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Abstract

:

In recent years, Taiwan has established a sound flood control foundation in terms of river management. Due to climate change and land development, surface runoff has increased. In addition, the functions of flood control engineering facilities have their limits. Surface runoff cannot be fully absorbed by rivers, and frequent floods still occur in some areas. According to the characteristics of water flowing along the terrain to low-lying land, the terrain features can be used to find out the hot areas prone to flooding and the appropriate location of flood storage space for improving flooding. On the basis of the natural terrain environment, the disaster risk framework is used to manage environmental complexity, and to carry out research on flood warning and governance decision-making systems, so that human beings can coexist with the uncertainty of flood risk. In this study, the Zhuoshuixi Basin was used as the sample area, the SCS-CN method was used to analyze the excess runoff, and the risk concept was used to establish a flood evaluation model. In addition, through the changes in land use, the SCS-CN method estimates the difference of potential maximum retention, quantifies the variation of excess rainfall in each watershed division, and uses the digital elevation model to calculate the depression site to analyze the relationship between the difference of potential maximum retention and the depression space of the watershed. The results show that the adaptation strategy for high-risk flooded areas should be strengthened, and areas with large water storage space and a small potential maximum retention difference can be the best location for offsite compensation.
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1. Introduction


Taiwan is located on the northwest side of East Asia and the Pacific, between tropical and subtropical. At the end of spring and in early summer each year, stagnant fronts generated by the confrontation of hot and cold air masses and typhoons generated by tropical depressions in summer and autumn are the two main rainfall periods of the year. In addition, due to the steep terrain, the rapid flow of water during rainfall is prone to flooding. Therefore, in order to protect the safety of people’s lives and property, the government built embankments on both sides of the waterway to limit floods within the revetment. Under the influence of climate change and urbanization trends, waterway governance has reached the once-in-100-year protection standard in the past, but inland water urban areas still suffer from flooding. We should realize that no flood control measures are absolutely guaranteed, but a complex comprehensive flood control method needs to be considered [1]. Therefore, it is necessary to transform from protecting social and economic development from external shocks to integrating risk management, advocating a risk-based proactive strategy, and transforming disaster management into risk management [2]. IPCC AR5 takes climate change assessment as the core, and considers the possibility of causing valuable things to be in an uncertain hazard as a risk. It is usually expressed as the probability of hazardous events or trends multiplied by the consequences of these events or trends [3,4], as shown in the following formula:


  R i s k = hazard × vulnerability × exposure  



(1)







The comprehensive analysis of risk usually assesses the elements and their vulnerabilities exposed to the hazardous probability scenarios. The change in the perspective of urban flood risk analysis should be from a single disaster to multiple disasters, from silo to system analysis [5].



Hazard refers to external factors that specify the type and intensity of the hazard [6,7], which are natural or man-made physical events or trends [3]. Vulnerability can be regarded as an internal factor [6,7], including sensitivity, vulnerability to disasters, and lack of ability to cope and adapt [3]. It is the result of dynamic interaction [8], and is usually calculated by statistical analysis of the area-specific damage data [9,10]. Exposure is where human lives, infrastructure, economic, or social may be adversely affected [3]. Based on the possibility of avoiding future flood damage, and the vulnerability assessment of flood damage and economic benefits obtained through flood reduction, the benefits of flood prevention can be further understood [11]. In addition, in order to effectively understand and reduce the risk of natural disasters, it is necessary to understand the cost of natural disasters. Incorporating cost assessment into risk management can support decision makers to choose appropriate risk mitigation measures [12].



The risk of flooding caused by climate change is becoming more serious. In addition to traditional flood control countermeasures, it is hoped that land use management and control will be used to respond. Catchment-Based Flood Management (CBFM) in the UK includes any type of intervention aimed at changing land use, land management, upstream river channels, and floodplains to reduce the frequency and severity of flooding [13]. Among them, natural flood management (NFM) aims to reduce flood risk through natural processes, and to potentially promote integrated flood risk management and engineering solutions by providing landscape-based climate change impact flexibility [14], and has been promoted as a traditional flood sustainable alternative to management [15].



In this study, the Zhuoshuixi Basin was used as a sample area. The current flooding models are roughly divided into distributed or lumped models, but in the past, they were mostly lumped models. For example, HEC-HMS [16], which is widely used at present, mainly calculates the water volume of each grid in the flooded area. These integrated models are popular due to their simplicity and low computational cost [17], but it is difficult to calculate where the source of water comes from. Therefore, the use of distributed models can better represent spatial variability and can produce more reliable results [18], and the distributed model not only requires complex formulas to simulate multiple physical processes, but also requires fine spatial resolution to capture large-scale flood dynamics [19], which requires a huge amount of calculation and complexity. Therefore, it is necessary to keep the advantages of the distributed model and propose a simple and fast evaluation method without a loss of accuracy. The SCS-CN method has this feature. It is developed by the Natural Resources Conservation Service (NRCS), US Department of Agriculture (USDA). In the absence of sufficient hydrological data, runoff can be effectively estimated [20], and factors such as soil, land use, and topographic characteristics can be considered [21]. The digital elevation model is used to automatically delineate the source area of runoff generation, and through the hydrological evaluation model and on-site survey to establish the depression storage location data, it is known that surface runoff can be controlled by the construction of a depression location [22]. Using the concept of risk, the SCS-CN method is used to find out the correlation between runoff changes and the space of depressions, to assess the flooding risk hot areas in the basin, and to explore the source of flooding. Therefore, in terms of long-term planning, if land use is designed as a disaster mitigation measure, its safety is much higher than that of engineering flood control [23].




2. Materials and Methods


2.1. Study Area


The basin covers an area of 3257 square kilometers and is located in central Taiwan. It is the longest river in Taiwan, with a total length of 186.6 km and an average annual rainfall of about 2459 mm. Figure 1 shows the scope of the study area; the terrain has a large elevation difference, the main slope is six grades (>55%), and the highest elevation is 3926 m. The flowing water carries a lot of sediment, which causes turbidity in the four seasons.




2.2. Study Materials


This study uses data published by various government departments, as shown in Table 1, to establish a flooding risk analysis model and land adaptation area classification. The historical rainfall and flow data are from the Water Resources Agency of Ministry of Economic Affairs, and are used to calculate the excess runoff and flow in the catchment area in the 100-year return period scenario. The DEM uses the data published by the Department of Land Affairs of the Ministry of the Interior, and the grid information is 20 m × 20 m for the terrain analysis, slope units, and TWI extraction. In addition, the land use map of the National Land Surveying and Mapping Center and the soil map of the Agricultural Research Institute were used to filter out the spatial distribution of depression sites.




2.3. Management Subdivisions


When river governance is likened to the concept of human health, various health conditions are often assessed through relevant indicators, and then the root cause of the problem is diagnosed, and treatments are prescribed to improve the condition [24]. Therefore, exploring the root of the problem during river governance is not based on the assessment of the entire river basin. The assessment model should be accurately used to analyze the hot spots and propose management strategies. In this study, the catchment zone was set up in the basin, and the catchment zone was further divided into three slope management units: the source, the left bank, and the right bank by the water system. We calculated the flow direction by DEM [25] to establish a grid of cumulative flow, and the grid with a cumulative flow greater than or equal to the threshold (50 ha threshold used in the study) is the water system network [26]. The spatial distribution of the specific watershed is delineated in Figure 2a, and then the specific watershed was further subdivided into right bank, left bank and headwater (if existing) areas for the sake of homogeneity for management division (Figure 2b).




2.4. Analytical Method


Regarding the storage capacity as the benefit value of mitigating downstream flooding, an effective adjustment strategy is proposed. The research flow chart is shown in Figure 3.



2.4.1. Risk Analysis


Most of the river embankments in the Zhuoshuixi Basin have been constructed, and the flooding incidents are mainly low points affected by the terrain. In order to understand the movement of runoff through the terrain, there should be an overall catchment monitoring mechanism. Risk analyses are performed to satisfy regulatory requirements [27]. According to the risk concept in IPCC (2014), a quantitative risk model can be provided for disaster risk analysis. Take the excessive runoff that causes flooding disasters as the hazard, and when the surface excess runoff is generated, its value is equal to the excess rainfall (Pe), and the topographic wetness index (TWI) refers to the control of soil moisture by topography. The soil moisture content can be reflected through the terrain, that is, the smoother the slope, the higher the soil moisture content, and the easier it is for runoff to collect and form flooding, which is then used as a vulnerability. In terms of the movement pattern of surface runoff, all areas of the movement path are exposed to risks. The model can be expressed as follows:


  R i s k = Pe × TWI  



(2)







The indicators used in the study are individually normalized within the range of 0–1. This normalization method eliminates the influence of different dimensions between data sets. The normalization formula can be written as:


   X  n o m   =    (  X −  X  min    )     (   X  max   −  X  min    )     



(3)




where Xnom is the normalized value of the index, X represents original value, and Xmax and Xmin indicate the maximum and minimum value of the index, respectively.



Index of Hazard


The term hazard usually refers to a physical event or trend related to the climate or its physical impact [3]. This study uses the data of 23 rainfall stations, and uses the Gumbel distribution (Extreme Value distribution Type-I) method to compare the data from 1985 to 2019. The 100-year return period rainfall of each station were derived based on the maximum daily rainfall in a year, and then use the Kriging method to get the historical maximum rainfall data from 1985 to 2019 to calculate the 100-year return period rainfall distribution, as shown in Figure 4a. Because the SCS-CN method is one of the most popular methods for calculating direct surface runoff from heavy rainfall [28,29,30], the runoff curve method developed by the US Soil and Water Conservation Agency is used to estimate excess precipitation (Pe), namely Equations (4) and (5), and because the setting of rainfall stations is limited to the influence of terrain and funding, there are not enough stations to reflect the overall rainfall situation of the basin, so the SCS-CN method can be used to calculate the runoff distribution related to the actual trend in a short time, and to normalize it as shown in Figure 4b. Therefore, considering that the 100-year return period is the current standard set by Taiwan for the protection of settlements in the Zhuoshuixi Basin, the Pe estimated by this method is used as the hazard of flooding disaster risk.


   S   (  mm  )    =   25400   CN   − 254  



(4)






  Pe =      (  P − 0.2 S  )   2     (  P + 0.8 S  )     



(5)








Index of Vulnerability


Vulnerability includes various concepts and elements, including sensitivity or susceptibility to injury and lack of coping and adaptability [3]. Topographic conditions can reflect the impact on the runoff of the watershed [31], so the topographic wetness index (TWI) extracted by DEM is used to judge the correlation between topography and stagnant water. TWI is an important indicator of the hydrological model TOPMODEL. Kirkby and Weyman first calculated the saturation water level and calculated the topographic index at that point. Later, the topographic humidity index was derived [32], the concept is that the steeper the slope, the faster the water flows downwards, so the infiltration rate will be lower, and the soil moisture content will be lower. So, it can reflect the degree of water accumulation on the surface when runoff occurs in each grid. The calculation method is Equation (6), and the calculation results and normalization results are shown in Figure 5. The larger the TWI value, the smoother the terrain and the easier it is to accumulate water. Therefore, it has the sensitivity to judge the degree of flood damage and is an indicator of vulnerability.


  TWI = ln  (     A s    tan β    )   



(6)




where As is the area of a specific catchment area and β is the grid slope.





2.4.2. Water Storage Capacity


The proper corresponding hydraulic soil parameters of a watershed from the Soil Conservation service curve number can be used in the physically-based infiltration equations for an accurate estimate of the direct runoff of the watershed [33]. Land use is the main environmental factor affecting the degree of flood disasters [34]. Therefore, this study divided the soil texture of the Zhuoshuixi Basin into categories A, B, C, and D, according to the USDA Natural Resources Conservation Service (Table 2). Soil classification A has a good water permeability and is mostly sandy soil, which is easy to penetrate into the ground, and is not easy to produce direct runoff, while classification D has the worst water permeability and is mostly clay soil, which is the easiest to produce runoff. The SCS soil classification is then overlapped with the land use data by using GIS software, corresponding to its CN value, according to Table 3, and then the water storage capacity is calculated.




2.4.3. Extraction of Water Storage Space


In this study, the water-storable space is extracted from existing depression sites and flat land with a slope of less than 5%, and land use is deducted as the scope of construction land. Depression means short-term accumulation of water, which can be divided into natural and artificial depression locations according to its type. Natural depressions are natural low-lying places on slopes or river deep pools; artificial depressions are flood detention facilities such as reservoirs, ponds, and ponds. Using the height difference method combined with the inclined plane method to establish the initial flow direction of the depression, the threshold value or source tracing method is used to extract the water system network, and then the DEM data are used to calculate the elevation difference of the surrounding grid, and the middle and downstream grids of the water system network are calculated [28]. The middle and downstream grid elevation of the river system network is greater than that of the upstream grid as a depression location. In areas with relatively gentle slopes, the surface water flows more slowly, causing runoff to collect easily. Therefore, considering that the area of storage locations on slopes is less, locations with slopes less than 5% are also included as storage hotspots.




2.4.4. K-means Clustering


K-means is a numerical, unsupervised, and non-deterministic iterative method. It is simple and fast; this method has proven to be a very effective method that can produce good clustering results [35]. A cluster is collections of data object that are similar to one another that are in the same cluster and dissimilar to the objects that are in other clusters. Cluster analysis is a tool that is used to observe the characteristics of cluster and to focus on a particular cluster for further analysis [36]. Therefore, it can be applied to analyze the impact of various environmental indicators in the management area. In order to better understand the degree of flooding distribution and quickly assess the spatial location that can improve runoff generation in the upstream of the flooded area, the flooding risk is divided into five categories and the spatial improvement location is divided into three categories for discussion.




2.4.5. SOBEK Hydrological Model


The SOBEK hydrological model is a simulation system tool jointly developed by Delft Hydraulics and the National Dutch Institute of Inland Water Management and Wastewater Treatment, which includes flood forecasting, drainage system optimization, and river course calculations. The generation of Taiwan’s flood potential map is mainly analyzed by the SOBEK Model [37]. Therefore, the results of the SOBEK hydrological model certified by the government are used to compare and verify the flood distribution with the conceptual model proposed in this study.






3. Results


3.1. Analysis of Flood Risk Model


3.1.1. Estimation and Verification of the Potential Excess Runoff


Using the SCS-CN method to estimate the excess runoff can quickly calculate its spatial distribution in the watershed. The distribution of flow stations in the basin (Figure 6) shows that the Chun-Yun bridge station is the main tributary confluence. Compared with other stations, the watershed runoff in the station changes greatly, and the water flow conditions are more complicated. Therefore, with Chun-Yun bridge station as the control point, the relationship between the estimated excess runoff and the measured flow was established. The results can better reflect the advantages of this research model. Based on the observed flow and estimated flow of the largest rainfall event in the past 8 years, the influence of the base flow is considered, as shown in Table 4 and Figure 7. The relationship equation shows a positive correlation (R2 = 0.8655), and the horizontal base flow separation method is used to separate the base flow, and to then perform a correlation analysis with the measured flow. The result also shows a high degree of positive correlation (R2 = 0.8595). It can be seen that the separation of base flow has no significant difference in the estimated runoff trend. The linear regression shows that the two slopes are 0.8158 and 0.7908, respectively, which means that the estimated runoff is slightly larger than the actual observed runoff. The excess runoff is mostly below the 1:1 slope line. The reason may be that the model is based on the consideration of surface infiltration capacity and does not consider large depressions such as lakes and reservoirs, resulting in an overestimation compared with the observed runoff [38]. The main reservoirs upstream of Chun-Yun bridge station include Wu-She reservoir, Wu-jie dam, Sun Moon Lake reservoir, Jiji weir, and Hu-Shan reservoir. The total effective storage capacity of the reservoir is 222.7 M.M3. From the viewpoint of adjusting the storage capacity of reservoirs during the flood season, the difference between the estimated and measured runoff (Table 4) is between 37.2~280.6 M.M3, which is also consistent with the reservoir. In line with the deviation range caused by the flood storage operation of the reservoir, this can reasonably explain the main reason for the deviation.




3.1.2. Flood Risk Model Results


The 100-year return period risk map is calculated from the flooding risk conceptual model, and its normalized results are shown in Figure 8a. Using K-mean cluster analysis, the flooding potential of the Zhuoshuixi Basin is divided into five levels. It can be seen that the extremely high level accounts for 7.2%, the high level accounts for 17.2%, the medium level accounted for 35.8%, the low level accounts for 27.0%, and the extremely low level accounts for 12.8%. Affected by the terrain, the risk in the river channel is mostly higher, and the mountain area has a lower risk value due to the steep slope. However, in the southwest of the Zhuoshuixi Basin, it is a mountainous valley topography, which makes the risk value of this area extremely high, as shown in Figure 8b.





3.2. Selection of Hot Spots for Land Adaptation


3.2.1. Water-Storage Capacity


According to the aforementioned method of calculating the water-storage capacity, the results of the current and original conditions of land use are calculated by overlapping soil type and land use map data as follows:




	
Soils types








According to the soil texture data of the Agricultural Research Institute corresponding to the SCS soil classification (Figure 9), class A accounts for 3.2%, class B accounts for 16.6%, class C accounts for 0.1%, and class D accounts for up to 80.1%. This means that the Zhuoshuixi Basin is prone to surface runoff under heavy rains.



	2.

	
Land use







The land use map provided by the National Land Surveying and Mapping Center is divided into 12 types of coverage, including upland field, parks, wasteland, water area, coniferous forest, and other woodland. Other woodland is the main land use type, and its area accounts for about 60% of the Basin area, as shown in Figure 10a. In order to explore the change of land use from the most primitive situation to the current situation, the vegetation morphology classification method [39] is used to estimate the land use situation in the watershed without human development so as to determine the distribution of the original forest plants (Figure 10b). The SCS-CN method (Equation (4)) is used to estimate the difference in CN between the two periods and to convert the difference between the water storage capacities (S), as shown in Figure 10c–f. The larger the S value, the better the permeability of the surface layer, and the easier it is to infiltrate and retain water.




3.2.2. Water Storage Capacity Difference


Figure 11a shows the maximum water storage difference in the Zhuoshuixi Basin, and is obtained by subtracting the water storage capacity under the current conditions and the original conditions. Through this value, the increase in runoff caused by land use changes in the two periods can be reflected. The upper reaches have less development due to steep slopes, resulting in less runoff increments; the middle and lower reaches have more flat land, and some urban developments are hotter, resulting in an increase in impervious area. For the effective management of the watershed, the difference in storage capacity is divided into large, medium, and small levels using management zoning and K-mean cluster analysis, of which the area accounts for 2.3%, 11.7%, and 86.0%, respectively (Figure 11b).




3.2.3. Depression Space


The depression space distribution extracted by DEM and land use map data is shown in Figure 12a. Using k-mean cluster analysis, the depression space is divided into three levels, from large to small, accounting for 8.6%, 10.1%, and 81.3% respectively. The depression space in the middle and lower reaches of the basin is gradually decreasing, as shown in Figure 12b, as it gets closer to the mainstream.




3.2.4. Flood Disaster Adjustment and Construction Location Screening


In order to screen the watershed areas that can be built to adjust flood disasters, the difference in water storage capacity and the analysis results of the depression space are used, and the spatial classification matrix of runoff generation and storage (Table 5) reflects the relationship between the runoff changes and storage space of each management subdivision. By overlapping its spatial distribution, the hot spots of the advantages and disadvantages of the runoff storage and detention space can be obtained, as shown in Figure 13a. The water storage capacity difference represents the change in runoff. When the increased runoff has a considerable depression space to accommodate the water body, the management zone can balance itself, and the depression space is greater than the area where the runoff increment is larger. This location is a self-sufficient construction type.



In areas where the depression space is larger than the runoff increment, the use of this space to build water storage facilities can effectively store water resources in its catchment area, which can be used as an upstream offset location to reduce the flooded volume of the low-lying downstream. This location belongs to the construction type of off-site compensation.



When the depression space is less than the runoff increment, because there is no more space to store the water body, pumping equipment can only be installed in the low-lying flooded area to pump the excess water body to the river to reduce the degree of flooding. This location belongs to the type of construction that strengthens management.



Through the classification matrix, the construction locations of various types of catchment areas can be obtained, and the key construction locations can also be known. In the case of limited governance funds, taking into account the maximum benefit and priority, the area with the smallest difference in water storage capacity and the largest water storage space is selected, and the best area for off-site compensation is 124 square kilometers. For the area with the largest difference in water storage capacity and the smallest water storage space, the suitability evaluation of land development and management should be carried out, which is 9.7 square kilometers, as shown in Figure 13b.






4. Discussion


4.1. Flood Risk Assessment


The results of the flooding potential map released by the Water Resources Agency are based on different designed rainfall scenarios, based on hydro-geographic conditions, and then calculated using the SOBEK hydrological model to simulate the possible flooding situation of flood control facilities under normal operation. Therefore, when the disaster occurs, the internal water is not easily discharged due to the influence of the external water level, so that the flooding area is mostly internal water flooding, and the depth is mostly 0.3 m to 3 m (Figure 14a). The results of this study show that in the high-risk area, it accounts for 73.5% of the total flooded area, followed by 19.1% in the medium-risk area, 4.1% in the very high-risk area, 2.6% in the low-risk area, and 0.7% in the very low-risk area. It can be seen that the runoff conforms to the characteristics of the topography, and eventually all gather in the waterway, becoming the highest risk situation. The rest are mainly high-risk areas in the flooding potential range, indicating that the results are consistent with official data (Figure 14b). Therefore, using the TWI indicators of each basin combined with the SCS-CN method to estimate excess runoff can quickly and simply calculate the risk of flooding in the whole basin. This research has practical value and can provide government agencies with strengthening preparations for high-risk areas before typhoon torrential rains.




4.2. Adaptation Strategies for Flooded Locations


About 85% of the Zhuoshuixi embankment project has been completed. In the face of climate change, flooding events still occur under the increasingly severe rain pattern of short-delay heavy rainfall. The protective power of flood control projects has its limits and with the changes in social expectations and opinions, it is necessary to adjust the flood risk management strategy. Therefore, based on resilience thinking, it should not be implemented with the resistance strategy of raising the embankment, but should be implemented with a flood risk management strategy, which means allowing the river to temporarily inundate a large area, and then adjusting the land use to minimize flood damage. Therefore, it is based on risk management and “coexistence with flood” as the operating method, not disaster control [40].



In the process of land adjustment, the degradation of land use will have a significant impact on surface water infiltration and surface roughness, resulting in more floods [41], where the rural area is the same as the urban area, which is not only the driving cause of the increase in flood risk, but also the subject of flood damage. Therefore, the results of the water storage capacity difference in Figure 11 clearly show the distribution of runoff increments generated by land use, mainly in the flat area on the left bank of the lower reaches of Chun-Yun Bridge, which is a relatively hot zone that should be controlled. Figure 12 also finds that these high runoff increments are located on the upstream slopes of the management zone. Due to the influence of the terrain, there is still considerable depression space for water adjustment, which is the best location for compensation in different places, and these locations are mostly distributed in the upstream of Chun-Yun Bridge. Figure 13 shows that at the upstream of some high runoff incremental management zones, due to the influence of terrain, there is still considerable depression space for water adjustment, which is the best location for off-site compensation, and these locations are mostly located in the upper reaches of Chun-Yun Bridge. The concentration time of the flood peak can be delayed or the storage of water bodies through engineering means, that is, floodplains or flood detention ponds are built on the river course, and flood storage ponds can be built on the upstream slope, and it can reduce the flooding pressure in downstream areas. Therefore, the joint application of land use and engineering will become the most effective measure to control future flood risks [42].





5. Conclusions


Clarifying the distribution of land runoff can meet the demands of different stakeholders, reduce the pressure on flood management, and promote the fair and sustainable development of the river basin [43]. In addition, we also considered the provision of Ecosystem Flood Regulation Services (EFRS), which means that the ability to store water and reduce runoff in a specific area depends on the local soil, land use, and topography [44,45]. The excess runoff estimated by the SCS-CN method provides a simple and fast method to calculate runoff. The result also shows a high degree of positive correlation (R2 = 0.86). The runoff prediction can reach 80% reliability, and its error is mainly affected by the flood storage operation of the reservoir. The traditional use of SCS-CN method to estimate runoff does not take into account the influence of terrain. The evaluation model established in this study incorporates the judgment of the land to increase the correction of the actual runoff, that is, the use of TWI, which is considered to be a feature of river runoff [46] and can better reflect the flood risk situation. Combined with the concept of risk to establish a model for evaluating flood disasters, the results are consistent with the official data (SOBEK hydrological model). It can be used in real time dynamic risk warning through different rainfall events or recurrence periods.



In addition, combined with the water storage capacity difference and depression space indicators, the best location for floodplain, flood storage, and flood detention in the basin is optimized through topographic characteristics, so as to achieve the effects of slope land adjustment and sharing of runoff, high development area control, and flood peak reduction. These optimal locations for adjustment are selected through the natural terrain environment, and their own conditions can achieve flooding improvement. In the future, combined with environmental construction work, the scale of engineering facilities can be reduced, and the ecosystem service functions can be enhanced to prevent flooding. It can provide the government as a reference for river basin management.
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Figure 1. Site of the study area with DEM. 
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Figure 2. Analysis unit division: (a) spatial distribution of the specific watershed and (b) subdivision of the specific watershed. 
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Figure 3. Study flow chart. 
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Figure 4. The rainfall, excess runoff, and normalized excess runoff diagram of Zhuoshuixi Basin during the 100-year return period: (a) rainfall distribution map of Kriging analysis; (b) the normalized spatial distribution of excess rainfall calculated by SCS-CN method. 
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Figure 5. (a) The topographic wetness index and (b) the normalized topographic wetness index. 
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Figure 6. Location of the flow station. 
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Figure 7. Correlation between estimated runoff and observed flow. 
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Figure 8. (a) Flooding risk map (100-year return period) and (b) a risk level map based on subdivisions. 
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Figure 9. SCS soil texture classification. 
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Figure 10. Basic map data under current and original conditions: (a) current land use map, (b) original situation land use map, (c) current situation CN value, (d) original situation CN value, (e) current situation water storage capacity, and (f) water storage capacity in the original situation. 
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Figure 11. (a) Distribution of the water storage capacity difference and (b) distribution of water-storage capacity difference classification. 
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Figure 12. (a) Depression space distribution and (b) depression space classification. 
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Figure 13. (a) The spatial relationship between runoff generation and flood storage and (b) location of the best off-site compensation and strengthened management. 
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Figure 14. (a) The spatial relationship between the flooding potential map and the model results of this study and (b) the range of the flood potential map corresponds to the risk level of this study model. 
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Table 1. Related information used in the study.
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	Name
	Resolution
	Data Source
	Purpose





	DEM
	20 m × 20 m
	Department of Land Administration
	Terrain analysis



	Rainfall
	Daily data
	Water Resources Agency
	Return period estimation



	Discharge
	Daily data
	Water Resources Agency
	Runoff



	Soil type
	1/5000
	Agricultural Research Institute
	CN, S value
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Table 2. Soil category of SWCB and the corresponding that of SCS.
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	Classification
	Soil Texture
	SCS Soil Classification





	0
	Coarse sand and sand
	A



	1
	Fine sand, loamy sand, and loamy coarse sand
	



	2
	Loamy fine sand, coarse sandy loam, sandy loam, fine sandy, and loamy soil
	



	3
	Fine sand, very fine sand loamy, and fine sandy loam
	



	4
	Alfalfa loam and bauxite
	B



	5
	Loam
	



	6
	Sandy clay loam
	C



	7
	Clayey loam and silty clay
	D



	8
	Enamel clay and sandy clay
	



	9
	Clay
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Table 3. CN values corresponding to various land use and soil hydrological characteristics.
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	SCS Soil Classification
	A
	B
	C
	D





	Construction site
	74
	84
	90
	92



	Coniferous forest
	25
	55
	72
	77



	Surface water
	94
	93
	95
	96



	Upland field
	62
	71
	78
	81



	Park and cemetery
	39
	61
	74
	80



	Security forest
	25
	55
	70
	77



	Wasteland
	77
	86
	91
	94



	Wetlands
	92
	93
	94
	95



	Broadleaf forest
	36
	60
	73
	79



	Paddy field
	70
	79
	84
	88



	Orchard
	45
	66
	77
	83



	Other woodland
	38
	62
	74
	80
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Table 4. Observation and estimation of the maximum discharge events in each year.
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Discharge

	
A

Estimated

(M.M3)

	
B

Observed

(M.M3)

	
C

Base Flow

(M.M3)

	
D

B-C

(M.M3)

	
E

A-D

(M.M3)




	
Date

	






	
2018/08/24

	
388.7

	
306.9

	
16.82

	
290.08

	
98.6




	
2017/06/03

	
1092.1

	
1081.6

	
26.40

	
1055.18

	
37.2




	
2016/09/27

	
478.3

	
267.4

	
17.69

	
249.73

	
228.6




	
2015/08/08

	
403.5

	
133.2

	
9.95

	
123.20

	
280.6




	
2014/07/23

	
492.8

	
284.6

	
6.61

	
277.97

	
214.8




	
2013/07/13

	
685.9

	
571.7

	
21.57

	
550.09

	
145.8




	
2012/08/02

	
1028.8

	
861.2

	
20.89

	
840.33

	
188.5




	
2011/07/19

	
267.8

	
92.5

	
7.72

	
84.77

	
183.0
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Table 5. The runoff generation and the flood storage space classification matrix.
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Water-Storage Capacity Difference

	
Small

	
Medium

	
Large




	
Depression Space

	






	
Small

	
Self-sufficient

	
Strengthen management

	
Strengthen management




	
Medium

	
Offsite compensation

	
Self-sufficient

	
Strengthen management




	
Large

	
Offsite compensation

	
Offsite compensation

	
Self-sufficient
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