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Abstract

:

Low-impact developments (LIDs) have emerged as effective strategies for mitigating the adverse impacts of urbanization on river environments. This study aims to enhance river environment quality by examining the effects of LIDs and land use/cover change (LUCC) in the context of river environment and hydrological conditions. Using the Stormwater Management Model (SWMM) in an urban river setting, the study investigates the impact of LIDs on urban river water volume. An analysis of river runoff quality and quantity is conducted, followed by the development of an optimal river water regulation scheme through a multi-objective ecological scheduling model. The results reveal that the incorporation of LIDs can substantially decrease river runoff yield for varying recurrence periods of design rainstorms. Consequently, the flood peak reduction rate ranged from 10% to 18%, and the flood volume experienced a reduction of 10–29% in the study area. The combination of river water regulation, LIDs and LUCC leads to a decrease in river water volume within the lower river channel by up to 47% especially in a typical dry year and dry season, accompanied by a decline in river flow velocity and water self-purification capacity. A risk-based multi-objective stochastic optimization model is employed to ensure sustainable management of urban river runoff in terms of both quantity and quality. This research contributes to the advancement of knowledge in sustainable basin management practices and offers practical insights for policymakers involved in the management of water resources and environmental conservation in semi-arid basins.
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1. Introduction


Human activities have caused significant changes in the basin hydrological cycle. Serious water problems such as floods, drought, and environmental pollution are therefore encountered in many regions [1,2,3]. Urban floods cause significant damage to buildings and infrastructure every year. As a management solution, there is a growing tendency to collect and reuse urban stormwater to mitigate the destructive inundation effects.



In recent years, low-impact developments (LIDs) have been continuously established in the semi-arid areas of China, where they are recommended as an alternative to conventional urban stormwater management practices. Low-impact developments are effective at mitigating the impacts of urbanization; however, they cause radical changes in urban river water recharge and modify existing mechanisms, such as the conversion between surface water and groundwater [4,5,6]. The changes in urban river hydrology increase the risks and uncertainties in the management of urban river water resources and the protection of the hydro-ecological environment [4,5,6,7,8]. Previous studies have shown that human activities led to the evolution of the underlying surface, the confluence of urban rainwater and sewage pipelines, and a design standard of urban drainage pipe networks that is insufficient for modern society, all of which have led to urban waterlogging [8,9,10,11,12,13,14]. Sponge city construction based on urban LIDs has a significant effect on the utilization of water resources and the alleviation of urban floods [8,15]. A variety of rain-flood models have been developed and used to simulate urban rainfall–runoff, and their results can be used to guide the construction of sponge cities [16,17,18]. The Stormwater Management Model (SWMM 5.0) developed by the United States Environmental Protection Agency (EPA) is a highly utilized software tool in urban stormwater management. It is a dynamic simulation model that can evaluate the performance of LID practices and design and optimize stormwater management strategies for specific sites. SWMM can simulate the hydrologic and hydraulic behaviour of catchments, sewer networks, and treatment systems, incorporating LID practices such as green roofs and rain gardens into the model [19,20,21,22,23]. SWMM has been utilized extensively in studies to assess the effectiveness of LID schemes in reducing runoff volume and pollutant loads in urban areas [24,25,26]. The model can be used to optimize the design of LID practices by simulating various scenarios and evaluating the performance of different configurations. Moreover, SWMM can be employed to assess the impact of LID practices on the hydrology and water quality of a catchment and compare the performance of different LID practices [27,28,29,30,31,32]. Numerous hypotheses have proposed regarding the influence of urban rainfall in the context of LID technologies. The utilization of SWMM is a viable approach for simulating and assessing the effects of large-scale LID implementation, as well as for managing floods within the basin [12].



With the rapid evolution of land use/cover change (LUCC), LIDs have emerged as vital measures to mitigate the vulnerability to flooding. However, as the increase in LIDs gains momentum, concomitant challenges in the water environment domain have manifested [33,34,35,36]. Recent investigations have revealed that the reduction in river self-purification efficacy attributable to LIDs predominantly emanates from the curtailment in water flow velocity, the decrease in dissolved oxygen (DO) concentration, and the increase in suspended particulate matter [37,38,39]. Also, the reduction in the self-purification competence of rivers can be attributed to the decrease in aquatic organism populations and the cut in organic matter content within the watery milieu [38,39,40,41]. In response to these intricacies, researchers have proffered an array of strategies aimed at mitigating the impact of LIDs on river self-purification capacity. These encompass the construction of artificial wetlands, the adoption of green roofs, and the implementation of permeable pavement. For a holistic and sustainable management framework encompassing urban stormwater dynamics and the riverine, it is imperative to broaden the scope of consideration beyond hydraulic and engineering facets to incorporate the broader ambit of riverine environmental aspects [33,34,35].



The Qinling mountains are positioned within a transitional zone that extends from the arid and semi-arid regions of northern China to the comparatively more humid areas of southern China. The basin hydro-ecosystems of the Qinling Mountains have specific features that are characteristic of this geographical location [42]. Guanzhong Plain urban agglomeration is located at the northern edge of the Qinling Mountains and covers Shaanxi, Gansu, and Shanxi provinces. There are 11 cities (i.e., Xi’an City) located in the Guanzhong Plain urban agglomeration area, with a total population of 40 million. Rivers in the northern foothills of the Qinling Mountains provide the primary water source for the Guanzhong Plain urban agglomeration [43]. Recently, the accelerating urbanization in the region has significantly affected the quality of surface water and groundwater in the basins. Due to the shortage of water resources in these basins, many studies have been conducted to ensure the effective development and use of water resources, and hydro-ecological management has been applied to solve problems such as the severe degradation of hydro-ecosystems [44,45]. Low-impact developments have been implemented in the Guanzhong Plain urban agglomeration area to mitigate the impacts of LUCC and alleviate urban flooding.



Xi’an is a major city in the central-northwest region of China, and the Bahe (BH) River, a typical urban river in the northern foothills of the Qinling Mountains and an important waterway that runs through the city (Figure 1), was selected for investigation in this study. We adjusted the structure calibrated the parameters of the SWMM and inversed the runoff generation and concentration processes in the BH River Basin. We addressed the cumulative influence of LIDs and water conservancy projects on urban river hydrology by assessing the effects of three standard LIDs (rain gardens, permeable pavements, and a combination of the two LIDs) on the hydrological environment. We analysed the changes in the hydrological regime and water environment following LUCC, LIDs, and rubber dam projects. We also constructed a water regulation model by taking into consideration the impacts of LID construction and rubber dam projects in the lower urban reaches with the constraints of runoff processes, water self-purification capacity, and the ecological base flow. The model was used to determine the optimal hydro-ecological regulation scheme for rubber dam reservoirs, to improve the river self-purification capacity in the lower urban reaches.




2. Overview of the Study Area


2.1. River Basin Overview


The BH River, which is a first-class tributary of the Weihe River, is located southeast of Xi’an City (E 109 00′–109 47′, N 33 50′–34 27′), with a total basin area of 2581 km2. The BH River Basin has a warm temperate semi-humid continental monsoon climate, with distinct cold, warm, dry, and wet seasons. Precipitation is distributed unevenly during the year, and the precipitation from July to October accounts for more than 60% (maximum recorded, 77.1%) of the year. The annual precipitation varies greatly, with a maximum yearly precipitation of 999.0 mm, which is two to three times the minimum annual precipitation [45]. The coefficient of variation (CV) of annual precipitation varies from 0.20 to 0.30. The average annual surface water resources in the BH River Basin are about 609.8 million m3, equivalent to a runoff depth of about 236.3 mm.



The BH River Basin has been a crucial region for agriculture and forestry since the 1980s. The urbanization process in the river’s lower reaches accelerated after 2004 (as illustrated in Figure 1, where the lower reaches refer to the area below the confluence of the Chanhe River and the BH River). Since 2005, rubber dams have been constructed in the lower reaches of the river, thereby creating a continuous water landscape within the river channel (refer to Figure 1 for the precise locations of the rubber dams). Following 2016, the urbanization of land use expanded to the middle reaches of the river. After 2016, low-impact development (LID) technologies were implemented in both the middle and lower reaches of the BH River Basin. See Figure 1 for the exact location of the basin.




2.2. Overview of the River Environment in the River Basin


In recent years, the water quality of the BH River has deteriorated due to a variety of environmental factors, including agricultural pollution, sewage discharge, and urban runoff. The water quality of the BH River has been seriously affected, with high concentrations of ammonia nitrogen (NH3-N), total phosphorus (TP), chemical oxygen demand (COD), and other pollutants, which has compromised the safety of drinking water sources and the ecological environment of the river basin [45]. In recent years, the rapid increase in population and constant expansion of the urban area in the region has led to a shortage of regional water resources and the deterioration of the river water environment [42,43,44,45,46]. Between 2005 and 2016, water flows decreased by approximately 20% [44,45,46].



According to the water quality monitoring data from 2010 to 2020 (as shown in Table 1), the water quality of the river was lower than the Class IV surface water environmental quality standard throughout the entire year. The water quality of the river changes significantly with the season. The water quality of the river is best in autumn and worst in winter. In autumn, more precipitation can dilute the pollutants in the river water, resulting in lower COD, NH3-N, and TP values. In winter, the lower temperatures and precipitation increase the concentration of pollutants in the river water, resulting in higher COD, NH3-N, and TP levels. At the same time, the poor regulation of the rubber dam and LUCC resulted in a decreased water flow and reduced self-purification capacity of the water body. This is an important reason for the serious water pollution throughout the year.



As shown in Figure 2, the water quality improved over the past decade, as evidenced by the decreasing values of COD, NH3-N and TP, and increasing values of DO. The COD decreased by 53.2% from 2011 to 2020, while NH3-N decreased by 79.7%, TP decreased by 41.4%, and DO increase by 8.1% in the same period. The changes in these water quality indicators were mainly attributed to the natural environment and human activities, such as temperature, precipitation, water flow, and wastewater discharge. Since 2011, the water quality has improved, which was mainly due to the improvement of environmental protection policies and the implementation of pollution control measures.



According to the water quality monitoring data, the most significant source of water pollution in the BH River is agricultural runoff from farms located upstream [41,42,44]. Fertilizers and pesticides used in the farmland are flushed into the river, leading to an increase in nutrient levels and algae. This can lead to a decrease in oxygen levels in downstream water bodies, which is not conducive to the growth of aquatic organisms. Domestic sewage discharge from the middle and downstream regions is another major source of water pollution in the BH River. Sewage treatment plants in the city often do not function properly, allowing untreated sewage to flow into the river. Additionally, urban runoff from the middle and downstream regions is one of the main sources of pollution in the BH River. With the continuous expansion of cities, increases in impermeable surfaces, such as roads and buildings, hinder the natural infiltration of water into the ground [46]. Therefore, rainwater and other runoff flow directly into rivers, bringing pollutants such as grease and other chemicals.



To reduce water pollution in the BH River, the local government has implemented several measures [44,45,46]. These include the construction of wastewater treatment plants, the implementation of pollution control regulations, and the promotion of public awareness of water pollution. Rubber dams have been built in downstream river areas to create scenic features and regulate urban floods. The locations and image of rubber dam projects are shown in Figure 1 and Figure 3. Rubber dams are based on their structure and filling drainage system, by filling with water to expand the dam body, thereby raising the water level and intercepting the flow of water. However, the operation of cascade rubber dams has caused a decrease in the river flow velocity, increased water consumption (e.g., evaporation and infiltration), a weakening of the self-purification capacity of water, and an aggravation of river water environmental pollution [45,46].




2.3. Data


For this study, 30 m grid LUCC data from 1990 to 2020 was obtained from Yang et al. (https://doi.org/10.5281/zenodo.4417810) (accessed on 24 August 2023) [47]. The digital elevation model (DEM) data were derived from SRTM (https://earthexplorer.usgs.gov/) (accessed on 24 August 2023) [48] with 30 m spatial resolution. The hydrometeorological data, i.e., precipitation, flood runoff, etc., were obtained from the hydrological yearbook and China Meteorological Data Network (http://data.cma.cn) (accessed on 24 August 2023) [49], which included the measured hydrometeorological data of one controlled hydrological station, and 10 weather stations in the basin from 1959 to 2010. The data were used to analyse the change in hydrometeorological conditions.




2.4. LUCC in the River Basin


In this study, 30 m grid LUCC data from 1990 to 2020 was used to analyse the spatial LUCC in the BH River Basin. Based on the original land use map, we reclassified the land uses as follows: (1) cropland, including orchards, dry fields, and paddy fields; (2) forest, including evergreen, deciduous, and mixed forests; (3) grassland, including shrub grassland and sparse forest grassland, with a coverage rate of more than 5%; (4) water, including ponds, lakes, rivers, reservoirs, swamps, and wetlands; (5) built-up land, including residential land, commercial and industrial land, roads, airports, and other unique impermeable surfaces. The classification accuracy was verified using field survey data and high-resolution Google Earth images.



Figure 4 shows land use statistics for the BH River Basin from 1990 to 2020. In 2007, the largest land use type became forest. The forest and built-up land in the BH River Basin continuously increased. The forest area increased from 38.9% in 1990 to 46.8% in 2020. The built-up land expanded approximately three-fold in 30 years, accounting for 15.5% of the total area of the basin. The size of the cropland and grassland decreased obviously. The cropland area decreased from 49.3% in 1990 to 36.4% in 2020. In 1990, the grassland area accounted for 6.11% of the total river basin area, and in 2020, the grassland area accounted for 0.82% of the entire river basin area. The water area first decreased and then increased, accounting for 0.48% of the whole basin area in 2020. In 2007, the forest area was the same as the cropland area. Land use in the river basin has undergone significant transformation over time, with the forest area emerging as the dominant land use type. The completion of sponge city construction after 2020, as depicted in Figure 1, necessitated the division of land use and cover change (LUCC) data into two distinct periods during the study period: 1990–2007 and 2007–2020.



Figure 5 shows the spatial change in land use in the BH River Basin for the periods of 1990–2007 and 2007–2020. From 1990 to 2007, the largest area of land use conversion occurred for the transfer of cropland to built-up land, which was 157.18 km2 in the downstream urban area. A grassland area of 94.68 km2 was converted to forest land close to the mountains. From 2008 to 2020, a large area of cropland (135.04 km2) in the urban areas in the lower reaches of the BH River Basin was transferred to built-up land, and the amount of cropland that transferred to forest also increased significantly, which was due to the measures taken to return farmland to forest to promote soil conservation in the study area. Since 2008, the constant intensification of urbanization in the middle and lower reaches of the basin has had a significant impact on the river water volume, water quality, and the ecological environment of the river [43,44,45,46].





3. Research Outline and Methods


3.1. Research Outline


The SWMM model was constructed for the BH River Basin to simulate the rainfall–runoff process in different recurrence periods and for typical rainfall processes (measured rainfall process on 9 June 2015, was a unimodal rainfall process, with a cumulative rainfall of 35.2 mm (2 years)). The variation of the flood peak and volume under various LID measures was analysed. A multi-objective ecological scheduling model of the river reach was constructed to analyse the changes in river water quantity, flow velocity, river leakage (groundwater recharge in the riverside zone), and the possible water quality and environmental impact after urban LIDs and LUCC. The model technology roadmap is shown in Figure 6. The model also enabled the hydrological impact of LIDs and LUCC to be determined.




3.2. Principle of the SWMM


The SWMM is a rainfall–runoff simulation model based on hydrodynamics. The model can simulate hydrological processes such as time-varying precipitation, surface water evaporation, depression interception, precipitation infiltration, groundwater recharge, water exchange, slope runoff generation, and the occurrence of confluences [50,51], and it is widely used in rainfall–runoff simulations in urban areas. The data needed for SWMM construction include meteorological data, pipe network data, and underlying surface data, among which the meteorological data includes rainfall, flow rates, and other factors. The underlying surface data includes land use, slope, soil type, and other factors. The core hydrological simulation models in the SWMM model are a surface runoff generation model, surface confluence model, and pipe network confluence model [52,53].



Based on the SWMM calculation, the river reach was generalized as a pipeline according to the river topography, with an irregular shape [52]. The whole drainage area was demarcated based on the slope, water system, and hydrogeological zoning of the basin, after fully considering the underlying surface information of the modelling area and the distribution of confluence lines. The main calculations and principles of runoff in the model were as follows [50,51,52,53,54].



In the model, the catchment area was divided into a permeable area and an impermeable area. The impermeable area was further divided into impermeable areas with water storage capacity and impermeable areas without a water storage function.



(1) Permeable area yield,


    Q   1   =   i −   f   a     Δ t  



(1)




where Q1 is the yield, mm; i is the rainfall intensity, mm/s; fa is the infiltration rate, mm/s; and Δt is the infiltration time, s.



(2) Runoff yield of depressions,


     Q   2   = P − D   



(2)




where Q2 is the surface runoff, mm; P is precipitation, mm; and D is the water storage capacity of a depression, mm.



(3) Water storage in the impermeable area and runoff yield of an area with no depression,


     Q   3   = P − E   



(3)




where Q3 is surface runoff, mm; P is precipitation, mm; and E is evaporation, mm.




3.3. Surface Confluence Model


The surface confluence in the SWMM was realized by approximating each catchment area as a nonlinear reservoir, combining the Manning formula and continuity equation, and solving it iteratively with the finite difference method and Newton method. The continuity equation is:


     d V   d t   = S   d h   d t   = s p ′ − q   



(4)




where s is the sub-catchment area, m2; t is the time, s; V is the total water storage in the sub-catchment area, m3; P′ is the net rain depth, m; h is the water depth, m; and q is the runoff, m3,





  q = w   1.49   N       h −   h   s         5   3       l     1   2      



(5)




where w is the width of the sub-catchment area, m; N is the Manning coefficient of the sub-catchment area; hs is the maximum storage depth of the depression, m; and l is the slope of the sub-catchment area.




3.4. Construction and Application of the SWMM Model


3.4.1. Model Generalization


The SWMM model was used to calculate the whole drainage area, which was divided into 93 catchment areas, 56 catchment nodes, and two drainage outlets, according to the slope, water system, and hydrogeological zoning of the basin, after fully considering the underlying surface information and the distribution of confluence lines in the modelling area. Based on the land use situation of the underlying surface of the basin, the basin area was divided into sub-basins, and the infiltration parameter zoning was formulated. See Figure 7 below for the specific spatial extraction results.




3.4.2. Parameter Determination


In reference to the contemporary research findings of Hou et al. and Kim [22,25], and drawing upon the model parameter selection methodology elucidated within the Stormwater Management Model (SWMM) user manual, it has been ascertained that the optimal depression storage depths are 2.0 mm for impermeable surfaces and 7.0 mm for permeable areas. The impermeability roughness coefficient and permeability roughness coefficient were calculated by weighting the sizes of the different land types in each sub-basin. The rainfall infiltration adopted the Horton formula to simulate and calculate the infiltration in the catchment area. Based on the determination of the other parameters of the model, the infiltration rate was calibrated with the actual investigation data of rainfall and inundation depth. At the same time, the hydraulic conductivity values of different saturated soils were weighted and averaged according to the area of each soil type in the basin. The minimum infiltration rate of the basin was determined using the saturated soil hydraulic conductivity table provided in the manual [55]. The implementation plan of Xi’an LIDs and the SWMM user manual were consulted to determine the principal parameter values of the basin, as shown in Table 2.




3.4.3. Rainfall Processes at Different Design Frequencies in the BH River Basin


By incorporating the recent research findings of Hou et al. [15], in conjunction with the recorded data on the precipitation patterns within the BH River Basin, the assessment discerned that within the urban confines of Xi’an, short-duration rainstorms tend to exhibit concentrated of rainfall characteristics. Of notable prevalence among the varied precipitation forms was the occurrence of single-peak rainfall patterns. Therefore, the Chicago rain type was selected as the design rainfall, and the peak ratio r = 0.48 was used to represent the rainfall type [15,22]. The urban rainstorm and flood management model SWMM was used to simulate and calculate the design floods with design rainstorm recurrence periods of 5, 10, 20, 50, and 100 years, and the simulation results of the model were verified according to the design flood results of the Xi’an Practical Hydrological Manual, as shown in Table 2. After passing the verification and evaluation, the design flood calculation of the BH River Basin was conducted. The rainfall processes at different design frequencies (rainstorm recurrence periods T = 5, 10, 20, 50, and 100 years) are shown in Figure 8.




3.4.4. LID Construction


Regarding the establishment of construction parameters and primary engineering interventions for the sponge city initiative within the downstream vicinity of the BH River, three distinct urban LID strategies have been devised. These strategies encompass: LID 1 rainwater garden construction; LID 2 porous paved road construction; and LID 3 rainwater garden and permeable pavement. See Figure 1, which delineates the specific locations within the basin where LID technologies have implemented. These strategies are central to our study and their spatial distribution is crucial to understanding their potential impact on the watershed’s overall hydrology and river environment.





3.5. Multi-Objective Ecological Scheduling Model and Intelligent Optimization Algorithm


Based on the water balance principle in river reaches, we constructed a multi-objective ecological scheduling model of river reaches using two constraints, i.e., the inflow process from the upper river channel simulated by the SWMM and the mean critical flow velocity in the cross-section [45]. The model was used to calculate the mean flow velocity in the cross-section, interval water consumption, and leakage in the rubber dam reservoirs, with the rubber dams being elevated to different heights. In artificial lake environments, experimental studies have demonstrated that an increase in water flow velocity enhances the self-purifying capacity of the lake water, ultimately reducing pollutant concentrations [45,46]. Furthermore, our experimental research conducted in an artificial lake downstream of the BH River indicates that when the river flow rate exceeds 0.299 m3/s (corresponding to an average cross-sectional velocity of greater than 0.01 m/s), the concentrations of total phosphorus (TP), chemical oxygen demand (COD), and ammonia-nitrogen (NH3-N) in the river water significantly decrease. Therefore, we set the constraint of water flow in the two rubber dam reservoirs as a mean flow velocity in the cross-section greater than 0.01 m/s to improve the water self-purification capacity.



The water balance model was based on the measured river runoff, precipitation, and evaporation data, as well as the relationship between the water level of the rubber dam reservoir and the storage capacity. Referring to the current research results of Sun [44], the changes in the water volume in a certain period, the average storage capacity in a certain period, the actual evaporation on the reservoir surface, and the leakage of the river section over a certain period were estimated. According to the test results, the average comprehensive permeability coefficient of the rubber dam reservoir was set to 0.066 m/d. The water balance calculation formula based on the water balance method was as follows [45],


    W   O u t f l o w   =   W   P r e c i p i t a t i o n   +   W   I n f l o w   −   W   E v a p o r a t i o n   −   W   L e a k a g e   −   W   W i t h d r a w a l   ± Δ W  



(6)




where WPrecipitation is the total precipitation of the reservoir area, WInflow is the total runoff of the inflow area, WEvaporation is the total evaporation of the water surface (calculated by the monthly average evaporation) multiplied by the area, i.e., the total evaporation of the corresponding period, WLeakage is the total of lateral leakage and bottom leakage in the river channel, WWithdrawal is the total water withdrawal from the river, and ΔW is the change in the total storage of the rubber dam reservoir.



Estimation of cross-section area and mean flow velocity in the cross-section:


  v   =   W   O u t f l o w   /     t   R   ( w h + m   h   2   )  



(7)




where w is the bottom width of the river channel, m is the side slope, h is the water depth in the river channel, v is the mean flow velocity in the cross-section, and Rt is the detention time in the reservoirs.



The ecological scheduling model, which is grounded in a water balance equation, is formulated based on the principle of multi-objective random constraints. The solutions for this model can be described as follows. The main purpose of the multi-objective optimization of relevant opportunities is to minimize the deviation from the objectives after the decision maker provides the optimization objectives, and to then provide reasonable solutions for random variables according to the given priority. The optimal water storage height of rubber dam projects in the lower urban reaches was finally determined using a self-developed stochastic simulation and intelligent optimization algorithm [45,56]. Within the range of rubber dam height adjustment (0–3.0 m), the average flow velocity, flow rate, and leakage rate of the rubber dam reservoir area was calculated and simulated 5000 times to ensure an accuracy of more than 90%. At the same time, the Tennant method was used to estimate the ecological base flow, and the value is controlled at more than 10% of the upstream inflow [45,56,57,58].



The basic framework of the multi-objective random constraint model was as follows [45,54]:


         m i n   ∑  j = 1   1      P   j     ∑  i = 1   m        u   i j     d   i   +   +   v   i j     d   i   −                s . t .         P   r         H   i k     y , ξ   ≤ 0   l = 1,2 , ⋯ ,   q   i       +   d   i   −   −   d   i   +   =   w   i   , i = 1,2 , ⋯ , n          G   J     Y , ξ   ≤ 0 , j = 1,2 , ⋯ , p         d   i   −   ,   d   i   +   ≥ 0 , i = 1,2 , ⋯ , n        



(8)







Here, Pj is the priority factor, representing the importance of the target (for all cases, Pj is much greater than Pj+1); Uij is the weight factor of the positive deviation for the i-th goal of priority j; vij is the weight factor of the negative deviation for the i-th goal of priority j;     d   i   −     is the negative deviation between the target and target value; e is the positive deviation between the target and target value; Hik is the real-valued function in the target constraint; Gj is the real-valued function in the uncertain environment; wi is the target value of the i-th goal; l is the number of priority levels; and m is the number of target constraints.





4. Results


4.1. Verification of the Measured Rainfall–Runoff Process in the BH River Basin


The measured precipitation and runoff process on 9 June 2015 were used to verify the model. The model verification results are shown in Figure 9, which shows that the simulated runoff process was consistent with the measured runoff process. It was considered that the model parameters were appropriately selected and could be used for the simulation of urban rainwater control and utilization in this region.




4.2. Evaluation of the Design Flood Simulation Results in the Lower Reaches of the BH River Basin


In Table 3, the simulation results of the model are compared with the design flood results in the Xi’an Practical Hydrological Manual. The flood peak simulation error was between 2.2% and 11%, which met the requirement of 20% of the measured runoff error in the Hydrological Information and Forecasting Code (SL250-2000, Hydrological Information and Forecasting Code [S]). This confirmed that the model accurately captured the relationship between precipitation and runoff yield in the basin, and that the model construction and parameter interval selection were reasonable. Refer to Figure 1 for the location of the monitoring point.




4.3. Analysis of the Changes in the River Hydrological System after Urban LIDs


4.3.1. Flood Process Response to LID Construction


The SWMM model was used to simulate and calculate the hydrological changes in the lower reaches of the river after the construction of a sponge city in the cities and towns in the BH River Basin. A comparison of the flood processes before and after the implementation of LID measures under different design rainstorm recurrence periods is shown in Figure 10.



Based on the analysis, Figure 10 illustrates the outcomes for different recurrence periods of design rainstorms. The study reveals that the most substantial reduction in the design flood peak occurred when the design rainstorm recurrence period was 10 years. Moreover, for a designed rainstorm recurrence period of 5 years, the flood volume experienced a reduction of 13–20%. However, when the design rainstorm recurrence period exceeded 20 years, the flood peak reduction rate was approximately 10%. In terms of total flood volume, a decrease of 25–29% was observed when the design rainstorm recurrence period was 10 years. Similarly, a reduction of 13–20% was recorded for a designed rainstorm recurrence period of 5 years. For design rainstorm recurrence periods exceeding 20 years, the flood peak reduction rate ranged from 10% to 18%.




4.3.2. Hydrological Response of an Urban River Section Constructed by LIDs


The water discharge strategy of the cascade rubber dams in the lower reaches of the BH River is designed to optimize water storage while satisfying the ecological base flow requirements, with the aim of fulfilling the demands of the regional water landscape. The analysis of Figure 10 reveals that the construction of a sponge city can significantly alleviate floods and mitigate urban waterlogging; however, it may simultaneously cause a reduction in river water inflow, particularly during typical dry years and dry seasons (when precipitation, from November to the next May, accounts for less than 20% of the entire year). To address this potential consequence, by examining the rainfall process of a typical dry year (2015) with a designed 2-year rainstorm recurrence period, this study applied the SWMM model and water balance equation within the rubber dam reservoir to simulate and calculate the potential impact of LIDs on the river water inflow.



The typical rainfall process in a typical dry year and the simulation results of the SWMM model are shown in Figure 11. Table 4 shows the results of the changes in water quantity in the rubber dam reservoirs in the lower reaches of the BH River before and after the LIDs.



The simulation of the typical rainfall–runoff generation process in the study area showed that the total river runoff decreased by about 28% after the implementation of LIDs (Figure 11). The calculated river water balance in the urban section showed that after the construction of the sponge city, the water quantity in the rubber dam reservoirs decreased, the flow velocity in the river channel slowed down by 16–50%, and the retention time increased (Table 4). Leakage decreased by about 35% with the reduction in the water storage level and water surface area.





4.4. Optimal Regulation of the Hydro-Ecology in the Lower Urban Reaches of the BH River


The implementation of LIDs and rubber dam projects in the lower reaches of the BH River has resulted in several issues, including a decrease in river water volume, a slowing of flow velocity, and other changes in hydrological conditions. These factors have contributed to the increased concentration of materials in the urban river water environment.



To investigate the downstream channel inflow process following the implementation of LIDs, the SWMM model was employed. The stochastic simulation results of the multi-objective ecological scheduling model, as presented in Table 5, indicate that the rubber dam projects in the lower reaches have led to a reduction in water in the downstream river sections. Using a local experimental study, optimal regulation was conducted to enhance the water self-purification capacity and minimize the impact of LIDs in the lower reaches.





5. Discussion


(1) Based on the water quality monitoring data, the primary sources of water pollution in the BH River are identified as agricultural runoff from upstream farms, domestic sewage discharges, and urban runoff from middle and downstream regions. As evidenced by Figure 2 and Figure 4, the poor regulation of rubber dams and land use and cover change (LUCC) contribute to a decreased water flow, reduced water flow velocity, and diminished self-purification capacity of the water body. This is a significant factor contributing to the severe water pollution observed in the study area.



In order to effectively enhance water quality, the implementation of additional environmental protection policies and the establishment of pollution control measures across the entire BH River, particularly the optimal regulation of hydro-ecology in urban areas, are of paramount importance. These measures have the potential to significantly improve water quality in the BH River and mitigate the adverse effects of pollution in the region.



(2) After the implementation of LIDs in the middle and lower reaches of the BH River, there was more water stored in the urban area, and the flood runoff of the BH River decreased. The simulation results showed that the implementation of LIDs can significantly reduce floods and alleviate urban waterlogging, but at the same time may reduce the inflow of river water. Taking the typical rainfall process in a typical dry year (2015) as an example, the results revealed that the adoption of LIDs strategies led to a substantial reduction in total runoff in the lower river channel of approximately 28%. Additionally, the flow velocity in the river decreased within a range of 16–50%. It is noteworthy that the duration of water retention in the rubber dam reservoirs experienced a significant change as well.



As a direct result of the reduction in water quantity, the decrease in water storage level and water surface area caused a corresponding reduction in river leakage, amounting to approximately 35%. The implementation of LIDs in the BH River has the potential to exacerbate the accumulation of pollutants within the river and rubber dam reservoir area, thereby aggravating the issue of environmental water pollution, particularly in dry year and during the dry season.



(3) The proposed optimal regulation scheme of rubber dams, based on locally measured data and remote sensing data such as LUCC and DEM, is a promising approach to ensure the environmental flow in river channels. The increase in water flow and flow velocity resulting from this scheme may improve the water environment’s self-purification capacity and mitigate the impact of LIDs. The implementation of these schemes can effectively reduce the concentration of pollutants in heavily polluted urban rivers in semi-arid areas, and this has significant implications for protecting regional water resources.



(4) As human activity and rapid urbanization in the BH River Basin continue to increase, the evolutionary mechanism of flood processes will become more complex, and the uncertainty of flood simulations will increase. The performance of the proposed models was constrained by the availability of data records. To enhance the performance of the proposed regulation scheme, it is suggested to use a reasonable water quality data length that exceeds the smallest cryptic period of the runoff time series. Hence, there is a need to study the urban flood runoff evolutionary mechanism that is affected by typical human activities and LIDs and optimize the model’s structure accordingly to improve its simulation accuracy in future research.




6. Conclusions


The study aims to assess the efficacy of LIDs in mitigating the adverse impacts on the water environment. The findings contribute to a comprehensive understanding of the potential improvements in the hydrological system and offer insights into the challenges faced by the water environment following LID implementation.



Several urban rainwater and flood management strategies have been proposed to mitigate the impact of urbanization. However, the potential deterioration of urban river water quality resulting from the implementation of such strategies, particularly LIDs, has not been adequately considered. Thus, comprehensively addressing the issue of urban rainstorm flood management and the potential decline in river water quality is a practical problem that needs to be addressed, especially for urban rivers with severe water pollution, such as the BH River. The optimized scheme proposed in this study for the regulation of rubber dams is an effective way to ensure the environmental discharge of rivers. The increase in water flow and velocity brought about by this scheme can improve the self-purification capacity of water environment and mitigate the impact of LIDs. The findings of this study can assist in implementing sustainable basin management and offer valuable insights for basin managers and planners. The ramifications of the findings derived from this study carry profound implications for the holistic administration and stewardship of urban rivers situated in the arid and semi-arid expanses of northern China.
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Figure 1. Location of the BH River Basin. 
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Figure 2. The annual variation of water quality in BH River from 2011 to 2020. 
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Figure 3. The image of rubber dam project. 
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Figure 4. Land use type distribution in the BH River Basin in different years. 
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Figure 5. Land use type transfers in the BH River Basin. 
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Figure 6. The technical route of stormwater management and river environment optimal regulation based on multiple satellite data. 






Figure 6. The technical route of stormwater management and river environment optimal regulation based on multiple satellite data.



[image: Water 16 01115 g006]







[image: Water 16 01115 g007] 





Figure 7. The sub-basin division, width, area, slope, and an infiltration map of the BH River Basin. 
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Figure 8. Rainfall processes at different recurrence periods. 
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Figure 9. Model validation results. 
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Figure 10. Comparison of basin flood process before and after implementation of LIDs under different design rainstorm recurrence periods. 






Figure 10. Comparison of basin flood process before and after implementation of LIDs under different design rainstorm recurrence periods.



[image: Water 16 01115 g010]







[image: Water 16 01115 g011] 





Figure 11. Changes in the typical runoff process following the LIDs in a typical dry year. 
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Table 1. The seasonal variation of selected water quality parameters in BH River, 2010–2020.
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Seasons

	
Spring

	
Summer

	
Autumn

	
Winter




	
Water Quality

Indicators (mg/L)

	






	
Chemical Oxygen Demand

	
27.72

	
27.16

	
25.40

	
28.05




	
Ammonia Nitrogen

	
2.35

	
2.16

	
1.51

	
2.51




	
Total Phosphorous

	
0.25

	
0.24

	
0.23

	
0.29




	
Dissolved Oxygen

	
8.94

	
8.60

	
8.17

	
8.52








Note: Winter (December–February); Spring (March–May); Summer (June–August); Autumn (September–November).













 





Table 2. The main hydrological parameters of the basin.
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	Parameter
	Value
	Parameter
	Value





	Average width (mm)
	865.0
	Average slope (%)
	0.12



	Impermeability N value
	0.024
	Permeability N value
	0.03



	Impermeable depression (mm)
	1.270
	Permeable depression (mm)
	5.09



	Maximum infiltration rate (mm/h)
	73.00
	Minimum infiltration rate (mm/h)
	4.00










 





Table 3. Evaluation of the design flood simulation results of the SWMM model in the BH River Basin.
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	Design Standard (Year)
	Design Flood Peak (m3/s)
	Simulated Flood Peak (m3/s)
	Relative Error (%)





	T = 5
	636.0
	622.20
	2.2



	T = 10
	1456
	1527.9
	4.9



	T = 20
	1931
	1765.5
	8.9



	T = 50
	2583
	2298.6
	11.0



	T = 100
	3093
	3162.6
	2.3










 





Table 4. Changes in river water quantity for the rubber dam reservoirs following LIDs in a typical dry year.
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Hourly Woutflow (m3/s)

	
v (m/s)

	
WLeakage (104m3)

	
tR (Hour)




	
Before LIDs

	
After LIDs

	
Before LIDs

	
After LIDs

	
Before LIDs

	
After LIDs

	
Before LIDs

	
After LIDs






	
6.03

	
3.41

	
0.012

	
0.006

	
86.89

	
65.33

	
48

	
72




	
4.84

	
2.74

	
0.010

	
0.008

	
70.67

	
53.39

	
72

	
96




	
3.42

	
1.84

	
0.006

	
0.005

	
67.59

	
34.16

	
72

	
120




	
2.21

	
1.2

	
0.006

	
0.004

	
43.05

	
22.53

	
96

	
120




	
1.37

	
0.73

	
0.004

	
0.002

	
28.55

	
16.27

	
120

	
120











 





Table 5. The optimal river water regulation scheme for the rubber dams following LIDs with a designed rainstorm recurrence period of 2 years.
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	Hourly Inflow Runoff (m3/s)
	Water Storage

Height of No. 1

Rubber Dam (m)
	Water Storage Height of No. 2 Rubber Dam (m)
	Flow Velocity in No. 2 Dam Reservoir Area (m/s)
	Flow Velocity in No. 1 Dam Reservoir Area (m/s)





	3.41
	0.81
	0.31
	0.011
	0.022



	2.74
	0.61
	0.30
	0.011
	0.016



	1.84
	0.41
	0.27
	0.011
	0.012



	1.20
	0.27
	0.13
	0.011
	0.016



	0.73
	0.13
	0.12
	0.014
	0.010
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