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Seawater intrusion poses a significant threat to the water supply of coastal cities both presently and in the future. It is crucial to identify the controllable factors influencing seawater intrusion, both natural and anthropogenic, in order to ensure water supply security. This study examined seawater intrusion characteristics using monitoring data from 1994 to 2019. Factors such as daily flow rate, duration of intrusion, water quality, and tidal level were analyzed to establish correlations and identify the primary influencing factors in the Yangtze River Estuary. The findings reveal that seawater intrusion in this area is most prevalent from November to April, peaking in February and March. The key controllable factors affecting chloride levels at the intake are the daily flow rate at Datong Station and the tidal range at Xuliujing Station. Additionally, the study proposes control methods to safeguard water supply, including providing daily flow rate values for flushing seawater intrusion at Datong Station under different tidal ranges and intrusion durations. These research results provide valuable guidance for the emergency operation of the Three Gorges-centered reservoir group against seawater intrusion.
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1 Introduction

Seawater intrusion usually occurs at the confluence of rivers and oceans. When the sea level at the river mouth is higher than the river level, seawater will flow into the river, and seawater intrusion will spread upstream along the river from the river mouth. The intrusion at the river mouth is mainly due to natural factors, but there are also human factors (Casillas-Trasvina et al., 2019; Xiao et al., 2021; Hu et al., 2024). The problem of seawater intrusion at river mouths is a major issue affecting the construction of water sources for coastal cities at present and in the future (Liu et al., 2014; El-Jaat et al., 2018; Chen et al., 2019).

Tides and currents are the power source of the mixing of seawater and freshwater, caused by the gravitational forces of celestial bodies, and they have a crucial impact on seawater intrusion (Paiva and Schettini, 2021). The effects of tides and currents on seawater intrusion include: the convective transport of currents, turbulent mixing caused by tides, and the combined effect of tides and topography leading to tidal trapping and tidal transport (Li et al., 2022). Wind also has a significant impact on seawater intrusion (Tao et al., 2020). Different wind speeds and directions result in varying strengths of the rising and falling tides in the estuarine area, thus affecting seawater intrusion differently. Under the influence of different wind speeds and directions, the estuarine area can generate different horizontal circulations, which may have a certain impact on seawater intrusion in the estuarine area (Li et al., 2020). The decrease in upstream runoff during the dry season is also a major cause of seawater intrusion (He et al., 2018). Seawater backflow often occurs in the dry season of years with low upstream water flow. In addition, as a result of natural changes in river channels and human activities such as sand excavation and dredging of waterways, widespread riverbed incision in estuarine areas and deepening of major tidal channels occur, particularly during the dry season of large tides with low runoff (Li et al., 2023). The decrease in river flow and the relative increase in the action of tidal currents lead to increased seawater backflow. The rising sea level also promotes seawater backflow (Roy and Datta, 2018). Over the past 100 years, the global average sea level has been rising at a rate of 0.18 cm per year. With further global warming, the sea level is expected to rise more rapidly in the 21st century. It is predicted that the sea level will rise by 0.65 to 1 m in the 21st century (Boumis et al., 2023). By the year 2000, the sea level along the Chinese coast was rising at a rate of 0.25 cm per year. By 2030, the relative sea level rise range at the mouth of the Yangtze River will be 0.23 to 0.42 m, and it will rise by nearly 1 m in the 21st century, which will exacerbate seawater intrusion during the dry season (Zhou et al., 2022; Mu et al., 2024).

The Yangtze River Estuary is a densely populated and economically developed area in China, serving as the center for the country’s economy, transportation, science and technology, industry, finance, trade, exhibitions, and shipping. With the development of the national economy and the rapid increase in population, the water supply in Shanghai is becoming increasingly strained. The seawater intrusion in the dry season every year seriously threatens the water intake of the Yangtze River source in Shanghai, leading to various water safety issues in production and daily life caused by seawater. This situation severely restricts the development and utilization of water resources in the Yangtze River Estuary and its economic development. The degree of seawater intrusion in the Yangtze River Estuary is closely related to factors such as the flow of the main stream of the Yangtze River, tides, wind stress, estuary morphology, and underwater topography, generally occurring from November to April during the dry season of winter and spring. During the dry season, the water supply reservoirs in the Yangtze River Estuary of Shanghai City are all threatened and affected by seawater intrusion for a certain period, with each intrusion generally lasting 5 to 7 days.

One of the more common and effective methods for preventing and resisting seawater intrusion is to adopt water diversion measures to “use freshwater to counter seawater” (Zhang et al., 2021). According to the overall layout of the comprehensive planning of the Yangtze River basin, a large number of key water control projects for the main and tributary rivers of the Yangtze River are being gradually implemented (Wang et al., 2022). As of 2019, more than 300 large reservoirs (with a total capacity of over 100 million cubic meters) have been built in the Yangtze River basin, with a total regulated capacity of over 180 billion cubic meters (Xu et al., 2023). Among them, there are 111 large reservoirs (above Yichang) in the upper reaches of the Yangtze River, with a total regulated capacity of over 80 billion cubic meters, continuously enhancing the regulation capacity of water resources in the Yangtze River basin (Wang et al., 2023). The development and regulation of water resources in the Yangtze River basin have already and will further impact the water resources situation and ecological environment in the Yangtze River Estuary (Chen et al., 2023). The impact of water resource regulation on the situation of seawater intrusion in the Yangtze River Estuary has become a widely concerned issue. Seawater intrusion is a major issue affecting the water supply of coastal cities at present and in the future. Identifying controllable key factors has important implications for ensuring water supply security. Therefore, based on monitoring data from 1994 to 2019, this study analyzed the characteristics of seawater intrusion. Factors such as daily average flow, duration of seawater intrusion, water quality, and tide level were selected to establish relevant relationships and identify the main controllable influencing factors of seawater intrusion in the Yangtze River Estuary. The results offer valuable guidance for emergency scheduling during seawater backflow in the reservoir group centered around the Three Gorges.




2 Study area

The Yangtze River Estuary is located in the Yangtze River Delta region, as shown in Figure 1. The tidal boundary of the Yangtze River Estuary is at Datong Station, which is 624 km away from the mouth of the river. Before the formation of the Xuliujing section during the 1950s to 1970s, the upper boundary of the estuarine section of the Yangtze River was generally considered to be at Jiangyin station. After the formation of the Xuliujing section, it is generally believed that the Xuliujing station is more reasonable as the upper boundary of the estuary section of the Yangtze River. The plan form of the estuary section of the Yangtze River is in the shape of a trumpet, with three levels of branching and four mouths entering the sea. The width of the river at the inlet of Xuliujing is 4.7 km. Below Xuliujing, Chongming Island divides the Yangtze River into its southern and northern branches. The mouth of the Yangtze River is a moderately tidal estuary, which is influenced by both the runoff of the Yangtze River and the ocean tides. There are numerous river channels on both sides of the river, making it a typical tidal plain river network area.




Figure 1 | Map of study area.






3 Methods and data



3.1 Study object selection

In the usual sense, the Yangtze River Estuary refers to the estuary below Xuliujing, where the flow of Xuliujing represents the actual seaward flow. However, due to the back-and-forth flow at the Xuliujing station, its flow characteristics are difficult to describe. On the other hand, the Xuliujing station only started to have flow compilation data since 2005, with a short data sequence that does not match the long-term salinity measured data, making it difficult to establish a relevant relationship. Previous studies focused on the Datong station, establishing the relationship between the flow of Datong station and the salinity intrusion intensity of the estuary water source area. Some scholars also established the relationship between the flow of Datong station and the flow of Xuliujing station through investigations of the water diversion and drainage along the river. However, these works were carried out before 2005, without verified flow data of Xuliujing station (Chen et al., 2018; Mei et al., 2019). This study establishes the relationship between the flow of Datong station and the flow of Xuliujing station by collecting flow compilation data of Datong station and Xuliujing station in recent years, and simultaneously studies the response time of estuarine salinity to changes in upstream flow.

Analysis of the daily net flux of Xuliujing station and the daily flow of Datong Xuliujing station from January to December 2013 was conducted. The relationship between the daily net flux of Xuliujing and the flow of Datong in 2013 is shown in Figure 2. It can be observed from the figure that the daily flow of Datong changes relatively steadily, mainly influenced by tides, while the net flux shows larger daily fluctuations. However, overall, the difference in flow between Datong and Xuliujing station mostly falls within the range of ±5000 m3/s.




Figure 2 | Relationship between the flow at Datong station and the net flux at Xuliujing station in 2013.



The relationship between the monthly average flow of Datong station and Xuliujing station in 2013 is illustrated in Figure 3. It can be seen that during the dry season, the monthly net flux of Xuliujing is similar to the monthly flow of Datong. In most dry season months, the net flux of Xuliujing is slightly greater than the monthly flow of Datong. In months where the monthly net flux of Xuliujing is less than the monthly flow of Datong, the difference generally does not exceed 600 m3/s.




Figure 3 | Comparison of the monthly average flow at Datong station and Xuliujing station in 2013.



The relationship between the monthly average net flux of Xuliujing and the monthly average flow of Datong from January to December 2013 is shown in Figure 4. It can be observed from the figure that the difference between the two is relatively small. Based on the above analysis, there is a good correlation between the flow at Datong station and the net flux at Xuliujing station at both daily and monthly levels. Therefore, using the flow at Datong station to replace the net flux at Xuliujing station is reasonable and feasible.




Figure 4 | Relationship between the monthly average flow at Datong and the monthly average net flux at Xuliujing in 2013.






3.2 Influencing factors selection



3.2.1 Potential influencing factors

Potential factors affecting seawater intrusion at the Yangtze River Estuary include tides and tidal currents, wind, reduced upstream flow during the dry season, changes in the estuary and river channel topography, increasing water supply from the upstream areas within the basin, changes in the river channel bifurcation ratio, and rising sea levels.



3.2.1.1 Tides and tidal currents

Tides have a medium to small-scale periodic impact on the intrusion of seawater into the Yangtze River Estuary. The tidal regime in the Yangtze River Estuary is significantly influenced by astronomical tides, exhibiting irregular semi-diurnal tidal characteristics as well as long-period characteristics such as spring and neap tides. The volume of inflowing tides in the estuary is enormous, reaching up to 266,000 m3/s when the upstream flow is close to the annual average flow and the average tidal range is observed at the mouth. The intrusion of seawater into the Yangtze River Estuary corresponds to tidal patterns and also exhibits a pattern of spring and neap changes, with large and small tides occurring once each in a half-month period, leading to variations in daily average chloride concentrations (Biemond et al., 2023). Additionally, as the semi-diurnal tidal ebb and flow change over the course of a day, chloride concentrations in the Yangtze River Estuary also exhibit closely related concentration peaks and troughs.




3.2.1.2 Wind

Wind has a significant impact on the intrusion of seawater, with different wind speeds and directions affecting the strength of the tidal currents in the estuarine area, thereby influencing the intrusion of seawater into the estuary.




3.2.1.3 Decrease in upstream flow during the dry season

Previous studies have indicated a clear negative correlation between the chloride levels in the Yangtze River Estuary and the fluctuation of flow at the Datong station on the Yangtze River. During years with average or low flow in the dry season, seawater intrusion from the sea can reach as far as Wusong or even further upstream (Yin et al., 2018).




3.2.1.4 Changes in estuarine and river channel topography

The northern branch of the Yangtze River Estuary is dominated by the rising tide, and an important factor leading to the intrusion of seawater from the northern branch into the southern branch is the trumpet-shaped topography in the middle and lower reaches of the northern branch, which easily leads to the formation of tidal currents and large tidal ranges. As the rising tide in the northern branch strengthens and the high tide level in the northern branch exceeds that of the southern branch, the rising tide begins to intrude into the southern branch. This situation is more likely to occur during the large tides of the dry season with relatively low flow.




3.2.1.5 Increasing water supply in the upstream areas of the basin

With the growth of the economy and population, the water consumption in the entire basin has been continuously increasing. The total water consumption in the Yangtze River Basin has risen from 31.4 billion m3 in 1949 to 132.5 billion m3 in 1980, reaching 170.26 billion m3 in 2003, and is projected to reach 221.9 billion m3 by 2030. Considering the diversion of 41.3 billion m3 of water from the South-to-North Water Diversion Project, the total water consumption will reach 263.2 billion m3 (Cao et al., 2023). The increasing water consumption in the upstream areas of the basin has led to a reduction in water supply to the delta region, exacerbating the upstream intrusion of seawater in the delta region.




3.2.1.6 Changes in river channel bifurcation ratio

The bifurcation ratio of the river channels in the delta region has changed as a result of natural channel evolution and human activities such as sand mining and channel regulation. The bifurcation ratio of the northern branch of the Yangtze River Estuary has been decreasing year by year, with the northern branch’s share of the total flow decreasing from 25% in 1915 to 7.6% in 1998. Since 1959, there has been a phenomenon of southward intrusion of water and sediment, with the bifurcation ratio remaining below 5% for a long period, and dropping to 1.3% after 1998. Due to the decrease in flow, the impact of tidal currents has relatively strengthened. In recent years, there has been a noticeable increase in the intrusion of seawater and tidal currents in the northern branch.




3.2.1.7 Sea level rise

By the year 2000, the sea level along the coast of China had been rising at a rate of 0.25 cm per year. By 2030, the relative sea level rise in the Yangtze River Estuary is projected to be between 0.23 and 0.42 meters, and is expected to increase by nearly 1 meter during the 21st century, exacerbating the intrusion of seawater during the dry season (Zhou et al., 2022; Boumis et al., 2023; Mu et al., 2024).





3.2.2 Basic characteristics of seawater intrusion in the Yangtze River Estuary

The estuary is affected by tides, oblique pressure effects, and mixing, resulting in the intrusion of seawaters from the sea into the inland areas, which is a common phenomenon in estuaries. However, in addition to the seawater intrusion from the downstream sea, the southern branch of the Yangtze River Estuary is also affected by the backflow of seawater from the northern branch, which is the most significant characteristic of seawater intrusion in the Yangtze River Estuary. The intrusion mode and the distribution of water sources and reservoirs in the Yangtze River Estuary are shown in Figure 5. The backflow of seawater from the northern branch into the southern branch is caused by the special terrain of the northern branch. The trumpet-shaped middle and lower reaches lead to a significant rise in water level during the flood tide, and even tidal bores occur in the upper Qinglong port channel, submerging large areas of tidal flats. The seawater enters the southern branch with the rising tide. During the ebb tide, as the water level drops, large areas of tidal flats in the upper reaches of the northern branch are exposed, making it difficult for the seawater that has entered the southern branch to return to the northern branch with the receding tide. The majority of it flows downstream in the southern branch, affecting the water sources downstream. The upper reaches of the northern branch are shallow, and they almost form a right angle with the southern branch, allowing very little runoff to enter the northern branch, accounting for only 2–3% of the total runoff during the dry season. The low runoff is a significant factor contributing to the severe intrusion and backflow of seawater in the northern branch.




Figure 5 | Schematic diagram of seawater intrusion and distribution of water sources and reservoirs in the Yangtze River Estuary.







3.3 Analysis of multiple influencing factors



3.3.1 Statistical analysis and characteristics of seawater intrusion

Data from the Chenhang Reservoir intake from 1994 to 2019 were used to analyze the frequency, timing, and duration of seawater intrusion as indicators of the situation of seawater intrusion in the Yangtze River Estuary. According to the previous analysis, the flow rate at the Datong station represents the flow rate into the sea for analysis. The response time of the estuarine salinity to changes in the flow rate at the Datong station is approximately 3–5 days. Therefore, the average flow rate at the Datong station for the previous 4 days is taken as the flow rate into the sea at the time of seawater occurrence for analysis.




3.3.2 Analysis of multiple influencing factors

Based on the preliminary analysis of influencing factors, the relationship between the daily average flow rate at the Datong station from 1994 to 2014 and the duration of seawater intrusion was analyzed first. Then, the relationship between the highest chloride concentration during seawater intrusion and the duration of seawater intrusion was analyzed. The relationship between the average tidal range (the difference in water level between adjacent high and low tides within one tidal cycle, calculated as the arithmetic mean of the tidal range during each seawater period in this study, hereinafter referred to as tidal range) corresponding to the duration of seawater intrusion for each intrusion event was analyzed to explore the relationship between the tidal range and the duration of seawater intrusion. Finally, the interrelationship between the highest chloride concentration and the tidal range within different flow rate ranges, as well as the relationship between the chloride concentration and the flow rate within different tidal range ranges, were compared to identify the main influencing factors of seawater intrusion in the Yangtze River Estuary.





3.4 Control methods for ensuring water supply security

Most years in the water sources of the Yangtze River Estuary experience seawater intrusion. When short-term seawater intrusion occurs, it does not affect normal water supply due to water storage in the reservoir. Only when seawater intrusion is severe and exceeds the maximum water supply capacity of the reservoir does it pose a flood safety issue. Therefore, the water supply capacity of each water source in the Yangtze River Estuary needs to be considered, and the standard for critical flow rate needs to be determined.

Among the water sources in the Yangtze River Estuary in Shanghai, the design assurance rate of the Dongfengxisha Reservoir and Qingcaosha Reservoir is 97%-98%, with the typical design year being 1978–1979, and their assurance rate is higher than that of the Chenhang Reservoir at 92%, with the typical design year being 1986–1987, which is relatively dry compared to the typical design year of the Chenhang Reservoir. When seawater intrusion is severe, the Chenhang Reservoir reaches its water supply limit first.

The effective storage capacity of the Chenhang Reservoir is 9.5 million m3, and the water supply scale during the seawater period is 1.4 million m3/d. During periods of severe seawater intrusion, approximately 100,000 m3 of water is transferred from the Baogang Reservoir to the Chenhang Reservoir daily. The water supply capacity of the Chenhang Reservoir is determined as  . Therefore, the average flow rate at the Datong station for 7 consecutive days, during which water intake at the Chenhang Reservoir should not be carried out, is defined as the critical flow rate for ensuring water supply security in Shanghai.





4 Results and discussion



4.1 Statistics and analysis of seawater intrusion



4.1.1 Statistics of seawater intrusion

The number of occurrences and duration of seawater intrusion at Chenhang Reservoir from 1994 to 2019 are shown in Figure 6 and Table 1. It can be observed that the number and duration of seawater intrusion during 2004–2014 were significantly higher and longer than those during 1994–2003. There were only 2 occurrences from 2015 to 2019, with one lasting for 6 days in 2015 and the other for 4 days in 2019. The average annual duration from 2004 to 2019 was less than that from 1994 to 2003.




Figure 6 | Annual occurrences of seawater intrusion from 1994 to 2019.




Table 1 | Occurrences and duration of seawater intrusion at Chenhang Reservoir.



Figure 7 shows the occurrences of seawater intrusion for each month from 1994 to 2019. The statistics indicate that seawater intrusion mainly occurred from November to April of the following year, with the most occurrences in January to April, particularly in February and March. A few occurrences happened in October and May, and very few occurred in August and September.




Figure 7 | Occurrences of seawater intrusion for each month from 1994 to 2019.



Figures 8 and 9 show the occurrences and average duration of seawater intrusion for each month from 1994 to 2003 and from 2004 to 2019, respectively. From Figure 8, it can be observed that, except for August, the occurrences of seawater intrusion from 2004 to 2019 were equal to or higher than those from 1994 to 2003. Similarly, Figure 9 indicates that, except for August, the duration of seawater intrusion from 2004 to 2019 was higher than that from 1994 to 2003. Based on the above statistical analysis, it is evident that the phenomenon of seawater intrusion has undergone certain changes after 2003.




Figure 8 | Total occurrences of seawater intrusion for each month from 1994 to 2003 and from 2004 to 2019.






Figure 9 | Average duration of seawater intrusion for each month from 1994 to 2003 and from 2004 to 2019.






4.1.2 Analysis of seawater intrusion characteristics

Based on the previous analysis, the flow at Datong station represents the inflow into the sea. The response time of estuarine salinity to changes in Datong flow is 3–5 days. In this study, the average flow of the previous 4 days at Datong station was taken as the inflow flow corresponding to the occurrence of seawater intrusion for analysis.

The impact of the flow of the Yangtze River on seawater intrusion is very complex. The strength of the seawater intrusion is not only related to the flow of the Yangtze River, but also closely related to the tidal intensity in the outer sea. From the relationship between chloride content and Datong flow, it is not a simple negative correlation between the two. Through the analysis of the daily average flow at Datong station and the highest chloride concentration, a trend is found that when the flow at Datong is greater than 25,000 m3/s, there is rarely an exceedance of 250 mg/L in chloride concentration (as shown in Figure 10). This indicates that when the flow at Datong is less than 25,000 m3/s, there may be a significant seawater intrusion.




Figure 10 | Relationship between maximum chloride concentration and average daily flow at Datong station during seawater intrusion.







4.2 Multiple influencing factor analysis



4.2.1 Correlation analysis between duration of seawater and daily average flow at Datong station

We first analyzed the correlation between the average daily flow at the Datong station and the duration of seawater intrusion. The statistics of 1994–2014 seawater intrusion duration corresponding to the first 4 days of Datong average daily flow are shown in Figure 11. It generally shows the trend that the smaller the average daily flow at Datong station corresponds to the longer duration of saltwater intrusion.




Figure 11 | Correlation between duration of seawater intrusion and daily average flow at Datong station.






4.2.2 Correlation between duration of seawater intrusion and maximum chloride concentration

We further analyzed the correlation between the maximum chloride concentration during seawater intrusion and the duration of seawater intrusion. The duration of each seawater intrusion that occurred from 1994 to 2014 and the corresponding maximum chloride concentration during that seawater intrusion were visualized, as shown in Figure 12. The correlation generally shows a trend that the duration of seawater intrusion is longer as the maximum chloride concentration increases.




Figure 12 | Correlation between duration of seawater intrusion and maximum chloride concentration.






4.2.3 Influence of tidal range on the duration of seawater

To further understand the influencing factors of seawater intrusion, the mean tidal range corresponding to the duration within each seawater intrusion period from January 2004 to December 2019 was statistically analyzed (the tidal range is the difference in water level between adjacent high and low tide levels within a cycle, and this time the arithmetic mean was taken for each tidal range calculated during the seawater intrusion period). From the relationship between tidal range and duration of seawater intrusion (Figure 13), it can be seen that the single-factor correlation between the duration of seawater intrusion and tidal range is not obvious. This is mainly because the duration of seawater intrusion is a result of the combined effect of flow and tidal range at the Datong station.




Figure 13 | Correlation between tidal range and duration of seawater intrusion.






4.2.4 Correlation between chloride concentration in different flows and tidal ranges

The correlation between the maximum chloride concentration in different flows at Datong station and the tidal ranges at Xuliujing station is shown in Figure 14. It can be seen that when the flow rate of Datong is less than 15000 m3/s, as long as the tidal range of Xuliujing is greater than 1.3 m, the exceeding of the chloride standard may occur. In the flow range of 15000~20000 m3/s, when the tidal range at Xuliujing exceeds 1.5 m, chloride exceeding may occur. When the flow exceeds 20000 m3/s and the tidal range at Xuliujing exceeds 2.0 m, chloride exceeding may occur. The effect of the Xuliujing tidal range on chlorinity is various for different ranges of flow at the Datong station, the lower the flow, the smaller the tidal range required for chlorinity exceedances to occur.




Figure 14 | Correlation between chloride concentration in different flows at Datong and tidal ranges at Xuliujing: (A) Daily average flow at Datong less than 15000 m3/s; (B) Daily average flow at Datong between 15000~20000 m3/s; (C) Daily average flow at Datong larger than 20000 m3/s.






4.2.5 Correlation between chloride concentration in different tidal ranges and flows

The correlation between the maximum chloride concentration in different tidal ranges at Xuliujing station and the daily average flow at Datong is shown in Figure 15. It can be seen that when the tidal range at Xuliujing is less than 1.5 m, as long as the daily average flow at Datong is less than 15000 m3/s, chloride exceeding may occur. When the tidal range at Xuliujing is between 1.5~2.0 m and the daily average flow at Datong is less than 20000 m3/s, chloride exceeding may occur. When the tidal range at Xuliujing exceeds 2.0 m, as long as the daily average flow at Datong is less than 25000 m3/s, chloride exceeding may occur. The influence of flow on chloride concentration is also various in different tidal range ranges, the larger the tidal range at Xuliujing, the larger the critical flow required for the occurrence of the maximum chloride concentration.




Figure 15 | Correlation between chloride concentration in different tidal ranges at Xuliujing and daily average flows at Datong: (A) Tidal range less than 1.5 m; (B) Tidal range between 1.5~2.0 m; (C) Tidal range larger than 2.0 m.







4.3 Control of water supply security

Based on the analysis from previous studies, it is known that the main influencing factors affecting the chlorine level at the water intake (causing seawater intrusion) are the daily flow at Datong station and the tidal range at Xuliujing station. We analyzed the data of seawater intrusion at the water intake of Chenhang Reservoir from 2004 to 2014, and examined the relationship between the duration of seawater intrusion, the corresponding average tidal range, and the daily average flow at Datong station in the 4 days prior to the occurrence of seawater intrusion, in order to determine the critical flow threshold under different durations and tidal ranges.

For safety considerations, this study takes the upper envelope of the daily average flow at Datong station for each point agency (as shown in Figure 16) as the critical flow, which is a dynamic critical threshold. It can be observed from Figure 16 that, under the same duration, the greater the tidal range, the larger the daily flow.




Figure 16 | Correlation between tidal range and mean daily flow under different durations of seawater intrusion: (A) Duration 7 days; (B) Duration 8 days; (C) Duration 9 days; (D) Duration 10 days.



Based on the upper envelope under the durations, the correlation between tidal range and daily flow at Datong station is fitted (as shown in Table 2). It is evident from the correlation that the fitting of each function is relatively good. Based on these correlations, the critical flow at Datong station under a certain standard of non-water intake days at Chenhang Reservoir (7 days) and a certain tidal range can be determined. It should be noted that the correlation obtained under a large number of samples for the duration of seawater intrusion is more reliable, while the correlation obtained under a small number of samples for the duration of seawater intrusion still needs to be confirmed.


Table 2 | Correlation between tidal range and daily flow at Datong station under different seawater intrusion durations.



Based on the statistical data from 2004 to 2014, the phenomenon of seawater intrusion with a duration of 11 days occurred only 2 times, with a duration of 12 days occurred only 1 time, with a duration of 13 days occurred only 1 time, with a duration of 14 days occurred 0 times, and with a duration of 15 days occurred only 1 time. There were no occurrences of seawater intrusion with a duration of more than 15 days. In summary, due to the small proportion of occurrences of seawater intrusion with a duration of 10 days or more (excluding 10 days) in the samples, no statistical analysis is conducted on the correlation between the tidal range and the daily flow at Datong station for seawater intrusion with a duration of 10 days or more.

It can be observed from the Table 3 that under different durations of seawater intrusion, the critical flow at Datong station corresponding to different tidal ranges at Xuliujing varies, further indicating the correlation between the critical flow at Datong station and the duration of seawater intrusion and the tidal range at Xuliujing.


Table 3 | Calculation table for tidal range and daily flow at Datong station under different seawater intrusion durations.







5 Conclusions

The impact of natural and man-made factors on coastal cities due to seawater intrusion is significant. Identifying controllable key factors is essential for ensuring water supply security. This study selected factors such as daily flow, duration of seawater intrusion, water quality, and tidal level to establish correlations and identify the main influencing factors of seawater intrusion in the Yangtze River Estuary. Furthermore, control methods for safeguarding water supply security were proposed. The main conclusions are as follows:

	(1) Seawater intrusion mainly occurs from November to April of the following year, with the highest frequency in the months of January to April, particularly in February and March. A few instances of seawater intrusion occur in October and May of the following year, and very few occur in August and September.

	(2) By analyzing the important factors affecting the chlorine concentration at the intake (during seawater intrusion), such as the daily flow at Datong station and the tidal range at Xuliujing, the correlation between daily flow and tidal range under different durations of seawater intrusion was determined. The analysis revealed that under specific durations of seawater intrusion, the critical flow required to suppress the seawater increases with the tidal range. The research results provide guidance for emergency scheduling during seawater backflow in the reservoir group centered around the Three Gorges.
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