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Abstract

:

In this study, we investigated the feasibility of using constructed wetlands for non-point source pollution reduction. The effect of constructed wetlands in reducing suspended solids (SS) was analyzed using an integrated modeling system of watershed model (HSPF), reservoir model (CE-QUAL-W2), and stream model (EFDC) to investigate the behavior and accumulation of the pollution sources based on 2017 water quality data. The constructed wetlands significantly reduced the SS concentration by approximately 30%, and the other in-lake management practices (e.g., artificial floating islands and sedimentation basins) contributed an additional decrease of approximately 7%. Selective withdrawal decreased in the average SS concentration in the influents by ~10%; however, the effluents passing through the constructed wetlands showed only a slight difference of 1.9% in the average SS concentration. In order to meet the water quality standards, it was necessary to combine the constructed wetlands, in-lake water quality management, and selective withdrawal practices. Hence, it was determined that the model proposed herein is useful for estimating the quantitative effects of water quality management practices such as constructed wetlands, which provided practical guidelines for the application of further water quality management policies.
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1. Introduction


Non-point source pollution such as agricultural and industrial discharge and surface runoff are regarded as severe environmental issues impacting water quality in aquatic ecosystems [1]. The loss of soil due to surface runoff, as well as the pollution in the runoff, seepage, and percolation resulting from land management activities has been a major reason for water quality deterioration [2]. Since soil erosion is dependent on soil properties, ground slope, vegetation, and rainfall amount and intensity, land-use patterns and characteristics of precipitation can increase soil erosion [3].



Turbidity alone is a major indicator of water pollution and is also used as a surrogate variable for suspended solids concentrations [4]. The scattering particles include suspended silt and clay grains, algae and other plankton, microbes, organic matter, and other fine, insoluble particles. Suspended solids are the primary indicator of pollution [5]. High turbidity and associated suspended solids concentration levels result in various problems such as light suppression effects, contribution to biochemical oxygen demand (BOD) levels, and ecological impacts on macroinvertebrate fauna and fish [4,6,7]. This problem disrupts the use of water resources and degrades the landscape values of the water system, destroying the aquatic ecosystem.



In South Korea, highland agriculture, which is concentrated in the northeastern mountainous areas, is a major cause of soil erosion due to high altitudes and inclined areas. The Korean Peninsula, as a monsoon area, has frequent precipitation events, receiving more than two-thirds of its annual precipitation from July to September. This intense rainfall overlaps with the harvest period in highland agriculture when there is bare soil, which increases sediment delivery loads into the water bodies. Therefore, the bare furrows of high and steep terrain have been considered hotspots of non-point source pollution due to soil erosion during the senescence period [8,9]. Furthermore, highland cultivation tends to use excess organic and chemical fertilizers to yield high profits. The pesticides and fertilizers, which are introduced into the water system during the summer rainfall, cause turbidity and eutrophication problems.



The Doam Reservoir, which is located in the northeastern mountainous areas in South Korea, has severe issues with the continuous turbid water phenomenon caused by highland-originating non-point sources pollution and has inter-basin water transfer from the Doam Dam to Kangnung Namdae Stream for hydropower generation. A severe turbidity problem in the upper area of the inter-basin water transfer system has affected the water quality of the associated downstream area. Due to this, dam operation for electricity generation was suspended in 2001, and Doam Lake watershed has been managed to reduce non-point source pollution since 2007. A muddy water reduction project, including a bypass channel, slope protection methods, and a settlement site, was applied to the system as a watershed management practice, which was carried out with an emphasis on the installation of a large-scale sedimentation site that is expected to reduce the sediment load in the long term. Despite implementation of the project, the suspended solid (SS) concentration in the Doam Reservoir measured in 2014 (~9.0 mg/L) did not meet the target water quality levels (5 mg/L). Therefore, in addition to the currently implemented watershed management practices, it is necessary to devise additional water management practices to regenerate the Doam Dam.



Constructed wetlands are recommended to control the problematic turbid water in the downstream water body. These structures are effective at removing pollutants, geologically flexible and appropriate for sites close to wastewater sources; they are often used as the final treatment stage in large municipal systems [10,11]. Additionally, the operation requires neither external power for aeration and mixing nor chemical agents and artificial carriers [12]. The constructed wetland includes major mechanisms for removing pollutant sources: (1) physical sedimentation, filtration, and adsorption for removing suspended solids and some pathogens [13]; (2) microbial mechanisms on plant biomass for nitrogen removal by denitrification, decomposition of organic matter, and removal of pathogens [14]; (3) plant absorption of nitrogen, phosphate, and heavy metals through biological removal [11,15]. We also considered in-lake management practices, such as vegetated artificial floating islands, sedimentation basins, and selective withdrawal for temporary management of the high sediment inflow; however, the actual reduction efficiency on suspended solids that would result from the implementation of water quality management practices is difficult to predict. In order to determine whether they will meet water quality standards, a modeling process is needed to predict the quantitative efficiency of the practices in sediment reduction.



This study attempts to investigate the quantitative effects of non-point source pollution reduction management practices on water quality through modeling. The effect of constructed wetlands on non-point source pollution removal is analyzed by an integrated modeling system of watershed model (HSPF), reservoir model (CE-QUAL-W2), and stream model (EFDC) to investigate the behavior and accumulation of pollution sources. By simulating scenarios in which the removal efficiency of constructed wetlands is coupled with other water management practices, we built an optimal modeling tool and aided the watershed managers in making decisions for the application of constructed wetlands in the study area. This study is expected to provide insight into the efficient operation of sediment management policies by predicting the results of applied management practices.




2. Materials and Methods


2.1. Study Area


This study was performed at the Doam Lake and Kangnung Namdae Stream watersheds, which are located in the eastern region of South Korea. The Doam Lake watershed has an area of 151.2 km2, which consists of 77.7% forest area. Recently, the forest area was under construction to prepare for the 2018 Winter Olympic Games in Pyeongchang, increasing the construction area to approximately five times that of 2009. Furthermore, highland agriculture, which can be a major source of sediment runoff, occupies approximately 11% of the total watershed. The hydrologic characteristics of the watershed have been significantly affected by the East Asian summer monsoon climate, which is responsible for over 50% of the annual precipitation in July and August. The annual average temperature and precipitation of the watershed were 7.40 °C and 1128.2 mm, respectively, from 2008 to 2017 (Korea Meteorological Administration, KMA, Seoul, Korea) [16]. The Doam Dam, which was constructed in 1990 by blocking the Songcheon for power generation, conveys water from Doam Lake to the Kangnung Hydroelectric Power Plant through a 15.6 km underground channel; however, its operation has been suspended since 2001 due to water quality deterioration in Kangnung Namdae Stream, leading to the release of the water naturally to the downstream area of Songcheon.



Kangnung Namdae Stream watershed has an area of 256.11 km2, which consists of 75.2% forest land and 17.1% agricultural area. The ten-year (2008–2017) mean annual temperature was 13.5 °C and the precipitation was 1245.8 mm, with approximately one-third of the amount occurring from July to August. Kangnung Namdae Stream is located between the mountainous area and the shore side of the East Sea. The stream combines two incoming tributaries at the Obong Dam and releases some of the water to mix with the discharged water of the Kangnung Hydroelectric Power Plant. As the Obong Dam serves as a supplier of the water flow to the stream, it is important to release the proper amount of water to maintain the function and state of the stream under normal conditions. The Obong Dam, however, has supplied a water flow amount below that of the instream flow, with the result that the Kangnung Namdae Stream has suffered severe water pollution [17].




2.2. Model Selection and Application


The study area comprised of Doam Lake watershed with Doam Dam and Kangnung Namdae Stream with a steep gradient. To simulate three study area with different characteristics, three different models were selected with respect to the feasibility and performance of models.



Doam Lake watershed has a complex land-use pattern resulting from the increase in urban land cover. Thus, we chose the HSPF model, which is integrally applicable to both rural and urban areas, for simulating the hydrological factors and water quality on the land surfaces and water bodies in the watershed [18,19,20]. The details of the modeling process were depicted in a previous research paper [17]. Although there are limitations in the quantitative evaluation, as artificial factors are not considered, it can be noted that the model generally simulates the trend of observed data in this study area and is able to simulate the peak concentrations during heavy rainfall in the summer.



Doam Lake, which is an artificial lake formed by the construction of a large dam in a mountainous area, is a dendritic reservoir with a long and relatively narrow shape. Therefore, it is suitable to apply the laterally averaged, two-dimensional hydrodynamic model CE-QUAL-W2 for simulating the hydrodynamic characteristics and water quality of the water body [21,22,23]. Yeom et al. [16] described the specific methods used in the model, and the calibration results were given therein. The results showed a high degree of coincidence in the simulated and observed SS concentration data. Some water quality fluctuations were not taken into account when the watershed runoff was large, and the error related to the sediment inflow in the summer caused by the Winter Olympics was not considered in the model.



To determine the resumption of the power generation operation, which discharges water from Doam Lake to Kangnung Namdae Stream, the three-dimensional hydrodynamic and water quality model EFDC was selected to simulate the water quality change in Kangnung Namdae Stream. A description of the EFDC model can be found in Wu and Xu [24]. In order to attain the three-dimensional modeling output using EFDC, curvilinear orthogonal grids were employed to represent the complex geometry of the stream; the model grids are composed of 1000 horizontal layers and one vertical layer. Meteorological data, including air temperature, atmospheric pressure, precipitation, relative humidity, and solar radiation, were obtained from KMA [16].



Calibration (2017) and validation (2018) were performed to validate the EFDC model for water level simulation of DG2 presented in Figure 1. The value for r2 (Pearson’s correlation coefficient) of surface water level during the calibration period was 0.99. Pearson’s r is a statistic that measures the linear correlation between two variables—X (observed surface water level) and Y (simulated surface water level). The value of 0.99, being close to 1, means that the values of the simulated surface water level are well matched with those observed, as illustrated in Figure 2. Figure 3 and Figure 4 show the observed versus simulated daily temperature and SS concentration for calibration (2017) and validation (2018). In this study, the calibration was carried out, and parameters determined by calibration were used for the validation of the model (Table 1). The temperature and SS calibration and validation were calculated using data from three stations (DG1, DG2, and DG3) measured in 2017 and 2018 by the Korea Ministry of Environment (ME) [25]. Performance of the EFDC model was tested by calculating O/S and root mean square error (RMSE). The equations for calculating these values are   O / S =      O i   ¯       S i   ¯     , and   RMSE =      ∑  i = 1  n     (   S i  −  O i   )   2   n     , where Oi and Si are the observed and simulated values, respectively, and n is the number of values. The calibration results of the temperature indicate a range of 0.94–1.06 °C O/S and 1.98–2.35 °C RMSE, respectively. The calibration results of the SS concentration indicate a range of 1.08–1.49 mg/L O/S and 0.49–4.23 mg/L RMSE, respectively. Table 2 shows the results for the observed and simulated mean, O/S, and RMSE. O/S, which indicates the relative error between temperature and SS concentration, is within approximately 10–20%, excluding the SS concentration at the DG2 point. Values of RMSE were low, indicating that the model simulation matched the observed data well. It is expected that the discrepancy between the model and the actual measurement shown in the calibration and verification of the model did not reflect the pollution from the construction of the Olympic infrastructure.




2.3. Experimental Configuration


In order to investigate the efficiency of the water quality management, especially the constructed wetlands, several scenarios were established (Table 3). The watershed management practices were applied by considering the best management practices (BMP) efficiency in the HSPF model and assuming that the non-point source pollution management practices in the Doam watershed would reduce soil discharge at the same level as that at present for the next 10 years [26]. In-lake management practices include the construction of artificial floating islands and a sedimentation basin, which can be installed in the inlet, interior, and outlet of the lake. Furthermore, selective withdrawal, which adjusts the withdrawal height, is applied to selectively discharge the low turbidity water; it modulates the withdrawal height between EL.673 and 688 m flexibly with continuous turbidity monitoring. The specific efficiency is suggested in the report of the methodology development of water quality estimation and impact assessment for the Doam Reservoir [27].



In addition to the watershed and in-lake management practices, the constructed wetlands are installed as secondary reduction practices in Kangnung Namdae Stream. The effluent discharge is based on an average of 4.63 m3/s, which is the same as the discharged water before the suspension of electric power generation. There is no effluent discharge in the periods of low-flow conditions. In the case of directly discharging the effluents to Kangnung Namdae Stream, water can pass through the constructed wetlands to reduce SS concentration. The maximum amount of discharged water from the wetlands is set to 4 m3/s, and the remainder is planned to flow into the stream, assuming that the discharged water from the Doam Reservoir would be directly transferred into the Kangnung Namdae Stream without undergoing any treatment processes. The reduction efficiency of the constructed wetlands is postulated to be approximately 40%–60% of the SS concentration [28].



The flow rate of effluents flowing into the Kangnung Namdae Stream ranges from 0 to 4.256 m3/s, with an annual average of 1.323 m3/s. The SS concentration of the input flow is 5.269 mg/L in the S1 scenario and 5.043–5.256 mg/L in the S2 and S3 scenarios. The S4 and S5 scenarios, in which the withdrawal height is adjusted by selective intake, have identical conditions in the inflow system, corresponding to 4.606 mg/L turbidity.





3. Results and Discussion


3.1. Characteristic Changes of Kangnung Namdae Stream after Resumption of Power Generation


Figure 5 shows the temperature and SS concentration of Kangnung Namdae Stream in scenarios in which the power generation is not operational (S0) and after the power generation is restarted (S1). The S1 scenario supposes a situation in which the effluent is discharged at EL. 673 m through inter-basin water transfers from Doam Lake to Kangnung Namdae Stream. Water temperatures measured after power generation resumption were predicted to be lower than the original water temperature due to the discharge from the middle layer of Doam Lake in the summer season (July, August, and September). At the DG1 site, the temperature difference between the S0 and S1 scenarios varied from 0.2 to 13.6 °C, with an average of 6.2 °C owing to the direct effect of the discharged effluents without the selective withdrawal control. The DG2 and DG3 sites differed in the range of 0.1–8.3 °C and −0.3–6.6 °C, and the means were 3.7 °C and 3.1 °C, respectively. It is expected that the effluents flowing through a relatively shallow depth of the river diminish the water temperature difference by the discharge, thereby stabilizing the air temperature and heat balance. These results imply that low-temperature effluents may adversely affect the ecosystem. Therefore, a retention pond such as a wetland is necessary to stabilize the water temperature.



The SS concentration at the DG1 site increased from an average of 1.6 to 1.8 mg/L after the effluent discharge, and the maximum concentration greatly increased from 5.8 to 9.4 mg/L during the summer time. On the other hand, at the DG3 site, which is located downstream, the average SS concentration decreased from 3.0 to 2.1 mg/L as the effluent discharge resumed, and the maximum concentration decreased from 10.4 to 8.7 mg/L. Downstream of Kangnung Namdae Stream, there is a weir named Ponam that prevents the backflow of seawater and maintains the river level; it disturbed the stream flow smoothly before the discharge of the power generation effluents. Therefore, it had high values of SS concentrations, as the soil flowing down from the Kangnung Namdae Stream basin in the summer rainfall could not be discharged to the sea. It is predicted that the increase in flow rate due to the effluent discharge helped to decrease the downstream SS concentration.




3.2. Analysis of the Simulated Temperature and SS Concentration in Kangnung Namdae Stream under the Application of Water Quality Management Practices


Figure 6 presents the temperature and SS concentration under three different scenarios, including artificial floating islands, a sedimentation basin for in-lake management practices, and constructed wetlands as river management practices. The S2 scenario does not include in-lake management practices but includes constructed wetlands in the upper side of the stream, statically taking water at EL. 673 m. The S3 scenario was the same as the S2 scenario, except it had added artificial floating islands and a sedimentation basin. Accordingly, the results of the S2 and S3 scenarios can be compared to investigate the effects of the in-lake management practices such as artificial floating islands and sedimentation basins.



The results of the temperatures at DG1, DG2, and DG3 in Figure 5 suggest that the constructed wetlands in Kangnung Namdae Stream play a role in the stable water temperature of the stream during summer. At the DG1 site, the average water temperature for the S1 scenario was 11.5 °C, while the water temperatures for S2 and S3 were are 13.6 °C and 13.5 °C, respectively, similar to the average temperature of 13.9 °C for the S0 scenario, which occurred before the discharge of power generation effluents. The temperature of the DG2 site was also estimated to be 13.9 °C for S2 and 13.7 °C for S3, which is approximately 1 °C higher than the average of 12.8 °C for the S1 scenario. As a result, it is predicted that the constructed wetlands would have a positive effect on the changes in the downstream water temperature by temporary storage and discharge of low-temperature effluents from the lower layer of EL. 673 m.



From the simulation results of the three sites, it can be seen that the installation of the constructed wetlands in Kangnung Namdae Stream led to a dramatic decrease in the SS concentration in summer. At the DG2 site, the SS concentration had a 36.5% average decrease in the S2 scenario compared to the S1 scenario. In particular, the SS concentration decreased approximately 45% in July, September, and October. For the S3 scenario, which examines the impact of the additional installation of artificial floating islands and a sedimentation basin in the lake, the average SS concentration diminished approximately 6.9% more than the S2 scenario did, and it decreased by approximately 10% in July, September, and October. Based on these results, it can be determined that the artificial floating islands and sedimentation basin in Doam Lake decreased the SS concentration by approximately 7%, and the constructed wetlands in the Kangnung Namdae Stream decrease the SS concentration by of approximately 30% per year.



Analysis of the SS concentration changes was conducted for different withdrawal heights. Previous research [17] showed that there was an improvement in the SS concentration when the withdrawal height (EL. 673 m) was adjusted to EL. 688 m after heavy rainfall by preventing sediment inflow. Therefore, we compared the S3 with the S4 scenario to investigate the effects of selective withdrawal. The S3 and S4 scenario results were compared by discharging the water at EL. 673 m throughout the year (S3) and discharging it at EL. 688 m at specific periods through monitoring during the summer (S4). In the S3 scenario, the mean SS value of influents flowing into Kangnung Namdae Stream was 2.2 mg/L, and the average SS value in the S4 scenario was 2.0 mg/L, which is a ~10% difference. When comparing the water quality of the effluents passing through the constructed wetlands of the S3 and S4 scenarios, there was a slight difference of 1.9% in the SS concentrations. The results suggest that the reduction efficiency of the constructed wetlands upstream of Kangnung Namdae Stream has a more positive effect on the water quality of the stream during the summer than selective withdrawal does.



Although the constructed wetlands are more efficient in reducing the SS concentration, the application of the selective withdrawal is essential at specific periods during the summer. This result is consistent with the results of previous research with respect to selective withdrawal in a thermally stratified reservoir [29,30]. The selective withdrawal of a thermally stratified reservoir can supply heat and constituents such as nutrients and dissolved oxygen, downstream of the dam in particular during thermal stratification. The numerical model is utilized as a simple and efficient tool to optimize water withdrawal elevation that alleviate the temperature and nutrient pollution downstream of a reservoir. Figure 7 shows the changes in the temperature and SS concentration of the Kangnung Namdae Stream for the constructed wetlands under selective withdrawal. In the S4 and S5 scenarios with the application of selective withdrawal, the reduction of the SS concentration as a result of the constructed wetlands in Kangnung Namdae Stream was analyzed, and a reduction rate of approximately 16.7% was predicted by comparing the average SS concentrations. In particular, the high SS concentration of the Doam Lake effluents, which last from June to September, was greatly reduced during the use of constructed wetlands.



Figure 8 shows the results of monthly average changes in SS concentrations per each scenario at the DG2 site. Considering the Korean environmental water quality standards of rivers, the water quality of Kangnung Namdae Stream satisfies the standard of SS 25 mg/L before and after the discharge of power generation effluents throughout the year. Through the application of the environmental water quality standards of lakes (www.me.go.kr), the water quality of Doam Lake exceeds the standard of SS 5 mg/L for more than 53 days at the DG3 site without the resumption of power generation (S0). In the S1 scenario with the power generation resumption, the threshold is exceeded for more than 19 days at the DG3 site; however, only two days per year are expected to exceed the standard under the application of in-lake management practices, constructed wetlands, and selective withdrawal. At the DG1 and DG2 sites, the water quality was unable to meet the standard for six and five days before effluent discharge but exceeded the standard for 16 and 14 days, respectively, after the discharge was resumed. The sites were expected to meet the water quality standards, except for on one day that had the highest SS concentration when both the DG1 and DG2 sites applied all practices simultaneously—in-lake management practices, constructed wetlands, and selective withdrawal. The best management practice (BMP) for improving the water quality in Kangnung Namdae Stream is the installation of constructed wetlands, which may improve water quality by passing through the supernatant water to the wetlands for storage and sedimentation. The constructed wetlands provided valuable ecosystem services including flood attenuation, nutrient retention, waste assimilation and carbon storage [31,32,33]. Considering the potential role of wetlands for water management and wastewater treatment [33], it is expected that the stormwater and watershed discharge can be alleviated by the installation of constructed wetlands in Kangnung Namdae Stream. In addition, the installed constructed wetlands can improve flow regulation services under the influence of global climate changes which increase the frequency and power of floods [31,32,34]. The installed constructed wetlands in Kangnung Namdae Stream can reduce the frequency and magnitude of floods and decrease runoff and streamflow.



In terms of the instream flow, the effluents of Doam Dam contribute to securing the instream flow of Kangnung Namdae Stream. As the effluent discharge after the resumption of hydropower generation can affect the flow of the receiving water system, we compared the flow of the receiving water system to the instream flow of Kangnung Namdae Stream. Generally, the instream flow of the river is the amount of flow required to maintain the normal function and state of the river system at the main point of the river. This is a standard for evaluating the achievement of protecting the stream system [35]. The instream flow of Kangnung Namdae Stream is 0.92 m3/s according to River Basic Plan of Kangnung Namdae Stream; however, it is currently 0.4 m3/s, which is insufficient to satisfy the instream flow. The inflow of effluent discharge through the reoperation of Doam Dam is expected to contribute to meeting the instream flow of Kangnung Namdae Stream.



From the analysis of scenarios with the application of several water quality management practices, the application of constructed wetlands is more effective than the application of in-lake management practices and selective withdrawal. Overall, our model suggests that the most efficient method is to combine water quality management practices in Doam Lake (in-lake management practices) with installation of the constructed wetlands in Kangnung Namdae Stream to mediate the withdrawal height.





4. Conclusions


This study aimed to predict the impact of water management practices such as constructed wetlands on water quality. The HSPF and CE-QUAL-W2 models were used to simulate the upland watershed and water body of Doam Lake, and the EFDC model was applied to the downstream water body, Kangnung Namdae Stream. We developed model scenarios by combining three water management practices: (1) constructed wetlands for river management, (2) artificial floating islands and sedimentation basins for in-lake management, and (3) selective withdrawal. Based on the results of our analysis, the constructed wetlands applied to Kangnung Namdae Stream significantly reduced the SS concentration of the stream by approximately 30%. The in-lake management practices such as artificial floating islands and sedimentation basins in Doam Lake further decreased the SS concentration by approximately 7%. Finally, selective withdrawal created a ~10% difference in the average SS concentration in the influents flowing into Kangnung Namdae Stream; however, the effluents passing through the constructed wetlands had only a difference of 1.9%. This indicates that the reduction efficiency of the constructed wetlands has a more positive effect on the water quality of the stream than the selective withdrawal has. When considering the efficiency of individual water management practices, our model suggests that the use of constructed wetlands is the most effective practice to reduce SS concentrations.



When compared to the Korean environmental water quality standards of lakes (SS 5 mg/L), the water quality is expected to surpass the standard when the discharge is resumed; however, it is also predicted to generally meet the standard when all practices, such as constructed wetlands, in-lake management practices, and selective withdrawal, are applied. Furthermore, the increased flow due to the effluent discharge is expected to contribute to securing the amount of instream flow in Kangnung Namdae Stream. From the analysis of scenarios with the application of several water quality management practices, it is necessary to combine the constructed wetlands, in-lake water quality management practices, and selective withdrawal in order to restart the power generation of Doam Dam. From the results of this research, we can suggest that setting up an appropriate modeling tool is useful to investigate the quantitative effects of water quality management practices, which provides practical guidelines for the application of water quality management policies.
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Figure 1. Thematic geographic information system maps and monitoring sites of the study area. (A) Top-view of study area: (a) the watershed model (HSPF) sub-basin map of the Doam Lake watershed, (b) reservoir model (CE-QUAL-W2) segment definition map of Doam Lake, and (c) stream model (EFDC) grids of Kangnung Namdae Stream (red dotted box). (B) Side-view of study area. 






Figure 1. Thematic geographic information system maps and monitoring sites of the study area. (A) Top-view of study area: (a) the watershed model (HSPF) sub-basin map of the Doam Lake watershed, (b) reservoir model (CE-QUAL-W2) segment definition map of Doam Lake, and (c) stream model (EFDC) grids of Kangnung Namdae Stream (red dotted box). (B) Side-view of study area.



[image: Water 12 03173 g001]







[image: Water 12 03173 g002 550] 





Figure 2. Results of the EFDC model calibration for the surface water level in Kangnung Namdae Stream. 
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Figure 3. Results of the EFDC model calibration for the temperature and suspended solids (SS) concentration in Kangnung Namdae Stream at (a) DG1, (b) DG2, and (c) DG3. 
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Figure 4. Results of the EFDC model validation for the temperature and SS concentration in Kangnung Namdae Stream at (a) DG1, (b) DG2, and (c) DG3. 
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Figure 5. Comparison of the temperature and SS concentration in Kangnung Namdae Stream before and after the discharge of power generation effluents at (a) DG1, (b) DG2, and (c) DG3. 
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Figure 6. Comparison of the temperature and SS concentration under the in-lake management practices in Doam Lake and the installation of constructed wetlands in Kangnung Namdae Stream at (a) DG1, (b) DG2, and (c) DG3. 
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Figure 7. Comparison of the temperature and SS concentration with the selective withdrawal in Doam Lake according to the installation of constructed wetlands in Kangnung Namdae Stream at (a) DG1, (b) DG2, and (c) DG3. 
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Figure 8. Comparison of changes in the monthly SS concentration at the DG2 site in Kangnung Namdae Stream. 
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Table 1. Main coefficient for calibration and validation parameters used in the EFDC model.
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	Coefficient
	Definition
	Unit
	Value Used





	Z0
	Bottom roughness height
	m
	0.005–0.02



	AHO
	Constant horizontal momentum and mass diffusivity
	m2/s
	1.0



	AHD
	Dimensionless horizontal momentum diffusivity
	m2/s
	0.15



	AVO
	Background kinematic eddy viscosity
	m2/s
	1 × 10−6



	ABO
	Background molecular diffusivity
	m2/s
	2 × 10−9



	DABEDT
	Thickness of active bed temperature layer
	m
	5



	TBEDIT
	Initial bed temperature
	°C
	12



	HTBED2
	Heat transport coefficient between bed and bottom water layer
	W/m2/°C
	0.3
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Table 2. Fit of the EFDC model.
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Output Variable

	
Station

	
Observed Mean

	
Simulated Mean

	
O/S

	
RMSE






	
Calibration

	
Temperature

	
DG1

	
14.8

	
15.7

	
0.94

	
2.35




	
DG2

	
15.8

	
14.8

	
1.06

	
2.24




	
DG3

	
16.2

	
15.6

	
1.04

	
1.98




	
Suspended Solids

	
DG1

	
1.8

	
1.7

	
1.08

	
0.49




	
DG2

	
3.2

	
2.1

	
1.49

	
4.23




	
DG3

	
4.2

	
3.0

	
1.43

	
3.93




	
Validation

	
Temperature

	
DG1

	
13.2

	
13.8

	
0.96

	
3.17




	
DG2

	
12.6

	
10.6

	
1.19

	
4.26




	
DG3

	
13.8

	
11.8

	
1.18

	
2.82




	
Suspended Solids

	
DG1

	
2.1

	
1.9

	
1.08

	
2.72




	
DG2

	
1.1

	
1.8

	
0.61

	
1.59




	
DG3

	
2.7

	
2.6

	
1.06

	
1.70
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Table 3. Experimental configuration.
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	Scenario
	In-Lake Management
	River Management
	Withdrawal

(EL. m)
	Details





	S0
	–
	–
	–
	No discharge to Kangnung Namdae Stream



	S1
	–
	–
	Fixed (673)
	Resumption of Doam Dam operation



	S2
	–
	O
	Fixed (673)
	Application of constructed wetlands in Kangnung Namdae Stream



	S3
	O
	O
	Fixed (673)
	Application of in-lake management in Doam Lake and constructed wetlands in Kangnung Namdae Stream



	S4
	O
	O
	Selective (673 + 688)
	Application of all management practices and selective withdrawal



	S5
	O
	–
	Selective (673 + 688)
	Application of in-lake management in Doam Lake and selective withdrawal







“O” means that the proposed water quality management practices have been applied and “–“ means “not applied”.
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