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Abstract

:

This study integrates and develops methods, namely low impact development (LID) selection method and an LID spatial planning model, to enable decision-making to minimize pluvial flooding for a community. The objective is to minimize the flood risk under the worst case of the design storm within the budget constraints. Design storms in current and future climate scenarios are analyzed as input to the Storm Water Management Model (SWMM). Then, LID practices are selected based on the proposed procedure and a spatial planning model is built to identify the optimal LID layouts using the simulated annealing (SA) algorithm. The lower and upper bounds of the generated rainfall intensities of a five-year 1-h duration design storms for the Hadley Centre Global Environment Model version 2 for the atmosphere and oceans (HadGEM2-AO), the Norwegian Earth System Model (NorESM1-ME), and the CSIRO-Mk3.6.0 Atmosphere-Ocean GCM (CSIRO-Mk3.6.0) during 2021–2040 are derived. The LID selection helps efficiently identify appropriate LID. Results show that nearly no flood occurs under the optimal LID layouts found by the LID spatial planning model. Moreover, it is more optimal to invest in LID in the lower sub-catchments in LID planning when the budget is limited. These methods are generally applicable for a community using LIDs as adaptation measures against pluvial flooding.
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1. Introduction


Many densely populated cities are flood-prone, and existing infrastructure may not be resilient enough facing the increased peak flows that may occur with climate change [1]. As such, many approaches to adaptation against floods have been proposed [2,3]. To achieve more sustainable land use practices against floods, small-scale source-control structures have received more attention in recent years over traditional engineered defenses [4,5,6,7]. These source-control structures disperse the perviousness in the developed area and retain storm water at its source, resulting in decreased surface runoff, lower peak flow rates, and eventual reduction of the flood [8]. Among the terms used to describe the practices, low impact development (LID) practices are used in this study as adaptation measures. The purpose of LID is to reduce the negative effects of urbanization on local hydrology [9]. These practices are already applied to reduce urban flooding, for example the rain garden of the new Hyderabad airport, the High Point Community Revitalization plan [10], and the flood plain in Benthemplein [11]. Appropriate design of LIDs prevents pluvial floods and provides more livable space.



Some studies have explored and quantified the effects of LID on storm water quantity and quality for specific rainfall characteristics. Qin et al. (2013) [12] simulated the performance of LIDs in Shenzhen, southeast China. Swales, permeable pavements, and green roofs perform best in total flood volume reduction during storm events with an early, middle, and late peak, respectively. It can be attributed to the setting of the storage height of each LID. Moreover, the result shows that swales, permeable pavements, and green roofs reduce floods more effectively during heavier and shorter events and that the performance depends on the location of peak rainfall intensity. However, other studies have shown that LID performs better for small storms [13,14]. Hood et al. [13] conducted a study in Southeastern Connecticut and found that the amount, duration, and antecedent moisture condition of the storms influence the performance of LIDs. The reductions of the runoff depth and peak discharge are mainly due to the infiltration in permeable pavement, bioretention, and grassed swales. Based on the previous studies, it is certain that LID designs and rainfall characteristics, such as the location of peak rainfall intensity, need to be considered.



Site constraints are important factors in in screen out suitable LIDs because they may limit the use of some LIDs, unless the LIDs are with specific design to adapt to the constraints. This study proposed a LID selection method based on the site constraints, providing users with a way to isolate the most suitable LID options when needed. Common site restrictions include land use type, local pollution loading, soil type and depth, groundwater table depth, topography, available space, drainage area, and impervious area. Pollution load control may be the main objective of LID implementation, rather than flood control. In that case, the pollution load of the site is not only treated as a constraint; instead, the effects of LIDs on the reduction of pollution loads are considered in the objective of adaptation. In Southern California, even the landslide risk is taken into account [15]. Other considerations include the required setback from buildings/building foundations, roads, water bodies, and other infrastructure [16,17,18]. Some studies also consider system reliability and robustness as selection criteria, but it is difficult to verify the methods used to score these factors for each LID practice [19,20].



Considerations involving subjective judgment, such as local experience or resident preference, can also be applied in LID selection [21]. Not all of the aforementioned factors are exclusively independent; moreover, overlap of these considerations may reduce the efficiency of selecting LID. For example, the impervious area is related to the land use type to some extent, and the buffer distances to buildings, roads, etc. are associated with the available space. Research that assigns quantitative benchmarks for the implementation of various LID practices under certain site conditions is rare. Moreover, studies exploring quantitative benchmarks seldom elaborate on the application of those benchmarks and usually do not establish an LID selection procedure. Among the very few that do describe selection procedures, Jia et al. (2013) [17] proposed an approach for selecting LID practices based on site constraints, cost, and effectiveness by creating a score table. However, the self-defined weights used in the scoring method affect the results of the LID selection and therefore cannot guarantee the reliability. In this case, evaluating the cost and efficacy using hydrological or planning models is another alternative.



Widely applied models created to support LID planning and decision-making usually combine the Storm Water Management Model (SWMM) and optimization methods to help identify the optimal types, configurations, and locations of LID practices [22,23]. System for Urban Stormwater Treatment and Analysis Integration (SUSTAIN; Lai et al., 2007 [22]) is one example, developed to assist the decision-making of the planning of the flow and pollution control measures. The optimization algorithm of SUSTAIN are scatter search and non-dominated sorting genetic algorithm-II (NSGA-II). Other optimization methods have also been applied in LID planning, including downhill simplex method combined with genetic algorithm [24], linear programming [25], and grey stochastic programming [26]. These are potential decision support tools for LID planning. However, decision support for future climate scenario analysis and LID selection to screen suitable LIDs is not included in SUSTAIN, although site condition information can be imported using geographic information systems. Moreover, the application of SUSTAIN relies heavily on the knowledge of the tool of geographic information systems in addition to the optimization methods. Therefore, the major contribution of this study is to propose LID selection method and a spatial planning model to assist LID planning under climate change.



Considering the site constraints and the cost-effectiveness of the LID measures under both current and future climate conditions, implementation of these LID measures in a target area is a complex task. Observed precipitation is required to derive the design storms for current conditions. Future daily rainfall estimates are often produced by stochastic weather generators [27,28] based on climate scenarios derived from the projections of general circulation models (GCMs). To obtain direct flood-related rainfall characteristics, design storms needs to be derived [29]. To conclude, integrated and systematic methodologies are necessary to assist community-scale implementation of LID practices. The goal of this study is to develop procedures to support adaptation decision-making for implementing LID of a community against pluvial flooding when experiencing climate change. The procedures of LID selection method and an LID spatial planning model intended to be transferrable to any region are highlighted in this study. Decision-making is applied to a design case, which demonstrates the steps necessary in LID planning for a community.




2. Materials and Methods


This study focuses on community-scale risk analysis of pluvial flooding and spatial planning of LID as adaptation measures by integrating existing methods and developing methodologies for each step of the systematic framework of adaptation decision-making (Figure 1). Adaptation to future climate scenarios is the process of adjustment to expected climate and its effects [30]. The framework is based on the European Union (EU) Adaptation Supporting Tool and the United Kingdom Climate Impacts Program adaptation wizard [31]. This study used a regional five-year design storm in flood analysis and proposed methods of LID selection and LID spatial planning to support the adaptation framework, which advances the current state-of-the-art approach [32,33,34,35].



Because floods may occur under the extreme rainfall in future climate scenarios, it is crucial to strengthen the carrying capacity to help a community adapt to potential pluvial flooding. The carrying capacity of the drainage system is the ability to drain the stormwater of the design storm event that is mandated by local law without causing inundation, a five-year design storm for the study case. The drainage system is the current storm drains plus the LID components as adaptation measures in the future climate scenarios. For risk assessment, this study conducted flood analysis using the rainfall intensity of the future worst scenario derived from the projections of selected GCMs. The method of LID selection is developed as an option for users to isolate the most suitable LID options, and an LID spatial planning model is proposed to evaluate the efficacy. The two procedures embedded in the framework are marked in Figure 1. The corresponding sections describing the procedures are shown in parentheses.



2.1. Problem and Goal


In the first step, the problem and the goal should be clarified before identifying climate adaptation measures. The problem of concern is pluvial flooding in a community under climate change conditions; therefore, external water from outside the community is not considered. The spatial boundaries and concerned future period are clarified in the problem setup, as are the capacity and loading of the drainage system. In this study, the concerned future period is 2021–2040 and the spatial boundaries are the sub-catchments of the study case. The site description is included in the section of design case because the methods are intended to be transferrable to any region. The loading means the flow caused by the stormwater and depends on the storm events the system faces. The value of the peak flow quantifying the flood risk is derived from the engineering designs and rainfall records of the concerned region, in this study the design case of the reference community. Then, the budget of the local authorities or stakeholders for implementing LID is considered. The goal is to effectively reduce flooding using the drainage system combining the storm drains and LID measures, under the estimated maximum rainfall intensity of the five-year design storms in the future climate scenarios derived from the GCM projections, e.g., the worst design storm. Here, a design storm with five-year return period (denoted as a five-year storm) is selected to meet the legal requirement for the study case. Specifically, the maximal depth and the maximal duration of inundation among all manholes are identified, respectively. Then, the objective function is to minimize the linear combination of the maximal depth, the maximal duration, and the number of inundated points spatially within the budget constraints, which is three million New Taiwan Dollars (NTD) for the study case.




2.2. Risk Assessment and Analysis


The second and the third steps are to assess current and future risks. When storm water reaches the surface and the drainage system fails to transport the water efficiently, inundation occurs. Therefore, this section elaborates on the details of design storms and flood analysis. Design storm is a storm event of specific duration and return period used to calculate the runoff volume and peak discharge, for designing hydrology-related measures in engineering. Observed hourly precipitation is used to derive the design storm by frequency analysis [36] and hyetograph analysis [37]. The design storm is the input of flood analysis in assessing current flood risk. Future daily rainfall is generated using a Richardson-type weather generator [27], based on future climate scenarios derived from GCM projections. To evaluate the design storm in the future climate scenario, the increase of the rainfall intensity is assumed the same as the increase of daily precipitation in the future climate scenarios. The hyetograph suitable for the target area, in this study the Hsinchu County for the study case, can be analyzed using the Simple Scaling Gauss–Markov method [37]. This method can also be applied to other areas if the normality and the correlation coefficients of the rainfall-event records fulfill the assumptions of the Gauss–Markov model. Then, the identified worst design storm is used in the flood simulation for future risk assessment.



In this study, flooding caused by storm water is simulated using SWMM (version 5.1.010), a physically based deterministic model developed by the Environmental Protection Agency of the United States. SWMM is used to assess the effects of development or adaptation measures on the runoff quantity and quality through the rainfall-runoff, urban drainage, and routing processes [38,39,40]. SWMM is selected because it has the embedded LID simulation modules that can be used to assess the effects of LIDs on runoff quantity. The Horton equation has been used for simulating infiltration and the routing method is the dynamic wave method. To depict the interaction between the pipe flow of the sewer system and the street flow on the surface, a dual system is developed. The dual system assumes that street gutters and sewer pipes are parallel and connected vertically by manholes. Therefore, the water spills onto the streets and causes flooding in the SWMM simulation when the flow is above the pipe crown. The gutter design of the dual system is flexible in this method; users are able to adjust the inlet/outlet offset, cross-section, and street slope according to local records. Simulation of LID is also included in SWMM to analyze subsequent effects on flood reduction. Given proper parameters, the design of LID practices can be simulated by SWMM LID modules. The LIDs are stratified into the surface, soil, storage, and drainage layers, with corresponding parameters such as the thickness, the porosity, and the conductivity of the soil layer. The users are encouraged to collect the parameters from the manufacturers before applying the proposed framework. Notice that the different objectives of installing LID also influence the selection of the parameters. More detailed descriptions of LID modeling can be found in the SWMM user’s manual [38].




2.3. Efficacy Evaluation of Adaptation Measures


In the fourth step, adaptation measures are selected to increase the capacity of the targeted community to reduce flood risk under climate change conditions. Two parts are included in this section: LID selection method and the LID spatial planning model.



2.3.1. LID Selection Method


This study developed a procedure for LID selection to isolate the most suitable LID options. Some LID options may need additional design considerations to be implemented under certain local site constraints. The proposed LID selection provide decision-makers an approach to efficiently limit the potential LIDs to those appropriate to the site, by calculating the score of the commonly-seen site-constraint factors (Table 1). Here is an example showing how the score of the pollution loading constraint is calculated from one of the collected studies providing the benchmarks. Twelve LIDs including infiltration trench, infiltration basin, dry detention pond, wet detention pond, vegetated filter strip, grassed swale, constructed wetlands, sand filter, green roof, rain barrel, porous pavement, and bioretention are considered in the reference [17]. All LIDs are applicable in low-pollution loading sites, while some are not as useful in medium-pollution loading sites, namely green roof, rain barrel, porous pavement, and bioretention. Moreover, only vegetated filter strip is applicable in high-pollution loading site. To summarize, there are 1, 8, and 12 out of 12 LID measures on the selection list applicable for the category of high-, medium-, and low-pollution loading sites, respectively, with regard to the pollution loading constraint [17]. Each site constraint factor is viewed as the selection criteria of suitable LIDs. The score of selection criteria is developed to determine key criteria and rank the selection criteria, which are further used to screen suitable LIDs.



Some LID measures are applicable for more than one category. No LID measures are limited by the pollution-loading factor if the real world situation lies in the low-pollution loading category, which is viewed as inefficient to isolate the most suitable LID options. The score is calculated by averaging the absolute difference between the ratio (ri) of applicable LIDs without additional design considerations (NLID in category i) and the average ratio (ravg) of LID for all categories (Nall LID options/C) (Equation (1)). The score of the pollution-loading factor in the aforementioned example can be calculated by Equation (2). Here, C = 3 refers to the high-, medium- and low- pollution loading categories. The lowest score (0) occurs if each category contains the same amounts of LIDs (four LIDs). It is because then only four LIDs without additional design considerations remain applicable for a real-world condition lying in one of the three categories. Therefore, the lower the score of the factor is, the faster the factor can screen out LIDs without additional design considerations. The numbers of the categories are different for each study and each constraint within the studies, which can be found in the reference studies [15,16,17,18]. For instance, according to the reference studies [41,42] which are reviewed by the study mentioning the pollution loading constraint [17], LIDs ability to address low, medium, and high pollution loading means the removal efficiencies of pollutants such as total suspended solids and total phosphorus lie in 0–30%, 31–65%, and > 65%, respectively. Moreover, the small, medium, and large area required for BMP are defined as land <10 acres, 10–40 acres, and >40 acres [42].
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where ri is the ratio of applicable LIDs to the number of all LIDs; NLID in category i is the number of applicable LIDs in the category i among the C categories of the site constraint factor; Nall LID options is number of all LIDs; ravg is the ratio of average LIDs in each category (Nall LID options/C) to the number of all LIDs (Nall LID options); and Score(pollu) is the score of the pollution-loading factor.



The score of the selection criteria of LIDs based on specified benchmarks exhaustively collected in previous studies is shown in Table 1 [16,17,18,40]. The site-constraint factors that limit the implementation of LIDs are reviewed based on the national or local guidance of several countries. The countries include North and South America, Europe, Africa, Asia, and Australia together with Oceania [16,18,19,20,43,44,45,46,47]. The frequency that each site-constraint is mentioned in the literatures is also shown in Table 1. Seven of the 11 most frequently mentioned factors are defined as primary site constraints because some factors overlap. For example, land use type, drainage area, and impervious area are usually correlated, and buffer or setback is related to the available area for LID. Moreover, some factors such as landslide risk are not a universal concern. Therefore, clarifying the primary factors helps identify the most-often considered crucial aspects.



Because the consideration of the buffer or setback in each region varies greatly, the score of that is neglected in this study and should be considered together with the available area. The priority of considering the site constraint factors is derived based on the average values of the score in Table 1, in the order of available area, ground water table depth, pollution loading, depth to impermeable bedrock, slope, land use type, and soil type. The benchmarks include LID options from available LID experiments or implementations in the United States, Canada, and Europe. Although the benchmarks may not be as useful in the places with very different site characteristics such as the soils in tropical regions, the proposed LID selection procedure is generally applicable in regions adopting similar type of LID measures. After identifying the LID options, the design of the LID needs to be addressed. The study optimizes the LID layouts with given LID parameters. However, further studies are recommended to optimize both LID layouts and parameters to fit particular objectives or site conditions.




2.3.2. LID Spatial Planning Model


Owing to budget constraints, decision makers must allocate LID practices in the most effective manner for alleviating floods. Therefore, a spatial planning model with the ability to minimize flood from a five-year storm in the worst future climate scenario is proposed to determine the optimal layouts of LID. In the spatial planning model, the objective is to minimize the maximal depth, the maximal duration, and the number of inundated points in the watershed within the budget constraints under the worst design storm. The decision variables include the type and amount of LID in each sub-catchment, which constitute a LID layout and form a solution. The combined use of LID practices can be considered in the spatial optimization model, either by dividing the sub-catchments into more sub-catchments or by redesigning decision variables for sub-catchments. To demonstrate the effects of the type and location of LIDs, only one of the LID measures is applied for each sub-catchment in this study.



To assimilate the planning process to the behavior of decision-making, the weighting method [48] is used. The setting of the weights helps to identify optimal solutions among all Pareto solutions in a multi-objective problem. The objective function of the spatial planning model is to minimize the highest depth (Di) and duration (Ti) of inundation among all sub-catchments as well as the number of inundated points (H) in the watershed after implementing LID, as shown in Equation (3), and the constraints are expressed in Equations (4)–(8). ωD, ωT, and ωH are weights. Notice that both the objective function and weights should be determined collaboratively with stakeholders from practical perspective. The maximal depth (m3), the maximal duration (hour), and the number of inundated points (-) of the floods in the objective function are normalized to ensure the rationality of adding up the terms with different units. This is accomplished by dividing Di, Ti, and H by the possible maximal values (Dmax_noLID, Tmax_noLID, and HnoLID) obtained before implementing LID under the worst case of the future climate scenarios. Di, Ti, and H are non-linear functions because the dynamic wave method accounts for pressure changes, such as backwater effects. Moreover, the simulated annealing (SA) algorithm is used because it is usually applied to problems related to allocation, such as the traveling salesman decision problem, and assures effective and efficient optimization [49].
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where M is the set of sub-catchments with m elements; N is the set of LID measures with n elements; pi is a random number ensuring only one of the LID measures is selected for each sub-catchment; ε is a random number representing the number of the selected LID units, generated from a uniform distribution between 0 and the allowed maximum amounts; xij is the number of the jth LID in the ith sub-catchment; Sij is the limit of the amount of the jth LID in the ith sub-catchment according to the site constraint factors; Cj is the cost of the jth LID; B is the total budget; and ZD, ZT , and ZH are the maximal depth, the maximal duration, and the inundated points of the flood, respectively.



The SA algorithm combined with SWMM is used to conduct the procedure for planning. The procedure includes changing the LID layout, simulating flood risk, and evaluating the objective function to guide the exploration of the solution space. The neighboring solution is generated by changing the types and amounts of LID practices in a randomly selected sub-catchment. To ensure the applicability of the spatial planning model, several executions of SA with different random initial states are required to check the characteristics of the optimal solutions. The spatial planning procedure is mainly programmed using the R statistical package, whereas the integration of SWMM and SA are programmed using C++. Based on the results of the optimization, the effects of the LID layouts on flood reduction are examined. By changing the setting of the storm drains and the design of LIDs, the LID spatial planning model is transferable to any other region.






3. Design Case


To test the validity of the proposed procedures, the framework of adaptation decision-making is applied to the artificial rural community. The reference village of the design case is the Xingshi Village, located in Hukou Township, Hsinchu County in northern Taiwan (Figure 2). The area marked by a square is where the drainage system located. Xingshi Village is a rural community involved in the community empowerment plan, mainly composed by residential area and the surrounded paddy fields. It belongs to subtropical climate zone, with annual average temperature of 22 °C and annual precipitation of 1550 mm. The precipitation is unevenly distributed, mostly comes from the thunderstorms in the wet seasons (May to October in Taiwan). The storm drains in Xingshi Village are designed to convey the peak flow from a five-year storm. The LIDs are relatively new in the history of the village, and only the junior high school has applied the rainwater harvesting and permeable pavements at the parking lots. According to the characteristics of the reference village, the types and the ratios of land uses, the ground water depth, and soil characteristics (Table 2) are designed. The designed community is divided into 61 blocks. Each sub-catchment consists of a certain number of blocks based on the surface slope, concentration time, and distribution of the roads. Each sub-catchment has a given land use and drainage area, and the rainwater is drained to the northeast direction (Figure 3). In this study, the stormwater overflow from the paddy fields is assumed drained from the farmland drainage and will not enter the sub-catchments.



The weather data used for the designed community are obtained from the station closest to the reference community (Hsinchu station). The GCMs are selected based on the criteria of the trend similarity (R2) and differences (root mean square error; RMSE) of the baseline mean monthly precipitation (1986–2005) between the data produced by different GCMs at the nearest data point and the observed data of Hsinchu station [50]. Three GCMs are selected taking into consideration the required computation efforts. In this study, the Hadley Centre Global Environment Model version 2 for the atmosphere and oceans (HadGEM2-AO) [51], the Norwegian Earth System Model (NorESM1-ME) [52], and the CSIRO-Mk3.6.0 Atmosphere-Ocean GCM (CSIRO-Mk3.6.0) [53] are selected to project the future climate. Scenarios representing future greenhouse gases concentration follow the Representative Concentration Pathway (RCP) proposed by IPCC [30]. The high-end scenario RCP 8.5 is used and GCM climate projections are downscaled using bias-correction and spatial disaggregation by the National Science and Technology Center for Disaster Reduction (NCDR) [54]. The increment of daily precipitation in future climate scenarios comparing to the precipitation in baseline scenarios for the selected GCMs are used to estimate the rainfall intensity of the five-year storm in future climate scenarios. After determining the distribution ratio of hourly rainfall based on the historical data and obtaining the Intensity-Duration-Frequency (IDF) curves, the worst design storm is then determined by choosing a suitable hyetograph for the design case. The hyetograph is location-dependent and need to be derived from historical observed weather data. In this study the designed hyetograph analyzed from a previous study for Taiwan is used [35]. The duration of the storm is 1 h, as determined by the simulated time for the runoff to flow from the most remote point in the community to the outlet. The 1-h (denoted as 1-h) events are distributed into 12 equal periods for the convenience of generating the hyetograph.



The storm drains in the study case are able to convey the runoff from the design storm in the current scenario, as mentioned in the Disaster Prevention and Protection Act of Taiwan currently applied to the storm drains of the reference community. The average flow velocity for the sewers remains between 0.8 m/s and 3 m/s, and the safety factor of 0.85 is used. The storm drains of the design case in SWMM are setup to imitate the reference community, using the methods proposed by Gironás et al. (2009) [55]. The manhole discharges of SWMM have been validated under a similar case in Taiwan [56]. In the simulation setup, each sub-catchment is assigned one of four land use types, including residential area, green area, paddy field, and wetland. The wetland located in the upper-right corner of Figure 1 is used for natural water treatment. The site characteristics affecting the selection of LID are also noted in Table 2. Other characteristics that may limit the application of LID, such as the vegetation, eco-region, sensitivity, and restricted areas, are already included in the variables of available space. The results of applying the adaptation framework to the case study are presented in Section 4, within which the subsections correspond to those in Section 2.




4. Results and Discussions


4.1. Problem and Goal


This study focuses on pluvial flooding, particularly under climate change conditions under the high-end scenario RCP 8.5 in the near-term future during 2021–2040. Considering the acceptable level of risk, the design objective for the future climate scenario is set to convey the runoff from a five-year storm without surface flooding, based on the Disaster Prevention and Protection Act of Taiwan. For adaptation using LID, the capital and maintenance cost limit is assumed three million NTD, which is roughly equivalent to the current policies promoting the implementation of LID in a community. The goal of the adaptation is to minimize the most severe flood depth, the most severe flood duration, and the number of inundated points under future climate scenarios.




4.2. Risk Assessment and Analysis


The design storms in the current and future climate scenarios are derived as the input of SWMM in flood-risk assessment. The rainfall intensity of a five-year storm with 1-h duration is 63.2 mm/h, based on the observed precipitation of Hsinchu weather station. Moreover, the increase of the daily precipitation of the three GCMs derived from the climate projections are analyzed. Because this study focuses on extreme storm events, the average of three maximum increased percentages of the monthly precipitation from HadGEM2-AO, NorESM1-ME, and CSIRO-Mk 3.6.0 in wet seasons (May to October) is evaluated to estimate the worst future climate scenario. The average of the maximum increased percentages of the monthly precipitation of the GCMs is 39% during 2021–2040 in RCP 8.5. To evaluate the effects of adaptation using LID measures in the worst climate scenario, the rainfall intensity of the design storm in the worst case is set 50% more than that of the current rainfall intensity, which is 94.8 mm/h calculated by multiplying 63.2 mm/h by 1.5. It is also found that the LID layouts optimal in the worst case help the drainage system to convey stormwater until 2061–2080, based on the increased percentages of the monthly precipitation. The worst design storm would overwhelm the existing storm drains that meets the current standard and lead to flooding. According to the legal requirement, the storm drains are designed for a five-year storm. The storm drains of the reference community are able to convey the runoff from a five-year storm and experience no flood in the current condition. However, flood risk exists in the near-term future (Table 3). To achieve the goal of minimizing flooding under the worst design storm in the future climate scenarios, LID practices are applied to the design case. The selection of suitable LID measures and the corresponding parameters are described in Section 4.3.1.




4.3. Adaptation Options Identification and Evaluation


4.3.1. LID Selection Method


Technically, the LID measures mentioned in the source references of Table 1 are options for the design case. Based on the priority of site characteristics identified in Section 2.3.1, the LID selection criteria are applied to the community beginning with the available area. First, the references defining the area required for different LID are examined, and the applicable LID appearing in more than one reference is checked [16,17,18,40]. Four LID measures fitting the small available area of the design case are deemed applicable: media filter [16,17,18], green roof [16,17], rain barrel [16,17,18], and permeable pavements [16,17]. Because the depth to the water table of the design case is deep, it does not limit the use of any aforementioned LID practice. The remaining factors do not exclude any of the LID practices. However, the media filter is not considered in the design case because it is mainly used to remove pollutants and additional assumptions are required for simulation as it is not included in SWMM LID modules [57]. Users can decide whether to keep the media filters as options in their own cases and in this study only green roofs (G), permeable pavements (P), and rain barrels (R) are selected as adaptation measures for the design case. The parameter setup of each layer of the LID influences flood inundation in the design community. The storage capacity of the rain barrel is designed assuming the average (85%) of the usually analyzed range of water supply reliability (70–100%) in Taiwan for each building with an effective roof area of 100 m2, according to the results of Hsinchu County in previous research [58]. The parameters of the other LID practices in SWMM are also assumed based on previous research [12,59]. The facility costs of the green roofs, permeable pavements, and rain barrels are 3370 NTD/100 m2, 3400 NTD/100 m2, and 1097 NTD/barrel, while the maintenance cost for the first two LIDs are 2400 NTD/100 m2 and 1761 NTD/100 m2 assuming 20 years of the lifespan and planning horizon, respectively [60]. Notice that the maintenance costs of rain barrels with capacities around 200 liters are covered by households themselves. The facility cost of a rain barrel is calculated by multiplying the capacity of each unit (0.3656 m3) by the cost per unit (3000 NTD/m3) [17].




4.3.2. LID Spatial Planning Model


The proposed spatial planning model using the SA algorithm aims to optimize the layout of the LID practices. As an example, the weights are set as 0.33 for each of the four terms in the objective function. Because the building coverage ratio is 60% of the residential area, the allowed maximum coverage ratios are designed as half of the roof area and the pavement area, which equates to 30% and 20% of the residential area for green roofs and permeable pavements, respectively. The maximum coverage ratio of the above ground rain barrels is 20% of the available space in the residential area [60]. The unit surface areas of the above LID practices are 2916, 2916, and 0.4 m2. The parameters of the SA algorithm are shown in Table 4, which are selected in accordance with the recommended settings reviewed in Chen et al. (2015) [49].



The spatial planning model is used to find the optimal LID layouts with the input of the worst design storm (94.8 mm/h). In this study, three executions of SA with different random initial states are conducted to examine the operability of the model, namely initial solution 1, 2, and 3 (LID1, LID2, and LID3). The initial solutions of the executions of SA are composed by randomly assigned LID type and amount in each sub-catchment. The value of the objective function of LID1, LID2, and LID3 and the corresponding optimal solution found by SA are listed in Table 5. The results show that there is nearly no flood (e.g., inundated depths are less than 0.01 m) when applying the optimal LID layouts in the design case. Moreover, the effectiveness of the spatial planning model are ensured because the maximum inundated depth, the maximum inundated duration, and the number of inundated points under the optimal layouts of the initial solution 1, 2 and 3 are similar.



The relationship between the costs of the LID layouts and the objective function for optimization of LID1 is shown in Figure 4. The vertical axis is multiply by minus 1 so that higher values indicate better performance of the LID. The solutions are dispersed, with some reaching high efficacy of flood mitigation with relatively low LID cost. Therefore, the layouts represented by these solutions show the possibility of flood reduction under limited budgets. The minimal costs for reaching different levels of flood reduction are shown by the straight line in Figure 3. That is, the location and type of LIDs may be more important than the amount of them when the number of LIDs is up to a certain extent, and additional LID is not always necessary to reduce flooding.



The objective function of LID1 converges from 1.3 to 0 through 826 iterations of the SA algorithm, which represents the reduction of the flood. The optimal layouts can be viewed as the best performance of the implemented LID within the budget constraint under the worst future climate scenarios, which assured nearly no flood in the community. Otherwise, raising the budget may be necessary to reduce floods. If the goal is to achieve the most cost-effective flood mitigation, further research on marginal effect is necessary to assess the trade-off between allocated budget and reduction in objective values. Because several LID layouts performed equally effectively, their patterns are analyzed. Here only the optimal layouts are examined. Because the optimization algorithm tends to find better solutions; therefore, the worst solutions found in the optimization process are not as bad as other possible solutions that are not even searched for in the solution space.



The optimal LID layouts of the three executions of SA are shown in Figure 4. Notice that brown, white, and green represent green roofs, permeable pavements, and rain barrels, respectively. The percentage (%) of the LIDs is derived from dividing the amounts of LID by the allowed maximum amounts. The percentages shown in parenthesis in Figure 5 are high in general, which indicates the flood-reduction effects of the LIDs. The reason that the optimal layouts differ is that the SA algorithm goes through the solutions space randomly and records different near optimal solutions. However, useful information for decision-making in LID planning is derived.



The green roofs appeared most often in the best solutions. It may be because the delay of runoff for green roofs is significantly longer than that of permeable pavements. Moreover, although the rain barrels can effectively store stormwater, the cost of rain barrels is significantly greater than green roofs and permeable pavements for the same effect on reducing flood. Because the green roofs and the permeable pavements demonstrated in this study do not have storage layer, the flood-reduction effect of the optimal LID layouts is mainly attributed to the staggered timing of the peak flow in each sub-catchment, rather than to the magnitude of the captured or collected stormwater. Large amounts of green roofs in sub-catchment 1 are crucial in reducing flood. It prevents flooding in the upstream manholes, and therefore large amounts of green roofs in sub-catchment 2 and 4 may not be necessary. Large amounts of green roofs in sub-catchment 10 are found for the three optimal layouts, which may be because the corresponding manhole connects water from two pipes with relatively small diameters. Moreover, because the sub-catchments 9 and 10 preferably include more LIDs, the amount of LIDs in sub-catchments 13 and 14 can be substantially reduced. To conclude, the LIDs at downstream sub-catchments are important in reducing flood for the adjacent upstream sub-catchments and also the whole community, and therefore should be first considered in LID planning when the budget is limited.






5. Discussion


In this study, the rainfall intensity of the worst design storm in future climate scenarios is assumed 1.5 times the intensity of the current design storm for the design case, derived from the daily-precipitation projections of the selected GCMs. The assumption is that the increased percentages of rainfall intensities of design storms are the same as the increased percentages of the daily precipitation. The changes of rainfall intensities of design storms are less discussed; however, methods of downscaling daily precipitation into hourly rainfall have been proposed, such as K Nearest Neighbor method [29]. With the projected hourly rainfall series, design storms can be estimated using frequency analysis [34] combined with a hyetograph suitable for the target area. Generating hourly precipitation in future climate scenarios provides the range of the uncertainty of estimating the change of the rainfall intensity of design storms due to climate change. Therefore, the method is worth discussing and is recommended for future studies applying adaptation framework against flooding.



The LID selection method is developed trying to help screen out suitable LIDs efficiently based on the site characteristics, which also enhances the application of the benchmarks of the selection criteria (e.g., the site constraint factors) proposed by previous studies. The conditions particularly marked in the reference of the benchmarks, such as the terms “if” and “with”, are treated as LIDs with additional requirement. However, the additional requirements defined in the studies may be embedded in some of the LID practices and are not necessary exclude the use of the LIDs. Although the reference studies are review, more studies list the specified benchmarks are required to provide the information of detailed selection criteria for LIDs. The proposed LID planning model identifies the optimal LID layouts for the study case and found that it is more optimal to invest in LIDs in the lower sub-catchments than the upper sub-catchments. The result complies with a previous study comparing the performance of evenly distributed LIDs and optimal LID layouts on peak flow reduction in a different design case [61]. The study concludes that the performance of installing 20% of the area with LID at downstream is the same as installing 40–50% of the area with evenly distributed LID for a five-year storm in Hsinchu. It indicates that the spatial planning model provides useful information. However, it is possible for the estimated flood risk to change in the future after implementation of LID owing to better climate projections. In such cases, an adaptation revision mechanism and principles would be necessary for adjusting the adaptation plan to meet the goal under different scenarios.



Although this study demonstrated the application of the framework as practically as possible, further studies are still necessary to optimize both LID layouts and parameters to fit particular objectives or site conditions. For example, the rainfall patterns and reused water demands are influential factors in the water supply performance of a rain barrel; therefore, these factors need to be considered when designing the storage capacity of rain barrels. Furthermore, the marginal value assessment of flood mitigation is recommended. Aspects such as water supply, human thermal comfort, and biodiversity may be influenced by the implementation of the LID. Proper indicators can be selected and included in the objective function to find the most favored LID layouts. In addition, stakeholder opinions should be included in the entire decision process, from clarifying the problem and setting up the goal of adaptation to identifying adaptation options from the local environment and experience and setting special requirements as criteria for LID selection. All of these issues require further study.




6. Conclusions


This study developed procedures for supporting a systematic framework of climate adaptation decision-making to clarify the problem and goal, evaluate current and future climate risk, and assess the adaptation options. LID practices are used as adaptation measures to strengthen the carrying capacity of the drainage system for a five-year return period storm, helping to offset the increased flows associated with climate change. The goal of adaptation is to minimize the maximal depth, the maximal duration, and the number of the inundated points in a community under limited budget conditions, when facing the worst design storm, a design storm with five-year return period (a five-year storm) with 1-h duration, under the high-end scenario RCP 8.5 during 2021–2040. To assist the evaluation of climate risk and implementation of LID practices, procedures of LID selection method and an LID spatial planning model are proposed. The increase of the rainfall intensity of the design storm in the future climate scenarios is assumed the same as that of the daily precipitation. The worst design storm is estimated as 1.5 times of the current rainfall intensity, which is 94.8 mm/hr. For the steps of identifying and evaluating the adaptation options, LID options are reduced based on site constraints, and an LID spatial planning model is then constructed to consider the cost and effectiveness. The decision variables are the type and amount of LID practices for each sub-catchment. The SA algorithm is used in the LID spatial planning model as a searching algorithm and is combined with SWMM. The adaptation decision-making framework is applied to a design case to demonstrate the steps required to assess the flood risk and to adapt to flood for a community.



The results showed that the systematic framework of climate adaptation decision-making helps the planning of LID under the uncertainty of climate change. The proposed procedure of LID selection provides users with a way to isolate the most suitable LID options when needed. The results of the LID spatial planning model show that nearly no flood occurs when applying the optimal LID layouts in the design case under the worst design storm. From the relationship between the cost of the LID and its flood-reduction effect, some LID layouts are found having a considerable effect on flood reduction with relatively lower costs than other layouts. Moreover, the patterns of the optimal LID layouts from different execution of SA are analyzed. The results show that LIDs at downstream sub-catchments have a considerable effect on the adjacent upstream sub-catchments and also the whole community and should be first considered in LID planning when the budget is limited. In conclusion, the adaptation framework is generally helpful in LID planning for a community to adapt to pluvial flooding.
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Figure 1. Systematic framework of adaptation decision-making. 
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Figure 2. Location of the weather station and the study case of Xingshi Village, Hukou Township, Hsinchu County, northern Taiwan. 
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Figure 3. Design case in Storm Water Management Model (SWMM). 
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Figure 4. Relation between low impact development (LID) cost and objective function 
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Figure 5. Types and percentages of the optimal layouts for different initial solutions. 
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Table 1. Frequency and score for site constraints in low impact development (LID) selection.
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	Primary and Secondary Selection Criteria
	Frequency in Literature
	Scores for Selection Criteria of LID Measures
	Average Score
	Priority



	Land use type
	8/15
	0.50 [16] 0.48 [17]
	0.49
	6



	Ground water depth
	7/15
	0.28 [15] 0.15 [16] 0.45 [17] 0.38 [18]
	0.32
	2



	Available area
	7/15
	0.07 [15] 0.36 [17] 0.46 [18]
	0.30
	1



	Slope
	7/15
	0.28 [15] 0.45 [16] 0.40 [17]
	0.38
	5



	Pollution loading
	7/15
	0.25 [15] 0.42 [17]
	0.34
	3



	Soil type
	5/15
	0.56 [15] 0.60 [17] 0.48 [18]
	0.55
	7



	Depth to bedrock
	5/15
	0.28 [15] 0.29 [16] 0.46 [18]
	0.34
	4



	Secondary Selection Criteria
	Frequency in Literature
	Scores for Selection Criteria of LID Measures
	Average Score
	Priority



	Drainage area
	4/15
	0.39 [16] 0.41 [17]
	0.40
	-



	Buffer or setback
	4/15
	-
	-
	-



	Imperviousness
	2/15
	0.57 [17]
	0.57
	-



	Landslide risk
	1/15
	0.33 [15]
	0.33
	-
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Table 2. Characteristics for the design case.
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	Characteristics
	Design Case
	Characteristics
	Design Case





	Total area
	177,876 m2
	Pollution loading
	Low



	Residential area
	69,984 m2
	Ground water depth
	>1 m



	Area of public green
	2916 m2
	Depth to bedrock
	>1.5 m (5 ft)



	Area of paddy fields
	102,060 m2
	Slope
	0–5%



	Area of water body (wetland)
	2916 m2
	Land use type
	Residential, commercial, and public facilities



	Available area
	Small
	Soil type
	Laterite, infiltration rate: 4–5 mm/h,

about 0.16–0.2 in/h
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Table 3. Increase of flood risk for future climate scenarios.
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	Climate Scenarios
	Maximum Inundated Depth (m)
	Maximum Hours Flooded (h)
	Number of Inundated Points (-)





	Current (63.2 mm/h)
	0
	0
	0



	Worst case without LIDs (94.8 mm/h)
	0.20
	0.25
	16
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Table 4. Design parameters in the cooling schedule of simulated annealing (SA) algorithm.
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	Initial Temperature
	Termination Temperature
	Reduction Coefficient of Temperature
	Length of Markov Chains





	10
	0.0005
	0.85
	14
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Table 5. Increase of flood risk for future climate scenarios.
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	Climate Scenarios
	Maximum Inundated Depth (m)
	Maximum Hours Flooded (h)
	Number of Inundated Points (-)





	Worst case with LID1(initial)
	0.08
	0.18
	8



	Worst case with LID2(initial)
	0.11
	0.17
	9



	Worst case with LID3(initial)
	0.11
	0.18
	14



	Worst case with LID1(optimal)
	0.002
	0.02
	1



	Worst case with LID2(optimal)
	0.01
	0.02
	2



	Worst case with LID3(optimal)
	0.01
	0.02
	2
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