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Abstract

:

The Yellow River Delta in China is the most active one for sea–land changes over all deltas worldwide, and its coastline evolution is critical to urban planning and environmental sustainability in coastal areas. Existing studies rarely used yearly temporal resolution, and lack more detailed and quantitative analysis of coastline evolution characteristics. This paper used visual interpretation to extract the coastline of the Yellow River Delta in year interval Landsat images for 45 years from 1976 to 2020, and analyzed the spatiotemporal characteristics of the coastline evolution through statistical methods such as calculating change values and change rate. The main results are as follows: (1) overall, the coastline of the Yellow River Delta presented a spatial pattern involving northern landward retreat and southern seaward expansion. Since 1990, the Yellow River Delta has entered a period of decline. In addition, the length of the artificial coastline increased by about 55 km; (2) in the Qingshuigou region, the land area and the coastline length increased first and then stabilized. The southeastern part of the Qingshuigou was in a state of erosion, while the northeastern part was expanding toward the sea along the north direction; (3) in the Diaokou region, the land area has been decreasing, but the reduction rate has gradually slowed down. The main conclusions are as follows: (1) through the research on the evolution model and mechanism of the coastline of the Yellow River Delta, it was found that human factors and natural factors were the two major driving factors that affect the evolution of the coastline; (2) a river branch appeared in the northern part of the Qingshuigou region in 2014 and became a major branch in 2020, which would affect the development of the coastal region of Chengdao. This study is important for better understanding the evolution pattern of the Yellow River Delta coastline and will help to provide guidance for coastline management and resource exploitation.
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1. Introduction


As an important geographic feature marking land–sea boundaries, coastlines possess unique geographic, morphological and dynamic characteristics [1,2,3]. Coastal zones are the most active and concentrated areas of human activities [4,5,6,7], and under the influence of the economic development, the Chinese coastline has changed significantly [8,9,10,11,12]. As a world-famous, terrestrial sediment-dominated, weak tidal delta, the Yellow River Delta is the most rapidly growing delta in the world [13]. In the past 50 years, the coastline of the Yellow River Delta has changed extremely frequently, which directly affected the amount of beach resources available in the intertidal zones, the environment of the coastal zones, the survival and development of people in these regions [14,15,16]. Hence, accurately identifying the evolution patterns and driving factors of the Yellow River Delta coastline is critical for urban planning and sustainable environmental development of coastal regions [17,18,19].



Most existing studies on the coastline of the Yellow River Delta have focused on analyzing the influences of the landscape and morphological evolution on coastline changes [20,21] and the temporal and spatial characteristics of the coastline based on remote sensing imagery [22,23,24,25,26,27,28,29,30,31,32,33]. This paper belongs to the latter. By using remote-sensed imagery data, many research studies have been carried out on the coastline and area changes of the Yellow River Delta. They found that the coastline of the Yellow River Delta generally exhibited a gradual erosional trend, and the area presented an increased state [27,28,29]. In addition, there have been significant variations in the shape and length of the coastline from the 1970s [27], impacted by human activities, climate change and sea level rise [33]. The significant variations showed a deposition and erosion alternate phenomena. However, due to the data used with different intervals, many studies have different findings. For instance, by using six years of data from 1989 to 2009, Li et al. [26] showed that the overall area of the delta experienced two stages: growth stage during 1989–2006 and retreat stage during 2006–2009. By using three-year intervals data during 1986–2015, Niu et al. [27] identified three stages: a continuous erosion stage, an overall stabilization of the area after deposition stage and an erosion stage, while Kong et al. [29] indicated three stages: growth stage from 1983 to 2000, retreat stage from 2000 to 2003 and recovery stage from 2003 to 2011.



In addition, on the basis of studying the overall change of the Yellow River Delta, the change of some special region (such as Diaokou region and Qingshuigou region) in the Yellow River Delta attracted attention gradually [30,31,32]. Previous studies all found that the northern area in the Diaokou region mainly experienced landward erosion, whereas rapid seaward migration of river channels was noted in the Qingshuigou region [31,32]. Zhu et al. [33] selected 10 key years’ data from 1980 to 2020, and found that there are two significant accretion areas in the Qing 8 and Qingshuigou course.



However, there are still shortcomings in the study on the spatiotemporal evolution of the Yellow River Delta coastline: (1) most studies primarily focused on coastline changes in intervals of several years [26,27,33], and the recent research periods were not of yearly temporal resolution, resulting in deficiencies to capture the yearly coastline evolution patterns; (2) most researchers have emphasized the overall variations in the coastline, although some scholars have conducted studies on the Diaokou and Qingshuigou regions, they simply analyzed the changes in shape and failed to provide more detailed and quantitative analyses on their characteristics; (3) except for Zhu et al. [33], long-term studies involving the latest year are few.



Therefore, this paper investigated the long-term spatial and temporal evolution of the coastline by using yearly remote sensing imagery of the Yellow River Delta from 1976 to 2020. More detailed and quantitative analyses of the ever-changing estuary region were conducted through statistical methods such as calculating change values and change rate, and the associated mechanisms were explored and discussed. The findings can enhance the better understanding of the spatiotemporal variations of the Yellow River Delta coastline, provide data validation and technical support for future research on the coastline, and offer recommendations and guidance for coastline management and regional development of the Yellow River Delta.



This paper consists of five sections. Section 2 mainly introduces the study area, data sources and methodologies. Section 3 presents the analysis of coastline evolution. Section 4 discusses the driving mechanisms and policy implications, and Section 5 presents the conclusions.




2. Study Area and Data Sources


2.1. Study Area


The Yellow River Delta (117°30′–119°20′E, 36°53′–38°20′N) is located in the northern part of Shandong Province, China, and lies between Bohai Bay and the mouth of Laizhou Bay [34,35]. It is the second largest river delta in China [36] and the most rapidly evolving delta in the world [37]. The Yellow River Delta is a typical fan-shaped delta composed of a large amount of silt delivered by the Yellow River. Its elevation gradually decreases from southwest to northeast over a range of 1–13 m. Under the dual actions of both the river and the sea, the evolution speed and direction of the Yellow River Delta coastline are considerably different from those of other coastlines. According to different periods of time, the Yellow River Delta can be divided into the ancient Yellow River Delta, the recent Yellow River Delta and the modern Yellow River Delta [38]. This paper studies the modern delta (Figure 1). Its geographic range takes Yuwa, Kenli District as the apex, starting from the mouth of the Tiaohe River in the west, reaching the Songchunronggou River in the south, and is bounded by the coastline in the east [39]. The modern Yellow River Delta has two estuaries: one is the early estuary (January 1964–May 1976) located in the Diaokou region (Diaokou River), and the other is the current estuary (1976–now) located in the Qingshuigou region. Because of the frequent and significant coastline variations of the Qingshuigou and Diaokou estuary regions, this paper conducted a detailed quantitative analysis on the two regions. Moreover, the Diaokou region starts from the mouth of the Tiaohe River in the west, reaching the Gangdong First Road in the east, and is bounded by the coastline in the north. The Qingshuigou region starts from the mouth of the Songchunronggou River in the south, adjacent to Xuwangwuzi in the north, and is bounded by the coastline in the east. The Qingshuigou Region includes two subregions, the southeast region and the northeast region. The southeast region starts from location A (119°06’, 37°44’), extends east and south to the coastline, respectively, and is bounded by the coastline. The northeast region starts from location B (119°10′, 37°44′), extends east and north to the coastline, respectively, and is bounded by the coastline.




2.2. Extraction of Coastlines


As an important way to obtain geographic information, remote sensing technology has the advantages of relatively low data acquisition cost for image users, wide coverage and high spatial resolution. Thus, it has been widely used in coastline extraction [40,41]. Considering the image quality and acquisition time, a total of 45 satellite images (Table 1), including Landsat MSS, Landsat TM, Landsat ETM+ and Landsat OLI, were obtained around the Yellow River Delta from 1976 to 2020 through the official website of the United States Geological Survey (https://earthexplorer.usgs.gov/ (accessed on 24 November 2021)). All images have been geometrically corrected. For the geometric correction processing of each image, 22 ground control points were selected by following the principles of prior contour points, uniform distribution, no change with time and easy identification. A first-order polynomial transform algorithm was used to ensure that each permanent feature was at exactly the same location in all the images [42,43]. The images were resampled to a 30 m pixel size using the nearest neighbor resampling method. In addition, to make the image clearer, this paper used linear stretching and sharpening methods to enhance the image. All involved image processing operations were conducted by ENVI 5.3 software, and the projected coordinate system used was WGS_84_UTM_zone_50N.



As the locations of land–sea boundaries are relatively significantly influenced by factors such as tides and topography, a consistent standard for coastline definition is necessary for coastline extraction at different times. The general high tide line refers to the boundary submerged by the sea when the ocean has a non-extraordinary high tide. It is located between the high and middle tidal flat. Due to the different composition of tidal flats and the time of exposure to water, the high and middle tidal flat have different spectral characteristics in remote-sensed images [27]. Thus, the general high tide line can be easily identified. Because of its simplicity, ease and relative accuracy, the general high tide line has been used in many studies [27,31]. Hence, the general high tide line method is used to represent the coastline in this paper.



For coastline extraction, so far nothing can yield better results than a thorough human interpretation and manual digitization [33], and many studies [13,27,31,42] have also used this method. Thus, the Landsat images were visually interpreted to extract coastline of the Yellow River Delta from 1976 to 2020. The coastline of the Yellow River Delta is mainly divided into two types: artificial coastline and natural coastline. Artificial coastline refers to the coastline composed of coastal structures such as seawall, wharf, asphalt road, dock, revetment (concrete or riprap structure, etc.). In order to avoid the impact of bad weather from the ocean, wave dikes have been built on the offshore side of shrimp ponds and salt fields, which are also regarded as artificial coastlines. The geometry of the artificial coastline is relatively regular, so they can be easily obtained by visual interpretation. It should be noted that if the artificial structure is restored on the sea side, it would be identified as natural coastline. Natural coastline is the coastline formed by the interaction of sea and land. In order to avoid the interpretation difference caused by human subjectivity, all coastlines were extracted by the same person. The visual interpretation scale was 1:3000. Meanwhile, high-resolution images such as QuickBird (with the resolution of 4m in 1998, with the resolution of 2.8m in 2004) and SPOT-5 (with the resolution of 10m in 2010, and 2015) from Google Earth were used as references for visual interpretation to validate the interpretation results.




2.3. Assessment Method


The annual Yellow River Delta region surface was built using the annual coastline with ArcGIS 10.3 software (Environmental Systems Research Institute, Inc., Redlands, CA, USA). According to the Yellow River Delta region surface, the area of Yellow River Delta could be obtained directly through the area calculation function of ArcGIS. The remaining research regions were obtained by cutting the regional surface of the Yellow River Delta through the clip function of ArcGIS. The rectangular box was used during cutting. The inland boundary of the rectangular box was consistent with the corresponding region in Figure 1. While formulating the maritime boundary, the rectangular box shall extend to the sea as far as possible to ensure that the land extension to the sea in all years is included. After the surfaces of the four regions were obtained, the area could also be obtained directly through the area calculation function of ArcGIS.



In order to assess the spatiotemporal evolution of the Yellow River Delta coastline quantitatively, some statistical methods were employed in this study.



The change value refers to the difference between the ending and starting values for the period being analyzed. The variable in this study means the coastline length, the land area or the distance of coastline advancement. The change value can be calculated with Equation (1).


Dij = Vi − Vj



(1)




where Dij denotes the change value, Vi and Vj denote the values of the ith year and the jth year, respectively.



The change rate refers to the average change of a specific variable within a specific time period. The variable in this study means the coastline length, the land area or the distance of coastline advancement. The unit of time used in this work is year. The change rate can be calculated with Equation (2).


ADij = Dij/(i − j)



(2)




where ADij denotes the change rate, Dij denotes the change value between the ith year and the jth year. Dij is calculated with Equation (1).



The ratio of artificial coastline can be obtained by dividing the artificial coastline length by the total coastline length in the same year. It can be calculated with Equation (3).


Ri = ALi/TLi



(3)




where Ri denotes the ratio of artificial coastline in the year i, ALi denotes the artificial coastline length in the year i, and TLi denotes the total coastline length in the year i.





3. Results


3.1. Overall Spatiotemporal Evolution of the Yellow River Delta


3.1.1. Spatiotemporal Evolution of the Coastline


Figure 2 shows the spatial variations of the Yellow River Delta coastline during 1976–2020. The coastline evolution in the Diaokou region was remarkably different from that in Qingshuigou region. Specifically, the coastline of the Diaokou region has been retreating to land since 1976. The shape of the coastline in the Diaokou region experienced three stages: curved out toward the sea, gradually flattened and curved inward. In contrast, the coastline in Qingshuigou region has curved out toward the sea. The direction of the Qingshuigou region extending seaward was different during different periods. Before 1996, the southeast region of Qingshuigou extended into the sea. After 1996, the coastline in the southeast region started to retreat and the protruding part gradually shifted northward, forming the northeast region. In the northeast region, the coastline extended to the sea in three main directions, in order of time: the northeast direction, the east direction, and the north direction. The spatial distribution and formation of these three directions were discussed in Section 3.2.3.



Figure 3 shows the coastline length variations of the Yellow River Delta during 1976–2020. The length of the coastline in 1976 was about 128.03 km, while that in 2020 was about 181.67 km. Over the past 45 years, the length of coastline fluctuated and increased by approximately 54 km. From 1976 to 1991, the growth rate of coastline length was the highest: about 2.48 km/year. From 1991 to 2009, the growth rate of coastline length was about 2.05 km/year, indicating that the growth rate has slowed down. After 2009, the coastline length tended to stable.



As coastal zone development has become more intense, the impact of human activities on the natural coastline of the Yellow River Delta has gradually exceeded the impacts of natural forces. As shown in Figure 3, before 1986, there was almost no artificial coastline. In 2020, the artificial coastline length was 55.25 km, which accounted for up to one-third of the entire coastline. During 1976–2020, the artificial coastline length had two obvious growth periods. One is that from 1986 to 2020, the artificial coastline length increased by about 45.58 km. The other is that from 2012 to 2013, the artificial coastline length increased by about 7.14 km.




3.1.2. Evolution Characteristics of the Land Area


Figure 4 shows the areal variations in the Yellow River Delta from 1976 to 2020. The area in 1976 was about 2689.83 km2, while that in 2020 was about 2892.53 km2. Compared with 1976, the area of the Yellow River Delta in 2020 increased by approximately 203 km2, with an average growth rate of 4.6 km2/year. By 1990, the area of the Yellow River Delta reached its peak, about 3037.41 km2. After 1990, the area showed a fluctuating decline, with an average decline rate of 4.83 km2/year. The areal evolution of the Yellow River Delta can be subdivided into four stages: (1) from 1976 to 1990, the area showed a fluctuating growth, with an average growth rate of 24.8 km2/year; (2) the area gradually decreased during 1990–2003 at an average rate of 16.6 km2/year; (3) the area expanded briefly by about 224 km2 during 2003–2004; (4) the area decreased again during 2004–2020 with an average decline rate of 9.57 km2/year.





3.2. Spatiotemporal Evolution of the Qingshuigou


As shown in Figure 2, over the past 45 years, the coastline in the Qingshuigou region has exhibited different spatial distributions, including expansion to the southeast and northeast. The following is a detailed analysis of the Qingshuigou region and its two subregions (Southeast Region and Northeast Region).



3.2.1. Overall Variation Characteristics of the Qingshuigou Region


Figure 5 shows the coastline length variations in the Qingshuigou region from 1976 to 2020. The coastline length of the Qingshuigou region exhibited interannual fluctuations, and the overall trend first increased and then stabilized. During 1976–1985, the coastline length increased with a growth rate of 3.72 km/year. However, the growth rate slowed down during 1985–2003, to became about 1.14 km/year. The coastline length gradually stabilized during 2013–2020.



The areal variations in the Qingshuigou region are shown in Figure 6. The overall trend was increased first and then stabilized. The area of Qingshuigou region in 1976 was about 350.95 km2, while that in 2020 was about 777.62 km2. Over the past 45 years, the area of the Qingshuigou region has increased by about 426.67 km2. The areal evolution of the Qingshuigou region can be divided into two stages. (1) During 1976–1993, the area increased with an average growth rate of 29.1 km2/year; (2) during 1994–2020, the area gradually stabilized with some fluctuations.




3.2.2. Evolution Characteristics of the Southeastern Part of the Qingshuigou


To clearly identify the evolution characteristics of the southeastern part of the Qingshuigou region, the study separately analyzed the land area and the distance of coastline advancement (Figure 7). The distance of coastline advancement in Figure 7 refers to the distance difference between coastlines in two consecutive years along the reference line. The reference line for the southeast region is shown in Figure 8.



As shown in Figure 7, the area in the southeastern part of the Qingshuigou region was about 0 km2 in 1976, while that in 2020 was about 125.42 km2. The overall trend was increased first and then decreased. From 1976 to 1993, the land area increased at an average rate of 14.34 km2/year. By 1993, the land area reached its maximum, about 243.76 km2. From 1993 to 2020, the area decreased at an average rate of 4.38 km2/year. For the distance of coastline advancement, before 1995, the region was mainly dominated by coastline advancement (blue columns), with an average annual advancing distance of 1.36 km. After 1995, it was dominated by erosion (red columns), with an average annual retreating distance of 0.30 km. These findings are consistent with those of Liu et al. [32].



However, it is worth noting that the year when the distance of coastline advancement started to be negative (1996) was different from the year with the greatest area of land formation (1993), which implies that the coastline was still advancing toward the sea, but the area was no longer increasing.




3.2.3. Evolution Characteristics of the Northeastern Part of the Qingshuigou Region


Figure 9 shows the area changes of the northeastern part of the Qingshuigou region. From 1984 to 1996, the area decreased at an average rate of 2.28 km2/year. However, during 1996–2010, the area increased continuously at an average rate of 5.73 km2/year. Furthermore, the area gradually leveled off from 2010 to 2016, which means that seawater erosion and sediment accretion offset each other. In 2017, the area dropped by about 36 km2, while in 2018, the area temporarily increased by about 90 km2. The area in 2020 was approximately 118.81 km2. During 1996–2020, the area increased by about 92.69 km2.



As revealed by Figure 2, the coastline of the northeastern part of the Qingshuigou region extended into the sea mainly in three directions: northeast, east and north. The reference lines in three directions are shown in Figure 10.



The advancement distance is the seaward extension distance along the reference line based on 1982. The changes in advancement distances along three reference lines were analyzed, as indicated by Figure 11. Figure 11a shows the northeast direction, Figure 11b shows the east direction, while Figure 11c shows the north direction. As shown in Figure 11, before 1996, the coastline advancement distances for three directions fluctuated about 0 m. After 1996, they began to increase, especially in the northeast and east. For the advancement distance in the northeast direction (Figure 11a), the distance increased with an average annual advancing distance of 1.24 km. It reached its peak in 2004, and then declined. For the advancement distance in the east direction (Figure 11b), the distance was similar to that in the northeast direction before 2004. The difference is that it reached its maximum in 2007. The average annual advancing distance was about 1.19 km during 1996–2007. For the advancement distance in the north direction (Figure 11c), the distance increased with a rate of 1.55 km/year during 2009–2013. From 2013 to 2017, it became steady. However, after 2017, it increased again. By 2020, the northeast direction and the east direction tended to be stable, while the north direction continued to silt.





3.3. Spatiotemporal Evolution of the Diaokou Region


The Diaokou region was the estuary of the Yellow River from 1964 to 1976. After the artificial diversion of the Yellow River in 1976, the river channels of the Diaokou region became seasonal rivers. Figure 12 shows the evolution characteristics of the land area of the Diaokou region. Overall, the land area of the Diaokou region has been decreasing with an average rate of 4.4 km2/year. More specifically, from 1976 to 2002, the land area of Diaokou showed a rapid retrogradation trend with a retrogradation rate of 5.5 km2/year. From 2004 to 2013, the retrogradation rate became smaller: about 3.9 km2/year. From 2013 to 2020, it further slowed down: about 2.8 km2/year. Over the past 45 years, the area of the Diaokou region has decreased by about 192 km2.



Figure 13 shows the evolution characteristics of the coastline length of the Diaokou region. The coastline length of the Diaokou region changed in a U-shape. From 1976 to 1994, it decreased at a rate of 0.64 km/year. After 1994, it slowly increased subsequently at a rate of 0.38 km/year.





4. Discussions and Policy Implications


4.1. Analyzing Coastline Behavior


As the widest, most intact and youngest delta in China, the Yellow River Delta attracts considerable attention from scholars [26,27,28,29,30,31,32,33]. By using remote-sensed images, this paper showed that the overall land area of the Yellow River Delta has tended to decrease, which is similar to the results of Niu et al. [27] and Zhang et al. [30]. This may have been due to three reasons. One is that the water and soil conservation measures [13], such as the greening project of the Yellow River Shelterbelt, major gully improvement projects designed for water and soil conservation in the midstream stretches of the river and the conversion of farmland to forest, reduced the amount of silt carried by the Yellow River. The second reason is that after three water and sediment adjustment experiments [29], the amount of sediment deposited in the river has been reduced. The amount of river sediment washed by the water and sediment adjustment project implemented every year is limited. The third reason is that with the economic growth and increasing water diversion along the Yellow River, the water and sediment load of the river decreased, and sea erosion became dominant, leading to aggressive regional erosion and a decrease in area [44]. However, different from the findings of Wang et al. [28], this study reported that 1990 was the turning point in the land area from increasing to decreasing instead of 1998. The results showed in this work agreed well with the fact that frequent interruption of the river took place in the 1990s. Notably, the area of the Yellow River Delta expanded about 224 km2 during 2003–2004. This is mainly because three water and sediment adjustment experiments were implemented by the Ministry of Water Resources during 2002–2004. A large amount of sediment deposited in the river channel due to dry flow in the 1990s was washed into the sea in time, resulting in an increase in the land area.



Specifically, this study also explored the driving mechanisms of the changes in Diaokou and Qingshuigou. This work indicated that during 1976–2020, the land area of the Qingshuigou region increased, while the land area of the Diaokou region has been decreasing. The reason is mainly related to the river improvement projects conducted in the Xihekou (Figure 2) in May 1976, which changed the location of the Yellow River estuary from the Diaokou region to the Qingshuigou region.



4.1.1. Analyzing Coastline Behavior in Diaokou Region


The Diaokou region lost the supply of sediment from the Yellow River, and the sediment supplemented by seasonal rivers alone cannot compensate for that lost due to seawater, so the land area decreased. The progressive reduction in the retrogradation rate of the Diaokou region is probably associated with the environmental water conservation measures implemented by the Yellow River Water Resources Commission since 2010 [27]. Furthermore, as shown in Figure 13, the coastline length of the Diaokou region decreased first and then slowly increased. Analysis of the morphological changes in the region (Figure 2) revealed that the reasons for the coastline length changes are as follows. In 1976, the coastline in the Diaokou region curved out toward the sea, but as the estuary of the Yellow River was modified, the convex part was gradually eroded by the sea, leading to shortening of the coastline. However, with continuous sea erosion, the coastline became curved inward, resulting in lengthening of the coastline in Figure 13.




4.1.2. Analyzing Coastline Behavior in Qingshuigou Region


Impacted by the human activities, government policies and others, Qingshuigou region presented various changes. The land area first increased and then reached the sedimentation equilibrium state. In the early stage, the Yellow River carried a large amount of sediment [27,28], and land formation was dominant. In the later period, due to the gradual decrease in the amount of sediment carried by the Yellow River, the rate of land production gradually decreased and eventually tended to zero. Moreover, the interannual evolution of the land area of the Qingshuigou region was significant. Local minima were reached in 1980, 1992, 1998, 2009 and 2017, and these years corresponded to or close to the years with less sediment in the Yellow River [24,33]. Therefore, it is determined that the area of new land in the Qingshuigou region is closely related to the annual discharge and sediment load variations between alternating wet and dry periods and the amount of sediment from the Yellow River [45].



As illustrated by Figure 2, the Qingshuigou region formed two primary parts (the southeastern part and the northeastern part). From 1976, the sediment carried by the Yellow River was mainly transported to the southeastern part of the Qingshuigou region. This led to the expansion of the southeastern part to the sea. With the artificial diversion of the Yellow River along Qing-8 (Figure 2) in 1996 [46], the sediment was mainly transported to the northeastern part. The southeastern part lost its sediment supply, and seawater erosion gradually became dominant, leading to continuous erosion of the land area.



(1) The southeastern part of Qingshuigou region



After 1976, the coastline continued to extend to the sea until 1996, but the land area reached its maximum in 1993. Analysis found that frequent interruption of the Yellow River in the 1990s reduced the amount of sediment entering the sea, while most sediment carried by the Yellow River was transported to the position of the sand spit, allowing the sand spit to continue to extend forward. At the same time, the water depth and slope at the front of the Yellow River Delta also increased with the continued extension of the sand spit. This enhanced the hydrodynamic conditions, leading to severe erosion of the sides by seawater. The newly added land could not compensate for the eroded land, resulting in the gradual decrease in the land area after 1993.



(2) The northeastern part of Qingshuigou region



After 1996, the sediment carried by the Yellow River was mainly transported to the northeastern part of Qingshuigou region. This led to the expansion of the northeastern part to the sea. As indicated by Figure 9, two inflection points were noted, namely 2017 and 2018. In 2017, the land area suddenly dropped, which is related to the stop of the water and soil adjustment projects during 2016–2017. In 2018, the land area increased rapidly. This may be caused by two main factors. One is the substantial increase in the amount of sediment transported by the Yellow River (29.5 billion tons). The other is the restoration of soil and water conservation projects.



As illustrated by Figure 2, the coastline in the northeastern part of the Qingshuigou region changed in three directions: northeast, east and north. From Figure 11, the study found that after 2004, the coastline advancement distance declined in the northeast direction (Figure 11a), but still increased in the east direction (Figure 11b). The reason is that the Yellow River Water Resources Commission performed pilot dredging projects at the estuary in May 2004. This led to changes in the directions of the river channels near the estuary, reorienting the estuary to the east (Figure 14a,b). After 2007, the coastline advancement distance declined in the east direction, while that in the north direction (Figure 11c) increased gradually. It suggests that the river channels underwent changes again in 2007. At that time, the direction of the river was adjusted and turned toward the north, and a sufficient sediment supply enabled the coastline to expand northward quickly. From 2014 to 2017, the distance in the north direction has not changed. Exploration of the remote sensing images has demonstrated that this is because a branch (Figure 14c) appeared on the eastern side of the river in 2014. This branch carried away some sediment, leading to weak coastline advancement. In contrast, the advancement distance increased during 2018–2020. This indicates that the amount of sediment carried by the Yellow River from 2018 to 2020 has increased. Although the branch still exists (Figure 14d), enough sediment has been provided to advance toward the sea.





4.2. The Advantages of the Yearly Analysis


By comparing with the existing studies, it is found that the use of yearly data or interval year data has little impact on the macro trend analysis, but the use of yearly data can capture more details. For instance, according to the yearly monitoring, the sand spit in the southeastern part of Qingshuigou, has been extending forward since 1976 until 1996. However, the land area reached the largest in 1993. In addition, according to the yearly monitoring, the northeastern part of Qingshuigou was divided into three directions in detail, namely the northeast direction from 1997 to 2004, the eastern direction from 2005 to 2007 and the northern direction from 2008 to 2020. Zhu et al. [33] also conducted this analysis. However, due to the use of data with interval years—specifically, 10 key years’ data were selected from 1980 to 2020—they did not distinguish the eastern direction and northern direction. These benefit from the yearly temporal resolution.




4.3. Target Suggestions for Government to Control Artificial Coastline


The Yellow River Delta is a highly concentrated area of human society and economy. This research revealed that during 1976–2020, the artificial coastline length of the delta grew about 55.25 km. The distribution of artificial coastline is shown in Figure 15. It increased by about 45.58 km during 1986–1988. There may be three reasons for this. One is that in 1986, seawall construction (Gudong Seawall, built in 1985) around Chengdao started to protect the stability of the coast in Chengdao and facilitate land-based extraction of oil and gas, resulting in an increase in the artificial coastline length. The second reason is that after seawater erosion in Dongying Port, which was built in 1984, seawater reached the main building structures and caused the main seaside area of Dongying Port to become an artificial coastline. The third reason is that salt pans, aquaculture ponds, reservoirs and ponds were constructed in 1988 [47]. The artificial coastline grew again in 2012–2013, increasing by about 7.14 km, because a pond was constructed in the south of the Dongying Port. By 2020, the coastline between the Diaokou and Qingshuigou regions has all turned into artificial coastline. The previous study [31] using the artificial coastline data of 1986, 2002 and 2014 showed a significant increase between 2002 and 2014, which is consistent with the results showed in this work. Excessive artificial coastline construction will significantly reduce the coastal conservation and disaster-prevention functions. It is recommended that the authorities limit the overexploitation of artificial coastlines and protect natural coastlines.



In addition, as revealed by remote-sensed imagery analysis, a minor branch occurred in the east of the Yellow River Delta from 2014, and began to develop into a major branch in 2020. This branch took half of the sediment that should deposit to the north. According to the main paths for the outward transportation of the sediment of the Yellow River [33], it is predicted that the sediment transported by this branch will be mainly transported to the south. This will affect the development of Chengdao. Therefore, it is suggested that, in the future, the authorities should take necessary and timely actions, including manual interference, to control the expansion of this branch.





5. Conclusions


As the fastest growing delta in the world, the Yellow River Delta has experienced extremely rapid coastline evolution. Hence, accurately understanding its coastline change characteristics and the associated mechanisms is of great significance for regional management, planning and sustainable development. At present, existing studies have mostly focused on the analysis of overall coastline changes. However, the studies on the quantitative analysis of coastlines for regions with frequent changes are limited, and most of them have poor timeliness. Therefore, this paper investigated the long-term spatiotemporal evolution of the coastline by using yearly remote sensing imagery of the Yellow River Delta from 1976 to 2020. The following conclusions and recommendations were mainly driven and given.



(1) Overall, from 1976 to 2020, the Yellow River Delta was concave in Diaokou and convex in Qingshuigou. In the past 45 years, the coastline length first increased and then leveled off. Totally, it increased by approximately 54 km. It should be noted that the coastline between the Diaokou and Qingshuigou regions has all turned into artificial coastline. Excessive artificial coastline construction may reduce the coastal conservation and disaster prevention functions. It is recommended that the authorities limit the overexploitation of artificial coastlines and protect natural coastlines. Since 1990, the area of the delta showed a fluctuating decline, with an average decline rate of 4.83 km2/year, suggesting that actions such as conservation of water and soil and construction of reservoirs for the retention of sediment, have been fairly effective.



(2) In the Qingshuigou region, the coastline length first increased and then stabilized. Over the past 45 years, the land area increased by about 426.67 km2. The land area exhibited significant yearly variations, which may be closely related to the annual discharge and sediment load variations of the Yellow River between alternating wet and dry periods. The evolution of the southeastern and northeastern parts of the Qingshuigou region reflects that the human activities have a relatively great impact on the course of the tail channel and the morphological evolution of the delta. Notably, a minor branch that formed in 2014 slowly developed into a major branch in 2020. It is suggested that, in the future, manual interference should be taken in time to control the evolution of the Yellow River Delta.



(3) In the Diaokou region, the coastline has been retreating to land since 1976. The rate of retrogradation has been declining gradually, which is probably related to the environmental water conservation measures in 2010. Over the past 45 years, the land area has decreased by about 192 km2. According to the evolution characteristics of the Diaokou region, it is suggested that authorities should increase the times of ecological water compensation to conserve the current environment of the region.



(4) The investigation on the evolution patterns and mechanisms of the Yellow River Delta coastline reveals that anthropogenic factors and natural factors are the two major driving factors influencing the evolution patterns of the coastline. More specifically, among the anthropogenic factors, two major artificial diversions (1976, 1996), water and soil conservation projects, water and sediment adjustment projects (since 2002) and the increasing amount of water and sand used by human development, are the major factors that have affected the development of the delta. Among the natural factors, continuous low water levels and frequent flow interruptions caused by relatively low precipitation are the critical factors affecting sediment deposition in river channels and coastline retreat.



This study is of great significance for in-depth understanding of the temporal and spatial evolution of the coastline in the Yellow River Delta, and provides scientific support for coastline management and development. This paper only focused on the spatiotemporal variation analysis of the coastline and quantitative analysis of the associated mechanisms. The limitation is that other factors such as meteorological conditions, human activities and land uses are not considered simultaneously. In future research, more complex models will be introduced, and the above-mentioned factors will be integrated to quantitatively study the mechanisms leading to dynamic variations of the coastline.
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Figure 1. The modern Yellow River Delta. (a) Location of the study area in China; (b) location of the study area in Dongying; (c) image of the Yellow River Delta in 2019. 
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Figure 2. Spatial distribution of the Yellow River Delta coastline. 






Figure 2. Spatial distribution of the Yellow River Delta coastline.



[image: Remotesensing 13 04789 g002]







[image: Remotesensing 13 04789 g003 550] 





Figure 3. Coastline length variations of the Yellow River Delta during 1976–2020. 
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Figure 4. Areal variations in the Yellow River Delta during 1976–2020. 
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Figure 5. Coastline length variations of the Qingshuigou region. 






Figure 5. Coastline length variations of the Qingshuigou region.



[image: Remotesensing 13 04789 g005]







[image: Remotesensing 13 04789 g006 550] 





Figure 6. Areal variations in the Qingshuigou region during 1976–2020. 
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Figure 7. Variations in land area and the distance of coastline advancement in the southeastern part of the Qingshuigou. 
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Figure 8. Reference line (red dotted line) in the southeastern part of the Qingshuigou. The base map is the image of 1996. 
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Figure 9. Area changes in the northeastern part of Qingshuigou. The blue line denotes the trend line in different periods, the green stars mean the inflection points of the trend lines and the red star indicates the outstanding year. 
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Figure 10. Reference lines in the northeast, north and east directions in the northeastern part of the Qingshuigou. 
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Figure 11. Coastline advancement distance in the northeastern part of the Qingshuigou region (1982 as the base year). (a) Northeast direction; (b) easterly direction; (c) north direction. The green circles and red triangles mean the local minimum and maximum points in different directions, and the dotted lines describe the vertical lines correspond to the circles and triangles. 
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Figure 12. Variations in the land area of the Diaokou region. 
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Figure 13. Variations in the coastline length of the Diaokou region. 
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Figure 14. Remote sensing images of the Qingshuigou northeast region in different years. (a) Image from 2004; (b) image from 2005; (c) image from 2014; (d) image from 2020. 
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Figure 15. Artificial coastline distribution. 
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Table 1. Satellite imagery data used in this study during 1976–2020.
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	Id
	Date
	Sensor
	Id
	Date
	Sensor





	1
	1976-06-02
	MSS
	24
	1999-04-06
	TM



	2
	1977-05-10
	MSS
	25
	2000-02-28
	ETM+



	3
	1978-07-07
	MSS
	26
	2001-03-18
	ETM+



	4
	1979-11-23
	MSS
	27
	2002-02-17
	ETM+



	5
	1980-06-08
	MSS
	28
	2003-04-25
	ETM+



	6
	1981-06-12
	MSS
	29
	2004-02-23
	ETM+



	7
	1982-02-01
	MSS
	30
	2005-02-25
	ETM+



	8
	1983-07-07
	MSS
	31
	2006-02-12
	ETM+



	9
	1984-06-07
	MSS
	32
	2007-02-15
	ETM+



	10
	1985-11-25
	TM
	33
	2008-03-05
	ETM+



	11
	1986-06-05
	TM
	34
	2009-03-08
	ETM+



	12
	1987-06-08
	TM
	35
	2010-06-15
	ETM+



	13
	1988-06-10
	TM
	36
	2011-03-30
	ETM+



	14
	1989-04-10
	TM
	37
	2012-04-17
	ETM+



	15
	1990-03-12
	TM
	38
	2013-04-02
	OLI



	16
	1991-07-05
	TM
	39
	2014-03-14
	OLI



	17
	1992-04-02
	TM
	40
	2015-05-04
	OLI



	18
	1993-06-08
	TM
	41
	2016-03-03
	OLI



	19
	1994-02-03
	TM
	42
	2017-05-25
	OLI



	20
	1995-03-10
	TM
	43
	2018-03-09
	OLI



	21
	1996-07-02
	TM
	44
	2019-02-24
	OLI



	22
	1997-09-07
	TM
	45
	2020-04-15
	OLI



	23
	1998-05-05
	TM
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