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Abstract: This study involved developing a natural disaster risk assessment framework
based on the consideration of three phases: a pre-disaster phase, disaster impact phase, and
post-disaster recovery phase. The exposure of natural disasters exhibits unique
characteristics. The interactions of numerous factors should be considered in risk
assessment as well as in monitoring environment to provide natural disaster warnings. In
each phase, specific factors indicate the relative status in the area subjected to risk
assessment. Three types of natural disaster were assessed, namely debris flows, floods, and
droughts. The Chishan basin in Taiwan was used as a case study and the adequacy of the
relocation of Xiaolin village was evaluated. Incorporating resilience into the assessment
revealed that the higher the exposure is, the higher the resilience becomes. This is because
highly populated areas are typically allocated enough resources to respond to disasters.
In addition, highly populated areas typically exhibit high resilience. The application of this
analysis in the policy of relocation of damaged village after disaster provides valuable
information for decision makers to achieve the sustainability of land use planning.
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1. Introduction

Accurately predicting natural disasters is highly challenging. Worldwide disaster prevention and
response mechanisms employ warning and risk-assessment systems to provide decision makers
and the public with information about the dangers of living in areas affected by natural disasters.
However, regarding river basins, the interrelationships among human society, the water environment,
the land environment, and climate as well as long-term tendencies have not been systematically
researched. This study involved developing an effective assessment framework for natural disaster risk
assessment. Based on the concepts of warning and risk assessment proposed by the United Nations
Inter-Agency Secretariat of the International Strategy for Disaster Reduction [1], methods and
technologies for risk assessment and systems analysis were employed to identify the relationships
among the factors causing natural disasters, and these relationships were presented in a geographic
information system (GIS). This study proposes a model that enables calculating the risk of natural
disasters in each specific location in the study area, namely Chishan basin in Southern Taiwan. The
hazard indicators reflect the probability of occurrence and severity of disasters [2]. The loss indicators
indicate the loss of life, economy, and employment as well as habitation environments. The concept of
resilience is incorporated in the construction of risk map [3,4]. In general, resilience can refer to any
one or more of the following: socio-cultural, economic, community disaster remediation capacity,
institutional and infrastructure [5,6]. Let it be noted that relicenses in this study specifically refers to
infrastructure resilience, namely debris relief facilities, water supply systems and flood remediation
facilities. Other measures, such as spatial variation in the distribution of especially vulnerable
populations (e.g., the elderly) and locations of informal settlements (e.g., shanties and favelas), are not
considered for the lack of information.

In dealing with natural disaster reduction management, this study addressed three aspects, namely
Hazard, Exposure, and Resilience. Three categories of natural disaster were assessed, namely debris
flows, floods, and droughts. Each type of natural disaster has distinct assessment factors. Among the
three aspects of natural disasters, the exposure to natural disasters exhibited distinct characteristics.
In addition, the interactions of these aspects were considered in risk assessment and in monitoring
conducted to provide natural disaster warnings. The Chishan basin was examined in a case study, and
the advantage of relocating Xiaolin village was discussed. The analysis is shown in a GIS containing
grids with a 336 resolution of 200 m x 200 m. With the incorporation of resilience into the assessment
revealed that exposure and the resilience are both high in the same location. This is because highly
populated areas usually have adequate resources to respond. The analysis on resilience provides useful
information in the allocation of resources to respond to the disaster. Based on the findings,
redeveloping Xiaolin village on the original site of the village is proposed as an alternative way other
than relocation in this specific case study.

2. Model Formulation

The disaster risk assessment framework developed in this study comprises three elements: the
hazard, the degree of exposure to hazards (exposure), and the degree of disaster recovery (resilience).
Therefore, risk was defined as a function of the following three elements, as Equation (1).
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Risk = f(H, E, R) (1)

where Risk is the value of disaster risk, and H, E, and R represent the hazard danger, degree of
exposure to hazards, and ability to recover from disaster of the affected objects, respectively. The
disaster risk values are affected by all three elements. Furthermore, when a single element is lacking,
even though the other elements have a substantial value, the risk is not severe. Therefore, the
relationships among the three elements are mainly expressed in the form of multiplication. The risk
equation, which is similar to the United Nations’ 2002 risk calculation equation, is expressed as
follows (Equation (2)):

Risk = HX E X (1 — R) 2)

The original United Nations’ 2002 risk calculation involved determining risk by hazard multiplying
exposure, and then divided by resilience. However, areas with low levels of development often exhibit
a low ability to recover from disasters, and in some cases, no resilience. Consequently, the UN model
tends to overestimate the risk in underdeveloped areas. Therefore, in this study, risk was calculated by
multiplying unity minus resilience. The higher the resilience is, the more a risk can be reduced.
In addition, for areas with low resilience, risk can be calculated because resilience exerts no influence
in these areas. In other words, resilience does not lower risk.

The risk value obtained using normalized risk assessment should be between 0 and 1 to enable the
risk to be classified into levels easily. Because all three elements are multiplied in Equation (2), the
risk can be as low as 0.125 when all elements are 0.5. Therefore, the cube root of risk in Equation (2)
was calculated in this study to denote a risk assessment value [7]. In this case, the risk was between
0 and 1, as shown in Equation (3):

Risk = J/H X E X (1 — R) (3)

Risk levels are divided into five intervals by using 0.2, 0.4, 0.6, and 0.8 as cutoff values. The five
intervals denoted very low risk, low risk, medium risk, high risk, and very high risk. This classification
system is chosen to present the relative risk in the GIS Map. The following section introduces the
formulation of all indices for the risk assessments. The indices or factors are normalized to be
dimensionless values between 0 and 1.

2.1. Debris Flow Risk Assessment

The risk of debris flow is analyzed according to the pre-disaster phase, disaster impact phase, and
post-disaster recovery phase. Each phase is represented by a specific indicator to assess the related
disaster phase, namely, debris flow hazard, debris flow exposure, and debris flow resilience [8—11].

2.1.1. Debris Flow Hazard

The probability of debris flow occurrence, the intensity of debris flow, and the range of debris flow
are the three factors used for assessing debris flow hazard in the proposed framework. When the
probability of debris flow occurrence is 0, even when both the intensity and the scope of debris flow
are high, no hazard to the built environment is present. A similar concept can be applied to the
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intensity and scope of debris flow. Therefore, the following equation was proposed to define debris
flow hazard:

Hq = 3/HqP x Hql X H4R 4)

where Ha is the debris flow hazard indicator, H4P is the probability of debris flow occurrence, Hadl is
the intensity of debris flow, and HdR is the range of debris flow. The three factors in Equation (4) were
estimated based on various findings in the literature and described in detail by Li in [12]. The
probability of debris flow occurrence is based on three factors observed in the field, namely, the
moisture condition, slope condition, and supplying material. The moisture condition is represented by
the catchment shape coefficient and rainfall alert threshold. The slope condition is represented by the
average catchment slope and effective catchment area. The supplying material is represented by the
landslide ratio and geological zonation. In Taiwan, a specific rainfall alert threshold is assigned to each
watershed. This value is used to normalize the relative tendency in decries flow under heavy rainfall.

The intensity of debris flow was estimated based on the relative mass of debris flow from each
subwatershed compared with the maximal mass of debris flow from a subwatershed in the investigated
watershed. The scope of debris flow was estimated based on information on the potential debris flow
location and spreading area estimated by the Taiwan Soil and Water Conservation Bureau.

2.1.2. Debris Flow Exposure

The exposure of the affected area is based on three factors, namely the number of residential units,
population density, and the distance from the point where the disaster occurred. Because the degree of
exposure is assessed based on the severity of the effect on people’s safety caused by debris flow, the
number of residential units and people living in the affected area were used to estimate exposure [13].
Another crucial factor is the distance from the point where the disaster occurred, which is used as the
weighting factor. The exposure can be defined as Equation (5):

EqW E4H

Ed:J(T+T)XEdL (5)
where E4 is the exposure of debris flow, EqW is the number of residential units, E4H is the population
density, and E4L is the distance from the point where the disaster occurred. All of these factors are
normalized to be dimensionless values between 0 and 1. Let it be noted that only the factors involved
in the equations are normalized, the products are presented as the exact values from the equations.

The same approaches are taken throughout this study.
2.1.3. Debris Flow Resilience

Resilience is defined as the ability to recover from a disaster [14—17]. Let the available resources of
relief be estimated based on (a) the effectiveness of rescue facilities; and (b) the location of the rescue
facilities, resilience then can be assessed by the available resources of relief and the roads available to
mobilize required equipment. Resilience can be expressed as Equation (6):

Rd = 1/RdH X de (6)
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where Ry is the resilience to debris flow, RqH is the availability of relief resources, and R4P is the
distance from roads. The available resources considered for debris flow are the machineries for rescue
and for the traffic maintaining. All factors are normalized to be between 0 and 1.

2.2. Flood Risk Assessment

The risk of flood hazards is analyzed according to the pre-disaster phase, disaster impact phase, and
post-disaster recovery phase. Each phase is represented by a specific indicator to assess the related
disaster phase, namely, flood hazard, flood exposure, and flood resilience [18,19].

2.2.1. Flood Hazard

Flood hazard is the likelihood of a flood disaster. Flood disaster probability and the severity of
flooding are employed as assessment indices. Flood hazard can be defined as follows:

H¢ = \/H¢h x Hyl (7)

where Hy is the flood hazard, H¢P is the probability of flooding, and H¢l is the severity of flooding.

Physiographic factors, namely the catchment shape coefficient, elevation, natural slope, land use,
and rainfall alert value, are used to assess the probability of flooding. The catchment shape coefficient,
land use, and rainfall alert are indicators of the likelihood of flooding. None of these three factors are
crucial. However, the elevation and natural slope are crucial factors in the occurrence of flooding for a
given location. Both of the two indispensable factors are included in the equation in the form of
multiplication. The equation for defining flood hazard is expressed as Equation (8):

3|/Hem Hem Hem
mp=](%1+ T2 ﬂxHﬂxHﬁ ®)

3

where H¢P is the probability of flooding, Him; is the catchment shape coefficient, Hrm, is the land use
factor, Hyms is the rainfall alert value, H¢z is the elevation of the area, and H¢s is the average slope in
the region. Each factor value is set between 0 and 1 after normalization.

The severity of flooding can be estimated based on the depth and duration of flooding and
expressed as Equation (9):

Hfl = /Heh X Hyt (9)

where H¢l is the severity of flooding, H¢h is the depth of the flood, H¢t is the duration of water logging.
Again, all factors are normalized to be between 0 and 1.

2.2.2. Flood Exposure

Flood exposure is estimated based on two factors, one is the estimation of economic loss and the
other is the distance from a river. Here, the distance from to a river indicates the level of exposure, e.g.,
the further away from the river indicates the less the exposure is expected. Flood exposure can be
expressed as Equation (10):

Ef = ‘/Efe X Efl (10)
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where E¢ is flood exposure, Ere is the economic loss exposure, and Efl is the distance to a river.
When E¢e is 0, no economic loss occurs in the target area when flooding occurs. Therefore, even when
the distance is short, the overall exposure is 0.

2.2.3. Flood Resilience

Flood resilience is estimated based on typical measures applied in flood mitigation, namely the
regional pumping stations, floodgate facilities, and the size of detention ponds. Flood damage and
losses differ from those of debris flow and might not be irrecoverable [20,21]. Therefore, flood
resilience should be estimated by investigating drainage conditions [22]. The drainage condition means
the ability to drain water away from the flooding area. With good drainage condition, the time and
depth of flood is minimized and no significant losses is realized. Pumping stations play a crucial role
in preventing ponding in urban areas where floodwater cannot be discharged through based on gravity.
Floodgate facilities and flood detention ponds can be used to partition, reallocate, or store excess
runoff temporarily and, thus, mitigate the effects of flooding. The aforementioned three measures can
be applied independently or jointly to mitigate flooding. Therefore, flood resilience can be expressed
as Equation (11):
where R¢ is flood resilience, R¢p is the factor associated with pumping stations, R¢g is the factor
associated with floodgate facilities, and R¢b is the factor associated with the size of detention ponds.

2.3. Drought Risk Assessment

The risk of drought is analyzed according to the pre-disaster phase, disaster impact phase, and
post-disaster recovery phase. Each phase is represented by a specific indicator to assess the related
disaster phase, namely, drought hazard, drought exposure, and drought resilience [23,24].

2.3.1. Drought Hazard

Drought hazard is the degree of risk of drought. Drought risk at the first stage is assessed based on
the probability of occurrence and severity of drought. Drought hazard can be expressed as shown in

Equation (12):
Hy = /HnyHyI (12)

where Hy, is the drought hazard, Hy P is the probability of drought, and Hy I is the severity of drought.
The probability of drought is mainly based on climatic conditions (i.e., a longer period of rain-free
time results in a higher probability of drought). The recorded maximal number of consecutive rain-free
(daily rainfall <0.6 mm) days in the analysis case is employed as a normalized criterion to assess the
probability of drought. Then the probability of drought is represented as the maximum number of
consecutive rain-free days for the specific location divided by the recorded maximum number of
consecutive rain-free days for the whole region. On the other hand, the severity of drought is expressed
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as the water demand for the specific location divided by the maximum water demand in the whole
region. A greater demand for water leads to a higher severity of drought.

2.3.2. Drought Exposure

The second part of the drought risk assessment involved estimating the possible damage caused by
drought. Three types of water usage were identified, namely agricultural, domestic, and industrial.
In agriculture, water shortages cause unproductive harvests; thus, crop production can be used as an
indicator of exposure. Regarding domestic use, the supply of water required to meet a population’s
total water demand is used as an indicator of exposure. Regarding industry, the insufficient supply of
water is employed as an indicator for exposure. Drought exposure is assessed using Equation (13):
where E,, is the drought exposure rate, Eya is the agricultural water exposure indicator, Eyc is the
domestic water exposure indicator, and Eyi is the industrial water exposure indicator. All factors are

normalized to be between 0 and 1.
2.3.3. Drought Resilience

Drought resilience depends on the capacity to adjust water allocation within a region, which can be
analyzed based on regional water storage facilities and water treatment plants [25]. Water supply
systems can be analyzed to determine the capability to reduce risk. The higher the resilience is, the
more the risk is reduced [26-28]. Drought resilience can be evaluated based on two factors: the
distances to waterworks and the storage capacities of reservoirs. The greater the distance to
waterworks is, the more difficult it is to supply water. In addition, a larger storage facility has a greater
capacity to minimize the adverse effects of drought. Therefore, drought resilience can be expressed as
Equation (14):

Ry = %W + % (14)
where Ry is the drought resilience, Ryw is the indicator related to the distance to waterworks, and
Ryr is the indicator related to the storage capacities of the reservoirs. All factors are normalized to be

between 0 and 1.
3. Results and Discussion

The Chishan basin, located in Southern Taiwan, was the subject of a case study. The proposed
models were employed to calculate the risk of natural disasters at each location in the designated area.
Each location was represented by a square in a grid with a resolution of 200 m x 200 m. The river
basin was investigated to produce hazard maps for use in land management.
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3.1. Debris Flow Risk Analysis
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Figures 1-5 depict the debris flow risk maps of the study area. The debris flow risk in the
downstream area was higher than that in the upstream area. This is because the exposure was higher in
the downstream area and the debris-affected area was mainly located downstream.
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Figure 2. Debris risk map of Namaxia District.
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Figure 5. Debris risk map of Meinong District.
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Figure 6 presents a potential land-slide disaster value map produced by the National Science and
Technology Center for Disaster Reduction (NCDR); in this map, color patterns indicate both land use
intensity and risk vulnerability; the deeper the color is, the higher the potential for disaster in
that location. The potential debris flow map matches the debris risk maps proposed in this study

(Figures 1-5).
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Figure 7 shows a risk map based on the MHER risk assessment framework [7]. This risk map was
plotted based on mitigation projects and evacuation facilities and routes. In Figure 7, yellow, orange,
and red indicate median, high, and very high risk, respectively. In general, the pattern of Figure 7
matches that in Figures 1-5, except a higher risk was estimated in certain areas in Jiaxian District,
which locates in the lower left hand side of Figure 7b, and also shown in Figure 3. This is because the
MHER risk assessment framework designated most buildings in Jiaxian District as several decades old
and, therefore, high-risk buildings. The conditions of the buildings were not considered in this study.
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Figure 7. Comparison between (a) Debris risk map produced based on MHER risk
assessment framework, 2011 [7] and (b) Debris risk map proposed in this study.

3.2. Flood Risk Analysis

Figures 8—12 depict the flood risk maps of the study area. The flood risk in Chishan basin was low,
exhibiting a value between 0 and 0.2, mainly because the area is located upstream of the Kaoping river
at a high altitude. Water in this basin area flows rapidly. Only approximately 3.52 km? of the basin
reached medium flood risk.

Figure 13 shows a flood risk assessment map plotted by a government agency. This map combines a
potential flooding map and a land use intensity map. Figure 13 indicates a negligible flood risk in the
Chishan basin.
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3.3. Drought Risk Analysis
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Figures 14—18 depict the drought risk maps of the study area. In general, the drought risk is low in

the Chishan basin because both the population and agricultural water demand are low. Factories that

require a high amount of water per unit area are only located in a few areas. The water risk maps of the

Qishan and Meinong Districts show that some locations exhibit a low median risk of water scarcity.

The factories in the Meinong District are more widely distributed than those in the Qishan District.
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Figure 14. Drought risk map of Alishan District and Taoyuan District.
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Figure 19 depicts a risk map of water resources in Kaohsiung City produced by the Water
Resources Planning Institute of the Water Resources Agency. The map shows that, in the Chishan
basin, the Qishan, Neimen, and Meinong Districts exhibit the highest risk of drought. This observation
is consistent with a finding of this study, as shown in Figures 14—18.
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Figure 19. Drought risk map of drought in Kaohsiumg City.
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3.4. Risk Analysis of Xiaolin Village and Evaluation of Relocation

Xiaolin village is located in the northeast of Jiaxian District. During Typhoon Morakot on
8 August 2009, the settlement was completely destroyed. A total of 630 residents lived in Xiaolin
village before the disaster. Of these, approximately 90 families remained, and 180 families relocated to
either Shangping or Yuemei village. The relocation of Xiaolin village was examined in this study, and
the difference between the risk at the original location of the village and that at the relocation site was
evaluated. Figure 20 shows that the debris flow risk in Shangping village and Yuemei village, marked
in red, is 0.5598 (i.e., moderate risk). Furthermore, Figure 21 shows that the debris flow risk at the
original Xiaolin village site is 0.3981 (i.e., moderate and low risk). Therefore, the original site is
relatively safer regarding debris flow.

Figure 22 shows that the flood risk in Shangping village and Yuemei village, marked in red, is
negligible. That is, the whole area was free from floods, even in heavy rain. Similarly, Figure 23 shows
that the flood risk of the original Xiaolin village site is negligible because it has an adequate drainage
system. Therefore, the average flood risk for each of the sites is considerably low.

Figure 24 shows that the drought risk of Shangping village and Yuemei village, marked in red, is
0.1168. Figure 25 shows that the flood risk of the original Xiaolin village site is 0.0495. Despite the
slight difference, and although the original Xiaolin village site exhibits a slightly lower risk of drought,
both sites exhibit a low risk of drought.

In general, these three types of risk map can be integrated into a single risk map as a whole to
evaluate the decision on the relocation of the village. However, no guideline is available for the
relative weighting factors for each risk category, which are essential in the integrating of these three
categories. Any arbitrarily picked factors cannot be justified. However, in this specific case, the
principle of Pareto optimality is adapted to draw the conclusion. Given the fact that Flood risk and
drought risk are both low and not significantly different for these two sites, the only criteria would be
debris flow risk, which is relatively high in the relocation site. It is concluded that the original Xiaolin
village site should be rebuilt.
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Figure 20. Debris risk map of relocated Shangping village and Yuemei village.



Sustainability 2015, 7

Debris risk levels

Jiaxian District And Shanlin District

B oo-02

Figure 21. Debris risk map of original Xiaolin village site.

N

Flood Risk Levels
Jiaxian District And Shanlin District

0.0-0.2
02-04
04-0.6
0.6-0.8
0.8-1.0

1 2 4 6
- e Miles

1|8

o

Figure 22. Flood risk map of relocated Shangping village and Yuemei village.
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Figure 23. Flood risk map of original Xiaolin village site.
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Figure 24. Drought risk of relocated Shangping village and Yuemei village.
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Figure 25. Drought risk map of original Xiaolin village site.
3.5. Resilience Analysis

This paper suggests incorporating resilience in risk assessment to address social and engineering
aspects at the disaster recovery stage. To investigate the crucial role of resilience, two debris flow risk
maps of the same area, one in which resilience was considered and one in which resilience was not
considered, were compared, as shown in Figures 26 and 27. The debris flow risk decreased from
0.3734 to 0.3724 and 0.4712 to 0.4377 for Alishan District and Taoyuan District, and Chishan District
and Neimen District, respectively. The reason that there was no substantial reduction of the
debris-flow risk in Alishan District and Taoyuan District was that the effort exerted in disaster
remediation in this region was negligible. By contrast, because of the investment in road development
and a generous allocation to disaster relief resources in Chishan and Neimen Districts, the risk was
reduced from 0.4712 to 0.4377. The reduction of risk caused by improving resilience can be employed
in tools to evaluate the benefit of disaster remediation measures or investments. The results of this
study indicated that the development of densely populated or urban areas is usually accompanied by
the deployment of disaster prevention and rescue resources. Compared with Alishan District and
Taoyuan District, Chishan District and Neimen District are more densely populated. With the
investment in disaster relief measures, Chishan District and Neimen District experiences greater
reduction in the risk than that in Alishan District and Taoyuan District. Consequently, intensive
development does not necessarily increase risk. By contrast, risk depends on the interaction, degree of
exposure, and effort in improving resilience. In the Chishan and Neimen Districts, a high degree of
exposure has been upset with the resilience, reducing the overall risks. Incorporating resilience in the
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assessment revealed that, the higher the exposure is, the higher the resilience becomes. In other words,
hazards might not necessarily cause damage.
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Figure 26. Debris flow risk maps of Alishan District and Taoyuan District: with and
without resilience considered. (a) without resilience considered; (b) with resilience considered.
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Figure 27. Debris flow risk maps of Chishan District and Neimen District: with and
without resilience considered. (a) without resilience considered; (b) with resilience considered.

4. Conclusions

This study examined natural disasters, namely debris flows, floods, and droughts, in river basins
by employing a system analysis approach. Four aspects were addressed, namely natural disaster
reduction, hazard, exposure, and capacity. Each type of natural disaster has distinct assessment factors.
The interactions of these factors should be considered in risk assessment as well as in monitoring and
providing natural disaster warnings. The Chishan basin was examined in a case study, and the
feasibility of relocating Xiaolin village was analyzed. The results are shown in a GIS containing grids
with a resolution of 200 m x 200 m.

Incorporating resilience into the assessment revealed that the higher the exposure is, the higher the
resilience becomes. This is because highly populated areas usually have adequate resources to respond
to disasters. In other words, highly populated areas exhibit high resilience. The findings of this study
enable decision makers to understand the urgent need to diversify the use of resources in areas of risk
assessment. The relocation of residents requires the agency to identify whether adequate measures are
taken to protect residents from high risk. This study demonstrates how to incorporate resilience in the
analysis of the risk and provides the information for use of the allocation of disaster remediation
resources. Resilience can be analyzed to elucidate the unique circumstances of a region affected by
disaster and to determine whether the allocated resources are sufficient to respond to the disaster.
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In addition, resilience can be improved by employing tools to evaluate the benefits of disaster
mitigation measures and investment, thus reducing risk.

Based on the findings, redeveloping Xiaolin village on the original site of the village is considered
feasible. In the absence of a major landslide, which caused the disaster and is not expected to reoccur,
the proposed relocation site exhibits a higher debris flow risk and a similar risk of flooding and
drought than that in the original site. Furthermore, when resilience was incorporated into risk
assessment, the results suggested that the higher the exposure is, the higher the resilience becomes.

Resilience can effectively reduce the possibility that risk is overestimated. Disaster prevention
and rescue resources are often allocated to populous areas. Therefore, highly exposed areas tend
to be associated with high resilience. Resilience is a crucial indicator in the proposed framework of
disaster risk assessment. Hazard, exposure, and resilience interact and should therefore be analyzed
in combination.
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