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Abstract: This study investigates the spatiotemporal evolution of the Yellow River Delta shoreline 

from 1976 to 2024 using 156 remote sensing images and hydrological data. By integrating waterline 

extraction, DSAS model, and EPR index analysis, quantified shoreline dynamics and identified 

dominant drivers. Results reveal distinct subregional patterns: the Diaokou Subdelta transitioned 

from severe erosion (-372.1 m/a, 1976–2002) to dynamic equilibrium (109.5 m/a post-2016) under 

alternating marine and anthropogenic controls. The Qingshuigou Subdelta exhibited extreme shifts 

from rapid progradation (1453.9 m/a, 1976–1996) to intense erosion (-1761.0 m/a post-1996) due to 

channel diversion and sediment deprivation. Dongying Port maintained weak deposition (11.2 m/a) 

through artificial levee effects, while the active river mouth sustained persistent accretion (3.75 km/a 

post-2016) under natural sediment supply. Key drivers include fluvial sediment flux (dominant in 

progradation phases), marine erosion (critical in abandoned lobes), and engineering interventions 

(e.g., levees reduced erosion by 68.55 m/a). This study highlights the necessity of balancing natural 

processes and human interventions for coastal resilience, providing a scientific foundation for delta 

management and sustainable governance. 

Keywords: Yellow River Delta; shoreline stability; DEM (Digital Elevation Model); instantaneous water edge 

line; Digital Shoreline Analysis System; Water and Sediment fluxes 

 

1. Introduction 

The coastal zone, as an interface between marine and terrestrial environments, possesses 

significant ecological, economic, and social functions. Protecting and sustainably managing this zone 

demonstrates environmental stewardship and forms the foundation for future development[1]. The 

Yellow River Delta has been shaped by long-term depositional land-building processes driven by 

high sediment-laden river discharge, with its evolution governed by alternating cycles of deposition, 

extension, elevation, migration, and diversion[2]. Since 1855, the Yellow River has undergone 

multiple channel diversions (Figure 1), including the Shenxiangou course period (1954-1964), 

Diaokou River course period (1964-1976), Qingshuigou course period (1976-1996), and Qing 8 

distributary course period (1996-present). These diversions have formed the Diaokou Subdelta, 

Dongying Port and adjacent areas, Qingshuigou Subdelta, and the active river mouth area. 

In recent decades, scholars have conducted multidimensional studies on the Yellow River Delta. 

The erosion-deposition processes in tidal flats are influenced by natural factors including 

hydrological conditions (tidal dynamics[3,4], wave action[5]), meteorological 

factors[6,7](precipitation, wind forcing[7]), topographic features[8,9] (seabed morphology, tidal flat 

geometry[10]), biological activities (flora and fauna interactions[11]), geological 
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processes[12,13](sediment provenance[14–20], crustal movements[21–23]), and anthropogenic 

factors such as engineering projects[24] and sand mining/wastewater discharge[13,25–31]. The 

system generally exhibits deposition during flow periods and erosion during non-flow periods. 

Under combined influences, distinct patterns emerge across subregions : Diaokou Subdelta: strong 

deposition-weak deposition-stabilization-erosion-coexisting 

erosion/deposition[24,32,33];Qingshuigou Subdelta: strong deposition-weak deposition-weak 

erosion-intense erosion[34–36]; Gudong nearshore: strong deposition-dynamic equilibrium-erosion-

severe erosion[37,38]; Active river mouth area: persistent deposition with continuous coastline 

morphological changes[39–41].However, existing studies have limitations: limited remote sensing 

imagery datasets constrain statistical analysis of shoreline changes; focus predominantly on subdelta 

regions rather than holistic delta-scale investigations; Overreliance on mean high water line (MHWL) 

method for shoreline extraction, underutilizing instantaneous waterline data; Emphasis on large-

scale water-sediment relationships and evolutionary patterns, insufficient attention to shoreline 

evolution stability near active channels; Predominant use of planimetric coastline retreat/advance 

metrics, lacking three-dimensional morphological models of the delta. 

This study applied the OTSU algorithm[42–46] to extract instantaneous waterlines spanning 1976-

2024, with subsequent annual median shoreline positions derived through the Digital Shoreline 

Analysis System (DSAS)[30,47–51]. An integrated analytical framework combining shoreline length 

metrics, endpoint rate (EPR), and stability indices[50,52,53] was developed to quantify shoreline 

migration dynamics, stability regimes, and spatiotemporal evolution mechanisms of the Yellow River 

Delta. Tidal elevation datasets enabled vertical referencing during DEM construction, while cross-

sectional morphometric profiling provided enhanced visualization of coastal processes. This 

methodological advancement deepens mechanistic understanding of delta shoreline evolution, 

establishes technical foundations for coastal resilience enhancement, and promotes sustainable delta 

governance. 

 

Figure 1. Map of the Course Changes of the Yellow River since 1855[54]. 

2. Materials and Methods  

2.1. Research Region 

The Yellow River Delta, an alluvial plain formed by sediment deposition in the Bohai Sag, 

extends from the apex at Kenli Ninghai in its modern configuration. Bounded by the Tiao'er River 

Estuary (north) and Zhimai Channel Estuary (south), it covers approximately 5,400 km², with 5,200 

km² within Dongying City[1]. Historically significant channel diversions include: 1964 artificial 

breach at Luojiawuzi redirecting flow through the Diaokou River; 1976 artificial cutoff at Xihekou 

establishing the Qingshuigou course; 1996 Qing 8 distributary diversion (north of Qingshuigou) for 

Shengli Oilfield operations. These engineering interventions induced pronounced sediment 

deposition and land accretion. Shoreline evolution critically influenced by discharge channel shifts, 
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directly impacts coastal industries, agriculture, and petroleum infrastructure safety, while 

abandoned channels retain strategic resource potential. Per regional planning: the Diaokou fluvial is 

maintained as a protected standby channel, Post-Qingshuigou fluvial retirement, Diaokou 

reactivation receives priority. Our study focuses on the modern Yellow River Delta (ca. 3,000 km² 

terrestrial area), partitioned into four zones per shoreline typology and historical analogs (Figure 2): 

Diaokou Subdelta, Dongying Port and adjacent areas, Qingshuigou Subdelta, Active River 

Mouth, Spanning 37°36'-38°10'N, 118°36'-119°30'E, this investigation evaluates erosion-accretion 

patterns and vulnerability assessment frameworks across subregions. 

  

Figure 2. research region. 

2.2. Data Source and Preprocessing 

The remote sensing datasets for this study were primarily acquired from the United States 

Geological Survey (USGS) (http://glovis.usgs.gov/) and China Centre for Resources Satellite Data and 

Application (CCRSDA) (https://data.cresda.cn/#/home), comprising 156 Landsat scenes (Figure 3). As 

the terminal hydrological control station before river-ocean interaction, Lijin Station—located 

approximately 100 km upstream from the active distributary mouth (Figure 2)—provides 

representative measurements of Water and Sediment fluxes entering the delta[15,55].The water and  

sediment flux dataset spans 1976-2024, integrating: Hydrological Characteristics of major Chinese 

Rivers (1976-1979); Lijin Hydrological Station records (1980-1999); China Sediment Bulletin (2000-

2023). All data underwent rigorous Three-Criteria Hydrological Validation[56]. For the 156 satellite 

images (1976-2024), preprocessing workflows in ENVI/ArcGIS included: Scene subsetting, 

Radiometric calibration, Atmospheric correction, Geometric registration (referenced to the 1976-12-

17 baseline image with ≤0.5 pixel accuracy) 

 

Figure 3. Remote sensing imagery. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 March 2025 doi:10.20944/preprints202503.1109.v1

https://doi.org/10.20944/preprints202503.1109.v1


 4 of 18 

 

2.3. Methods 

This study utilized remote sensing imagery (1976-2024) to extract instantaneous waterlines, with 

the intertidal median line (Tm) calculated to represent the mean shoreline position. 

(1) Image Preprocessing 

Preprocessing workflows for the 156 satellite images (1976-2024) were conducted in 

ENVI/ArcGIS, including: scene subsetting (spatial domain masking); radiometric calibration (DN-to-

reflectance conversion); atmospheric correction (FLAASH model implementation); geometric 

registration (referenced to the 1976-12-17 baseline image with ≤0.5 pixel accuracy) 

(2) Waterline Extraction and Vertical Referencing 

Water-land classification was conducted using the Normalized Difference Water Index 

(NDWI)[57–59]. This method is applicable to Landsat 1-9 satellites and has been widely applied in 

the Yellow River Delta region. Its mathematical expression is: 

NDWI =
𝐿𝐺𝑟𝑒𝑒𝑛 − 𝐿𝑁𝐼𝑅

𝐿𝐺𝑟𝑒𝑒𝑛 + 𝐿𝑁𝐼𝑅

 (1) 

In the formula, 𝐿𝐺𝑟𝑒𝑒𝑛 and𝐿𝑁𝐼𝑅  are the pixel brightness values of the green band and the near - 

infrared band respectively. They correspond to Bands 1 and 3 of Landsat 2/3 MSS images, Bands 2 

and 4 of Landsat 4, 5 MSS/TM images, and Bands 3 and 5 of Landsat 8, 9 OLI images. 

Automated Threshold Segmentation using the OTSU algorithm was applied to generate land-

water binary images, enabling precise delineation of the outermost water boundary. Given the study 

area's tidal flat characteristics seaward of the coastline, post-processing included: morphological 

smoothing of extracted waterlines. The smooth treatment method of the river channel is to connect 

the two sides of the river channel with vertical segments. 

Obtain tide height data at satellite transit moments for five tide gauge stations 

(Wanwanggoukou, HuangheHaigang, Gudong, Kendong, Xiaodaohe) through field measurements 

and harmonic constant analysis and prediction( Formula 2 ) and using Kriging interpolation to 

construct DEM. 

ℎ𝑡 = 𝐴0 + ∑  𝑚
𝑖 {𝑓𝑖𝐻𝑖cos[𝜎𝑖𝑡 + 𝐺(𝑉0 + 𝑢)𝑖 − 𝑔𝑖]}  (2) 

In the formula, 𝐴0  is the average sea - level height during the analysis period; 𝜎𝑖  is the angular 

velocity of the tidal constituent; 𝑓𝑖  is the nodal factor; 𝐻𝑖   is the average amplitude of the tidal 

constituent; 𝐺(𝑉0 + 𝑢)𝑖 is the Greenwich initial phase angle of the tidal constituent; and 𝑔𝑖 is the 

local - time lag angle. Here, 𝐻𝑖   and 𝑔𝑖  vary with tidal constituent and locations, but they are 

constants for specific tidal constituent at specific locations, which are called tidal harmonic constants. 

 

Figure 4. Method. 

(3) End Point Rate(EPR) 
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The Digital Shoreline Analysis System (DSAS) developed by the United States Geological Survey 

(USGS) was employed to quantify shoreline dynamics in the Yellow River Delta. This analysis 

established 11 median shoreline positions, with coastal segments classified into four zones based on 

shoreline orientation, tidal gauge station distribution, and change trajectories: Diaokou Subdelta, 

Dongying Port and adjacent areas, Qingshuigou Subdelta, Active River Mouth. Spatiotemporal 

evolution patterns were evaluated using the Endpoint Rate (EPR) metric[60], calculated as: 

𝐸(𝑖𝑗) =
𝑑𝑗 − 𝑑𝑖

Δ𝑌(𝑗𝑖)

 (3) 

Where i represents the point where the coastline of the farthest year intersects with the surface line, 

and j represents the point where the coastline of the most recent year intersects with the transection. 

𝐸(𝑖𝑗) is EPR, represents the endpoint rate from the coastline of the farthest year to the coastline of the 

most recent year. 𝑑𝑖 and 𝑑𝑗 represent the distances from the coastline of the farthest year and the 

most recent year to the baseline of the coastline. Δ𝑌(𝑗𝑖) represents the time interval between the most 

recent year and the farthest year.  

(4) Shoreline Stability 

Based on multi-temporal shoreline changes, this study introduces three parameters to analyze 

spatial patterns of shoreline stability: shoreline vertical extent (D), annual change rate of vertical 

extent (SY), and shoreline stability index (E), providing theoretical support for coastal resource 

management. The definitions and computational models are as follows: shoreline vertical extent (D): 

horizontal displacement distance of shoreline toward sea/land under natural or anthropogenic 

influences; annual change rate of vertical extent (SY): Shoreline displacement distance per unit time 

(typically annual); shoreline stability index (E): Ratio of relatively stable segments (slight deposition, 

stable, slight erosion; classification criteria follow Standards for the Classification of deposition Levels 

[Table 1]) to total shoreline length within analytical units. Higher values indicate greater stability 

𝐷 =
1

𝑛
∑  𝑛

𝑘=1 𝐿𝑘  (4) 

𝑆𝑌 =
𝐷

𝑦
 (5) 

𝐸 =
𝑅𝑠

𝑅𝑐
 (6) 

Where: n is the number of profiles perpendicular to the dominant orientation of the shoreline; 𝐿𝑘 is 

the change distance on the k-th profiles; y is the time interval of shoreline change; 𝑅𝑠 is the total  

length of relatively stable shoreline segments (slight deposition/stable/slight erosion); 𝑅𝑐  is the 

length of the shoreline of the analysis unit. 

Table 1. Standards for the Classification of deposition Levels. 

Coastal Erosion and Deposition 

Classification 

Average Annual Change Rate 

 of Vertical Extent s/(m·a-1) 

Severe deposition s≥15 

Strong deposition 10≤s<15 

Relatively strong deposition 5≤s<10 

Slight deposition 1≤s<5 

Stable -1<s<1 

Slight erosion -5<s≤-1 

Relatively strong erosion -10<s≤-5 

Strong erosion -15<s≤-10 

Severe erosion s≤-15 
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3. Results 

3.1. Coastline Length 

Prior to the 1976-1996 Qingshuigou diversion, the Qingshuigou subdelta exhibited the highest 

shoreline progradation rate (1.84 km/a, total 39 km) in the study area, driven by unique water-

sediment conditions. The Yellow River transported massive sediment loads from the Loess Plateau, 

which rapidly deposited in this zone due to flattened topography and reduced flow velocity. As the 

primary flow channel, Qingshuigou maintained sufficient sediment supply. Meanwhile, the adjacent 

current river mouth area received diffused sediments from the sub-delta through hydrodynamic 

transport, achieving secondary growth (1.43 km/a) under similar geomorphological settings but 

constrained by longer sediment transport distances. 

Engineering Impact Period (1986-1996): the construction of artificial levees around Dongying 

Port and adjacent areas modified local hydrodynamic conditions, inducing sediment deposition with 

an average shoreline progradation rate of 1.29 km/a. However, sediment supply relied solely on 

localized flow transport, contrasting with Qingshuigou Subdelta's direct sediment supply from the 

Yellow River's main channel, resulting in slower growth. Diaokou Subdelta exhibited minimal 

shoreline change (0.33 km/a) due to limited sediment replenishment, as most river-derived sediments 

deposited near the estuary during long-distance transport. 

Anthropogenic Intervention Period (1996-2016): artificial channel diversion altered the Yellow 

River's flow path and sediment transport direction during 1996-2016, while water-sediment 

regulation modified discharge-sediment ratios. These interventions reconfigured hydrodynamic 

patterns and sediment distribution across the delta. Initial shoreline progradation occurred in 

Diaokou, Dongying Port, and the active river mouth through sediment redistribution. Conversely, 

Qingshuigou Subdelta experienced 12 km shoreline loss due to artificial flow cutoff severing 

sediment supply, later stabilizing with gradual recovery through weak sediment accumulation. 

Post-Regulation Period (2016-Present): following the cessation of water-sediment regulation in 

2016, the active river mouth resumed natural hydrodynamic-sedimentary conditions, sustaining 

shoreline progradation at 3.75 km/a through continuous sediment deposition. Dongying Port 

maintained stabilized shoreline dynamics under persistent artificial levee influences. Conversely, 

Diaokou and Qingshuigou subdeltas transitioned to erosional phases post-2016, with shoreline loss 

rates reaching 1.13 km/a and 2.09 km/a respectively. This regime shift reflects diminished sediment 

replenishment and reduced fluvial protection after regulation termination, compounded by 

intensified marine erosion potentially linked to global sea-level rise. 

  

Figure 4. Water and Sediment fluxes with coastline changes. 

3.2. Coastline Variation Rate Analysis 

The baseline, typically established in relatively stable coastal zones parallel to shoreline 

orientation as a straight/curvilinear reference, remains insensitive to short-term erosion/accretion 

cycles. Given the significant shoreline morphodynamics over this study's five-decade temporal span, 

we implemented differentiated baseline strategies: stable zones (e.g., Dongying Port [Baseline4]): 
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Curvilinear baselines aligned with regional shoreline trends；Highly dynamic zones: Segmented 

baselines for sub-deltas including Diaokou (Baselines1-3), active river mouth (Baselines5-7), and 

Qingshuigou (Baselines8-9) 

The DSAS (Digital Shoreline Analysis System) generated shore-normal profiles spaced at 20m 

intervals from these baselines to quantify shoreline change vectors. 

 

Figure 5. Baseline Distribution. 

3.2.1. Diaokou Subdelta 

1. Pre-Regulation Phase (1976-2002) 

After the Yellow River shifted its course to Qingshuigou and prior to water-sediment regulation, 

the Diaokou River experienced a course change due to long-term sediment deposition, which caused 

channel narrowing, riverbed elevation, and reduced flood discharge and sediment transport capacity.  

During this period, the region was dominated by marine dynamics:  

• Periodic wave impact and tidal energy carried by ebb-flood cycles intensified coastal erosion, 

leading to a strong scouring trend. 

• Significant coarsening of lobe grain size occurred, with increased sand content and reduced 

sedimentation rate. 

• The influence of marine-derived organic matter on regional organic carbon burial increased. 

The old Yellow River estuary's unique topography concentrated wave energy, yielding a 

maximum shoreline retreat rate of -372.1 m/a in the concave area corresponding to baseline2, with an 

average retreat rate of -195.8 m/a. This aligns with Bai Xiaoxia's 1976–2000 study reporting an erosion 

rate of 1.96×10⁶ t/a for the abandoned Diaokou estuary[61]. 

2. Regulation Phase (2002-2016) 

Artificial water-sediment regulation altered fluvial-marine interactions: 

• Hydrodynamic modulation: Flow path modification attenuated marine erosion. 

• Erosion mitigation: Mean erosion rate decreased to -87.3 m/a (↓108.5 m/a vs. pre-regulation) 

3. Post-Regulation Phase (2016-2024) 

Dynamic equilibrium emerged under mixed drivers: 

• Fluvial inputs: Tributary sediment pulses (flood-induced overbank deposition) 

• Marine redistribution: tidal currents transported external sediments to Bohai Sea 

• Morphological feedbacks: Shoals/sandbars promoted localized deposition 

Anthropogenic modulation: 

• Coastal structures reduced deposition by 68.55 m/a (levee-dense zones) 

• Ecological engineering enhanced sediment retention 
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• Baseline-Specific Phenomena:Baseline2 peak deposition (672.0 m/a): Synergy of Coastal water 

flow, Strong wind input, and precipitation; Baseline3 anomalies: Triangle protrusions from 

minor distributaries (suspended load deposition at confluences). 

 

Figure 6. EPR of Diaokou subdelta. 

Table 2. EPR(unit: m/a) of Diaokou subdelta. 

Period Mean Minimum Median Maximum 

1976-2024 -115.8  -240.6  -71.7  7.8  

1976-2002 -195.8  -372.1  -151.2  -3.4  

2002-2016 -87.3  -273.9  -72.2  33.2  

2016-2024 109.5  -50.5  83.8  672.0  

3.2.2. Dongying Port and Adjacent Areas 

The Qingshuigou diversion area has maintained a net deposition regime since 1976, with mean 

accumulation rate of 11.2 m/a. This weak deposition pattern reflects complex hydro-sedimentary 

interactions across temporal and spatial scales. 

1. Pre-regulation phase (1976-1986) 

• Near Diaokou River channel 

Post-diversion hydrodynamic changes caused relatively strong fluvial scouring (-146.1 m/a 

shoreline erosion rate), limiting sediment accumulation. 

• Away from Diaokou River: 

Reduced flow velocity allowed sediment settlement, resulting in localized deposition: An 

extreme sedimentation peak of 645.1 m/a occurred at the artificial dike area, demonstrating human 

activities' dominant environmental control; Average sedimentation rate in this segment: 587.6 m/a, 

attributed to energy dissipation in the flat, open terminal reach terrain enabling gravity-driven 

sedimentation. 

2. Post-regulation phase (1986-present) 

Shoreline stabilization occurred with a sedimentation rate of 5 m/a: 

• Dikes altered local hydrodynamics by: 
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Blocking direct fluvial erosion, redirecting flow energy, and promoting sediment deposition 

near dikes to counteract erosion. Dampening tidal/wave impacts, reducing marine erosion and 

maintaining stability. 

• This aligns with Niu Mingxiang's team's 1997-1999 observations of stable Dongying-section 

shorelines. 

 

Figure 7. EPR of Dongying Port and Adjacent areas. 

Table 3. EPR (unit: m/a) of Dongying Port and Adjacent areas. 

Period Mean Minimum Median Maximum 

1976-2024 11.8 -78.8 -18.9 143.1 

1976-1986 116.7 -189.0 -34.4 645.1 

2002-2016 5.1 -114.8 -0.7 139.3 

3.2.3. Qingshuigou Subdelta 

Since the 1976 Qingshuigou diversion, the Yellow River estuary has exhibited complex erosion-

deposition dynamics.  

1. Post-1976 Qingshuigou Diversion Initial Phase(1976-1996): 

• Extremely significant sedimentation occurred in the Yellow River estuary:Average 

sedimentation rate: 527.7 m/a, peaking at 1453.9 m/a. 

• Causal mechanisms: direct supply of fine-grained sediments to Laizhou Bay and the current 

estuary area reduced sand content and increased deposition rates. Slower initial flow velocity in 

the new channel limited sediment transport to deeper waters, leading to rapid landbuilding 

through near-estuary accumulation. 

2. Post-Bifurcation to Pre-Water-Sediment Regulation Phase(1996-2002): 

• Average erosion rate: -327.0 m/a. 

• Mechanisms:Altered channel morphology and hydrodynamics increased fluvial scouring of 

channels and estuarine peripheries. Higher flow energy re-entrained and transported previously 

deposited sediments, causing significant erosion. 

3. Water-Sediment Regulation Period(2002-2016):  

• Erosion rate decreased to -181.6 m/a. 
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• Regulatory effects:engineered adjustments to discharge/sediment concentration maintained 

controlled scouring capacity.Balanced flow parameters prevented excessive bank/estuarine 

erosion while promoting relative shoreline stability. 

4. Post-2016 monitoring reveals(2016-2024): 

Overall stable estuary with net sedimentation (439.7 m/a), but localized erosion persisted: 

• Average erosion rate: -187.1 m/a in specific areas. 

• Mechanisms:residual hydrodynamic adjustments post-diversion caused localized flow 

velocity/direction changes.Topographic variations led to selective sediment removal, aligning 

with Liu Xinxin's team's 1996-2020 findings of -167 m/a average shoreline change rate in 

Qingshuigou[62]. 

 

Figure 8. EPR of the Qingshuigou Subdelta. 

Table 4. EPR (unit: m/a) of Qingshuigou Subdelta. 

Period Mean Minimum Median Maximum 

1976-2024 197.3  -50.0  200.7  412.9  

1976-1996 527.7  -51.3  171.8  1453.9  

1996-2002 -327.0  -1761.0  -94.0  421.6  

2002-2016 -181.6  -562.0  -85.2  63.4  

2016-2024 439.7  -419.2  491.1  1153.1  

3.2.4. Active River Mouth 

1. Qingshuigou Flow Period (1976-1996): 

During channel migration, baseline7 vertical direction showed significant sedimentation: 

Maximum: 863 m/a, average: 353 m/a. 

Mechanisms: 

• Unstable sediment transport capacity due to shifting flow directions during migration. 

• Flow deceleration created low-flow zones promoting sedimentation. 

Baseline-specific patterns: 

• Baseline5: reduced sedimentation from profile 380 onward, indicating stable low-flow areas. 

• Baseline6: no data at profile 830 due to lateral shoreline extension beyond the surveyed area. 

• Baseline7: steady sedimentation growth, reflecting unstable erosion processes near the active 

estuary, corroborates Liu Xinxin's team's 260 m/a sedimentation rate for the current estuary 

area[62]. 

2. Post-1996 Qing 8 Channel Bifurcation Project Phase: 
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Overall sedimentation trend with an average erosion-deposition rate (EPR) of 181 m/a, but 

localized erosion occurred near channel margins: 

• Total sedimentation likely resulted from altered flow paths/velocities causing sediment 

accumulation in new areas. 

• Localized erosion may have been influenced by transverse circulation: centrifugal forces 

generated lateral flow currents near channel margins, scouring sediments from the riverbed. 

3. Water-Sediment Regulation Period(2002-2016):  

Result: the vertical extent in the Yellow River Delta remained stable (mean 63 m/a) during the 

2002–2016 Water-Sediment Regulation (WSR), effectively mitigating large-scale deposition, 

riverbank scouring, and localized erosion/deposition fluctuations. 

Causes: optimized sediment transport capacity through precise water-sediment flux ratio 

adjustment. Balanced discharge control maintaining adequate hydrodynamic force while preventing 

excessive flow intensity. Stable hydrodynamic conditioning suppressing abrupt hydraulic variations 

during WSR operations. 

 

Figure 9. EPR of Active River Mouth. 

Table 5. EPR (unit: m/a) of Active River Mouth. 

Period Mean Minimum Median Maximum 

1976-2024 63.6  -203.8  10.6  397.7  

1976-1996 353.2  -32.4  317.4  863.2  

1996-2024 181.4  -248.2  128.6  713.5  

2002-2016 63.6  -203.8  10.6  397.7  

4. Discussion 

The shoreline evolution of the Yellow River Delta is governed by a complex interplay of natural 

and anthropogenic factors, as evidenced by the spatiotemporal variations in erosion-deposition 

patterns across subregions. The following key influences are discussed: 

1. Riverine Sediment Supply 

High sediment discharge from the Yellow River historically drove rapid progradation in active 

distributary mouths, such as the Qingshuigou Subdelta during 1976–1996 (mean EPR: 527.7 m/a), 

accompanied by moderate shoreline stability (23%) and gentle DEM-derived bathymetric gradients 

(<0.1°). This aligns with studies emphasizing the dominance of fluvial sediment inputs in deltaic land-

building processes[12,63]. However, post-diversion sediment deprivation (e.g., Qingshuigou’s post-
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1996 erosion at -327.0 m/a) triggered shoreline instability (10%) and DEM-identified incisions (0.3m 

depth) mirrors observations by Carvajal et al.[64], who noted that channel abandonment triggers 

marine-driven erosion due to severed sediment supply. Comparatively, the Diaokou Subdelta’s 

recovery during 2016–2024 (mean EPR: 109.5 m/a) exhibited moderate shoreline stability (18%) and 

DEM-mapped sediment lobes (1m depth) ,highlights the role of tributary sediment pulses, similar to 

findings by Sedigh et al[65]. on localized sediment redistribution. 

2. Marine Dynamics 

Wave energy and tidal currents significantly influenced erosional hotspots, particularly in 

abandoned lobes. For instance, the Diaokou Subdelta experienced severe retreat (-195.8 m/a) during 

1976–2002, concurrent with persistently low shoreline stability indices (3% in 1976–1986, 5% in 1986–

2002) and DEM-detected incision depths (1.6 m at Profile 1, 0.8 m at Profile 2 in 1976; 1.6 m at Profile 

1, 1.2 m at Profile 2 in 1996). This aligns with Bai et al.[24], who attributed such retreat to concentrated 

wave energy in concave coastal zones. Similarly, localized erosion near the active river mouth (e.g., -

203.8 m/a post-1996) reflects transverse circulation effects, corroborating Syvitski’s[66] model of 

hydrodynamic reworking at distributary margins. These erosional phases corresponded to abrupt 

declines in shoreline stability (e.g., Dongying Port: 1% in 1976–1986 to 17% in 1986–2002; active river 

mouth: 0% in 1976–1986 to 10% in 1986–2002) and intensified DEM-derived incision features (e.g., 

active river mouth profile: 0.5 m in 1976, 0.4 m in 1996, 0.7 m in 2024). Post-2016 recovery at Diaokou 

(shoreline stability: 18%; DEM incision depths: 1.0 m at Profile 1, 0.6 m at Profile 2 in 2024) contrasts 

sharply with Qingshuigou’s complete destabilization (0% stability in 2016–2024; DEM incision: 0.9 m 

in 2024), highlighting spatial heterogeneity in sediment resilience. 

3. Anthropogenic Interventions 

Engineering projects, such as artificial levees and water-sediment regulation, reshaped shoreline 

dynamics. The Dongying Port’s stabilization (post-1986 EPR: 5 m/a) demonstrates how dikes 

redirected flow energy and suppressed marine erosion, as observed in Wang et al.’s[27] analysis of 

hydraulic infrastructure impacts. This stabilization coincided with rising shoreline stability indices 

(1% in 1976–1986 to 86% in 2016–2024) and reduced DEM-detected incision depths (Profile 1: 0.35 m 

in 1976 → 0.7 m in 1996 → 0.4 m in 2024). The 1996 Qing 8 diversion triggered severe Qingshuigou 

erosion (average -327 m/a), marked by collapsing shoreline stability (23% in 1976–1986 → 0% in 2016–

2024) and deepening DEM incisions (0.35 m in 1976 → 0.9 m in 2024). Conversely, water-sediment 

regulation (2002–2016) alleviated erosion rates (e.g., Diaokou: from -195.8 m/a to -87.3 m/a), 

paralleling improved shoreline stability (3% in 2002–2016 → 18% in 2016–2024) and moderated DEM 

incision depths (Profile 1: 1.6 m in 1976 → 1.0 m in 2024). These trends align with Li et al.’s[67] 

strategies for balancing erosion and deposition, underscoring how engineered interventions 

modulate both hydrodynamic forces and geomorphic feedbacks. 

4. Geomorphological Feedback 

Subdelta-specific responses underscore the role of local topography. For example, the active 

river mouth’s persistent progradation (3.75 km/a post-2016) reflects its low-gradient, deposition-

prone morphology, consistent with Wang et al.[68]. This progradation occurred despite declining 

shoreline stability (40% in 2002–2016 to 6% in 2016–2024) and intensified DEM-detected incision 

depths (profile: 0.4 m in 1996 → 0.7 m in 2024), suggesting localized depositional dominance over 

broader erosional trends. In contrast, the Diaokou Subdelta’s transition to dynamic equilibrium post-

2016 highlights how antecedent morphology (e.g., shoals) and water-sediment balance modulated its 

recovery. Post-regulation shoreline stability rose from 3% (2002–2016) to 18% (2016–2024), coupled 

with reduced DEM incision depths (Profile 1: 1.6 m in 1976 → 1.0 m in 2024; Profile 2: 1.2 m in 1996 

→ 0.6 m in 2024), aligning with Wang et al.’s [69] framework of morphodynamic feedbacks. 

Qingshuigou’s complete destabilization (0% stability in 2016–2024) and deepening DEM incisions 

(0.35 m in 1976 → 0.9 m in 2024) further emphasize how abandoned lobes lacking topographic 

resilience amplify erosion under sediment deprivation. 
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Figure 10. Water and Sediment fluxes with DEM. 

 

Figure 11. Stability indicators from 1976 to 1986. 

 

Figure 12. Stability indicators from 1986 to 2002. 
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Figure 13. Stability indicators from 2002 to 2016. 

 

Figure 14. Stability indicators from 2016 to 2024. 

5. Conclusions 

• Different study areas 

1. Diaokou Subdelta 

1976 – 2002 (Natural Regulation Phase): Dominated by marine erosion, with a maximum 

shoreline retreat rate of -372.1 m/a. 

2002–2016 (Water-Sediment Regulation): Erosion rate reduced to -87.3 m/a due to engineered 

interventions. 

Post-2016: Transitioned to localized weak deposition (mean EPR: 109.5 m/a), achieving dynamic 

equilibrium despite residual marine influences. 

2. Dongying Port and Adjacent Areas 

Maintained weak deposition (mean EPR: 11.2 m/a) under artificial levee protection, contrasting 

with natural sediment-driven accretion in the active river mouth (3.75 km/a post-2016). 

3. Qingshuigou Subdelta 

1976–1996 (Initial Diversion Phase): Rapid progradation (mean EPR: 527.7 m/a) driven by direct 

sediment supply. 

Post-1996 (Qing 8 Diversion): Severe erosion (maximum EPR: -1761.0 m/a) due to sediment 

deprivation. 

2002–2016 (Regulation Period): Erosion slowed (-181.6 m/a), but localized erosion persisted post-

2016 (-187.1 m/a). 

4. Active River Mouth 
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The continuous accretion of coastline length (3.75 km/year post- 2016) due to the uninterrupted 

sediment supply highlights the advantages of natural sedimentation. 

• Key Drivers and Trends 

Natural Factors: 

Early-phase shoreline progradation relied on fluvial sediment flux (e.g., Qingshuigou’s 1453.9 

m/a peak). 

Marine dynamics (waves, tides) drove erosion in abandoned lobes (e.g., Diaokou’s -372.1 m/a 

retreat). 

2. Anthropogenic Interventions: 

Engineering projects (levees, diversions) modulated erosion-deposition balances (e.g., Diaokou’

s 68.55 m/a deposition reduction). 

Water-sediment regulation temporarily stabilized erosion but could not fully counteract 

sediment deprivation long-term. 

3. Future Implications: 

Over-reliance on engineering may weaken natural resilience. 

Integrated strategies (sediment management, ecological restoration) are critical to harmonize 

human activities and natural processes for sustainable coastal governance. 
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