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Abstract: Recently, urban areas have experienced frequent, large-scale flooding, a situation that
has been aggravated by climate change. This study aims to improve the urban drainage system to
facilitate climate change adaptation. A methodology and a series of mitigation strategies are presented
to efficiently improve the urban drainage system in light of climate change. In addition, we assess
the impact of climate change and predict the scale of potential future flood damage by applying the
methodology and mitigation strategies to urban areas. Based on the methodology presented, urban
flood prevention measures for Gyeyang-gu (Province), Incheon, Korea, was established. The validity
of the proposed alternatives is verified by assessing the economic feasibility of the projects to reduce
flood damage. We expect that the methodology presented will aid the decision-making process
and assist in the development of reasonable strategies to improve the urban drainage system for
adaptation to climate change.

Keywords: climate change; frequency-based rainfall; urban drainage system; economic analysis of
flood control

1. Introduction

Climate change does not only involve an increase in average temperature, it also results in changes
to natural phenomena such as extreme temperatures, wind, snowfall, rainfall, and an increase in sea
level that directly and indirectly affect human life. As these occurrences can cause enormous physical
and mental damage to a country and its people, countries must be allowed to prepare for adaptation
at the country level. In particular, increases in localized intensive rainfall and extreme rainfall events
have resulted in a need for diverse research about climate change and its effects on urban areas.

Many researchers have examined the effects of climate change on urban drainage infrastructure
and municipal areas [1–7]. Grum et al. [8] simulated and analyzed the effects of extreme rainfall on
an urban drainage system using the RCM model. Berggren et al. [9] evaluated the overall effects of
climate change on urban areas. Olofsson [10] analyzed the characteristics of urban drainage systems in
consideration of B2 and A2 scenarios among the SRES scenario families. Willems et al. [11] provided
a critical review of the current state-of-the-art methods for assessing the impacts of climate change
on precipitation on the urban catchment scale. Arnbjerg-Nielsen et al. [12] demonstrated that there
are still many limitations in understanding how to describe precipitation in a changing climate in
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order to design and operate urban drainage infrastructure. Zhou [13] suggested an integrated and
trans-disciplinary approach for sustainable drainage design.

Semadeni-Davies et al. [14] evaluated the effects on combined sewer systems in urban areas using
the DHI MOUSE model. Berggren et al. [15] investigated the hydraulic performance of urban drainage
systems related to changes in rainfall and, through hydraulic parameters such as water levels in nodes
(e.g., number of floods and frequency and duration of floods) and pipe flow ratio, described the impact
of climate change. Neumann et al. [16] demonstrated a potential approach for estimating climate
change adaptation costs for urban drainage systems across the US. Semadeni-Davies et al. [17] stated
that there was lack of both tools and guidelines in the technical literature in order to assess climate
change impacts on hydrology. Furthermore, for urban areas, attention has generally focused on flood
risk or water supply, rather than storm water drainage.

Existing urban drainage systems are designed to cope with weather conditions in specific areas.
The ages of systems vary and, in some places, can be quite old (e.g., in many old city centers).
This means that existing urban drainage systems were designed for past climate conditions and might
not be suitable for current circumstances or able to accommodate future changes [18].

Although the effects of climate change at the local level are poorly understood and appear to be
gradual, their potential cumulative impact over the service life of drainage infrastructure warrants a
change in the basic philosophy of hydrotechnical designs [19]. In practice, engineers have no choice
but to consider climate change in order to adapt and serve the public interest [20].

While the necessity of improving the urban drainage system to accommodate climate change has
been recognized, few studies have put forward an approach for conducting such research. This is
probably due to the complexities involved in incorporating climate change in urban flood analysis
in order to evaluate alternative flood control projects. Furthermore, as the field of research on
climate change and urban flooding is clearly distinctive from the practice of evaluating flood control
alternatives, most research has focused on the analysis of flood variation due to climate change.
However, to efficiently improve the urban drainage system, these two fields should be united to
account for climate change.

We aim to present an efficient methodology for evaluating urban flood reduction measures with
consideration of climate change. To accomplish this, the effects of climate change—mainly on the urban
drainage system—are reviewed. In addition, procedures and methodology to evaluate adaptation
measures are presented. We apply this methodology to urban areas to estimate the scale of flood
damage due to climate change, analyze the economic feasibility, and assess the validity of alternative
flood control strategies.

This paper consists of two parts: (1) methodologies of urban drainage system improvement for
climate change adaptation; and (2) application with a case study. In Section 2, the procedure for
improving design criteria in the urban area considering climate change is introduced. In Section 3,
components for future flood damage analysis under a climate change scenario are presented.
In Section 4, the procedure and methodology are applied to an urban area, and results are derived.
Here, we present results from a single greenhouse gas scenario from only one model, HadGEM3-RA
RCM. This study aimed to propose the approach focusing on design of a practical procedure for
climate change adaptation rather than improving projection results. However, an ensemble of climate
models and greenhouse gas scenarios should be used so that the uncertainty of climate change can be
incorporated into the model. In Section 5, the conclusions of this research are presented.

2. The Procedure for Improvement of Design Criteria in Urban Drainage Systems Considering
Climate Change

Many researchers predict that design intensities will increase due to climate change.
Arnbjerg-Nielsen [12] suggested approaches to quantify the impact of climate changes on extreme
rainfall and projected that design intensities in Denmark are likely to increase by 10%–50% within
the next 100 years. Ekström et al. [21] suggested that the HadRM3H model can be used with some
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confidence to estimate extreme rainfall distributions and predicted that, for longer duration events
(5–10 days), event magnitudes will show large increases in Scotland (up to +30%) using rational
frequency analysis and individual grid box analysis. In the rest of the UK, small increases in the
magnitude of more frequent events are expected (up to +10%). This means that improve in design
criteria is needed in accordance with the change in design intensities. If we consider the impact of
climate change, the revised design criteria will stipulate greater capacity than current standards.

Existing rainfall intensities do not reflect this issue [18]. New design criteria that account for
rainfall intensities considering climate change are necessary to prevent drainage system overload [22,23].

With regard to drainage systems, the effectiveness of potential adaptation measures varies due to
the magnitude of flooding and regional features. Therefore, system improvement should be preceded
by an evaluation of drainage system capacity. Mitigation measures should be identified within a range
where the effects of climate change on the drainage system can be evaluated and accommodated,
and an economic analysis is necessary for efficient determination. Our recommended approach to
accommodate climate change and reduce urban flooding is shown in Figure 1. The procedure is used
for the improvement of urban drainage systems.
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1. First, investigate a target area to evaluate the disaster-prevention facilities;
2. Study the service life and capabilities of each facility;
3. Assess the change (%) in input based on the design criteria for the facility. Next, determine

whether the current disaster-prevention facility is safe from the impact of climate change;
4. If the facility is safe, continue to conduct routine maintenance;
5. If the facility is not safe, attempt to increase safety by improving the drainage system or the

operation such as LID (Low-Impact Development), SUDS (Sustainable Drainage Systems), WSUD
(Water-Sensitive Urban Design), GSI (Green Stormwater Infrastructure) etc., without reinforcing
the disaster-prevention criteria. If this is not effective, reinforce the disaster-prevention criteria;

6. Lastly, prepare for structural enhancements if reinforcement of the disaster prevention criteria is
financially valid. The structural measures should reinforce the prevention criteria based on the
evaluation of climate change effects and should improve the facility’s performance;

7. However, if structural improvements are not financially valid, prepare for nonstructural measures
such as evacuation and restriction.

3. Components for Future Flood Damage Analysis under Climate Change

This study follows Figure 1 for future flood damage analysis. To do this, we choose a climate
change scenario of RCP 8.5 shown in Table 1 and do quantile mapping for bias correction of the
scenario data. Here, the scenario data which is rainfall, has daily time scale but we may need hourly
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rainfall data for flood analysis in the urban drainage system. Therefore, the daily rainfall should be
disaggregated into hourly data and so the chaotic disaggregation approach is used. Then, the frequency
analysis for hourly rainfall data is performed to obtain 2 h in 5-year frequency which is a design rainfall
for the branch line of urban drainage systems. We do flood analysis by XP-SWMM model and flood
damage analysis by MD-FDA (Multi-Dimensional Flood Damage Analysis) developed in the Ministry
of Land, Infrastructure and Transport, Korea (2004). The components for the above mentioned analysis
are described in the following sections.

Table 1. NIMR climate change scenario data.

Model HadGEM3-RA

Scenarios RCP 8.5
Time period 2010–2100

Grid size 12.5 km
Meteorological factor Precipitation

Time scale Daily average

3.1. Climate Change Scenarios and Quantile Mapping

The Representative Concentration Pathways (RCP) suggested by IPCC (Intergovernmental Panel
on Climate Change) [24] form a set of greenhouse gas concentration and emission pathways designed
to support research on impacts and potential policy responses to climate change [25,26]. As a set, the
RCP cover the range of forcing levels associated with emission scenarios published in the literature.
The RCP are categorized into four different scenarios based on the degree of carbon dioxide reduction.

The RCP 8.5 corresponds to a high greenhouse gas emissions pathway compared to the scenario
literature [27,28]. In addition, it is a so-called “baseline” scenario that does not include any specific
climate mitigation target. The greenhouse gas emissions and concentrations in this scenario increase
considerably over time, leading to a radiative forcing of 8.5 W/m2 by the end of the century.

In our study, we selected RCP 8.5, in which the largest increases in temperature and rainfall
are expected, and adopted the daily scenario presented by the Korea Meteorological Administration
(KMA; see Table 1). The Korean government uses a local climate model, HadGEM3-RA, which is based
on the HadGEM2-AO model of the Hadley Centre of the British Met Office [29].

The quantile mapping bias correction algorithms suggested by Panofsy and Brire [30] are
frequently used to correct systematic distributional biases in precipitation outputs of climate models.
The general procedure for quantile mapping is illustrated schematically in Figure 2. It is an empirical
statistical technique that matches the quantile of a simulated value to the observed value at the same
quantile, as shown in Figure 2.
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3.2. Approaches for Rainfall Disaggregation and Flood Analysis

The critical problem to evaluate water resources under the climate change is that the climate
models have low resolution in time and space. Especially, the time resolution is an important issue for
flood analysis and we need downscaling daily rainfall data to hourly rainfall data. KMA provides
daily rainfall data produced from HadGEM3-RA climate model. There are several methods for
disaggregating daily time scale to hourly [31–33]. And we use the chaotic approach (see Sivakumar [34]
and Kyoung [35] for details). The chaos disaggregation technique is a method of applying weights
calculated from the training set to the prediction set that looks similar to the dynamic behavior of
the observed data (training set). Here, we define terms of low-resolution data (Xi) or weights (Wi)
calculated from the observed data and high-resolution data (Zi). Figure 3 shows the concept of the
weight using hourly rainfall data. For an example, we have the observed data of 12 h rainfall (Zi) and
two 12 h rainfall data (12 mm and 18 mm) are aggregated to be 24 h data (30 mm) (Xi). The weights will
be 12/30 and 18/30. These weights can be applied to the future rainfall which has a similar dynamic
behavior. Say, the future 24 h rainfall can be disaggregated to 12 h rainfall with weights of 12/30 and
18/30. Therefore, we can obtain the weights from the observations for each time resolution by rainfall
data of 3 h, 6 h, 12 h, and 24 h. Low-resolution data of the prediction set (Xi) is decomposed into
high-resolution data pZiqk “ pWiqk Xi by the weight pWiqk of the training set. The sum of the weights
is one.
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p
ÿ

k“1

pWiqk “ 1 pk “ 1, 2, ¨ ¨ ¨ , N , p “ T1{T2q (1)

In this equation, T1: Resolution of Xi, and T2: Resolution of pZiqk.
In this paper, we resolved the rainfall data using the chaos disaggregation technique, which

preserves many of the physical properties of the rainfall time series including the no rainfall data.
To analyze the runoff in urban areas, hydraulic and hydrologic analyses of the target area are

essential, and existing models can be adopted, if necessary.
Our study utilized XP-SWMM, which is one of the most widely used catchment models designed

to simulate urban storm water runoff [36–39]. The kinematic wave approach [40] was chosen to model
the rainfall–runoff process. This method generally provides reliable results for all storm durations, as
the method considers the physical processes in surface flow generation [41]. This model is used to
understand the frequently complex interactions between rainfall and flooding.

3.3. A Technique for Flood Damage Anaylsis

The multidimensional flood damage analysis (MD-FDA) was suggested to estimate direct damage
costs by calculating the damaged assets in flooded areas and multiplying this value by the damage
ratio, which fits with inundation depth, as shown in Figure 4 [42]. The procedure for MD-FDA
estimation of direct flood damage is as follows:

1. Estimation of property values for an administrative district surrounding the flooded area;
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2. Determination of the inundation ratio in light of the spatial property distribution;
3. Determination of the damage ratio in accordance with the inundation depth;
4. Estimation of direct damage by multiplying by the damage ratio.
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Based on the range of the flooded area, we used the administrative district units of eup (town),
myeon (township), and dong (neighborhood) to estimate the inundated flood damage.

Regional characteristics are classified as residential factors (e.g., structures and contents),
agricultural factors (e.g., farmland and crops), and industrial factors (e.g., tangible assets and
inventories). Data about each factor can be collected through investigation and publically available
statistical data provided by the Korea National Statistical Office (KNSO). The inundation rate is the ratio
of damaged property value in a flooded area to the total property value in the related administrative
district. When estimating the inundation rate, GIS data are used to classify the regional characteristics
and include the Flood Inundation Map, the Administrative District Map, the Land Cover Map, and the
Land-use Map. Damage costs for private property are estimated by the following function by adding
the values obtained through the method suggested in MD-FDA.

TD “

n
ÿ

i“1

rRDi p¨ q ` ADi p¨ q ` IDi p¨ qs (2)

TDD “ p1` aq ˆ TD` HD (3)

In these equations, TD is the damage to private property; RDi p¨ q, ADi p¨ q, IDi p¨ q are the functions
of residential, agricultural, and industrial damage, respectively; n is the number of administrative
districts (eup–myeon–dong); TDD is total direct damage; a is the rate of damage to public facilities
and private property; and HD is the number of casualties.

Damage cost functions were expressed by investigating assets in residential, farming and
industrial areas and multiplying the damage ratio by the inundation depth. Direct damage cost
estimation of public facilities in inundation-expected areas is generally performed using the damage
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cost ratio of civil facilities to general asset damage costs when it is not possible to estimate the scope
and scale.

4. A Case Study for Improvement of Urban Drainage Systems in the Future

4.1. Study Area and Future Timeframe

Based on the methodology presented in the previous section, urban flood prevention measures
for Gyeyang-gu (Province), Incheon, Korea, were established in consideration of climate change.
Located in the northeast part of Incheon, Gyeyang-gu (Province) is influenced by both continental and
oceanic climates and so experiences numerous meteorological changes over time. Incheon has a flat
topography, with 78% of its area having an elevation lower than 50 m, and 57.7% of its area has a slope
less than 5˝. Gyeyang-gu (area: 9.92 km2) mainly consists of lowlands with a gentle slope and is prone
to flooding, as timely rainfall management is not available due to insufficient conveyance capacity
of drainage pipes and overloading, etc., in the case of localized intensive rainfall or extreme rainfall
(Figure 5).
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In this study, four timeframes were specified, and the effects of climate change were simulated for
each period. The first scenario was based on past rainfall observation data (between 1971 and 2010) in
Incheon. The second scenario considered climate change in a 90-year projection window (2011–2100).

For the simulation involving future rainfall, the time frame was divided into three periods: Future
I (2011–2040), Future II (2041–2070), and Future III (2071–2100).

‚ Reference: 1971–2010 (Observation Data, Reference period);
‚ Future I: 2011–2040 (RCP Scenario, Projection period);
‚ Future II: 2041–2070 (RCP Scenario, Projection period);
‚ Future III: 2071–2100 (RCP Scenario, Projection period).



Water 2016, 8, 268 8 of 16

4.2. Practical Implementation with Methodology

This section follows the decision-making procedure for climate change adaptation shown in
Section 2 and Figure 1. The detailed implementation of the procedure is described as follows:

Step (a): In accordance with the methodology presented in Section 2, the current urban drainage
system facilities were investigated. The study area handles runoff with drainage facilities consisting
only of sewer pipes without any pump stations. The total length of the sewer pipes in the study area is
14,917 m (based on XP-SWMM), with a design criteria of 2 h in 5-year frequency. Considering that the
design frequency for urban areas in South Korea is 10-year frequency, this area is vulnerable to flooding
in the event of localized intensive rainfall due to the lower design frequency. The frequency-based
rainfall corresponding to 2 h in 5-year frequency is 81.4 mm. This means that the drainage system can
handle 81.4 mm of rainfall over a two-hour period.

Step (b): The next step was to investigate the service life and capabilities of each facility. In flash
flood guidance researches, limit rainfall is defined as the specific amount of rainfall that causes flooding.
It is estimated by repeating the back calculation of the cumulative rainfall corresponding to the critical
discharge for a specified duration, using the runoff analysis model as a means of judging critical
situations that can occur in diverse rainfall cases. The estimation of limit rainfall for the target area was
81.7 mm, which meets the design criteria of the current facilities (81.4 mm; Table 2). However, most
sewer pipes in this system were installed at least 10 years ago, and aging sewer pipes might make it
difficult to accommodate the designed capacity [43].

Step (c): In this study, we used downscaled RCM and RCP 8.5 for the Eastern Asia region provided
by NIMR to predict the impact of climate change. Downscaled results from RCM tend to show some
level of bias against real observed outcomes (Figure 6a). The quantile mapping approach was used in
this study to estimate the bias between observed data and the RCM. Then, the results were applied to
RCP 8.5 projection periods to correct the daily total precipitation bias for each period (Figure 6b).

Table 2. The predicted five-year, two-hour, frequency-based rainfall amounts (unit: mm). N represents
an increase compared to current the design criteria.

Design Rainfall Limit Rainfall Future I Future II Future III

81.4 N0.4% N21% N34% N70%
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For flood analysis in urban drainage system, we need hourly rainfall data. So, we disaggregated
the daily data into hourly data before use. Based on the collected data, the frequency-based rainfall
for each target period was estimated under the assumptions of the RCP 8.5 scenario. Table 2 shows
the resulting estimates for each target period. To indicate changes in rainfall, the projected rainfall
was compared to the design criteria (the rainfall in two hour duration of five year frequency) of
the existing drainage system. The frequency-based rainfall for Future I (2020s) was 21% larger than
the current design criteria. The frequency-based rainfall was increased by 34% for Future II (2050s),
and that for Future III (2080s) was 70% larger than the current design criteria, respectively. For all
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three periods, projected frequency-based rainfall was much greater than the current design rainfall for
the facilities (Figure 7). Furthermore, projected frequency-based rainfall far exceeded the limit rainfall
for the facilities in use. This indicates that the capacity of the existing drainage system is remarkably
insufficient to accommodate future rainfall.Water 2016, 8, 268 9 of 16 
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Depending on the flow capacity of the existing drainage network, an increase in intensity of
frequency-based rainfall might result in an increase in sewer overflow and flooding in some urban
locations. Urban flooding can create considerable infrastructure problems and huge economic losses in
terms of production, as well as significant damage to property and goods.

The runoff simulation for the target area was performed using the estimated frequency-based
rainfall in order to review the variation in runoff due to the increase in rainfall intensity. For Future I,
the simulation results show that 37 manholes surcharged and nine manholes flooded (Figure 8).
The predicted average depth and area of flooding were 0.82 m and 16,600 m2, respectively (Table 3).

For Future II, the results show that 42 manholes surcharged and 10 manholes were flooded.
The predicted average depth and area of flooding were 1.15 m and 24,000 m2, respectively.
For Future III, 52 manholes surcharged and 17 manholes were flooded. The predicted average depth
and area of flooding were 2.05 m and 74,815 m2, respectively. In summary, the Jakjeon-dong area
seems to be more vulnerable to localized intensive rainfall than other dong in the study area. It is
expected to suffer more damage in the event of heavy rainfall.

Step (e): According to the simulation results based on the RCP 8.5 scenario, the capacity of the
current drainage system is insufficient to accommodate future rainfall. Therefore, an overall analysis is
necessary to determine a viable alternative. Measures for urban flood mitigation include increasing the
elevation of the surrounding land, installing pump stations, and improving the performance of sewer
pipes. However, the installation of new retention facilities or pump stations appears to be infeasible in
this case, as most of the available land in the urban target area has already been developed. Therefore, a
permanent measure to improve the capacity of the existing sewer pipes was selected.

Table 3. Projected damage for each target period.

Damage Future I Future II Future III

Average flooding depth (m) 0.82 1.15 2.05
Average flooding area (m2) 16,600 24,000 36,700

Overflow discharge (m3) 13,452 27,620 74,815
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In general, the capacity of a drainage system is determined based on pipe size and pumping
capacity [44]. Pipes with more flooding runoff in the simulation were preferentially selected for
improvement to efficiently address the deficiency in local capacity due to climate change. To improve
the capacity of the pipes with overflow, an increase in dimensions was selected—0.3 m for circular
pipes and 0.5 m for rectangular pipes—in order to accommodate projected rainfall for each target
period. Table 4 shows the results for sections with insufficient capacity before and after improvements
were made. Figure 9 shows an improved section.
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Table 4. Changes in capacity for inadequate sections in the target area.

Classification Future I Future II Future III

Section lacking in capacity (m) 1011 1175 2506
Improved section (m) 1782 2853 5535

Step (f): Fankhauser et al. [45] state that an assessment of adaptation measures requires a
comparison of project costs and benefits. Essentially, if cost savings achieved by maintaining the
current design standards are less than the present value of future damage, then adaptation measures
are justified. Conversely, if the present value of future damage is less than the cost associated with
improvements, a case could be made for maintaining the existing design standards. Therefore, drainage
design criteria should ideally be reviewed and revised based on cost-benefit analysis and risk
assessment in consideration of the threat [19].

The benefit-cost (B/C) ratio is the most widely used measure of economic efficiency. It assesses
the economic feasibility of an alternative by reviewing both its benefits and associated costs.

First, the benefits and costs of the alternative must be separated to assess the B/C ratio (Figure 10).
In the case study we examined, flooding was expected in a few sections due to increased rainfall, and
the sewer pipes were enlarged to prevent such an occurrence. As no damage occurred because of the
improvements to the pipes, the benefit of this alternative was the prevention of potential damage due
to overflow. To estimate the damage due to overflow, MD-FDA was used. After collecting the data
on assets that suffered damage, the direct inundation damage cost was estimated by multiplying the
inundated ratio and damage ratio by the asset value for each item in the target area. The results are
presented in Table 5.
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Table 5. Benefit/cost (B/C) ratio of the improvement in prevention facilities. (Unit: KRW one million,
KRW = South Korean won).

Classification Benefits Costs B/C

Future I 1324 1175 1.13
Future II 2574 2188 1.17
Future III 5890 4931 1.19

The cost of this alternative can be the amount spent to improve the sewer pipes. We estimated
this cost from the Master Plan for Sewerage Improvement [46].

‚ Benefit from improving the prevention facilities (B): reduction of damage due to the overflow

- Investigate the properties for each administrative district in the target area and estimate the
flooding ratio;
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- Estimate the damage to the properties due to flooding using the flooding ratio.

‚ Cost to improve the disaster prevention facilities: (C)

- Estimate the cost to improve the pipes with insufficient capacity.

Table 5 shows the comparison between the benefits and costs of the alternatives. Potential damage
due to overflow was concentrated in Jakjeon 2-dong, but the improvements were performed in Jakjeon
1-dong, 2-dong, and Jakjeon/Seoun-dong. As the B/C ratio in each case exceeded one, the alternative
presented in this case study was financially valid.

Pipes lacking the capacity to accommodate the future design (plan) or deteriorated infrastructure
should be replaced and augmented in the near future. Their replacement and augmentation should not
be indiscriminately planned and designed. Rather, the process should be handled efficiently based on
the deficiency in local capacity due to climate change so that the outcome is socially and economically
effective and achieved at the most reasonable cost. The B/C ratio is the criterion on which to choose the
best measure, but the negative effects of the chosen measure should not be ignored. As our economic
analysis was limited to the target area, it is unclear whether improving the capacity of sewer pipes
will be financially justified in all cases. Our results were derived from the simple application of the
presented methodology. However, our results or this procedure will help authorities redesign and
augment urban drainage systems in areas vulnerable to flooding in order to prevent damage if they
are applied considering local characteristics.

5. Conclusions

Our research reviewed the effects of climate change on urban drainage systems and proposed a
procedure and methodology to establish damage reduction measures. The methodology was applied
to an urban area to develop an appropriate alternative as an example, and the cost-benefit analysis
performed to assess the economic efficiency of the proposed alternative was presented.

Flooding was projected to occur in every simulation, and an increase in pipe capacity was selected
to prevent it. The B/C ratio was used to analyze the economic validity of the proposed damage
reduction measure. Using this approach, the prevention of potential damage due to overflow was
assigned to benefit (B); MD-FDA was utilized to assess the damage due to overflow, and the cost to
improve the pipes with insufficient capacity was assigned to cost (C). The results of the economic
analysis showed that increase in pipe capacity to address impacts from climate change was valid,
because the B/C ratio in each case exceeded one.

Our results were derived from the simple application of the presented methodology.
The methodology presented could be used as a guideline for other types of disasters due to climate
change, beyond those related to urban drainage systems. This study did not consider the uncertainty
of climate change projection because it focused on design of a practical procedure for climate change
adaptation. While this study focused on a methodology for design and evaluation of actions based on
an example climate model and type of action, future work should assess the impact of climate change
and adaptation actions using an ensemble of climate models and greenhouse gas scenarios. Also, effort
is needed to evaluate the uncertainty of climate change projection.
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