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ABSTRACT: This study proposes a sediment-budget model to predict the temporal variation of debris volume stored in a debris-
flow prone watershed. The sediment-budget is dominated by shallow landslides and debris outflow. The basin topography and the
debris volume stored in the source area of the debris-flow prone watershed help evaluating its debris-flow susceptibility. The
susceptibility model is applied to the Tungshih area of central western Taiwan. The importance of the debris volume in predicting
debris-flow susceptibility is reflected in the standardized coefficients of the proposed statistical discriminant model. The high
prediction rate (0·874) for the occurrence of debris flows justifies the capability of the proposed susceptibility models to predict
the occurrence of debris flows. This model is then used to evaluate the temporal evolution of the debris-flow susceptibility index.
The analysis results show that the numbers of watershed which are classified as a debris-flow group correspond well to storage of
sediment at different time periods. These numbers are 10 before the occurrence of Chi-Chi earthquake, 13 after the occurrence
of Chi-Chi earthquake, 16 after the occurrence of landslides induced by Typhoon Mindulle (Typhoon M), and 14 after the
occurrence of debris flows induced by Typhoon M. It indicates that the occurrence of 7·6 Chi-Chi earthquake had significant
impact on the debris flow occurrence during subsequent typhoons. Copyright © 2009 John Wiley & Sons, Ltd.

KEYWORDS: debris-flow; sediment-budget; landslide; susceptibility analysis

Introduction

Debris flow is a global phenomenon that plays an important
role in the evolution of the landscape and can also cause
enormous loss of life and damage to man-made structures
(Jakob and Hungr, 2005). To predict where and under what
conditions a debris flow will occur is critical on a regional
scale. Subjective judgments by experts, statistical methods,
and artificial intelligence techniques have all been adopted to
predict the occurrence of debris-flow given a specific set of
environmental characteristics (Su et al., 1993; Mark and
Ellen, 1995; Liu and Wang, 1996; Lin et al., 2000; Lin et al.,
2002; Cannon et al., 2003; He et al., 2003; Rupert et al., 2003;
Can et al., 2005; Liu et al., 2006; Chang and Chao, 2006;
Chen et al., 2007; Carrara et al., 2008; Liu et al., 2009).
Recently, global information system (GIS) technology has
been increasingly used in debris-flow hazard assessment and
has greatly enhanced the techniques of spatial data processing
and analysis (e.g. Lin et al., 2002; He et al., 2003; Iovine et al.,
2003; Toyos et al., 2007). However, causative factors selected
to predict the occurrence of debris-flow differ greatly between
different research groups (Chen et al., 2007).

Bovis and Jakob (1999) highlighted the importance of
debris supply on the frequency and magnitude of debris
flows. Loose debris can be derived from channel fill, from
new landslides on the slopes, or from the erosion of existing

landslides. A shallow landslide area in a debris-flow prone
watershed, which relates to the debris supply conditions, is
sometimes selected as an important factor influencing the
occurrence of a debris flow (Lin et al., 2000; Lin et al., 2002;
Chen et al., 2007).

The debris supply condition of a debris-flow prone watershed
may vary with time. For example, new shallow landslides which
are triggered by an earthquake might contribute to supply
additional debris into the debris-flow prone watershed. The
additional debris can strongly alter the spatial distribution of
a debris-flow watershed which is triggered by subsequent
typhoons (Lin et al., 2003; Dadson et al., 2004; Cheng et al.,
2005; Lin et al., 2006; Chang et al., 2007a; Liu et al., 2008).
However, the occurrence of a debris flow temporarily
decreases the storage volume of debris in the watershed. If a
watershed is short of sufficient debris for debris transport,
then a significant recharge period prior to a debris-flow event
is required (Bovis and Jakob, 1999). Restated, the sufficiency
of loose debris should play a very important role on the
occurrence of debris flow (Jakob et al., 2005).

This research aims to examine the possibility of incorporating
the debris supply conditions into a debris-flow susceptibility
model. The active tectonic and subtropical regimes are of
interest. We emphasize the impact of a large earthquake plus
heavy rainfall on the debris-flow susceptibility. The impacts of
long-lasting rainfall, rain on snow, and rapid snowmelt, on
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the occurrence of debris flow in peri-glacial environments
(Decaulne and Sæmundsson, 2007), are beyond our scope.
The objectives of this paper are: (1) to present a simplified
sediment-budget estimation model; (2) to propose a
sediment-budget based debris-flow susceptibility model; (3)
to quantitatively evaluate the influence of the temporal
variation of debris volume stored in a potential debris-flow
torrent (PDFT), which is highly related to the earthquake and
heavy rainfall, on its susceptibility. We acquire a dataset of
44 PDFTs from the Tungshih area of central western Taiwan,
where many shallow landslides and debris flows were
triggered by the 1999 Chi-Chi earthquake and subsequent
typhoons. This dataset is utilized to derive and to validate the
susceptibility model. A susceptibility index, which reflects
the possibility of debris flow occurrence in a PDFT, is then
calculated based on the proposed susceptibility model.

Study Area

The Tungshih area spans 703·9 km2 with a population of
about 150 000 and is located in central western Taiwan
(Figure 1). The coordinates of the Tungshih quadrangle are
120·75º E–120·00º E by 23·75º N–24·00º N. The study area
has a subtropical climate with an average annual precipitation
of about 2400 mm and 159 rainy days per year. The heaviest
rainfall occurs in June, July, and August, with an average
monthly rainfall of about 400 mm. October through March is
the dry season, with a monthly average precipitation of about
80 mm and a monthly average of about eight rainy days.

The western part of the Tungshih area is in the Western
Foothills geologic province (III), and the eastern part falls in
the Hsueshan Range sub-province (IVa). The Western Foothills
are characterized by fold-and-thrust Neogene sedimentary
strata, while the Hsueshan Range is typically characterized
by a Paleogene belt of argillite and quartzitic sandstone
(Ho, 1975). The Shuilikeng Fault (number 2 fault in Figure 1;
Lee, 2000) forms the geologic boundary between these two
geological provinces. The Hsuangtung Fault (number 1 fault
in Figure 1) is another important geologic boundary in the
Western Foothills. Lower Miocene indurated sandstone and
shale thrust over upper Miocene, Pliocene and Pleistocene
weakly cemented mudstone, sandstone, and conglomerate
along the Hsuangtung Fault.

The study area can be geomorphologically divided into
two terrain types: a western hilly terrain and an eastern
mountainous terrain. The boundary between these two
terrains is the Hsuangtung Fault. Total vertical relief in the
hilly terrain is generally less than 500 m. In the mountainous
terrain the elevation is generally higher than 500 m with
many peaks over 1000 m. Most of the slope gradients in the
hilly terrain are between 10º and 30º, while most of the slope
gradients are between 10º and 45º in the mountainous
terrain.

Taiwan’s Council of Agriculture (2003) surveyed the PDFTs
for 1420 creeks. Sixty-three PDFTs were located in the Tungshih
study area. Among them, 44 PDFTs were selected (shown in
Figure 2) in this study because the field investigation of
volume of debris deposited in these creek channels were
conducted after debris-flow events triggered by Typhoon
Toraji (Typhoon T), but before landslides triggered by Typhoon
Mindulle (Typhoon M). During the Chi-Chi earthquake, 9272
landslides (with each area greater than 625 m2 and a total
area of 127·8 km2) were triggered (Liao and Lee, 2000) in
central Taiwan. Most of the study area suffered severe shaking
during that earthquake. The epicenter was located about
20 km south of the Tungshih quadrangle where 1623 shallow

landslides were triggered with a total area of 12 km2 (Lee et al.,
2008a). The area for each landslide range between 7 × 102 ~
1·2 × 105 m2. The heavy rainfall brought by Typhoon T in July
2001 and Typhoon M in July 2004 following the Chi-Chi
earthquake caused further damage in central Taiwan with
numerous shallow landslides and debris flows in the
Tungshih quadrangle (Lee et al., 2008b). Table I lists the
landslide area in each studied PDFT and the occurrence of
debris flow following these earthquake and typhoon events.

Causative Factors and Debris-flow 
Susceptibility

It is well-known that the geology, topography, hydrology, and
land-use of a creek affect its susceptibility of debris flow
(Lin et al., 2002). Although the selected causative factors
could be quite different, there is general agreement that three
factors are key to the occurrence of debris flows: (1) steep
topography, (2) high intensity run-off, and (3) abundant loose
debris (Lin et al., 2002). For the first two factors, the steepness
of a watershed could be represented by the channel gradient
S (Lin et al., 2002; Chang and Chao, 2006); the high intensity
run-off could be represented by the catchment area A and
form factor F (defined as the catchment area divided by the
square of the creek length, A/L2) (Lin et al., 2000; Lin et al.,
2002; Chang and Chao, 2006). Can we identify a suitable
causative factor to reflect the influence of abundant loose
debris?

Bovis and Jakob (1999) classified 33 basins of the Coast
Mountains in British Columbia Canada into weathering-limit
and transport-limit subtypes. A rigorous statistical analysis
is applied to correlate the basin morphometric factors with
debris supply conditions. The classification based on the
debris supply conditions notably improved the prediction of
the magnitude, frequency, and activity of debris flow. The
debris volume, which is denoted as VSB in this study and
stored in the source area of a debris-flow prone watershed, is
an index of the debris supply conditions. This variable will be
used as the factor reflecting the influence of abundant loose
debris. A PDFT is classified as highly susceptible to debris
flow if it has a larger available debris volume – that is, in
addition to the earlier-mentioned causative factors S, A, and
F, a fourth causative factor VSB is proposed and incorporated
into this study’s susceptibility model.

Data Acquisition

A five-year project funded in 2002 and executed by the
Taiwan’s Central Geological Survey (2006) to estimate the
volume of debris deposited in the creek channels of 1420
PDFTs in the field via average deposition length, width, and
thickness. In addition, SPOT (Satellite Pour l’Observation de
la Terre) images of the study area help to identify and map
the landslide area before and after the Chi-Chi earthquake,
Typhoon T, and Typhoon M.

We use fused false-color SPOT images (multi-spectral and
panchromatic images) taken before and just after the Chi-Chi
earthquake and two subsequent typhoons [11 April 1999
and 31 October 1999, 5 March 2001 and 10 November 2001,
12 April 2004 and 13 July 2004, respectively (Lee et al.,
2008a, 2008b)] for debris flow and landslide mapping. Image
interpretation is based on image tone, shape, association,
contrast, pattern, and operator experience.

This study processes the landslide area Als for each PDFT and
for each triggering event; (Als(C) for the Chi-Chi earthquake,
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Figure 1. Location (red square marked in the index map) and geology of the Tungshih study site (Lee, 2000). The index map shows the geologic
provinces of Taiwan (Ho, 1975).
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Als(T) for Typhoon T, and Als(M) for Typhoon M). Table I lists
the occurrence of debris flows in the studied PDFTs that were
triggered by Typhoons T and M, as well as the areas of the
shallow landslides triggered by the Chi-Chi earthquake and
the two typhoons. The record of debris flow during Typhoon
M (sixth column) is used to construct the statistical susceptibility
model (training dataset). The record of debris flow during
Typhoon T (fifth column) is used to examine the statistical
susceptibility model (training dataset).

Causative factors S, A, and F of the 44 selected PDFTs are
calculated based on a 40 m × 40 m digital elevation model
(DEM) and are listed in Table I. A debris storage volume Vstor

for each PDFT was field investigated during the period after
Typhoon T and before Typhoon M. It is designated as Vstor(MB),
where MB means before Typhoon M (Table I). However, the
debris storage volume in the catchment of a PDFT may
fluctuate with time. It increases if shallow landslides occur
that do not evolve into debris flows and decreases if a debris
flow occurs that entrains channel material and deposits it
on the fan or along the lower channel sections. We propose
a sediment-budget model for the estimation of the debris
volume stored in a PDFT to estimate the debris volumes
[VSB(M) and VSB(T)] before the debris-flow events during
Typhoons M and T, respectively.

Simplified Sediment-budget Model

Sediment-budget estimation in mountains terrain (sediment
storage, contribution, and output) is an important issue which
attracts much attention in the research field of earth science
at different scales (Innes, 1983; Hungr et al., 1984; Takei,
1984; VanDine, 1985; Oden, 1994; Rickenmann, 1999;
Bianco and Franzi, 2000; Franzi and Bianco, 2001; Helsen
et al., 2002; Johnson and Warburton, 2002; Martin et al.,
2002; Walling et al., 2002; Charlton et al., 2003; French,
2003; Schrott et al., 2003; Guthrie and Evans, 2004; Marchi
and D’Agostino, 2004; Jakob et al., 2005; de Vente et al.,
2006; Schuerch et al., 2006; Veyrat-Charvillon and Memier,
2006; Morche et al., 2008). This study proposes a simplified
sediment-budget model to provide a simple way to estimate
the temporal variation of debris volume stored in the debris-
flow prone watershed. It is assumed that the debris supply of
a debris-flow prone watershed merely increases with the
occurrence of shallow landslides (sediment contribution) and
decreases with the occurrence of debris flows (sediment
output). Surface erosion on the slopes and channel side-walls
are neglected. Further discussions of the limitation and
applicability of this simplified model will be highlighted in
the discussion.

Figure 2. Selected 44 potential debris-flow torrents (PDFTs) in the Tungshih quardrangle. PDFTs are marked in yellow; the drainage basin (black
polygon) and code number for each PDFT are shown. Red indicates landslides triggered by Typhoon Mindulle.
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Figure 3 conceptualizes the evolution of this sediment-
budget. There is temporal variation of the debris stored in
the debris-flow prone watershed for six periods, including:
(1) before the Chi-Chi earthquake (period1, P1); (2) after the
Chi-Chi earthquake (period 2, P2); (3) after shallow landslides,
but before the debris-flow events triggered by Typhoon T
(period 3, P3); (4) after debris-flow events triggered by
Typhoon T, but before landslides triggered by Typhoon M
(period 4, P4); (5) after landslides, but before the debris-flow
events triggered by Typhoon M (period 5, P5); and (6) after
debris-flow events triggered by Typhoon M (period 6, P6). As
mentioned previously, the storage of sediment in the study’s
debris-flow prone watershed during P4, Vstor(MB), has been
field investigated.

We estimate the debris volume before the debris-flow
events during Typhoon M (P5), VSB(M), for the purpose of
constructing a susceptibility model in the study area. This
could be simplified as the sum of Vstor(MB) and the landslide
volume triggered by typhoon M [Vls(M); sediment input].

VSB(M) = Vstor(MB) + Vls(M) (1)

The debris supply from shallow landslides and the effect of
sediments on the channel are difficult to quantify even for a
specific steep mountain catchment (Schuerch et al., 2006).
The debris volume contributed by landslides Vls can be
estimated by the landslide area and average depth (Martin
et al., 2002), or a non-linear relation between the landslide

Table I. Causative factors, landslide area, and occurrence of debris flows (DFs; T, Typhoon Toraji; M, Typhoon Mindulle) event (y, yes; n, no) of
44 selected PDFTs in the Tungshih study area

Reference 
number of PDFT

Landslide area (ha) DF
Vstor(MB) 

(m3) L (km)

Causative factors

Debris volume (m3)

Als(C) Als(T) Als(M) T M S (%) A (ha) F VSB(T) VSB(M)

TA001 60·9 83·7 92·0 y y 939 000 8·11 7·79 1121·6 0·17 968 700 1 279 400
TA003 1·9 0·6 1·5 y y 14 500 1·31 20·00 31·0 0·18 18 200 19 500
TA004 23·6 3·0 7·2 y y 428 000 5·18 11·93 669·4 0·25 450 000 450 300
TA005 0·2 0·0 0·2 n y 44 500 1·88 9·93 62·7 0·18 44 500 45 100
TA010 2·7 3·3 1·9 n y 16 800 1·81 3·25 150·9 0·46 16 800 23 300
TA011 0·1 0·0 0·0 n n 8 800 1·29 4·43 44·1 0·26 8 800 8 800
TA057 0·1 0·3 0·7 n y 144 000 3·24 11·99 396·1 0·38 144 000 146 000
TA058 0·0 0·0 0·0 n n 9 800 1·23 15·03 74·8 0·49 9 800 9 800
TA059 0·0 0·0 0·0 n n 11 800 1·84 14·38 65·8 0·19 11 800 11 800
M011 2·9 0·2 0·2 n n 5 700 1·71 13·61 151·5 0·52 5 700 6 200
M012 1·5 2·4 2·3 n n 20 400 5·36 10·96 991·9 0·35 20 400 26 700
M013 0·0 0·5 0·3 n n 11 500 2·13 11·57 126·0 0·28 11 500 12 200
M014 0·3 0·3 0·3 n n 12 800 1·52 13·12 76·9 0·33 12 800 13 700
M015 0·1 0·2 0·0 n n 3 649 1·66 8·65 59·3 0·22 3 600 3 600
M016 0·0 0·0 0·0 n n 19 200 3·03 9·23 253·9 0·28 19 200 19 200
M017 0·5 0·0 0·0 n n 15 650 2·35 12·72 148·3 0·27 15 700 15 700
M018 2·3 0·2 0·1 n n 9 600 2·18 13·30 172·0 0·36 9 600 9 800
M019 0·1 0·4 0·0 n n 7 200 1·21 20·12 41·2 0·28 7 200 7 300
M020 0·4 0·9 1·2 n y 27 000 4·70 10·91 443·8 0·20 27 000 30 400
M021 0·4 1·0 0·7 n n 23 900 2·52 11·32 153·0 0·24 23 900 25 900
M022 0·3 1·6 0·3 n n 40 672 2·67 11·09 202·5 0·29 40 700 41 500
M023 0·3 0·5 0·0 n n 20 700 1·77 15·99 92·3 0·29 20 700 20 700
M024 12·7 8·4 4·2 y y 78 000 2·99 12·30 219·6 0·25 89 500 91 000
M025 20·9 0·9 7·8 n y 10 300 1·39 18·57 72·5 0·37 10 300 36 500
M026 3·2 6·0 1·1 y y 74 000 2·13 15·11 142·5 0·31 82 900 77 300
M027 3·2 2·2 0·7 y y 5 301 1·06 15·57 45·1 0·40 9 900 7 400
M028 1·1 2·2 1·1 y y 9 650 0·96 13·14 37·4 0·40 13 800 12 700
MA004 0·2 0·3 0·0 n n 8 400 2·46 7·54 191·2 0·32 8 400 8 400
MA005 0·2 0·0 0·0 n n 4 900 1·62 10·05 74·7 0·28 4 900 4 900
MA006 1·6 0·6 0·4 n n 34 200 4·15 12·50 423·3 0·25 34 200 35 400
MA007 2·3 1·7 0·6 n n 44 120 3·36 8·09 631·6 0·56 44 100 45 700
MA008 0·0 0·6 0·1 n n 23 000 2·45 9·52 186·3 0·31 23 000 23 200
MA009 0·1 0·0 0·0 n n 4 200 1·18 13·66 60·5 0·44 4 200 4 300
MA010 0·0 0·1 0·2 n n 3 600 2·05 13·29 70·2 0·17 3 600 4 000
MA011 0·7 0·0 0·0 n n 6 358 2·37 13·37 120·4 0·22 6 400 6 400
MA012 0·6 1·3 1·3 y y 45 600 3·70 11·65 298·5 0·22 59 400 49 600
MA013 0·1 1·3 0·2 n n 4 800 7·68 6·37 509·8 0·09 4 800 5 400
MA014 0·3 1·4 0·0 n n 7 950 2·98 1·73 264·2 0·30 8 000 8 000
MA015 0·0 1·1 0·0 y n 42 680 5·86 8·62 500·4 0·15 61 200 42 800
MA016 0·2 0·9 0·0 n n 21 520 4·26 8·37 400·7 0·22 21 500 21 500
MA021 0·6 0·8 0·2 n n 18 340 4·15 6·67 408·4 0·24 18 300 18 700
MA025 0·3 0·0 0·1 n n 17 000 2·36 9·64 149·3 0·27 17 000 17 200
MA027 8·3 1·5 4·3 y y 17 175 3·58 8·51 297·4 0·23 30 900 30 700
MA028 0·3 0·1 0·0 n n 1 665 1·65 6·31 60·5 0·22 1 700 1 700

Note: Als(C), Als(T), and Als(M), shallow landslide area triggered by the Chi-Chi earthquake (C) and Typhoons T and M (T, M); Vstor(MB), debris storage
volume (field investigated) between Typhoons T and M; L, channel length; S, channel gradient; A, catchment area; F, form factor; VSB(T) and VSB(M),
storage volume for debris during Typhoons T and M.
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area and landslide volume (Innes, 1983). The debris volume
contributed by landslides Vls can be estimated by a power law
relation between the landslide area and landslide volume.
Guzzetti et al. (2009) compared the prediction results of
16 models. The analysis results indicate that the landslide area
is a key factor in selecting the appropriate model to predict
landslide volume. Therefore, considering the scale of landslide
area (5 × 102 ~ 2·8 × 105 m2) in the Tungshih area, the empirical
model proposed by Guthrie and Evans (2004) is applied in
this study.

Vls = 0·1549Als
1·0905 (2)

where landslide volume Vls is given in m3 and area Als for
each individual landslide is given in m2. Therefore, the debris
volume stored in the catchment of the 44 PDFTs before the
debris-flow events during Typhoon M, VSB(M), can be evaluated
by combining Equations 1 and 2. Table I lists the estimated
debris volumes in the last column.

Second, we estimate the debris volume before the debris-
flow events during Typhoon T (P3), VSB(T), for the purpose of
validating the susceptibility model. As shown in Figure 3,
the volume of debris outflow Vout(T) is the only output of the
sediment in a debris-flow prone watershed between P3
[VSB(T)] and P4 [Vstor(MB)].

Vstor(MB) = VSB(T) – Vout(T) (3)

Since we already have Vstor(MB) which is investigated in the
field, we can derive the debris volume before the debris-flow
events triggered by Typhoon T, VSB(T) if we have the records
of debris flow in the studied area and the volume of outflow.

VanDine (1985) observed (in Canada) that the greater
the watershed is, the greater the volume of debris yield will
be. The upper and lower envelopes (Vout = 70 000A and
Vout = 1000A0·3, where the catchment area A is given in
km2 and the average outflow volume Vout is given in m3) of
the volume of debris outflow and the watershed area are

proposed based on Italian cases (Marchi and D’Agostino,
2004). Takei (1984) derived an empirical equation based on
a Japanese study (VoutVout = 13 600A0·61). Franzi and Bianco
(2001) proposed a relationship of Vout = 8959A0·765 based on
201 data points collected in Alpine basins.

We adopt this principle to derive a regression equation
based on a very limited dataset (four records) of debris flows
triggered by Typhoon T (Council of Agriculture, 2001) in the
study area in order to describe the relation between the
catchment area A (in km2) of the PDFT and the average
outflow volume Vout (in m3) of a debris-flow event:

Vout = 7273A0·582 

(the coefficient of determination R2 = 0·65) (4)

Figure 4 shows the scatterplot of the volume of debris outflow
and the watershed area for the regression results obtained
from this study and from other research results. Surprisingly,
though these regression relationships are derived from different
research groups and from different regions, the regressions
are quite comparable.

The debris volume in the catchment of a PDFT before
debris outflow was triggered by Typhoon T, VSB(T), can now
be evaluated by combining Equations 3 and 4. Table I shows
the evaluated results. It is noted that Equations 2 and 4 are
empirical relationships derived from specific terrain, which
could be problematic when applied to the study area. The
sensitivity and limitations of using these empirical equations
to evaluate VSB and to derive the debris-flow susceptibility
will be further discussed.

Debris-flow Susceptibility Model

Discriminant analysis and logistic regression are widely used
as statistical tools for a regional hazard assessment of debris
flow (Mark and Ellen, 1995; Rupert et al., 2003; Cannon et al.,
2003; Can et al., 2005; Carrara et al., 2008). This study applies

Figure 3. The concept of the proposed sediment-budget model. The volume of debris stored in the catchment area of a PDFT will vary with the
occurrence of landslides and debris outflow triggered by earthquake or typhoon events. P1–P6 represent the following six periods: (1) before the
Chi-Chi earthquake (P1); (2) after the Chi-Chi earthquake (P2); (3) after shallow landslide but before the debris-flow events triggered by Typhoon
T (P3); (4) after debris-flow events triggered by Typhoon T but before shallow landslides triggered by Typhoon M (P4); (5) after shallow landslides
but before debris-flow events triggered by Typhoon M (P5); (6) after debris-flow events triggered by Typhoon M (P6). The debris volume stored in
a PDFT before the debris-flow event of Typhoon M VSB(M) (= Vstor(MB) + Vls(M)) and that of Typhoon T VSB(T) (= Vstor(MB) + Vout(T)) were used for
building and validating the debris-flow susceptibility model, respectively. Vstor(MB) was derived from the field investigations after Typhoon T and
before Typhoon M. This figure is available in colour online at www.interscience.wiley.com/journal/espl
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a multivariate statistical method (Baeza and Corominas, 2001)
and a widely used commercial statistical package, SPSS
(Statistical Package for the Social Sciences), to derive discriminant
functions for an evaluation of debris-flow susceptibility.

The purpose of discriminant analysis is to find a linear
equation to separate several groups as best as possible, where
each group simultaneously has the lowest possible amount of
inflation (Davis, 2002). We want to categorize channel into
those prone or not prone to debris flow on the basis of the
discriminant analysis of a set of variables. The linear equation
(discriminant function) has the form:

I = b0 + b1x1 + b2x2 + . . . + bn xn (5)

where I is the discriminant score; xi (i = 1 ~ n) is the independent
variable; bi (i = 0 ~ n) is the canonical coefficient of the
discriminant function for the ith variable; and n is the number
of independent variables. If a creek with variable xi results in
I > 0, then it is categorized into the presence of the debris-
flow group; otherwise, it will be placed into the absence of
the debris-flow group. The discriminant score I obtained
represents the susceptibility index (Neuland, 1976; Carrara,
1983). The possibility of debris-flow occurrence increases as
the susceptibility index rises.

Two basic assumptions on the statistical properties of
causative factors in discriminant function are: (1) no causative
factor may be a linear combination of other factors; (2) each
group is drawn from a population which has a multivariate
normal distribution (Klecka, 1980). Therefore, checking the
dependency and normality of the previously selected
causative factors (S, A, F, VSB) is required for statistical
susceptibility modeling. First of all, a Kolmogorov–Smirnov
test (K–S test) is utilized to assess the normality of the selected
causative factors. The distributions of S, A, and F, are
Gaussian (p-value, the probability that we accept in the
dataset as normal distribution, is larger than a specified
significance level, i.e. 0·05 in this study) and the hypothesis
that a normal distribution for VSB is rejected (p-value < 0·05).
However, the distribution of log(VSB) follows a normal
distribution (p-value > 0·05). Consequently, log(VSB) is used as

a causative factor in the statistical model. Second, the
correlation matrix is calculated (Table II). We observe a
relatively high correlation between catchment area A and
log(VSB) (correlation coefficient = 0·704). Therefore, only S, F,
and log(VSB) are retained in the statistical model.

To derive the coefficients of the proposed susceptibility
model, we use the debris-flow inventory (occurrence of
debris flow) during Typhoon M (training dataset; Table I). The
coefficients of a discriminant function can be solved using
SPSS, and the discriminant function is determined as follows:

I = 13·9618S + 0·3258F + 3·4671log(VSB) – 16·9714 (6)

with a Wilks’ lambda of 0·00039 which is smaller than 0·05.
In other words, the proposed model is a significant predictive
model (Klecka, 1980).

Based on Equation 6, the susceptibility index I of PDFTs
during P5 (before the debris-flow events triggered by Typhoon
M) can be calculated. Table III lists the susceptibility index I
of PDFTs during Typhoon M (P5). A PDFT is characterized as
a debris-flow group if its susceptibility index I is positive.
During Typhoon M (P5), the occurrence of debris flows
(training dataset) for each PDFT was identified (sixth column
of Table I). Accordingly, the prediction performance of the
statistical model can be demonstrated by a receiver operating
characteristic (ROC) diagram, which has been widely used
to measure the ability of a model to correctly classify the
occurrence of debris flow or landslides (e.g. Chang et al.,
2007b; Chen et al., 2007; Carrara et al., 2008; Lee et al.,
2008a, 2008b).

Figure 4. Empirical relations between the catchment area and the volume of the debris outflow. The four data points collected during Typhoon T
are indicated as black solid squares. This figure is available in colour online at www.interscience.wiley.com/journal/espl

Table II. Correlation matrix of the causative factors

Correlation coefficients log(VSB) F S A

log(VSB) 1·000 –0·098 –0·107 0·704
F –0·098 1·000 0·143 –0·126
S –0·107 0·143 1·000 –0·342
A 0·704 –0·126 –0·342 1·000
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In the ROC graph the false alarm rate (FAR) is plotted on
the horizontal axis and the hit rate (HR) on the vertical axis.
The HR (= a/(a + c)) is the fraction of positive occurrences
of debris flows (a + c) that have been correctly predicted
(a), while the FAR (= b/(b + d)) is the fraction of incorrectly
predicted cases (b) that did not occur (b + d) (Swets, 1988).
The point (0, 1), which means the FAR is 0 (b = 0) and the
HR is 1 (c = 0), on an ROC graph is the perfect predictor.
It predicts all occurrences and non-occurrences of events
correctly. A larger area under the ROC curve (AUC) indicates
better model prediction (AUC index ranges from 0·5 for
models with no predictive capability to 1·0 for models with
perfect predictive power).

Figure 5 shows the success rate curve (a comparison
between the prediction and the debris-flow inventory used
in the statistical model). The success rate curve shows the

goodness of the proposed susceptibility model for predicting
the occurrence of debris flows during Typhoon M. The AUC
is 0·845, which indicates that the performance of the proposed
debris-flow susceptibility model is reasonably good.

The contribution of variables in the proposed model is
proportional to the standardized coefficients derived from
the SPSS statistical package. The standardized coefficients
for channel gradient S, form factor F, and volume of debris
log(VSB) are 0·35, 0·021, and 0·976, respectively. Among
these three causative factors, the volume of debris log(VSB) is
the most significant. The contribution of the form factor to the
occurrence of a debris flow is somewhat less than the others.

A concern may now arise: the amount of debris stored in a
PDFT seems to dominate the susceptibility of debris flow,
and the roles of basin topography are relatively insignificant.
Actually, the roles of basin topography are implicitly involved

Table III. Evolution of the storage volume of debris log(Vstor) and debris-flow susceptibility index (I) of 44 selected PDFTs in the Tungshih study
area 

Reference 
number of PDFT

log(Vstor) I

P1 P2 P3 P4 P5 P6 P1 P2 P3 P4 P5 P6

TA001 5·66 5·82 5·99 5·97 6·11 6·10 3·78 4·36 4·93 4·88 5·35 5·31
TA003 3·99 4·21 4·26 4·16 4·29 4·20 –0·28 0·47 0·65 0·31 0·75 0·44
TA004 5·56 5·64 5·65 5·63 5·65 5·63 4·05 4·34 4·38 4·30 4·38 4·30
TA005 4·64 4·65 4·65 4·65 4·65 4·60 0·57 0·59 0·59 0·59 0·61 0·41
TA010 ND 3·64 4·23 4·23 4·37 4·15 ND –3·75 –1·72 –1·72 –1·23 –1·99
TA011 3·93 3·94 3·94 3·94 3·94 3·94 –2·63 –2·59 –2·59 –2·59 –2·59 –2·59
TA057 5·15 5·16 5·16 5·16 5·16 5·11 2·70 2·70 2·71 2·71 2·73 2·55
TA058 3·99 3·99 3·99 3·99 3·99 3·99 –0·87 –0·87 –0·87 –0·87 –0·87 –0·87
TA059 4·07 4·07 4·07 4·07 4·07 4·07 –0·78 –0·78 –0·78 –0·78 –0·78 –0·78
M 011 ND 3·72 3·76 3·76 3·79 3·79 ND –1·99 –1·88 –1·88 –1·75 –1·75
M 012 3·91 4·10 4·31 4·31 4·43 4·43 –1·76 –1·11 –0·39 –0·39 0·02 0·02
M 013 3·99 4·00 4·06 4·06 4·09 4·09 –1·42 –1·41 –1·19 –1·19 –1·09 –1·09
M 014 4·05 4·08 4·11 4·11 4·14 4·14 –1·01 –0·90 –0·79 –0·79 –0·69 –0·69
M 015 3·45 3·47 3·56 3·56 3·56 3·56 –3·73 –3·66 –3·34 –3·34 –3·34 –3·34
M 016 4·28 4·28 4·28 4·28 4·28 4·28 –0·75 –0·75 –0·74 –0·74 –0·74 –0·74
M 017 4·15 4·19 4·19 4·19 4·19 4·19 –0·74 –0·57 –0·57 –0·57 –0·57 –0·57
M 018 2·73 3·96 3·98 3·98 3·99 3·99 –5·54 –1·27 –1·19 –1·19 –1·16 –1·16
M 019 3·74 3·78 3·86 3·86 3·86 3·86 –1·09 –0·98 –0·70 –0·70 –0·68 –0·68
M 020 4·36 4·38 4·43 4·43 4·48 4·12 –0·27 –0·18 –0·02 –0·02 0·16 –1·11
M 021 4·30 4·32 4·38 4·38 4·41 4·41 –0·40 –0·32 –0·13 –0·13 –0·01 –0·01
M 022 4·55 4·56 4·61 4·61 4·62 4·62 0·43 0·47 0·65 0·65 0·68 0·68
M 023 4·27 4·28 4·32 4·32 4·32 4·32 0·15 0·21 0·32 0·32 0·32 0·32
M 024 4·29 4·79 4·95 4·89 4·96 4·90 –0·29 1·44 1·99 1·79 2·02 1·82
M 025 ND 3·86 4·01 4·01 4·56 4·48 ND –0·87 –0·34 –0·34 1·56 1·29
M 026 4·72 4·80 4·92 4·87 4·89 4·83 1·62 1·87 2·29 2·12 2·19 2·00
M 027 ND 3·44 3·99 3·72 3·87 3·45 ND –2·75 –0·82 –1·75 –1·25 –2·69
M 028 3·49 3·81 4·14 3·98 4·10 3·93 –2·91 –1·80 –0·66 –1·19 –0·78 –1·36
MA004 3·84 3·87 3·92 3·92 3·92 3·92 –2·50 –2·39 –2·21 –2·21 –2·21 –2·21
MA005 3·64 3·69 3·69 3·69 3·69 3·69 –2·86 –2·68 –2·68 –2·68 –2·68 –2·68
MA006 4·44 4·51 4·53 4·53 4·55 4·55 0·26 0·49 0·57 0·57 0·63 0·63
MA007 4·51 4·59 4·64 4·64 4·66 4·66 –0·04 0·26 0·44 0·44 0·50 0·50
MA008 4·33 4·33 4·36 4·36 4·36 4·36 –0·52 –0·52 –0·42 –0·42 –0·41 –0·41
MA009 3·60 3·62 3·62 3·62 3·63 3·63 –2·44 –2·36 –2·36 –2·36 –2·32 –2·32
MA010 3·53 3·53 3·56 3·56 3·61 3·61 –2·83 –2·83 –2·73 –2·73 –2·56 –2·56
MA011 3·62 3·80 3·80 3·80 3·81 3·81 –2·50 –1·86 –1·85 –1·85 –1·83 –1·83
MA012 4·73 4·74 4·77 4·66 4·70 4·55 1·12 1·17 1·28 0·88 1·01 0·52
MA013 1·45 2·43 3·68 3·68 3·74 3·74 –11·02 –7·64 –3·29 –3·29 –3·10 –3·10
MA014 3·45 3·56 3·90 3·90 3·90 3·90 –4·67 –4·29 –3·11 –3·11 –3·11 –3·11
MA015 4·76 4·76 4·79 4·63 4·63 4·63 0·79 0·79 0·88 0·33 0·34 0·34
MA016 4·26 4·28 4·33 4·33 4·33 4·33 –0·95 –0·90 –0·71 –0·71 –0·71 –0·71
MA021 4·14 4·20 4·26 4·26 4·27 4·27 –1·59 –1·41 –1·18 –1·18 –1·15 –1·15
MA025 4·20 4·23 4·23 4·23 4·24 4·24 –0·96 –0·87 –0·87 –0·87 –0·85 –0·85
MA027 ND 4·42 4·49 4·23 4·49 4·23 ND –0·38 –0·14 –1·02 –0·15 –1·04
MA028 2·68 3·12 3·22 3·22 3·22 3·22 –6·74 –5·22 –4·85 –4·85 –4·85 –4·85

Note: ND, denotes no debris stored in the catchment of the PDFTs. P1–P6 represent six different periods which have been defined in Figure 3 and
the text.
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in the causative factor VSB since the amount of debris
contributed from landslides and the output from debris-flow
events are highly related to the basin topography. For example,
the contribution of the catchment area to the occurrence of
debris flow is implicitly considered in the proposed model for
the high dependency between A and log(VSB).

Validation of the Proposed Model

We use the debris-flow inventory compiled after Typhoon T
(target dataset) to validate the proposed susceptibility model
(Equation 6). As described in the previous section, VSB(T) is
evaluated using Equations 3 and 4 (Table I). Based on
Equation 6, the susceptibility index I of PDFTs during P3
(before the debris-flow events triggered by Typhoon T) can be
calculated. Table III lists the susceptibility index I of PDFTs
during Typhoon T (P3). A PDFT is predicted as a debris-flow
group if the susceptibility index I is positive. During Typhoon
T (P3), the occurrence of debris flows (target dataset) for each
PDFT is identified (fifth column of Table I).

Figure 6 shows the resulting prediction rates of Typhoon T
dataset. The area under the ROC curve (AUC) is 0·874. This
result demonstrates that the proposed susceptibility model
(Equation 6) can reasonably predict the occurrence of debris
flows triggered by Typhoon T (P3).

Discussion

Sensitivity of the performance of the susceptibility 
model to the sediment-budget model

This study selects the channel gradient, form factor, and
debris volume stored in the catchment area of PDFTs for
building the susceptibility model. Together with the channel
gradient, Carrara et al. (2008) selected three factors which
are indirectly related to the debris supply: pasture land or
absence of vegetation cover, availability of detrital material,

and the presence of erosional processes. These factors are
significant in the discriminant analysis. The debris volume
stored in the catchment area (VSB) proposed in this study is a
causative factor directly reflecting the influence of the debris
supply. However, an estimation of the stored debris volume
contributed from landslides and the debris outflow during
typhoon events is required in the sediment-budget model.
This study uses Equations 2 and 4 to estimate the volume of
the landslides and the debris outflow during triggered events,
respectively. The key question is: how do the estimations of
VSB (Equations 2 and 4) affect the prediction ability of the
proposed susceptibility model?

The sensitivity of performance of the susceptibility model
to VSB is examined by checking the output susceptibility with
another value of VSB by putting it into the susceptibility
model. Equation 2 gives an average slide depth of 0·35 m in
the study area. In North Taiwan (Shihmen reservoir watershed),
an average slide depth of 0·9 m for shallow landslides is
reported based on a total of 1974 shallow landslides in the
years 1968, 1972, and 1976 (OuYang, 2003). Instead of
Equation 2, we use a slide depth of 0·9 m to recalculate VSB

in the catchment of the PDFTs after Typhoon M and derive a
new discriminant function. The AUC of this statistical model
for interpreting the occurrence of debris flows during Typhoon
M of the selected PDFTs is 0·926. The performance of the
model for predicting the occurrence of debris flow during
Typhoon T, AUC = 0·859, drops a little bit compared to the
examination results using VSB estimated from Equation 2. The
sensitivity analysis results demonstrate that the performance
of the proposed model is not strongly influenced by the
estimation of debris volume contributed by landslides.

To test the influence of the debris outflow volume
estimation on the performance of the proposed debris-flow
susceptibility model, the empirical equations proposed by
Takei (1984) and Franzi and Bianco (2001) in Figure 4 are
used to derive VSB in the catchment of the PDFTs during
Typhoon T. The AUCs for predicting the occurrence of debris
flows during Typhoon T are 0·924 and 0·885 by using
regression equations proposed by Takei (1984) and by Franzi

Figure 5. ROC curve for the proposed statistical model demonstrating
the success rates for predicting the occurrence of debris flows
triggered by Typhoon M. The area under the ROC curve (AUC) is
0·845.

Figure 6. ROC curve for the proposed model demonstrating the
debris flow prediction rates for Typhoon T. The area under the ROC
curve (AUC) is 0·874 which is slightly higher than the success rate
(Figure 5).
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and Bianco (2001), respectively. Again, the high prediction
rates by using a different empirical equation to estimate the
debris outflow validate the ability of the proposed sediment-
budget based statistical model for predicting debris-flow
susceptibility.

Evolution of debris volume and debris-flow 
susceptibility in the study area

The evolution of debris volume is a temporal variable and is
subjective to the occurrence of natural or man-made events.
For example, after the 1999 Chi-Chi earthquake, the total
area of shallow landslides in the Chenyulan River watershed
increased by 20 times. The amount of suspended sediment in
the Choushui River watershed in 1999–2001 (after the Chi-
Chi earthquake) was as much as four times of that in 1970–
1999 (before the Chi-Chi earthquake) (Dadson et al., 2004).
Lin et al. (2003) suggested that understanding the evolution of
landslides is crucial in debris-flow hazard assessment. The
ability of the proposed sediment-budget model to interpret
the evolution of the debris supply conditions and the
occurrence of debris flows is also of interest.

The evolution of the debris volume stored in the catchment
of the PDFTs can be evaluated using Equations 1–4. We
calculate a total of six periods (P1–P6; Figure 3) of log(Vstor)
and the results are listed in Table III. Based on the proposed
susceptibility model (Equation 6), the debris-flow suscept-
ibility index I corresponding to each period is also listed in
Table III.

Figure 7 shows the evolution of the debris volume stored in
the catchment area of the PDFTs and the susceptibility index.
The center of the cross bar at each period represents the

mean log(Vstor) and I. Both ends of the cross bar indicate one
standard deviation of log(Vstor) and I from the mean value.
Figures 7(a) and 7(b) show the temporal change of the debris
volume log(Vstor) and susceptibility index per the occurrence
of shallow landslides (P2, P3, and, P5) and debris outflow
(P4, and P6) in the studied PDFTs.

The susceptibility index I (in Figure 7b) increased after
the Chi-Chi earthquake and after Typhoon T (before the
occurrence of debris flow), because the volume of debris
contributed by the shallow landslides increased (Figure 7a).
However, the susceptibility index I decreased from P3 to P4
and decreased from P5 to P6 since the volume of debris
decreased after the debris outflow during Typhoons T and M.
Interestingly, the proposed susceptibility model, which takes
the debris supply conditions into account, offers a fair
depiction of the evolution of debris-flow susceptibility after
the triggered events (Figure 7b).

The trends mentioned earlier are also clearly shown by the
calculated value of I being greater than zero (the number of
PDFTs is characterized as debris-flow groups). Before the
Chi-Chi earthquake, 10 PDFTs are characterized as debris-
flow groups. After the Chi-Chi earthquake and Typhoon T
(P2, P3 and P4), the number quickly increased to 13. The
number of PDFTs characterized as a debris-flow group further
increased to 16 after landslides were triggered by Typhoon M
(P5). However, the number dropped to 14 after the debris-
flow events triggered by Typhoon M (P6). The evolution of the
susceptibility index correlates well with the evolution of the
debris volume stored in the catchment area of the PDFTs.
Figure 7(a) shows that the averaged log(Vstor) increased after
the Chi-Chi earthquake (from 4·06 to 4·15). It attained a
higher value (4·26) after Typhoon T (P3) and decreased (4·24)
after the occurrence of debris flows during Typhoon T (P4).

Figure 7. (a) The debris volume stored in the catchment of 44 selected PDFTs [log(Vstor)]; and (b) susceptibility index I of PDFTs; which vary with
the six different periods (P1–P6). The middle line of each period represents the mean log(Vstor) and I. The upper/lower lines indicate the range of
plus/minus one standard deviation of log(Vstor) and I. The variation in the debris storage index log(Vstor) is influenced by the shallow landslides (P2,
P3, and, P5) and debris outflow (P4, and P6) in the PDFTs. The squares in (b) represent the values of I greater than zero.
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The average log(Vstor) increased again (4·29) after Typhoon M
due to the contribution of the triggered shallow landslides
(P5). After the debris flow triggered by Typhoon M (P6), the
value decreased again (4·24). In summary, the temporal
variation of the susceptibility (Figure 7b) corresponds well with
the fluctuating value of causative factor, log(Vstor) (Figure 7a).

The Chi-Chi earthquake is a notable episodic event on the
sediment storage cyclic. The influence of the replenishment
of debris from landslides triggered by the Chi-Chi earthquake
and subsequent typhoons on the occurrence of debris flow
will gradually decrease. According to Japan’s experience with
the influence of the great Kando earthquake of 1923, the
sediment supply in the river catchments lasted for about 40
years. The effect of the time factor on the occurrence of
debris flow deserves to be studied in more detail.

Limitations and prospect of the sediment-budget 
based susceptibility model

Carrara et al. (1992) pointed out that statistical models do not
readily unravel the internal structure of the process involved.
Extrapolating these functional models from training areas to
large target areas may be difficult. The main uncertainty lies
in (i) imprecision and incompleteness in the inventory used to
construct and validate the susceptibility model; (ii) quality,
abundance, precision, and completeness of the variables
used to obtain the susceptibility model; and (iii) characteristics
and limitations of the statistical technique used to obtain
the classification (Guzzetti et al., 2006). For this work, we
assume the debris-flow inventory used to construct and
validate the susceptibility model is accurate and complete.
The multivariate approach proved to be more reliable than
the commonly used empirical geomorphological techniques,
but the causative factor VSB is very difficult to estimate accurately.

There is a trade-off between ‘availability’ and ‘suitability’ in
selecting the factors for a susceptibility model (Baeza and
Corominas, 2001). The influence of the VSB estimation on the
performance of the proposed model will be discussed in this
section. We also look at methodologies and techniques for
acquiring the data required for the sediment-budget based
susceptibility models.

First, in Equation 1 the estimation of the debris volume
storage Vstor in the catchment of the PDFTs is crucial. Jakob
et al. (2005), however, used a method proposed by Oden
(1994) to estimate the volume of debris stored in a PDFT.
Topographic methodology using historical photographs is
also available to characterize the amount of sediment stored
in channels (Veyrat-Charvillon and Memier, 2006). This study
subjectively estimates the volume of debris stored in the
catchment of PDFTs in the field by geologists, though the
field investigation is time consuming and costly.

Second, this research adopts an empirical equation
proposed by Guthrie and Evans (2004) (Equation 2), based on
a survey of 124 landslides in Canada, to estimate the volume
of debris supplied by landslides. This approach eliminates
the subjectivity in determining an average landslide depth.
Although Guzzetti et al. (2009) suggests that the relationship
between the volume and the area of a landslide is essentially
geometrical, and largely independent of the local physio-
graphical setting, the different environmental conditions
between Canada and Taiwan might distort the estimation of
the debris supply. Further study of the empirical relationship
between the volume of debris and landslide areas for Taiwan
region is required to reduce the induced error.

Third, the estimation of debris outflow Vout of a single
debris-flow event in Equation 4 is a difficult task (Marchi and

D’Agostino, 2004). A number of methods, including empirical,
statistical, and geomorphological approaches, have been
proposed to estimate the debris outflow volume (e.g. Hungr
et al., 1984; VanDine, 1985; Bianco and Franzi, 2000).
However, it is a tough task. For example, Rickenmann (1999)
stated that an empirical equation for estimating the volume
of debris outflow may overestimate the actual volume by up
to a factor of 100. Lin and Jeng (2000) indicated that the
estimated volume of debris outflow of a ‘landslide-type’ debris
flow yields a much greater amount of debris than ‘channelized’
debris flows. Jakob et al. (2005) also emphasized the
importance of channel recharge mechanisms and their effect
on debris outflow estimation. To achieve a more reliable
estimation of the debris-flow magnitude to incorporate into
the proposed susceptibility model, a careful evaluation com-
bining empirical, statistical, and geomorphological approaches
is suggested (Marchi and D’Agostino, 2004).

The previously mentioned uncertainty of estimating the
debris outflow and landslide volume can be reduced by the
field investigation of the variations of Vstor. Airborne LiDAR
has been successfully utilized to evaluate the erosion and
deposition process of a river channel (Charlton et al., 2003;
French, 2003) and changes in landslide-induced surface
topography (e.g. Chang et al., 2005; Chen et al., 2006).
Developments in airborne LiDAR technologies permit the
evaluation of the sediment-budget for PDFTs via surveying,
which is more efficient and time saving for a regional scale.
The development of new techniques for gathering the required
information about the sediment-budget will greatly enhance
the ability of the susceptibility model to predict the occurrence
of debris flows. It is expected that the information of sedimen-
tary storage volumes in important PDFTs can be obtained
promptly after the new technology becomes prevalent. The
spatial and temporal evolution of debris-flow susceptibility
can be assessed thoroughly in the future with the improve-
ment of data in both spatial and temporal resolutions.

Finally, it is well recognized that the characteristics of
rainfall dominate the initiation of debris flow (Caine, 1980).
However, a debris-flow susceptibility model only estimates
where (spatial occurrences) debris flows are expected, but
the susceptibility analysis does not forecast when a debris
flow will occur (Guzzetti et al., 2005). For the purpose of
hazard mitigation of debris flows, a triggering factor, such as
rainfall intensity or accumulated rainfall, should be considered
in the prediction model. Further study regarding the effects
of triggering factors on the occurrence of debris flow is
suggested.

Conclusions

This study has proposed a sediment-budget model for
estimating the stored volume of debris before a debris-flow
event and a debris-flow susceptibility model for predicting
the occurrence of debris flows. This study confirms earlier
research that the debris volume is the key to control debris-
flow susceptibility. The incorporation of the stored debris
volume in a debris-flow prone watershed and the susceptibility
model offer good prediction capability for the occurrence of
debris flows. The success prediction indexes (areas under the
success rate curve) are 0·845 and 0·874 for Typhoons M and
T, respectively.

The model also shows that the debris-flow susceptibility of
the selected watershed may change after the occurrence of a
large earthquake or a typhoon storm, as the debris volume
stored in the watersheds changes. It is shown that the Chi-
Chi earthquake triggered tremendous landslides causing an
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increase in the debris volume as well as the susceptibility of
the watersheds in the study area. In the subsequent typhoon
events, new landslides increased the debris volume and
correspondingly the susceptibility of debris flows. However,
the occurrence of debris outflow afterwards reduced the
debris volume stored in the watersheds and reduced their
debris-flow susceptibility. In summary, the debris supply
conditions of a PDFT play a crucial role in the occurrence of
debris flows and should be incorporated into a susceptibility
predicting model.
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