the deposition center outside the Hengmen Eastern Channel was changed from the weak deposition center in the MQ2 scenario, to the medium deposition center in the MQ3 and MQ4 scenarios, and to the strong deposition center in the MQ5 scenario. Moreover, the area of deposition center outside the Humen outlet and the Hengmen Eastern Channel “artificial outlet” widen outward by 9.62 km and 5.43 km from the MQ2 scenario to the MQ5 scenario, respectively (
Figure 10f
). iv) Strong to extremely strong deposition centers were easy to form inside the Longxue Southern Channel (
Figures 10d-f
). In addition, medium to strong erosion centers were observed in the Fuzhou Channel and Hengmen Eastern Channel (
Figures 10e, f
).


[image: Six-part map series showing erosion and deposition centers in a geographic region over different time frames labeled from MQ0 to MQ5. Each map includes color-coded areas depicting erosion (blue shades) and deposition (orange and red shades) with varying intensities from weak to extremely strong. Key locations like OLE, ILE, and Shenzhen Bay are marked. A scale bar and north arrow are included for orientation. A legend explains the color classifications.]
Figure 10 | 

(a–f) The intensity and distribution of deposition centers and erosion centers under six typical hydrological scenarios. HuM, Humen; JM, Jiaomen; HQL, Hongqili; HM, Hengmen; LXI, Longxue Island; WQSI, Wanqinsha Island; HMI, Hengmen Island; QI, Qiao Island; ILI, Inner Lingding Island; ILE, Inner-lingding Estuary; OLE, Outter-lingding Estuary; LXSC, Longxue Southern Channel; HMEC, Hengmen Eastern Channel; FZC, Fuzhou Channel; JXM, Jinxingmen; ILI, Inner-lingding Island; CBC, Chuanbi Channel.




The preceding analysis revealed that the upstream runoff discharge in the MQ2 scenario was regarded as the basic runoff condition for the formation of the deposition center outside the outlets. With the increase of upstream runoff, the intensity and range of deposition centers increased significantly. Likewise, the intensity of erosion centers also increased. In addition, the strong to extremely strong deposition center was easy to form inside the Longxue Southern Channel.








5 Discussion




5.1 Variations in the dynamic contrast between runoff and tide


The unique dynamic characteristics of estuarine regions are shaped by the interaction between runoff and tide (Shi, 2001). With the increase of runoff dynamics, the stagnation zone of runoff and tide moved downstream (Xu, 2014). On the contrary, the stagnation zone of runoff and tide moved upstream, and the range of salinity intrusion increased (Wu et al., 2006). The change of the dynamic contrast between runoff and tide was an important factor for causing the variation of suspended sediment concentration in the estuary (Fan, 2016), which could alter the sediment transport and deposition pattern.


The spatial pattern of stagnation points (the equilibrium of the dynamic contrast between runoff and tide) in LE was as follows: i) In the MQ1 scenario, the equilibrium zone of the dynamic contrast between runoff and tide was distributed to the south of ILI (
Figure 11c
, pink dotted line). The stagnation point A in the Eastern Channel was located near the mouth of Shenzhen Bay, and the stagnation point B in the Western Channel was located on the southwest side of ILI. ii) Compared with the MQ1 scenario, the equilibrium zone of the dynamic contrast between runoff and tide in the MQ3 and MQ5 scenarios moved southward, by ~3.5 km and ~5.4 km, respectively. The stagnation point in the Eastern Channel moved southward from point A to point A’ by 3.1 km, to point A’’ by 5.3 km. The stagnation point in the Western Channel moved southward from point B to point B’ by 6.5 km, to point B’’ by 9.1 km. The zone near the equilibrium of the dynamic contrast between runoff and tide deposited notably, so in the MQ1 scenario, the deposition zone was observed in the northern part of OLE (
Figure 8b
). Furthermore, the equilibrium zone between runoff and tide moved around north and south with the change of the dynamic contrast between runoff and tide, thus affecting the geomorphological evolution pattern in LE. Owing to the southern shift of the equilibrium zone between runoff and tide in LE, the range of deposition center in the MQ5 scenario extended outward by 6−10 km (
Figures 10c-f
).


[image: Three maps depict oceanographic data near Lantau Island. Panel (a) shows residual current velocity with vectors indicating flow direction and velocity color-coded from red (0.6 m/s) to green (0 m/s). Panel (b) illustrates average suspended sediment concentration (SSC) in shades of purple from 0 to 0.20 kg/m³. Panel (c) marks stagnation points with varying symbols for MQ1, MQ3, and MQ5, highlighting channels and shoals. Text annotations indicate geographic locations such as HM, HQL, and Shenzhen Bay. Scale and north direction are consistent across panels.]
Figure 11 | 
The pattern of residual current velocity and average SSC in the MQ1 scenario (a, b), and the stagnation points in the MQ1, MQ3, and MQ5 scenarios (c). stagnation point in the MQ1, MQ3, and MQ5 scenarios. SSC, Suspended sediment concentration; JM, Jiaomen; HQL, Hongqili; HM, Hengmen; LXI, Longxue Island; HMI, Hengmen Island; ILI, Inner-lingding Island; Qf, Qiao Island.








5.2 Mechanism of the deposition regime shift





5.2.1 Mechanism of the deposition regime shift in the ILE and OLE


A large flood referred to the natural phenomenon when water discharge and water levels increased rapidly. During flood period, a large amount of sediment could be transported to estuaries. Liu et al. (2019b) reported that a high flood stage was a principal factor accounting for an acceleration of floodplain sedimentation induced by large to catastrophic flood in the middle and lower Yangtze River. Similarly, the Pearl River basin was also a region prone to frequent flooding, and it had experienced several large to catastrophic flood events over the past four decades (Chen et al., 2020b). The annual water and sediment discharges in the downstream became relatively larger in the year of the flood events. He et al. (2020) reported that the sediment loads under catastrophic flood into the LE from the Humen, Jiaomen, Hongqili, and Hengmen outlets reached 1.67 ×107 t in total, compared with 4.54 ×106 t under usual flood. Under the high upstream runoff conditions, LE presented an overall deposition pattern (
Figure 12a
), in which strong deposition pattern was observed in the ILE with a net deposition volume of 1.91−2.38 ×107 m3 (
Figure 5b
), while OLE showed a slight deposition pattern with a net deposition volume of 4.68−4.73 ×106 m3 (
Figure 5c
). Moreover, a pattern of multiple strong to extreme deposition centers exists in LE because of unique multiple outlets (
Figures 10d-f
), and the water and sediment discharge at different outlets varied greatly. In this study, ~60% of sediment load deposited notably outside the outlets during large to catastrophic flood events. As a result, two large and strong deposition centers were formed outside the Humen outlet, Longxue Southern Channel “artificial outlet”, and Hengmen Eastern Channel “artificial outlet” (
Figure 12a
). In addition, the sediment in the OLE was favored to be transported to the South China Sea due to the southern shift of the equilibrium zone between runoff and tide by 3−5 km during large to catastrophic flood events. In consequence, a slight deposition pattern was detected in the OLE (
Figure 12a
).


[image: Map depicting sediment deposition and erosion in the Pearl River Delta under different runoff conditions. Panel (a) shows high upstream runoff with strong and slight deposition areas marked in orange and yellow, respectively. Panel (b) illustrates low upstream runoff, featuring medium erosion and deposition areas in blue and orange. Legends indicate sediment sources and transport paths. Key locations like Hong Kong, Macau, and Shenzhen are labeled.]
Figure 12 | 

(a, b) Schematic maps of the deposition regime shift in the ILE and OLE. High upstream runoff referred to the water discharge was more than the multi-year flood season average runoff; Low upstream runoff referred to the water discharge was less than the multi-year dry season average runoff. LXSC, Longxue Southern Channel; HMEC, Hengmen Eastern Channel; QI, Qi'ao Island; ILI, Inner-lingding Island.




Compared with the high upstream runoff conditions, the deposition regime in LE altered significantly under the low upstream runoff conditions. The main variations were as follows: i) Owing to the lack of upstream sediment loads at the low upstream runoff conditions, a medium erosion pattern was observed in the ILE with a net deposition volume of -9.43×106 m3 (
Figure 5b
), while a medium deposition pattern was detected in the OLE with a net deposition volume of 1.19×107 m3 (
Figure 5c
). ii) Two large and medium erosion zones were observed in the area between Qi’ao Island, Inner-lingding Island, and the mouth of Shenzhen Bay at the low upstream runoff conditions (
Figure 8b
). However, the sediment from these erosion zones was transported by tidal current to deposit in the northern part of the OLE (
Figure 12b
). Moreover, iii) a small and weak deposition center was appeared in the southern part of the OLE (near the western side of Lantau Island) because of sediment from the sea (
Figures 11a, b
). iv) The sediment from the sea and the sediment erosion in the ILE were the major factor for causing the enhancement of deposition in the OLE.


The preceding analysis revealed that the deposition regime in the ILE shifted from erosion pattern in the MQ1 scenario to deposition pattern in the MQ2 scenario (
Figure 5b
), corresponding to the upstream runoff conditions of 3120 m3/s (the sum of water discharge from Boluo, Shijiao and Gaoyao hydrological stations) and 6831 m3/s (
Table 4
), respectively. Therefore, the dynamic equilibrium pattern of sediment erosion and deposition in the ILE might be appear at the upstream runoff conditions between 3120 m3/s and 6831 m3/s.






5.2.2 Mechanism of the deposition regime shift in the channels and shoals


The ILE showed a unique geomorphic pattern of “three shoals and two channels”, and the response of deposition regime to changes in upstream runoff varied greatly in the shoals and channels. Under the high upstream runoff conditions, the main variations were as follows: i) In the shoals, they generally showed a strong sediment deposition pattern, and an extremely strong deposition pattern was observed in the Western Shoal with a net deposition volume of 1.21×107 m3 (
Figure 13b
). ii) In the channels, a weak sediment erosion pattern was detected in the Western Channel with a net deposition volume of -7.69×105 m3 (
Figure 7a
), while a weak sediment deposition pattern was observed in the Eastern Channel with a net deposition volume of 1.22×106 m3 (
Figure 7a
).


[image: Map illustration of the Lingdingyang Estuary, divided into three parts. Panel (a) shows the estuary's location near Zhuhai, Macao, and Hong Kong, with regions WS, MS, and ES marked. Panel (b) depicts high upstream runoff with color coding for deposition and erosion, indicating weak to extremely strong areas. Panel (c) shows low upstream runoff with similar color coding. Key locations, including OLE and Lantau Island, are labeled.]
Figure 13 | 

(a–c) Schematic maps of the deposition regime shift in the shoals and channels. High upstream runoff referred to the water discharge was more than the multi-year flood season average runoff. Low upstream runoff referred to the water discharge was less than the multi-year dry season average runoft. ES, Eastern Shoal; MS, Middle Shoal; WS, Western Shoal; EC, Eastern Channel; WC, Western Channel.




Compared with the high upstream runoff conditions, the deposition regime in the different geomorphic units altered significantly under the low upstream runoff conditions. The main variations were as follows: i) Owing to the lack of upstream sediment loads at the low upstream runoff conditions, an overall sediment erosion pattern was showed in the shoals and channels, except for the Eastern Shoal (
Figure 13c
). ii) In the shoals, a medium sediment erosion pattern was observed in the Western Shoal with a net deposition volume of -2.48×106 m3 (
Figure 7b
) and a weak sediment erosion pattern was detected in the Middle Shoal. In addition, a medium sediment deposition pattern was observed in the Eastern Shoal with a net deposition volume of 1.17×106 m3 (
Figure 7b
). iii) In the channels, an extremely strong sediment erosion pattern was observed in the Western Channel with a net deposition volume of -2.88×106 m3 (
Figure 7b
), while the Eastern Channel showed the weak sediment erosion pattern (
Figure 13c
).


The preceding analysis revealed that the deposition regime in the Western Shoal shifted from a medium sediment erosion pattern at low upstream runoff condition to an extremely strong sediment deposition pattern at high upstream runoff condition. This indicated that the Western Shoal played a key role in the regulation of sediment “source and sink” in the ILE. Similarly, the phenomenon occurred in the Middle Shoal, and the dynamic equilibrium pattern of sediment erosion and deposition in the Middle Shoal might be appear in the MQ2 scenario with a slight net deposition volume of 6.21×103 m3 (
Figure 7b
). In the channels, with the increase of upstream runoff, the sediment erosion pattern weakened notably, even altered in the Western Channel. And these morphology variations in the Western Channel of LE are in-line with He et al. (2020).







5.3 Comparison of sediment regime responses to upstream runoff and sediment discharge conditions across estuaries


This study demonstrates that increasing upstream runoff magnitude significantly alters the sediment regime in LE, driving distinct shifts in erosion-deposition patterns across geomorphic units. Similar runoff-driven sediment regime changes have been reported globally, exemplified by: enhanced deposition in California’s Cache Creek (Tu et al., 2017), rapid channel widening during extreme floods in the Yangtze Estuary (Mei et al., 2018), and sediment redistribution in the Modaomen Estuary (Liu et al., 2023). Moreover, under extreme flood conditions, the upstream sediment transport rates in the LE increase significantly, and a large amount of sediment is exported into the LE through the four eastern outlets (Humen, Jiaomen, Hongqili, and Hengmen) (He et al., 2020). Similar phenomena have been found in the Rhone River delta (Boudet et al., 2018) and the Qiantang Estuary (Xie et al., 2017). In addition, the 1998 Yangtze River catastrophic flood removed accumulated sediments deposited around the channel openings during the preceding years and redeposited them on the shelf (Dai et al., 2014).


However, unlike other alluvial estuaries, the LE’s multi-outlet sediment delivery system results in a distinct set of sedimentary response mechanisms. Multiple depocenters were observed near the outlets of the LE, with both the depositional thickness and area correlating positively with upstream runoff magnitude (
Figures 10c-f
). In contrast, the Misa River channel experienced slight erosion, while the estuary was subject to severe erosion during the flood season (Brocchini et al., 2017). In addition, under flood conditions, the ILE functions as a major sediment sink for upstream-derived materials (
Figure 12a
), particularly in shoal regions (
Figure 13b
). Conversely, during drought conditions, the ILE transitions to a sediment source, while the OLE becomes the dominant depositional sink (
Figure 12b
). Obviously, the intrinsic link between the variations in upstream runoff and sediment discharge and the estuarine sediment regime is unique and complex among the world’s major estuaries.






5.4 Implications for future estuary management


This study showed that the deposition regime in LE responded to upstream runoff variation in a complex fashion. During the high upstream runoff conditions, a large amount of sediment load was prone to be deposited in the ILE (
Figure 5b
), and the strong sediment deposition centers were formed outside the Humen outlet and Hengmen Eastern “artificial outlet” (
Figures 10d-f
), which may lead to the decrease of flood discharge capacity at the “Four Eastern Outlets” in LE. The weakening of regulation function in the outlets may lead to the flood disasters in the upstream cities, including tide overflow, wharf safety and so on. Due to the combined influence of the flood discharge from Xijiang River and Liuxi River and astronomical spring tides, the high tidal level of several river channels in the Pearl River exceeded the warning level during the catastrophic flood from June 15 to 16, 2022 (Reported by Pearl River Water Resources Commission of the Ministry of Water Resources). For example, the highest tidal level of Zhongda hydrometric station exceeded the warning level by 0.79 m. Consequently, the tide overflow was observed in the Yanjiang Road (
Figure 14b
), and the infrastructure of the Xiti Wharf was damaged (
Figure 14c
). Therefore, the impacts of strong sediment depocenter outside the outlets on flood discharge capacity cannot be overlooked during catastrophic flood and mitigation measures such as flood control and dredging should be taken (He et al., 2020). In addition, the relative tidal forcing of LE may increase by massive estuarine engineering (Chu et al., 2022), which means stronger saltwater intrusion and higher risk of flooding.


[image: Map and photographs of the Pearl River Estuary in China. The map (a) illustrates locations like Canton, Shenzhen, and Hong Kong, with features such as metropolises and sediment loads. Photo (b) shows Yanjiang Road with a riverside walkway and cityscape. Photo (c) depicts Xiti Wharf with buildings and waterfront activity, taken on June 15, 2022, at around midday.]
Figure 14 | 

(a) Tidal overflow in the upstream reaches of LE during the catastrophic flood (June2022). LE, Lingdingyang Estuary. (b, c) The highest tidal level of Zhongda Hydrometric station was 2.69 m At 11:45 on June 15, 2022, exceeding the warning level by 0.79 m. and are revised from Southcn.com.




Secondly, the ILE presented an erosion pattern at the low upstream runoff conditions, and strong erosion zones were detected in the area between Qi’ao Island, Inner-lingding Island and the mouth of Shenzhen Bay (
Figure 8b
). The deposition regime of the Western Shoal was change from strong deposition at high upstream runoff condition to strong erosion at low upstream runoff condition (
Figures 13b, c
). So, the Western Shoal played an important role in sediment source and sink of LE. Moreover, owing to the deposition regime change, the morphologic equilibrium between shoals and channels may be altered (Hu et al., 2018). According to the comparison of net deposition volume in section 3.1.2, the morphologic equilibrium of the Eastern Channel may occur in the MQ2 scenario (Fig7). Additionally, due to large amount of sediment discharge under large to extreme flood conditions, heavy deposition was observed in the channels, especially in the Eastern Channel with a net deposition volume of 1.22×106 m3 in the MQ5 scenario (
Figure 7a
). And these morphology changes are in-line with Wu et al. (2014). The influences of catastrophic floods on the navigation channels should raise wide attention and it also seems reasonable to assume that maintenance of shipping channels will necessitate ever-deeper dredging owing to greater displacement of large ships.


Thirdly, an erosion pattern was observed in the Middle Shoal at low upstream runoff conditions. Although under catastrophic floods condition, the net deposition volume of the Middle Shoal was 1.16×106 m3, less than 10% of the net deposition volume in the Western Shoal and 65% of the net deposition volume in the Eastern Shoal (
Figure 7b
). Moreover, Li (2017) and Chen et al. (2020b) had reported that a large number of massive sand mining projects had been detected in the Middle Shoal of LE. Owing to large-scale sand mining after 2008, a huge sand pit with a volume of 7.0×108 m3 had been formed in the Middle Shoal (Ying et al., 2019), which was basically equivalent to the net deposition volume of the Middle Shoal from 1955 to 2008 (Yang et al., 2019). Once the Middle Shoal is hollowed by massive sand mining, its recovery is quite difficult with sharp decrease of sediment in upstream. Therefore, large-scale sand mining in the Middle Shoal should be more cautious and limited in the future. In contrast, the Eastern Shoal always showed a net deposition pattern, even if the net deposition volume was 5.97×104 m3 in the MQ0 scenario. A net deposition volume of 1.78×106 m3 was observed in the Eastern Shoal under catastrophic floods condition (
Figure 7b
). Furthermore, the total net deposition volume of the Eastern Shoal was ~ 1.53×108 m3 from 1955 to 2015 (Chen et al., 2020b). It seems reasonable to assume that appropriate sand mining in the Eastern Shoal of LE is desirable.


This research highlights the importance of understanding the deposition regime and its possible response to upstream runoff variations. Based on these results, we could provide specific guidelines for estuarine management. i) The impacts of strong sediment depocenter outside the outlets should conduct more thorough analysis under large to catastrophic flood conditions to minimize the increase of flood risk; ii) Mitigation measures such as bathymetric monitoring and dredging should be taken in the channels (i.e., Eastern Channel) during extreme flood condition. iii) The strong erosion of the Western Shoal and Middle Shoal cannot be overlooked at low upstream runoff and large-scale sand mining should be prohibited at locations that may alter the morphologic balance between shoals and channels, such as the Middle Shoal in LE. iv) Appropriate sand mining in the Eastern Shoal of LE is desirable that may not only maintain the tidal dynamic in the Eastern Shoal, but also promote the social and economic development. The modeling developed in the current study can help predict the possible disturbances of extreme upstream runoff events on LE in the future.






5.5 Limitations and future studies


While this study provides valuable insights into the response of sediment regime in LE to upstream runoff variations, the following limitations should be acknowledged: (1) Validation data primarily relied on historical reports, lacking high-resolution in-situ measurements of sediment flux during extreme flood/drought events; (2) The LEM exclusively considered cohesive sediments, neglecting the role of non-cohesive sediments in shaping estuarine deposition patterns; (3) Constrained by limited access to recent bathymetric and shoreline data, the LEM was constructed using 1999 bathymetric and shoreline data. While this approach effectively reveals the fundamental response patterns of LE’s deposition regime to upstream variations, the scenario simulations did not incorporate recent environmental changes such as sand mining activities and sea-level rise– a critical gap for future research.


Furthermore, future research should prioritize in-depth analysis of recent topographic and shoreline changes, combined with improved morphological modeling, to advance our understanding of estuarine sedimentation mechanisms.







6 Conclusions


Over the past half-century, the Pearl River Basin has experienced frequent extreme hydrological events, leading severe challenges in LE, including navigation channel sedimentation, estuarine blockage, and urban waterlogging. This study employs an internally coupled TELEMAC-2D and SISYPHE model to examine the influence of upstream runoff variability on the sedimentation regime of LE. The main conclusions can be summarized as follows.


Persistent net deposition occurs in LE across all hydrological regimes, intensifying with higher runoff (> 6831 m3/s) and forming prominent depocenters near outlets. The ILE shifts from erosion (low runoff:< 3120 m3/s) to strong deposition (high runoff), with a morphologic equilibrium pattern likely between 3120 m3/s and 6831 m3/s. The Western Shoal exhibits medium erosion pattern (a net deposition volume of -2.43×106 m3 in the MQ1) under low runoff but extreme deposition (a net deposition volume of 1.20×107 m3 in the MQ5) during high runoff, while the Western Shoal approaches equilibrium in MQ2 (a slight net deposition volume of 6.21×103 m3). Catastrophic floods drive abrupt navigation channel sedimentation (i.e. a net deposition volume of 1.22×106 m3 in the Eastern Channel), necessitating dredging and bathymetric monitoring. Sustainable sand mining requires avoiding large-scale extraction in the marginally depositing/eroding Middle Shoal, but permits regulated activity in the consistently depositing Eastern Shoal.


These findings show that deposition regime in LE can be altered by the changes of upstream runoff and sediment. Such mechanistic understanding holds strategic importance for adaptive management strategies to address future extreme hydrological events. Furthermore, the results of this study enrich our understanding of the variations in deposition regime of LE in response to changes in upstream runoff and sediment, which could benefit other estuaries facing similar influences.
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