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Abstract

:

The HSPF model was modified to improve the growth-temperature formulation of phytoplankton and used to simulate Chl-a concentrations at the outlet of the Seom River watershed in Korea from 2025 to 2050 under four climate change scenarios: RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5. The mean and median Chl-a concentrations increased by 5–10% and 23–29%, respectively, and the number of algal outbreak cases per year (defined as a day with Chl-a concentration ≥100 µg/L) decreased by 31–88% relative to the current values (2011–2015). Among the climate change scenarios, RCP 2.6 (stringent) showed the largest number of algal outbreak cases, mainly because of the largest yearly variability of precipitation and TP load. For each climate change scenario, three nutrient load reduction scenarios were in the HSPF simulation, and their efficiencies in reducing algal blooms were determined. Nonpoint source reduction in TP and TN from urban land, agricultural land, and grassland by 50% (S1) and controlling the effluent TP concentration of wastewater treatment plants (WWTPs) to 0.1 mg/L (S2) decreased algal outbreaks by 20–58% and 44–100%, respectively. The combination of effluent TP control of WWTPs during summer and S1 was the most effective management scenario; it could almost completely prevent algal outbreaks. This study demonstrates the cost effectiveness of using a season-based pollutant management strategy for controlling algal blooms.
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1. Introduction


Degradation of water quality by harmful algal blooms (HABs) is a major global environmental issue [1,2]. Increased occurrence of HABs, resulting from land development, climate changes, and associated changes in aquatic communities, has been reported in many freshwater bodies [3]. Future climate changes will possibly be characterized by higher surface air temperature and precipitation variability, which would potentially increase nutrient loads and primary productivity in surface water bodies [4,5,6]. According to the future climate change scenarios of the Korea Meteorological Administration (KMA), the average surface air temperature in South Korea is expected to increase by 1.3–4 °C, and total precipitation (mm) is expected to increase by 2.4–4.5% by 2100 from the present day level [7]. A higher rainfall intensity and longer dry periods resulting from climate changes can increase nutrient inputs to water bodies, potentially promoting algal growth [8,9,10,11].



Phosphorus and nitrogen are the two important nutrients regulating eutrophication and algal growth along with climatic factors such as precipitation, temperature, and solar radiation [12,13]. In particular, phosphorus is the critical limiting nutrient for algal growth in inland waters, since the molar ratio between nitrogen and phosphorus (N/P ratio) exceeds that of typical algal biomass (N/P = 16). For example, in Korean streams and lakes, the N/P ratio mostly exceeds 16 [10], and hence, controlling the input of these nutrients (especially phosphorous) to water bodies is important to prevent freshwater algal blooms in Korea. The sources of these nutrients include point sources (PSs) and nonpoint sources (NPSs). PSs are mostly wastewater treatment plants (WWTPs), whose discharge pathways are easily identifiable. NPS nutrients originate from various human activities corresponding to different land uses; for example, they may originate from pesticides, fertilizers, vehicle exhausts, and building materials [14]. NPSs are more difficult to control or quantify than PSs, since they extend over a large area and are not confined to a single location. Generally, compared with PSs, NPSs are a greater contributor to stream water quality degradation associated with algal blooms [15,16,17].



Accurate predictions of water quality and algal blooms under expected future climate conditions and pollutant reduction scenarios are required for developing a sustainable water quality management plan [18,19]. Furthermore, a water quality model that can be used for performing comprehensive simulations of hydraulics, hydrology, and water quality transport is required for making such predictions. In particular, watershed models such as the Hydrological Simulation Program—FORTRAN (HSPF) and Soil and Water Assessment Tool (SWAT) have been widely used for predicting the impact of climate changes on water hydrology and quality in watersheds with composite land uses [20,21,22]. SWAT has been mainly used for agriculturally dominated areas, since it was originally developed to simulate the effects of agricultural activities on the quality of surface water and groundwater. However, performing simulations for urban areas with SWAT can be complex owing to difficulties in defining impervious areas [23]. Furthermore, SWAT is known to require detail input data such as soil type, detail crop practices, and fertilization rates in specific areas [24]. The HSPF, on the other hand, can easily consider both pervious and impervious land uses, requires a smaller number of input data, and can be simulated with higher temporal resolutions. Despite its lower input data requirement, the HSPF has been reported to show prediction performance comparable to that of SWAT in simulations of flows and pollutant discharge loads [25,26,27]. Importantly, it has been used for assessing the impact of climate changes on stream flows [28,29], reservoir storage and discharge [30], and sediment loads [22].



In this study, the HSPF model was used to predict algal growth in the main stream of the Seom River watershed under different climate change scenarios from 2025 to 2050. Furthermore, the impact of different management scenarios of upland nutrient sources on in-stream algal growth was investigated. Four representative concentration pathway (RCP) climate change scenarios were incorporated in the HSPF model to predict the in-stream Chl-a concentration, which was considered as a proxy for algal biomass. The objectives of this study were to (1) evaluate the impact of future climate changes on in-stream algal blooms relative to present status, (2) compare different climate change scenarios in terms of their potential impact on in-stream algal growth potential, and (3) identify better nutrient management strategies for a watershed for reducing algal blooms resulting from climate changes.




2. Materials and Methods


2.1. Study Site


The study area was the Seom River watershed in South Korea (Figure 1), which has an area of 1473 km2 and a total population of 380,000 [31]. The main stream of the Seom River watershed, the Seom River, is 67.3 km in length and discharges into the South Har River. The study area is in an Asian monsoon climate region and the average annual precipitation during 2011–2015 was 1345 mm, approximately 65% of which occurred from June to August.



The Seom River watershed is largely covered by forests (75.63%) and agricultural land (17.21%), with a relatively small fraction (3.65%) of urban land (Figure 1). The NPS pollutants in the Seom River watershed include sediments and fertilizers, mainly produced from livestock farms and by agricultural activities. As of 2016, the total livestock population (cattle, pigs, and poultry) was 3,046,308 [32]. The PSs of pollution in the Seom River watershed are six municipal WWTPs (treatment capacity > 500 m3/d), 34 community WWTPS (treatment capacity ≤ 500 m3/d), three agro-industrial WWTPS, one WWTP in an industrial complex (mostly electronics and mechanical industries), and one livestock WWTP.




2.2. HSPF Model Configuration and Calibration


In our previous study, for improving the accuracy of a Chl-a simulation by HSPF [31], we replaced the original linear equation describing the temperature dependence of algal growth in HSPF with the following exponential equation (Equation (1)) to improve the prediction accuracy of Chl-a concentration:


   {       θ  t e m p   =    e   T w    −  e   T  l b        e   T  o p t     −  e   T  l b       ,   i f    T  l b   <  T w  ≤  T  o p t            θ  t e m p   = 1 ,   i f    T  o p t   <  T w  ≤  T  u b            



(1)




where    θ  t e m p     is the temperature correction factor for algal growth (0–1), Tw is the water temperature (in degrees Celsius), Tlb is the lower temperature limit for algal growth, Topt is the optimal temperature for algal growth, and Tub is the upper temperature limit for algal growth. The exponential equation describing the temperature–growth relationship has been shown to be more efficient than the original linear equation in replicating excess growth of phytoplankton during the summer season [31]. Our input data for the HSPF model were hourly timeseries data of meteorological variables recorded at the Wonju meteorological station, which is located in the study area [31]. The spatial data used to set up the HSPF were the most recent versions of the digital elevation model with a resolution of 30 m × 30 m and GIS layers of the watershed boundary, the stream network, and land uses provided by the Ministry of Environment (MOE), Korea [31]. The modified HSPF was automatically calibrated for flow, sediment, inorganic nutrients (PO43−-P, NO3−-N, and NH4−-N), and Chl-a at the watershed outlet by using a complex random factorization algorithm to minimize the root mean square errors between observed and simulated values. For the calibration, water quality and flow rate data at the outlet point (Figure 1) of the Seom River watershed were obtained from the MOE (http://water.nier.go.kr/web/waterMeasure?pMENU_NO=2, accessed on 3 March 2020). The flow rate data were the daily values of river discharge, and the water quality data comprised the water temperature (TW) and concentrations of Chl-a, phosphate (PO43−), nitrate (NO3−), ammonium (NH4+), total nitrogen (TN), total phosphorus (TP), and suspended solids (SS) measured at intervals of five to eight days [31]. Additional details on the HSPF modification, model configuration, and calibration procedure can be found in Lee et al.’s paper [31].



In the present work, the automatically calibrated model (“auto-calibrated model”) used in a previous study [31] was further tuned manually (“recalibrated”) for TP and TN, which were the target pollutants for source reduction. The auto-calibrated model underestimated the background level of phosphorous and Chl-a in the stream, although it simulated the excess algal growth well during summer seasons. For more accurate year-round simulations of phosphorous and Chl-a, the transport pathway of phosphorus from groundwater to the stream was introduced in the model (Figure 2), and the groundwater phosphorus concentration ranges for different land uses reported by various studies were considered during the recalibration [33,34,35,36,37]. Table 1 shows the groundwater soluble phosphorus concentrations obtained from the literature. The HSPF model was recalibrated for the period from 2011 to 2015 (2011–2013 for calibration and 2014–2015 for validation). The model performance was evaluated using the coefficient of determination (R2) and the percent bias (PBIAS), which can be defined as follows [38]:


   R 2  =    (    n  ∑  t = 1  n   S t   O t  −  (   ∑  t = 1  n   S t   )   (   ∑  t = 1  n   O t   )      n  (   ∑  t = 1  n   S t 2   )    −    (   ∑  t = 1  n   S t   )   2    n  (   ∑  t = 1  n   O t 2   )  − n    (    ∑   t = 1  n   O t   )   2       )   2   



(2)






  P B I A S =    ∑  t = 1  n   (   O t  −  S t   )     ∑  t = 1  n   O t    × 100 %  



(3)




where n is the number of data points in the timeseries, Ot is the observed value at time t, and St is the simulated value at time t. The R2 value ranges from 0 to 1, being more accurate as it approaches 1, and the accuracy of the model increases as the PBIAS approaches 0.



The recalibrated HSPF model (“recalibrated model”) was used in a simulation to predict the Chl-a concentration at the watershed outlet from 2025 to 2050. Daily values of climate parameters such as precipitation, temperature, and solar radiation predicted from four different RCP climate change scenarios (“RCP scenarios”) were used in the simulation, and the effect of different pollutant reduction scenarios on the in-stream Chl-a concentration was simulated for different RCP scenarios. The BMPRAC module of the HSPF was used to incorporate NPS reduction scenarios for TN and TP discharged from lands with different uses for each sub-watershed.




2.3. Climate Change Scenarios


We used four RCP scenarios—RPC2.6, RPC4.5, RPC6.0, and RPC8.5—that represented greenhouse gas reduction scenarios reported in the Intergovernmental Panel on Climate Change Fifth Assessment Report [7]; the RCP numbers indicate the degree of greenhouse gas reduction, with a lower number reflecting a greater reduction effort (Table 2). The KMA has generated future climate data for South Korea for the RCP scenarios; the HadGEM2-AO and HadGEM3-RA models of the Met Office Hadley Centre for Climate Change Science and Services, UK, were used to generate global-scale (spatial resolution: 135 km) and Korea Peninsula-scale (spatial resolution: 12.5 km) climate data [39,40,41,42]. The Korean Peninsula-scale climate data were downscaled to obtain climate data for South Korea (spatial resolution: 1 km) by using a downscaling estimation model based on the Parameter-Elevation Regressions on Independent Slopes Model (PRISM) [43,44]. From the downscaled future climate data, KMA generated future climate data for each national meteorological station through bias correction and elevation adjustment. The future climate data used in this study comprised daily average wind speed (in meters per second), daily solar radiation (in watts per square meter), relative humidity (in percentage), daily average precipitation (in millimeters), daily average temperature (in degrees Celsius), daily maximum temperature (in degrees Celsius), and daily minimum temperature (in degrees Celsius).




2.4. Source Management Scenarios


Flow, nutrient loads, and Chl-a concentration in the absence of any source management practices were first simulated for the present (2011–2015) and future periods (2025–2050) for the RCP scenarios, and they were used as the basis for evaluating the effects of source management scenarios in the future. Three source management scenarios were considered (Table 3). Scenario 1 (S1) represented NPS control, which involved 50% reductions in both TP and TN loads from NPSs, including urban areas, agricultural areas, and grasslands. Urban and agricultural areas were considered as target land uses for management, because they are major contributors to NPS pollutant loads [45]. The proportion of grasslands in the Seom River watershed is relatively small (1.02%), and the grasslands include golf courses where a substantial amount of pesticides is applied. Accordingly, grasslands were selected as the target land use for NPS management. We assumed that the reduction in TN or TP sources on the land surface also decreased the levels of these pollutants in groundwater by the same degree. Therefore, in S1, the concentrations of TN and TP in groundwater and interflow runoff for the target land uses (i.e., urban and agricultural land) were assumed to be reduced by 50% to reflect source reductions from these land uses.



Scenario 2 (S2) represented PS control, which involved the reduction in the TP concentration in the effluents of the six municipal WWTPs in the watershed to 0.1 mg/L. Although current effluent standards for WWTPs in Korea are different for different the water quality regions, the lowest numeric effluent standard for TP is 0.2 mg/L. Lake Biwa in Japan is often referred to as an excellent example of water quality improvement by enhancing the TP effluent standards for WWTPs [46,47]. Therefore, we considered the PS control scenario as a potentially effective measure for reducing algal blooms.



Scenario 3 (S3) represented both PS and NPS control. While NPS control was identical to that in S1, PS control differed from that in S2. In other words, the TP concentration in effluents of municipal WWTPs was limited to 0.1 mg/L only from May to September. During the crop growing season, nutrients are largely discharged from agricultural and urban areas because of agricultural activities and the use of pesticides for landscape management, increasing the level of nutrients in streams [31]. Thus, it is necessary to enhance nutrient control for both NPSs and PSs during the growing season. This season-based PS control strategy has been applied in San Diego, California, where the effluent standard for TP concentration is limited to 0.1 mg/L during the summer season [37,46,47].





3. Results


3.1. Model Performance


Figure 2 shows the simulation results obtained with the model calibrated for TN, TP, and Chl-a. The simulated TN values fitted the measured TN values well (R2 = 0.41 and PBIAS = −6.18% for calibration; R2 = 0.74 and PBIAS = −16.83% for validation). Furthermore, the simulated TN concentration showed the seasonal trends of the measured values. Concentrations of the nitrogen species in streams were generally higher during winter seasons, owing to the efficiency of biological nitrogen removal from WWTPs being lower at lower temperatures [48]. TN simulation results showed a background concentration of about 1 mg/L, partly reflecting the frequent nitrate contamination of the groundwater in Asian agricultural areas [49,50]. The TP concentration simulated using the auto-calibrated model was close to zero during summer seasons; this model could hardly capture the background TP level, which has a typical value in streams [51,52]. In the recalibrated model, the background concentrations in groundwater for different land uses were incorporated, and the simulation results were compared with those obtained with the auto-calibrated model in Figure 2. The performance ratings of both models for TP and Chl-a were “satisfactory” or better on the basis of the PBIAS values (|PBIAS| < 70% [38]), although the R2 values of these models were relatively low (R2 < 0.5). Compared with the auto-calibrated model, the simulated TP concentrations obtained with the recalibrated model fitted the observed values better, with the model showing superior performance in reproducing background TP concentrations; the values of R2 and PBIAS for TP obtained from the recalibrated model were 0.16 and 19.46% for calibration and 0.07 and 22.63% for validation, while those for TP acquired from the auto-calibrated model were 0.12 and 58.81% for calibration and 0.008 and 69.25% for validation. The recalibration for TP resulted in Chl-a also being recalibrated, since TP and Chl-a are strongly interconnected in the model structure (as phosphorus is the most important limiting nutrient for algal growth). As shown in Figure 2, the performance of the HSPF model improved after recalibration; the values of R2 and PBIAS for Chl-a for the recalibrated model were 0.39 and -19.35% for calibration and 0.42 and 3.93% for validation, while those for the auto-calibrated model were 0.35 and −20.45% for calibration and 0.36 and 9.83% for validation. While both the auto-calibrated and recalibrated models could simulate high Chl-a concentrations during summer seasons well, the performance of the recalibrated model was slightly better in replicating the base level of Chl-a during winter seasons.




3.2. Impact of Future Climate Changes on Algal Blooms


Figure 3 compares climate parameter values of the present period (2011–2015) with those of the future period (2025–2050) predicted by the KMA [7] for the four RCP scenarios downscaled for. The overall trend of the rainfall intensity in the Korean Peninsula was predicted to slightly increase owing to future climate changes, but large local variations and uncertainty exist in the prediction [53]. Furthermore, the surface temperature, solar radiation, and wet days in the Seom River watershed were predicted to increase. Interestingly, the maximum daily rainfall intensity is expected to decrease because of the increase in the number of wet days and little change in the annual total precipitation.



The recalibrated model was used for all the simulations with the RCP scenarios and pollutant reduction scenarios because of its better year-round performance in simulating TP and Chl-a compared with the auto-calibrated model. Figure 4 compares the simulated values of annual discharge, annual mean concentrations of Chl-a, TP, and TN, and annual mean loads of TP and TN between the present (2011–2015) and future periods (2025–2050).



The annual discharge in the Seom River watershed was predicted to decrease by 35–49% in the future, largely because of a decrease in the rainfall intensity and the resulting decrease in the surface discharge. The annual mean loads of TP and TN were also predicted to decrease (by 39–52% for TP and 28–39% for TN), because the decrease in the rainfall intensity could significantly reduce the erosion and discharge of these pollutants from the land surface. By contrast, the annual mean TP and TN concentrations were predicted to increase (by 34–41% for TP and 12–14% for TN) because of a decrease in the stream water volume, resulting from the reduced discharge as well as increased evaporation.



The average and median values (not shown in Figure 4) of the simulated annual mean Chl-a concentration increased by 5–10% and 23–29%, respectively, compared with the values for the present period (median Chl-a = 13.1, 16.9, 16.9, 16.1, and 16.5 µg/L for the present period and for RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.0, respectively); little difference was observed in the mean Chl-a concentration and its annual variation among the RCP scenarios and between the present and future periods. The increased Chl-a concentration is probably because of increases in both nutrient concentrations and solar radiation. Among the RCP scenarios, there were no measurable differences or patterns in the simulated values of the hydrological and nutrient variables.



To examine the overall monthly variation of the Chl-a concentration in the present and future periods, we averaged monthly mean and maximum Chl-a concentrations for each simulated year over the simulated period for each scenario (Figure 5). As evident in Figure 5, there was little difference in the monthly mean Chl-a concentration among different RCP scenarios or between the present and future periods. However, the maximum Chl-a concentration was higher in the future period than in the present period, especially in May and June, implying a potential increase in algal blooms during summer seasons in the future. For all the RCP scenarios, the monthly mean Chl-a concentration from May to September exceeded 25 μg/L, which is the criterion for issuing a warning for potential algal outbreaks (hereafter termed “algal warning”) proposed by the MOE. These spring months are characterized by vigorous agricultural activities, which promote eutrophication and algal growth. The monthly maximum Chl-a concentration was the highest from May to June for all the RCP scenarios and simulation periods, indicating the impact of fertilizer application during the growing seasons in agricultural areas. Overall, the monthly mean and maximum Chl-a concentrations between May and September were higher than those for the other months, and for RCP 2.6, the simulated Chl-a concentration was relatively higher than those for the other scenarios, probably because of the higher annual maximum precipitation (Figure 3) and TP load (see Figure 4). For all the RCP scenarios, algal outbreaks were generally expected to occur in May and June. However, owing to large yearly variabilities in the predicted climate parameter values for all the RCP scenarios, minor patterns associated with the degree of greenhouse gas reduction (different RCP scenarios) were found in the Chl-a predictions.




3.3. Effects of Different Nutrient Source Management Strategies


Table 4 shows the reduction percentages (relative to the no management scenario) in the discharged TN and TP loads and the numbers of algal warning and algal outbreak cases at the outlet point of the watershed for different RCP scenarios. In this study, days with the Chl-a concentration exceeding 25 and 100 µg/L were defined as “algal warning” and “algal outbreak,” respectively, in accordance with the MOE’s recommendation. No monotonic trends were found in the algal warning and outbreak cases for different degrees of greenhouse gas reduction effort, probably because of the large temporal variability in the climate parameters predicted for the RCP scenarios.



The four RCP scenarios were compared with the no reduction scenario (“O”) in terms of nutrient discharge loads and the Chl-a concentration at the outlet point of the Seom River watershed. For all the RCP scenarios, the TN load at the outlet point was reduced by 11–12% for both nitrogen control scenarios (S1 and S3). The reduction in the TP load at the outlet point of the watershed ranged from 10% to 17% with few noticeable trends for different combinations of RCP and pollutant reduction scenarios; the reduction in the TP load was similar between S1 and S2 for all RCP scenarios, except for RCP 2.6. The TP load reduction for S3 was slightly greater than that for the other pollutant reduction scenarios.



The number of algal warning cases simulated for RCP 8.5 was the highest among the four RCP scenarios. Furthermore, RCP 2.6 always showed slightly better efficiency in reducing the number of algal warning cases compared with the other RCP scenarios. It predicted 18 algal outbreak cases, and it was followed by RCP 8.5 (15 cases), RCP 4.5 (12 cases), and RCP 6.0 (2 cases). RCP 2.6 showed the highest number of algal outbreaks, although it was the best scenario for limiting climate change; this observation contradicts the common belief that the largest reduction in the greenhouse gases would result in the best water quality in the future. This contradictory finding might result from the large variability and uncertainty in the climate change data forecast for the near future period preceding 2100 [54,55,56]. RCP 2.6 produced larger rainfall compared with the other RCP scenarios in the near future up to 2050 (see Figure 4) and larger numbers of potential algal outbreaks. This indicates that increased rainfall could increase the algal growth potential in streams because of an increase in NPS discharges. Despite this limitation, the HSPF simulation was useful for quantitatively comparing the effectiveness of different pollutant source management scenarios in preventing algal blooms.



For S1, the number of algal outbreaks could decrease by 20% to 58.3% for the RCP scenarios. However, S2 was superior to S1 in reducing the number of algal outbreaks (the reduction ranged from 44.4% to 100%). S1 and S2 were similar in reducing the number of algal outbreaks for RCP 2.6, while S2 was slightly more efficient than S1 for the other RCP scenarios. S3 completely prevented algal outbreaks in all RCP scenarios, except for RCP 2.6. These results imply that NPS control can offer greater efficiency in preventing algal growth for a climate change scenario that forecasts a larger number of algal outbreaks. Furthermore, for more efficient control of HABs, controlling PSs and NPSs by focusing on the summer season appears to be a cost-effective source management option.





4. Discussion


Although the performance ratings of the calibrated HSPF model for TN, TP, and Chl-a concentrations were better than or equal to the “satisfactory” level on the basis of the PBIAS rating criteria [34], R2 values between the observed and simulated TP and Chl-a concentrations were relatively low (0.07–0.16 for TP and 0.39–0.42 for Chl-a). These low R2 values were mainly because of the TP and Chl-a concentrations being underestimated during spring seasons, when significant discharge of phosphorous occurs because of season-specific rice farming in the study area [31]. Despite this underestimation of TP and Chl-a during spring seasons, the model captured the excess algal growth events during summer seasons reasonably well, which was the main focus of this study.



Although global climate change models predict overall increases in precipitation and stream discharge [14,53], the Seom River watershed is expected to experience a slight decrease in precipitation with increased frequency and decreased intensity, resulting in a net decrease in stream discharge and nutrient loads (Figure 3). However, the HSPF model predicted that algal blooms in the streams of the Seom River watershed would increase in the future owing to an increase in nutrient concentrations along with increases in the temperature and solar radiation (Figure 4). Thus, nutrient source control should effectively reduce the nutrient concentration in streams and thereby help reduce algal blooms.



Of the identified PSs in the Seom River watershed, the six municipal WWTPs were the major contributors to PS nutrient loadings, accounting for around 87% of the total TP load from PSs to the streams in the study area. Therefore, it would be more practical and cost effective to control only the effluents from the six municipal WWTPs (S1 and S3 scenarios in this study) than to control all the PSs dispersed across the watershed. Among the PS reduction scenarios presented in this study, the effectiveness of limiting the effluent TP concentration of WWTPs to 0.1 mg/L for improving stream water quality has been demonstrated in Japan and the USA in separate studies [46,47]. However, controlling PSs throughout the year might be costly, and hence, seasonally varying PS control along with NPS control is suggested in this study (i.e., S3). For example, chemical coagulation filtration can be additionally used in a WWTP as a tertiary treatment during the summer season.



According to our simulation, a 50% decrease in the effluent TP concentration (from 0.2 mg/L to 0.1 mg/L) for the six municipal WWTPs (S2) resulted in a slightly higher efficiency in reducing the Chl-a concentration in streams compared with the 50% reduction in TP and TN loads from NPSs (S1). However NPS control was still important to measurably reduce the excess algal growth, as evident in the simulation results of S3. In the Seom River watershed, the major NPSs are associated with urban and agricultural land uses that account for 3.65% and 17.21% of the entire watershed area, respectively. Agricultural land is predominantly located around the Seom River, and rice production is the main agricultural activity. During the spring–summer farming seasons, algal growth in the Seom River can be promoted by phosphorus and nitrogen discharged from the rice paddy fields adjacent to the streams. Accordingly, NPS control should be included as an important candidate management scenario for algal bloom control.



This study investigated the effectiveness of a 50% reduction in TP and TN loads from urban and agricultural land uses for controlling algal blooms in the future. To achieve a 50% reduction in NPS loads in agricultural areas, various structural and nonstructural NPS management techniques and their combinations can be used; examples are introducing regulations for adequate application of fertilizers/pesticides, using an improved irrigation drainage system, and employing nature-based management practices such as artificial wetlands, bio-retention basins, and riparian belts. A previous study conducted in Korea [57] reported removal efficiencies of 23.6% and 62.6% for TN and TP loads, respectively, by using an improved irrigation drainage system. One of the most efficient irrigation system improvements for rice paddy fields in Korea is known to be drainage outlet elevation, which involves raising the height of the paddy levee. It has been reported that drainage outlet elevation in a paddy field can increase the water storage capacity by 44% and lower the TP and TN discharge loads by 48.9% and 44.8%, respectively [58]. Another study conducted in Korea [57] reported that the reduction rates of TN and TP loads were 82.6% and 85.6%, respectively, when the water storage capacity of paddy fields was increased.



For urban areas, various NPS management techniques are available to reduce TP and TN loads by 50%. Conventional low-impact development (LID) facilities such as infiltration trenches, permeable pavements, green roofs, tree box filters, and bioswales can be used if land areas for their installation are available in urban areas. According to the guidelines for the installation and maintenance of LID facilities in Korea [59], the expected removal efficiencies of TN and TP loads for conventional LID facilities are 58–83% and 46–65%, respectively [59,60]. In the case of bioswales in Seattle, USA, a removal efficiency of 63% has been observed for both TN and TP loads [61].



The aforementioned agricultural and urban source management practices should be optimally designed and implemented on a watershed scale to attain the required reduction in the pollutant loads, given a limited budget and limited resources [59,60,62]. However, providing details of site-specific design and allocation strategies of the source management practices is beyond the scope of this study. These aspects should be examined in a future study.




5. Conclusions


The HSPF model was used with RCP climate change scenarios to predict HABs in the Seom River watershed from 2020 to 2050. To reduce algal blooms in the stream under future climate changes, three source management scenarios were evaluated: NPS control only, PS control only, and NPS and summer season PS control.



The simulation results showed that high algal biomass production will occur during the farming season (May to September) with the greatest potential of algal outbreaks likely to occur in the seeding season from May to June. It was found that in the study area, future climate change will increase the algal growth potential in streams because of an increase in the temperature and solar radiation and more frequent rainfall.



To effectively reduce algal blooms in the near future, controlling both PSs and NPSs would be necessary, but source management actions should focus on seasons when farming and seeding activities occur. In the study area, the most effective source management strategy was the control of both PSs and NPSs, which could almost completely prevent algal outbreaks, but this control strategy will be costly. Therefore, a season-based PS and NPS management strategy is proposed. PS control can be focused upon during growing seasons in May and June to reduce the cost of preventing algal blooms, without significantly compromising the prevention effectiveness. For example, season-based implementation of chemical tertiary treatment processes in major public WWTPs could help achieve the required PS reduction in the study area. To achieve the required NPS reduction, various stormwater management techniques and their combinations should be optimally implemented on a watershed scale. In particular, controlling nutrient discharge from agricultural land located near the streams can be important.



The watershed modeling approach used in this study can be useful to predict the stream water quality in response to future climate changes and source reduction and to thereby devise effective source management strategies and quantify management goals for specific pollutants such as phosphorus and nitrogen.
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Figure 1. Map of the Seom River watershed showing locations of point sources, meteorological stations, the monitoring station, and land use composition. 
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Figure 2. Observed and simulated concentrations of total nitrogen (TN), total phosphorus (TP), and chlorophyll a (Chl-a). Black and red lines correspond to simulated values obtained with the auto-calibrated (A) and recalibrated models (B), respectively. 
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Figure 3. Distributions of climate parameter values for the Seom River watershed simulated for the four climate change scenarios (RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5) compared with those for the present period: (a) annual number of dry days, (b) annual number of wet days, (c) annual precipitation, (d) annual maximum daily precipitation, (e) annual mean solar radiation, and (f) annual mean temperature. The circle and error bar indicate the average and 1 standard deviation in the relevant periods, respectively. 
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Figure 4. Stream discharge, Chl-a concentration, nutrient concentrations, and nutrient loads simulated for the RCP climate change scenarios (the present period, RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5): (a) annual discharge, (b) annual mean Chl-a concentration, (c) annual mean TP concentration, (d) annual TP load, (e) annual mean TN concentration, and (f) annual TN load. The circle and error bar indicate the average and 1 standard deviation in the relevant periods, respectively. 
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Figure 5. (a) Monthly mean and (b) monthly maximum concentration of Chl-a during the present (2011–2015) and future (2025–2050) periods for different RCP climate change scenarios (RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.0). 
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Table 1. List of groundwater soluble phosphorus concentrations obtained from the literature.
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Reference

	
Country

	
Land Use

	
Soluble PO43−

(µg/L)






	
Holman et al., 2010 [34]

	
Ireland

	
Urban

	
30.4 (a)




	
Arable

	
21.1 (a)




	
Grassland

	
28.9 (a)




	
Semi-natural

	
23.4 (a)




	
Woodland

	
27.7 (a)




	
Natural Background level

	
20.0 (a)




	
Holman et al., 2010 [34]

	
Scotland



	
Urban

	
37.8 (a)




	
Arable

	
26.9 (a)




	
Grassland

	
34.6 (a)




	
Semi-natural

	
20.1 (a)




	
Woodland

	
16.4 (a)




	
Holman et al., 2010 [34]

	
England and Wales

	
Urban

	
103.2 (a)




	
Arable

	
74.2 (a)




	
Grassland

	
98.9 (a)




	
Semi-natural

	
47.9 (a)




	
Woodland

	
57.8 (a)




	
Carlyte and Hill, 2001 [33]

	
Canada (Toronto and Ontario)

	
River riparian zone

	
25–80




	
NIER, 2013 [12]

	
Korea

	
Livestock farm

	
80 (a)




	
Kim et al., 2015 [37]

	
Korea (Cheongmicheon watershed)

	
Livestock farm

	
10–100




	
Jordan et al., 1993 [35]

	
USA (Delmarva Peninsula, Centreville, MD)

	
Agriculture

(corn field)

	
60–80








(a) Average concentration.
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Table 2. Representative concentration pathway (RCP) climate change scenarios (Adapted from ref [7,14]).
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Scenario

	
Description

	
Global Average




	
Atmospheric CO2 in 2100 (ppm)

	
5–95% Confidence Interval for Surface Temperature Increase during 2081–2100 (°C)






	
RCP 2.6

	
A stringent mitigation scenario

	
420

	
0.3–1.7




	
RCP 4.5

	
Intermediate scenario

	
540

	
1.1–2.6




	
RCP 6.0

	
Intermediate scenario

	
670

	
1.4–3.1




	
RCP 8.5

	
Very high greenhouse gas emission scenario

	
940

	
2.6–4.8
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Table 3. Source management scenarios.
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	Scenario
	Description
	HSPF Implementations





	S1
	Control of nutrients from NPSs in urban areas, agricultural areas, and grasslands (50% source reduction)
	
	
Surface runoff reduction: 50% reductions in the TP and TN loads using the BMPRAC module



	
Interflow and groundwater reduction: 50% reduction in TP and TN concentrations every month








	S2
	Control of TP discharged from WWTPs in all seasons(effluent TP = 0.1 mg/L)
	
	
Set a constant TP concentration (=0.1 mg/L) for effluents from all municipal WWTPs








	S3
	Combination of S1 and seasonal control of TP from WWTPs(PS control only from May to September)
	
	
NPS reduction identical to S1



	
PS reduction only from May to September by setting a constant TP concentration (=0.1 mg/L)
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Table 4. Comparison of the effectiveness of different combinations of RCP and source management scenarios in reducing discharge loads of TN and TP and numbers of algal warning and outbreak cases.
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Effectiveness

Criteria

	
RCP 2.6

	
RCP 4.5

	
RCP 6.0

	
RCP 8.5




	
O (a)

	
S1

	
S2

	
S3

	
O (a)

	
S1

	
S2

	
S3

	
O (a)

	
S1

	
S2

	
S3

	
O (a)

	
S1

	
S2

	
S3






	
TN load reduction(%)

	

	
11.71

	
-

	
11.35

	

	
11.53

	
-

	
11.11

	

	
11.91

	
-

	
11.57

	

	
11.77

	
-

	
11.38




	
TP load reduction(%)

	

	
17.26

	
10.02

	
19.35

	

	
14.01

	
12.77

	
16.48

	

	
13.78

	
11.69

	
16.19

	

	
13.36

	
12.48

	
15.83




	
No. of algal warnings (b)

	
3006

	
2866

	
2888

	
2799

	
3149

	
3074

	
3057

	
3017

	
2988

	
2868

	
2871

	
2813

	
3176

	
3063

	
3066

	
3002




	
No. of algal outbreaks (c)

	
18

	
11

	
10

	
2

	
12

	
5

	
3

	
0

	
3

	
2

	
0

	
0

	
15

	
12

	
4

	
0




	
Reduction in no. of algal warnings (%)

	

	
4.7

	
3.9

	
6.9

	

	
2.4

	
2.9

	
4.2

	

	
4.0

	
3.9

	
5.9

	

	
3.6

	
3.5

	
5.5




	
Reduction in no. of algal outbreaks (%)

	

	
38.9

	
44.4

	
88.9

	

	
58.3

	
75.0

	
100.0

	

	
33

	
100

	
100

	

	
20

	
73

	
100








(a) No pollutant reduction, (b) Chl-a ≥ 25 μg/L, (c) Chl-a ≥ 100 μg/L
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