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Predicting net river fluxes is important to promote good water quality, maritime transport, and water exchange in estuaries. However, few studies have observed and evaluated net water fluxes to estuaries under complex conditions. This study used advanced survey techniques to obtain high-frequency monitoring data of cross-sectional current velocity, water level, and salinity in the Liao River Estuary (LRE) from 2017 to 2020. The net water flux into the sea was computed based on field data and the impacts of the rubber dam and sea ice cover on water flux and salinity processes were analyzed in the study region. In the Liao River Station (LRS), the fluctuations of water level and discharge were not obvious in winter due to the sea ice cover. There were significant seasonal and inter-annual changes in water fluxes due to variability in river discharge and tidal oscillations. The results also showed that the net water flux into the sea from the LRS was positive in wet season, and greater during ebb tides than flood tides. The net water fluxes in the normal and dry seasons were mostly negative due to the influence of tides, indicating that the annual runoff from the Liao River fluctuated greatly throughout the year. The water flux in the LRS was more suitable for representing water flux into the sea than the Liujianfang Hydrometric Station (LHS) in the LRE. The impacts of the rubber dam and Panshan Sluice on water fluxes to the sea were both significant. Lower salinity in the study area coincided mostly with height water fluxes to the sea and periods when the rubber dam was raised. This study results provide us new insights to measure the water flux into sea under the condition of ice cover in the tidal reach of estuary and the method can be used for water flux observation for other estuaries.
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Introduction

Estuaries are transition regions between freshwater and marine systems, subjected to both terrestrial and oceanic processes from the upstream river and tide from the open sea (de Pablo et al., 2022). The saline water bodies of estuaries are diluted by inflowing freshwater, and studies have shown that water quality, water temperature, biogeochemical processes, and species abundances in estuaries are sensitive to changes in freshwater input (Bartsch et al., 2014; Zamparas and Zacharias, 2014; Priya et al., 2016; Onabule et al., 2020; Chin et al., 2022). Furthermore, freshwater inputs from rivers determine the estuarine salinity gradients which are critical to the growth and development of many salt-marsh plants in estuarine tidal flats (Sheldon et al., 2017; Chen et al., 2022). These influences are especially critical in shallow bays with weak connections to the ocean, or in estuaries affected or transformed by manmade structures and human activities. Thus the fluxes of freshwater into the sea are especially important for understanding the coupling between river discharge and marine ecosystem processes in coastal and estuarine regions.

The fluxes in freshwater inflow in estuaries vary in time and space and are influenced by a suite of factors. For example, freshwater flux can be significantly impacted by high river discharge from upstream rivers (Ji and Zhang, 2019) as well as by tidal current intensity and tidal range (Mou et al., 2022), which were observed to dominate the water exchange processes in partially-mixed and bar-built estuaries (Lemagie and Lerczak, 2015). In addition to river and tidal forcings, estuarine depth and human influences can also influence water flux exchange mechanisms (Chin et al., 2022). This wide variety of influencing factors makes the evaluation about freshwater flux in estuaries critical to further understanding estuarine processes. In general, quantifying freshwater fluxes along estuarine cross sections can be achieved using a variety of methods. In terms of spatial and temporal measurements, Acoustic Doppler Current Profilers (ADCPs) are advanced tools capable of measuring different water body parameters, and have become standard in measurement methods (Lane et al., 1997; Sakho et al., 2019; Zhu et al., 2021; Li and Boswell, 2022). Straightforward volume calculations can be used to determine water fluxes, where the detailed intertidal bathymetry, tidal current, and accurate tidal water level data based on field surveys are required to obtain a complete coverage of tidally affected areas over tidal timescales (Fukamachi et al., 2010; Li et al., 2018; Shin et al., 2022). For example, shipboard ADCPs measurements can be used to provide vertical profiles of velocities and to compute tidally varying discharges in estuarine channels and regions (Dinehart and Burau, 2005; Chen et al., 2021; Zhu et al., 2022). The data from bottom-mounted ADCPs can be used to describe seasonal and spatial variation in current structure, such as volume transport, which was calculated across the Jeju Strait and Portsmouth Harbour (Onabule et al., 2020). However, under-ice discharge must also be considered when estimating the fresh water flux into open-sea, but the measurement water flow for ice-affected sites are generally qualified as poor. To overcome this obstacle, one possible field approach is to moor an ADCP at the sea bottom and river bed to analyze the impacts of ice cover on near-bed flow characteristics in rivers (Fulton et al., 2018; Lotsari et al., 2022) and estimate vertical and temporal variability in total suspended particulate matter (Ha et al., 2015).

Salinity intrusion is a growing problem and may adversely affect drinking-water supplies and aquatic environments in tidal estuaries around the world, as well as coastal agriculture, which may experience yield reductions due to salinity increases during sea water inundation (Kaniewski et al., 2016). Freshwater inputs in estuaries influence the net downstream transport of water within the estuaries, therefore the regulation of freshwater inflows has become the primary means of maintaining preferable estuarine salinity gradients in many coastal management strategies. Some hydraulic structures, such as dams and weirs, have been built at estuary mouths to limit tidal influences and protect water supplies for irrigation and domestic usage from the intrusion of salt water (Kennish, 2001; Sin and Lee, 2020; Figueroa et al., 2022), but their effects on estuarine environments are not well understood. Previous field surveys have observed water flux and salinity transport behaviors in estuaries operating with sluice gates (Kwak et al., 2023; Liu et al., 2023), and significant variations in the water flux and salinity gradient were observed in the water body of the study region due to the combined effects of sluices and open sea tides. To understand the effects of estuarine dams on estuarine environments, a series of related studies have been reported in the literature (Lavín and Sánchez, 1999; Van Proosdij et al., 2009), where the characteristics of salinity gradients and estuarine circulation were analyzed in the presence of estuarine dams. Other studies focusing primarily on the dam-controlled freshwater fluxes using extensive field hydrodynamics data and numerical models of tidal currents in shallow estuaries showed that estuarine environments were significantly influenced by river discharge, tidal range, wind and dams (Kim et al., 2006; Xia et al., 2011; Kang et al., 2017; Prasad et al., 2018; Ahn et al., 2020). Similarly, after dam construction, series of ship-borne surveys using ADCPs and CTD instruments were used to investigate the role of the dam-induced horizontal salinity gradient in stratification and sediment dynamics, which helped to understand the response of estuarine systems to seasonal and tidal controls (Figueroa et al., 2020; Figueroa et al., 2022). However, literature reporting field surveys of water flux to the sea and salinity variation in tidal reaches with estuarine dams and ice cover are relatively rare, therefore the effects of estuarine dams and ice cover on river fluxes into the sea and salinity in the tidal reach are not well understood.

Predicting net river fluxes into the sea is central to maintaining good water quality, maritime transport, and agricultural production in estuarine regions, especially in areas affected by estuarine dams. To expand our knowledge about how the net water flux into sea and salinity variations are influenced by estuarine dams and ice cover, a long term field survey was conducted to observe water levels and tidal currents in an estuary with an estuarine rubber dam from 2017 to 2020, followed by an evaluation of the salinity and water inflow fluxes into the Liao River Estuary (LRE) over broad regions of the Liao River. This paper is organized as follows. Firstly, we describe the field survey methods using representative points to monitor the flow current and water level in the transition region between river into sea using the H-ADCP instrument. The method is then validated by comparing the monitoring data to the data of an ADCP navigation survey from the marine environment. Secondly, we compare water surface level and discharge in the surveyed cross-section with an estuarine dam based on high resolution observation level data. Thirdly, we calculate the monthly and annual water fluxes into the LRE and analyze the uncertainty. Finally, we investigate the response of river flux and salinity to the operation of a rubber dam. This method provides technological support that will facilitate the monitoring of water fluxes and pollution fluxes from rivers to sea.





Material and methods




Study area

The Liao River Estuary is located in the northernmost part of Liaodong Bay near Panjin City in Liaoning Province, China and covers a total area of 360 km2 (Figure 1A). The LRE is affected by saline water from Liaodong Bay and runoff from the Liao River, Daliao River, and Daling River, of which Liao River is the largest. Of the eight major river systems in China the Liao River has the highest latitude, and the tidal reach is restricted by ice for about three months every year. Tides adjacent to this study region are semi-diurnal, with two high and low tides every day, and a maximum tidal range of about 4.4 m. The study region has a complex geomorphology with numerous tidal trenches and tidal flats distributed alternately. The salt-marsh plants of the tidal flats are dominated by reeds and Suaeda salsa, which are responsible for the rare natural landscape known as the “pink beach” (Chen et al., 2022), this area is the largest reed wetland reserve in China. Because the land is fertile and water is sufficient, it is also an important rice production area in northern China.




Figure 1 | Maps of the study region illustrating the (A) geographical location of the Liao River Estuary and (B) the location of the monitoring station in Liao River.



The Liujianfang Hydrologic Station (LHS) is the main long-term, hydrologic station in the downstream area of the Liao River and has been providing measurements since it was built in 1964.The LHS is located in a non-tidal section of the Liao River about 74 km from the mouth of the Liao River Estuary (Figure 1A). For this study, data on the daily stream flow and evaporation from January 2015 to March 2020 were collected from the hydrologic yearbooks of the LHS. In order to meet the demand of industrial and agricultural water intake, the Panshan sluice tidal gate was built in 1968 (Figure 1B). Generally, the Panshan sluice is closed to store water during non-flood seasons and during low precipitation flood seasons. Furthermore, the Panjin Water Conservancy Bureau built a 200 m wide ecological rubber dam about 17 km downstream of Panshan sluice to alleviate severe water shortages and maintain the wetland landscape of Panjin City (Figure 1B). In 2017, the National Marine Environmental Monitoring Center set up a monitoring system (named the Liao River Station, LRS) in the tidal reach of Liao River near Dawa County, Panjin City, and completed a survey that monitored tidal current and water salinity (Figure 1B). The LRS is located 200 m upstream of the rubber dam in the Liao River, about 30 km away from the LRE.





Methods

Discharge into estuaries can determine the overall water quality of the estuary and maintain the balance of the ecosystem (Figueroa et al., 2022). The investigation and identification of freshwater input processes are important to understanding how salinity and freshwater transport change in the LRE, a part of which is the estimation of freshwater flux into the estuary. Some researchers developed a convenient way for water volume transport by establishing a correlation between the flow velocity from the bottom-mounted ADCP and an ADCP mounted to the auto-boat in a short period (Li et al., 2018; Weeks et al., 2018; Li and Boswell, 2022). In this study, we carried out a series of field surveys in the LRS, where the width of water surface is about 200 m. The investigation showed that this section of the LRS has complex topographic features and great variation in water depth, as shown in Figure 2. This estuary has long icy periods lasting nearly 3 months due to its high latitude, and the ice cover and effect of floating sea ice make it difficult to accurately assess river discharge. Compared to other observation methods using buoys, ships, and ropeways, submarine observation platforms have these advantages of in-situ placement, long-term continuity, good data stability, high reliability, and no influence of artificial measurement error, especially when considering the effect of sea ice cover in the winter season. Therefore, in this study we utilized submarine observation platforms to carry out the field survey. To survey the current velocity and evaluate the volume of water transported through the LHS in the LRE, the data for tidal current and water level in this section were prepared. In order to monitor the freshwater inflow flux into the LRE from the Liao River, China, the ADCP (Flowquest 1000k) instrument was installed on the submarine observation platform at the midline of the flow monitoring section, as presented in Figure 2. The maximum vertical profile range for FL1000k ADCP monitoring was 40 m, and the working group generally selects a profile range of 15 m based on the water depth of the monitoring section at Liao River Station. Flow velocity data was collected by the ADCP instrument in a 10 min burst mode over the observation period from January 1, 2017 to December, 31, 2020, where water levels were synchronously recorded at 10-min intervals. The other arrangements of ADCP were introduced for comparison and validation of tidal current in this study as shown in Figure 2. The SL 500 ADCP was moored at left bank to measure flow velocity for long-term monitoring of horizontal profile flow. The TRDI Stream ADCP was installed onboard the research vessel for mobile investigations for the flow velocity, direction and water depth in vertical profiles. The survey was conducted every 1 hour, each measurement took 10 minutes. The flow rate and cross-section area were measured, and then the depth - averaged velocity was calculated. The sampling setup of ship-borne navigation ADCP was as follows: sampling frequency was 1200K, unit length of Dc was 0.25m, the transducer entry depth of Hr was 0.1m, sampling time step was 1s, navigation ship speed Vb was 0.65m/s, magnetic declination angle was -6°. There was blind area in the top and bottom flow measurement, their thickness was generally between 7% - 10% of the water depth. The top and bottom flow rates were calculated by power function method (y=xb) and power function exponent b = 1/6 (Software instructions). Water samples for salinity analyses were collected in the LHS and filtered immediately after collection with a vacuum pump into the workstation experimental platform. Salinity (psu) was measured in real time at ten minute intervals using the Multi-Parameter Water Quality Detector in the LHS. Before the field investigation, we needed to carry out a routine examination of the instrument including rationality test, range test and peak test etc. Furthermore, the measured unreasonable data needed to be eliminated before analysis.




Figure 2 | Sketch of monitoring instruments in the study area. A cable was secured across the river and used to fix the Infinity-EM AEM USB in the section for single-point flow monitoring during typical spring and spring tides.







Calculations of net water flux to estuary

The net water flux into the estuary was calculated from the five years of continuous water level and tidal current observation data from the ADCP instruments from 2017 to 2020. The mass conservation flux was used to calculate water fluxes by determining the product of mean velocity and cross-section area:

 

where Q is discharge of the cross section; V is averaged-velocity normal to the cross-section; and A is cross-sectional area of water.

Based on an application of mass conservation flux, the volume of water flux into the sea across the section area can be estimated as,

 

where Wt is the runoff flux into sea; t0 is time of beginning of ebb tide; t1 is duration of slack tide; t2 is time of beginning of flood tide; t3 is duration of slack tide; Qiis the cross-section discharge in period of ebb tide; and Qj is the cross-section discharge in the flood tide period.





Tidal current validation

The river discharge was calculated using the measured flow velocities and determined cross-sectional area of river channel (Costa et al., 2006). Weeks et al. (2018) also reported that the depth-averaged velocities from the bottom-mounted ADCP and the transport from USV ADCP were compared to follow each other. When an ADCP was moored on the seabed, the flow velocity could not be measured near the bottom or the surface. To fill in these gaps, daily average data were extrapolated based on the assumption that the velocities at the bottom and surface were the same as the index velocities at the nearest respective water depths (Ruhl and Simpson, 2005; Ganju et al., 2012). In this study, a complete record of cross-sectionally averaged velocity is computed using the correlation between index velocity (FL1000k ADCP) and tidal velocity from ADCP on board. The transducers of the ADCP were placed in water about 0.5 m below the surface. Continuous time-series indexes of water velocity and water level were obtained at the selected site using an ADCP mounted on the seabed in this study. Furthermore, the cross-sectionally averaged velocity was collected using a ship-mounted ADCP for comparison with the velocity index. Using the shipboard ADCP, we collected data along 44 ADCP transects, successfully measuring channel area and geometry at different tidal levels, these transects also obtained cross-sectionally averaged velocities. The relationship between the cross-sectional mean velocity and the index-velocity from the near-bed ADCP was determined to calculate water flux in this study (Figure 3). In terms of site characterization, the quadratic relationship between the index velocity and the cross-sectionally averaged velocity was obtained to construct a continuous time-series from the index velocity. The correlation coefficient of the obtained relationship was 0.952, indicating there was a very strong correlation between the two sets of data. This suggested that the tidal water flux estimates derived from the index velocity method would closely agree with independent measurements based on changes in water depth and volume in the studied section.




Figure 3 | Calibration and validation of instruments in flow velocities for the field site.








Results




Variable observations in different periods

There LRE has a three-month ice period during the winter season, so we utilized the bottom-seated ADCPs placed on the seabed for measuring water level and tidal current in this study. Figure 4 shows the time series of water level and discharge in the LRS in different seasons. There was irregular fluctuation during one winter period (February 1–16, 2020) when the water level varied between 4.039 m and 4.91 m and the amplitude change in water level each day was small due to the effect of ice cover (Figure 4A). It could be seen that the water surface froze with a thickness of 30 cm during the full ice period, the ice and the coast were connected together. During the flood tide, there was no separation between the water body and the ice surface, and during the ebb tide, there was a separation between the ice surface and the water body. The discharge ranged between -35.68 m3/s and 20.23 m3/s between the flood tide and ebb tide periods, with the peak discharge of the flood tide being slightly larger than that of ebb tide, however, the duration of peak discharge during the ebb tide was obviously longer than that of flood tide. The water discharge from the upstream LRS was always below 35 m3/s during the periods when ice covered the entire river width. Figure 4B shows the observed discharge and water level in the LRS for the period from August 15th to August 31th, 2020. Before August 16th, the Liao River had relatively low runoff, and the amplitude of the tide was also small due to the neap tide period, so the changes of water level and discharge were relatively stable and were not obviously affected by upstream runoff nor the tidal cycle of the estuary. In mid-late August, 2020, the upper Panshan Sluice was gradually opened to release water due to the wet season, and the observed water levels changed gradually with a certain regularity, but still exhibited the characteristics of an irregular semi-diurnal tide due to the influence of the spring tide. The water levels varied between 4.971 m and 6.582 m in these periods, the peak discharge into sea during a flood tide was -561.2 m3/s, which occurred at 16:00 on August 19th, and the peak discharge into the sea for an ebb tide period was 849.4 m3/s, which occurred at 22:12 on August 31th, 2020. The peak value of discharge in the flood tide period was less than that of the ebb tide period, and the duration during the ebb tide was longer than that during flood tide. After the opening of the Panshan Sluice, the freshwater flux into sea was always positive, indicating that the freshwater continuously flowed into the LRE in the wet season, and a flood tide only appeared for about 20 minutes on August 28th, 2020 during spring tide associated with arrival of severe Typhoon Bavi. There was only a brief upsurge in the whole month, and only for a few moments. Figure 4C gives the cross-sectional discharge and water level in the LRS from 1–16 November 2020, the water level ranged between 2.148 m and 4.362 m, the tidal discharges ranged from -254.4 m3/s to 165.6 m3/s during spring tides, and the peak discharge was larger during flood tide than during ebb tide. The rising tides and the falling tides lasted about 3 hours and 9 hours, respectively.




Figure 4 | Variation in the observed discharge and water level of the Liao River Station. (A) Winter, (B) Wet Season and (C) Dry Season.



The long-term daily-salinity data from 2017 to 2020 in the LRS are shown in Figure 5. The salinity concentration ranged from 0.2 to 25 psu in this section of the LRS, showing lower values from September to May and significant fluctuation between May and September. The salinity peak in 2018 was the highest of the study period due to a lack of rainfall in the basin which led to low runoff from upstream rivers. Salt water intrusion generally started in May with the arrival of the dry season, but there were dramatic freshening events driven by the arrival of extreme spring tides. In 2017 and 2020, due to high precipitation in the basin, the salinity of the studied section was low. In summary, there were various significant trends in water salinity levels on both seasonal and inter-annual scales due to seasonal and annual variation in rainfall in this region. Through investigation and analysis, large areas of rice cultivation and growth occurred from May to August in Panjin region, a large amount of freshwater was intercepted, the amount of freshwater into the sea in this period was small, so the salinity had a relatively high value. In addition, if rainfall was sufficient in Liao River Basin and the river discharge was large in the Liao River, the upstream Panshan Sluice opened for a long time, and the salinity of the monitoring section would be low, vice versa.




Figure 5 | Measured daily salinity levels in the Liao River Station during 2017–2020.







Variability in monthly water flux into the LRE

Revealing the seasonal and inter-annual variability in river runoff into the LRE is critical to understanding the dynamic processes influencing freshwater and seawater exchange between the river and ocean. We performed a series of calculations based on the observed data over the entire study period to extract the monthly-mean water flux into the LRE; the water fluxes to the sea at the LHS and LRS from January to December 2020 are shown in Figure 6. The results indicated that the highest water flux to the sea occurred in September, 2020. This coincided with the wet season which occurred from August to October due to the long rainy season in the Liao River Basin. In contrast, the water fluxes during other periods were relatively small due to the low rainfall during the dry season. Furthermore, there was additional significant monthly variability in water flux in the LRS and the LHS due to the opening and closing of the upstream Panshan Sluice. In 2020, the annual runoff amounts from the LHS and LRS were about 35.27 billion m3 and 19.78 billion m3, respectively, with the LRS accounted for 56% of the annual runoff from the LHS into the sea. The water flux from the LRS to the sea from August to October was 15.01 billion m3, representing 76% of the annual water flux. Therefore, the Liao River experiences obvious seasonal variability in river discharge due to uneven temporal of rainfall. The annual water fluxes in the two stations were different, and the water fluxes of the LHS were obviously larger than those of the LRS due to the water conservancy activities of farmland and industrial and domestic waters along the way.




Figure 6 | Monthly fluxes from the two selected stations in 2020 (billion m3).



Figure 7 shows the monthly changes in water fluxes in the LRS during the monitoring period from 2017 to 2020. The water flux into sea from the LRS was the largest in August of 2017 and 2019 and September of 2018 and 2020, and the monthly water fluxes in the LRS exhibited obvious differences among months. Taking 2019 as an example, the results showed that the water fluxes into the sea reached a four-year peak of 1.104 billion m3 in August, 2019, however, the monthly water flux from the LRS was negative in certain other months. The maximum annual flux to the sea was highest in 2019, at 2.218 billion m3, followed by 1.978 billion m3 in 2020 and 0.058 billion m3 in 2018.




Figure 7 | Monthly fluxes for different years at the Liao River Station (billion m3).







Changes of variables due to the influence of the rubber dam

In order to effectively prevent the invasion of salinity and alleviate water shortages for industry and agriculture in the LRE, a rubber dam was installed in this tidal river. The rubber dam was bottomed to riverbed with a height of about 0.5 m when not inflated. It did not float on the water, but rose and dropped under manual control. Figure 8 shows the changes in the observed variables due to increasing and decreasing the rubber dam height in 2019. When the rubber dam was raised, the discharge and water level in this section changed slightly, however, the height of rubber dam was reduced to facilitate overflow during the flood season. There was high similarity in water level and discharge trends in terms of increasing and decreasing among the observation years, which showed that the discharge and water level were significantly affected by the height of the rubber dam (Figure 8A). The water level in the LRS showed a stepwise rising trend with increasing rubber dam height. This was because the two high tide levels of the LRE are different every day. The low-high tide is completely intercepted and prevented from infiltrating upstream when the tidal wave reaches the rubber dam, while the high-high tide level is higher than the elevation of rubber dam so the seawater can gradually flow upstream over the rubber dam. When the tide level gradually decreases to the height of the rubber dam crest, the seawater upstream of the dam will be prevented from returning downstream (Figure 8B). Therefore, the water flux into the LRE, water level, and salinity are affected, not only by the upstream runoff and downstream tidal current, but also by the artificial rubber dam.




Figure 8 | Change in discharge, water level, and salinity with variation in dam height in 2019. (A) Discharge and water level, (B) Salinity.



Figure 9 shows the time series of the tide, discharge, and salinity in the LRS, where the tidal level is from the Laobeihekou station. In contrast to Liao River Station, the discharge and salinity exhibited obvious periodic characteristics associated with the tidal level, because the Laobeihekou station was located close to the open sea, and its rising and falling tides exhibited a phase difference with the upstream station of the LRS (Figure 9A). The salinity in the LRS exhibited clear variation with tidal fluctuations, with the maximum salinity reaching 14 psu during the observation period. The observed salinity remained relatively low in the wet season, during which time the salinity fluctuations caused by tidal effects were small, within the range of 0.2−1.0 psu (Figure 9B). The highest salinities occurred in the dry season, mainly due to the correlated water flux components and the amplitude of tides. It could be seen that the salinity of the water body was low and the change was small when the rubber dam was elevated, showing that the rubber dam prevented the invasion of saline water from the open sea. Generally, the water level at the monitored section remained basically unchanged until the high tide level surpasses the rubber dam height in the next tidal cycle.




Figure 9 | Time series of water level, water flux, and cross-sectionally averaged salinity in the LRS in 2020. (A) Salinity in August,2020, (B) Salinity in September, 2020.








Discussion




Factors impacting discharge and water level

With the introduction of uncertain fluctuation caused by the artificial influence of the sluice and dam in the study region, the hydrological processes and saline water transport in this tidal reach became more complex. The field survey of the upper tidal reach of the LRE revealed the relationships between the salinity and water flux in this estuary during different seasons. Except for 2020, the monthly fluxes into the sea in the other years from January to February were negative, and the water fluxes were far smaller than those during the non ice period. Therefore, ice cover had a certain impact on the water flux into the sea. The mainly reason was that the tidal velocity decreased significantly due to the limited water level rising and the friction force caused by the ice cover during flood tide. In winter, there was less upstream runoff, lower temperatures were prone to freezing, and therefore less water entered the sea. During the ice loading periods in winter, the Panshan Sluice was always closed to retain water, while the rubber dam located in the tidal reach of the Liao River was lowered completely. The water level at this cross-section of LRS remains basically unchanged because the seawater was blocked by the sea ice cover after reaching a certain water level. This phenomenon, where sea ice cover created a clear block against the tide and suppressed residual water level, has been observed elsewhere in western Laizhou Bay (Liu et al., 2022). Furthermore, in the Bohai Sea, sea ice also played a critical role in pollutant dispersion (Xiong et al., 2018) and tidal damping (Zhang et al., 2019). Therefore, the main factors affecting water level and discharge in the LRS in these periods included both downstream tidal current and sea ice coverage, and the flow pattern at the monitoring section presented reciprocating flow characteristics.

During the flood season, the Panshan Sluice was opened to release water, and the rubber dam was dropped completely as well. During this time the observed water levels showed obvious characteristics of irregular semi-diurnal tide, reflecting the two high tides and two low tides of each lunar day. The high tides lasted about 3 hours and the low tides lasted about 9 hours, and the daily fluctuations in the amplitude of water level and discharge were highly regular. The water level and discharge in the LRS were mainly affected by the upstream runoff and the downstream tide. This was similar the conclusions in the literature, which showed that the water levels in estuary regions were impacted by tide and upstream runoff (Palinkas et al., 2019; Lee et al., 2021). During the winter season, the rubber dam was dropped completely and the Panshan sluice gate was closed, so there was no water coming from the upper reaches and the water level was mainly affected by the downstream tidal current, which reflected the irregular semi-diurnal tide. Generally speaking, the LRS received much more freshwater runoff in the rainy season than the short rainy season or dry season when the high runoff was relatively low.





Factors controlling water flux to the sea

The water volume transported into sea was derived from the measured index velocity and tidal level, which has been shown to be a reliable method (Ganju et al., 2012; Weeks et al., 2018; Li and Boswell, 2022) and returned high accuracy in their studies. The results showed that there were apparent spring–neap cycles in the data-based water flux into sea in the LRS. The highest water flux into the sea occurred in September, 2020, which was in a wet season, and the maximum flood flux coincided with the transit of a typhoon associated with an extremely high tide flood period. The high flux was attributed to several factors that included the discharge from the upstream river, tide of the outside sea, height of the rubber dam, and the Panshan sluice operation. The LHS is the hydrologic station closest to the LRE, and it is located in the non-tidal reach, so it is possible to accurately estimate the runoff processes the LHS section. It is noteworthy that the LHS is about 80 km away from the LRE and the Panshan Sluice gate downstream of it controls river discharge for industry, irrigation, and domestic water intake. Therefore, the water flux into sea through the LRS has a certain time lag and difference in water volume compared to the LHS. The lag is greatly affected by the state of the Panshan Sluice, i.e., whether it is open and by how much, and the difference in total water volume represents the water intercepted for paddy irrigation and industrial water (Wang et al., 2017), only the remaining water not used for these purposes enters the LRE. Due to the release of water from the Panshan Sluice and the lowering of the rubber dam, the change trends in discharge into the sea from the LRS in September were basically consistent with the change trends of the observed discharge from the LHS in the upper reaches, as was demonstrated by the two obvious flow peaks and troughs in both locations (see Figure 6).

Due to the fact that Panshan Sluice was usually closed from January to July based on the gate controlling information from 2019, the river discharge from the LRS was less than 0.03 billion m3 during this period, with the highest flux occurring in June at 0.028 billion m3. The flood season begins in August in the Liao River basin, and the Panshan Sluice opened on August 23, 2019 due to heavy rainfall. The river discharge into sea increased to 1.104 billion m3 in August, 2019. In mid-October, the Panshan Sluice began to close, and the monthly water flux to the sea from the LRS gradually decreased. These results showed that the water fluxes are significantly affected by the opening and closing of the Panshan Sluice, and that the amount of water entering into the LRE has a certain hysteresis and uncertainty. Similar observations have been made in related studies in a shallow microtidal estuary with an estuarine dam (Williams et al., 2015). The LHS is located in the upstream non-tidal reach, where the water flows through the LHS is larger than that of the LRS, only a portion of the water flows into the LRE through the monitored section of the LRS because of water interception, therefore, the water flux in the LRS is better suited to representing sea inflow flux than that the LHS in the LRE. Furthermore, there was significant inter-annual variability in the water flux to the Liao River Estuary. The main reasons were the serious droughts in 2017 and 2018 in this study region, with the region average precipitation amounts of 543.6 and 586.1 mm in current year, respectively, which were obviously lower than the 687.2 mm in 2019 (see Table 1).


Table 1 | Yearly rainfall information.







Effect of rubber dam on water input, water level, and salinity

A rubber dam was built between the estuary mouth and Liao River to establish the estuary’s tidal limit in this study region. With the artificial manipulation of the rubber dam in the LRS, the complexity of the water level variation processes in tidal reach increased. During the rubber dam lowering period, the monitoring section was characterized by irregular semi-diurnal tides, which showed that the water flux to the LRE was significantly affected by the height of rubber dam. When the rubber dam was raised, the regularity of discharge change in the LRS decreased, while when the rubber dam was lowered, the discharge change showed a certain tidal regularity. According to the monitoring results, the water flux into the sea from the LRS was not only affected by the upstream water and downstream tide, but also by the artificial gate and rubber dam, resulting in a large seasonal and daily variation in discharge into the sea. Previous studies in the Geum and Oujiang estuaries showed that estuarine dams reduced the mean water level by about 10 cm after dam construction (Kim et al., 2006; Li and Liu, 2020), providing clear evidence that estuarine dams affect water fluxes.

It is of great importance to study the processes affecting the water level and salinity of tidal reaches to understand water fluxes into the sea. Here, salinity was greatly affected by runoff from the upstream river, which created a significant salinity gradient in the water body of the LRS. Furthermore, the obvious change in salinity along the Liao River revealed that the sluices and rubber dam effectively prevented seawater from infiltrating upstream, to a certain extent. However, these dams and gates also obviously blocked the hydrological connectivity, which may alter the ecological structure of the river and the estuary. It was also clear that the discharge affects the salinity distribution in the estuary, as was evident in the changes in salinity gradients in this estuary due to the operation of the rubber dam. So estuarine dams were reasoned to not only alter the timing of water fluxes to the sea, but also the water salinity (Shin et al., 2022) and water quality in the estuary (Jeong et al., 2014). Indeed, one study showed that the removal of the sluice gate, plus sea-level rise, allowed greater seawater influx and increased the regularity of monthly deep-water salinity fluctuations in Nakaumi Lagoon (Nomura et al., 2022). The data obtained in this study, on river discharge and salinity, were effectively used to determine salt variation mechanics within the main river, which helped to understand the effects of sluices and dams along with the relative importance of freshwater and tidal inputs.






Conclusion

This study conducted a series of field surveys to measure flow velocity, direction, water depth, and salinity at the mouth section of the LRE from 2017–2020. About 200,000 sets of cross-sectional data were obtained in the LRS. The index velocity and cross-sectionally averaged velocity based on the ADCP data were compared over several tidal-cycle observations. An appropriate correlation was found so that a continuous record of discharge could be generated for further estimations of water fluxes in the estuary in combination with the velocity index methodology. In winter, the water flux into the sea was greatly affected by the ice cover, and the tidal level was suppressed by the ice cover, which reduced the tidal flux from the bay. The results showed that the annual water fluxes at the two stations (LRS and LHS) were quite different, and the water flux of the LHS was obviously greater than that of the LRS. A portion of the water flowing through the monitored section enters the LRE, but some of the water flowing through the LHS is stored by the Panshan Sluice to meet the needs of industry, agriculture, and landscape in the Liao River areas. The majority of the annual water flux to the estuary is concentrated in the flood season from August to October. It was concluded that the water flux into the sea measured in the LRS was representative of the sea-entering flux from the Liao River. The water flux to the estuary in the LRS was mainly controlled by the runoff from Liao River and the opening of the upstream Panshan Sluice. When the rubber dam was lowered, the water level at the monitored section was characterized by irregular semi-diurnal tides, and the duration of the rising and falling tides were quite different. The regulation by the rubber dam (i.e., raising or dropping) can impact the net freshwater flux to estuary as well, which changes water salinity gradient downstream. These results are helpful in clarifying the coupled influences of saline intrusion and sluice operation on the freshwater input and salinity characteristics in the LRE and will facilitate science-based management policies for water transfer in this basin. The comprehensive monitoring and analysis method for water flux into the sea proposed in this paper well reproduces the discharge changes in the Liao River, and this method will also provide a valuable reference for the measurement of water flux into the sea for other rivers. Furthermore, the Liao River discharges large amounts of pollutants (e.g., COD, ammonia nitrogen, phosphate, or heavy metals), but their fluxes into the LRE are also currently unknown. Based on the results of current study, future studies should focus on determining the total amount of pollutants discharged from Liao River into sea in each year to help establish total emission controls for various marine pollutants and determine the marine pollutant receiving capacity.
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