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Abstract

:

It is difficult to accurately identify and manage the paths of nonpoint source (NPS) pollution in rural watersheds because their discharge patterns vary depending on season, region, and agricultural characteristics. In this study, flow and water quality during rainfall events were monitored in Songya watershed, an impaired, rural area in South Korea. A method of identifying priority management areas was proposed through scientific objectification and quantification of key factors controlling NPS, such as land use, agricultural type, and load. For the load calculation, a watershed model was developed using Hydrological Simulation Program Fortran (HSPF). Three priority management areas—Mulhan Stream, Osan Stream, and the upstream area of Songya Stream—were selected. Using the developed model, constructed wetlands with the capacity of 1000 m3 were applied at the lower reach of each priority management subbasin and the impacts on NPS pollution reduction were tested. The simulated results showed that BOD and TP concentrations at the outlet of Songya watershed were lowered by 9.2% and 6.0%, respectively. It is expected that the method proposed in this study for identifying priority management areas and implementing best management practice in agricultural watersheds can be applied to similar areas which struggled with NPS pollution.
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1. Introduction


The farmland area in South Korea has decreased by approximately 281,000 ha for 17 years from 1,846,000 ha in 2003 to 1,565,000 ha in 2020 due to urban expansion, including roads and construction. Among the nonpoint source (NPS) pollutants generated in the four major rivers in 2020, however, the land sector represented the second highest proportion of agriculture-related pollutants with 39.3% of biochemical oxygen demand (BOD) and 48.6% of total phosphorus (TP), after the livestock sector. In particular, the discharge load of TP from fields and paddies in the land sector (16.2 tons/day (22.2%)) is higher than that from the impervious surface of land (4.4 tons/day (6.0%)), indicating that it is still highly necessary to manage NPSs in rural areas [1]. In Korea, the rural NPS problem still stands as one of the major NPS issues, despite various efforts including the NPS reduction project which started in 2007 and 113.6 billion South Korea won (KRW) of funding invested through the best management practices (BMPs) into rural areas in 2019 at the Ministry of Environment of Korea [1]. Rural NPSs refer to NPS pollutants that occur when the pollutants accumulated on the agricultural land surface, such as farmland, livestock housing, and mountain areas, are introduced into rivers during rainfall. Major NPSs for fields and paddies are agricultural drainage containing nutrients due to the use of pesticides and fertilizers and soil erosion during rainfall and the discharge of agricultural residues. This is because it is difficult to find clear discharge paths through existing farming methods, and practical management of livestock manure is difficult as most of it is converted into resources, such as compost and liquid manure, to apply in farmlands. For fields in particular, the largest problem is the discharge of soil particles that contain high-concentration nutrients due to the use of compost, including livestock manure. In the livestock sector, a large amount of NPSs is discharged during rainfall because most unregulated livestock farms are not properly managed except large-scale livestock facilities [2]. The discharge of NPSs during farming and production periods needs to be managed, but it is very difficult to identify the amount and properties of NPSs because rural NPSs are widely discharged through unspecific areas and ways different depending on the season, farming method, and region. Therefore, in this study, a representative agricultural watershed was selected, and an objective method to find NPS paths occurring during rainfall was prepared in consideration of pollution source status (land use), type of agriculture, the load generated, and the load discharged. This study selected priority management areas based on the method, as well as applicable facilities for NPS reduction, to improve the water quality of rivers.




2. Materials and Methods


2.1. Target Area


The Songya watershed stretches from Pyeongon-myeon, Yeongju-si, Gyeongsangbuk-do to Bukhu-myeon, Andong-si, Gyeongsangbuk-do, covering an area of 107.06 km2. It is included in the middle area of the downstream area of the Andong Dam, and joins the Nakdong River through the Banbyeon Stream, a local river. Since the Andong Dam is located in the upstream area of the Nakdong River and the Imha Dam in the upstream area of the Byeonbyeon Stream, dam discharges affect the water quantity and quality in rivers. The Songya watershed, however, is not affected by the dams. It strongly requires NPS management as it was designated as an NPS management area. The target area is shown in Figure 1. The black line in Figure 1b is represented by the Thyssen network. Meteorological stations that are presented in the Korea Meteorological Administration’s floodgates and correspond to the target area can be selected. It was the Andong Observatory branch as a result of analyzing the Thyssen network in the basin through ESRI ArcGIS work. ESRI ArcGIS was used for the Coordinate System; the geographic coordinate system is GCS_Korean_Datum_1985.




2.2. Model Construction


The Hydrological Simulation Program-Fortran (HSPF) model used in this study is a watershed model developed by the U.S. Environmental Protection Agency (US EPA) to predict the flow and water quality caused by continuous rainfall in complex watersheds with rural and urban areas. This model simulates the NPS pollution load of specific pollutants according to the land use in a watershed as well as the load caused by rainfall and combines the results with the point source pollution load to link the change in flow caused by rainfall to the water quality model [2,3,4]. After watershed setting, topography, land cover, meteorological, and point source data are required as the HSPF model input data in the Table 1. For the land cover data, the large classification land cover data as of 2018 provided by the Environmental Geographic Information System (EGIS) of the Ministry of Environment (ME) were used. The model data for each watershed were constructed by superimposing the database input file onto the graphic data for land cover using the Shape file of ArcGIS.



The meteorological data entered into the watershed model were the precipitation, temperature, dew point temperature, cloud amount, solar radiation, wind speed, and evapotranspiration. The hourly data of the Andong automated synoptic observing system (ASOS) in the Songya watershed from 1 January 2011 to 31 December 2020 were entered after receiving them from the Korea Meteorological Administration. As for the pollution source input data of the HSPF model, the load was calculated from the data of the national pollution source survey between 2014 and 2018. For the discharge load, the total maximum daily load (TMDL) data from 2014 to 2018 were used. In addition, the daily discharge and discharge water quality, Dissolved Oxygen (DO), BOD, Total Nitrogen (TN), and TP data were entered using the wastewater generated and discharge load data as the point source pollution load input data. In addition, the proportions of nitrogen and phosphorus were entered after calculating them from the Organic Nitrogen (Org-N), Ammonia (NH3), Nitrate Nitrogen (NO3), Organic Phosphorus (Org-P), and Phosphate (PO4) water quality data required for model input. As for the flow and water quality data used for validation and calibration, the flow and water quality monitoring data obtained from the Songya point in the TMDL measurement network of ME (2014 to 2020) and those obtained six times during rainfall in 2020 from two mainstream points and six tributary points in the Songya watershed were used. The monitoring points are shown in Figure 2 and model input data in Table 1.



The calibration and validation of the model are performed through the simple trial and error method, which is the method of finding optimal points, such as the correlation coefficient and coefficient of determination, by changing various parameters of the model. In this method, provided that the %diff number of iterations is sufficient, the overall optimal point can be reached [5].



The validation and calibration results of the model were evaluated through the relative error (%, %Difference) that represents the difference between the measured and simulated values as suggested by US EPA (2011). The relative error is calculated using the following equation.


  % d i f f =   (   ∑   i = 1  n   O i  −   ∑   i = 1  n   S i  )     ∑   i = 1  n   O i    × 100  



(1)







The coefficient of determination used to evaluate the model efficiency in watershed model calibration and validation, which serves as the application criterion of %Difference [6].




2.3. Selection of Priority Management Areas for NPSs (NPS Measures)


Since NPSs occur in multiple unspecific areas, it is difficult to find their accurate temporal and spatial discharge paths. Therefore, it is necessary to select and manage priority areas, in which major pollution sources are generated, for NPS management [7].



The evaluation items to select priority subbasins for NPS management are detailed in Table 2. In this study, research was conducted separately on the existing discharge items (A), evaluation items that may affect rural NPSs (B), and detailed evaluation items (C) in Table 2. The evaluation items (B) were evaluated by applying both the monitoring results and the values simulated by the model. NPSs exhibit large discharge differences during rainfall depending on the topography and land-use characteristics [8]. Therefore, monitoring that can quantify the area of various farming conditions and the number of pollutants is essential, and the event mean concentration (EMC) and the peak water quality concentration are evaluation items especially required for NPSs [9].



Therefore, in this study, evaluation items were selected as follows for reasonable NPS management by applying the monitoring results, including farming conditions, the area of land use, flow, and water quality, and the modeling results to analyze the spatiotemporal distribution of rivers. In the existing priority selection study, a major watershed was derived as the bottom load considering the influence of the pollutant source in the channel through modeling [10,11]. In a study using the existing monitoring method, it was selected as a result of the emission load per unit area such as pollutants [10,11]. In this study, the results of modeling or monitoring alone are: both modeling and monitoring results were used, not the method of selecting the non-point source priority areas in the existing agricultural areas. It was analyzed as a detailed evaluation item (C) in consideration of the factors considering non-point pollutants that may occur in agricultural areas. This is thought to be different from previous research.



Thus, in a large-scale watershed with insufficient data, applying model in the entire region for the priority subbasin selection method identification, and then adopting the export coefficient method for the load estimation in the identified the priority subbasin selection method is a practical way of delineating and evaluating the priority subbasin selection method, which will provide further support for BMPs selection. First, since evaluation criteria and types are different, a standardization process was performed for priority calculation. As for the method used in this study, the rankings of each evaluation item were listed in the following equation by applying the existing ranking method [12], and the three subbasins with the highest frequencies were finally selected.



The Method of selecting priority management areas for NPS management was detailed in Table 3.




2.4. Method of Selecting Appropriate BMPs


Since most rural areas have a NPS pollution discharge structure, and pollutants severely fluctuate, it is difficult to establish management criteria [7]. BMPs are mainly divided into structural and non-structural methods [13]. The structural methods mainly refer to the facility-type management method while the non-structural methods refer to methods other than the facility-type method, such as the use of eco-friendly fertilizers and education [13].



For the application of these techniques, BMPs are defined as the most appropriate methods to reduce the major NPSs discharged based on the characteristics of drainage areas during rainfall and improve water quality in Korea [14]. Therefore, appropriate BMPs were selected (draft), considering regional and environmental factors [15] as well as land use in drainage areas and maintenance by pollutants as in the following Table 4.



In this study, among the structural methods that can quantify the NPS improvement effect [16,17], an artificial wetland with the highest removal efficiency for nutrients from soil and fertilizers [18] was selected considering the land use concentrated on agriculture and livestock housing [19].




2.5. Analysis of the NPS Improvement Effect through the Application of Appropriate BMPs (NPS Reduction Facility Installation Point Evaluation)


For effective NPs management, Korea has designated areas where water quality and aquatic ecosystems are likely to be contaminated by NPSs as watershed units based on Article 56 of the Water Environment Conservation Act. As described above, NPS reduction facilities suitable for the regional characteristics must be selected [18], and finding application places where NPSs can be effectively improved is crucial to improving the water quality of rivers [20]. Since rivers perform self-purification, the pollutants introduced in upstream areas are purified through decomposition, sedimentation, and dilution processes, and thus facilities are applied at the end of the designated watershed [21]. Since the flow and water quality in upstream areas of a watershed are highly correlated to those in downstream areas, the end of a watershed is directly affected by the change in pollution or materials in upstream areas [22]. Rivers have the ability to purify water through self-purification, but that becomes dysfunctional if the introduction of pollutants, such as point sources and NPSs, increases [23]. Thus, it cannot be expected that water quality will be improved at the end of a river.



In this study, the drainage area was assumed by analyzing the available area at the end of the priority subbasin by excluding permeable layers, such as forests, compared to the watershed area, and model simulation was performed with the same capacity using BMPs in the HSPF model. The effect of facility application was presented by comparing and analyzing the water quality of BOD and TP before and after the application at the end of the priority subbasin and the end of the target basin (point 8).





3. Results


3.1. Results of Constructing the Watershed Model by Reflecting the Latest Watershed Information


The input data required to apply the HSPF model can be divided into topography, land cover map, soil map, and meteorological data. After generating the river network by calculating the flow direction and flow accumulation from the DEM of the Songya watershed, it was divided into 20 subbasins considering the river map, watershed map, and water quality measurement points in Figure 3.To construct the input data required for the simulation of spatially changing hydrologic phenomena and water quality within the watershed, the topographic characteristics of each subbasin, such as the area, slope, and average length, were extracted using DEM, the river map, and the watershed map. The input data were constructed so that infiltration and discharge within the watershed could be simulated. For the meteorological data and point source load, Watershed Data Management (WDM) files were created for each subbasin using WDMUtil, a WinHSPF data management software program.



The Sonya watershed in Andong-si has a low elevation of 79 to 572 m, except for some mountainous areas and gentle topography with a slope of up to 48°. As for the land use, the farmland distributed near the rivers has the highest proportion (25.5%) within the watershed, except for forest, followed by pastureland (6.2%), urbanization and drying (4.3%), bare land (1.6%), wetland (0.9%), and waters (0.4%), as shown in the Table 5 below. Therefore, it can be said that the target area of this study is an agricultural area rather than an urban area.



In Figure 4 is represented Songya watershed map for HSPF application in Songya watershed.




3.2. Model Applicability Evaluation


To evaluate the applicability of the HSPF model, the period from 2011 to 2020 was set as a stabilization period, and calibration and validation were performed for the period from 2009 to 2018. Model calibration is the process of matching the initial conditions and parameters of the model to the conditions of the watershed, and the values of the parameters when the calculated values are in the best agreement with the measured values are estimated [24,25,26]. In this study, %difference proposed by Donogian (2002) was calculated to evaluate the reproducibility of the model. It shows a value closer to zero, as the simulated value is close to the measured value. In addition, R2 proposed by US EPA (2011) was calculated. It shows a value closer to 1 as the simulated value is in better agreement with the measured value. The calibration and validation of the watershed hydrology simulation were performed using the time-series monitoring data at points 1 to 8 in the Figure 5, where monitoring was performed six times during rainfall in 2020. In this instance, since point 8 is the same point at the national measurement network (Songya point), calibration and validation were performed at a total of eight points using the eight-day interval data. It is shown in Figure 6.



When the discharge applicability to the end of the Songya Stream (point 8) was evaluated, it was found that the model reproduced the measured flow well, as the %difference value was Very good, R2 was Good for the calibration period from 2009 to 2013 and the %difference value was also Very good, and R2 was Fair for the validation period from 2014 to 2018 in the Table 6. It is judged that the measured values above a certain level can be reproduced in that the amount of measurement data for the validation period of the point was relatively small, and %difference showed a relatively low error rate.



The water quality calibration period was set as 2009 to 2013 and the validation period as 2014 to 2018. Water quality applicability was evaluated for BOD and TP in the Figure 7 and the Table 7. The results of simulation calibration for the end of the Songya Stream (point 8) showed to be Very good for both BOD and TP in the Figure 8 and the Table 8. The simulation validation results were Very good for BOD and Good for TP, indicating that the water quality simulation results properly reflected reality. In the case of points 1 to 7 in the Songya watershed, however, there were limitations, such as lack of data during rainfall at flow and water quality measurement points. If precise and specific data are supported during rainfall, a model with higher accuracy can be constructed.




3.3. Calculation of the NPS Pollution Load by Subbasin Using the HSPF Model


To calculate the pollution load for each of the eight subbasins using the HSPF model results of the Songya watershed, the results of running the model after excluding the influence of point sources from the model with confirmed reproducibility were utilized. For each subbasin, the discharge load and the BOD and TP pollution loads per unit area were calculated.



The average BOD load per unit area in 2021 for the each subbasin was calculated to be 1677.1 kg/day/km2 for the upstream area of the Songya Stream, 849.9 kg/day/km2 for the Seoknam Stream, 1254.0 kg/day/km2 for the Mulhan Stream, 684.0 kg/day/km2 for the Myeonggye Stream, 1026.9 kg/day/km2 for the Taejang Stream, 1388.1 kg/day/km2 for the Osan Stream, 324.9 kg/day/km2 for the Seonggok Stream, and 464.4 kg/day/km2 for the downstream area of the Songya Stream. As shown in Figure 9b (black bars), the upstream area of the Songya Stream showed the highest BOD load per unit area followed by the Osan Stream and Mulhan Stream. In this instance, the BOD pollution load contribution to the downstream area of the Songya Stream by subbasin was found to be 44.2% for the upstream area of the Songya Stream, 6.1% for the Seoknam Stream, 20.7% for the Mulhan Stream, 26.3% for the Myeonggye Stream, 13.1% for the Taejang Stream, 21.7% for the Osan Stream, and 8.4% for the Seonggok Stream in the Figure 10a. The upstream area of the Songya Stream showed the highest BOD pollution load contribution followed by the Myeonggye Stream and Osan Stream.



The average TP load per unit area in 2021 for each subbasin was calculated to be 183.6 kg/day/km2 for the upstream area of the Songya Stream, 231.3 kg/day/km2 for the Seoknam Stream, 313.7 kg/day/km2 for the Mulhan Stream, 154.2 kg/day/km2 for the Myeonggye Stream, 283.6 kg/day/km2 for the Taejang Stream, 269.3 kg/day/km2 for the Osan Stream, 166.8 kg/day/km2 for the Seonggok Stream, and 195.5 kg/day/km2 for the downstream area of the Songya Stream. As shown in Figure 9b (gray bars), the Mulhan Stream showed the highest TP load per unit area followed by the Taejang Stream and Osan Stream. In this instance, the TP pollution load contribution to the downstream area of the Songya Stream by subbasin was found to be 11.5% for the upstream area of the Songya Stream, 3.9% for the Seoknam Stream, 12.3% for the Mulhan Stream, 14.1% for the Myeonggye Stream, 8.6% for the Taejang Stream, 10.0% for the Osan Stream, and 10.3% for the Seonggok Stream in the Figure 10b. The Myeonggye Stream showed the highest TP pollution load contribution followed by the Mulhan Stream and the upstream area of the Songya Stream.



The upstream area of the Songya Stream as well as the Mulhan Stream, Taejang Stream, and Osan Stream showed high BOD and TP loads per unit area. Among them, the Mulhan Stream and Osan Stream exhibited high loads for both BOD and TP.



The farming conditions in the target area, including the area (km2) and the proportion of the area used for farming among the area of paddies and fields in the watershed area (%), were analyzed using the farm map [27]. This includes geographic information, such as the land use, elevation, cultivation status, area, and slope, for each lot number of the target area in the Figure 11. The results are shown in the Table 9 below. The proportion of the area used for farming was as high as 99.8% for the Mulhan Stream and 99.9% for the Osan Stream. Studies that evaluated the major impact of NPSs that occur in rural areas [15,28,29] reported that the occurrence of NPSs increases during rainfall with the size of farmland. As in previous studies, the proportion of the area used for farming was also found to be high in the Mulhan Stream and Osan Stream with high BOD and TP pollution loads. The Mulhan Stream showed a high proportion of the uncultivated site (0.4%) in the target area, but the Osan Stream exhibited a low proportion of the uncultivated site (0.1%). The explanation in the target site was detailed in the Table 9. Therefore, it is judged that the degree of pollution sources, such as BOD and TP, is high during rainfall in the subbasins with active agricultural activities because fertilizers are discharged into the rivers along with soil due to surface runoff.




3.4. Selection of Priority Management Areas for NPSs (NPS Measures)


Overall rankings for the subbasins were calculated by estimating the pollution sources per unit area, river water quality, load, and nonpoint contribution rate, and the Songya watershed, the Mulhan Stream, Osan Stream, and the upstream area of the Songya Stream were derived as priority areas in order. In the target area, the population per unit area was in order of the Seoknam Stream (87 persons/km2), Osan Stream (66 persons/km2), and Seonggok Stream (51 persons/km2). The Seoknam Stream, which is the upstream subbasin of the Songya Stream, had the largest population.



The numbers of pigs, Korean cattle, and chickens are shown in the Figure 12 below. The Mulhan Stream showed the largest number of livestock per unit area (20,452 units/km2) followed by the Seonggok Stream (10,305 units/km2) and Myeonggye Stream (6945 units/km2). The Mulhan Stream had the largest area of fields and paddies per unit area (32.6%), followed by the Seoknam Stream (31.2%) and Myeonggye Stream (29.3%).



As shown in the Figure 13, the proportion of the area of fields, paddies, orchards, and ginseng farm in the farm map per the farmland area of the unit watershed was analyzed based on the results of Section 3.3 that used the farm map. The results are 100.0% for the Osan Stream, 84.8% for the Myeonggye Stream, and 81.3% for the Mulhan Stream.



To analyze the causes of various sources in these rural areas and the NPSs discharged to rivers during rainfall, the water quality, load, and nonpoint contribution rate of rivers were calculated.



As shown in the Figure 14, the average water quality concentration during rainfall for each river was found to range from 1.6 to 5.9 mg/L for BOD and from 0.388 to 1.228 mg/L for TP. In particular, TP was analyzed to be at a very bad level based on the river living environment criteria [29]. The maximum water quality concentration during rainfall was found to range from 9.9 to 49.8 mg/L for BOD and from 1.590 to 10.138 mg/L for TP. All items were analyzed to be at the very bad level based on living conditions criteria around rivers.



The Osan Stream showed the largest discharge of high-concentration pollutants during rainfall, followed by the upstream area of the Songya Stream and the Mulhan Stream. This result was similar to the model’s calculation of the NPS pollution load per unit area of the model, with the upstream area of the Songya Stream being highest, followed by the Osan Stream and the Mulhan Stream. It is judged that the monitoring results measured during rainfall can affect the NPS pollution load.



Based on the Table 10 below, the overall rankings were calculated in this study by grading the analysis results of each item into order, from the first to third. Farming condition areas are area of fields, paddies, orchards, facilities and ginseng farm per area of fields and paddies by subbasins.Consequently, the Mulhan Stream was ranked the highest rank, followed by the Osan Stream and the upstream area of the Songya Stream, and the Mulhan Stream was determined to be the priority management area. When the proportions of farmland and forests, which are representative land covers, were extracted and compared for each subbasin, it was found that the priority was relatively high in the subbasins with a high proportion of farmland. Therefore, the major river subbasins in the upstream area of the Songya Stream were selected as the areas where NPSs were highly likely to occur, requiring installation of NPS reduction facilities preferentially.




3.5. Analysis of the NPS Improvement Effect through the Application of Appropriate BMPs (NPS Reduction Facility Installation Point Evaluation)


As for appropriate BMPs, applicable facilities must be selected after analyzing major NPSs that occur during rainfall, based on the land-use characteristics of sites and drainage areas in the target area. In the target area of this study, farmland had the highest proportion at 25.5% among the land uses, excluding forests and including agricultural area with the characteristics of paddies, fields, facility cultivation sites, and livestock housing. Due to the generation of nutrients in farmland and livestock housing, it is deemed appropriate to select facilities with high removal efficiency for each item. Therefore, based on the manual and guidelines researched previously [18], an artificial wetland with the highest removal efficiency for BOD (53%) and TP (60%) among the target materials, as well as the storage function among the natural facilities, was selected [19].



The following scenarios were prepared and analyzed for the proper placement of facilities for rural NPS management. According to previous studies, some studies reported that the NPS improvement effect is high if NPS reduction facilities are installed at the end of a watershed in consideration of the self-purification of rivers [20]. Conversely, other studies reported that it is desirable to install such facilities in subbasins that may exhibit the largest amount of NPS pollutants as in this study because NPSs occur in multiple unspecific areas [17].



Therefore, in this study, the optimal management location was selected by executing the HSPF model after selecting the BMP artificial wetland with the same capacity at the priority management area and the end of the Songya Stream where tributaries join. As for the capacity, the initial rainfall of 5 mm was used as a value and the applicable area was assumed to be 20 ha in accordance with the existing domestic guidelines [19]. An artificial wetland with a capacity of 1000 m3 was installed at the end of the Mulhan Stream, Osan Stream, and the upstream area of the Songya Stream with high priority rankings. In addition, the watershed model HSPF was used to evaluate the NPS improvement effect at the end of the target area based on the water quality and load.



The artificial wetland was added into WDM by newly designing OUTDGT for the Mulhan Stream, Osan Stream, and the upstream area of the Songya Stream and adding the BMP function in the UCI file of HSPF. The BMP installation location is shown in Figure 15. In addition, the reduction efficiency of BOD 53% and TP 60% presented in the guidelines were entered. Consequently, for the Mulhan Stream, BOD (0.982 mg/L) was improved by 9.9% and TP (0.096 mg/L) by 8.2% compared to no countermeasure. For the Osan Stream, BOD (0.318 mg/L) was improved by 1.6% and TP (0.034 mg/L) by 4.5%. For the upstream area of the Songya Stream, BOD (0.268 mg/L) was improved by 17.3% and TP (0.026 mg/L) by 14.6%. After installing each facility in the priority areas, the water quality at the end of the Songya Stream (point 8) was improved by 9.2% for BOD (1.497 mg/L) and 6.0% for TP (0.178 mg/L).



These results can be compared with the results of the Lake Doam watershed, which has been designated as an NPS management area for more than ten years. In the Lake Doam watershed, a representative upland field, various facilities were applied from 2008 to 2017, including grit chambers and artificial wetlands. Consequently, at the target point of the Song Stream, which is the end of the management area, an improvement of approximately 18.1% was observed after the application of the management plan (SS 33.1 mg/L) compared to before the designation of the management area (SS 40.4 mg/L) [30,31]. Although there are differences in target materials, the results of this study according to the priority application are judged to be more economical in terms of time and space compared to the Lake Doam watershed. In this study, priority subbasins for NPS reduction facility installation were selected using the monitoring and HSPF results for the Songya watershed, followed by comparison and evaluation. The results of this study are expected to be used when management plans for the Songya watershed are established in the future. In the future, comprehensive research on the water quality improvement effect by various NPS reduction facilities will be required.





4. Conclusions


In this study, flow and water quality were monitored during rainfall for the Songya watershed, and priority subbasins were selected by constructing Hydrological Simulation Program Fortran (HSPF), a watershed model. Through the basic survey and the simulation of the watershed environment, including pollution sources in the target area and monitoring results during rainfall, this study examined the model’s reproducibility for BOD and TP from 2011 to 2020. After classifying eight subbasins for major streams and items for nonpoint source (NPS) evaluation, priority subbasins with high NPS occurrence were selected through a comprehensive evaluation method. As for indicators for priority evaluation, relevant indicators were sought by dividing NPS action stages into generation and discharge stages to select indicators that may have a significant impact on NPSs. NPS pollutant items that may affect public waters were considered as relevant indicators. Since evaluation criteria and types are different, a standardization process is required for priority calculation. The method used in this study involved determining rankings by grading the targets. After listing rankings for each evaluation item, three subbasins with the highest frequency were finally selected.



Consequently, the Mulhan Stream, Osan Stream, and the upstream area of the Songya Stream were selected as priority subbasins. The load of the Mulhan Stream, which ranked first, was calculated to be 12.5 kg/day/km2 for BOD and 3.1 kg/day/km2 for TP. The Mulhan Stream exhibited the largest area (278.53 ha; approximately 32.6% per unit area) of farmland (fields and paddies), and it was found that the farmland area in use was a major source of rural NPSs.



In this study, among the structural methods that can quantify the NPS improvement effect, an artificial wetland with the highest removal efficiency for nutrients from soil and fertilizers was selected which considered the land use concentrated on agriculture and livestock housing.



When the NPS improvement effect was evaluated by assuming an artificial wetland with the same capacity as a model at the end of the three subbasins selected as priority areas and the end of the target watershed, water quality at the end of the Songya Stream was improved (BOD 6.4% and TP 4.3%). This indicates that it is possible to manage rural NPSs, with a focus on the end of priority subbasins for the areas with monotonous natural flow and riverbeds, just like the target area of this study, amongst agricultural areas generally. In the future, if NPS reduction facilities are installed, efficient NPS management will be possible in areas similar to the target area of this study.
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Figure 1. The target area. (a) NPS Management area in Korea. (b) Andong Songya watershed in Korea. 
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Figure 2. The Monitoring Points. 






Figure 2. The Monitoring Points.
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Figure 3. The target watershed. (a) Songya subbasins using DEM Subbasins. (b) Streams. 
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Figure 4. Songya watershed map for HSPF application in Songya watershed. (a) Landuse (b) Altitude (c) Slope (%). 
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Figure 5. Calibration and validation points (1 to 8). 






Figure 5. Calibration and validation points (1 to 8).



[image: Sustainability 14 13999 g005]







[image: Sustainability 14 13999 g006 550] 





Figure 6. Comparison of the observed and simulated flow at point 8. (a) Calibration and validation. (b) Calibration (R2). (c) Validation (R2). 
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Figure 7. Comparison of the observed and simulated daily flow on water quality at points 1 to 7. 1: Upstream area of the Songya Stream, 2: Seoknam Stream, 3: Mulhan Stream, 4: Myeonggye Stream, 5: Taejang Stream, 6: Osan Stream, 7: Seonggok Stream, and 8: downstream area of the Songya Stream. (a) Validation/calibration Number 1 (Upstream area of the Songya Stream). (b) Validation/calibration Number 2 (Seoknam Stream). (c) Validation/calibration Number 3 (Mulhan Stream). (d) Validation/calibration Number 4 (Myeonggye Stream). (e) Validation/calibration Number 5 (Taejang Stream). (f) Validation/calibration Number 6 (Osan Stream). (g) Validation/calibration Number 7 (Seonggok Stream). 






Figure 7. Comparison of the observed and simulated daily flow on water quality at points 1 to 7. 1: Upstream area of the Songya Stream, 2: Seoknam Stream, 3: Mulhan Stream, 4: Myeonggye Stream, 5: Taejang Stream, 6: Osan Stream, 7: Seonggok Stream, and 8: downstream area of the Songya Stream. (a) Validation/calibration Number 1 (Upstream area of the Songya Stream). (b) Validation/calibration Number 2 (Seoknam Stream). (c) Validation/calibration Number 3 (Mulhan Stream). (d) Validation/calibration Number 4 (Myeonggye Stream). (e) Validation/calibration Number 5 (Taejang Stream). (f) Validation/calibration Number 6 (Osan Stream). (g) Validation/calibration Number 7 (Seonggok Stream).
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Figure 8. Comparison of the observed and simulated daily flow on water quality at points 8. Validation/calibration Number 8 (downstream of the Songya Stream). (a) Water temperature calibration and validation. (b) DO calibration and validation. (c) BOD calibration and validation. (d) TP calibration and validation. 
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Figure 9. The Load of BOD, TP in Songya 1: Upstream area of the Songya Stream, 2: Seoknam Stream, 3: Mulhan Stream, 4: Myeonggye Stream, 5: Taejang Stream, 6: Osan Stream, 7: Seonggok Stream, and 8: downstream area of the Songya Stream. (a) The Load of BOD, TP (kg/day). (b) The Load per area of BOD, TP (kg/day/km2). 
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Figure 10. The Contribution rate of BOD, TP load (%)1: Upstream area of the Songya Stream, 2: Seoknam Stream, 3: Mulhan Stream, 4: Myeonggye Stream, 5: Taejang Stream, 6: Osan Stream, and 7: Seonggok Stream. (a) The Contribution rate of BOD load (%). (b) The Contribution rate of TP load (%). 
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Figure 11. Songya watershed farming type and land use. (a) Songya Stream watershed. (b) Mulhan stream subbasin. (c) Osan Stream subbasin. 
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Figure 12. Status of livestock animals (number of livestock units) by subbasins. (a) Pig. (b) Korean cattle. (c) Chicken. 
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Figure 13. Farming conditions by subbasins. (a) Field. (b) Paddy. (c) Orchard. (d) Facility. (e) Ginseng. (f) Uncultivated site. 
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Figure 14. Monitoring results during rainfall by subbasins1: Upstream area of the Songya Stream, 2: Seoknam Stream, 3: Mulhan Stream, 4: Myeonggye Stream, 5: Taejang Stream, 6: Osan Stream, and 7: Seonggok Stream. 8: Downstream of the Songya Stream. (a) BOD. (b) TP. 
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Figure 15. BMP installation locations in the target area. 1: Upstream area of the Songya Stream, 3: Mulhan Stream, 6: Osan Stream, and 8: downstream area of the Songya Stream. 
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Table 1. The model input data.
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	Type
	Source
	Scale
	Information





	Digital

Elevation Models
	National Geographic

Information Institute
	1:5000
	Digital Elevation Model; 10 m × 10 m



	Land-use map
	Ministry of Environment
	1:25,000
	Large classification land cover



	Meteorological data
	Korea Meteorological

Administration
	Daily,

hourly
	Precipitation, average temperature,

relative humidity, solar radiation

quantity, wind velocity, cloud

amount, etc.



	Flow rate
	Ministry of Environment/

Water resources Management Information System (WAMIS)
	8-day/

month
	Auto/manual monitoring network,

Water Quality Monitoring Networks

Data



	Water quality
	Ministry of Environment/

Environmental Management

Office
	8-day/

month
	Water Quality Monitoring Networks

Data

(water temperature, DO, BOD, TN,

TP, etc.)



	Pollution source
	Ministry of Environment
	-
	National pollution source survey data



	Quantity of water intake
	local autonomous entity/

Water resources Management Information System(WAMIS)
	Monthly,

Daily
	Data collection of intake/pumping

station in target reservoir



	Watershed map
	Ministry of Environment
	-
	Unit watershed map, middle area map, large area map, and administrative district border map
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Table 2. Evaluation items to select priority subbasins for NPS management.
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Category and Items (A)

	
Evaluation Item (B)

	
Detailed Evaluation Item (C)






	
Generation

	
Pollution source

(per unit area)

	
Population density

	
Population per unit area




	
Number of livestock

	
Total number of livestock per unit area (sum of all livestock species)




	
Land use area

	
Area of fields and paddies per unit area




	
Farming conditions

	
Areas of fields, paddies, orchards, and ginseng farmland per field and paddy area




	
Discharge

	
Water quality

	
Average (monitoring)

	
EMC (BOD and TP)




	
Maximum (monitoring)

	
Peak water quality concentration (BOD and TP)




	
Average (simulation)

	
EMC (BOD and TP)




	
Maximum (simulation)

	
Peak water quality concentration (BOD and TP)




	
Load

	
Load (simulation)

	
Average load per unit area




	
Nonpoint contribution rate

	
Nonpoint contribution (simulation)

	
BOD and TP
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Table 3. Method of selecting priority management areas for NPS management.
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	Category
	Method





	STEP 1
	Calculation of eight subbasin values for each evaluation item:

The results of the evaluation category of basins



	STEP 2
	Calculation of eight subbasin rankings for each evaluation item

 R a n k i n g   =    X i  ,  X  i − 1   ,    X  i − 2   …  X n  



	STEP 3
	Calculation of the sum of frequencies by ranking among eight subbasins for each evaluation item:

    T h e   o f   t h e   n u m b e r   o f   F r e q u e n c y =   ∑   i = 1  n  T h e   n u m b e r   o f   b a s i n s   r a n k i n g  



	STEP 4
	Final selection of the three subbasins with the highest frequencies:

1st to 3rd ranking
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Table 4. BMPs selection method.
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Step

	
Method

	
Contents

	




	
1

	
Analysis of the watershed characteristics

	
Consideration of the land use characteristics

	




	
▼

	




	
Step

	
Method

	
Contents

	
Removal efficiency by facility




	
2

	
Major pollutants

	
Since discharged pollutant types are different depending on the land use, the characteristics of major pollutants per unit area are considered (e.g., water quality and load)

	
Ex) underground storage tank BOD 53%, TN 37%, TP 60%




	
▼

	




	
Step

	
Method

	
Contents

	




	
3

	
Consideration of regional and environmental factors

	
Selection of appropriate facilities for the target watershed considering maintenance, local community, cost, safety, and habitat

	




	
▼

	




	
Step

	
Method

	
Contents

	




	
4

	
Appropriate treatment method selection

	
Appropriate management method selection according to Step 1~3
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Table 5. The area and land-use ratio of each subwatershed in Songya watershed.
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	Category
	Area (km2)
	Proportion of the Land Use Compared to the Watershed Area (%)





	Urbanization and drying
	5.14
	4.3



	Agriculture
	30.50
	25.5



	Forest
	73.16
	61.1



	Pasture
	7.44
	6.2



	Wetland
	1.13
	0.9



	Bare land
	1.92
	1.6



	Waters
	0.49
	0.4
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Table 6. Results of calibration and validation of flow at the number of 8 point.
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Calibration

	
Validation




	
Result

	
Evaluation

	
Result

	
Evaluation






	
%Diff

	
14.83

	
Good

	
12.81

	
Good




	
R2

	
0.797

	
Very Good

	
0.623

	
Fair
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Table 7. Statistical analysis of calibration and validation for water qualities at all points.
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1

	
2

	
3

	
4

	
5

	
6

	
7

	
8






	
BOD

	
%Diff

	
3.70

	
(-)66.81

	
4.53

	
19.00

	
8.81

	
1.32

	
2.26

	
6.47




	
grade

	
V.Good

	
Poor

	
V.Good

	
Good

	
V.Good

	
V.Good

	
V.Good

	
V.Good




	
TP

	
%Diff

	
8.49

	
(-)76.17

	
16.03

	
20.55

	
15.79

	
51.75

	
15.56

	
10.13




	
grade

	
V.Good

	
Poor

	
Good

	
Good

	
Good

	
Poor

	
Good

	
V.Good








1: Upstream area of the Songya Stream, 2: Seoknam Stream, 3: Mulhan Stream, 4: Myeonggye Stream, 5: Taejang Stream, 6: Osan Stream, 7: Seonggok Stream, and 8: downstream area of the Songya Stream.
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Table 8. Statistical analysis of calibration and validation for water qualities at point 8.
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%Difference




	
Calibration

	
Validation




	
%Diff.

	
Grade

	
%Diff.

	
Gsrade






	
BOD

	
6.38

	
Very Good

	
12.74

	
Very Good




	
TP

	
5.13

	
Very Good

	
18.67

	
Good
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Table 9. Area used for farming and proportion (%) in the target site.
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Subbasins

	
Area Used for Farming and Proportion (%)

	
Used for Farming

	
Unused




	
Field

	
Paddy

	
Orchard

	
Facility

	
Ginseng Farm

	
Un-Cultivated Site

	
Total

	
Field + Paddy + Orchard + Facility + Ginseng Farm

	
Uncultivated Site






	
1

	
Area (km2)

	
1.05

	
0.34

	
0.55

	
0.01

	
0.03

	
0.01

	
1.99

	
79.33

	
0.40




	
Proportion (%)

	
52.8

	
16.9

	
27.5

	
0.7

	
1.4

	
0.5

	
100

	
99.3

	
0.5




	
2

	
Area (km2)

	
0.38

	
0.12

	
0.10

	
0.01

	
-

	

	
0.61

	
56.17

	
0.00




	
Proportion (%)

	
62.6

	
19.9

	
16.0

	
1.0

	
-

	
0.5

	
100

	
99.5

	
0.5




	
3

	
Area (km2)

	
1.16

	
0.77

	
0.19

	
0.02

	
0.00

	
0.01

	
2.14

	
81.27

	
0.30




	
Proportion (%)

	
54.1

	
35.8

	
8.8

	
0.9

	
0.2

	
0.4

	
100

	
99.8

	
0.4




	
4

	
Area (km2)

	
2.50

	
1.76

	
0.32

	
0.04

	
-

	
0.03

	
4.65

	
84.80

	
0.48




	
Proportion (%)

	
53.8

	
37.8

	
6.9

	
1.0

	
-

	
0.6

	
100

	
99.5

	
0.6




	
5

	
Area (km2)

	
0.81

	
0.32

	
0.04

	
0.01

	
-

	
0.00

	
1.18

	
72.80

	
0.11




	
Proportion (%)

	
68.5

	
26.9

	
3.6

	
0.9

	
-

	
0.1

	
100

	
99.9

	
0.1




	
6

	
Area (km2)

	
1.09

	
0.48

	
0.03

	
0.02

	
-

	
0.00

	
1.62

	
168.17

	
0.18




	
Proportion (%)

	
67.1

	
29.8

	
1.6

	
1.4

	
-

	
0.1

	
100

	
99.9

	
0.1




	
7

	
Area (km2)

	
1.47

	
0.71

	
0.07

	
0.02

	
-

	
0.00

	
2.27

	
20.24

	
0.10




	
Proportion (%)

	
64.8

	
31.1

	
3.0

	
0.9

	
-

	
0.1

	
100

	
99.8

	
0.1
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Table 10. Rankings by detailed evaluation consideration factors.
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Subbasins

	
Category




	
Generation

	
Discharge




	
Pollution Source

	
Water Quality(Monitoring)




	
1.The Population Density

(Persons/km2)

	
2. Livestock Density

(Total numbers/km2)

	
3. Area of Fields and Paddies Area by Subbasins

(km2/ km2 )

	
4. Farming Condition Area

(km2/ km2 )

	
5. Average during Rainfall

(mg/L)

	
6. Maximum during Rainfall

(mg/L)




	
Results

	
Ranking

	
Results

	
Ranking

	
Results

	
Ranking

	
Results

	
Ranking

	
Results

	
Ranking

	
Results

	
Ranking




	
BOD

	
TP

	
BOD

	
TP






	
1

	
51

	
4

	
1912

	
4

	
19.7

	
7

	
79.3

	
4

	
4.4

	
0.677

	
3

	
40.1

	
10.003

	
2




	
2

	
87

	
1

	
193

	
7

	
31.2

	
2

	
56.2

	
7

	
2.5

	
0.464

	
5

	
17.3

	
1.699

	
4




	
3

	
43

	
7

	
20452

	
1

	
32.6

	
1

	
81.3

	
3

	
4.5

	
0.967

	
2

	
25.6

	
3.158

	
3




	
4

	
50

	
5

	
6946

	
3

	
29.3

	
3

	
84.8

	
2

	
1.6

	
0.388

	
7

	
6.4

	
1.714

	
7




	
5

	
45

	
6

	
1205

	
5

	
25.9

	
5

	
72.8

	
5

	
3.6

	
0.586

	
4

	
12.8

	
1.590

	
5




	
6

	
66

	
2

	
1642

	
6

	
29.1

	
4

	
100.0

	
1

	
5.9

	
1.228

	
1

	
49.8

	
10.138

	
1




	
7

	
51

	
3

	
10305

	
2

	
25.5

	
6

	
70.2

	
6

	
2.2

	
0.537

	
6

	
9.9

	
2.072

	
6




	
Subbasins

	
Category




	
Discharge

	
The Results of the Priority Management subbasins




	
Water Quality(Simulation)

	
Load

	
NPS Contribution Rate




	
7. Average during Rainfall

(mg/L)

	
8. Maximum during Rainfall

(mg/L)

	
9. Average load per subbasins(kg/day)

	
10. NPS contribution rate per subbains (load/total load)




	
Results

	
Ranking

	
Results

	
Ranking

	
Results

	
Ranking

	
Results

	
Ranking

	
Final Results




	
BOD

	
TP

	
BOD

	
TP

	
BOD

	
TP

	
BOD

	
TP

	
1st rank: Mulhan Stream

2nd rank: Osan Stream

3rd rank: Upstream Area of The Songya Stream




	
1

	
4.5

	
0.491

	
2

	
21.9

	
2.63

	
3

	
16.8

	
1.8

	
1

	
44.2

	
11.5

	
1




	
2

	
2.2

	
0.396

	
6

	
12.7

	
5.958

	
6

	
8.5

	
2.3

	
5

	
6.1

	
3.9

	
7




	
3

	
4.0

	
0.889

	
3

	
18.6

	
14.743

	
2

	
12.5

	
3.1

	
3

	
20.7

	
12.3

	
3




	
4

	
1.6

	
0.438

	
7

	
7.6

	
7.997

	
7

	
6.8

	
1.5

	
6

	
26.3

	
14.1

	
2




	
5

	
3.1

	
0.679

	
4

	
18.1

	
4.421

	
5

	
10.3

	
2.8

	
4

	
13.1

	
8.6

	
5




	
6

	
6.1

	
0.909

	
1

	
51.5

	
6.850

	
1

	
13.9

	
2.7

	
2

	
21.7

	
10.0

	
4




	
7

	
2.2

	
0.571

	
5

	
13.9

	
9.154

	
4

	
3.2

	
1.7

	
7

	
8.4

	
10.3

	
6
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