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Influences of Tidal Flat and Thermal Discharge on Heat Dynamics in Xiangshan Bay
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Water temperature in estuaries is sensitive to thermal discharges and expansive tidal flats; as such, this parameter is essential in maintaining estuarine ecosystem. Semi-enclosed water bodies with poor water exchange easily accumulate heat. This is especially true for Xiangshan Bay, which contains two power plants and a large area of tidal flats. This bay was used as an example to study water temperature and heat dynamics, considering the thermal discharge and tidal flats. This study developed and validated a three-dimensional hydro-heat flux numerical model using field data on tidal elevation, currents, water temperature, and tidal flat temperature. The Finite Volume Community Ocean Model combines an accurate thermal discharge model with the air-water-tidal flat heat flux model. The findings showed that thermal discharge provides heat to the bay in summer and winter, and increases the water temperature of the entire bay by 0.7°C in summer, while maintaining water temperature at 0.52°C in winter. The atmosphere and open seas had greater impacts on heat in the bay in winter and summer. The atmosphere and tidal flats provided heat to the bay in summer and absorbed heat from the bay during winter; the opposite was true for the open sea. The effect of tidal flats in summer is less than that in winter, and provides 1.31 × 1013 J of heat to the bay in summer, while taking 8.63 × 1013 J of heat from the bay in winter. This study provides a comprehensive understanding of the effects of tidal flats and thermal discharge on water temperature and heat in macro-tidal bays and estuaries; its results are applicable to similar bays around the world.
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INTRODUCTION

Water temperature in bays and estuaries is a fundamental factor for estuarine ecosystems and marine aquaculture. In macro-tidal estuaries experiencing intense human activity, seawater temperature is sensitive to atmospheric temperature and is affected by the temperature of large tidal flats and thermal discharges. As such, accurate seawater temperature prediction is important for climate and ecosystems research (Cho et al., 2000).

Local water temperature increases in estuaries as a result of the discharge of cooling water from power plants have become a major ecological problem. A relatively stable temperature is essential for stable marine ecosystems, and thermal contamination of these ecosystems causes serious environmental problems. For example, the warming of water from thermal discharge gradually increases the content of total ammoniacal nitrogen and phosphorus (Jin, 1993). As thermal discharge also increases the pH of the water body, the elevated water temperature and pH triggers a rise in the non-ionic ammonia content (Xu et al., 1994). When water temperature rises from 8 to 18°C, there is a two-fold increase in the toxicity of potassium cyanide to fish. When there is a further increase in water temperature to 30°C, there is a two to four-fold increase in the toxicity of copper, zinc, and cadmium metal ions to zooplankton and benthic animals (Huang and Ye, 2014). Some studies have reported that thermal pollution increases the toxicity of harmful substances in water and deteriorates water bodies (Friedlander et al., 1996). Thermal discharge causes the local seawater temperature to increase and its density to decrease. Marine organisms have a poor tolerance to water temperature change, and as such, are more affected by thermal pollution; thus, relatively minor temperature changes will be detrimental to many marine species. These environmental impacts demonstrate that the effect of thermal discharges on the marine environment cannot be ignored (Roemmich and McGowan, 1995).

Thermal discharges not only increase the water temperature surrounding the point of input, they also affect initial productivity and alter the ecosystem (Lin and Zhan, 2000; Rajadurai et al., 2005; Jiang et al., 2016). Initial productivity refers to the ability of primary producers in the ocean (e.g., phytoplankton), to generate organic matter through photosynthesis. Previous studies have focused on the temperature difference between thermal discharges and ambient water (Roy et al., 2021), seasonal variations from changing thermal discharges (Lin et al., 2021), and the effects of thermal discharge on ecosystems (Dong et al., 2021; Xu et al., 2021). Numerical models have been improved to consider the elevation of temperature in water bodies near power plants (Zhu, 2007; He et al., 2008; Salgueiro et al., 2015). Previous studies on thermal discharge have used the heat dissipation coefficient in numerical models to characterize the influence of the sea surface heat dissipation effect. However, this coefficient only considers the combined effect of convection, thermal radiation, and evaporation; it cannot fully reflect detailed heat transfer processes, such as sensible heat flux, latent heat flux, and radiation. This indicates that sea surface heat flux terms must be explicitly incorporated to accurately simulate water temperature in the presence of thermal discharge (Zhang, 2015).

Seawater temperature in macro-tidal estuaries is also sensitive to tidal flats, as these flats interact with the atmosphere and water, thereby influencing the heat budget (Kim and Cho, 2009, 2011). Previous studies have demonstrated that tidal flats affect estuarine hydrodynamics, sediment dynamics, and thermal discharge processes (Sohma et al., 2001; Shen-Liang et al., 2004; Yanagi et al., 2005; Li et al., 2017a,b, 2018). Some researchers have investigated the laws and calculation methods used for soil heat and temperature, applying these to tidal flats (Guarini et al., 1997; Campbell and Norman, 1998); others have evaluated the relationship between tidal flats and groundwater (Hou et al., 2016; Nakashita et al., 2016). The exposure and inundation of tidal flats can also affect the temperature of nearby water bodies (Cho et al., 2005); notably, the heat capacity and albedo of tidal flats differ to those of seawater (Kim et al., 2007). Accordingly, many studies have considered the interaction between tidal flats and the atmosphere or seawater, including this interaction when calculating heat transfer in numerical models. For example, studies have numerically investigated the contribution of large areas of tidal flats to heat transfer (Kim and Cho, 2009, 2011; Rinehimer and Thomson, 2014). Others have developed a cross-shore model of tidal flat heat and mass fluxes to understand the heat exchange between the sediment and water column and compare the relationship between porosity and diffusion (Thomson, 2010; Rinehimer and Thomson, 2014).

This study quantitatively estimates the influence of thermal discharge and tidal flats on heat dynamics and budget in bays and estuaries, using Xiangshan Bay as an example. To this end, a three-dimensional (3D) numerical model was developed and validated using field data on tidal elevation, currents, water temperature, and tidal flat temperature. The model was improved to consider detailed interactions between the atmosphere, seawater, and tidal flats. This paper illustrates and discusses the effects of thermal discharge and tidal flats on water temperature and heat flux using model results and sensitivity tests. The remainder of this paper has been structured into three sections: Section “Model development” describes model development, Section “Results and Discussion” presents the results and discussion, while the conclusions are summarized in Section “Conclusion”.



MODEL DEVELOPMENT


Governing Equations of the Hydrodynamic Model

The Finite Volume Community Ocean Model (FVCOM; Chen et al., 2011) was used to simulate hydrodynamics in the bay, as the unstructured grid used by the FVCOM is particularly suited to the complex shoreline geometry and tidal flats in Xiangshan Bay. The FVCOM is a free surface prognostic model; it may be mathematically closed using the modified Mellor and Yamada level 2.5 turbulence closure schemes for vertical eddy mixing, and the Smagorinsky parameterization for horizontal eddy viscosity and diffusivity (Smagorinsky, 1963; Kim and Cho, 2011). As the FVCOM solves the 3D momentum, continuity, and density equations using a finite-volume method, it enables the strict maintenance of mass conservation. The continuity, momentum, and temperature control Eqs. (1)–(6) may be expressed as:
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The variables in the equations are as follows: D is the total water depth; z is the coordinate in the rectangular coordinate system; t is time; u, v, and w are velocity components in the x, y, and z directions, respectively; ρ and ρ0 are the density and reference density of seawater, respectively; f is the Coriolis parameter; g is the acceleration of gravity; pa is air pressure at the sea surface; pH is the hydrostatic pressure; q is the non-hydrostatic pressure; Km is the vertical eddy viscosity coefficient; T is the water temperature; S is the salinity; Kh is the thermal vertical eddy diffusion coefficient; and Fu, Fv, FT, and FS represent the horizontal momentum, thermal, and salt diffusion terms, respectively.

Dry and wet grid processing technology was used to determine the dry and wet states of the tidal flat, respectively. If the water depth of the node exceeded Dmin, the node was in a wet state; otherwise, the node was in a dry state. The wet Eq. (7) and dry Eq. (8) processing methods were expressed as:
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Here, D = Hm + ζ; where Hm = H + Dmin in water and Hm = −(hB + Dmin) on land; Dmin is the thickness of the viscous layer specified at the bottom; H is the reference depth; ζ is the surface level; and hB is the bathymetric height.



Tidal Flat-Atmosphere-Seawater Heat Flux Model

In this heat flux model, the tidal flat is exposed to air when seawater retreats, exchanging heat with the atmosphere (Figure 1b). Conversely, the tidal flat is submerged when the tide rises, exchanging heat with seawater. Moreover, heat exchange also occurs between seawater and the tidal flat when the latter is submerged. Generally, the heat capacity of a tidal flat is lower than that of seawater; as such, when a tidal flat absorbs the same amount of heat as seawater, the temperature change experienced by the former is larger than that of the latter. The heat flux model contains four components described below.


[image: image]

FIGURE 1. (a) Model grid and location of Xiangshan Bay; (b) distribution of water depth in the bay, the locations of survey stations, the water intakes and outlets of power plants, tidal flat temperature measurements, and a schematic of heat flux transfer. P1: Ninghai power plant; P2: Wushashan power plant; *: symbolizes tide stations, where T1 is the Tongzhao station, and T2 is the Wushashan station; +: represents stations C1 to C3 for flow velocity and direction; M1, O1, and Z1 (▽): locations of water temperature stations; K1(△): location of the tidal flat temperature station. The green line indicates the cross-section for statistical temperature and heat. The red lines represent a schematic of tangent points (from left to right: tangent points 1 to 10). The thermal discharge involved extracting water from a distance and discharging within close proximity to the power plant outlets.



(1)Heat flux between the tidal flat and atmosphere: this heat flux was calculated by considering shortwave radiation (QMS), longwave radiation (QML), sensible heat flux (QMH), and latent heat flux (QME); these four aspects may be expressed as per Eqs. (9)–(14) (Kim and Cho, 2011; Zhang, 2015):
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Here, αMud is the albedo of the tidal flat sediment surface (0.17); QS0 is solar radiation; ε is the emissivity of the tidal flat sediment (0.96); σ is the Stefan–Boltzmann constant (5.6705 × 10–8 Wm–2K–4); QLA is atmospheric return radiation; ρa is the air density (1.2929 kg.m–3); Cpa is the specific heat of air at constant pressure (1003.0 J.kg–1.K–1); Ch is the bulk transfer coefficient for conduction (0.0014); U is the wind speed; ξ is the water content of the tidal flat surface (0.7); LV is the latent heat of evaporation; CV is the bulk transfer coefficient for conduction (0.0014); qM is the specific humidity of saturated air at water temperature; qa is the specific humidity of air; Ta is the absolute temperature of the tidal flat or water surfaces; and MT is the temperature of the tidal flat surface.

(2)Heat flux between seawater and atmosphere: this heat flux was calculated using the same method as that for tidal flat, using different parameters as per Eqs. (15)–(19):

Shortwave radiation:
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Long wave radiation:
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Sensible heat flux:
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Latent heat flux:
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Here, α is the albedo of the seawater surface (0.08); and QS0, QLA, ε, σ, ρa, Cpa, Ch, LV, CV, qs, qa, and Ta are the same as those defined in Eqs. (9)–(14), where TS is the surface water temperature.

(3)Heat flux between the tidal flat and the water body: this heat flux between seawater and the tidal flat (QMud) was calculated according to Kim and Cho (2011) Eq. (20):
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where HSed is the effective thickness of the sediment layer (0.01 m); Cs is the volumetric heat capacity (3.65 × 106 J.m–3.K–1); and κ is the thermal diffusivity of the sediment.

(4)Calculation of the tidal flat temperature: the sediment temperature was predicted from the amount of heat exchanged at the tidal flat surface using the one-dimensional (1D) heat conduction equation (Horton et al., 1983) Eq. (21):
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Eq. (21) can be changed with an explicit finite difference equation Eq. (22):
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where MT(t,i) is the sediment temperature of each layer (i) at time, t; t and z represent the time and depth intervals, respectively; and κi is the thermal diffusivity of each layer (Kim and Cho, 2011). The entire dataset was divided into 50 layers at 2 cm intervals.



We included time splitting, which was removed by a weak filter, where the solution was smoothed at each time step according to Eq. (23):
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where Ts is the smoothed solution; and 0.005 was frequently adopted as the αi value. This technique introduces less damping than the Euler-backward or forward stepping techniques. After smoothing, TS was reset to Tn−1 to Tn.

[image: image]

Sediment temperature was predicted by the difference between the incoming heat flux through the tidal flat surface and the heat content change of the tidal flat, with the exception of the surface layer. The QMud value represents the heat exchange between the tidal flat and the atmosphere or seawater during exposure and inundation. QG1 is the heat content change at the surface layer, while QG2 represents the sum of heat content change from the second to bottom layers:
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where Ci is the volumetric heat capacity of each layer (Kim and Cho, 2011); and MT(t+t,i) is the sediment temperature predicted from the 1D heat conduction equation for each layer.

When the tidal flat was exposed, the net heat flux between the tidal flat and the atmosphere was calculated using Eq. (26):
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Combined with the above formulas, the surface temperature of the tidal flat was obtained as follows Eq. (27):
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The variables in Eq. (27) are the same as those defined in previous equations.



Site Description of Xiangshan Bay

Xiangshan Bay represents an ideal site to investigate tidal flat interactions; the macro-tidal narrow is located on the east coast of the East China Sea (29°24 N–29°48 N and 121°25 E–122°03 E, Figure 1). It is a semi-enclosed, deep-water bay with multiple islands scattered near the head of the bay, extending inland along the northeast-southwest direction. There are three secondary inlets in the bay: the Xihu, Huangdun, and Tie ports. The total area of Xiangshan Bay is 563 km2, of which the sea and tidal flat areas span 391.76 and 171.53 km2, respectively (You and Jiao, 2011). There are 59 islands in the bay, comprising a total area of 10 km2. The climate of the bay is warm and humid, with four distinct seasons: alternating winter and summer monsoons. The annual average sunshine ranges from 1904 to 1999 h, and its annual average precipitation ranges from 1239 to 1522 mm; there are two relatively dry and wet seasons each year. The March–June period and September are relatively wet seasons, while July–August and October–February are relatively dry seasons, with an annual average evaporation of 1417–1503 mm. The annual average wind speed is 3.8 m/s. The northwest and west winds prevail from September to March, while the southwest and south winds prevail from April to August (You and Jiao, 2011).

Xiangshan Bay is a macro-tidal bay dominated by a semi-diurnal M2 tide; the duration of the flood tide is longer than that of the ebb tide, which is a reciprocating flow in the bay (You and Jiao, 2011). The average flow velocity is approximately 0.5–1 m/s for the entire bay, 1 m/s near the bay entrance, and only approximately 0.5–0.6 m/s at the bay head. The average tidal range in the bay is 2.7–3.3 m, with a high of 4.1 m and low of 2.1 m during the spring and neap tides, respectively. The maximum tidal range can exceed 5.7 m, with waves being dominated by swells in the bay. The average water transparency is ∼1 m, with a minimum of 0.1 m and a maximum of 2.8 m (You and Jiao, 2011). There are no large rivers discharging into the bay (Gao et al., 1990). The bay is shallow, with a mean depth of 10 m (Dong and Su, 1999), and the width of the bay mouth ranges from 5 to 10 km. The bay is 61 km long overall, from the mouth to the top and its average annual water temperature is less than 18°C, with a salinity ranging between 21.37 and 28.4 psu (Shen, 2002). The bay shelters large areas of tidal flats, which account for 30% of the total area (Dong and Su, 1999).

Given the significant role of tidal flats, tidal flat resources are an important natural resource in Xiangshan Bay. For example, tidal flats positioned between Beilun to Qiancang account for approximately 17.8% of the total tidal flats in the city; these flats are mainly concentrated at the Tie, Xihu, and Huangdun ports. The width of these tidal flats is between 200 and 1000 m, and the slope ranges from 2 to 8%. The climatic conditions of Xiangshan Bay alongside its tidal flats, which are rich in bait, indicates that this bay is highly conducive to the development of aquaculture (Huang and Ye, 2014). Additionally, Xiangshan Bay has weak water exchange capacity, as > 70 d is required to exchange 90% of the total water in the bay (Peng, 2013; Li et al., 2015). Two power plants are located at the bay head, proximal to the largest areas of the tidal flat; as such, these areas are affected by thermal discharges. Before and after the operation of these power plants, the area affected by red tides changed significantly, along with the frequency of occurrence. Prior to the operation of the power plants, red tides mainly occurred in the middle area and entrance of Xiangshan Bay with fewer red tides at the bay head; based on 11 y of statistics, only one red tide occurred at the bay head during this period. Following the operation of the power plants, there were a total of 11 red tide events at the bay head (Ren et al., 2012; Huang and Ye, 2014). Before the power plants were put into operation, the one observed red tide occurred from May to September, but this occurrence interval changed to the period of January to March after the plants were put into operation. Moreover, the superimposed effect of thermal discharge from both power plants caused the water temperature in Xiangshan Bay to rise. The poor water exchange capacity of the bay has also resulted in the continuous warming of seawater; this has become an important cause of red tides (Huang and Ye, 2014). Previous studies on Xiangshan Bay have mainly focused on the hydrodynamics (Li et al., 2015), water exchange (Peng, 2013), sediment dynamic processes (Gao et al., 1990), sediment composition (Sun et al., 2014), air-sea heat flux (Deng, 2007), and the effect of thermal discharge (Zeng et al., 2011; Fei, 2012; Fei et al., 2013). Research specific to the tidal flats of Xiangshan Bay have mainly focused on the changes in tidal flats, the hydrodynamics, and water exchange (Xia and Xie, 1997; Zhao and Yang, 2007; Li et al., 2015). Research attention has primarily been directed to the simulation of thermal discharge in the bay and the study of temperature elevation near the power plants.

The Ninghai Power Plant, located in Ningbo City, Zhejiang Province at the bottom of Xiangshan Bay, is situated 1.5 km from Qiangjiao Town, and 23 km from Ninghai County. The north and east sides of the plant are adjacent to Xiangshan Bay, while the west side is connected to Baishi Mountain; the site is also comprised of the peninsula between Tie and Huangdun ports. The Wushashan Power Plant, is located in Wushashan Village, Xiangshan County; it is north of Xiangshan Bay, with Wushashan Mountain to the east. The thermal discharge from the Ninghai and Wushashan power plants was 82.5 and 82.0 m3/s, while the seawater temperature elevation was 8.0 and 8.5 °C, respectively.



Model Configuration

An unstructured triangular mesh was used in the horizontal plane for the hydrodynamic model. In the vertical direction, the σ coordinate was used to simulate the complex seabed topography. The study area was divided into 63 091 nodes and 119 121 grids (Figure 1A), and the model was vertically divided into ten sigma layers. Meteorological forcing data including shortwave radiation, long-wave radiation, sea surface temperature, sea surface wind speed, and air pressure were obtained from the European Centre for Medium-Range Weather Forecasts.1 The large-area initial temperature field was interpolated using reanalysis data from the Asia-Pacific Data Research Center at the University of Hawaii.2 A σ-stretched coordinate system was applied in the vertical direction to better represent the complicated bathymetry and obtain a smooth representation of the irregular, variable bottom topography. Within the bay, the grid resolution was high, at a maximum of less than 15 m, and this resolution increased near the outlets and intakes of the power plants.

The open boundary of the model was located outside Xiangshan Bay to simulate the tides and the water temperatures in the bay more accurately; this boundary was located at a relative distance from the mouth of the bay (Figure 1A). The open-boundary condition for water level was specified using tidal elevation predicted by the TPXO7.2 global model of ocean tides.3 Hourly tidal elevation was applied to the open-ocean boundary, constructed using four diurnal components (K1, Q1, P1, and Q1), four semi-diurnal components (M2, S2, N2, and K2), three shallow-water components (M4, MS4, and MN4), and two long-period components (Mf and Mm) (Li et al., 2017a); the influence of water temperature on the open boundary was also considered (see text foot note 2). The external and internal mode time steps were 0.5 and 5 s, respectively. The bottom drag coefficient within the bay was set to ∼0.3 × 10–3 according to the Acoustic Doppler Current Profiler data (Xu et al., 2014; Li et al., 2017a). To eliminate the initial values influencing the model results, the model was run for longer than three months in both summer and winter; data from the last month were used for analysis. Both power plants were also considered in the model; the plants draw water from the bottom layer of deep water areas and discharge to the surface layer in shallow water areas (Figure 1B), adopting an open-channel discharge. The model considered the thermal discharges and water intakes of the power plants; the location of the latter is indicated by the red line in Figure 1B. Code optimization was used to ensure that the addition of thermal discharge did not increase the total water volume.



Model Verification

Field data on tidal elevation, current speed and direction, water temperature, and tidal flat temperature within Xianshan Bay were utilized to verify model results using the root mean square error (RMSE), normalized root mean square error (NRMSE), and correlation coefficient (CC) as follows Eqs. (28)–(32):
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where Mi is the model result; Oi is the measured data; and [image: image] and [image: image] represent the means of the model results and measured data, respectively.


Verification of Sea Surface Level and Currents

Sea surface level verification (Figure 2) was conducted by comparing modeled and observed data. The locations of the two tide stations are indicated by T1 and T2 in Figure 1B. The verification time period was 10 d, from April 11 to 20, 2012. The NRMSE and CC at Tongzhao tide station was 0.34 and 0.97, respectively; these values were 0.36 and 0.97 for the Wushashan tide station. The simulated phase and amplitude were highly correlated with their measured counterparts, suggesting that the model was reliable.


[image: image]

FIGURE 2. Tide level validation: (A) Tongzhao station; and (B) Wushashan station.


Model results were verified using measured flow velocity and direction data during the spring tides in April. The locations of stations used for velocity and direction are marked as C1, C2, and C3 in Figure 1B; the verification results are shown in Figure 3, and the error analysis results for C1, C2, and C3 are listed in Table 1. The NRMSE was found to be small, while the CC was large; this suggests good model performance in terms of reproducing tidal levels and currents. We have also published articles including a lot of verifications on sea surface level and currents (Li et al., 2017a,b). These verifications include several stations and different time periods.
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FIGURE 3. (A) Validation of tidal current speed. From left to right: C1, C2, and C3 stations. From top to bottom: surface layer, 0.2 H, 0.4 H, 0.6 H, 0.8 H, and bottom layer; (B) same as (A), except relating to the validation of flow direction.



TABLE 1. Error analysis of flow velocity and direction.

[image: Table 1]



Water Temperature Verification

Water temperature data at three stations (M1, O1, and Z1) were used to verify water temperature simulations. The M1 station contains water temperature data of six layers from the surface to the bottom layer, spanning from April 14 to 15, 2012. The O1 and Z1 stations have three observation periods including April 14 to 15, April 18 to 19, and April 21 to 22, 2012; these stations only contain monitoring data for the middle layer. Figure 4 presents the verification results, while Table 2 provides the error analysis. Temperature verification at these stations suggests that model results were relatively accurate.
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FIGURE 4. Water temperature validation at M1 station from April 14 to 15, 2012: (A) surface layer; (B) 0.2 H; (C) 0.4 H; (D) 0.6 H; (E) 0.8 H; (F) bottom. Validation of seawater temperature in the middle layer at (G–I): O1 station; (J–L): Z1 station; for (G,J): 04/14/2012–04/15/2012; (H,K): 04/18/2012–04/19/2012; (I,L): 04/21/2012–04/22/2012. Tidal flat temperature validation: (M) surface layer; (N): middle layer; (O): bottom layer.



TABLE 2. Error analysis of water temperatures.

[image: Table 2]

To further verify the diffusion range of thermal discharge from the model, remote sensing inversion results were used to compare sea surface temperature (Chen et al., 2018). The sea surface temperature of Xiangshan Bay was retrieved using Landsat 8 satellite data.4 We retrieved sea surface temperature data at 2:25 on December 2, 2019, and compared them with the results calculated by the model (2:00 on December 2, 2019). The sea surface temperature near the two power plants was higher than that of nearby regions; modeled sea surface temperature was consistent with the remote sensing inversion results (Figure 5). There were some minor discrepancies between the simulation results and the satellite data, as there was a 25 min difference between the two datasets.
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FIGURE 5. Comparison of remote sensing image and simulation results: (A) remote sensing data; and (B) simulation results.




Tidal Flat Temperature Verification

Tidal flat temperature was obtained using temperature sensors at K1 station in the bay (Figure 1B). Three sensors were arranged vertically: one near the surface of the tidal flat (surface layer), and the other two 20 (middle layer) and 82 cm (bottom layer) away from the surface. All sensors measured and recorded tidal flat temperature data every 10 min from September to October, 2019. Figures 4M–O and Table 3 present the verification results and error analysis, respectively. The temperature fluctuation range for the surface layer of the tidal flat was the largest, whereas that of the middle layer was slightly lower, and that of the bottom layer was the lowest. The tidal flat temperature during the measurement period decreased across the surface, middle, and bottom layers. The sudden change in surface temperature was more apparent, which may be related to the exposure of the tidal flats for an extended period of time. The NRMSE and CC values were used to analyze the error of tidal flat temperature verification and calculate the errors associated with the surface, middle, and bottom layers, respectively. The NRMSE of the surface, middle, and bottom layers were consistently lower than 0.1, while the CC of the surface and middle layers were consistently greater than 0.7; the model was able to reliably reproduce tidal flat temperature variations for all three layers.


TABLE 3. Error analysis of tidal flat temperatures.
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Model Stability and Sensitivity

The average temperature method was used to describe the temperature elevation stabilization process Eq. (33):
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where T is the water temperature; Ti is the temperature of each cell (i); Vi refers to the volume of each cell (i); and n is the total number of cells.

The numerical model spans a wide area which includes the East China Sea. The statistical scope of Xiangshan Bay extends from the bay head to bay mouth and the cross-section of the bay mouth is located at the green line in Figure 1B; the model grid was comprised of 29 849 cells. The thermal discharge gradually elevated water temperature, after which this increase gradually slowed, and finally reached stability approximately 1200 h later (Figure 6). Water temperature increased with fluctuations, with a maximum amplitude of ∼0.2°C; the maximum temperature elevation was ∼0.9°C.
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FIGURE 6. Temperature elevation stabilization process.


Sensitivity analysis was conducted for the Dmin parameter and the horizontal coefficient. Dmin is the thickness of the bottom viscous layer; this coefficient may be used to determine the dry and wet grids, and subsequently ascertain the tidal flats. Two working conditions were calculated: (1) doubling Dmin from 0.15 to 0.3 m; and (2) doubling the horizontal diffusion coefficient from 0.2 to 0.4. Following this, average temperature changes during 14 tidal cycles were calculated, in which temperature changes at the entrance of the bay, middle of the bay, and bay head were compared; Table 4 presents these calculation results. The results show that the sensitivity rate of Dmin and the horizontal diffusion coefficient are 0% and 0.1%, respectively, demonstrating that they were insensitive to water temperature at the bay entrance. The sensitivity of the two parameters was greater in the middle and head of the bay. The impact of the horizontal diffusion coefficient in the middle of the bay was greater than that of Dmin, whereas the impact of Dmin at the bay head was much greater than the horizontal diffusion coefficient. It should be noted that the tidal flats are mainly distributed at the bay head, while Dmin mainly affects the determination of the tidal flats; this means Dmin may largely affect seawater temperature through its impact on the tidal flats. As the Wushashan power plant is located in the middle of the bay, the greater sensitivity of the horizontal diffusion coefficient in the middle of the bay may be related to thermal discharge from that power plant. To investigate the sensitivity of tidal flats to seawater temperature, the temperature elevation in the bay was calculated when considering and excluding the tidal flat heat fluxes; then, the temperature variation in the entire bay from the tidal flats was calculated (Figure 7E). This analysis showed that the maximum, minimum, and average temperature elevations were 0.27, 0.07, and 0.18°C, respectively. The average temperature variations at the bay mouth, the middle of the bay, and the bay head for 14 tidal cycles were also determined; the water temperature change was by 0, 0.04, and 0.21°C, respectively. The tidal flats had a greater influence on water temperature at the bay head, as these flats were mainly distributed at this location. Therefore, the effect of tidal flats on water temperature in the bay was significantly low.


TABLE 4. Sensitivity analysis of Dmin and the horizontal diffusion coefficient.
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FIGURE 7. (A,B) Changes in temperature elevation over 14 tidal cycles for the entire bay in (A) summer; and (B) winter; average temperature elevation as represented by straight red line. (C,D) Temperature elevation from the bay head to the cross section as represented by straight red line (Figure 1B). The horizontal coordinate represents the cross-section number in (C) summer; and (D) winter; and (E) average temperature changes for the whole bay, the bay mouth, the middle of the bay, and the bay head affected by tidal flats.





RESULTS AND DISCUSSION


Influence of Thermal Discharge on Water Temperature

The water temperature elevation distributions near the surface layer during spring tides (Figure 8) showed a clear increase near the thermal discharge outlets of the two power plants. Temperature elevation near the outlets was large (>6°C) in summer and winter; this elevation was largest at Tie Port, slightly lower at Huangdun Port, and the lowest at Xihu Port. The temperature elevation at the bay head was greater than that in the middle or entrance of the bay, indicating that warm water was being discharged from the outlet at the top layer of seawater, with an initial velocity of 0.5 m/s and a direction perpendicular to the shoreline. The change in temperature elevation was greatly affected by tidal currents; during periods of peak floods and ebbs, the warm water occurred throughout a large diffusion area, whereas during periods of high and low slack water, the warm water was limited to the areas near power plant outlets. The thermal discharges from Ninghai power plant affected Tie Port, while warm water from Wushashan power plant mainly affected the central area of the bay; this range of impact was constrained to coastal areas. This may be related to currents in the bay, as high velocity currents occur near the Wushashan power plant. Ninghai power plant is located at the bay head (near Tie Port), where the thermal discharge extends into this port during flood tides and toward the bay mouth during ebb tides. Wushashan power plant is located in the middle of the bay, and the bay width near this power plant is relatively narrow (4.5 km) with high flow velocity. As such, during flood tides the thermal discharge spreads along the shoreline to the bay head of the bay, whereas during ebb tides the thermal discharge extends out of the bay along the shoreline.


[image: image]

FIGURE 8. Distribution of temperature elevation near the surface layer during spring tides in (A–D) summer; and (E–H) winter for (A,E) peak floods; (B,F) high slack water; (C,G) peak ebbs; and (D,H) low slack water.


Figures 8A–D show that the thermal discharges from the two power plants have a substantial effect on the water temperature in Xiangshan Bay in summer. The poor water exchange in the bay (Zeng et al., 2011) allows for the accumulation of these discharges in the bay. A similar pattern occurred in the winter, although the temperature elevation was less pronounced (Figures 8E–H).

The distribution and characteristics of temperature elevation in the vertical plane were also investigated; the results showed that the thermal discharges also caused a temperature difference in the vertical direction. To evaluate vertical temperature variation in the bay, a section was taken from the bottom of the bay to the entrance (shown in Figure 1B) to study the temperature distribution in summer and winter.

The analysis results demonstrated that the overall vertical water temperature in summer was higher than that in winter (Figure 9). The temperature near the two power plants was higher than other regions; the temperature near the power plants was higher at the seawater surface than at the bottom, gradually decreasing with proximity to the bottom layer. In addition, the diffusion of warm water at the bottom was affected by bottom friction and the relatively low flow rate; therefore, the extent of influence was lower at the bottom than near the surface layer. Note that the water depth near the power plants was shallow, whereas depth near the bay entrance was deep. The maximum temperature near the outlets in summer and winter exceeded 30 and 18°C, respectively.
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FIGURE 9. Vertical temperature distribution in (A) summer; and (B) winter.


The temperature elevation from the bay head to its entrance (pink line in Figure 1B) was calculated to understand the effect of thermal discharge on the overall temperature throughout the bay in summer and winter. As semi-diurnal tides are dominant in Xiangshan Bay, the bay was mainly affected by the M2 tidal component with a tidal period of approximately 12.42 h. The variation in temperature elevation within 174 h (approximately 14 tide cycles) in summer and winter was calculated (Figures 7A,B).

The analysis results showed that temperature elevation fluctuated with tidal levels; this range of fluctuation was greater in summer than winter, and the variation was within the range of average values (denoted by orange lines in Figures 7A,B). Additionally, the amplitude of water temperature elevation was greater in summer than winter. Average temperature elevations in summer and winter were 0.73 and 0.52°C, while the minimum/maximum temperature elevations were 0.61/0.85°C and 0.46/0.61°C, respectively.

Ten cross-sections (hereafter referred to as cross-sections 1–10) were used to divide the bay into 10 equally distanced segments from the bay head to its entrance (red lines in Figure 1B) and evaluate the temperature elevation caused by the thermal discharge from the section to the bay head (Figures 7C,D).

In summer and winter, water temperature elevation increased then decreased from the bay head to the entrance of the bay. In cross-section 2, the temperature elevation reached its maximum in summer and winter; as such, the thermal discharge had the greatest effect on water temperature in Tie Port for both seasons. The decrease in temperature elevation from cross-sections 2 to 10 was mainly due to the gradual increase in water volume within the calculation area. It should be noted that Tie Port is located between cross-section 2 and the bay head, an area greatly impacted by Ninghai power plant. The temperature elevation from cross-sections 2 to 10 showed a decreasing trend that gradually accelerated, with a rapid temperature elevation decrease beyond cross-section 6 (Figures 7C,D). This was because Wushashan power plant is located between cross-sections 5 and 6, which increases the general temperature near the power plant. The maximum temperature elevation in summer was greater than that in winter. As there was poor water exchange between the inner bay and outer sea, and the thermal discharge accumulated within Xiangshan Bay.



Influence of Thermal Discharge and Tidal Flats on Heat Flux Distribution

The heat flux distribution during the tidal cycle was determined to investigate heat flux distribution in the bay as a result of the thermal discharge and tidal flats. Specifically, the heat flux distributions of 14 tidal cycles in summer and winter were determined, from which an average value was calculated. In Figure 10, the area from the pink line to the shoreline represents the tidal flat distribution area; this distribution shows that the tidal flats were mainly distributed along the west and south shorelines.


[image: image]

FIGURE 10. Distribution of heat flux in Xiangshan Bay in which positive values indicate the absorption of heat absorbed: (A) summer; and (B) winter. The pink line represents the boundary between the tidal flats and seawater. This figure represents a magnification of the area near power plant outlets.


The heat flux in the tidal flat was positive in summer and negative in winter; this trend was the same as that of seawater in Xiangshan Bay, excluding the area near the outlets of the two power plants. The heat flux near the power plant outlets was negative and lower than that in other areas, whereby the heat flux decreased with proximity to the outlet. The minimum heat flux near the outfall was -85.60 and -333.58 w/m2 in summer and winter, respectively; these results indicate that thermal discharge significantly influenced heat flux in the bay (Figure 10).



Heat Budgets in Winter and Summer

The heat flux contributions from the atmosphere (Q1), tidal flats (Q2), thermal discharges (Q3), and open sea (Q4) were calculated to understand the heat balance within the bay in summer and winter; the heat input is illustrated in Figure 11A. The heat budgets (Qnet) in summer and winter were also calculated and compared. Using the modeled results, Q1, Q2, Q3, and Qnet were calculated using the integral; further, Q4 was determined using Q1, Q2, Q3, and Qnet. To avoid the results being influenced by day and night, the average value of the 14 tide cycles was adopted to determine the heat flux of one tidal cycle in summer and winter; Figures 11B,C illustrate these results. These figures show that Q1 and Q4 had greater impacts on heat in the bay, regardless of season. The bay absorbed heat from Q1 and Q2 in summer, while becoming a heat source for Q1 and Q2 in winter. Conversely, Q4 absorbed heat from the bay in summer and provided heat to the bay in winter, whereas Q3 was a heat source to the bay in both seasons. The tidal flats had less influence on heat flux in the bay compared to the atmosphere in both seasons. The Qnet was positive in summer as the heat in the bay increased and negative in winter when heat in the bay decreased; this corresponded to a higher water temperature in summer than winter. The Q2/Q1 ratio was higher in winter than summer, demonstrating that the heat-related effect of the tidal flats in summer was lower than in winter; the flats provided 1.31 × 1013 J of heat to the bay in summer and absorbed 8.63 × 1013 J of heat from the bay in winter. These results demonstrate that the tidal flats contribute to the heat balance in Xiangshan Bay.


[image: image]

FIGURE 11. (A) Contributions of heat flux terms, where Q1: atmosphere; Q2: tidal flats; Q3: thermal discharge; and Q4: Open sea. Values of the four components of heat (unit: J) in (B) summer; and (C) winter. Qnet = Q1 + Q2 + Q3 + Q4.





CONCLUSION

This study considered the influence of thermal discharge and tidal flats on temperature and heat to improve the FVCOM model by adding the tidal flat temperature calculation module, optimizing the thermal discharge calculation module, and establishing a 3D thermal discharge convection-diffusion model. The model results were observed to fit with measured data, including the tidal level, currents, water temperature, and tidal flat temperature. The model demonstrated the best fit with measured tidal flat temperatures, indicating that the model could better reproduce actual temperatures of the tidal flat.

The findings show that thermal discharge caused a significant temperature elevation, with average temperature increases of 0.73 and 0.52°C in summer and winter, respectively. The average temperature elevation from the bay head to Ninghai power plant gradually increased, while it decreased from Ninghai power plant to the bay entrance; Tie Port experienced the largest temperature elevation compared to Huangdun and Xihu ports.

The results showed that in terms of the heat contribution of each part of Xiangshan Bay, the main heat sources were the atmosphere and open sea. The influence of thermal discharge was greater than that of tidal flats; however, the influence of the latter could not be neglected. During one tidal cycle, the tidal flat provided 1.69 × 1013 J of heat to the bay in summer and absorbed 8.61 × 1013 J of heat from the bay in winter. The findings of this study emphasize that the influence of tidal flats should always be considered to accurately estimate the heat content of Xiangshan Bay.
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