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Abstract 

 

Flood mitigation effect of green-gray infrastructures in urban area 

 

Chaeyoung Bae 

Interdisciplinary Program in Landscape Architecture and 

Integrated Major in Smart City Global Convergence Program in 

Seoul National University 

Graduate School of Seoul National University 

Supervised by Professor Dong Kun Lee 

 

The existing methods for mitigating urban flooding have focused on the 

volume expansion of sewerage systems, however, these measures alone are 

expensive and primarily aimed at water treatment, making them an 

unsustainable solution to unpredictable rainfall. Thus, strategies have been 

proposed and applied over the past decade to control runoff and delay peak 

flow by restoring natural hydrologic circulation and maximizing infiltration 

and retention capacities at the source. In this study, using the green 

infrastructure (GI) concept, a model simulation was conducted to quantify the 

effects of green-gray infrastructure on flood mitigation by changes in 

different techniques, rainfall patterns, and implementation location.  

Therefore, the main research question for each chapter in this paper is: 1) 

Is the green infrastructure effective in flood reduction? 2) How does the effect 
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differ according to various rainfall patterns, and how does the effect differ 

when integrated with the gray infrastructure, 3) How does the effect differ 

depending on the where the green-gray infrastructure practices are 

implemented? This study used a deterministic hydrologic model to perform a 

before-and-after analysis of hypothetical scenarios such as various rainfall, 

technology, and location. 

The results of this study are significant as they improve model accuracy 

through parameter optimization and model correction considering both past 

and current time points, and quantify the potential effect of GI technology 

based on flood events of various characteristics. In addition, it emphasizes the 

importance of detailed comparisons of various options in the decision-making 

process related to green-gray infrastructure planning. 
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I. Introduction 

The frequency and magnitude of extreme rainfall are increasing because 

of urbanization and climate change (O'Donnell et al., 2019). Urban flooding 

negatively impacts infrastructure and humans and can lead to excessive 

damage costs (IPCC, 2014). Therefore, urban flood management (UFM) is 

essential for effectively managing the physical causes and potential effects of 

flooding by improving the structure and function of cities (Merz et al., 2010). 

The UFM ought to consider the connections and interactions between existing 

and new infrastructures to manage stormwater and improve the capacity to 

treat water (Vercrusse et al., 2019). Existing methods for treating water and 

mitigating urban flooding have focused on the volume expansion of sewerage 

systems. However, these measures are expensive and primarily aimed at 

water treatment, rendering them an unsustainable solution to unpredictable 

rainfall (Huang et al., 2020). 

Thus, strategies have been proposed and applied over the past decade to 

control runoff and delay peak flow by restoring natural hydrological 

circulation and maximizing infiltration and retention capacities at sources 

(Palla et al., 2017). These strategies are expressed in various terms, including 

low impact development (LID), green infrastructure (GI), and nature-based 
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solutions (NBS) (Ruangpan et al., 2020). Although each term has a different 

focus, it provides public benefits in addition to hydrological resilience, such 

as improved urban microclimate and biodiversity (Kuller et al., 2017). While 

the LID concept is for landscape functional-based storm care and GI is aimed 

at introducing ecological technology into existing infrastructure, NBS is a 

concept that has been frequently used since the 2010s to encompass existing 

concepts used regarding risk reduction (Nesshöver et al., 2017). This study 

used the GI concept, which integrates nature-based green and blue solutions 

and enhances and extends existing infrastructures (Dushkova and Haase, 

2020). GI is a strategically planned network of natural and semi-natural areas, 

with other environmental features designed and managed to deliver a wide 

range of ecosystem services, such as water purification, climate change 

mitigation, and adaptation (Maes et al., 2015). 

Various research methods, such as stochastic, empirical, probabilistic and 

deterministic methods, have been used to analyze the impact of urban 

flooding (Escuder-Bueno et al., 2012). Among them, deterministic methods 

using a hydrological model based on a simplified representation of the 'real 

world' are appropriate for identifying hazardous areas or confirming the 

effectiveness of spatial techniques such as green-gray infrastructures 

(Rodriguez et al., 2021). 
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Although several modeling researches has been conducted on the runoff 

mitigation effect of GI, most of these analyses have been conducted for 

building or block units. Few studies have identified the actual flood-

mitigation impact based on parameter estimation and model updating at 

catchment-scale sites located at the boundary where rainwater is treated in an 

urban area. It is important to demonstrate strategies that can be implemented 

to reduce the flow at flooding sources and minimize flood risk at critical 

locations (Vleeschauwer et al., 2014; Fletcher et al., 2015; Dawson et al., 

2020). Although the general theory of spatial impact is popular, modeling 

guidelines that can provide information for implementation in real-world 

plans are still lacking. In addition, few studies have tracked both grey-green 

infrastructure changes. Most studies were mainly based on surface and peak 

runoff reduction (Ercolani et al., 2018; Mei et al., 2018). Moreover, the 

impacts of the underlying rainfall patterns of GI on improving resilience are 

poorly understood. Urban flooding frequently occurs and has varying patterns; 

therefore, it is important to explore strategies for improving resilience and 

evaluating the efficiency of these strategies. 

Research purpose reflecting these limitations of prior research are as 

follows. Chapter 2 tried to increase the accuracy of the results by constructing, 

calibrating, and verifying the urban flood simulation model based on the 
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deterministic model. In addition, the effectiveness of GI as an adaptation 

strategy was evaluated. However, in Chapter 2, it was not tracking changes in 

the performance of green and gray infrastructure techniques. Furthermore, the 

effect of rainfall patterns, an important part of discussing resilience 

improvement, on the GI practices has not been analyzed. In consideration of 

these limitations, the performance of various rainfall patterns was analyzed in 

Chapter 3, and varying hypothetical performances by technology and sewage 

system changes were analyzed. In addition, by deriving resilience as well as 

runoff and flood volume, which are existing result indicators, the effect of 

green infrastructure was addressed by absorption and recovery concepts and 

analyzed. Chapter 4 attempted to conduct a modelling study based on the 

actual target site to prove the hypothesis that it is appropriate to install GI in 

the source area and to take structural protection measures in the impact area 

as summarized in previous studies. 
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Fig. 1. Conceptual framework the research 
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II. Effects of low-impact development practices for flood 

events at the catchment scale in a highly developed 

urban area 

 
2.1 Introduction 

The frequency and magnitude of extreme weather and climate events such 

as heat stress, extreme precipitation, inland and coastal flooding, and water 

scarcity have been increasing steadily, posing risks to people, assets, 

economies, and ecosystems in urban areas (IPCC, 2014). Floods, particularly 

those in urban areas with a high percentage of impervious surfaces and high 

population density, can cause inundation of low-lying areas, which can result 

in indirect risks such as economic crises due to damage to electricity, gas, 

water supply, and transportation facilities (Yoon and Moon, 2009). In 

addition, projections of climate change associated with precipitation indicate 

the unpredictability of risks due to the low reliability of models and the 

spatially diverse and temporally dynamic patterns of hazards (IPCC, 2012). 

According to statistics of major damage attributable to natural disasters in 

Korea over the past decade (2006–2015), the highest amounts of damage have 

been caused by heavy rains (63%) and typhoons (30%), which directly cause 

flooding (KMA, 2016). The Seoul metropolitan area, which is at risk of 
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flooding due to its high percentage of impervious surface, has attempted to 

expand the sewer system and sewage pumping stations in response to frequent 

floods, but this has not been a sustainable solution for coping with climate 

change. 

To address problems associated with urban water circulation, it is most 

cost-effective to consider water management during the planning phase. For 

this reason, various countries have proposed strategies for water management, 

such as green infrastructure, decentralized urban design, low- impact 

development (LID), and water-sensitive urban design. Different from 

conventional development patterns such as sewage concrete expansion, these 

strategies basically seek to reduce the impact of storm water runoff, restore 

and protect ecosystems, and retrench costs of constructing and maintaining 

storm water management infrastructure (Graham et al., 2003). Among these 

strategies, LID encompasses various strategies, such as rain gardens, green 

roofs, sidewalk storage, vegetated swales, buffer strips, rain barrels, and 

permeable pavement, and can be adapted to specific site characteristics 

(Prince George's County, 1999). The effects of LID on runoff have been 

studied in various scales (Inkiläinen et al., 2013; Palla et al., 2017), as well as 

by the design elements of the individual LID practices (Montalto et al., 2007; 

Diezt, 2007). Recently, the effectiveness of LID has also been highlighted as 

https://catalog.hathitrust.org/Record/102372684
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a potential option to reduce urban flood risks (Ellis, 2012; Kim et al., 2016). 

While the installation of storage facilities is mainly proposed as a flood 

reduction option, there is a limitation in that new spaces for large-scale 

facilities cannot be allocated in highly developed urban areas (Duan et al., 

2016). This study intended to apply LID for urban retrofitting in small spaces, 

such as parking lots, sidewalks, and buildings. 

In addition, although much modeling research has been carried out on the 

runoff mitigation effect of LID, most of these analyses have been conducted 

for building or block units, and few studies have identified the actual flood-

mitigation impact based on parameter estimation and model updating at a 

catchment-scale site located at the boundary where rainwater is treated in an 

urban area. 

The main objective of this study was to identify the hydrological benefits 

of urban disaster prevention by LID using a simulation model. Under these 

objectives, practical LID was applied to the catchment scale to derive realistic 

disaster risk reduction at the study site, and flood events were applied and 

verified. The identification process consisted of four main components: (1) 

site analysis and simulation model configuration, (2) design criteria setting of 

applicable LID practices, (3) model updating through sensitivity testing and 

parameter estimation, (4) impact analysis of LID practices on flood events. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/catchment-scale
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2.2 Methods 

2.2.1  Study site 

2.2.1.1  Spatial data 

 

The study site was located in Seoul, the capital of South Korea, one of the 

most densely populated cities worldwide. The extensive urbanization of Seoul 

in the 1960s and 1970s led to rapid expansion of the city without appropriate 

definition or consideration of terrain characteristics and flooding in the urban 

development process (Koh and Lee, 2012). 

 

 

In this study, two case sites were selected at the catchment scale, which 

represents the basic scale for determining the amount of domestic water in 

urban areas and minimizing other impacts. The first case site (site Ⅰ) within 

Seoul city is a typical densely built and highly populated residential 

catchment-scale sector with a low amount of green space. The 198.89-ha case 

Fig. 2. Study site location and land cover map (Seoul city, South Korea) 
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site located at an elevation of 5–44 m is bounded by a tributary to the Han 

River, and more than 80% of the total area is impermeable, which means that 

it can be regarded as a high-density lowland development area. The second 

case site (site Ⅱ), adjacent to site Ⅰ, is a typical commercial area with an area 

of 192.61 ha, elevation of 14–71 m, and an impermeable area of 85%. Both 

case sites have a history of flooding, in 1984, 1990, 1998, 2001, and then 

again in 2010, despite sewer construction. Fig. 2 provides an overview of the 

study sites. 

2.2.1.2  Meteorological data 

 

In modeling studies, it is common practice to use probable rainfall data; 

however, in this study, rainfall events that caused actual flooding were applied 

as meteorological data because the model was updated through parameter 

estimation using actual rainfall events as the basis for correction. 

The observation data of precipitation were collected at the automated 

weather station (AWS) of Gangnam (37.5131° N, 127.0470° E), which is the 

nearest rain gauge to the case sites. The rainfall data from the AWS were 

measured with a resolution of 5 min. 

The Asia-monsoon, also called the seasonal wind, is associated with 

intense rainfall and are typically generated by seasonal changes in wind and 
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atmospheric pressure. The Korean peninsula is mainly affected by the North 

Pacific High in summer, and more than 50% of the annual precipitation is 

concentrated within the monsoon season (Seo et al., 2011). The monsoon 

season in Korea is concentrated in July and August, and the flood event 

selected in this study also corresponds to this period. 

The 2010 rainfall event had a relatively short duration, but the hourly 

maximum rainfall was 71.0 mm/h, which is close the 10-year return period of 

1-h duration precipitation calculated for Seoul of 73.6 mm/h (MLTM, 2011). 

In 2011, the rainfall intensity was lower than in 2010, but the rainfall lasted 

for 30 hours without sufficient drainage time (See Table 1). These two flood 

events caused a maximum of 1 m of water to flow into the streets of the city, 

temporarily stopping traffic. According to national statistics, the property 

damage in Seoul, including the loss of roads and the flooding of houses, in 

2010 and 2011 was estimated to be 14.5 and 75.9 million USD, respectively 

(KMA, 2010; KMA, 2011). 

Table 1. Observed precipitation value of flood inundation event 

Rainfall events Duration 

time 

Sum of 

precipitation 

Maximum hourly 

precipitation 

2010.09.21. 

 

08:00 - 22:00 

14-hr 292.5 mm 71.0 mm 

2011.07.27. 15:40- 

 

2011.07.28. 22:40 

30-hr 414.5 mm 58.0 mm 
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2.2.2  Urban rainfall-runoff modeling 

2.2.2.1  Storm Water Management Model 

 

The growing importance of flood risks for cities has led to an interest in 

rainfall runoff modeling, which is the primary tool used to simulate runoff 

quantity and quality from changes in rainfall and land use. Modeling provides 

information about the efficiency of a system before applying the best system 

to achieve the intended goal. Numerical rainfall–runoff models capable of 

representing spatiotemporal variations have been developed (Singh and 

Woolhiser, 2002). In this study, the Storm Water Management Model 

(SWMM) ver. 5.0 was selected as a model capable of analyzing LID practices 

while also considering sewer system flow routing and overflow structures 

(Duan et al., 2016; Rossman, 2010). SWMM, developed in 1971 by the U.S. 

Environmental Protection Agency, is applicable to both continuous and single 

rainfall events. It also has the advantage of being able to analyze various time 

steps of rainfall. For instance, Bhaduri et al. (2001) used SWMM to analyze 

the potential hydrological impacts of land-use changes, and Tsihrintzis and 

Hamid (1998) applied the model to predict runoff quality in a small urban 

watershed. Furthermore, studies related to the calibration and verification for 

enhancing model reliability (e.g., sensitivity test parameters and comparison 

of various study sites) have made major advances (Warwick and Tadepalli, 
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1991). SWMM is calculated by four subroutine blocks with unique features, 

where the results are saved and used as the inputs for other blocks (Huber and 

Dickinson, 1988). The EXECUTIVE block sets the file and logical device, 

transfers data between blocks, and outputs the operation result. The RUNOFF 

block, a simplified drainage catchment, is the first model operation that 

simulates the runoff from the drainage catchment for a rainfall event, and it 

provides a hydrograph that is used as the basic data by the other blocks. The 

non-linear reservoir method is applied to the runoff calculation of this block 

using Manning’s formula and the continuity equation (Dooge, 1973). The 

TRANSPORT block tracks the flow rate in the sewer system in the dry or wet 

season based on the values calculated from the RUNOFF block. The 

calculation of the outflow from this block uses the kinematic wave routing 

technique. 

 

2.2.2.2  Model configuration 

 

The subcatchment is mainly divided using a topographic map and sewer 

networks considering the locations of the main maintenance holes and 

conduits. First, for runoff analysis through SWMM, it is necessary to 

construct the input data and processing parameters. Parameters related to 

runoff can be largely classified into hydrological and physical parameters 
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(Huber and Disckinson, 1988). Hydrological parameters include the 

roughness coefficient and the depression storage of pervious or impervious 

areas and conduits. Physical parameters include the subcatchment, 

impervious areas, and the shapes of conduits. These parameters should be 

considered when simulating urban runoff, but it is difficult to determine all 

parameters accurately. Therefore, some parameters should be estimated 

within the range suggested in previous studies, considering the site 

characteristics. 

Physical parameters are variables that can be understood through basic 

analysis using ArcGIS ver. 9.3, as shown in Fig. 3. The conduit includes all 

closed rectangular and circular conduits with diameters of more than 1000 

mm for the main sewer. The shape, length, and depth of each conduit are listed 

with reference to the sewer network map. Because surface runoff is assumed 

to flow perpendicularly to the conceptualized rectangular catchment in 

SWMM, the width of the subcatchment is calculated by dividing the area by 

the length of the drain pipe. This parameter may include uncertainty because 

the actual subcatchment is not a rectangle, contrary to the assumption. The 

digital elevation model and average slope are calculated using a topographic 

map divided into subcatchments. The impervious area ratio is calculated using 

an urban biotope map. LID is analyzable by defining a new space in each 
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subcatchment. 

 

The main hydrological parameters in this study were curve number (CN) 

value, depression storage, and Manning’s roughness coefficient. Among 

several methods for calculating infiltration rate, this study applied the runoff 

CN method of the Soil Conservation Service developed in 1972. The CN has 

a value from 0 to 100 that is determined by land use, hydrological soil group, 

and cover type. In addition, the antecedent moisture condition (AMC) is used 

to represent the watershed’s potential runoff before rain occurs. The AMC is 

classified into AMC-I, -II, and -III. The CN value is adjusted to the antecedent 

rainfall of 5 days. In the rainfall events used in this study, the AMC-III phase 

was continuously applicable, except for the first several hours. The concept 

of depression storage depth assumes that surface runoff does not occur before 

the surface is sufficiently stored (wetted) in pervious or impervious areas. 

Fig 3. Data processing flow diagram and base maps in support of modeling 
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Water loss occurs by infiltration and evaporation in permeable areas, but it 

occurs by only evaporation in impervious areas. The roughness coefficient of 

the surface is not specifically classified because there are substantial changes 

caused by land cover. Nevertheless, Engman (1986) analyzed the range of the 

estimated values calculated by the kinematic wave formula based on 

measured rainfall runoff data. Thus, we attempted to investigate the 

parameters sensitive to the output value within the range of depression storage 

depth suggested by the ASCE (1982) and Manning’s roughness coefficient 

defined by Engman (1986). 

 

2.2.3  Low-impact development 

The Ministry of the Environment in Korea proposed applying LID 

practices to major development plans in 2013, and there have been many 

studies on LID practices applicable to urban areas and hydrological functions 

according to their design elements. Such studies have shown that green roofs 

and permeable pavers are appropriate, and effectively reduce the potential for 

runoff in highly developed residential urban areas. 

Green roofs effectively delay peak runoff and lower roof temperature via 

evapotranspiration through soil and vegetation (Dietz, 2007). As a result of 

research conducted on the hydrological functions of green roofs, VanWoert 
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et al. (2005) reported that factors such as slope and media depth must be 

considered if the objective is to maximize rainfall retention. Furthermore, 

Dunnett and Kingsbury (2004) proved that the substrate depth, roof slope, 

plant community type, and rainfall pattern affect the runoff rate. The 

magnitude of retention depends on the substrate depths of the various layers 

(Montalto et al., 2007; Mentens et al., 2006). In a review article, Dietz (2007) 

explained that soil depth is the most important factor of green roofs for 

reducing rainwater runoff. Green roofs basically consist of vegetation, 

substrate, and drainage layers (Mentens et al., 2006), and are generally 

divided into two types: intensive and extensive types. Intensive green roofs 

are able to incorporate all sizes and types of vegetation based on a deep 

substrate of more than 150 mm (Obermdprfer et al., 2007). Extensive green 

roofs generally have a shallower substrate layer of approximately 150 mm 

and require less maintenance than intensive roofs, but can accommodate only 

a limited range of vegetation species (Dunnett and Kingsbury, 2004). 

Permeable pavements are typically made of a matrix of concrete blocks 

that includes voids filled with sand, gravel, or soil. These voids allow runoff 

to infiltrate through the pavement into the underlying soil, mitigating the 

impact of runoff and recharging groundwater (Brattebo and Booth, 2003; Lee 

et al., 2001). Because dust or particulate matter emitted from automobiles can 
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reduce permeability over time, it is suitable to install permeable pavement in 

spaces such as parking lots, driveways, and road shoulders, where traffic 

volume is low and maintenance management is easy (Brattebo and Booth, 

2003; Shackel et al., 2003). 

In this study, two interviews of experts were conducted to consider the 

characteristics of buildings in Korea and the workability and maintenance of 

green roofs. As a result, extensive green roofs were selected and soil depth, 

which is an important factor, was set at 200 mm. Slopes were applied at a 

minimum rate of 2%, which is specified in the 2012 design standard, and 

porosity was set to 50% considering the soil material that is usually used. 

In the case of permeable pavement, studies have described limitations in 

addressing maintenance problems, so only roads with apartments 

complexes and parking spaces with less traffic than general roads were set as 

target areas. An 80-cm-thick (surface 20 cm, base 30 cm, sub-base 30 cm) 

permeable pavement, which yields the largest runoff reduction based on an 

analysis by Lee et al. (2001) and Shackel et al. (2003), was applied in this 

study. 

Parameters not considered in the expert interviews and literature review 

were set to the default values of the model. 

The spaces where green roofs and permeable pavement could be installed 
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were extracted from public buildings and apartments, and impervious parking 

spaces and roads in apartment complexes using 1:1,000 digital topographic 

maps; areas where these measures were already installed were excluded. The 

maximum applicable area for green roofs was about 22.34 ha at site Ⅰ and 

27.61 ha at site Ⅱ, 11.7% and 14.3% of the total areas, respectively. Site Ⅱ did 

not meet the criteria for installing permeable pavement, and only 6.98 ha 

(3.0%) of site Ⅰ was suitable for permeable pavement installation. 

 

2.3 Results and discussion 

2.3.1  Model updating 

To improve model reliability, two processes were attempted in this study: 

(1) sensitivity testing to derive input variables that affect results and (2) model 

updating by estimating the input values based on the flood inundation map. 

As shown in Fig. 4(a and b), the sensitivity test was performed on four 

input variables (depression storage of impervious/pervious surface and 

Manning’s N value of impervious/pervious surface, respectively) within a 

specific range, not a fixed value. The variation of the simulated overflow 

value was observed by changing the x-axis from 10% to 50% based on the 

four input variables. Manning’s N value of pervious surface was most 

sensitive at site Ⅰ, and Manning’s N value of impervious surface was most 
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sensitive at site Ⅱ. However, the degree of sensitivity to variable adjustments 

depended on the site and the rainfall event. Depression storage affected 

overflow similarly in all cases. 

 

Fig. 4. Sensitivity test of four input variables for internal inflow on the (a) site I 

in 2010 and (b) site Ⅱ in 2010 and (c) site I in 2011 and (d) site Ⅱ in 2011 

Most studies on this subject did not make near-real-time corrections 

because the rainfall data were based on the probability rainfall distribution. 

However, in this study, we set the spatiotemporal data based on the actual 

rainfall events in a catchment-scale area in which actual outflow occurs. 



21  

Nevertheless, because the model updated based on the results of the 

sensitivity test for single parameters, we could not consider the land cover 

characteristics of the urban area, which are becoming more diverse, or the 

variability of rainfall patterns. Recent studies have noted that not only the 

main parameters but also the accuracy of the calibration may vary depending 

on parameter interactions (Jato-Espino et al., 2017). In future research, it will 

be necessary to clarify the interactions among parameters based on changes 

in rainfall patterns and land cover data and then re-identify the main 

parameters. Finally, automatic calibration to search the optimized 

combination of parameters will increase the modeling accuracy. 

In the next step, the most sensitive input values were adjusted for each site 

within the respective range to approximate the inundated area based on the 

flood inundation map. The updated simulation results from the repeated 

execution of the variable adjustments showed accordance with the points 

(nodes 02, 05, 06, and 11 at site Ⅰ in 2010; node 01 at site Ⅰ in 2011; nodes 02, 

04, 06, 12, 13, and 15 at site Ⅱ in 2010; and nodes 02, 04, 06, 12, 13, and 15 

at site Ⅱ in 2011) where overflow occurred on the flood inundation map. 

Because the flood inundation map used in this study presented only 

information about the location and area, comparison with the volume-based 

simulation results was limited. However, assuming that the flood depth is 
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almost constant and that the elevations of the locations where flood 

inundation occurred at each site were similar, the updated simulation results 

showed high correlation with the observation data (Fig. 5(a and b)). 

 

Fig. 5. Correlation between observed flood area and simulated flood volume for 

nodes on the (a) site I in 2010 and (b) site Ⅱ in 2010 and 2011 

 

It is expected that a more accurate verification process could be carried out 

if data providing information about flood volume (e.g., water level in 

maintenance holes, flood depth) were accumulated by the local government. 

 
2.3.2  Effects of LID practices on flood events 

The results were divided into two cases: (1) conventional sites (no LID) 

and (2) LID-applied sites (LID). The runoff and flood volume for the entire 

study area were determined for both cases. Table 2 shows the volume derived 
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from the modeling results. Overall, runoff and flood volume decreased 

slightly and infiltration volume increased after application of LID. In 

particular, flood volume in site Ⅰ was reduced to 54.6%. The flood event in 

2011 showed a significant increase in infiltration because of rainfall over a 

long period of time; site Ⅱ, which had a relatively large impervious area ratio, 

showed a larger increase in infiltration after LID installation. Overall, LID 

did not affect the occurrence of flooding, but the flood reduction effect was 

2–5 times greater than that of runoff. 

Table 2. Infiltration and surface flow volume before and after LID application 

Rainfall 

event 
Components 

site Ⅰ site Ⅱ 

No 

LID 
LID 

Reduction 

(%) 

No 

LID 
LID 

Reduction 

(%) 

2010. 

9.21. 

Infiltration 

(106L) 
15.0 39.4 -163.1 1.6 26.2 -1,576.3 

Runoff 

 (106L) 
507.5 445.7 12.2 540.9 482.2 10.9 

Peak runoff 

(CMS) 
46.5 45.0 4.0 52.3 51.1 2.2 

Flood 

 (106 L) 
47.5 21.5 54.6 205.0 154.3 24.8 

Outflow 

 (106 L) 
472.8 427.6 9.6 338.3 330.2 2.4 

2011. 

7.27-28. 

Infiltration 

(106 L) 
15.2 79.1 -419.5 1.6 62.5 -3,848.1 

Runoff 

 (106 L) 
757.3 653.7 13.7 799.5 699.2 12.6 

Peak runoff 

(CMS) 
33.8 29.3 13.5 53.2 46.6 12.3 

Flood 

 (106 L) 
5.8 3.0 48.4 63.2 36.5 42.3 

Outflow 

 (106 L) 
743.8 644.2 13.4 743.6 666.1 10.4 



24  

In addition, this study compared the effect of pipe extension to analyze the 

performance of LID practices on flood events. The flood events in 2011 

resulted in a less-flooded condition at site Ⅰ than those in 2010; therefore, we 

examined only the effects on the events of 2010. 

Fig. 6 shows a hydrograph of the runoff and flood volumes before and after 

LID application based on the modeling results for the 2010 rainfall event. 

Here, runoff refers to a continuous surface runoff from the subcatchments, 

and node flooding occurs when a pipe is under pressure due to a large amount 

of runoff, which means the water rises and inundates in a small vertical tube 

connected to the pipe. At site Ⅰ, there was no delay in the runoff start time, but 

the effect of the flood start time delay was confirmed to be 55 minutes. At site 

Ⅱ, the flood start time was not delayed because the sewer network did not 

treat the instantaneous high rainfall intensity, but the initial flood amount was 

reduced by 67%. 
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Fig. 6. Hydrograph in 2010 flood event of (a) site I and (b) site Ⅱ 

 

To compare the effect of LID with pipe extension, the flood volume was 

modeled by enlarging the percentage of conventional conduit cross-sectional 

area at the entire site for both cases before and after LID application (Fig. 7). 

At site Ⅰ, LID application had the same effect as an 11% conduit enlargement; 

at site Ⅱ, it had the same effect as a 13% conduit enlargement. 
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Fig. 7. Flood volume modeling results by enlargement percentage of conduit’s 

cross- sectional area in 2010 flood event of (a) site I and (b) site II 
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2.4 Conclusions 

To quantitatively evaluate the effects of LID practices on flood mitigation, 

we modeled study sites in Seoul using SWMM based on current land use and 

sewerage arrangements. Both the selected storm water runoff model and LID 

practices were evaluated based on theoretical considerations, previous 

research, and expert advice. To exclude impacts other than those from LID 

practices, the study site was set as a catchment-scale site with an independent 

drain system and drainage sector organized by one outfall. In addition, this 

study attempted to improve the accuracy of the simulation result by model 

updating based on sensitivity testing and parameter estimation based on actual 

rainfall events that caused flooding. 

Parameter sensitivity differed depending on the impervious ratio of the site 

or rainfall characteristics. In this study, depression storage was not a sensitive 

parameter, but surface roughness was. In all cases, applying LID practices 

reduced runoff and flood volume and enhanced infiltration and surface 

storage. LID did not affect the occurrence of flooding, but the flood reduction 

effect was 2–5 times higher than that of the runoff. The results showed that 

the same effect could be obtained by enlarging the conduit cross-sectional 

area of the whole site by 11–13%. Although large-scale LID applications, 

such as storage facilities, may have a noticeable hydrological effect, most 
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highly developed urban areas do not have sufficient space for such facilities. 

The methodology of this study can be used to assess the performance of the 

LID practice when establishing urban regeneration or redevelopment plans 

for saturated urban areas. 

However, this study has some critical limitations. First, the calibration was 

not ideal because the model was updated based on the sensitivity testing of a 

single parameter and because only two flood events were analyzed in the case 

study. In addition, flood monitoring was not carried out at the national level, 

and the output data for calibration were not exact. In conclusion, because the 

calibration process of this study clearly demonstrates that LID performance 

is affected by rainfall pattern and land surface, future research should explore 

a methodology that can be used to evaluate these considerations. 
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III. Quantifying the effect of green-gray infrastructure 

at the catchment scale under various rainfall patterns 

 
3.1. Introduction 

Floods have been one of the most frequent global natural disasters in recent 

years (Wang et al., 2019). In particular, urban flooding causes widespread 

human casualties and considerable economic losses. Therefore, it is important 

to develop response strategies to these events (Arjenaki et al., 2021). The 

installation of drainage systems is a conventional response strategy that is 

designed using a deterministic approach based on catchment properties and 

storm design. This approach links to the purpose of drainage system on 

managing site runoff and promptly storing the runoff in drainage facilities 

(Yazdanfar and Sharma, 2020). However, as recent trends in climate change 

have led to more frequent and highly variable rainfall events, urban drainage 

systems (UDSs) designed using a deterministic approach are often threatened. 

Thus, the need to build resilience into UDSs is increasingly recognized as a 

means to ensure that these systems are able to adapt to highly uncertain threats 

(Mugume et al., 2015). 

Resilience means to endure and maintain function and structure after a 

disturbance event (Davoudi et al., 2012). Urban resilience is the ability to 
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withstand disasters through absorption, recovery, and adaptation (Folke, 

2006). It is known that adjusting social-ecological systems contributes to 

absorbing adverse effects (Cosens et al., 2013). Since urban flooding occurs 

frequently and haphazardly, it is important to investigate strategies for 

improving resilience and evaluating their efficiency (Li et al., 2016). 

During the past decade, green infrastructure (GI) strategies have been 

proposed and implemented as alternatives to conventional gray infrastructure 

strategies, such as drainage systems. GI strategies control and delay the peak 

flow of runoff by restoring natural hydrological circulation and maximizing 

the infiltration and retention capacities at source (Eckart et al., 2017; Qin et 

al., 2018). Research on the effects of GI implementation mainly comprises 

impact assessment studies that are based on applying GI practices. For 

example, Qin et al. (2018) analyzed the effects of applying permeable 

pavements (PPs) and green roofs (GRs) under various rainfall patterns, and 

Tao et al. (2017) also found that GI practices are less effective in high-

intensity storm scenarios. Many studies evaluate performance changes when 

applying GI practices, but few studies simultaneously track changes in the 

performance of green and gray infrastructure techniques. Furthermore, most 

studies are based on the results of reducing the surface and peak flow of runoff 

(Ercolani et al., 2018; Mei et al., 2018). In addition, there is a gap in our 
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understanding of the underlying impacts of rainfall patterns on the GI 

practices used for improving resilience. 

Therefore, this study attempted to clarify the interaction between GI 

practices and urban drainage system (UDS) outflow based on simulations that 

underwent calibration using the GI concept. Simulation and modeling 

applications are the most commonly used applications, which are suitable to 

provide information that supports decision-making when evaluating the 

performance of systems and potential changes in conditions from baseline 

scenarios or planned outcomes (Jia et al., 2015). This study conducts the 

following research to investigate the effects of GI implementation on urban 

flooding: 1) Investigates the effects of GI implementation under various 

rainfall patterns and the changes in UDSs and 2) elucidates how these effects 

can be interpreted in terms of resilience.  

The investigation aims to evaluate the effects of the most commonly used 

GI practices, such as GRs and PPs, at the urban catchment scale. This includes 

the impact of the implemented GI practices on changes in drainage systems. 

Urban planners need to understand to what extent the structure of existing 

sewerage systems is affected when the combined effects of GI 

implementation and gray infrastructure improvements are considered. This 

study assesses the effectiveness of the sewerage network without simplifying 
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or modifying it. In addition, analyzing various rainfall patterns will enrich our 

awareness and knowledge regarding the actual effects of implementing GI 

practices. The research framework is presented in Fig. 8. 

 

Fig. 8. Research framework of the study  

 

3.2. Materials and Methods 

3.2.1 Case study 

Large cities in East Asia are vulnerable to flood risks due to climate change 
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and high urban development density (KMA, 2020). In this study, the 

"catchment scale," which is the basic scale for water resource planning (such 

as determining the size of water maintenance in urban watersheds), was set 

as a spatial scope (Fig. 9). In addition, the study target area was the Yeoksam-

dong commercial area (192 ha) in Seoul, a high-density city. Although several 

floods occurred around the 2000s in Seoul, the UDS was upgraded, and 

flooding occurred afterward; therefore, it is suitable to compare the effects 

between the GI practices and the improvement in UDSs. 

 

Fig. 9. Overview of the sewer network with DEM in the study area 

 

3.2.2  Applied meteorological data 

This study used design rainfall to investigate the response of the surface 

and pipe networks in various rainfall patterns. This is suitable for contrast 
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analysis according to the green-gray infrastructure control conditions. 

 

Fig. 10. Hyetographs of the design rainfall scenarios used in this study 

 

Probability rainfall data for the study target area provided by ministry of 

environment (MOE) (2019) were used, and time was distributed using the 
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method of Huff (1967). Huff (1967) shows in which section the maximum 

amount of rainfall occurs by duration. The rainfall duration is divided into 

four quartiles using the rainfall mass curve as screening data for each duration. 

In this study, through previous studies, the 3rd-quartile derived from the time 

distribution that appeared the most in South Korea was selected (Park et al., 

2018), and the 2nd-quartile was additionally selected to compare it with the 

3rd-quartile. 

In this study, 20 rainfall events were selected with 5 return periods (5-years, 

10-years, 30-years, 50-years, 100-years), 2 durations (3-hour, 6-hour), and 2 

types of time distributions (2nd-quartile, 3rd-quartile). The calculated 

synthetic hyetographs of all events in this study are shown in Fig. 10. 

 

3.2.3  Hydrological assessment 

This study used the stormwater management model version 5.1 (SWMM 

v5.1) (hereinafter referred to as SWMM) for the hydrological assessment. The 

SWMM is a physical process-based discrete-time simulation model that 

considers sewerage flows in cities for hydrological analysis and facilitates the 

application of natural-based technologies such as GI practices (Rossman, 

2010). All hydrodynamic analyses were performed based on the sewerage 

network implemented by Bae et al. (2020). This model includes 16 sub-
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catchments that drain into 16 junction nodes connected to 15 conduit links. 

Infiltration refers to the process by which rainfall is absorbed into the 

underground surface and perforates into unsaturated soil layers. The Horton 

method was used in the model. Surface runoff occurs when the maximum 

infiltration capacity is exceeded. Manning's equation was applied to the runoff 

volumes, and the flow routing was based on the dynamic wave theory. 

Antecedent moisture conditions (AMC), which are an indicator of the 

moisture of the catchment, provide a representation of soil moisture storage 5 

days prior to rainfall event; this indicator has been is applied in the AMC-III 

step in this study. 

A hydrological performance index can evaluate the effects of different 

scenarios. Previous studies that analyzed the GI implementation effects of 

small catchments were reviewed (Damodaram et al., 2010; Ercolani et al., 

2018). The peak flow rate (m3/s), the reduction rate of runoff volume (Qv, 

m3), and the flood volume (Qf, m3) values were selected as outputs of the 

simulation summary in the SWMM. Here, the peak flow rate refers to the 

highest flow rate of the outflow system, runoff volume refers to the volume 

of water that runs off the target site from a prescribed storm event, and flood 

volume refers to the volume exceeding the channel capacity (Mei et al., 2018). 
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3.2.4  Green-gray infrastructure 

In this study, two GI techniques were considered: GRs and PPs. GRs 

mainly provide infiltration and evaporation, while PPs act as temporary water 

storage facilities before stored water is discharged from the underground 

drain to the lower watershed outlet. 

In the SWMM, the GI practices were expressed using a combination of 

vertical layers of surface, soil, and storage, and the design elements for each 

were applied using the parameters suggested in previous studies (Rodriguez 

et al., 2021; Abualfaraj et al., 2018; Tirpak et al., 2021; Randall et al., 2019). 

Table 3. Summary of GI characteristics 

 Parameter Permeable 

pavement 

Green roof 

Surface Bern height [mm] 5 75 

 Vegetation volume fraction 0 0.1 

 Roughness (Mannings n) 0.05 0.1 

 Slope 2 0.3 

Soil/Sand Thickness [mm] - 150 

 Porosity - 0.4 

 Field capacity - 0.105 

 Wilting point - 0.047 

 Conductivity [mm/hr] - 72 

 Suction head [mm] - 20 

Pavement Thickness 150 - 

 Void ratio 0.4 - 

 Impervious surface fraction 0.3 - 

 Permeability [mm/h] 72 - 

Storage / 

Drainage mat 

Thickness [mm] 150 50 

 Void fraction 0.5 0.55 

 Seepage rate [mm/hr] 78 - 

 Roughness (Mannings n) - 0.3 
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In this study, the type and location of GI practices were primarily 

determined by the land cover characteristics of the research area. For the land 

cover of the target study area, GRs were designed for all residential, 

administrative, and commercial buildings, while PPs were implemented for 

walkways in traffic areas. A statistical summary of the GI practices applied 

for sub-catchments is shown in Table 4. 

Table 4. Summary of areal statistics of GI application 

 

The changes in the gray infrastructure focused on the changes in the 

sewerage pipeline network. The target study area is known for frequent 

Subcatchment 

number 

Total area (ha) Green roof 

application area (ha) 

Permeable pavement 

application area (ha) 

0 10.4 1.7  0.1  

2 23.0 3.8  0.9  

3 8.0 1.7  0.3  

4 24.3 7.1  0.7  

5 3.4 0.7  0.2  

6 3.3 0.4  0.1  

7 18.2 2.3  0.4  

8 0.2 - 0.1  

9 6.5 0.9  0.2  

10 14.0 1.6  0.2  

11 9.4 1.1  0.3  

12 5.4 0.5  0.3  

13 5.2 0.2  0.2  

14 23.5 2.5  0.9  

15 9.7 0.5  0.1  

16 28.0 2.5  0.9  

Sum 192.5 27.5 5.9 
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flooding; thus, the expansion and extension of sewerage pipes has been 

highlighted at several instances. In this study, two scenarios signified the state 

of the UDS. The former scenario (UDS1) and the latter scenario (UDS2) were 

based on 2014, a date after the 2010, 2011, and 2013, which was used for 

calibration. The changes in the UDS at the target study area are presented in 

Fig. 11, and the blue-marked UDS shows the newly constructed conduit, 

including the gray-marked UDS1. 

  

Fig. 11. Changes in sewer network 

 

The scenarios signifying the changes in the implementation of green-gray 

infrastructure were divided into 6 cases, which included a baseline case (S1) 

that represented no infrastructure implementation (Table 5). 
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Table 5. Overview of scenarios modeled in this study 

 

3.2.5 Time-dependent resilience assessment 

There are several studies highlighting resilience to urban floods. The 

definition of urban flood resilience, as proposed in previous studies, largely 

makes notion of 1) the ability to recover after stress and 2) the ability of the 

group to cope with external stress (Leandro et al., 2020). Bertilsson et al. 

(2019) developed an indicator-based resilience evaluation framework in 

consideration of resistance and recovery, and attempted mapping scenarios 

signifying the pre- and post-introduction periods of adaptation strategies. 

Wang et al. (2019a) derived changes according to the retrofitting options 

scenario using a resilience graph based on volumetric output. Wang et al. 

(2019b) has derived severity in consideration of inflow, total flood volume, 

and duration. 

The methodology presented in previous studies was applied (Ouyang and 

Duenas-Osoria, 2012; Song et al., 2019), which quantified performance 

Scenario Combination 

GR (ha) PP (ha) UDS 

S1: Baseline (no-GI, UDS1)   1 

S2: UDS1+GR 53.8  1 

S3: UDS1+PP  5.9 1 

S4: UDS1+GR+PP 53.8 5.9 1 

S5: UDS2   2 

S6: UDS2+GR+PP 53.8 5.9 2 
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changes for flooding events in the UDS over time. The analytical framework 

consists of the following factors: 1) Absorption (Ab), the ability of drainage 

infrastructure to absorb a defined amount of rainwater to maintain its original 

condition and prevent runoff to the urban surface; 2) Recovery (Re), the 

ability of drainage infrastructure to return to a new equilibrium state after 

rainwater-induced runoff from the urban surface; and 3) changes in sum of 

the time taken to absorption and recovery after the implementation of green-

gray infrastructure strategies. This method is highly relevant because it uses 

objective results as evaluation criteria, which are easily obtainable from 

rainfall-runoff models.  

The conceptual framework can be understood from Fig. 5 and assumes the 

following characteristics: the performance of the existing drainage 

infrastructure is maintained in a steady-state equilibrium; heavy rains cause 

damage to drainage infrastructure; the performance of the drainage 

infrastructure passes through a transient state after a disturbance at a certain 

point in time. After a gradual decrease in performance, a new steady-state 

equilibrium is reached. In general, following improvements, the absorption 

phase becomes longer (Ab' > Ab), and the recovery phase becomes shorter 

(Re' < Re). 
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Fig. 12. Conceptual framework for time-dependent UDS performance analysis (Song et al., 

2019) 
 

3.3. Results and Discussion 

3.3.1 Calibration of the model 

The rainfall data of flooding events from 2010–2013 were used to calibrate 

the simulation. The data were applied to set the parameters of the SWMM 

using several calibration cycles. After the calibration process, all parameter 

values of the coupling model were obtained. 

Table 6. Precipitation data used for calibration 

 

Rainfall events Duration 

time 

Sum of 

precipitation 

Maximum hourly 

precipitation 

2010.09.21. 

08:00 - 22:00 

14-hr 292.5 mm 71.0 mm 

2011.07.27. 15:40-

2011.07.28. 22:40 

30-hr 414.5 mm 58.0 mm 

2013.07.22. 5:40-9:20 3.7-hr 140.0 mm 58.0 mm 

 

The updated simulation results obtained from repeatedly executing the 
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variable adjustments corresponded with the points (nodes 02, 04, 06, 12, 13, 

and 15 in 2010; nodes 02, 04, 06, 12, 13, and 15 in 2011; nodes 06, 07, and 

09 in 2013) where overflow occurred on the flood inundation map. The flood 

inundation map that was used in this study only contained spatial data; 

therefore, any comparison with volume-based simulation results was limited. 

However, assuming that the flood depth was approximately constant and that 

the elevations of flood inundation locations were similar, the updated 

simulation results showed a high correlation (R2) with observational data (Fig. 

13). 

 

Fig. 13. Correlation between observed flood area and simulated flood volume for nodes in 

2010, 2011 and 2013 

 

The SWMM was calibrated by changing Manning's roughness coefficient, 

infiltration rates, and depression storage for permeable and impermeable 
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spaces in all sub-catchments. Observational data on flood events occurring in 

the region from 2010, 2011, and 2013 were used for the correction and 

verification process, and the observed flooding traces and simulated flow 

rates were compared. 

Table 7. Simulation parameters applied to SWMM model 

 
Parameter Description Value [Units] 

Max. infiltration rate Maximum rate on the Horton infiltration curve 3.0 [mm/h] 

Min. infiltration rate Minimum rate on the Horton infiltration curve 0.5 [mm/h] 

Decay constant Decay constant for the Horton infiltration curve 4.0 [1/h] 

N-Imperv Manning’s n for impervious fraction of sub-

catchment 

0.016 [s/m1/3] 

N-Perv Manning’s n for pervious fraction of sub-

catchment 

0.239 [s/m1/3] 

Dstore-Imperv Depth of depression storage of the 

impervious fraction 

6.350 [mm] 

Dstore-Perv Depth of depression storage of the pervious 

fraction 

12.7 [mm] 

 

3.3.2 Effectiveness of green infrastructure implementation 

The hydrological response of the catchment differed according to storm 

characteristics in the baseline scenario (S1). Under the same rainfall intensity 

conditions, both runoff and flood peak flows were higher in the short-term 

and 2nd-quartile rainfall conditions than in the long-term and 3rd-quartile 

rainfall conditions. The hydrological performance of GI scenarios, including 

GRs and PPs, for 20 rainfall events was investigated and the results are shown 
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in Fig. 14. The decrease and delay of the runoff and flood peak flows for 

various types of rainfall events can be noted. These results correspond to the 

properties of each GI practice, and it is considered that this is due to the 

different installation areas within the target study area (GRs: 27.5 ha; PPs: 5.9 

ha). When both GI practices were implemented, it was observed that the peak 

runoff decreased by 12.9 and 15.6% for the 5-year and 10-year return periods, 

respectively. However, as the rainfall intensity increased, the peak flow rate 

reduction effect of GI showed a decreasing trend, which is consistent with the 

results of various previous studies (Fletcher et al., 2015; Zevenbergen et al., 

2018; Mei et al., 2018). In particular, the trend was more pronounced in 6-

hour continuous rainfall events than in 3-hour continuous rainfall events. 

Similarly, the trend was more pronounced for 3rd-quartile rainfall events than 

2nd-quartile rainfall events. In case of a 6-hour continuous rainfall event for 

the 2nd-quartile, it was confirmed that the GI implementation effects were 

negligible from the 50-year return period, while they were almost non-

existent from the 30-year return period for the 3rd-quartile. A similar pattern 

to the runoff control effects was observed for flood volumes under various 

rainfall patterns. When both GI practices were installed, the flood mitigation 

effect was 100% in low-intensity rainfall (5-year return period), and the 

average flood reduction rate was 38.2%. 
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Fig. 14. Hydrographs of the GI scenarios (S1~S4) under 20 rainfall events 

 

To summarize the effects of the rainfall pattern, peak flow rate and Vr are 

presented in Fig. 15. PPs were not significantly affected by rainfall patterns, 

and GRs had a greater runoff volume reduction effect in rainfall events with 

a short duration. The different time distributions (quartiles) did not have a 

significant impact to runoff volume, but the reduction rate for peak flow rate 

was generally higher in 2nd-quartile rainfall than in the 3rd-quartile. In 

particular, the rate of reduction in peak flow rate sharply fell from the 30-year 

return period rainfall, reaching an ineffective level. 
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Fig. 15. Reduction rates of (a) peak flow rate and (b) runoff volume in the system for green 

infrastructure scenarios 

 

3.3.3 Effectiveness of green-gray infrastructure implementation 

Our aim was to improve UDS as a gray infrastructure in this section, which 

included expanding existing or establishing new pipelines. Data on 

improvements to the UDS are presented in Fig. 11. In addition, the scenarios 

representing the conditions before and after the improvements in the UDS for 

20 rainfall events and the implementation of GI to the improved UDS were 

compared (Fig. 16). Contrary to the results showing the effects of GI 

implementation, improvements to the UDS had a negligible effect on the peak 

flow rate of runoff; however, it affected the peak flow rate of floods. 
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Following improvements to the UDS, low-intensity rainfall (5-year, 10-year 

return periods) showed a 100% flood mitigation effect, with an average flood 

reduction rate of 43.2%. When UDS improvements and GI practices were 

combined, the average flood reduction rate was 62.2%. 

 

Fig. 16. Flood hydrographs of the green-gray combination scenarios (S1~S6) under 20 

rainfall events 

 

To summarize the effects of the rainfall pattern, Vf is presented in Fig. 17. 

In terms of the flood volume reduction effect, it was confirmed that UDS2 

and GR+PP had similar effects in 5-year return period rainfall, and from 10-
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year return period rainfall, the effect of UDS2 gradually exceeded the effect 

of GR+PP. Unlike the characteristics of runoff, the reduction rate for flood 

volumes was higher in long-term rainfall than in short-term rainfall. The time 

distribution differences generally did not have a significant effect on flood 

volumes, but in long-term rainfall, the effect was higher in 3rd-quartile 

rainfall than in the 2nd-quartile. The reason why storm characteristics have 

different effects depends on runoff and flood volume is probably due to soil 

saturation and low-peak intensity storm effects in long duration of rainfall. 

 

Fig. 17. Reduction rates of flood volume in the system for green-gray infrastructure 

scenarios 

 

3.3.4 Flood resilience 

Time-dependent resilience assessment for S1 and S6 was conducted for 

two real flood events (10-year return period). As a result of examining the 

changes in the resilience by the entire system and detailed location as shown 

in Table 8, there was no time-dependent effect in both events and only the 
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volume reduction effect at the entire system (Fig. 18). However, when 

looking at the results for each detailed sub-area, there was a time reduction 

effect in some nodes, and the recovery time decreased in node 6 in 2010. This 

seems to be due to the fact that there was new construction of pipeline in the 

UDS2 scenario. 

 Table 8. Resilience changes by flood events  

 

Fig. 18. Changes in flood flow rate at the entire system between S1 and S6 

Flood event factor Ab'-Ab Re’-Re 
Time-saving effect 

on flooding 

2010. 

09.21 

system 0 0 0 

node 4 60min -60min 0 

node 6 0 -120min 120min 

node 13 65min -65min 0 

node 2,9,11 flood → no flood 

2011 

07.27-28 

system 0 0 0 

node 4 0 0 0 

node 11 0 0 0 

node 13 0 0 0 

node 6,9 flood → no flood 
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3.4. Conclusions 

The main conclusions are summarized as follows: 1) Simulated results 

confirmed the effects of implementing GI practices on urban flood mitigation 

in the target study area; 2) among GI practices, the performance of GRs was 

better than that of PPs; 3) it was confirmed that the peak runoff reduction 

effect of GI decreased as the return period of the design storm increased, and 

the effect was almost eliminated at intensities above the 30-year to 50-year 

return periods; 4) the implementation of GI practices eliminated flooding 

events for 5-year return period, 6-hour duration, and 3rd-quartile rainfall 

events; 5) the results showed that the implementation of GI practices should 

be combined with the improvement of gray infrastructure to achieve optimal 

flood mitigation under extreme rainfall events. 

In the scenario where green and gray infrastructure practices were 

combined, flooding was eliminated. This included a 10-year return period, 6-

hour duration, and 3rd-quartile rainfall event. Different results were obtained 

depending on hydrological performance index used; the gray infrastructure 

affected flood reduction but not the peak flow of runoff. In addition, the 

longer the rainfall duration, the lower the runoff volume reduction effect of 

green-gray infrastructure. However, the flood reduction effect showed the 

opposite result. When the average flood reduction rates for all rainfall events 
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were calculated, it was found that the implementation of GI reduced flooding 

by 38.2%, improvement of gray infrastructure reduced flooding by 43.2%, 

and both options when jointly implemented reduced flooding by 62.2%. 

There were several limitations to this study. First, the area used for the 

possible implementation of PPs was limited, and it was therefore challenging 

to accurately compare the performance of GRs. The second limitation is also 

similar to the first, since the gray infrastructure installation condition used in 

this study is a change applied to the real city, there was a limit to comparing 

the exact difference in effect with the green infrastructure. 

This work demonstrates that the proposed evaluation technique can 

contribute to assessing the performance of green-gray infrastructure projects. 

The results highlight the importance and necessity of detailed comparisons of 

various options that can aid the decision-making process governing green-

gray infrastructure planning. In this study, performances were assessed for 

various scenarios. However, performance should also be compared while 

considering the costs of investment in order to select a reasonable strategy. 



53  

IV. Optimized placement of green-gray infrastructure 

for effective flood mitigation  

 
4.1. Introduction 

Urban flooding negatively impacts infrastructure and humans and can lead 

to excessive damage costs (IPCC, 2014). Therefore, urban flood management 

(UFM) is essential for effectively managing the physical causes and potential 

effects of flooding by improving the structure and function of cities (Merz et 

al., 2010). Although there is a large body of literature on flood mitigation and 

management strategies, such as structural flood protection, sustainable urban 

drainage systems (SUDS), and GIs (Ghofrani et al., 2017; Dawson et al., 

2020), relatively few studies have documented spatial impacts that can inform 

urban planners and flood management practitioners to manage excessive 

runoff in urban systems (Nguyen et al., 2019). In relation to the study of 

spatial effects, it was initially assumed that flooding occurred downstream, 

mainly due to the upstream flow (Horton, 1945). Later, the term variable 

source area (VSA) was discussed, highlighting that land use contribution to 

the drainage catchment differs in space and time (Woldesenbet et al., 2017; 

Yan et al., 2016). The VSA is a concept in which most runoff catchment is 

driven by a relatively small fraction of the runoff sources, which can increase 

or decrease with time and spatial variability (Hibbert and Troendle, 1988). 

https://www.sciencedirect.com/science/article/pii/S0048969719300920#bb0270
https://www.sciencedirect.com/science/article/pii/S0048969719300920#bb0280
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Subsequent studies on VSA have improved the understanding of the flooding 

process by identifying the importance of several parameters influencing 

floodings, such as land cover, topography, and soil characteristics (Miles and 

Band, 2015). 

Various research methods, such as stochastic, empirical, probabilistic and 

deterministic methods, have been used to analyze the impact of urban 

flooding (Escuder-Bueno et al., 2012). Among them, deterministic methods 

using a hydrological model based on a simplified representation of the 'real 

world' are appropriate for identifying hazardous areas or confirming the 

effectiveness of spatial techniques such as green-gray infrastructures 

(Rodriguez et al., 2021). Hydrologic and hydraulic modeling has been used 

to answer VSA questions regarding flood risk management (FRM) 

(Jajarmizadeh, 2012; Teng et al., 2017). These include studies that identify 

hazardous areas or evaluate the contribution of each domain to system runoff 

(Teng et al., 2017; Dawson et al., 2020). 

It is important to demonstrate strategies that can be implemented to reduce 

the flow at flooding sources and minimize flood risk at critical locations 

(Vleeschauwer et al., 2014; Fletcher et al., 2015; Dawson et al., 2020). 

Although GI is a suitable control measure to reduce runoff, modeling 

guidelines for its effective implementation are lacking (Saghafian and 
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Khosroshahi, 2005; Petrucci et al., 2013; Saghafian et al., 2015). Therefore, 

this study conducted a modeling research based on an actual target site to 

confirm the hypothesis that it is appropriate to install GI in the source area 

and to take structural protection measures in the impact area, as summarized 

in previous studies. The research method suggested by Dawson et al. (2020) 

was applied to derive the source and impact areas, and the spatial impact was 

analyzed by applying the green-grey infrastructure application technique for 

each area. 

 

Fig. 19. Research framework of the study 
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4.2. Methods 

4.2.1 Case study 

The case study site is located in Seoul, the capital of South Korea, which 

is one of the most densely populated cities worldwide. The case site was 

selected at the catchment scale, which represents the basic scale for 

determining the amount of domestic water in urban areas and minimizing 

other impacts. This site is a typical commercial area with an area of 192.61 

ha, an elevation of 14–71 m, and an impermeable area of 85%. In addition, 

the site has a history of flooding (1984, 1990, 1998, 2001, 2010, 2011, and 

2013), despite sewer construction. 

Precipitation data in 2010 collected at the automated weather station (AWS) 

of Gangnam (37.5131° N, 127.0470° E), which was the nearest rain gauge to 

the site, was measured at a resolution of 5 min. The maximum 2-hour rainfall 

for flood event in 2010 was 128.5mm, which is equivalent to 25-year return 

period rainfall (Fig. 20). According to national statistics, property damage in 

Seoul, including the loss of roads and flooding of houses in 2010, was 

estimated to be 14.5 million USD (KMA, 2010). 

Table 9. Precipitation data of flood inundation event 

Rainfall events Duration 

time 

Sum of 

precipitation 

Maximum hourly 

precipitation 

2010.09.21. 08:00 - 22:00 14-hr 292.5 mm 71.0 mm 
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Fig. 20. Return period by duration time of 2010 flood event 

 

4.2.2 Source and impact area 

Areas requiring green-gray infrastructure were selected by considering two 

main aspects; a set of flooded area (impact) and the most flood-contributing 

area (source). This process is a source-impact-based priority area 

identification methodology proposed by Vercruysse et al. (2019) and was 

performed using the ArcGIS Desktop v10.5. The following simulation-based 

analysis is performed to explore areas with the highest flood contribution: (1) 

modeling to analyze the flooding volume for a specific rainfall event in the 

entire study area, (2) executing a model repeatedly that omits rainfall in 

individual sub-catchments, (3) defining the difference between values (1) and 

(2) as the flood contribution of individual sub-catchment. While Vercruysse 

et al. (2019) used a grid-based model, there are some differences in the 

methodology that this study used a semi-distributed model to include the 

impact of the urban drainage system.  
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4.2.3 Hydrological model 

All hydrodynamic analyses in the study were performed using a sewer 

network model implemented in SWMM version 5.1, which is one of the few 

models available with the capability to simulate the hydrological responses of 

GI practices (Rossman, 2010). Model composed by Bae et al. (2020) was used, 

which includes 16 sub-catchments that drain into 16 junction nodes connected 

to 15 conduit links. Infiltration refers to the process by which rainfall is 

absorbed into the underground surface and penetrates the unsaturated soil area, 

and Horton's method is applied in the model. Flow routing was simulated 

using the dynamic wave method. 

The model was calibrated by changing the Manning's coefficient, 

infiltration rates and depression storage for both permeable and impermeable 

fractions of all the sub-catchments. For the calibration processes, rainfall data 

of 5-minute temporal resolution between 2010 and 2011 were used. 

Calibration process were based on comparison of the simulated flood volume 

for each node and observed flood trace. The deterministic coefficient R2 is 

used to assess the degree of correlation between the simulated and observed 

output (Chapter 3.3.1). 

 

 



59  

4.2.4 Green-gray infrastructure scenarios 

GI techniques were implemented by integrating green roofs (GR) and 

permeable pavements (PP), suitable for installation in existing infrastructures. 

In SWMM, the GI technique was expressed using a combination of vertical 

layers of surface, soil, and storage, and the design elements for each layer 

were applied using the parameters suggested in previous studies (Rodriguez 

et al., 2021; Abualfaraj et al., 2018; Tirpak et al., 2021; Randall et al., 2019). 

Table 10. Summary of GI characteristics 

 

 Parameter Permeable 

pavement 

Green roof 

Surface Bern height [mm] 5 75 

 Vegetation volume fraction 0 0.1 

 Roughness (Mannings n) 0.05 0.1 

 Slope 2 0.3 

Soil/Sand Thickness [mm] - 150 

 Porosity - 0.4 

 Field capacity - 0.105 

 Wilting point - 0.047 

 Conductivity [mm/hr] - 72 

 Suction head [mm] - 20 

Pavement Thickness 150 - 

 Void ratio 0.4 - 

 Impervious surface fraction 0.3 - 

 Permeability [mm/h] 72 - 

Storage / 

Drainage mat 

Thickness [mm] 150 50 

 Void fraction 0.5 0.55 

 Seepage rate [mm/hr] 78 - 

 Roughness (Mannings n) - 0.3 
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In this study, other conditions, such as the application area, were set 

equally to compare the performance considering only the ‘application 

location’ of the green-gray infrastructure. GI of the same area was allocated 

to the source and impact areas. However, it was adjusted to not exceed the 

maximum allowable area by reflecting the land cover characteristics in the 

research area. In addition, we matched characteristics of green and gray 

infrastructures using the methods in Chapter 2.3.2 and Fig. 4, which were 

derived from the results of sensitivity test on expansion rate of conduit cross-

section area with the same hydrological performance as the green 

infrastructure. This is based on a test on how much flood reduction effect 

similar to how much pipe expansion is performed in the entire catchment 

when green infrastructure is installed in the entire catchment, and as a result, 

a value of 13% was derived. The cross-sectional height of the conduit required 

to expand the cross-sectional area of the conduit by 13% was presented for 

each sub-catchment, and the application area of the green infrastructure was 

also presented (Table 11). This process was conducted because the same 

conditions must be set for a clear comparison between green and gray 

infrastructure, and in this study, the same conditions were set based on 

'hydrological performance'. 
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Table 11. Summary of green-gray infrastructure implementation 

Spatial 

division 

Sub-

catchment 

number 

Application condition 

Gray 

(conduit cross-sectional height) 

Green 

(GR+PP) 

Original (m) Conduit type Enlarged (m) Area (ha) 

Source area 3 3.0  closed 

rectangular 

3.4  2.0 

12 3.0  closed 

rectangular 

3.4  2.0 

7 1.2  circular 1.4  4.0 

Source-Impact 

intersection 

14 1.2  circular 1.3  4.0 

Impact area 
 

2 1.3  circular 1.5  4.0 

16 1.2  circular 1.4  4.0 

  

The scenarios based on green-gray infrastructure changes were divided 

into 5 cases, including the baseline without any implementation (Table 12). 

First of all, as mentioned in the research purpose, we tried to compare S1 and 

S2 to confirm the hypothesis that it is appropriate to install green 

infrastructure in the source area and take structural protection measures in the 

impact area. In addition, the case of adopting only green or gray infrastructure 

such as S3 and S4, was compared together to analyze the difference in effect. 
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Table 12. Overview of scenarios modeled in this study 

Scenarios 
Green infra Gray infra 

Source Impact Source Impact 

Baseline (no green-gray) ⅹ ⅹ ⅹ ⅹ 

S1. Green in source + Gray in impact ○ ⅹ ⅹ ○ 

S2. Green in impact + Gray in source ⅹ ○ ○ ⅹ 

S3. Green in impact and source ○ ○ ⅹ ⅹ 

S4. Gray in impact and source ⅹ ⅹ ○ ○ 

 

4.3. Results and discussion 

4.3.1 Source and impact area identification 

Values assigned to individual sub-catchment for “impact” and “source” are 

classified into three classes based on the Natural Breaks technique. The 

highest-class area is set as the green-gray infrastructure placement area. A 

description of the methodology and the result of area derivation for green-

gray infrastructure placement is presented in Fig. 21. 
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Fig. 21. Source and impact area derivation for green-gray infrastructure placement 

 

4.3.2 Comparison of effect difference 

As in the research hypothesis, installing green infrastructure in the source 

area and gray infrastructure in the impact area showed the greatest effect in 

reducing flooding. When only green infrastructure was applied to both areas 

(S3), the flood reduction effect was somewhat lower than that of the best case 

(S1). The advantage of S3 in runoff control seems to be due to its relatively 

high infiltration capacity. Table 13 presented the results for each scenario of 
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main output performance index such as runoff depth, flood volume, 

infiltration depth and peak runoff flow rate. 

Table 13. Overview of results by scenarios 

 Runoff 

(mm) 

Flood 

(1,000m3) 

Infiltration 

(mm) 

Peak runoff 

(CMS) 

Baseline (no green-gray) 264.0 16.7 0.7 33.7 

S1. Green in source + Gray in impact 255.0 3.9 3.2 31.4 

S2. Green in impact + Gray in source 257.9 12.6 4.4 31.5 

S3. Green in impact and source 248.7 5.6 7.0 31.4 

S4. Gray in impact and source 264.0 9.3 0.7 33.8 

 

As a result of summarizing the flood hydrograph for S1~S2 and baseline 

(Fig. 22), it was confirmed that the flood was removed from both S1 and S2 

compared to the baseline. When S1 and S2 were compared, no peak flood 

delay effect was found, but the flooding start time was delayed by 60 minutes. 

In addition, in sub-catchment 3, where hazard was the highest, the flood 

amount of S1 was reduced by 30.4% and S2 by 88.9% compared to baseline, 

showing a large difference in effect. 

The reduction rate for flood volume and runoff depth was derived 

compared to the baseline for S1~S4 in Fig. 23. It is noteworthy here that the 

reduction effect of the flood volume was the best in S1, but the reduction 

effect for the runoff depth was the best in S3, which applied only the green 

infrastructure. The cause of these results seems to be that the source-impact 
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area in the research method was based on the amount of flooding. Therefore, 

it suggests that the target management area may also change depending on 

whether the reduction goal is in “surface runoff” or “flood”. 

 

Fig. 22.Flood hydrograph in 2010 flood event for S1~S4 and baseline 

 

The green infrastructure scenario presented in this study was established 

based on the assumption that the entire building and sidewalk exist in the 

target site. However, considering that the green roof created for about 20 years 

('02~'20) in Seoul, which is about 300 times the area of the target site, is about 

1ha (Seoul city, 2021), the scenario set in this study (12 ha of green 

infrastructure) is not realistic. Nevertheless, research on the maximum effect 

is important in setting policy goals, as green roofs and street greening are 

increasing the installation goal every year (1 ha in 2021) due to the advantage 

of easy installation in highly-developed urban areas. 
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Fig. 23. Flood and runoff reduction rate by scenarios 

 

4.4. Conclusion 

This study used a hydrologic model based on the source-impact area 

classification guide in catchments to evaluate the spatial effects of flooding 

and explore the effectiveness of green-gray infrastructure on the urban 

catchment scale. It was confirmed that implementing GI in areas that induce 

flooding and gray infrastructure in areas impacted by floods are advantageous 

for flood reduction. However, the performance index related to runoff found 

that the scenario of installing only green infrastructure was more 

advantageous. This is thought to be because the source-impact area set in this 

study is derived based on the flood volume, and this result means that policy 

implications may vary depending on which hydrological performance index 
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is targeted. 

The result of this study is not general for all rainfall events and can be 

affected by various rainfall intensities and durations. Therefore, further 

research should investigate the effects of rainfall intensity and the timing of 

events. In addition, since the sub-catchment area is roughly divided, the 

spatial resolution of the results was low, making it difficult to consider the 

implications for the detailed area, so it is necessary to increase the spatial 

resolution of the model to improve accuracy. Furthermore, this study tried to 

set the conditions of the green-gray infrastructure equally based on 

“hydrological performance”, matching conditions based on “cost” to present 

policy implications can be an alternative. 

This study will contribute to demonstrating the effectiveness of strategies 

that can be implemented to reduce the flow at flooding sources and minimize 

the risk of flooding in critical locations in terms of spatial planning and 

regeneration 
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V. Conclusions 

This study aimed to provide information for green-gray infrastructure 

planning, which is desirable when considering the interaction between 

existing and new infrastructure regarding urban flood management. With 

increased complex city structures and variability of rainfall patterns, it is 

important to analyze the spatiotemporal impact during green-grey 

infrastructure planning. SWMM, a distributed hydrologic model, was used to 

analyze the effectiveness of various spatiotemporal green-gray infrastructure 

implementation scenarios, and the accuracy of the simulation results was 

improved through model updates based on sensitivity tests and parameter 

estimations according to actual rainfall events. 

A flood reduction effect was derived from the GI technique; however, a 

better flood reduction effect was derived from the green-grey combination 

technique. GI effects gradually decreased as rainfall intensity surpassed a 30-

year return period. However, given that flooding in cities is generally a 10-

year return period, GI will likely withstand many cases of rainfall. Under 

various rainfall patterns, there are varying characteristics in the reduction 

effect between flooding and runoff; therefore, green-gray infrastructure 

planning goals may vary depending on which indices are considered.  

This study had other limitations. First, it is important to ensure model 
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accuracy to present consistent implications under various conditions, which 

requires using improved observation data in the calibration process and the 

optimization of many parameters. Second, this study describes the results 

based on discussions of hydrological performance; however, to provide 

information on decision-making, implications linked to costs are required. 

This study demonstrates that the proposed evaluation technique can help 

evaluate the performance of green-grey infrastructure. The results highlight 

the importance and necessity of detailed comparisons of various options in 

the decision-making process of green-gray infrastructure planning.   
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Abstract in Korean 

 

도시 지역에서의 그린-그레이 인프라 홍수 완화 효과 
 

배 채 영 
 

서울대학교 대학원 협동과정 조경학, 

스마트시티 글로벌 융합 전공 

 지도교수: 이 동 근 

 

도시화와 기후변화로 인해 극심한 강우 빈도와 규모가 증가하고 

있다. 도시 홍수는 인프라와 시민 안전에 부정적인 영향을 미치며 과

도한 피해 비용을 초래할 수 있다. 따라서 도시 홍수 관리 (UFM)는 

도시의 구조와 기능을 개선함으로써 홍수의 물리적 원인과 잠재적 영

향을 효과적으로 관리하기 위해 필수적이다. UFM은 빗물을 관리하고 

물을 처리하는 능력을 향상시키기 위해 기존 인프라와 새로운 인프라 

사이의 연결과 상호작용을 고려해야 한다. 도시 홍수를 완화하기 위한 

기존의 방법들은 하수도 시스템의 용적 확장에 초점을 맞추었다. 그러

나 이러한 조치는 주로 지표수 처리를 목표로 하므로 예측 불가능한 

강우에 대한 지속가능한 해결책이 되기 어렵다. 

따라서, 자연 수문 순환을 복원하고 침투 및 유지 용량을 극대화
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하여 유출을 제어하고 피크 흐름을 지연시키는 전략이 제안되고 적용

되어 왔다. 이러한 전략은 국가 특성에 따라 다양한 용어 및 개념으로 

제안되고 있고 용어에 따라 초점은 다소 다르지만, 생태 기술을 기반

으로 하고 도시 미기후 및 생물 다양성 개선과 같은 수문학적 복원력 

외에도 공공 이익을 제공한다는 데에서 목적이 같다. 본 연구에서는 

기존 인프라를 강화 및 확장하는 그린인프라 (GI) 개념을 사용하였다.  

본 연구에서 주로 활용되고 있는 방법론은 수문 모델인데 확률

적, 경험적, 확률적, 결정론적 방법과 같은 다양한 연구 방법이 도시 홍

수의 영향을 분석하기 위해 사용되고 있다. 그 중에서도 '실제'의 단순

화된 표현에 기초한 수문학적 모델을 이용한 결정론적 방법은 위험 지

역을 식별하거나 그린-그레이 인프라와 같은 공간 기술의 효과를 확

인하는 데 적합하다. 본 연구에서는 또한 도시 지역에서 빗물이 처리

되는 경계인 catchment 규모의 대상지를 구성하여 매개변수 추정 및 

모델 업데이트를 기반으로 정확도를 강화한 홍수 완화 영향을 파악하

고자 하였다. 

이러한 방법론을 바탕으로 본 연구에서 주로 확인하고자 하는 것

은 다양한 강우패턴과 공간 영향에 대한 그린-그레이 인프라의 홍수 

완화 효과이다. 본 논문의 각 장에 대한 주요 연구 질문은 다음과 같다. 

1) 그린인프라가 홍수 감소에 효과적인가? 2) 다양한 강우 패턴에 따
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라 홍수저감 효과는 어떻게 달라지는가? 그레이 인프라와 통합했을 때 

그 효과는 어떻게 달라지는가? 3) 그린-그레이 인프라 기술이 구현

되는 위치에 따라 그 효과는 어떻게 달라지는가? 연구질문에 따라 제

2장에서는 결정론적 모델을 기반으로 도시홍수 시뮬레이션 모델을 구

축, 교정, 검증하여 결과의 정확도를 높이려 하였다. 또한 적응 전략으

로서의 GI의 효과도 평가되었다. 제3장에서는 도시홍수의 회복력 개

선을 논의하는 데 중요한 부분인 다양한 강우 패턴에 따른 그린-그레

이 인프라 시나리오 변화에 따른 수문학적 성능 변화를 추적하였다. 

제4장에서는 선행연구에서 제시한 방법론을 기반으로 도시 유역에서

의 홍수 원인과 결과 영역을 탐색하여 각 영역에 그린-그레이 인프라 

중 어떤 전략을 적용하는 것이 홍수 완화 측면에서 가장 효과적인지에 

대한 분석을 수행하였다.  

주요 연구결과는 다음과 같다. 10-30년 재현빈도의 강우강도에

서 그린-그레이 인프라 모두 효과가 점차 상쇄되기 시작하였고, 50년 

재현빈도 강우에서 그린-그레이 인프라 영향은 거의 제거되었다. 도

시의 홍수는 일반적으로 10년 재현빈도 강우이기 때문에, GI는 많은 

강우사상에서 효과적인 전략이 될 수 있다. 강우 패턴에 따라서도 홍

수와 유출 사이의 감소 효과에 차이를 보였다. 지속기간이 긴 강우에

서 그린-그레이 인프라의 유출 감소 효과는 낮아졌다. 다만, 홍수 감
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소 효과는 반대의 결과를 보였는데 이는 고려되는 목표 지표에 따라 

전략의 효과가 달라질 수 있음을 의미한다. 이는 공간적 영향 분석에

서도 나타난 결과인데, 원인영역에 그린인프라를 적용하고 영향영역

에 그레이 인프라를 도입하는 것이 홍수 저감 측면에서는 유리하나 유

출 저감 측면에서는 두 영역에 모두 그린인프라를 설치하는 것이 유리

한 것으로 나타났다.  

본 연구는 도시 홍수 관리와 관련하여 기존 기반시설과 신규 기

반시설 간의 상호작용을 고려할 때 바람직한 그린-그레이 인프라 계

획을 위한 정보를 제공하는 데 의미가 있다. 결과는 그린-그레이 인

프라 계획의 의사결정 과정에서 다양한 옵션의 상세한 비교의 중요성

과 필요성을 강조한다. 특히 복잡한 도시 구조와 증가하는 강우 패턴

의 변동성을 고려할 때, 본 연구의 결과는 도시홍수 관리 및 관련 정책

에 유용한 시사점을 제시할 수 있을 것으로 기대한다. 다만 이 연구는 

수문학적 성능에 대한 논의를 기반으로 결과를 설명하므로 의사 결정

에 대한 정보를 제공하기 위해서는 비용과 관련된 함의가 필요하다. 

 

 

주요어: 그린인프라, 도시 홍수 관리, 도시 배수 시스템, 결정론적 모델, 

시공간적 효과 
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