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Abstract. A risk reduction program was developed after 1 Introduction
debris-flow disaster analysis is conducted using mitigation

structur.es, evacuation measures and community res;rainelgue to its steep topography, fragile geology, seismic activ-
expansion strategy. The risk assessment method dellneat@@’ and rapid development in mountainous regions, Taiwan
hazard zones and analyzes vulnerability and the resilient c3g often affected by debris flows. On 21 September 1999
pacity of an affecte_d area, allowing the pred_ictior_1 of losses, strong earthquakel =7.3) with an epicenter in Chichi

of properties and lives, and the corresponding risk. It canye,astated Central Taiwan and triggered numerous landslides
also be used to evaluate performance of_ a risk reducuork:hen and Wu, 2006). After the earthquake, the susceptibil-
program. The proposed method was applied to the Songhgy, of the affected areas to debris flows increased, as heavy
community as a case study to assess debris-flow risk anghinta|| during typhoons or storms causes large landslides of
performance of reduction programs consisting of mitigation|qosened soil (Wu and Chen, 2009). Although most debris
structures, evacuation measures and a restrained expansigBs occur in mountainous regions, they also pose a seri-
strategy. Total annual risk decreased to $0.01 million from, g threat to foothill or alluvial fan communities and often
$0.72 million for the No. 1 Torrent and to $0.36 million from syt in loss of life and property damage. Due to the un-
$1.22 million for the No. 2 Torrent after mitigation structures cetainties associated with natural disasters, implementation
were installed, and evacuation measures were implementegk risk reduction programs before disasters occur is neces-
based on restrained expansion. Althou_gh mitigation struc-Sary to minimize losses. In this study, we discuss the risk
tures are costly, they can reduce the size of hazard zonegeqyction program consisting of mitigation structures, evac-
Delimitating the Designated Soil and Water Conservation ation measures and a restrained expansion strategy. The ob-
Area restrains community expansion and decreases possibjgctives of installing engineered mitigation structures are to
losses. Although evacuation measures cannot reduce the Si¢gstect residents and their properties from debris flows and
of hazard zones, they effectively increase the resilient capacg, requce the size of hazard zones (i.e., deposition zones).
ity of residents. The benefit-cost rat|p for mitigation struc- e objectives of implementing evacuation measures are to
tures exceeds 1.0 for both torrents with an average of 3.87jn¢rease the resilient capacity of residents and to decrease
the benefit-cost ratio for evacuation measures is markedlyogs of |ife. The restrained expansion strategy indicates that
greater than 1.0. Combining mitigation structures and evacUg,e pyildable land in hazardous areas cannot be developed as
ation measures increases the total benefit with a beneﬁt-cogu”dings. instead, it can be used as farmlands. In summary.
r_atlo of 4.38. _Analytlcal re_sults showed that the risk reduc- objectives of delimiting the Designated Soil and Water
tion program is cost-effective. Conservation Area are to restrain community expansion and
to avoid the possible losses that can increase as the commu-
nity develops. Risk analyses that account for the inherent
uncertainty of debris flows and cost-benefit analyses are re-
quired to prioritize prevention tasks in reduction programs.

Correspondence taC. Y. Wu To satisfy this requirement, this work presents a risk analysis
BY (d9442006 @mail.nchu.edu.tw) method and then applies it to debris flows.
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Risk can be defined as the expected number of lives lostgation period. Losses of property and lives are incorporated
persons injured, damage to property, and disruption of ecointo a vulnerability analysis. The representative value and
nomic activity due to a natural phenomenon for a given areadhe damage factor for individual elements at risk are used
within a specified period (United Nations, Department of Hu- to predict property losses. The vulnerability of residents in
manitarian Affairs, 1991). Mathematically, risk can be con- buildings can be included to quantify the lives lost. Com-
sidered as the product of the probability of occurrence andnunity resilient capacity, measured by “disaster resilient ca-
expected loss (Tobin and Montz, 1997). Deyle et al. (1998)pacity of residents” (abbr. “Resident Capacity”) and “com-
argued that risk has two measurable components: (1) thenunity resources for disaster resilience”, (abbr. “Commu-
magnitude of harm that may result and (2) the likelihood nity Resources”) is estimated based on the results of resident
or probability of harm occurring at any location within any questionnaires and community checklists. Finally, maps of
specified period. According to the ISDR (2002), risk can beexpected property loss and expected total loss are developed
represented by a function for naturally induced hazards, corto show their spatial distribution. Risk reduction programs
responding vulnerability and capacity. The function incor- should be prioritized based on benefit and cost analysis re-
porates resilient capacity as a component to account for rislsults.
reduction potential via proper management techniques such Debris flows occurred in 2000, 2002, 2004 and 2005 in the
as educating residents about disaster prevention and impleéSsonghe community, Taichung County, Taiwan. The debris
menting evacuation drills. flow in 2004 caused by Typhoon Mindull was particularly

Defining risk level is important for prioritizing disaster severe and buried 30 houses, killing four people (Soil and
prevention tasks and providing a reference for setting theWater Conservation Bureau, 2005). Since 2001, several in-
goals of risk management programs. Various methods haveegrated mitigation structures have been implemented. Two
been proposed to determine risk level. Liu and Lei'(2003) disaster prevention education and training plans, including
assessed the regional hazard for debris flows based on gullvacuation drills in 2000 and 2005, were held in the Songhe
density, mean annual rainfall, and the percentage of culti-community. We chose this community for our case study to
vated land on steep slopes. They also estimated vulnerabidemonstrate the application of the proposed method.
ity based on fixed assets, gross domestic product, land re-
sources, and population density as well as inhabitant agez Methodology
education level and wealth. Although this method is a rea-
sonable risk assessment tool for an entire region, it canno2.1 Hazard analysis
be applied to assess the risk of individual torrents. Addi-
tionally, it cannot determine the monetary value at risk. Re-The relationship between the frequency and the intensity of a
mondo et al. (2008) developed a guantitative procedure fohazard event can be established from observed data. In real-
mapping landslide risk based on the hazard, the vulnerability, data characterizing most natural hazards are insufficient
ity and the values of exposed elements. In their analysisfor such a derivation using an empirical approach. There-
landslide frequency for the next 50 years was estimated usinfpre, new approaches are needed to overcome the difficulties
historical landslide records, and vulnerability was estimatedassociated with insufficient data. For instance, because heavy
by comparing losses with the actual values of affected ele+ainfall is the main cause of debris flows, rainfall frequency
ments. Their analytical results were then presented in a riskand intensity are represented by frequency/intensity classes,
map. Zzere et al. (2007) analyzed landslide risk and evalu-and debris flows are represented by movement classes. Forte
ated direct and indirect costs resulting from a road disruptionet al. (2005) established nine indices for hazard degree based
caused by slope movement. In their analysis, landslide haen three classes of rainfall intensity and three classes of rain-
zard maps were developed based on a scenario for landsliddall frequency. Similarly, Cardinali et al. (2002) proposed
in the next 27 years. The potential cost due to road disruptiorthat the degree of landslide hazard depends on landslide fre-
was estimated using a pragmatic-oriented approach. Thesguency and intensity. Therefore, they characterized land-
two methods assessed risk in terms of monetary value, whiclslides using four frequency classes and four intensity classes;
can be compared with the cost of preventive measures. Howthe intensity classes were based on observed volume and ve-
ever, the resilient capacity of residents was not considered. locity.

This work assesses risk by considering the probability of Several studies have reported that the deposition depth and
the occurrence of debris flows, the expected loss, and the renaximum velocity of debris flows affect the hazard level.
silient capacity, with the vulnerability and the values of ele- Rickenmann (2001) simulated debris flows for return peri-
ments at risk included in the expected loss calculation. Dur-ods of 10, 100 and 1000 years and classified the affected area
ing analysis, an affected area can be classified as a red dnto high, medium and low hazard zones based on deposition
yellow hazard zone based on sediment deposition depth. Andepth and maximum velocity; the delineation criterion was
nual rainfall data are used to establish the probability of therelated to the legal situation in Switzerland. Fiebiger (1997)
occurrence of debris flows. Annual risks are expected lossedescribed how the Federal Forest Technical Service of Tor-
divided by recurrence intervals and are related to the investirent and Avalanche Control, Austria, classifies hazard zones.
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Table 1. Delineation criteria of hazard zones for debris flows.

High hazard zone Medium hazard zone Low hazard zone
Rickenmann (2001) #>1.5m orv>1.5m/s h<1.5mand h<0.5mandv<0.5m/s
0.5m/s<v<1.5m/s
Fiebiger (1997) h>0.7m - h<0.7m

Tang etal. (2006) A>1.0mandv>3.0m/s 0.5mh<l.0mand h<0.5mandv<1.0m/s
1.0m/s<v<3.0m/s

Huggel et al. (2006) h>2.0m - h<2.0m
Present study h>0.5m - h<0.5m
(red hazard zone) (yellow hazard zone)

h is deposition depthy is velocity.

The events with return periods of 10 years and 150 years werased to simplify the process, and the peak discharges were
first simulated, and high and low hazard zones were then deevaluated using the rational formula based on small areas of
lineated based on simulated deposition depth; the delineatiowatersheds (Pilgrim and Cordery, 1993). Related parameters
criterion was related to the Forest law in Austria. Tang etwere calibrated with a trial-and-error procedure comparing
al. (2006) investigated debris flows in a basin in China andfield surveys. It is worth nothing that the recurrence interval
delineated hazard zones based on observed deposition deptbEa debris flow is the reciprocal of the occurrence proba-
and velocities. Huggel et al. (2006) delineated high and lowbility. Therefore, annual risks can be calculated as expected
hazard zones based on deposition depth (Table 1). losses divided by the recurrence interval for events with 5-,
In this study, we used only deposition depth as an inputl0- and 50-year return periods.
parameter for hazard levels. The hazard zones with deposi-
tion depths greater than 0.5 m were designated as red zone3,2 Vulnerability analysis
whereas those with deposition depths less than 0.5m were
yellow zones. There are several reasons for choosing a dé/ulnerability is the threat or harm to residents and property
position depth of 0.5 m as a separation point. The first is thaposed by a disaster. In this study, vulnerability was defined
the major type of debris flow in Taiwan is stony debris flow, as the expected degree of loss with a value in the range of
and residents cannot move about when coarse particles a@to 1 for an element at risk as a consequence of a certain
deposited above the knee. Therefore, the separation poirdvent. Several methods have been proposed to simplify this
was chosen based on the average knee height of residentspmplex analysis. For example, Cardinali et al. (2002) es-
i.e. 0.5m. The second reason is that the observed propertymated vulnerability by inferring the relationship between
losses were much higher when deposition depths exceedetie intensity and the type of expected landslides as well as
0.5m because most pieces of furniture are located withinthe probable damage that landslides would cause to 11 risk
0.5ma.g.l. Another reason is that crop losses increased reslements. The expected damage to the elements was clas-
markably when deposition depths exceeded 0.5m in farmsified as superficial, functional or structural. However, this
lands. Additionally, one of the reasons for only considering approach, which is a type of qualitative analysis, did not sug-
deposition depth (and not flow velocity) as an input parame-gest any vulnerability values in the risk assessments. Forte
ter is that the observed losses of houses, which are generalit al. (2005) used nine classes of vulnerability to classify el-
built with reinforced-concrete in Taiwan, were mainly caused ements at risk. Each class had one fictitious multiple of three
by debris depositions but not house breaks. Another reason imdices so that vulnerability was numerically defined by the
that flow velocities can be recorded in simulation processevalues. However, this approach, which is a type of semi-
but cannot be observed in the field. guantitative analysis, can express the comparative suscepti-
The FLO-2D model (O'Brien et al., 1993) was used to bility of elements at risk but cannot express absolute suscep-
simulate the deposition of debris flow torrents. Although thetibility. Fuchs et al. (2007a) established a relationship be-
scale of debris flows depends on precipitation and availabléween debris flow intensity and the vulnerability of buildings
transport sediment, only precipitation was used as a proxyonstructed of bricks and concrete. The mean vulnerabili-
in the FLO-2D model because of the difficult question of ties for intensity classes of 0.5, 1.0, 1.5, 2.0, and 2.5 m were
whether sediment will be (re) mobilized. The steps for be-taken to be 0.02, 0.03, 0.21, 0.45, and 0.52, respectively. This
ginning a simulation with FLO-2D, which include obtaining approach suggested a second order polynomial function rela-
topographic data and developing flood hydrology, were pro-tionship between debris flow intensity and vulnerability and
posed by Bertolo and Wieczorek (2005). Since an inflowsupported an enhanced standardization of the vulnerability
flood hydrograph was required, a triangular hydrograph wagunction.
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Table 2. Damage factors (DF) and assessment methods of elemen
at risk.

Elements DF Assessment method of
at risk value of elementif)
Red Yellow
hazard hazard
zone zone
House 0.3 0.1 Assessed house value
Farmland 1.0 1.0 Assessed product value
per unit area
Forestland 0.5 0.1 Assessed forestland value
per unit area
Road 1.0 0.5 Published costs of newly
constructed road
Bridge 1.0 0.5  $746 perfn
River - - $0 per rf of surface area

efficiency of a risk reduction program for debris-flow disasters

2-3 Resilient capacity analysis

Resilient capacity refers to the capacity of individuals or a
community to endure and resist disasters. Chen et al. (2005)
considered community resilient capacity to be the combined
effect of legal right to ask for the disaster prevention budget,
disaster prevention and response organization, communica-
tion capability, warning capability, the ability to pay for mi-
tigation and disaster prevention education. In other words, it
represents how a community is for a disaster. Wang (2005)
interviewed community leaders to assess community pre-
paredness for disasters, which included responding, monitor-
ing and communication systems. Wu (2006) improved upon
this model using questionnaires given to residents for assess-
ing resilient capacity based on resident responding, monitor-
ing and communication capabilities.

This work places the resilient capacity of a commu-
nity into two categories including “Resident Capacity” and
“Community Resources” using the Analytic Hierarchy Pro-
cess (AHP). The assessment framework for community re-

The vulnerability value depends on deposition depth andsilient capacity consists of five hierarchies proposed by Chen
the susceptibility of an exposed element. To assess loss, daret al. (2009). The first hierarchy is divided into the two stated
age factors from Team KNU (2005) can be adopted to rep-categories. For other hierarchies, the categories can be sub-
resent the average ratio of actual losses to the values of elglivided into several subcategories. The proposed assessment
ments in the red and yellow hazard zones in this study. Thenethod is as follows:
product of damage factor and the value of an element is the

average loss over several disasters of the same scale, and thiél' The category of

knowledge allows us to carry out a quantitative risk analysis.

Table 2 shows the proposed damage factors for elements at

risk in the red and yellow hazard zones.
Only losses of property and human life were considered

“Resident Capacity” is divided into
three subcategories of capabilities that residents possess
to resist disasters, including responding, monitoring and
communication. The assessment was conducted using
resident questionnaires (Wu, 2006). The score assigned
to each question was in the range of 0 and 1; a high

in our risk analysis. Indirect losses and intangible losses
caused by disasters were ignored. To estimate property loss,
a GIS land-use layer was established by digitizing aerial pho- 5

tographs of an affected area. Land-use was classified based

on the types of risk elements, such as houses, farmland,
forestland, roads, bridges and rivers. Additionally, GIS was
used to determine the representative values of individual ele-
ments for calculating property loss.

In this study, house values were defined as the values as-
sessed by the taxation bureau; farmland values were esti-

mated based on area, annual production per unit area, and3.

market values of agricultural products; forestland values
were estimated based on area and the value per unit area as-
sessed by Forestry Bureau; road values were estimated based
on published cost data for new roads; bridge values were
taken at $746/fhas proposed by Liu and Li (2006). Ta-

ble 2 summarizes these assessment methods. Additionally,
we adopted the method used by Bell et al. (2004) to assess
the vulnerability of residents in building®y) in Iceland dur-

ing debris flows; these values were 0.02, 0.06 and 0.25 for
debris flows with return periods of 5, 10, and 50years, re-
spectively. The life valuel() is set at about $0.63 million,

as proposed by Liu and Li (2006) for risk analyses of debris
flows in Taiwan.

Nat. Hazards Earth Syst. Sci., 10, 152683 2010

score indicates a high capability of resisting disasters.

The category of “Community Resources” is divided into
three subcategories of community capabilities, includ-
ing responding, monitoring and communication sys-
tems. This assessment utilized checklists for interview-
ing community leaders (Wu, 2006). The score assigned
to each question was in the range of 0 and 1; capability
increased as the score increased.

The scores for the two categories of “Resident Capac-
ity” and “Community Resources” were weighted to re-
flect the relative importance of a question within a sub-
category, of a subcategory within a category, and of a
category within the framework. The weights for differ-
ent questions in a subcategory (with a sum of 1), for
subcategories in a category (with a sum of 1), and for
categories in the framework (with a sum of 1) were de-
termined based on questionnaire responses from profes-
sionals (Chen et al., 2009). The total weight of a ques-
tion, representing its relative importance among other
questions, is the product of the above weights appli-
cable to that question. The adjusted score for a given
question was obtained by multiplying the score with

www.nat-hazards-earth-syst-sci.net/10/1591/2010/
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the corresponding total weight. The sum of the ad-a given program is more cost-effective than others, but not
justed scores for all questions of a category is the as-about whether it contributes to an increase in resident welfare
sessment score for that category, i.e., “Resident Capac{Groot et al., 2004). Conversely, BCA can assess the shifts in
ity” or “Community Resources.” resident welfare. Fuchs et al. (2007b) applied CEA and BCA

. . ___toevaluate alternative programs for avalanche risk reduction.
. the sum of the_ adjusted s_cores fo.r. all que"St'(.)nS’Their analytical results suggested a close approximation to
Is the score fc_)rthe entire community’s resilient capacity. the economic and cost efficiencies of the risk reduction pro-
The valueisinarange of Oto 1. gram applied, including a reduction of fatality risk. A pro-
gram with a benefit-cost ratio exceeding 1.0 is considered to
be economically efficient.

The risk value R) was calculated based on the analytical Reduced total annual risk can be achieved by mitigation

results for hazard, vulnerability, and resilient capacity. Vul- Structures, delimitation of the Designated Soil and Water
nerab”ity is divided into property loss and life IOSS, and risk Conservation Area and evacuation measures, this reduced

is similarly divided. In addition, resilient capacity only ac- risk is considered to be the protection benefit. This benefit
counts for the reduction of life loss due to the resilient capac-can be calculated as total annual risk prior to the implemen-
ity of residents; it cannot be combined with the property losstation of reduction programs minus the risk after implemen-
calculation because of the immobile risk elements. Therelation. To be conservative, we assumed that the residents
fore, the risks of property and life losses should be analyzed00k no evacuation actions during the events prior to the im-
individually. Expected property loss (Blepery) for an ele- plemeptation of reduction programs. In ot_herwords, resilient
ment can be calculated as the product of damage factor (DF§apacity () was zero under this assumption.

and value of the elemen¥§), as expressed by Eq. (1). Ex-  Thetotal cost of the risk reduction program cannot be used
pected life losses (ke ) can be calculated based on damagedirectly for the benefit-cost analysis. Instead, the total cost
factor (DF), value of life ¥}), vulnerability of residents in ~ Of the risk reduction program should be converted into an
buildings (V;), and resilient capacity((), as expressed by annual costCannua) using the following equation:

4. Finally,

2.4 Risk analysis

Ea-(2) c C i(1+i)" 4
ELproperty= ZDF- Ve (1) annual= %-primary* (1+l—)'1_1 (4)
ELjife = ZDF' Vi-Vi-(1—0) 2) where Cannua=annual cost,Cprimary=total primary cost,

i =annual interest rate (%a),=term (year). The benefit-cost
Expected loss maps were developed to show the spatial digatio for a program can be calculated by dividing reduced to-
tribution of expected loss in an affected area to prioritize risktal annual risk by the annual cost.

reduction tasks. These maps can also be used to identify the

changes of expected loss due to the installation of mitiga-

tion structures and the implementation of evacuation mea3 Case study

sures. Further, expected loss maps demonstrate that mitiga-

tion structures may not ensure absolute safety. 3.1 Environmental setting of the Songhe community
Risk in this study is defined as the product of the occur-

rence probability of debris flowsPg) and expected losses, 1€ Songhe community is located in Taichung County, Tai-
such that annual risk for a debris flow eveRben) is calcu- wan. At an elevation of about 700 m, it has an annual average

lated using Eq. (3). In Eq. (3P is the occurrence probabil-  t€mperature of 22C and mean annual rainfall of 2807 mm.
ity of debris flows. Alternatively, annual risk is calculated as 1he Nos. 1 and 2 Torrents pass through the community and

the expected losses divided by the recurrence interval. can cause dangerous debris flows. The upstream watershed
has an elongated shape with the long axis running in the east-
Revent= Pd - ELproperty+ Pd - ELiite (3 west direction. The watershed area and length are about

The event losses for different recurrence probabilities can bes 7> ha and 4300m for the No. 1 Torrent, and S5ha and
used to establish the loss frequency function (Peter, 2003)1800m for the No. 2 Torrent, respectively. The watershed
Total annual risk Riow) is calculated by integrating the fre- Nas a steep topography with elevations ranging from 640 to

quency function; reduced total annual risk is the benefit of2870 M- Figure 1 shows the torrents and topography of the
the reduction program. Songhe community. The geology of the area is characterized

by well-developed joints and strata of argillites and sand-
2.5 Benefit-cost analysis of the risk reduction program  stones with expose d surfaces often revealing signs of weath-

ering. The area has become increasingly susceptible to de-
Cost effectiveness analysis (CEA) and benefit-cost analybris flows since the Chichi Earthquake in 1999, which caused
sis (BCA) can be applied to evaluate a risk reduction pro-wide-spread landslides and generated considerable amounts
gram. Notably, CEA provides information about whether of loose material for debris flows.

www.nat-hazards-earth-syst-sci.net/10/1591/2010/ Nat. Hazards Earth Syst. Sci., 10,60892610
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Fig. 1. Locations of two debris flow torrents in the Songhe community. Destruction caused by Typhoon Mindulle in 2004 is shown in the
photograph.

of 0.005 and an exponent of 11.24, and for the yield strgss
(Wherety, = ay - e#2Cv), we used a coefficient of 0.811 and
an exponent of 13.72. Related parameters, starting from the
values found in the literature (FLO-2D Users Manual, 2003),
were calibrated with a trial-and-error procedure comparing
field survey with the event in 2004. The maximum sediment
concentration by volumed,) during the simulation reached
40%. The Manning'’s coefficient n-values, based on field ob-
servations, ranged from 0.04 to 0.1.

The FLO-2D model was then used to simulate depositions
for the Nos. 1 and 2 Torrents based on 10 m DTM data-
set. The results were used to delineate the red and yellow
hazard zones and to determine the corresponding hazard de-
grees for the Nos. 1 and 2 Torrents (Fig. 2). Most of the
30 houses buried by debris flows during Typhoon Mindulle

Fig. 2. Distribution of hazard zones for the Nos. 1 and 2 Torrents. N 2004 were within the delineated red zones.

3.2.2 \Vulnerability analysis

3.2 Risk analysis of debris flow disasters
ArcView (ESRI, 2002) was used to digitize the land-use

3.2.1 Hazard analysis layer based on 1/5000 orthophotos for estimating the val-
ues of elements at risk. The distribution of elements in

Regarding the FLO2D model parameters used in the analthe hazard zones of the Nos. 1 and 2 Torrents is shown
yses, for the input triangular hydrograph the times of con-in Fig. 3. Buildings in this community were mostly two-
centration are about 31 min and 17 min for the Nos. 1 and 2story reinforced-concrete houses with typical unit values of
Torrents, respectively; rainfall intensities with different re- $72/n? and $75/m for the first floor and the second floor, re-
turn periods were calculated based on the annual precipitaspectively (Taichung County Revenue Agency, 2007). House
tion data. Peak discharges calculated by the rational formulaalues were estimated based on building footprints and a
for the 5-, 10- and 50-year return periods were 100.1, 112.icombined unit value of $1474n Farmland values were es-
and 139.9 ¥/'s for the No. 1 Torrent, respectively, and 14.6, timated based on area and a unit price of $1.75Avhich
16.4, and 20.4 s for the No. 2 Torrent, respectively. For was in turn estimated based on annual production per unit
the viscosityu (wherep = a1 - #1Cv), we used a coefficient area and the market price of agricultural products, including

Nat. Hazards Earth Syst. Sci., 10, 159683 2010 www.hat-hazards-earth-syst-sci.net/10/1591/2010/
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Table 3. Resilient capacity scores for the Songhe community.

for debris-flow disasters 1597

Assessment Category/subcategory Score Total weight
Resilient capacity of community 0.611 1.000
Disaster resilient capacity of residents 0.632 0.498
— Responding capability 0.494 0.208
Understanding the community’s disaster prevention and response organization 0.556 0.043
Preparing the disaster prevention resources of one’s own house 0.560 0.050
Understanding the emergency evacuation route and shelter 0.482 0.067
Acquiring disaster prevention experience 0.387 0.048
— Monitoring capability 0.634 0.135
Observing the one’s own rainfall gauge 0.656 0.083
Experience principle 0.596 0.052
— Communication capability 0.817 0.155
Communicating with the supervisors, relatives or neighbors 0.817 0.155
Community resources for disaster resilience 0.589 0.502
— Responding system 0.473 0.204
Disaster prevention and response organization 0.285 0.057
Disaster prevention and response resources 0.352 0.070
The emergency evacuation planning 0.722 0.077
— Monitoring system 0.853 0.136
Real-time monitoring system 0.860 0.062
Observing the community’s rainfall gauge 0.849 0.074
— Communication system 0.513 0.162
Communication equipment and feedback system 0.513 0.162

Fig. 3. Location map for elements at risk in the hazard zones of the
Nos. 1 and 2 Torrents.

The actual number of occupants per house in the area was
unavailable. An average of 2.2 occupants per household was
estimated based on the number of the houses (394) and total
population (848) in the Songhe community (Heping Town-
ship Household Registration Office, Taichung County, 2007).
The average number of residents per square mégrdf
0.0275 was calculated according to a typical house size of
80n? based on the entire area of the Songhe community.
This number was used with a life value of about $0.63 million
and the vulnerability of residents in buildingg;) to calcu-
late expected life loss.

3.2.3 Resilient capacity analysis

Community resilient capacity was assessed using question-
naires and checklist results based on the proposed method.
These results are shown in Table 3. The “Resident Capacity”
and “Community Resources”, have similar weights, indicat-
ing that both are equally important. The two most important
subcategories are “responding capability” and “responding

peaches, plums and pears (Agriculture and Food Agencysystem”. However, since both scores are low, the Songhe
2006). Forestland values were estimated based on area amdmmunity must improve in this regard.

a unit price of $0.44/rh(Forestry Bureau, 2006). Values of  The evacuation measure is based on an early warning sys-
roads were estimated based on the paved surface areas atain as shown in Table 3. The levels of the debris flow warn-

the published unit construction cost of $75/(@onstruction
and Planning Agency, 2007).

www.nat-hazards-earth-syst-sci.net/10/1591/2010/

ing system in Taiwan were classified with respect to a yellow
alarm and a red alarm. When the predicted precipitation is
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Table 4. Expected losses and annual risk of debris flows for Nos. 1 and 2 Torrents.

No. 1 Torrent No. 2 Torrent
Return period Assessmentitem Expected losses AnnuaRegd: Expectedlosses Annual ridkeyvent
(%) ($lyr) (%) ($lyr)
Property risk 399678 79936 427692 85538
5 years Life risk 291116 58223 567 383 113477
Total risk 690795 138159 995076 199015
Property risk 413515 41352 463992 46399
10 years Life risk 953592 95359 1878989 187 899
Total risk 1367107 136711 2342981 234298
Property risk 452236 9045 525370 10507
50 years Life risk 4372482 87450 8728776 174576
Total risk 4824719 96 494 9254146 185083

Expected loss(US$/m2)
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Fig. 4. Map showing the spatial distribution of expected property Fig. 5. Map showing the spatial distribution of expected total loss
loss caused by debris flows of the Nos. 1 and 2 Torrents for an eventaused by debris flows of the Nos. 1 and 2 Torrents for an event
with 50-year return period. with 50-year return period.

3.2.4 Risk analysis
greater than the warning threshold (e.g., 300 mm in the study

area), a yellow alarm for a debris flow is announced to theThe expected property and life losses were calculated using
affected community, and the local government will advise Egs. (1) and (2), respectively. The expected property loss and
residents to evacuate. When the actual accumulated precipexpected life loss before the risk reduction program was im-
tation reaches the warning threshold, a red alarm will be anplemented were summed to obtain expected total losses (Ta-
nounced, and the local government will enforce residents tdle 4) for events with the 5-, 10- and 50-year return periods.
evacuate. Local policemen and fire fighters also assist resiour analytical results show that as the size of a debris flow
dents in evacuation, and those who refuse will be forced tdncreases, the size of the affected area increases and, con-
evacuate to safe shelters. sequently, expected losses increase. Spatial distributions of

Professional debris-flow volunteers living in the commu- expected property loss and expected total loss for the Nos. 1
nity were also trained to assist the government in provid-and 2 Torrents for an event with the 50-year return period are
ing debris-flow warnings to residents and strengthening theshown in Figs. 4 and 5, respectively. Using expected total
self-rescue ability of the community. The volunteers usedlosses for events with different return periods in Table 4, loss
simple rainfall gauges and communication equipment to ob{requency curves for both torrents were then drawn, and total
serve the local real-time precipitation and to communicateannual risks Riotal) Were calculated to be $0.72 million and
the situation with the supervisors, relatives or neighbors.  $1.22 million for the Nos. 1 and 2 Torrents, respectively.
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Table 5. Risk reduction program for debris flows in Songhe community.

Risk reduction program Primary cost ($)

Height of the dam (m)  Torrent's average width (m)

No. 1 check dam 5 40 80000
= No. 2 check dam 5 24 50149
% Restoration of the check dam 5 24 50149
- No. 3 check dam 5 24 50149
S No. 4 check dam 5 24 50149
Restoration of the check dam 5 24 50149
No. 5 check dam 6 30 95821
Area: 2.6 ha;
Settling basin Average depth: 5m; 1488149
Width: 24 m-175m
Total expenditures of mitigation structures for No. 1 Torrent 1903970
E Revetment Total length: 724.5m 480388
5 Retaining wall %’gﬁgef]gtf]'?;'gzﬁ_’mm; 39493
2 Total expenditures of mitigation structures for No. 2 Torrent 519881
- First disaster prevention drill 11 August 2000 29851
%; § Second disaster prevention drill 22 August 2005 5373
ug) % Monitoring system Real-time monitoring system and rainfall gauge 89552
©  Professional debris-flow volunteer 5 \olunteers in Songhe community 3730
Total expenditures of evacuation measures 128507

3.3 Risk reductions after reduction program
implementation

Expected loss(US$/m2)

[T -

30 60 300 600 1500 3000

Risk reduction programs, including mitigation structures, de-

limitation of the Designated Soil and Water Conservation
Area and evacuation measures, have been implemented i
the Songhe community. Mitigation structures included bank
revetments, check dams, and settling basin, whereas evacugs
tion measures included drills for disaster resistance, a mon-#
itoring system and patrticipation of professional debris-flow
volunteers (SWCB, 2005) (Table 5). Among the mitigation

structures, the No. 5 check dam is located upstream, whereai -
the settling basin is located downstream. To assess the effec”,”
tiveness of the reduction program, the FLO-2D model was
applied to simulate hazard zones for the Nos. 1 and 2 Tor-!
rents after mitigation structures were installed.

Flgur(_e 6_Sh9WS the S_patlal dIStI‘Ib.utIOI’]S of expected tOtaIFig. 6. Map showing the expected total loss caused by debris flows
losses, indicating that size of areas in the red and yellow hag¢ ihe Nos. 1 and 2 Torrents for an event with 50-year return pe-
zard zones were redlfced a'lnd the paths of det_)r's flow torrentod after mitigation structures were installed. The pink line is the
were altered comparing with the pre-installation conditions. houndary of the simulated debris flow deposits in Fig. 2.

The areas of reduced hazard zones were about 6.75ha and
4.03 ha for the Nos. 1 and 2 Torrents, respectively, and the

E.
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Table 6. Total annual risks, benefits, annual costs, and the benefit-cost ratio when mitigation structures are combined with evacuation
measures for the Nos. 1 and 2 Torrents.

Total annual risksRiota1) With or without mitigation structures and evacuation measures ($)

No mitigation structures and Only mitigation Only evacuation  Mitigation structures and
no evacuation measures structures measures evacuation measures
No. 1 Torrent 723380 16786 430605 11111
No. 2 Torrent 1213901 646 036 634577 351140

Benefit of mitigation structures and evacuation measures ($)

Benefit of mitigation  Benefit of evacuation Benefit of combination of

structures measures mitigation structures and
evacuation measures
No. 1 Torrent 706 595 292776 712270
No. 2 Torrent 567 865 579325 862761
Total 1274460 872100 1575031

Annual cost of mitigation structures and evacuation measures ($)

Annual cost of Annual cost of  Annual cost of combination
mitigation structures  evacuation measures of mitigation structures
and evacuation measures
No. 1 Torrent 258 689 - —
No. 2 Torrent 70635 - -
Total 329324 30507 359831

Benefit-cost ratio (B/C) of mitigation structures and evacuation measures

B/C of mitigation B/C of evacuation B/C of combination of
structures measures mitigation structures and
evacuation measures
No. 1 Torrent 2.73 - -
No. 2 Torrent 8.04 - -
Total 3.87 28.59 4.38

corresponding ratios of reduction were 86.87% and 55.43%,
respectively. Therefore, the mitigation structures reduced not
only expected property loss but also expected life loss. Ta- [ 1
ble 6 shows that after the installation of mitigation structures, 0 30 60 300 60015003000 [
total annual risks Riota)) decreased to $0.02 million from : %N 3

Expected loss(US$/m?)

$0.72 million for the No. 1 Torrent and to $0.66 million from
$1.22 million for the No. 2 Torrent. Figure 7 shows the spa-
tial distributions of expected total loss after the implementa- £
tion of evacuation measures and indicates that an increase i

loss and total loss. Additionally, total annual risk®dal)
decreased to $0.42 million from $0.72 million for the No. 1
Torrent and to $0.63 million from $1.22 million for the No. 2
Torrent (Table 6).

Figure 8 shows the spatial distributions of expected total ¥ ush.<
loss after installation of mitigation structures and the imple-
mentation of evacuation measures, suggesting that the siZg9- 7- Map showing the expected total loss caused by debris flows
of hazard zones and expected life loss decreased. Notabl?,f the Nos. 1_and 2 Torrents for an event with 50-year return period
Table 6 shows that total annual riskBda) decreased to 2fter evacuation measures were implemented.
$0.01 million from $0.72 million for the No. 1 Torrent and
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Expected loss(US$/m2)

]

Fig. 8. Map showing the expected total loss caused by debris flowsFig. 9. Map showing the maximum expected total loss caused by
of the Nos. 1 and 2 Torrents for an event with 50-year return perioddebris flows of the Nos. 1 and 2 Torrents for an event with 50-year
after mitigation structures were installed and evacuation measuregeturn period when the delimitation strategy was not conducted.
were implemented. The pink line is the boundary of the simulated

debris flow deposits in Fig. 2.

to $0.36 million from $1.22 million for the No. 2 Torrent. evacuation education and training plans in the Songhe com-
The delimitation of the Designated Soil and Water Conser-munity were provided to residents in the entire area, the costs
vation Area avoids possible losses incurred during commuwere separated for residents affected by the Nos. 1 and 2 Tor-
nity development. If the restrained expansion strategy wasents. Thus, the total costs and benefits of the evacuation
not implemented, buildable land in hazardous areas mayneasures for the entire area were calculated using benefit-
have been developed as buildings. When all buildable lanctost analysis. Notably, the primary cost of evacuation mea-

was developed as houses, the spatial distributions of maxsures does not include the self-incurred evacuation costs of
imum expected total loss were as showed in Fig. 9, andesidents shown in Table 5. A real-time monitoring system

the total annual risksRiota)) increased to $0.78 million from  consisting of cameras and a rain gauge was installed to mon-
$0.72 million for the No. 1 Torrent and to $2.21 million from itor the torrents. Professional debris-flow volunteers were

$1.22 million for the No. 2 Torrent. trained to provide debris-flow warnings to residents and to
strengthen the self-rescue ability of the community. Train-
3.4 Benefit-cost analysis of the reduction program ing and equipment expenses were on average $746 per vol-

unteer. Total expenditure for the evacuation measures was

Total annual risks were analyzed for the following scenarios:about $0.12 million as shown in Table 5 (SWCB, 2007). The
no mitigation structures and no evacuation measures; mitigaannual cost of the evacuation measures was calculated for the
tion structures alone; evacuation measures alone; and mitientire area (Table 6).
gation structures with evacuation measures. The results are The benefit-cost ratios for mitigation structures and evac-
shown in Table 6. uation measures in the Songhe community were calculated.

Total primary cost of mitigation structures and evacua- The benefit-cost ratio for mitigation structures exceeded 1
tion measures in the Songhe community are shown in Tafor both torrents with an average of 3.87 (Table 6), indicat-
ble 5 (SWCB, 2006). Interest ratd (vas set at 0.06 accord- ing that the mitigation structures installed were cost-efficient.
ing to the common use of watershed comprehensive treatThe benefit-cost ratio of evacuation measures markedly ex-
ment programs in Taiwan (Huang, 1992; Chou, 1998; Shenceeded 1.0, indicating that the evacuation measures were
2006; Taipei Water Management Office, 2006; Soil and Wa-highly beneficial. Mitigation structures require large invest-
ter Conservation Bureau, 2006). The life tem) ¢f mitiga- ments but are capable of reducing the size of hazard zones;
tion structures was defined as 10 years because of the sevecenversely, evacuation measures cannot reduce the size of
and highly frequent debris flow disasters in Taiwan, and thehazard zones but are effective in increasing the resilient ca-
life term of the evacuation measures taken as five years bepacity of residents. Combining mitigation structures and
cause of the decreases of disaster prevention awareness @facuation measures enhances the benefit with a benefit-cost
residents over time. The annual cost of mitigation struc-ratio of 4.38.
tures can be calculated for each torrent. However, because
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4 Conclusions mitigation structures and evacuation measures based on re-

strained expansion, further enhanced benefits with a benefit-

cost ratio of 4.38.
Specifically, the risk assessment method, delineating the ha-
zard zones and analyzing the expected losses and resiliepicknowledgementsThe authors would like to thank the Soil and
capacity of an affected community, can be used to calcuWater Conservation Bureau (SWCB), Council of Agriculture,
late the expected property, life, and total losses and the corfaiwan, for financially supporting this research. The Branches of
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deposition depths were then simulated using the FLO-2pihanked for their opinions and suggestions.
model and the results were used to delineate hazard zoneE. )
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lyzed. The land-use layer was developed by dividing the af-
fected area into element types, including house, farmland,
forestland, road, bridge, and river. It was then overlaid
with the hazard zone layer to calculate the values of indi-

vidual elements at risk. The damage factor of an eIemem}ﬁ\gricuIture and Food Agency, Council of Agriculture: Agricultural

defined as the ratio of actual loss t_°, the value of the ele- Situation Investigation Search, availablelatp://agr.afa.gov.tw/
ment, was used to analyze vulnerability of the element. EX-  5ta/ataDFame.jsplast access: 10 July 2006 (in Chinese).

pected property losses were calculated using the values ofgriculture and Food Agency, Council of Agriculture: Agricultural
elements and damage factors, whereas expected life l0ssesProducts Price Search System, availablehdtp://apis.afa.gov.
were calculated using life value, damage factor, and vul- tw:8000/agrPR-net/index.htrtast access: 10 July 2006 (in Chi-
nerability of residents in buildings. Thirdly, the resilient  nese).
Capacity of Community, measured by “Resident Capacity”Be”, R. and Glade, T.: Quantitative risk analysis for landslides
and “Community Resources,” was estimated using data col- — Examples from Bdudalur, NW-Iceland, Nat. Hazards Earth
lected from resident questionnaires and community check- SYst- Sci., 4, 117-131, do':10'_5194_/”h955'4'117'2094’ 2004.
lists. Expected property and life losses for individual hazargBertolo, P and V_Vleczorgk, G. F _Cahbranon Of. numencal models
zones were then calculated and the distribution maps were for small debris flows n Yosemite Valley, (.:a"fom'a’ USA, Nat.
Hazards Earth Syst. Sci., 5, 993-1001, doi:10.5194/nhess-5-993-
plotted. Frequency curves for expected losses were estab- 2005, 2005.

lished for assessing the annual risks. The proposed methogyrginali, M., Reichenbach, P., Guzzetti, F., Ardizzone, F., An-

was successfully applied to the Songhe community to as- tonini, G., Galli, M., Cacciano, M., Castellani, M., and Salvati,
sess debris flow risks and to evaluate the performance of P.: A geomorphological approach to the estimation of landslide
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evacuation measures and community restrained expansion Syst. Sci., 2, 5772, doi:10.5194/nhess-2-57-2002, 2002.
strategy. Total annual risk decreased to $0.01 million fromChen, S. C., Wu, C. H., Ko, Y. C., Ferng, J. W., and Wu, C. Y.: The
$0.72 million for the No. 1 Torrent and to $0.36 million from ~ New Concept of Risk Identification and Management Strategies
$1.22million for the No. 2 Torrent after mitigation struc- for Disaster Resistant Communities, Proceedings of Conference
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mented. The benefit-cost ratios of mitigation struc.:tur-es forChen, S. C.and Wu, C. H.: Slope stabilization and landslide size on
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creased simultaneously. The delimitation of the Designated 2gement Planning for the Techi Reservoir Watershed, Master
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. . onstruction and Planning Agency, Ministry of Interior: Non-City
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