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Abstract: Timely understanding of the coastal accretion–erosion dynamics of the Yellow River
Delta (YRD) can not only deepen the understanding of the evolution of the delta but also provide
scientific support for water-sediment regulation (WSR) in the lower reaches of Yellow River and the
implementation of a protection strategy for the Yellow River Estuary. In this long-term study, Landsat
images from 1976 to 2018 were acquired, and the cloud processing platform of the Google Earth Engine
was used for extraction of coastlines. On the basis of these coastlines, the area and accretion–erosion
dynamics were analyzed. Then, after statistical analysis of the interannual and intra-annual variations
in runoff and sediment, we discuss the relationship between the accretion–erosion dynamics and
the annual runoff and sediment. The results show that (1) the coastline of the YRD lengthened
first and then shortened, and the average annual growth rate was 1.48 km/a. (2) The land area
of the YRD showed a significant accretionary trend before 1996, with an average annual growth
rate of 28.60 km2/a. Then, the area gradually decreased from 1997 to 2001. After WSR was
implemented in 2002, the accretion–erosion dynamics gradually became smooth, with an annual
growth rate of 0.31 km2/a. (3) After WSR, the maximum annual sedimentation decreased by 79.70%.
The average annual sediment discharge accounted for only 6.69% from November to March of the
following year during the non-flood season. (4) With the continuous decrease in sediment discharge,
the determination coefficient (R2) between the cumulative accretion–erosion area of the estuary and
the annual sedimentation decreased from 0.98 in 1976–1996 to 0.77 after 2002. Overall, although
WSR has maintained a steady increase in delta land area, it cannot change the long-term decrease
in the land area of the delta. The insights gained from our study can provide some references for
related coastline research, and will be useful to science community and decision makers for coastal
environmental monitoring, management, protection, and sustainable development of the YRD.

Keywords: YRD; water-sediment regulation; Landsat; Google Earth Engine; coastline;
accretion–erosion area

1. Introduction

River deltas are not only major coastal landforms on our planet but also one of the most important
and coveted assets for countries [1–3]. Although deltas only account for approximately 5% of the global
land surface, they nourish more than half a billion people around the world [4,5]. As the interface
between oceans, rivers, and lands, deltas have flat topography, fertile alluvial soils, clean freshwater
and seawater, easy waterway transportation, and flora biodiversity in wetlands [1,2,5,6]. Most deltas
commonly contain vast underground mineral and organic resources of oil and gas [4], which have
important strategic and economic significance for a country [2].
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At the same time, deltas depend particularly on sustained runoff and sediment supply, which
principally originate from the upstream river basins, to sustain the progradation of the normal delta
evolution [2,7]. However, the effects of climate change, especially human activities, are causing
deltas to become environmentally vulnerable. Over the past decades, a variety of human activities
(e.g., increasing urbanization, construction of dams, dykes and weirs, channelization and channel
deviation, agricultural irrigation, soil conservation practices, mining activities, extraction of channel-bed
sediments, and regulation of river flow by channeling) [7–13] have sharply decreased the terrestrial
sediment supply to deltas, triggering potentially severe erosion and a reduction in subaerial delta
areas [5,13–25]. This issue has become a global concern and has attracted attention worldwide [6,12].
Therefore, studying the coastal erosion and sediment dynamics of deltas and their response to
runoff–sediment fluxes is essential for understanding the evolution and protection of river deltas,
which is also the goal of the International Geosphere Biosphere Program (IGBP) [26].

The Yellow River (Huanghe), as one of the largest contributors of global riverine sediment to
the oceans, delivers much sediment to its estuary and the surrounding sea annually [5,13,14,27,28].
The modern Yellow River Delta (YRD), which is the youngest land in China, began to form by
the accumulation of sediment from the Yellow River in 1855, when the last avulsion of the river
channel occurred and the delta returned from the southern Yellow Sea coast (Jiangsu coast) to the
Bohai Sea [15,28–31]. The YRD is rich in land resources, with continuous growth and great development
potential. It is the core area of the Yellow River Delta Efficient Ecological Economic Zone and the
industrial agglomeration area of the Shandong Peninsula Blue Economic Zone [32]. Meanwhile,
the YRD has the most complete wetland ecosystem in China’s warm temperate zone, which is of great
importance for biodiversity conservation [33]. Because of the short accumulation time, the muddy
coastal landforms of the YRD are very unstable and easily erode [28,29,31]. At the same time, influenced
by estuary diversion, upstream inflow, sediment and sea level changes, the coast of the YRD has been
changing, which poses great challenges for protection and development [5,34]. A timely understanding
of the coastal evolution of the YRD can not only deepen the understanding of the evolution processes
and development patterns but also provide scientific and technological support for the high-quality
development of the YRD and the implementation of estuarine protection strategies [14,28,29].

Many studies have analyzed the coastal evolution dynamics of the YRD [5,13,28,29,32,35], which
mainly include the following aspects. (1) To study the evolution of actual underwater deltas, researchers
have mainly analyzed the erosion and sediment dynamics in different spaces by using the measured
coastal profile data from different periods [17,29,35,36]. The advantages of this method are that
the erosion and sediment data are very accurate, and the distribution and the amount can also be
obtained at different spatiotemporal scales. However, the disadvantages are that the workload is
large, the monitoring frequency is low, and data collection takes time and expensive. (2) To study
the evolution dynamics of deltas on land, the spatiotemporal changes on deltas can be analyzed by
using the coastlines derived from the measured data or the data extracted from remote sensing images,
which can directly further determine the patterns of increase and decrease in the delta area [13,15,28].
The advantages of this method are that it is a convenient and rapid approach to analyze the annual
or interannual variations in erosion and sediment and effectively improve the monitoring frequency.
Especially when measured data are lacking, the coastline location can be extracted quickly to grasp the
latest evolution of the coast. However, the disadvantage is that this method provides no information
about the process or rate of vertical sediment deposition; hence, quantitatively estimating the total
amount of sediment deposition in the delta is impossible [4,14,37]. However, because of the close
relationship between erosion and deposition of the underwater delta and the changing coastline,
the dynamics of the coastline in space can well represent the erosional and sediment depositional
processes in the underwater delta. Meanwhile, multisource remote sensing data derived from different
sensor platforms have been more easily acquired in recent years and provide a rich data source for
timely exploration of the evolution dynamics of the delta. Therefore, monitoring coastal evolution
dynamics based on high-frequency remote sensing data in the YRD has become a popular approach
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and future trend [4,13,15,28,32]. However, how to choose the images at the appropriate periods, and to
extract the coastal evolution dynamic accurately are still the focus and difficulty of the related research.

The main difficulty of coastline dynamic monitoring by remote sensing methods is how to
accurately extract the coastline. Due to the instantaneity of remote sensing imagery and the influence of
tidal dynamics, it is difficult to guarantee the accuracy of coastline extraction results based on a single
image, which leads to some uncertainties in the dynamic analysis of coastal evolution [38–42]. To reduce
these uncertainties caused by coastline extraction, many studies extract the coastline by using several
images for a period of time (e.g., several years), which can reduce the influence of systematic errors in
coastline extraction to a certain extent [4,11,14,28]. However, most of these studies focus on a specific
time period with a small time span, which makes it difficult to grasp the coastal evolution dynamics
systematically. Using only a few periods of imagery is insufficient to understand the coastal evolution
processes, and establishing a correlation between the coastal erosion and sediment dynamics and the
annual runoff–sediment fluxes is impossible [5,13,32,43,44]. Fortunately, with the freely accessible
30 m resolution Landsat series of sensor images since 1973 and the very large computing capability
provided by the Google Earth Engine (GEE) [45], we are in an advanced position to conveniently and
efficiently extract long time series of coastlines.

The water-sediment regulation (WSR) scheme in the flood season has been implemented annually
since 2002, usually lasting for approximately 20 days from mid-June to early July, and approximately
30–50% of annual water and sediment fluxes is discharged to the sea within a short period,
which presents a new changing situation for the spatiotemporal process of runoff–sediment in
estuaries [13,15,37]. However, there are relatively few comparative studies on the coastline changes
and the influence of runoff–sediment fluxes before and after WSR in the YRD [13,28].

Therefore, the objectives of this study are to: (1) quantify coastline dynamics for determining
the YRD land area since 1976 based on the long time series of Landsat Multispectral Scanner (MSS),
Thematic Mapper (TM), Enhanced Thematic Mapper (ETM+), and Operational Land Imager (OLI) data
within one year after the flood season (October–March of the following year) and the GEE platform;
(2) further analyze the coastal erosion and sediment dynamics of the YRD; and (3) intensely explore
the contemporaneous relationships between the accretion–erosion dynamics of YRD land and the
runoff–sediment fluxes before and after the WSR since 2002. The results of this study can provide a
scientific reference for future research on delta-related erosion and sediment evolution.

2. Materials and Methods

2.1. Study Area

The YRD (37◦35′–38◦12′ N, 118◦33′–119◦20′ E) is located in the estuary of the Yellow River in
northeastern Shandong Province, China, and the northern and eastern regions are adjacent to Bohai
Bay and Laizhou Bay (Figure 1). After the end portion of the Yellow River diverted to the Daqing River
in 1855, the contemporary YRD area formed, for which Ninghai serves as the apex. Downstream from
Ninghai lies an area of approximately 5400 km2 extending from the mouth of the Taoer River in the
north to the mouth of the Zhimai River in the south. The apex of diversion was moved down to form
the modern YRD with Yuwa as its apex (land area of approximately 2200 km2), which extended from
the mouth of the Tiao River in the north to the mouth of the Songchungou River in the south.

Two major artificial diversions of the channel in the YRD were implemented in the past 40 years.
For the development of the Shengli Oilfield, the second largest oilfield in China, the first artificial
diversion was carried out in May 1976, in which the original northbound Diaokou River was
abandoned, and the delta lobe shifted course into the Bohai Sea through the southeastern Qingshuigou
River [14,28,30]. To facilitate the offshore to onshore operation of the Xintan and Kendong Oilfields,
the second artificial diversion of the main channel was implemented during May to July 1996, in which
the delta lobe was diverted northeast to the 8th branch section of the Qingshuigou River (commonly
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named the “Qing 8 course”), forming the current estuary of the YRD. Since then, the main channel of
the YRD has remained essentially unchanged, apart from some minor movements [28,35].

Due to the demands of oil exploitation, wetland protection, port development and storm surge
protection, some coastlines of the YRD are mostly artificial and relatively stable; these sections are not
significant for the analysis of erosion and sedimentation [13]. Therefore, this study mainly focuses
on the open part of the estuary in the YRD, including the northern coast of the Diaokou River, the
southeastern coast of the abandoned Qingshuigou River, and the eastern coast of the current Qing 8
course river channel (Figure 1).
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Figure 1. Location of the Yellow River and its basin (a), the Yellow River Delta in Shandong Province,
China (b), and the study area (c). The background of (c) is a standard false color image of Landsat
8 Operational Land Imager (OLI) taken on 19 October 2018. Coordinates in Universal Transverse
Mercator projection (UTM), Zone 50 North, WGS84.

2.2. Materials

2.2.1. Remote Sensing Data and Preprocessing

Remote sensing provides an effective means for the study of delta coastline changes [40,42].
At present, many remote sensing data sources can be used, including low- and moderate-resolution
data derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) and the Advanced
Very High Resolution Radiometer (AVHRR), moderate-resolution data derived from the Landsat series
satellites, the Systeme Probatoire d’Observation de la Terre (SPOT), the China–Brazil Earth Resources
Satellite (CBERS), and the Sentinel series satellites, and high-resolution data derived from the Chinese
GF series satellites. However, Landsat series data are undoubtedly the best data in terms of sensor
continuity, image acquisition time span, and image spatial and temporal resolutions [11,13,28,46].
The first Landsat satellite was launched in 1972 and decommissioned in 1978. Landsat 2 was launched
in 1975, but the sensor failed in 1976. It was repaired in 1980 and continued to collect data until 1982.
Landsat 3 was launched in 1978 and retired in 1983. Landsat 4 was launched in 1982 and retired in
2001 due to the failure of the TM sensor. Landsat 5, the longest-serving satellite, was launched in 1984
and retired in 2013. Landsat 7 was launched in 1999, and the scanning line corrector of the ETM+

sensor failed in 2003, but it continued to collect and transmit data. Landsat 8 was launched in 2013,
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and Landsat 9 is scheduled to launch in 2021. Since the successful launch of the first Landsat satellite in
the 1970s, an image data set with global coverage consisting of high-frequency time series over nearly
50 years has been collected.

In addition, because the Landsat series satellites are designed to have near-polar circular orbits
synchronized with the Sun, the mid-latitude region of the Northern Hemisphere is ensured to obtain
moderate solar altitude (25◦–30◦) images in the morning, and the satellites can pass through the same
location with the same local time and direction. Based on this basic consistency of the remote sensing
observation conditions, the Landsat images are conducive to the study of coastlines [4,11,28,46].

Therefore, the long time series data set of Landsat series satellites was selected as the remote
sensing data source to extract the coastlines of the YRD for 43 years. All satellite data with less than
20% cloud cover were acquired from the U.S. Geological Survey (USGS) EarthExplorer website [47].
The remote sensing data included Landsat MSS images with a spatial resolution of 60 m and Landsat TM,
Landsat ETM+ and OLI data with a spatial resolution of 30 m. Because the data directly and completely
covered the study area, the mosaicking of images was not required in this study. The Path-Row number
of Landsat MSS data covering the study area was 130-34, and the remaining Landsat series satellite data
were all 121-34. To unify the follow-up research, a total of 4 spectral bands of the existing green, red,
near-infrared (NIR) 1 and near-infrared 2 from Landsat 2 and 3 were used, and 6 spectral bands of blue,
green, red, near-infrared, shortwave infrared (SWIR) 1, and shortwave infrared 2 from Landsat 4, 5, 7,
and 8 were used. In addition, two vegetation index features of the normalized difference vegetation
index (NDVI) [48] and normalized difference water index (NDWI) [49] were utilized to distinguish the
land vegetation and water–land boundaries (Table 1).

Table 1. Characteristics of multitemporal Landsat series data used in the study.

Band
Name

Spectral Range/µm Vegetation
Index (VI)

Equation
Landsat 8

OLI
Landsat 7

ETM+
Landsat 5

TM
Landsat 2, 3
and 4 MSS

Blue 0.452–0.512 0.441–0.514 0.45–0.52 NDVI (NIR−Red)/(NIR+Red)

Green 0.533–0.590 0.519–0.601 0.52–0.60 0.5–0.6

Red 0.636–0.673 0.631–0.692 0.63–0.69 0.6–0.7 NDWI (NIR−Green)/(NIR+Green)

NIR 1 0.851–0.879 0.772–0.898 0.77–0.90 0.7–0.8

NIR 2 0.8–1.1

SWIR 1 1.566–1.651 1.547–1.749 1.55–1.75

SWIR 2 2.107–2.294 2.064–2.345 2.08–2.35

Note: NIR is near-infrared, SWIR is shortwave infrared. MSS is Multispectral Scanner, TM is Thematic Mapper,
ETM+ is Enhanced Thematic Mapper plus, and OLI is Operational Land Imager. NDVI is the normalized difference
vegetation index, and NDWI is the normalized difference water index.

In view of the key impacts of runoff and sediment on coastal accretion–erosion during the flood
season, multiphase Landsat images during the non-flood season were selected for extracting the
coastlines and constructing the delta area in this study. The selected satellite data were concentrated
from November to March of the following year, with a total of 209 scenes (Figure 2). Because the
amount of sediment entering the sea during this period accounted for less than one-tenth of the
annual amount of sediment of the Yellow River, the impact on coastline changes was relatively small
(Section 3.3.2).
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The Landsat time series data used in this study were mainly processed in the cloud computing
platform of GEE, which contains archived complete Landsat series remote sensing data [50,51].
GEE could also make the complex and long-term sequence coastline extraction process convenient and
rapid through relatively simple Python language code. Considering the influence of clouds or cloud
shadows, the quality band values of the images were obtained by the C Function of Mask (CFMask)
algorithm [52]. The decision tree method was then used to judge and identify the clouds and cloud
shadows, and the effective pixel of each image was obtained by removing the cloud and cloud shadow
with the masking process. Based on the above procedure, the median value of the corresponding pixels
of the preprocessed images in each year was taken as the pixel value of the image for the year, and the
data set of time series images in units of years was finally generated.

2.2.2. Runoff and Sediment Data

The Lijin hydrological gauging station is located in the village of Liujiahe, Lijin town, Dongying
city, which is approximately 100 km upstream from the mouth of the Yellow River Estuary (YRE)
(Figure 1). It is the last hydrological station before the Yellow River enters the Bohai Sea and has been
monitoring the daily amounts of runoff and sediment since 1950. Therefore, the daily monitoring
runoff and sediment data for the Lijin station from 1976 to 2018 were used in this study. Monthly
runoff and sediment data were calculated by accumulating daily runoff and sediment, and the annual
runoff and sediment were calculated by accumulating monthly runoff and sediment.

2.3. Methods

The coastline is the boundary between land and ocean and is defined as the boundary line between
sea and land at the mean high tide level of the spring tide for multiyear tide [38]. Changes in coastline
position are affected by tides, coastal topography, and other factors. The location of the coastline is
usually determined by field surveys and extraction of information from remote sensing data [38,40,42].
The first method is relatively accurate, but the heavy workload and difficulty of field work are not
conducive to large-scale development. The repeatable acquisition and comprehensive performance of
remote sensing images provides timely and extensive spatial data for coastline extraction. The latter
approach can mainly be divided into direct and indirect methods [40,42,53,54]. Direct methods include
visual interpretation and automatic extraction. Visual interpretation involves directly interpreting
remote sensing images based on some coastal features. Automatic interpretation is used to detect
the coastline by applying edge detector technology or texture analysis to the images. Then, indirect
methods are used to quantitatively obtain the position of the coastline with tidal and terrain corrections
based on the instantaneous water boundary line during satellite transit.
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The tidal changes in the YRE are complicated and characterized by irregular semidiurnal tides.
The maximum tide level in Bohai Bay is 0.7–1.8 m and gradually increases from north to south [31].
The collection time of remote sensing images in the YRD was approximately 10:30 at local time
(02:30 UTC). The tidal water level is relatively low at this time, but the tidal level changes greatly from
the beginning of the month to the middle and end of the month due to the gravitational attraction of
the Moon. For this reason, various methods of coastline extraction have been developed [11,28,42,55],
including the mean high tide line, mean tide line, and water–land boundary line [40]. The YRD is
located in weak tide continental estuary, and the time for seawater to reach the position of the high
tide line is very short; thus, the mean high tide line is difficult for the instantaneous remote sensing
images to capture. The instantaneous water–land boundary lines extracted from the images are greatly
affected by the tidal water and display complicated changes, which makes it difficult to obtain the true
coastline changes by the water–land boundary line method.

Therefore, on the basis of previous studies, the method of the mean tide line is adopted to extract
the coastline in this study; that is, the coastline is extracted indirectly through the mutual corrections
of the land area of the instantaneous water–land boundary line and the general high tide line [4,40].
Then, based on the obtained coastlines, the land area and the accretion–erosion dynamics of the YRD
are analyzed. Finally, the relationship between the accretion–erosion dynamics and the annual runoff

and sediment are also discussed. The overall technical route and workflow of this study are showed
in Figure 3.
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Earth Engine.

2.3.1. Image Classification Based on the Random Forest Algorithm

Due to the difference in geomorphological characteristics and vegetation development between
the high tidal flats and middle-low tidal flats, different spectral features are shown in the remote
sensing imagery. High tidal flats are exposed above the water surface most of the time and appear
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light gray on the false color images. The salt-tolerant vegetation growing on the beach shows a
red–reddish–brown tone. In contrast, the middle and low tidal flats are affected by the frequent
action of waves, characterized by more tidal erosion gullies and erosion pits, and strongly reflect
sunlight; thus, they showed gray to grayish-brown tones. The water bodies and inland areas are easy
to distinguish, so they were not troublesome in this study. Therefore, four types of water bodies,
middle and low tidal flats, high tidal flats, and land could be classified in this study.

The random forest (RF) algorithm is an integrated learning method with a decision tree as the basic
classifier. By extracting multiple samples from the original samples and then modeling the decision
tree for each sample, the combination of multiple trees is predicted, and the final prediction results
are obtained through voting [56]. The RF algorithm is a nonparametric classification and regression
method that does not require prior knowledge and is easy to use. Based on the decision tree classifier
and the bagging integrated learning theory, the RF can tolerate certain noise and outliers and parallelize
and process high-dimensional data in massive amounts; it also has relatively good accuracy [57].

The RF is an efficient machine learning algorithm [58,59]. Thus, the RF algorithm is used to
classify the preprocessed time series Landsat images in the YRD region from 1976 to 2018 on the GEE
cloud platform, and the classification of YRD is obtained (Figure S1 online).

2.3.2. Extraction of the Coastline Based on the Water–Land Boundary Line and High Tide Line

Due to the large difference between the reflectivities of water and land, a clear water–land boundary
shows in the imagery. Thus, the water–land boundary line can be directly extracted between the
middle and low tidal flats and water from the image classification results [4,28]. Therefore, the ArcGIS
10.2 software is directly used to extract the instantaneous water–land boundary line through visual
interpretation (Figure S1 online).

The general high tide line refers to the average boundary line of the shoreline when the ocean tide
is not a super high tide [38]. Generally, the high tide line is located between the high tidal flats and the
middle and low tidal flats. Due to the difference in the material composition and exposure time of
the tidal flats, the water contents differ. Thus, different spectral characteristic information is shown in
the imagery, which is easy to identify. The extraction of the general high tide line follows the same
procedure as the above extraction of the instantaneous water–land boundary line [40]; the general high
tide line is directly determined simply and easily by combining the classification results and visual
interpretation method (Figure S1 online).

When the water–land boundary line and high tide line are obtained, the area between the general
high tide line and the instantaneous water–land boundary line is frequently affected by tide water.
The average area between these two lines can be approximated as the average area affected by tide
water over a long period of time. Then, this average area is added to the area of the general high tide
line to modify the general high tide line and obtain the final coastlines.

2.3.3. Calculation of the Accretion–Erosion Dynamics and the Relationships with Runoff and Sediment

When the coastlines are extracted based on the identified water–land boundary line and high
tide line, the land area of the YRD is then calculated by according to the extracted coastlines and the
inland boundary.

Based on the above areas of the YRD, the evolution characteristics of accretion–erosion from 1976
to 2018 are obtained by spatial superposition and the zonal statistics analysis of the accretion and
erosion area in the ArcGIS 10.2 software.

On the basis of studying the evolution of runoff and sediment transport at Lijin station from
1976 to 2018 by using the double cumulative curve, a correlation analysis between the sediment
accretion–erosion dynamics and the runoff and sediment is performed to establish the relationship.
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3. Results

3.1. Spatiotemporal Dynamics of Coastline Changes from 1976 to 2018

The spatiotemporal dynamic distribution of the coastline (Figure S2 online) shows that the coastline
changes were complicated and dramatic under the influences of runoff and sediment discharges
and human activities since the Yellow River was diverted to Qingshuigou. To facilitate the analysis,
the 43 years from 1976 to 2018 are divided into three periods: 1976–1996, 1997–2001, and 2002–2018.
For the first period of 1976–1996, the whole coastline changed extremely dramatically (Figure S2a
online). Due to the lack of replenishment by runoff and sediment from the Yellow River, the northern
coastline continuously retreated towards the land. In contrast, the estuary area had been advancing
towards the sea given the sufficient supply of runoff and sediment. The artificial coastlines gradually
became stable after the construction of the Shengli oilfield and Dongying port. For the second period of
1997–2001, the northern coastline continued to retreat towards the land. The Yellow River was diverted
to the Qing 8 course in the estuary area, runoff and sediment no longer came to the southeastern
coast, and the southeastern coastline continued to move towards the land as the northern coastline did.
In contrast, the coastline of the Qing 8 estuary changed dramatically, with accretion first and then a
small amount of erosion. The artificial coastlines were basically stable. After 2001, the coastline changes
were relatively concentrated in the northern and eastern coastal estuary areas. The northern coastline
of the Diaokou River and the southeastern coastline of the abandoned Qingshuigou estuary continued
to retreat towards the land. The eastern coastlines continuously advanced towards the northeastern
Bohai Sea. The artificial coastlines gradually stabilized under the influence of some aquaculture.

A statistic of the coastline length and its changes in different coastal sections, and different periods
was further conducted in this study (Figure 4). The overall length of the YRD coastline showed
significant growth before 2013, increasing rapidly from 124.91 km in 1976 to 203.23 km in 2013. Then,
the length slightly decreased after 2014 to 186.98 km in 2018. In the past 43 years, the length of
the coastline increased more than it decreased, and the average annual growth rate was 1.48 km/a.
Although the spatiotemporal changes in the northern coastline were more dramatic, the length changed
little based on the range of variation within ±13 km, decreasing first and then increasing. The artificial
coastline showed a trend of stable growth, and the length slowly increased from 49.03 km in 1976 to
60.98 km in 2018. The changing dynamics of the estuarine coastline are similar to those of the YRD’s
overall coastline. Before 2013, the length mainly increased rapidly, followed by a slow decrease for an
average annual growth rate of 1.12 km/a. The lengths of the eastern and southeastern coastlines changed
remarkably. The eastern coastline showed a stable growth trend over the 43 years, increasing from
8.68 km in 1976 to 38.64 km in 2018, with an increase of 29.96 km in the past 43 years. The southeastern
coastline was affected by runoff and sediment from the Yellow River before 1996 and was advancing
towards the sea. Its length continued to increase from 28.22 km in 1976 to 56.16 km in 1996, with an
increase of 27.94 km. After 1996, the Yellow River was diverted to the Qing 8 course, the southeastern
coastline receded and shrank, and the coastline length gradually decreased to 45.22 km in 2018.
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3.2. Dynamics of Accretion–Erosion in the YRD from 1976 to 2018

3.2.1. Dynamics of Accretion–Erosion in the YRD

According to the changes in the area of the YRD in the past 43 years (Figure 5a), the land area
of the YRD exhibited significant changes. From 1976 to 1996, the total area showed a trend of rapid
growth, with an increase from 2108.31 km2 to 2449.31 km2 at its peak. From 1997 to 2001, the land
area gradually decreased to 2392.81 km2 in 2001. After 2002, the overall change in the land area was
relatively small, and the area remained stable at approximately 2390.00 km2, except for a small increase
in 2012. The land area reached 2387.49 km2 by 2018.

The accretion–erosion dynamics of the YRD subaerial areas were further analyzed (Figure 5b),
which showed that the average annual land area change for the past 43 years was approximately
6.65 km2/a. The delta was mainly dominated by sediment before 1996. Especially before 1986, the area
of land accretion increased rapidly, with an average annual growth rate of 28.60 km2/a. From 1986 to
1996, the rate of accretion decreased, especially when erosion occurred in 1988–1989 and 1994–1995,
and the average annual accretion rate was only 5.50 km2/a. From 1997 to 2001, significant erosion
and retreat occurred in the delta, with an average annual erosion rate of 11.30 km2/a. Except for a
significant accretion interval in 2011–2012, the accretion rate gradually decreased and became stable,
with an average annual accretion rate of only 0.31 km2/a.

3.2.2. Dynamics of the Accretion–Erosion Area in the Yellow River Estuary from 1976 to 2018

From 1976 to 1996, the area of the YRE showed a trend of significant growth (Figure 5c),
increasing from 213.62 km2 to 567.49 km2, with a total accreted area of 353.87 km2. During this period,
the accretion–erosion changed significantly, and the accretion process was dominated by sedimentation,
with an average accretion rate of 17.69 km2/a (Figure 5d).

From 1997 to 2018, the change in the estuarine area was relatively small (Figure 5e), basically
in the range of 530.00–570.00 km2. From 1997–2001, the area of the estuary decreased significantly
to 523.57 km2 by 2001. The area has been relatively stable since 2002 and remained at 536.92 km2 in
2018. The estuary revealed erosion, with a total eroded area of 31.08 km2. For the accretion–erosion
dynamics of the estuary area (Figure 5f), significant erosion occurred from 1997 to 2001, but the erosion
area gradually decreased. The accretion–erosion process began to stabilize in 2002. The only relatively
obvious accretion took place in 2011–2012, with an accretion area of 11.75 km2. The overall accretion
gradually decreased and became stable, with an average annual accretion rate of only 0.67 km2/a.

For the current eastern coast of the Qing 8 estuary (Figure 5g), the land area decreased slightly
in 1997–2001 to 174.21 km2 in 2001. The area has gradually increased since 2002 to 241.79 km2 by
2018. The eastern coast generally underwent a process of sedimentation. For the accretion–erosion
dynamics of the eastern coastal area (Figure 5h), slight erosion occurred in the Qing 8 estuary from 1997
to 2001, and stable sedimentation continued after 2002. The accretion area decreased from 8.82 km2 in
2001–2002 to 0.68 km2 in 2017–2018.

For the abandoned eastern coast of the Qingshuigou estuary (Figure 5i), due to the lack
of replenishment by runoff and sediment from the Yellow River, the land area decreased from
380.67 km2 in 1997 to 295.13 km2 in 2018. Regarding the accretion–erosion dynamics (Figure 5j),
the abandoned Qingshuigou estuary exhibited stable erosion over 22 years, with an average erosion
rate of approximately 3.93 km2/a.
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Figure 5. Changes in the land area and accretion–erosion area of the Yellow River Delta (YRD), Yellow
River Estuary (YRE), abandoned Qingshuigou estuary, and the northern coast during the different
periods. (a,b) for the YRD from 1976 to 2018; (c,d) for the Yellow River Estuary during the period of
the Qingshuigou course from 1976 to 1996; (e,f), (g,h), and (i,j) for the Yellow River Estuary, Qing 8
estuary, and abandoned Qingshuigou estuary during the period of the Qing 8 course from 1997 to 2018,
respectively; (k,l) for the northern coast from 1976 to 2018.
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3.2.3. Dynamics of the Accretion–Erosion Area on the Northern Coast from 1976 to 2018

After the Yellow River was diverted to Qingshuigou route to the sea in 1976, tidal and storm surges
were the two main factors affecting the accretion–erosion dynamics of the northern coastal area of the
Diaogou River estuary. The area decreased year by year with annual fluctuations (Figure 5k). In the
past 43 years, the land area changed from the initial 270.69 km2 to 154.73 km2 in 2018, with a percentage
decrease of 42.84%. For the accretion–erosion dynamics of the northern coast (Figure 5l), erosional
processes were relatively obvious before 1996, with an average annual erosion rate of approximately
3.96 km2/a. Then, erosion began to diminish in 1997, and the average annual erosion rate decreased to
1.67 km2/a. The overall average annual erosion rate of the northern coastal area was 2.76 km2/a over
the past 43 years.

3.3. Variation Characteristics of Runoff and Sediment Supply to the YRD from 1976 to 2018

3.3.1. Interannual Variation Characteristics of Runoff and Sediment

According to the variation trends of the annual runoff and sediment at the Lijin hydrological
station (Figure 6), the record can divided into two stages: the 1976–2001 stage before the full operation
of the Xiaolangdi reservoir and the 2002–2018 stage with water-sediment regulation (although the
regulation was not carried out in 2016 and 2017).
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For the annual runoff into the sea (Figure 6a), the overall runoff showed a volatile downward
trend from 1976 to 2018, with a rate of decrease of 4.00 × 108 m3/a. The fit curves are:

yr = −4.00x + 8196.60 R2 = 0.20 1976–2018 (1)

yr = −12.45x + 24979.00 R2 = 0.54 1976–2001 (2)

yr = 1.62x− 3077.70 R2 = 0.01 2002–2018 (3)

Formulas (1)–(3) are for the annual runoff at the different time periods. The x and yr are year and
annual runoff (108 m3), respectively. During this time, the decreasing trend was obvious from 1976 to
2001, with a rate of decrease of 12.54 × 108 m3/a and an average annual runoff of 214.94 × 108 m3. Then,
the runoff showed a volatile increasing trend from 2002 to 2018, with a growth rate of 1.62 × 108 m3/a
and an average annual runoff of 174.36 × 108 m3, which reflected significant decreases compared with
the earlier stage.

For the annual sediment discharge into the sea (Figure 6b), the overall sediment showed a
significant downward trend from 1976 to 2018, with a rate of decrease of 0.21 × 108 t/a. The fit
curves are:

ys = −0.21x + 418.15 R2 = 0.60 1976–2018 (4)

ys = −0.31x + 628.56 R2 = 0.49 1976–2001 (5)

ys = −0.07x + 150.46 R2 = 0.13 2002–2018 (6)
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Formulas (3)–(6) are for the annual sediment at the different time periods. The x and ys are year
and annual sediment (108 t), respectively. During this time, the rate of decrease was 0.31 × 108 t/a,
and the average annual sediment was 5.36 × 108 t from 1976 to 2001. Then, the annual sediment rate
decreased to 0.07 × 108 t/a, and the average annual sediment was 1.35 × 108 t during the later stage,
which reflected significant decreases compared with the earlier stage.

The interannual characteristics of runoff and sediment changed significantly due to the
implementation of water-sediment regulation.

The relationship between runoff and sediment was analyzed further (Figure 7) and the fit
curves are:

ys_c = −0.02xr_c + 3.09 R2 = 0.99 1976–2001 (7)

ys_c = 0.007xr_c + 104.78 R2 = 0.97 2002–2018 (8)

Formulas (7) and (8) are for the annual cumulative sediment and runoff at the different time
periods. The xr_c and ys_c are the annual cumulative runoff (108 m3) and sediment (108 t), respectively.
The annual cumulative sediment and runoff show a significant positive correlation, but the double
cumulative curve has a downward deflection point between 1976 and 2018, which indicates a sudden
reduction in sediment. The turning point occurred in 2001–2002, which was mainly due to the
final completion of the Xiaolangdi key water-control project and the implementation of WSR by the
Xiaolangdi reservoir. An artificial flood peak was formed by massive discharge from the reservoir
and increased the erosion of the downstream riverbed. In the meantime, the runoff greatly increased,
while the amount of sediment slowly decreased, which caused the double cumulative curve to show a
significant clockwise deflection.
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3.3.2. Intra-Annual Variation Characteristics of Runoff and Sediment

According to the variation trend of the average monthly runoff and sediment at the Lijin hydrology
station (Figure 8), the monthly runoff and sediment in 1976 to 2001 were roughly the same as those in
1976–2018 in terms of intra-annual distribution. The rising point of the flood peak and the sand peak
started in June and reached a peak in August. There was a large runoff and sediment throughout the
flood season (July–October). After the implementation of water-sediment regulation in 2002, the rising
point of the flood peak and the sand peak advanced to May, and the peak time advanced to July.
The runoff and sediment decreased significantly. The flood peak decreased from 42.67 × 108 m3 to
31.03 × 108 m3, with a decreasing ratio of 27.29%. The maximum sediment decreased from 1.89 × 108 t
to 0.38 × 108 t, with a decreasing ratio of 79.75%. The results indicated that the water-sediment
regulation changed the intra-annual distribution of runoff and sediment.
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The regulation of water and sediment generally started in late June of each year, leading to the
advance of the flood season by one month. In this study, the time of the flood season was from June to
October in the year of water-sediment regulation. The average annual runoff and sediment during
the flood season decreased from 139.13 × 108 m3 and 4.81 × 108 t in 1976–2001 to 114.36 × 108 m3

and 1.21 × 108 t in 2002–2018, with decreasing ratios of 17.80% and 74.84%, respectively. It showed a
significant decreasing trend. In contrast, the annual runoff and sediment during the non-flood season
had relatively small changes before and after 2002. Especially in the period from November to March
of the following year, the runoff and sediment accounted for only 25.69% and 6.69%, respectively.

The amount of sediment was the main source of land material for sedimentary land reclamation in
the YRD. The proportion of sediment entering the sea from November to March of the following year
was relatively small, which had little impact on the accretion–erosion process of the delta. Therefore,
it is feasible to select Landsat time series imagery during this period to study the accretion–erosion
dynamics of the YRD.
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Figure 8. Monthly average runoff (a) and sediment (b) at the Linjin hydrometric station from 1976
to 2018.

3.4. Relationship between the Accretion–Erosion Dynamics and the Runoff and Sediment

Since the Yellow River was diverted to Qingshuigou and thus into the sea in 1976, the main areas
directly affected by the water and sediment in the delta have been the YRE and the Qing 8 estuary.
Therefore, the relationships between the accretion–erosion dynamics and the runoff and sediment in
the YRE and Qing 8 estuaries were directly analyzed in this study.

The relationships between the cumulative annual runoff and sediment and the cumulative
accretion–erosion area of the YRE was analyzed (Figure 9a,b), and the fit curves are:

ya−e = 0.07xr_c + 11.76 R2 = 0.99 1976–1996 (9)

ya−e = −0.18xr_c + 1252.80 R2 = 0.98 1997–2001 (10)

ya−e = 0.005xr_c + 283.53 R2 = 0.76 2002–2018 (11)

ya−e = 3.17xs_c − 9.43 R2 = 0.98 1976–1996 (12)

ya−e = −6.52xs_c + 1168.50 R2 = 0.88 1997–2001 (13)

ya−e = 0.77xs_c + 207.55 R2 = 0.77 2002–2018 (14)

Formulas (9)–(11) are for the cumulative accretion–erosion area and runoff, and the
Formulas (12)–(14) are for the cumulative accretion–erosion area and sediment at the different
time periods. The xr_c, xs_c, and ya-e are the cumulative annual runoff (108 m3), cumulative annual
sediment (108 t), and the cumulative accretion–erosion area (km2) of YRE, respectively. The results show
high correlations before 1996, with R2 values of 0.99 and 0.98, respectively. The water and sediment
from the Yellow River directly affected the accretion–erosion process of the YRE from 1976–1996.
During the period from 1997 to 2001, the water and sediment from the Yellow River decreased sharply
and experienced multiple interruptions, which caused severe erosion of the eastern Qing 8 estuary and
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the abandoned southeastern Qingshuigou estuary. The land accretion area was continuously negative,
and the cumulative accretion–erosion area was negatively correlated with runoff and sediment. During
the period from 2002 to 2018, the YRE reverted to slow accretion with the regulation of water and
sediment. The abandoned Qingshuigou estuary was no longer affected by the water and sediment
from the Yellow River after 1996 but was affected by tides in a process of continuous erosion, which
reduced the correlation between the cumulative accretion–erosion area of the whole YRE and the
cumulative annual runoff and sediment, leading to R2 values of only 0.76 and 0.77, respectively.

For the eastern Qing 8 estuary (Figure 9c,d), the fit curves are:

ya−e = 0.016xr_c + 38.49 R2 = 0.73 1976–1996 (15)

ya−e = −0.056xrc + 384.21 R2 = 0.84 1997–2001 (16)

ya−e = 0.022xr_c − 2.268 R2 = 0.98 2002–2018 (17)

ya−e = 0.68xs_c + 34.17 R2 = 0.71 1976–1996 (18)

ya−e = −2.11xsc + 374.92 R2 = 0.69 1997–2001 (19)

ya−e = 3.08xs_c − 303.54 R2 = 0.97 2002–2018 (20)

Formulas (15)–(17) are for the cumulative accretion–erosion area and runoff, and the
Formulas (18)–(20) are for the cumulative accretion–erosion area and sediment at the different
time periods. The xr_c, xs_c, and ya-e are the cumulative annual runoff (108 m3), cumulative annual
sediment (108 t), and the cumulative accretion–erosion area (km2) of Qing 8 estuary, respectively. The
results showed that the cumulative accretion–erosion area had positive correlations with runoff and
sediment before 1996, but the correlations were not significant. The main reason was that the runoff and
sediment entering the sea from the Qingshuigou estuary directly affected the overall accretion–erosion
process in the YRE. The eastern Qing 8 estuary had not yet formed and accounted for only a small part
of the YRE, which caused the lack of significant correlations between the accretion–erosion area and
the runoff and sediment. In the period from 1997 to 2001, the Yellow River was diverted to the Qing 8
channel and entered the sea. The runoff and sediment were significantly related to the accretion–erosion
area. However, the runoff and sediment decreased sharply, and the flow was interrupted frequently,
causing significant negative correlations with the accretion–erosion area, yielding R2 values of 0.84 and
0.69, respectively.

The accretion–erosion dynamics of the eastern Qing 8 estuary were significantly correlated with
runoff and sediment after the implementation of water-sediment regulation in 2002, with R2 values
of 0.98 and 0.97, respectively. The correlations were much higher than that of the whole YRE, which
shows that under the premise that the sediment from the Yellow River was the material basis of
accretion–erosion, water and sediment processes directly affected accretion–erosion in the eastern Qing
8 estuary.
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Figure 9. Relationship between the cumulative accretion–erosion area of the estuary and the cumulative
annual runoff and sediment from 1976 to 2018. (a) for the Yellow River Estuary and the cumulative
annual runoff; (b) for the Yellow River Estuary and the cumulative annual sediment; (c) for the
Qing 8 estuary and the cumulative annual runoff; (d) for the Qing 8 estuary and the cumulative
annual sediment.

4. Discussion

4.1. Uncertainty of the Coastline Extraction through Remote Sensing Method

Accurate extraction of the coastlines is of great significance for the study of coastal zones,
especially for our study of accretion–erosion evolution in the YRD. Based on the long time series
Landsat images and combined with random forest algorithm and manual visual interpretation method,
the instantaneous water–land boundary line and general high tide line are extracted on the basis of
image classification information, and then, the coastline is extracted through the mutual corrections of
the land area of these above two lines in this study.

Compared with other early studies, which select only one image every year [5,13,14,33], our method
can effectively reduce the uncertainty of the coastline extraction. Because of the influence of tides,
the water boundary line or tide line monitored by remote sensing may be greatly different at each
time of the satellite’s revisit period, and the coastline extracted only from one image may have great
uncertainty, and result in an unrepresentative result. This finding is similar to many subsequent
studies, which select all the high quality images with less cloud and rain each year [2,4,11,28,35,43].
However, due to the effects of runoff, sediment, and tides, the coastlines extracted from satellite images
at different times of the year vary greatly, the abundant amount of runoff and sediment in summer
affects the accretion–erosion process significantly every year. The shoreline and land area extracted
from the images at this moment may be much smaller than that when the runoff and sediment enter
the sea in autumn or winter [13,28]. Therefore, this study firstly analyzes the intra-annual variation
characteristics of the sediment entering the sea from 1976 to 2018, and concludes that the proportion
of sediment from November to March of the following year is less than 10% of the annual sediment,
which has relatively little impact on the accretion–erosion process of the delta. Thus, we select high
quality Landsat time series imagery during this period to extract the coastlines, which greatly reduces
the uncertainties caused by the selection of time series images in the traditional coastline extraction.

In addition, there are also some uncertainties in the spatial resolution of images. Note briefly that
the imagery for the 9 years from 1976 to 1984 is derived from the MSS sensors with a resolution of
60 m, and the subsequent TM, ETM+ and OLI data all have a spatial resolution of 30 m. Therefore,
the extraction accuracy of the water–land boundary line after 1985 should be slightly higher than that
for the imagery from the initial 9 years. However, the central positions of the water and land boundary
pixels are used to mark the boundary line, which can control the maximum error of extraction within
±30 m in the actual process of boundary extraction. This error is basically less than 10% in the extensive
tidal flat delta and can be ignored in this study [2,4].

Moreover, this study applies a coastline extraction method combining machine learning
classification with manual visual interpretation. In the study of automatic coastline extraction,
most scholars focus on the using various algorithms to efficiently extract the coastline from the images
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mutation information, without fully considering the size, texture, shape and other information of the
features in the image [4,11]. The coastline, in the final analysis, is a kind of geographical phenomenon.
When extracting the coastline, it should not be pursued from the perspective of image processing.
The spectral, texture, and geometric shape should be considered comprehensively, and combined with
the features of actual land types, tides, and other geographical factors, in order to obtain the coastline
more accurately and scientifically [28,40,41]. Thus, the classification method based on the random
forest algorithm is studied to extract the classified information of high, middle and low tide rapidly
and accurately, which cannot be achieved by direct automatic coastline extraction. Then, combined
with expert knowledge and the local geographical factors, a visual interpretation method was used
to extract the water–land boundary line and high tide line, which is still one of the most accurate
approaches [2,4]. Thus, the coastlines extracted with the above coupling method have a high precision,
which can meet the needs of the subsequent research on accretion–erosion in the YRD.

4.2. Influences of Runoff and Sediment on Coastal Accretion–Erosion in Different Periods

The development of the YRD and the evolution of coastal accretion–erosion are influenced by
the interactions of water and sediment conditions along the Yellow River and the dynamics of the
ocean. The former conditions made the land advance towards the sea, while the latter processes caused
retreat towards the land [29,32,35,60]. The YRD has been in a dynamic accretion–erosion situation
since the Yellow River was artificially diverted to the Qingshuigou channel. The evolution of coastal
accretion—erosion has obviously been different in different periods. These spatiotemporal variations
in accretion–erosion are comprehensively influenced by the water and sediment of the Yellow River,
the topography of the estuary, and the dynamic conditions of the ocean.

In the early stage of the Yellow River’s diversion to Qingshuigou from 1976 to 1996, sediment
was quickly deposited because of sufficient water and sediment and the wide and shallow estuary
area. During this period, because the northern Diaokou River estuary was cut off from water and
sediment, marine dynamics became the dominant factor in the evolution of accretion–erosion dynamics.
The northern coast experienced obvious erosion and retreat under the action of waves and tidal
currents. However, overall accretion was greater than erosion, and the land area grew steadily in the
YRD. Therefore, the relationship between the accretion–erosion dynamics and the water and sediment
were further analyzed in the estuary area. Significant positive correlations were found between the
accretion–erosion area and the runoff and sediment, which marked the main sedimentation stage in the
estuarine area during the past 43 years. This conclusion is basically consistent with those of previous
studies [4,5,14,28,43].

The water and sediment decreased sharply in the Yellow River from 1996 to 2001. At the same
time, the Yellow River was diverted to the northeast to enter the sea by the Qing 8 course, which caused
large changes in the estuary morphology, coastal conditions and marine dynamics. With effective
soil and water conservation projects (terraced fields, afforestation, grass, and warping dams that
blocked sediment), the intensification of industrial and agricultural water and sediment diversion
along the Yellow River Basin, especially the beginning of the Grain to Green Program (GTGP) and the
operation of the Xiaolangdi project, the downstream river channel shrank, the flow was frequently
interrupted, and the sediment was functionally exhausted. The amounts of runoff and sediment
entering the sea decreased, and ocean erosion intensified. As a result, coastal erosion exceeded
accretion, and the cumulative land area showed a decreasing trend [30,32,43,60]. At the same time,
the original southeastern Qingshuigou estuary lost its direct supply of water and sediment, the amount
of sediment resuspended through the mouth was limited, the sand mouth extended deep into the
sea and was strongly affected by ocean dynamics, and the land area of the southeastern estuary was
strongly eroded [28,43,61]. Therefore, the YRE presented more obvious processes of erosion and retreat
during this period, which marked the stage of sea advance and land retreat.

Since the Xiaolangdi reservoir began to implement the unified regulation of water and sediment
in 2002 and through 2018, the amount of sediment entering the sea has increased compared with
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the stage of 1996–2001, and the trend of total decrease has been curbed. However, the projects of
soil and water conservation and GTGP continued to take effect in the Loess Plateau, which reduced
the total amount of sediment entering the channel of the Yellow River from the sources. In addition,
the regulation of water and sediment increased the amount of sediment delivered to the sea in a
short time by means of water conservancy projects and reservoir dredging, but the sediment in the
reservoir inevitably decreased with the passage of time and the increased frequency of WSR [5,13,37].
As a result, the annual amount of sediment entering the sea decreased sharply from the previous
4.00 × 108 t–6.00 × 108 t to 1.00 × 108 t–2.00 × 108 t. The water-sediment situation of the Yellow River
began to change from “less water and more sediment” to “more water and less sediment”. The density
of water from the estuary into the sea decreased, forming a plume flow and moving on the upper layer
of seawater, which became the main routed for sediment entering the sea and sedimentation in the
Yellow River [32,35,61]. The sediment transport pattern of the plume flow was affected by runoff and
tide more dramatically than that of the previous gravity flow, and the accretion process was more
difficult and complicated, resulting in a decrease in the average annual accretion rate of the estuary
from 17.69 km2/a before WSR to 0.67 km2/a after 2002. At the same time, the abandoned southeastern
Qingshuigou estuary was eroded strongly by waves and tidal currents. Overall, the accretion of the
YRE was slightly greater than erosion, and the land area was still slowly increasing, which is basically
consistent with the results of previous studies [5,14,28].

In addition to the interannual variations in the amounts of runoff and sediment entering the sea,
the uneven distribution of water and sediment within the year affected the accretion–erosion dynamics
of the YRD. During the implementation of water-sediment regulation, the runoff and sediment were
adjusted from July to October in the previous flood season to June to August, and the amount of
sediment generally exceeded 85% of the annual sediment transport. As a result, the accretion time was
shortened, and the erosion interval was lengthened. This situation was conducive to the stability of
the flow path and reduced accretion in the channel along the Yellow River, but it may be unfavorable
for the accretion of the YRD. Through the comparison of results in this paper, the accretion–erosion
process after water-sediment regulation is found to be generally lower than that before. This finding is
consistent with those of some relevant studies [13,15]: the relatively concentrated time of water and
sediment adjustment would change the original water-sediment conditions and increase the land area
quickly but lead to erosion in the long run.

4.3. Influences of the Dynamics of the Ocean on Coastal Accretion–Erosion

The marine dynamic is another key factor influencing the evolution of accretion–erosion in the
YRD. Our study finds that the determination coefficient R2 between the cumulative accretion–erosion
area and the cumulative annual sediment decreased from 0.98 before 1996 to 0.88 during 1996–2001
and then to 0.77 after water-sediment regulation during 2002–2018. To a certain extent, these changes
illustrate the constraints of ocean dynamics on delta land accretion. The annual sediment exceeded
4.00 × 108 t before 1996, forming a gravity flow with a density greater than that of seawater, which was
easy to deposit. The effects of ocean tides were small, and the land accretion process was significant
during this period. In 1996, the Qing 8 course project was implemented, and the distance between the
branch outlet and the no-tide point was shortened by 18 km. These conditions were conducive to the
formation of a high-speed flow field outside the new river mouth and convenient for sedimentation
in a relatively shallow area under the action of tidal forces [4,31,35,60]. However, the reduction in
sediment reduced the impact on estuarine sedimentation, resulting in a decrease in the correlation
coefficient between the two factors, but the sediment still played a leading role in the process of
land construction. After the implementation of water and sediment regulation in 2002, although the
sediment load decreased, it was in the form of plume flow into the sea and was affected by other
factors, such as tidal power, residual current and bottom flow. These factors hindered the land accretion
process, increased the complexity of land sedimentation, and reduced the correlations between the
accretion–erosion area and the runoff and sediment [5,13,15,61].
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Generally, the YRD could maintain a relatively stable dynamic process of accretion–erosion.
However, the amount of sediment entering the Yellow River has been greatly reduced from the source,
the sediment in the reservoir area that can be dredged as part of the water-sediment regulation has
continued to decrease, and the diversion of water and sediment by industries and agriculture along
the river has intensified, all of which cause the amount of sediment entering the sea to continuously
decrease in the long run. In addition, the northern coast of the Diaokou River and the abandoned
southeastern Qingshuigou estuary continue to erode and retreat under the action of ocean dynamics.
As the accretion process in the east Qing 8 estuary continues to decelerate, gradually turns into erosion,
and the sea level rises due to global warming, the total land area of the YRD will tend to decrease in
the future.

5. Conclusions

Landsat long-term satellite imagery from 1976 to 2018 and the statistical runoff and sediment data
for the Yellow River were used as the data sources in this paper. The remote sensing big data cloud
processing platform of the Google Earth Engine and the mean tide line method were used to extract
the coastlines of the YRD in multiple years. Based on these coastlines, the accretion–erosion dynamics
were analyzed. Then, the interannual and intra-annual characteristics of runoff and sediment were
also studied. The relationships between the accretion–erosion dynamics and the runoff and sediment
under different artificial measures (diversion of the Yellow River and WSR) were explored. The overall
conclusions are as follows:

The dynamic coastlines of the YRD generally lengthened first and then shortened. The coastlines
were dominated by growth from 1976 to 2013 and then began to decrease slowly, with an average
annual growth rate of 1.48 km/a. The range of changes along the northern coastline near the Diaokou
River was small, within ±13 km. The artificial coastline generally showed a stable growth trend.
The changes in the YRE coastlines were similar to those of the overall YRD coastlines, with an average
growth rate of 1.12 km/a.

The erosion–accretion dynamics of the YRD generally showed a pattern of intense accretion,
followed by rapid erosion and reduction, and then gradually stabilizing accretion. The YRD experienced
rapid sedimentation before 1996, with an average annual growth rate of 28.60 km2/a. Affected by
the sharp decrease in the sediment in the Yellow River and the action of marine dynamics, the land
area showed a trend of erosion during the period from 1997–2001. After the implementation of
water-sediment regulation in 2002, the accretion–erosion processes gradually approached a balance,
and the average annual accretion rate decreased to 0.31 km2/a. The accretion–erosion processes were
basically similar in the YRE and eastern Qing 8 estuary. The abandoned southeastern Qingshuigou
estuary has experienced stable erosion since 1996. The northern Diaohe estuary has generally undergone
erosion since the Yellow River was diverted to Qingshuigou in 1976.

The amount of sediment, which affected the evolution of coastal accretion–erosion, showed
significant interannual and intra-annual variations. The annual sediment discharge showed a general
downward trend during the past 43 years, with a rate of decrease of 0.21 × 108 t/a. Before and
after water-sediment regulation, the rates of decrease in annual sediment were 0.31 × 108 t/a and
0.07 × 108 t/a, respectively. In terms of intra-annual variation, the maximum amount of sediment
decreased by 79.70%, and the amount of sediment during the flood season decreased by 74.80% after
water-sediment regulation. The proportion of sediment during the period from November to March of
the following year accounted for only 6.69% of the annual sediment discharge.

The constraints of marine dynamics on the accretion–erosion processes in the YRD were constantly
increasing. As the amount of sediment entering the sea continued to decrease, although the water and
sediment processes still directly affected the accretion–erosion of the YRE, the influences of other factors,
such as tidal power, residual currents and bottom flow fields, increased. The correlation between the
accretion–erosion area of the YRE and the cumulative annual sediment discharge continually decrease.
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In conclusion, based on the analysis of the temporal differentiation of the runoff and sediment,
the suitable months for the study of coastline extraction and accretion–erosion dynamics are obtained
in this study. On this basis, a coastline extraction method with relatively high accuracy is proposed
in combination with time-series remote sensing images, and corresponding coastline results are
obtained. Then, the relationship between the accretion–erosion and the runoff and sediment in different
periods of the artificial diversion of the Yellow River is further analyzed. The appropriate time and
extraction method of coastline extraction can provide some references for related coastline research.
The analysis of the relationship between the accretion–erosion and the runoff and sediment in different
stages can be used for better management, protection and sustainable development of the delta
coast, and also provide a certain reference for internationally related remote sensing research on delta
coast accretion–erosion.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/11/2992/s1,
Figure S1: Extraction of the high tide line and water–land boundary line from the remote sensing classification for
2013, Figure S2: Spatiotemporal dynamic distributions of the coastline in the whole YRD (a,d,g), the northern
coast (b,e,h) and the Yellow River Estuary (c,f,i) from 1976 to 2018.
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