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Abstract

:

The thermal discharge from coastal nuclear power plants and thermal power plants (CNATPP) not only increases the water temperature, but it also stratifies the seawater. Comprehending the characteristics of stratification that is caused by thermal discharge constitutes the basis for developing a comprehensive understanding of how thermal discharge affects marine organisms. The spatial and temporal characteristics of seawater stratification induced by thermal discharge were analyzed on the basis of measured data while using two study areas with different tidal dynamics as examples. The results showed the following. (1) Thermal discharge influenced the area within 3 km of the outlet. (2) In the East China Sea (which has strong tidal dynamics), the most significant stratification occurred 0.5 km–1.0 km from the outlet; however, in the South China Sea (which has weak tidal dynamics), the degree of stratification decreased with increasing distance from the outlet. (3) In the East China Sea (i.e., strong tidal dynamics), the depth of the thermocline during ebb tide gradually moved upward, while that during flood tide gradually moved downward, and the opposite was observed in the South China Sea (i.e., weak tidal dynamics). Finally, (4) the thermocline that was caused by thermal discharge mostly occurred at water depths above 7 m.
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1. Introduction


Most previous studies have shown that the thermal discharge from coastal nuclear power plants and thermal power plants (CNATPP) has a negative impact on the abundance and community structure of phytoplankton [1,2,3,4], zooplankton [5,6,7], macrobenthic animals [8,9], and swimming animals [5,10,11,12], as well as their habitats [13]. The impact of this thermal discharge on aquatic ecosystems has become an important issue in the field of marine and environmental protection [14]. Moreover, the thermal pollution that is caused by thermal discharge has become one of the major environmental problems facing nuclear power construction in China [15].



The thermal discharge of CNATPP affects marine organisms in two main ways. First, the increase in seawater temperature directly affects the environmental temperature of marine organisms. Previous studies on the impacts of thermal discharge on marine organisms mainly focused on analyzing the effects of increased seawater temperature that are caused by thermal discharge on marine organisms. Zeng [16], Poornima [17], and Han [18] evaluated different seawater temperature conditions in the laboratory and evaluated the products of seawater temperature increases on the growth of chlorophyll a, macrobenthic animals, and swimming animals. Second, the increase in seawater temperature causes seawater to stratify, which influences the foraging environment of marine organisms. Some studies have suggested that a water temperature increase exceeding 1.5 °C might induce stratification [16]. Unfortunately, the temperature increase at the thermal discharge outlet of CNATPP is far greater than 1.5 °C; thus, such discharge is likely to cause the stratification of seawater. Yin [19] and Lin et al. [20], who utilized field observation data, and Zhang et al. [21], Wu and Zhu [22], Cui [23], Zhu [24], and Zhang [25], who employed the Estuarine, Coastal, and Ocean Modeling System with Sediment (ECOMSED) and Finite Volume Coastal Ocean Model (FVCOM), found that the thermal discharge from CNATPP induces stratification in the surrounding outlet. Raithby et al. [26] and Salgueiro et al. [27] focused their investigations on the stratification characteristics in lakes based on various models. In addition, Vinnå et al. [28] and Kirillin et al. [29] believed that thermal discharge could not only strengthen stratification, but also prolong the stratification period within a lake, in addition to inducing stratification. Roenunich and MdGoWan [30] and Zeng [16] found that seawater stratification weakens wind-driven upwelling, negatively influencing vertical nutrient exchange and phytoplankton and zooplankton growth. Based on research on the Ningde Nuclear Power Plant, Lin et al. [20] found that the elevated temperature caused by thermal discharge from the power plant affected the growth of macrobenthos in the study area by significantly affecting the abundance and community structure of the phytoplankton and zooplankton therein. However, few studies have evaluated the effects of stratification that are induced by thermal discharge on marine organisms.



Comprehending the characteristics of stratification caused by thermal discharge from CNATPP constitutes the basis for developing a comprehensive understanding of how thermal discharge affects marine organisms. Solar radiation, air temperature, wind speed, and water density are included as the factors that influence the stratification of water temperature [31]. A large-scale surface wind stress curl, geostrophic flow, and propagating waves influence the thermocline in the sea [32]. For example, under the influence of the northerly monsoon in winter, heat exchange and evaporation aggravate the loss of heat from the ocean and increase the mixing of eddies and convection, which can evenly distribute the water temperature in the vertical direction and weaken any present stratification [33]. To date, research on stratification that is caused by thermal discharge from CNATPP has shown the following: (1) The study of Zhou [34] in Daya Bay and the study of Suh [35] in Chonsu Bay indicated that warm water tended to diffuse on the surface after being discharged from the outlet; afterwards, stratification was obvious. However, with the diffusion of warm water farther from the outlet, the vertical temperature of the water column became more evenly distributed; that is, the stratification phenomenon became less obvious. However, Zhang [25] investigated Bohai Bay and found that the stratification in the shallow water near the outlet was weaker than that in the deep water somewhat far from the outlet. The report by Wu and Zhu [22] regarding the Yangtse River indicated that stratification occurs from the shore close to the outlet to a water depth of 3 m. However, the spatial extent from the outlet to which the thermal discharge from CNATPP can induce stratification has not been thoroughly studied. (2) Suh et al. [35] observed stratification in the upper layer (above a water depth of 7 m) in Chonsu Bay, Korea, while Wang et al. [36] found stratification above a water depth of 5 m in the Yellow Sea. A study by Cui [23] in the South China Sea found that the diffusion of warm water mainly occurred in the upper half of the total water depth (0.5 h); in contrast, Zhang et al. [21] investigated the Bohai Sea and found that vertical stratification appeared in the upper 1/5 of the total water depth (0.2 h). The study by Lin et al. [20] in the East China Sea indicated that most of the stratification emerged in the upper water layers during the flood tide (from ebb slack to maximum flood), while most of the stratification emerged in the lower water layers during the ebb tide (from flood slack to maximum ebb). However, the depth extent of stratification that is induced by thermal discharge from CNATPP has not been studied. (3) Tang et al. [37] found that thermal discharge had the greatest impact on sea surface temperature (SST) in summer and the smallest impact in winter. Zhu [24] believed that the vertical temperature difference of seawater in the neap tide period was higher than that in the spring tide period. However, the temporal variation in stratification patterns that is caused by thermal discharge from CNATPP during different tide times has not been investigated.



In this paper, we used two study areas with different tidal dynamics as examples, and we used the measured vertical seawater temperature data to analyze the spatial and temporal characteristics of seawater stratification that are caused by thermal discharge from CNATPP.



Salinity and temperature are two important factors that could induce seawater stratification. A salinity survey of four stations (two within 1 km away from the outlet as the affected stations and two outside 6 km away from the outlet as the control stations) in Ningde nuclear power station have been done in autumn, winter, spring, and summer during 2013–2014. The average salinity difference between the surface and bottom layers of in the two affected stations were 0.096 and 0.049, respectively, and those of the control stations were 0.013 and 0.181. There were no significant difference between affected stations and control stations. Additionally, salinity differences between the surface and bottom layers in all stations could not reach critical thermocline salinity of 0.1 m. Therefore, the effect of thermal discharge on seawater salinity is very little and thermal discharge could not induce salinity stratification. This conclusion is consistent with the results of Tang et al. [38]. Therefore, only temperature stratification that was caused by thermal discharge was involved in this study.




2. Materials and Methods


2.1. Study Area and Sites


Two research areas were selected in this study (Figure 1). The first study area (ND), which is adjacent to the outlet of the Ningde Nuclear Power Plant, is located on northwestern Yushan Island in Ningde, Fujian Province, China. This area has a subtropical oceanic climate and the mean annual temperature is 18.7 °C. The duration of the semidiurnal tides in the area near the outfall is regular and the mean tidal range is 4.32 m. From June 2015 to July 2016, the plant consisted of three units, each with an installed capacity of 1000 MW. The plant uses seawater as a coolant at a designed flow rate of 172.5 m3 s−1 and the cooling water is discharged at the surface into the East China Sea. The temperature of the cooling water in the outlet is 8.35 °C higher than that of the water in the inlet. The other study area (FCG), which is adjacent to the outlet of the Fangchenggang Nuclear Power Plant, is located north of Beibu Bay, Guangxi Province, China. This area has a south subtropical monsoon climate and the mean annual temperature is 22.2 °C. Mixed tides dominated by diurnal tides and the mean tidal range being 2.77 m are the main tidal characteristics in the study area near the outfall. After October 2016, the plant consisted of two units, each with an installed capacity of 1000 MW. The plant uses seawater as a coolant at a designed flow rate of 123 m3 s−1, and the cooling water is discharged on the surface (6 km from the shore), whereupon it is discharged into the South China Sea. The temperature of the cooling water in the outlet is 7.5 °C higher than that of the water in the inlet.




2.2. Sampling Methods


Three groups of stations were established at different distances from the outlet to obtain the vertical temperature in the seawater column affected by thermal discharge: 0 km–0.5 km (Zone-A), 0.5 km–1.0 km (Zone-B), 1.0 km–3.0 km (Zone-C) and 3.0 km from the outlet (Zone-D). Stations 1~3 were located in Zone-A, Stations 4~6 were located in Zone-B, Stations 7~9 were located in Zone-C, and Stations 10~12 were located in Zone-D. Water temperature measurements were collected at 12 stations at 0.5 m, 1/5 of the water depth (0.2 h), 2/5 of the water depth (0.4 h), 3/5 of the water depth (0.6 h), 4/5 of the water depth (0.8 h), and 0.5 m above the seafloor at flood slack, maximum ebb, ebb slack, and maximum flood. The measurement time at ND was June 5, 2016 (spring tide), and that at FCG was August 11, 2018 (spring tide).




2.3. Data Analysis


The difference between the SST and sea bottom temperature (SBT) per unit depth (DTPD) was introduced for measuring the temperature differential between the surface and the bottom of the seawater column without considering the water depth as a factor:


DTPD = (SST − SBT)/h








where the units of DTPD are °C m−1; the units of SST and SBT are both °C; and, h is the water depth with a unit of m.





3. Results


3.1. Differences between the SST and SBT


The SSTs and SBTs of the four groups in the ND decreased with increasing distance from the outlet, as shown in Figure 2a. Except for the ebb slack of Zone-A, the temperature differences between the SSTs and SBTs of Zone-A and Zone-D were not significant at other times; in contrast, the temperature differences between the SSTs and SBTs of Zone-B and Zone-C were large. The SSTs and SBTs of the four groups were higher at ebb slack and lower at flood slack and maximum flood with regard to different tidal times.



As shown in Figure 2d, the SSTs and SBTs of the four groups in the FCG decreased with an increasing distance from the outlet. Except for the ebb slack, the SSTs of the four groups were larger than the SBTs of any group at any other time. The temperature differences between the SSTs and SBTs reached a maximum of 2.79 °C and a minimum of 1.11 °C during flood slack, a maximum of 4.37 °C and a minimum of 0.52 °C during maximum ebb, a maximum of 4.25 °C and a minimum of 0.33 °C during ebb slack, and a maximum of 3.16 °C and a minimum of 0.43 °C during maximum flood. The SSTs and SBTs of the four groups were higher at ebb slack and lower at flood slack and maximum flood with regard to different tidal times.



According to Figure 2b, the DTPDs at the four tidal times in the ND decreased in the following order: Zone-B > Zone-C > Zone-A > Zone-D. At different tidal times, except for Zone-D, the change in the DTPDs was not obvious; in the other three groups, the maximum DTPDs appeared at ebb slack, while the minimum DTPDs appeared at flood slack and maximum flood.



According to Figure 2e, the DTPDs at the four tidal times in the FCG decreased in the following order: Zone-A > Zone-B > Zone-C > Zone-D. The DTPDs decreased with increasing distance from the outlet. At different tidal times, except for Zone-C and Zone-D, the change in the DTPDs was not obvious; in Zone-A and Zone-B, the maximum DTPDs appeared at ebb slack, while the minimum DTPDs appeared at flood slack and maximum flood.



The SSTs and SBTs in the ND decreased with increasing distance from the outlet based on the average temperatures of the different groups at the four tidal times (Figure 2c). The SSTs were slightly larger than the SBTs in Zone-A and Zone-D, and the SSTs were significantly larger than the SBTs in Zone-A and Zone-D.



Similarly, the SSTs and SBTs in the FCG also decreased with increasing distance from the outlet based on the average temperatures of the different groups at the four tidal times (Figure 2f). However, the decrease in the SSTs was relatively larger than that in the SBTs. In any group, the SSTs were much larger than the SBTs, and the temperature differences were the greatest close to the outlet.




3.2. Where Stratification Occurred


Figure 3 and Table 1 show the seawater temperatures and temperature differences at the four tidal times in the six depth layers in the four zones in the ND and FCG.



As shown in Figure 3a, at flood slack, the vertical water temperatures in Zone-A, Zone-C, and Zone-D in the ND did not show stratification, especially in Zone-A and Zone-D, where the vertical water temperatures were basically the same. However, the stratification patterns in Zone-B were obvious. The thermocline occurred below 4/5 h (water depths of approximately 6 m–8 m) and the average temperature difference between 4/5 h and 0.5 m from the seafloor per unit water depth reached 0.70 °C m−1.



As shown in Figure 3b, the vertical water temperatures in Zone-A and Zone-D in the ND did not show stratification at maximum ebb, and the vertical water temperatures were basically the same. However, the stratification patterns of Zone-B and Zone-C were obvious. The stratification in the former occurred below 1/5 h, while the most obvious stratification appeared below 4/5 h (water depths of approximately 4 m–7 m), and the average temperature difference between 0.5 m and 1/5 h water layers per unit water depth reached 0.66 °C m−1; in contrast, the stratification in the latter occurred below 1/5 h, while the most obvious stratification appeared at depths of 2/5 h–3/5 h (water depths of approximately 1 m–3 m), and the average temperature difference per unit water depth s reached 0.61 °C m−1 between these two water layer.



As shown in Figure 3c, the vertical water temperatures in Zone-D in the ND did not exhibit stratification at ebb slack, and the vertical water temperatures were basically the same, whereas the stratification patterns in Zone-A, Zone-B, and Zone-C were obvious, and the thermocline was basically distributed throughout the entire water column in these three zones.



As shown in Figure 3d, the water temperatures at most stations in Zone-C and Zone-D in the ND did not display stratification at maximum flood. In contrast, stratification phenomena appeared at most stations in Zone-A and Zone-B; significant stratification occurred below 0.5 m to 1/5 h at most stations in these two zones.



As shown in Figure 3e, at flood slack, stratification occurred from 0.5 m to 2/5 h and 3/5 h to 4/5 h in most stations in Zone-A in the FCG, and the most significant stratification appeared below 0.5 m to 1/5 h and the average temperature difference per unit water depth between these two water layers reached 1.91 °C m−1 (water depths of approximately 0.5 m–2 m). Stratification occurred below 0.5 m to 1/5 h and 3/5 h to 4/5 h at most stations in Zone-B and Zone-C, while the most significant stratification appeared below 3/5 h to 4/5 h and the average temperature difference per unit water depth between was 0.38 °C m−1 (water depths of approximately 4 m–8 m) in Zone-B and 0.26 °C m−1 (water depths of approximately 3 m–11 m) in Zone-C.



As shown in Figure 3f, stratification occurred below 0.5 m to 1/5 h and 2/5 h to 3/5 h at most stations in Zone-A in the FCG at maximum ebb, and the most significant stratification appeared below 0.5 m to 1/5 h and the average temperature difference per unit water depth between 0.5 m to 1/5 h was 5.44 °C m−1 (water depths of approximately 0.5 m–2 m). Most of the thermocline phenomena in Zone-B occurred at depths from 0.5 m to 1/5 h and occurred at depths from 0.5 m to 2/5 h in Zone-C. The average temperature difference per unit water depth between water layers with most of the thermocline phenomena in Zone-B was 1.47 °C m−1 (water depths of approximately 0.5 m–2 m) and in Zone-C was 0.33 °C m−1 (water depths of approximately 0.5 m–3 m). There was no stratification in Zone-D.



As shown in Figure 3g, the ebb slack thermocline was basically distributed throughout the whole water column in Zone-A in the FCG. At most stations in Zone-A, the thermocline occurred in the bottom layer at water depths from 3/5 h to 0.5 m above the bottom (water depths of approximately 1 m–4 m). The average DTPD in Zone-A reached 1.8 °C m−1. The highest temperature at all the stations in Zone-B was not found at the surface; most of the high-temperature locations were distributed below water depths of 4/5 h to 0.5 m above the bottom. The thermocline was basically distributed throughout the whole water column in Zone-B and most of the significant stratification appeared at water depths below 1/5 h to 0.5 m above the bottom at most stations. Similarly, the highest temperature at all the stations in Zone-C was not found in the surface layer, and the stratification characteristics in Zone-C were not clear. In Zone-D, there was no thermocline, except at station No. 10, which had a thermocline below 1/5 h to 4/5 h.



As shown in Figure 3h, stratification occurred below 0.5 m to 2/5 h at all stations in Zone-A and Zone-B in the FCG at maximum flood. The average temperature differences between these two layers per unit water depth in Zone-A and Zone-B were 2.03 °C m−1 (water depths of approximately 0.5 m–2.5 m) and 0.89 °C m−1 (water depths of approximately 0.5 m–3.5 m), respectively. Likewise, stratification occurred below 0.5 m to 2/5 h at most of the stations in Zone-C, with an average temperature difference per unit water depth of 0.21 °C m−1 (water depths of approximately 1 m–3 m). Finally, there was no thermocline except at station No. 11, which had a slight thermocline below depths from 2/5 h to 3/5 h in Zone-D.





4. Discussion


4.1. Comparison between the SSTs and SBTs in Sea Areas with Different Tidal Dynamics


The SSTs and SBTs of the four zones in the two study areas decreased with increasing distance from the outlet from the comparison of the two study areas. In the ND, little difference between the SSTs and SBTs was observed within 0.5 km from the outlet, whereas large differences appeared between the SSTs and SBTs 0.5 km away from the outlet. There were large differences between the SSTs and SBTs at all four tidal times in the four zones in the FCG. The SSTs and SBTs of the four groups were higher at ebb slack and lower at flood slack and maximum flood with regard to different tidal times.



The DTPDs at the four tidal times in the ND decreased in the following order: Zone-B > Zone-C > Zone-A > Zone-D; the decreasing order in the FCG was Zone-A > Zone-B > Zone-C > Zone-D. At the different tidal times, in all the zones, except for Zone-D in the ND and Zone-C and Zone-D in the FCG, in which the DTPD changed little among the four tidal times, the maximum DTPDs appeared at ebb slack, whereas the minimum DTPDs appeared at flood slack and maximum flood.



The SSTs of Zone-A, Zone-B and Zone-C in the ND increased by 3.22 °C, 1.42 °C, and 0.71 °C, respectively, and the SBTs of Zone-A, Zone-B and Zone-C increased by 2.86 °C, 0.54 °C, and 0.24 °C, respectively, in addition to the average temperatures at the four tidal times in the four zones, with Zone-D as a reference. Likewise, with Zone-D as a reference, the SSTs of Zone-A, Zone-B and Zone-C in the FCG increased by 3.52 °C, 1.08 °C and 0.22 °C, respectively, while the SBTs of Zone-A, Zone-B, and Zone-C increased by 0.47 °C, 0.40 °C, and 0.14 °C, respectively. The SST increase in Zone-A in the FCG was larger than that in the ND; similarly, the other SST and SBT increases in the ND were larger than those in the FCG.



As discussed in Section 3.1, the thermal discharge in the ND had little influence in Zone-D, while it had greater impacts on the SSTs and SBTs in the other three zones; that is, the thermal discharge influenced the surface and the bottom seawater within 3 km from the outlet. In contrast, the thermal discharge in the FCG had little influence in Zone-C and Zone-D, while it had greater impacts on only the SSTs in Zone-A and Zone-B; that is, the thermal discharge only influenced the surface seawater (rather than the bottom seawater) within 1 km from the outlet. The increase in temperature in the FCG was larger than that in the ND at distances of 0 km to 0.5 km from the outlet. This difference is mainly because the FCG is located in the South China Sea, where the tidal dynamics are relatively weak, while the ND is located in the East China Sea, where the tidal dynamics are relatively strong. In addition, the ND is located on the Fujian coast, where upwelling occurs, and strong tidal dynamics and upwelling are both beneficial for the vertical mixing of seawater [33]. Therefore, the vertical mixing that was near the outlet in the ND was sufficient; consequently, warm water could quickly diffuse to the bottom seawater, while it was difficult for the warm water near the outlet in the FCG to reach the bottom seawater and, as a result, most of the warm water diffused within the surface seawater.



With regard to different tidal times, the SSTs and SBTs in the four zones were higher at ebb slack and lower at flood slack and maximum flood. The DTPD reached its maximum at ebb slack and its minimum at flood slack and maximum flood. It was inferred that thermal discharge mostly affected the SSTs and SBTs at ebb slack, which resulted in the largest DTPD between the surface and bottom layers and the most obvious stratification pattern. This result was mainly because of the lowest water level at ebb slack, which had the weakest dilution effect on the thermal discharge, thus benefiting the diffusion of the thermal discharge on the surface and throughout the vertical column.




4.2. Comparisons between the Positions and Extents of the Thermoclines in Sea Areas with Different Tidal Dynamics


The thermocline clearly decreased with increasing distance from the outlet at any tidal time if stratification was present with regard to the depth of the thermocline in each zone in the ND. This result occurred because the warm water that was discharged to the surface from the outlet gradually diffused downward. Zone-A did not exhibit a stratification phenomenon at flood slack or maximum flood; moreover, although Zone-A appeared to stratify at ebb slack and maximum ebb, the extent of stratification was not as significant as that in Zone-B or Zone-C. This result indicates that the warm water in the ND was uniformly vertically mixed at distances of 0 km to 0.5 km from the outlet. From a comparison among the four tidal times, the average temperature in the three zones affected by thermal discharge gradually increased from flood slack to ebb slack until reaching the maximum value; then, the average temperature gradually decreased until flood slack, when it reached the lowest average temperature. In addition, the thermocline mostly appeared in the upper seawater layers during flood tide (from ebb slack to flood slack) and in the lower water layers during ebb tide (from flood slack to ebb slack), which is consistent with the research of Lin et al. [20]. Moreover, we found that the depth of the thermocline gradually moved upward from flood slack → maximum ebb → ebb slack; in contrast, the depth of the thermocline gradually moved downward from ebb slack to maximum flood.



The SSTs at most stations in Zone-D in the FCG were slightly larger than the SBTs. Furthermore, there was no stratification at most stations in Zone-D. Regarding the depth of the thermocline in each zone, except at ebb slack, the depth of the thermocline increased with distance from the outlet at all times, which contrasts with the results in the ND. From a comparison among the four tidal times, the average temperature in the three zones affected by thermal discharge gradually increased from flood slack to ebb slack until reaching the maximum value; then, the average temperature then gradually decreased until flood slack, when the lowest average temperature occurred. In addition, the thermocline mostly appeared in the upper seawater layers during any tidal time, except ebb slack. Moreover, we found that the depth of the thermocline gradually moved upward from flood slack → maximum ebb → ebb slack; in contrast, the depth of the thermocline gradually moved upward from ebb slack to maximum flood, which is different from the corresponding result in the ND.



We can draw the following conclusions based on these comparisons of the temperature differences between the surface and bottom layers and the locations and extents of the thermoclines in the two study areas:




	(1)

	
The depth of the thermocline gradually moved upward with increasing distance from the outlet. In the ND, no stratification phenomenon appeared at flood slack or maximum flood within 0.5 km from the outlet. Moreover, although there was no stratification phenomenon at ebb slack and maximum ebb within 0.5 km from the outlet, the extent of stratification was not as significant as that within 0.5 km to 3.0 km from the outlet. Except during ebb slack, the depth of the thermocline increased with the distance from the outlet, which contrasts with the result in the ND. The ND is located in the East China Sea and it has strong tidal dynamics that result in uniform vertical mixing. Therefore, the SSTs and the SBTs near the outlet both significantly increased, which is why there was no stratification or there was only weak stratification near the outlet in the ND. This result is consistent with both the study by Zhang [25] in Longkou at the junction of the Bohai Sea and the Yellow Sea and the study by Zhang [25] in Luoyuan Bay in the East China Sea. In contrast, the FCG is located in the South China Sea, where the tidal dynamics are weak and vertical mixing is poor; thus, it takes warm water a longer time to undergo downward mixing. Therefore, the thermocline appeared at deeper water depths as the distance from the outlet increased, which is consistent with the study of Zhou [34] in Daya Bay in the South China Sea. The extent of stratification in the FCG was larger than that in the ND because of the poor downward mixing ability of warm water in the FCG; additionally, the average temperature difference was 5.44 °C m−1 and the maximum temperature difference was 7.47 °C m−1 at water depths ranging from 0.5 m to 1/5 h.




	(2)

	
From the comparison among the four tidal times, the average temperature of the seawater affected by the thermal discharge was the lowest at flood slack and highest at ebb slack. The water level is lowest at ebb slack and the dilution effect on the thermal discharge is weaker; therefore, the average seawater temperature was the highest at ebb slack. The water level is highest at flood slack and the dilution effect on the thermal discharge is greater; therefore, the average seawater temperature was lowest at flood slack. In the ND, the thermocline mostly appeared in the upper seawater layers during flood tide and in the lower water layers during ebb tide, while, in the FCG, the thermocline mostly appeared in the upper seawater layers, except during ebb slack. The depth of the thermocline gradually moved upward from flood slack → maximum ebb → ebb slack; in contrast, the depth of the thermocline gradually moved downward from ebb slack to maximum flood, which contrasts with the patterns found in the FCG. This difference is mainly due to the strong tidal dynamics and strong vertical mixing in the ND. The water depth was greater at flood slack, and most of the water column could be fully mixed with the warm water; only the bottom water did not mix evenly, so the thermocline appeared in the lower layer. At ebb tide, the water depth gradually decreased, which was conducive to the diffusion of warm water downward from the surface. Therefore, the thermocline appeared throughout the whole water column, and the thermocline gradually moved upward. At flood tide, the water depth gradually increased and it was not conducive to the diffusion of warm water from the surface; thus, the thermocline moved downward because of the downward diffusion of warm water. In the FCG, the tidal dynamics are weak, and the diffusion of thermal discharge is weak in the vertical direction. At the same time, the FCG is located in the South China Sea, where a weak stratification phenomenon appears in summer, which confines the warm thermal plume within the upper few meters of water. The discharge of warm water further increases the surface water temperature, which enhances stratification [37]. Therefore, the warm water usually diffused in the surface layer, and the most serious stratification occurred at depths of 0.5 m−1/5 h, except at ebb slack. The thermal plume can only reach the bottom at ebb slack, when the depth is relatively shallow and the conditions are most conducive to vertical diffusion. Generally, the thermocline caused by thermal discharge is distributed at water depths shallower than 7 m, which is consistent with the results of Wang et al. [36], Cui [23], Zhang et al. [21], and Han [39], who studied CNATPP in China, and Suh et al. [35], who studied CNATPP in Korea.











5. Conclusions


(1) The thermal discharge influenced the sea within 3 km from the outlet, whereas the thermal discharge had little impact on the sea area beyond 3 km from the outlet.



(2) In the East China Sea, which has strong tidal dynamics, vertical mixing is sufficient in the sea area near the outlet; therefore, the most significant stratification occurred 0.5 km–1.0 km from the outlet; however, the degree of stratification decreased with increasing distance from the outlet, and the most significant stratification occurred near the outlet in the South China Sea, which has weak tidal dynamics.



(3) In the East China Sea (with strong tidal dynamics), the thermocline primarily appeared in the upper seawater layers during flood tide (from ebb slack to flood slack) and in the lower water layers during ebb tide (from flood slack to ebb slack). Moreover, the depth of the thermocline during ebb tide gradually moved upward, while that during flood tide gradually moved downward. In the South China Sea (with weak tidal dynamics), the thermocline mostly appeared in the upper seawater layer during any tidal time, except ebb slack. Moreover, the depth of the thermocline during ebb tide gradually moved downward, while that during flood tide gradually moved upward, which contrasts with the results in the ND.



(4) Thermal discharge can induce stratification, especially in the South China Sea, where the tidal dynamics are poor and weak stratification is sometimes already present. The thermocline that was caused by thermal discharge on the surface mostly occurred at water depths shallower than 7 m.



Through this research, we understand some characteristics of thermocline caused by thermal discharge in sea areas with different tidal dynamics. The increase in seawater temperature could cause seawater to stratify, which influences the foraging environment of marine organisms. This study can provide a theoretical basis for the study of how thermal discharge affects the abundance and community structure of marine organisms through this way.
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Figure 1. Distribution of the research areas and locations of the sampling stations. 
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Figure 2. Comparison between the sea surface temperature (SSTs) and sea bottom temperatures (SBTs) of the two study areas among the four zones at the four tidal times. ((a,d) describe the SSTs and SBTs in the four zones at four tidal times in the first study area (ND) and other study area (FCG), respectively; (b,e) describe the difference between the SST and SBT per unit depths (DTPDs) in the four zones at four tidal times in the ND and FCG, respectively; (c,f) describe the average temperature differences between the SSTs and SBTs in the four zones in the ND and FCG, respectively). 
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Figure 3. Seawater temperatures at the four tidal times in the six depth layers in the four zones in the ND and FCG. ((a–d) describe the seawater temperatures in the six depth layers in the four zones in the ND at flood slack, maximum ebb, ebb slack, and maximum flood, respectively; and, (e–h) describe the seawater temperatures in the six depth layers in the four zones in the FCG at flood slack, maximum ebb, ebb slack, and maximum flood, respectively). 
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Table 1. The temperature differences between different water layers per unit depth in ND and FCG.
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Period

	
Zone

	
Station No.

	
Temperature Differences Per Unit Depth in the ND (°C m−1)

	
Temperature Differences Per Unit Depth in the FCG (°C m−1)




	
0.5 m−1/5 h

	
1/5 h−2/5 h

	
2/5 h−3/5 h

	
3/5 h−4/5 h

	
4/5 h−0.5 m up

	
0.5 m−1/5 h

	
1/5 h−2/5 h

	
2/5 h−3/5 h

	
3/5 h−4/5 h

	
4/5 h−0.5 m up






	
Flood Slack

	
Zone-A

	
1

	
0.01

	
0.01

	
0.11

	
0.12

	
0.03

	
2.311

	
0.26

	
0.14

	
0.26

	
0.18




	
2

	
0.01

	
−0.01

	
0.04

	
0.00

	
0.01

	
2.63

	
0.28

	
−0.02

	
0.33

	
0.13




	
3

	
−0.05

	
0.01

	
0.14

	
0.02

	
−0.04

	
0.77

	
0.16

	
−0.04

	
0.20

	
0.19




	
Zone-B

	
4

	
0.03

	
0.00

	
0.18

	
0.04

	
0.51

	
0.31

	
0.10

	
0.10

	
0.38

	
0.31




	
5

	
0.00

	
0.00

	
0.01

	
0.11

	
0.71

	
0.18

	
0.09

	
0.14

	
0.43

	
0.10




	
6

	
0.00

	
0.02

	
0.11

	
0.02

	
0.88

	
0.20

	
0.06

	
0.21

	
0.33

	
0.03




	
Zone-C

	
7

	
−0.02

	
0.06

	
0.10

	
0.14

	
0.03

	
0.24

	
−0.04

	
0.17

	
0.54

	
0.05




	
8

	
0.01

	
0.01

	
0.07

	
0.10

	
0.03

	
0.28

	
0.11

	
0.31

	
0.21

	
0.03




	
9

	
0.03

	
0.12

	
0.10

	
0.10

	
−0.02

	
0.21

	
0.17

	
0.07

	
0.04

	
0.02




	
Zone-D

	
10

	
−0.01

	
0.07

	
−0.01

	
0.00

	
0.00

	
0.11

	
0.10

	
0.13

	
0.07

	
0.01




	
11

	
0.01

	
0.03

	
0.02

	
−0.01

	
−0.01

	
0.31

	
0.26

	
0.18

	
0.00

	
0.00




	
12

	
−0.01

	
0.01

	
0.01

	
0.02

	
0.02

	
0.05

	
0.17

	
0.14

	
0.03

	
0.01




	
Ebb Maximum

	
Zone-A

	
1

	
0.00

	
0.03

	
0.00

	
0.05

	
0.06

	
7.47

	
−0.20

	
0.11

	
0.19

	
0.13




	
2

	
0.03

	
0.10

	
0.01

	
0.05

	
0.07

	
4.01

	
0.08

	
0.34

	
0.04

	
−0.02




	
3

	
−0.10

	
0.01

	
0.06

	
0.03

	
−0.09

	
4.84

	
0.30

	
0.21

	
0.19

	
0.03




	
Zone-B

	
4

	
−0.06

	
0.31

	
0.03

	
0.20

	
0.52

	
2.17

	
0.07

	
0.08

	
0.49

	
0.02




	
5

	
−0.26

	
0.10

	
0.29

	
−0.12

	
0.90

	
2.21

	
0.40

	
0.10

	
0.02

	
0.00




	
6

	
0.02

	
0.01

	
0.36

	
0.22

	
0.55

	
0.05

	
0.09

	
0.07

	
0.02

	
0.00




	
Zone-C

	
7

	
−0.01

	
0.00

	
0.00

	
0.17

	
−0.01

	
0.96

	
0.63

	
0.03

	
0.01

	
0.00




	
8

	
−0.33

	
0.03

	
0.86

	
−0.13

	
0.77

	
0.10

	
0.21

	
0.04

	
0.00

	
0.01




	
9

	
−0.02

	
0.62

	
0.35

	
−0.04

	
0.34

	
0.17

	
0.05

	
0.09

	
0.01

	
0.01




	
Zone-D

	
10

	
0.00

	
0.01

	
0.01

	
0.02

	
0.00

	
0.15

	
0.06

	
0.02

	
0.00

	
0.00




	
11

	
−0.05

	
0.06

	
−0.03

	
0.14

	
0.03

	
0.17

	
0.09

	
0.04

	
0.01

	
0.01




	
12

	
0.01

	
0.00

	
0.01

	
0.05

	
0.11

	
0.19

	
0.03

	
0.10

	
0.00

	
0.00




	
Ebb Slack

	
Zone-A

	
1

	
0.00

	
0.02

	
0.80

	
−0.08

	
0.85

	
0.29

	
1.47

	
0.68

	
2.53

	
3.50




	
2

	
4.00

	
−0.55

	
0.17

	
0.80

	
2.13

	
2.02

	
1.16

	
0.50

	
3.59

	
5.74




	
3

	
5.06

	
−0.18

	
−0.60

	
2.52

	
−1.29

	
0.17

	
0.15

	
2.93

	
2.36

	
3.41




	
Zone-B

	
4

	
0.00

	
0.61

	
0.85

	
0.96

	
0.00

	
−0.20

	
0.72

	
2.34

	
6.25

	
1.80




	
5

	
0.22

	
−0.07

	
0.19

	
1.92

	
−0.06

	
−0.56

	
−0.59

	
−2.25

	
1.00

	
0.68




	
6

	
8.13

	
0.97

	
0.75

	
0.49

	
0.55

	
0.05

	
0.10

	
0.00

	
−0.73

	
−0.53




	
Zone-C

	
7

	
6.60

	
1.32

	
−0.82

	
1.07

	
0.10

	
−0.19

	
−0.69

	
0.04

	
3.57

	
1.63




	
8

	
0.04

	
0.03

	
0.28

	
1.36

	
0.24

	
0.09

	
−0.13

	
−0.26

	
−0.08

	
0.23




	
9

	
0.06

	
0.00

	
0.04

	
1.79

	
−4.24

	
−0.02

	
0.05

	
0.03

	
0.06

	
0.05




	
Zone-D

	
10

	
1.74

	
−0.45

	
0.00

	
0.91

	
