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Abstract

:

In 2020, Yellow River runoff was more than twice as much as past years, and the proportion of strong winds was also higher than that in past years, which will inevitably lead to a change in salinity plume distribution in the Yellow River Estuary and Laizhou Bay. Based on FVCOM numerical modelling, this paper presents the spatial salinity distribution and dispersion of the Yellow River Estuary and Laizhou Bay during the wet and dry seasons in 2020. We used data from six tidal and current stations and two salinity stations to verify the model, and the results showed that the model can simulate the local hydrodynamic and salinity distribution well. The influence of river discharge and wind speed on salinity diffusion was then investigated. The simulation results showed that under the action of residual currents, fresh water from the Yellow River spread to Laizhou Bay, and the low salinity area of Laizhou Bay was mainly distributed in the northwest. The envelope area of 27 psu isohaline can account for about one-quarter of Laizhou Bay in the wet season, while the low-salinity area was only concentrated near the estuary of Yellow River in the dry season. River discharge mainly affects the diffusion area and depth of fresh water, and wind can change the diffusion structure and direction. In the wet season, with the increase in wind speed, the surface area of the plume decreased gradually, and the direction of the fresh water plume changed counterclockwise from south to north. During the dry season, the plume spread to the northwest along the nearshore. The increase in wind speed in the early stage increased the surface plume area, and the plume area decreased above a wind speed of 10 m/s due to the change in the turbulence structure. The model developed and the results from this study provide valuable information for establishing robust water resource regulations for the Yellow River. This is particularly important to ensure that the areas with low salinity in the Yellow River Estuary will not decrease and affect the reproduction of fish species.
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1. Introduction


Low-salinity areas have become important economic development areas for marine fishery, especially around estuaries. The change in salinity around estuaries will have great influence on biological survival, mariculture, and underwater construction. Differing from the ocean area, estuaries fully reflect their own complexity in both offshore marine structure and ecological environment. Tidal circulation and salinity transport processes around estuaries are usually very complex. The situation is further complicated due to the mixing of salt and fresh water and the simultaneous effects of runoff, tides, waves, wind, and offshore currents [1]. When fresh water flows from estuaries into open nearshore waters, a plume diffusion structure is formed near estuaries due to different invasion rates of density currents inside and outside estuaries [2]. Xia [3] performed numerical simulation of the salinity distribution in the mouth of the Fair River in North Carolina, and found that winds with different speeds had different influences on the diffusion of low-salinity water in the estuary through separate and coupled studies of tides, wind, and runoff. The diffusion and distribution of salinity around the estuary were affected by the river discharge [4,5], tide [6,7], and wind [8,9]. Fong and Geyer [10] showed that wind had a very strong effect on the diffusion of low-salinity water offshore, and wind speed and direction can both affect diffusion structure and direction. Cheng and Casulli [11] showed that astronomical tides had an impact on salinity diffusion around estuaries, especially on the vertical distribution of salinity. Wang [12] found that estuary salinity fluctuated with changes in tidal current, tide, wind, and fresh water flow. Estuarine salinity diffusion has a great impact on coastal ecology. Zhou and Matthew [13] found that the Mississippi River’s discharge affected the salinity distribution of the estuaries in the northern Gulf of Mexico, and showed that river discharge, wind, and season were important factors affecting estuarine salinity diffusion. Salmela [14] showed that high river discharge promoted the development of an estuary plume in the Baltic River estuary. Under the action of low river discharge and wind, the Baltic Sea estuary developed counterclockwise circulation, and high river discharge and salinity stratification promoted the development of clockwise circulation. Coogan [15] showed that river discharge was the main factor controlling the seasonal variation of salinity; but in a short time, wind became the main factor. Mixing and dispersion in the nearshore and estuarine area are complicated, and the underlying processes that underpin this complexity are the spatiotemporal varying structure of turbulence [16] and the complex interactions of nearshore currents [17].



The Yellow River (YR) is the main river that flows into the Bohai Sea (BHS). YR runoff significantly decreased under the influence of natural factors, reservoir construction, and other human factors, and serious long-term flow interruption occurred [18]. This will have an effect on the salinity field near the estuary and even the whole BHS. Figure 1 shows the location (a) and the annual YR runoff from 1952 to 2017 (b) observed in Lijin station. The runoff from the YR to the sea changes dynamically. In 1964, the YR runoff reached a maximum of 1.06 × 108 m3. In 2002, the YR runoff reached only 4.19 × 106 m3. After 2002, runoff was regulated and increased [19].



Dramatic changes in the runoff of the YR caused dynamic change in salinity in the BHS, especially in Laizhou Bay (LZB). In the 20th century, the mean salinity of Bohai Bay increased by 2 psu due to the decrease of the YR’s runoff [20]. Lin et al. [21] analyzed the salinity data of the observation stations around the BHS from 1960 to 1997 and found that the surface salinity of BHB increased by 0.074 psu per year. Wang et al. [22] observed and analyzed the salinity changes in the estuarine area before and after the YR runoff regulation event of 2002, indicating that the increased salinity value around the YR Estuary after the runoff regulation was over two times greater than before.



The YR Estuary is a typical continental estuary with frequent evolution [23], and has been a frequent focus of research. Wang [19] used a numerical model to show that the salinity in the YR Estuary had obvious seasonal variations, indicating that the impact of runoff on salinity distribution was huge. Liu [24] simulated and revealed the influence of wind and tide on salinity distribution around the YR Estuary. Shi [25] used the numerical model ROMS to study the influence of runoff into the sea on the salinity distribution of LZB. Based on the numerical model, Cheng [26] studied the changes and differences in salinity diffusion caused by runoff and topographic changes since the YR changed its estuary three times. A series of studies have shown that tide, wind, runoff, and other factors affect the direction and structure of salinity diffusion around estuaries. However, previous studies focused more on long-term changes in salinity, and did not pay much attention to the changes during a particular time. According to the statistics of Lijin station, the YR’s runoff into the sea during the wet season in 2020 was more than two times higher than the average of previous years. This paper analyzed the influence of runoff and wind on salinity plume based on FVCOM



The paper is organized as follows. The first part is the introduction, and the materials and methods are shown in part two. The third part describes the salinity distribution of the areas near the YR Estuary and in LZB during the wet and dry seasons in 2020. The fourth part discusses the influence of different runoff volumes and wind speeds on YR plume diffusion. The final part describes the study’s conclusions.




2. Materials and Method


2.1. FVCOM Model


FVCOM is a 3D nearshore ocean model based on an unstructured triangular grid [27,28], and has a high ability to simulate complex conditions near estuaries. The control equation is similar to POM, including nonlinear advection, free surface, runoff, vertical mixed 2.5 order turbulent closed mode, etc. The vertical σ coordinate system can better fit the complex seabed topography, and the unstructured grid can better fit the complex shoreline. FVCOM discretizes the governing equations, making its computation more efficient and geometric processing more flexible. It has been widely used in the simulation of nearshore and regional ocean areas, and has achieved good results [29,30,31].The governing equations are shown as follows:




	(a)

	
momentum equation
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    ∂ P   ∂ z   = − ρ g  



(3)







	(b)

	
continuity equation








     ∂ u   ∂ x   +   ∂ v   ∂ y   +   ∂ w   ∂ z   = 0   



(4)





	(c)

	
salinity equation









    ∂ S   ∂ t   + u   ∂ S   ∂ x   + v   ∂ S   ∂ y   + w   ∂ S   ∂ z   =  ∂  ∂ z    (   K h    ∂ S   ∂ z    )  +  F S   



(5)




where  x ,  y , and  z  represent the components in the east, north, and vertical directions under the rectangular coordinate system;  u ,  v , and w represent the velocity component in the  x ,  y , and  z  directions; S is salinity; P is pressure; ρ is density; f is the parameter; g is gravitational acceleration; Km is the vertical rotational viscosity coefficient; Kℎ is the vertical rotational diffusion coefficient of heat; Fu is the horizontal momentum diffusion term; Fv is the vertical momentum diffusion term; and Fs is the diffusion term of salinity, which is calculated by the Smagorinsky parametric method.




2.2. Boundary Conditions


The boundary conditions for the salinity at the surface and bottom are as follows:


      ∂ S   ∂ z   = −   S (  P ^  −  E ^  )    K h  ρ   cos γ     z = ζ ( x , y , t )       ∂ S   ∂ z   = −    A H  tan α    K h      ∂ S   ∂ n   cos γ     z = − H ( x , y )     γ = 1 /   1 +    |  ∇ ζ  |   2       



(6)




where AH is the horizontal heat diffusion coefficient; α is the angle formed from the sea floor;     P  ^    is the precipitation rate;     E  ^    is the evaporation rate; D is the total depth; H is the water depth below the average sea level; σ increases from the seabed (σ = −1) to the sea surface (σ = 0); and  ζ  is the height of the free sea above the average sea level.




2.3. Model Setting


In this paper, the simulated area was the whole BH, and the grid near the YR Estuary was refined. The size of the grid, especially the location of the estuary, has a great influence on fresh water diffusion [32,33]. Therefore, a careful treatment of the refined region is essential to ensure accuracy. According to Chinese standards for liquid diffusion [34] and the width of the estuary, the minimum grid was ~50 m, and there were 100,428 units and 51,499 nodes in total. Figure 2 shows the detailed grid information. The vertical direction was divided into 20 sigma layers. The model adopted a cold start, and the mode calculation adopted an internal and external mode-splitting algorithm, in which the internal mode time step was set to 0.5 s, and the external mode time step was set to 5 s, which could well meet the requirements of calculation accuracy. The salinity diffusion rates in the wet season (July–August) and the dry season (January–February) were simulated respectively. The simulation time of the wet season was from 1 July 2020 to 31 August 2020, and the simulation time of the dry season was from 1 January 2020 to 29 February 2020. The results of February and August were primarily analyzed.



	A.

	
River discharge







In this model, day-by-day river discharge data were obtained from Lijin Station of YR. Figure 3 shows the variation of the river discharge from the YR into the sea in the wet and dry seasons in 2020. The average river discharge into the sea in 2020 was 2761.935 m3/s in the wet season, and 209.783 m3/s in the dry season. Figure 3 shows the statistical results of multiyear average daily river discharge data during the dry and wet periods from 2007 to 2017. Additionally, the statistical results of multiyear daily average river discharge data in the dry season and wet season from 2007 to 2017 are presented. From 2007 to 2017, the average river discharge in the YR Estuary was 1059.595 m3/s. The average river discharge in the dry season was 264.662 m3/s. Compared to the previous year, the river discharge into the BHS during the dry season changed little in 2020, but the average river discharge during the wet season was 2.6 times higher than the average of the previous years.



	B.

	
Wind







The wind data used for the model were derived from ERA5 (ECMWF Reanalysis V5) with a resolution of 0.25° × 0.25°. Figure 4a,b shows wind roses near the YR Estuary during wet and dry seasons in 2020, and Figure 4c,d shows the wind roses near the YR Estuary during the wet and dry seasons from 2007 to 2017. The main wind direction near the YR Estuary was south in the summer and northeast in the winter. Compared with the statistics from 2007 to 2017, there was a higher proportion of main wind direction and an increased proportion of high wind speed in summer in 2020.



	C.

	
Tide







Eight major tidal components (M2, S2, N2, K2, K1, O1, P1, and Q1) were selected for the model, and the open boundary conditions were defined according to harmonic constants.



	D.

	
Salinity







The initial salinity field of the model used SODA (Simple Ocean Data Assimilation) data. In the simulation process, the salinity of fresh water was set as 0 psu, and the open boundary salinity was set as 32 psu.




2.4. Model Verification


In order to verify the accuracy of the model, we took 6 tidal and current stations and 2 salinity stations for verification. The data on tidal currents and tide levels came from the observations of the research group, the instruments used were JFE and RBR, respectively, and the sampling frequency was 1 h. The salinity data came from the observation data of the Ministry of Natural Resources, the observing instrument was RBR CTD, and the sampling frequency was also 1 h. Figure 5 and Table 1 show the location and the detail of the stations, respectively. Figure 6, Figure 7 and Figure 8 show the verification of tide, current, and salinity, respectively. The correlation coefficient (r) was used to judge the fit of the numerical model (Table 2). The comparison results showed that the calculated salinity value was basically consistent with the measured value. The S1 and H1 stations were close to the YR Estuary, and thus they were greatly affected by the runoff; therefore, the simulation of salinity and water level did not agree with the measure data well (Figure 6). The S2 station was far from the YR Estuary and was less affected by the runoff, and the absolute difference was within 0.1 psu. The calculation results basically reflected the hydrodynamic and salinity changes in research area.





3. Results


3.1. Distribution of Surface Current in the Wet and Dry Seasons


The YR discharge was the main reason for the distribution of salinity in LZB. Under the action of residual currents, fresh water from the YR flowed to LZB. Figure 9 shows the distribution of the residual current field in the wet and dry seasons. The high velocity area is mainly concentrated near the YR Estuary and the southern part of LZB. Under the influence of topography and the Coriolis force, there was a phenomenon that the fresh water from the YR would drift south. Additionally, the direction of the tide was also one of the reasons for the YR plume to spread southward.




3.2. Horizontal Distribution Characteristics of Salinity Fields around the Yellow River Estuary and Laizhou Bay


Figure 10 shows the spatial distribution of surface and bottom salinity in the wet and dry seasons. There was an obvious stratification phenomenon near the YR Estuary and LZB in summer, and the salinity distributions between the surface and bottom layer were very different. The vertical distribution of salinity was almost uniform in winter. Due to the influence of river discharge, the salinity distributions in the wet season and the dry season were very different. In the wet season, fresh water from the YR affected nearly the entire LZB. In the dry season, fresh water had an obvious tendency to spread to the middle of LZB. Due to the limitation of river discharge, fresh water from the YR only affected the northwest part of LZB. The isohaline of 27 psu is an important index to measure the salinity distribution. The area near the isohaline of 27 psu is suitable for marine organisms to inhabit and spawn. In the wet season, the salinity front of 27 psu could spread to the middle of LZB, accounting for about one-quarter of the whole LZB. During the dry season, the area below 27 psu salinity was only concentrated near the estuary of the YR.



The research showed that the YR’s fresh water diffused toward LZB in both wet and dry seasons by using the latest data from 2020. In summer, the southeastern wind was dominant near the estuary of the YR, and the diffusion of low-salinity water to the southeast was restricted. Under the action of surface currents, the low-salinity water diffused to LZB. In winter, the northern wind was dominant, and the low-salinity water had an obvious southward diffusion trend, but only a small area of low salinity was formed around the YR Estuary due to the shortage of fresh water.




3.3. Vertical Distribution Characteristics of Salinity in Laizhou Bay


In the salt profile analysis in LZB, we took the location most greatly affected by tide and residual current as an example, and the salinity diffusion phenomenon was analyzed. The section at 119.3° E was selected to study salinity diffusion (Figure 11) in the range of 37.2° N–37.65° N. In the wet season, the river discharge was large and the area affected by YR fresh water in LZB was large. There were many horizontal layers of salinity and the salinity front spreading towards LZB was obvious. During the dry season, the salinity of the whole LZB was high, ranging from 28 to 30 psu. In summer, the salinity exchange at the upper layer was more intense, so the salinity front was more prominent. As it spread to the south of LZB, the surface water with low salinity decreased gradually, causing the salinity mixing zone to become shallower and shallower. In winter, there was very little fresh water and the wind speed was high, causing the vertical distribution of salinity to be relatively uniform.





4. Discussions


The river discharge into the sea from the YR in the wet season in 2020 was 2.6 times higher than the average of previous years. The proportion of high wind speed (≥15 m/s) was also slightly larger than previous years. The particularity of river discharge and wind speed certainly changed the spatial and temporal distribution of salinity near the YR Estuary and LZB in 2020, and continued to affect it in the short term. It was necessary to investigate the influence of river discharge and wind speed. In order to explore the effects of river discharge and wind speed on salinity diffusion near the YR Estuary and LZB, a series of numerical experiments were set up, as shown in Table 3.



4.1. Influence of River Discharge on Salinity Diffusion


The average river discharge during the wet season in 2020 was 2761.9 m3/s (case 2), and the average river discharge during the wet season from 2007 to 2017 was 1059.6 m3/s (case 1). The volume of river discharge mainly affected the area, distance, and depth of salinity diffusion. Figure 12 (top) shows the surface salinity distribution of the two cases. Figure 12 (bottom) shows the vertical salinity distribution of the two cases. With increasing runoff, the horizontal diffusion area of the plume became larger and the diffusion distance of the salinity front became longer, and the diffusion depth of low salinity water became deeper at the same location. In addition, fresh water from the YR can directly affected the offshore seabed.




4.2. Influence of Different Wind Speeds on Salinity Diffusion in the Wet Season


The area around the YR Estuary has a prevailing southern wind in summer. Four cases (cases 3–6) with different wind speeds were established to explore the influence of summer monsoons on salinity diffusion around the YR Estuary. Figure 13 shows the corresponding diffusion distribution of surface salinity. When there was no wind (case 3), under the action of tide and residual current, more fresh water from the YR was imported into LZB. When there was a breeze (v = 4 m/s) (case 4), the southward area with low salinity decreased obviously. Under the effect of surface currents and thermal stratification [19], fresh water from the YR began to spread to the middle of the BHS. When the southern wind continued to strengthen (case 5 and case 6), the diffusion trend of low salinity water to the middle of BH Bay was strengthened. When strong wind increased, the YR’s diluted water diffused almost completely northward. Generally speaking, the diffusion direction of the YR plume was roughly counterclockwise from south to north with the strengthening of the wind during the wet season.



Figure 14 shows the vertical salinity diffusion in the range of 37.7° N–38.6° N at the section of 119.25° E. When the wind speed was low (case 3 and case 4), there were more horizontal layers of salinity, and low salinity water diffused a longer distance. Figure 15 shows the statistical diagram of surface area of 27 psu isohaline in the wet and dry seasons under different wind speeds. When the wind speed increased, the surface area of low-salinity water became smaller and smaller. When the wind speed was over 4 m/s, the area of low salinity water began to decrease sharply. Wind facilitated vertical exchange of salinity. Along the same horizontal length, the higher the wind speed was, the more complete the exchange of water with different densities was.




4.3. Influence of Different Wind Speeds on Salinity Diffusion in the Dry Season


Northern wind prevails in winter in the estuary of the YR. In order to explore the influence of different wind speeds on salinity diffusion during the dry season, the northeasterly wind with the highest statistical frequency was selected as the constant wind direction, and four different gradient wind speeds were set (case 7–10). Figure 16 shows the surface salinity distribution at different wind speeds during the dry season, and Figure 17 shows the salinity distribution profile at a section of 119.25° E. Due to limited river discharge during the dry season, the plume only distributed in the water near the estuary of the YR. Under the influence of the northeastern wind, the diffusion of fresh water from the YR to the sea was restrained. Influenced by the direction of the estuary, the low-salinity plume spread northwest along the shore. The area with low salinity in the dry season showed that northeasterly wind promoted the diffusion of the plume even under low wind speed, causing an increase in the plume’s scope and area. When the strong wind speed continued to increase, the water area with low salinity began to decrease. This was mainly related to runoff and the prevailing wind direction in the dry season. Due to low runoff, wind played a leading role in salinity diffusion in the dry season. When the wind speed was low, the wind promoted the diffusion of fresh water from the YR to the northwest; when the wind strengthened, the vertical diffusion was more obvious. Changes in the profile corresponding to the wind speed also indicated that vertical diffusion became more intense and the surface area began to decrease when wind strengthened.





5. Conclusions


The YR’s discharge was 2.6 times higher than in previous years, and wind was stronger than ever during the wet season in 2020, which was particularity different from the statistical results of previous years. In this paper, the FVCOM three-dimensional model was used to simulate salinity diffusion around the estuary of the YR during the wet and dry seasons in 2020. The effects of river discharge and wind speed on salinity diffusion were also investigated. Under the influence of residual current and the direction of ebb and flow, fresh water from the YR diffusing to LZB can last for a long time. Under the influence of monsoons, the salinity diffusions in the wet and dry seasons were obviously different. In the wet season, the plume of low-salinity water spread southward, and the YR’s diluted water affected nearly the entire LZB. The salinity front of 27 psu could reach the central part of LZB, and the envelope area of 27 psu isohaline accounted for about one-quarter of the total LZB. In the dry season, due to limited river discharge, low salinity water only concentrated near the estuary of the YR. In addition, the fresh water could directly affect the offshore seabed.



The discharge from the river mainly affected the area, distance, and depth of salinity diffusion. Wind could change the structure and direction of the plume diffusion. In the wet season, under the action of the southern wind, with the strengthening of the wind, the diffusion direction of the YR’s plume was roughly counterclockwise from south to north. The envelope area of the 27 psu isohaline gradually decreased with increasing wind speed. In the dry season, with the increase of wind speed and the limited northeasterly wind and river discharge, the YR’s plume spread northwest along the nearshore. Wind speed under 10 m/s was positively correlated with the envelope area of the 27 psu isohaline, and the surface plume area began to decrease only at a wind speed above 10 m/s.



The model developed and the results from this study provide valuable information for establishing robust water resource regulations for the YR. This is particularly important to ensure that the areas with low salinity in the YR Estuary will not decrease and affect the reproduction of fish species. The present study only considered the effects of wind speed and runoff, but did not take the effects of waves into account. In the real ocean, waves play an important role in turbulence. Moreover, previous studies [35] have shown that hyporheic exchange also plays an important role in mixing. Therefore, the influence of waves and hyporheic exchange can be considered in future research.
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Figure 1. The locations of the Yellow River and Lijin station (a) and annual runoff of the Yellow River from 1952 to 2017 (b). 
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Figure 2. Grid information for the research area. 
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Figure 3. River discharge statistics in the wet season (a) and the dry season (b) in 2020 and 2007–2017 (wet season: 1 July–31 August; dry season: 1 January–28 February; data link: http://61.163.88.227:8006/hwsq.aspx?sr=0nkRxv6s9CTRMlwRgmfFF6jTpJPtAv87, accessed on 29 March 2023). 
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Figure 4. Wind rose in the wet season (right) and the dry season (left) in 2020 (a,b) and 2007–2017 (c,d) (wet season: 1 July–31 August; dry season: 1 January–28 February; data link: https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5, accessed on 29 March 2023). 
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Figure 5. Station information of observations (tide and current: H1–H6; salinity: S1 and S2). 
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Figure 6. Verification of tidal level. 
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Figure 7. Verification of tidal current. 






Figure 7. Verification of tidal current.



[image: Water 15 01378 g007a][image: Water 15 01378 g007b]







[image: Water 15 01378 g008 550] 





Figure 8. Verification of salinity in the dry (left) and wet (right) period. 






Figure 8. Verification of salinity in the dry (left) and wet (right) period.



[image: Water 15 01378 g008]







[image: Water 15 01378 g009 550] 





Figure 9. Distribution of the surface residual current field in the wet season (a) and the dry season (b). 
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Figure 10. Distribution of surface (right) and bottom (left) salinity in the wet (top) and dry (bottom) seasons. 
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Figure 11. Salinity vertical distribution in Laizhou Bay during the wet season (left) and the dry season (right). 
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Figure 12. Surface (top) and vertical (bottom) salinity distribution of case 1 (left) and case 2 (right). 
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Figure 13. Surface salinity distribution at different wind speeds in the wet season. ((a): case 3, (b): case 4, (c): case 5, (d): case 6). 
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Figure 14. Vertical salinity distribution at different wind speeds in the wet season ((a): case 3, (b): case 4, (c): case 5, (d): case 6). 
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Figure 15. Surface area of 27 psu isohaline in the wet season (right) and the dry season (left). 
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Figure 16. Surface salinity distribution at different wind speeds in the dry season ((a): case 3, (b): case 4, (c): case 5, (d): case 6). 
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Figure 17. Vertical salinity distribution at different wind speeds in the dry season ((a): case 3, (b): case 4, (c): case 5, (d): case 6). 
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Table 1. Detailed information of the observation stations.
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Station Type

	
Station Name

	
Longitude

	
Latitude

	
Time






	
Tidal current and tide

	
H1

	
119.077247

	
38.207694

	
10 October 2018–11 October 2018




	
H2

	
119.322183

	
37.885078

	
10 October 2018–11 October 2018




	
H3

	
119.535017

	
37.603250

	
10 October 2018–11 October 2018




	
H4

	
119.751378

	
38.539094

	
10 October 2018–11 October 2018




	
H5

	
119.987794

	
38.236428

	
10 October 2018–11 October 2018




	
H6

	
120.212142

	
37.935142

	
10 October 2018–11 October 2018




	
Salinity

	
S1

	
118.99837

	
38.08946

	
20 February–28 February 2020, 20 August–27 February




	
S2

	
120.25612

	
37.64275

	
20 February–28 February 2020, 20 August–27 February
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Table 2. Correlation coefficients (r) between simulation and measured values.
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	Station
	Tide
	Surface (V)
	Surface (D)
	Middle (V)
	Middle (D)
	Bottom (V)
	Bottom (D)
	Dry
	Wet





	H1
	0.47
	0.94
	0.87
	0.96
	0.98
	0.96
	0.98
	-
	-



	H2
	0.97
	0.93
	0.76
	0.94
	0.99
	0.90
	0.99
	-
	-



	H3
	0.98
	0.67
	0.98
	0.74
	0.98
	0.77
	0.98
	-
	-



	H4
	0.99
	0.93
	1.00
	0.93
	1.00
	0.89
	1.00
	-
	-



	H5
	0.99
	0.82
	0.99
	0.81
	0.99
	0.77
	0.99
	-
	-



	H6
	0.98
	0.91
	1.00
	0.93
	1.00
	0.88
	0.99
	-
	-



	S1
	-
	-
	-
	-
	-
	-
	-
	0.60
	0.47



	S2
	-
	-
	-
	-
	-
	-
	-
	0.73
	0.65
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Table 3. Description of numerical experiments.
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Case

	
Period

	
River Discharge

	
Wind






	
1

	
wet season

	
Average daily river discharge from 2007 to 2017

	
Hourly variation




	
2

	
wet season

	
Average daily river discharge in 2020

	
Hourly variation




	
3

	
wet season

	
None




	
4

	
wet season

	
Constant wind, south with speed of 4 m/s




	
5

	
wet season

	
Constant wind, south with speed of 8 m/s




	
6

	
wet season

	
Constant wind, south with speed of 12 m/s




	
7

	
dry season

	
None




	
8

	
dry season

	
Constant wind, northeast with speed of 5 m/s




	
9

	
dry season

	
Constant wind, northeast with speed of 10 m/s




	
10

	
dry season

	
Constant wind, northeast with speed of 15 m/s
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