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Abstract: This paper aims to build an analytical process of assessing debris-flow hazards using
multivariate analysis and geographic information system (GIS) techniques. The watershed of the
Chen-Yu-Lan River is investigated in this study. Factors that are believed to be critical in the
occurrence of debris flow are identified and considered in the assessment of debris-flow hazards.
These factors used for assessing the debris-flow hazard are: (1) rock formation, (2) fault length,
(3) naked-land area, (4) slope angle, (5) slope aspect, (6) stream slope, (7) watershed area, (8)
form factor, and (9) cover and management factor. Using the spatial analysis feature of GIS, the
indexes of these factors are calculated. By using principal component analysis (PCA) and dis-
criminant analysis (DA) of all indexes according to each factor, the discriminant function of
overall debris-flow hazard at any particular creek in the Chen-Yu-Lan River may be assessed.
The applicability of the proposed approach for hazard assessment of debris-flow in the watershed
of the Chen-Yu-Lan River has been confirmed with other researches and field observations in
recent debris-flow events.
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sulted in abundant colluvial accumulation es-
pecially after the 921 Chi-Chi Earthquake.
The average annual rainfall is more than 2500
mm and usually contributed by severe rain-

1. Introduction

Taiwan is an island with one third of its area
located in mountainous zones. Due to the

scarcity of usable land, many housing units
and farmhouses have been built at the hill-
sides and on the hills. Besides, earthquakes
and typhoons occur frequently because Tai-
wan is on the Circum-Pacific Earthquakes
Belt and Western-Pacific Typhoon Path.
Moreover, landslides and severe erosion over
the years on steep hills that consists of rela-
tively erosive geological materials have re-

storms caused by typhoons. During heavy
rainfalls, the geological materials and collu-
vium are easily weakened, which often lead to
a debris flow. As a result, the casualties,
property loss, and structure damage caused by
debris flows have increased dramatically in
recent years.

There have been many cases of debris-flow
damages in Taiwan, such as Ton-Men Valley
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in Hualien County in 1990 and the watershed
of Chen-Yu-Lan River (Figure 1). in Nanto
County in 1996 and 2001. Four hundred and
eighty five (485) creeks in Taiwan are classi-
fied as hazardous debris-flow creeks accord-
ing to the maps published by the Council of
Agriculture [1]. These hazardous debris-flow
creeks are judged to have debris-flow hazards
based on evaluation of the average stream
slope, watershed area, and the potential for
damages to the downstream village. The pro-
cedure for identifying hazardous debris-flow
creeks is shown in Figure 2. [2] Therefore, the
relative potential of these creeks for debris
flows becomes of great importance in land
resources investigation and sloping land de-
velopment.

A geographic information system (GIS) is a
suitable means to process spatial data and to
display results. Basically, GIS is a convenient
tool to handle a variety of data sets, to provide
an effective assessment of environmental
controls, and to conduct a decision-making
analysis. Application of GIS can provide the
spatial display that is better than using tradi-
tional methods without display. Gupta and
Joshi [3] used GIS in assessing landslides
hazard zones. The GIS-based approaches in
assessing debris-flow hazards were reported
in recent years [4-7]. In this research, GIS is
applied to process various data and display
hazard assessment results of potential debris
flows.

Arc/Info (version 3.4.2) and ArcView (ver-
sion 3.2) programs for personal computer de-
veloped by ESRI Co. Ltd. and a GIS software
WinGrid, developed by Professor Chao-Yuan
Lin in the Department of Water and Soil
Conservation in National Chung-Hsing Uni-
versity in Taiwan, are used for this research.

2. The scope of investigation

The watershed of Chen-Yu-Lan River, lo-
cated in the central part of Taiwan, was se-
lected to be the study site as shown previously
in Figure 1. Chen-Yu-Lan River originates
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from the north peak of Yu Mountain with an
elevation of 3910 m. Chen-Yu-Lan River is
one of the upper rivers of Zhuoshui River
system, which is the largest river system in
Taiwan. Chen-Yu-Lan River has a length of
42.4 km with an average declination slope of
5%, and its watershed area is about 45,000
hectares. From July 31* through August 1* in
1996, the heavy rainfall brought by Typhoon
Herb triggered 12 debris flows in the water-
shed of the Chen-Yu-Lan River (see Figure
3). These 12 creeks, given ID from hl to h12,
were selected and categorized as the group of
higher susceptibility to debris-flow initiations
in this research. The other nine creeks (given
ID from nl to n9 in Figure 4), which has
never had occurred debris flows in recent 20
years and were determined not to have poten-
tial debris-flow hazard by the Council of Ag-
riculture, were selected and categorized as the
group of lower susceptibility to debris-flow
initiations. These 21 creeks were selected for
establishing the database of debris flow in this
research.

3. Methodology
3.1 Assessment processes

The traditional beginning task for hazard as-
sessment of potential debris flows is field in-
vestigation [8-11]. However, such investiga-
tion is costly in time and money. In our study,
the watershed databases of topography, geol-
ogy, and hydrology can be evaluated as the
contributing factors of debris-flow initiation
by utilizing the capability of spatial analysis
of GIS. The first task is to choose the data sets
contributing debris-flow occurrence. The
second task is to obtain a variety of the con-
tributing factors by processing the digital data
in GIS software. The third task is to analyze
each contributing factor by multivariate
analysis on the data. Through this statistical
operation, the matrix of eigen vectors for the
first to fifth principal components can be cal-
culated by SPSS software. The number of



significant principal components is deter-
mined using Kaiser’s rule. The fourth task is
using Fisher’s linear discriminant analysis to
establish discriminant function for these five
principal components. Then any creek in the
watershed of Chen-Yu-Lan River can be
grouped into two categories. One is the group
of higher susceptibility to debris-flow initia-
tions when the discriminant scores (DA
scores) are lower than 0.33 in these creeks.
The other is the group of lower susceptibility
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to debris-flow initiations when the discrimi-
nant scores are higher than 0.33 in these
creeks. Finally, hazard of higher susceptibility
to debris-flow initiations can be assessed by
classifying discriminant scores into 3 catego-
ries. The analytical results are compared with
the 16 creeks of Chen-Yu-Lan River deter-
mined to have potential debris-flow hazards
by the Council of Agriculture to test the ap-
plicability of this hazard assessment ap-
proach.

The watershed of J
Chen-Yu-Lan river

/
\
|

Shibachong stream

\
/

~ Yu mountain —

T

Figure 1. The watershed of the Chen-Yu-Lan River in Taiwan
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Figure 2. Processes for identifying hazardous debris-flow creeks in Taiwan [2]
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Figure 3. The 12 creeks classified in the group of higher susceptible for debris-flow initiation
(potential debris flow)
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Figure 4. The 9 creeks classified in the group of lower susceptible for debris-flow initiation (non-potential
debris flow)
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3.2 Contributing factors of debris flow

Varnes [12] defined a debris avalanche as a
very rapid to extremely rapid flow of pre-
dominantly coarse debris consisting of soil
and/or weathered bedrock. Debris flow origi-
nates when poorly sorted debris (rock, soil,
woody debris, etc.) is mobilized from hill
slopes and channels by the addition of suffi-
cient moisture. Landslides often yield debris
flows downslope with a substantial increase
in water content [13-15]. Zhou et al. [16] con-
sidered that debris-flow initiation needs three
fundamental conditions and one of the four
triggering conditions. The three fundamental
conditions are abundant debris, a lot of water,
and suitable slope. The four triggering condi-
tions are heavy rainfall or snowmelt, highly
variable topography, abrupt change in vegeta-
tion, and slope failure. Lin et al. [17] consid-
ered the initiation characteristics of debris
flow in gravelly deposits as stream slope,
rainfall, rainfall intensity, geological condi-
tion, grain size distribution, void ratio, shear
strength, vegetation condition, and channeled
topography. Lin et al. [6] also discussed the
contributing factors of debris flow for the ap-
plication of remote sensing and GIS.

Considering the above conditions, the most
likely contributing factors of debris flow are
topography, geology, and hydrology. Fur-
thermore, the database can be further divided
using 9 factors, including (1) rock formation,
(2) fault length, (3) naked-land area, (4) slope
of the watershed, (5) slope aspect of the wa-
tershed, (6) stream slope, (7) watershed area,
(8) form factor, and (9) cover and manage-
ment factor, C value.

The first three terms, rock formation, fault
length, and naked-land area, can be consider
as geological conditions. These factors influ-
ence the production of abundant debris.

The following three terms, slope of the wa-
tershed, slope aspect of the watershed, and
stream slope, can be considered as topog-
raphic conditions. These factors will all have
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impact on the initiation and transportation of
debris flow. Slope and slope aspect distribu-
tions of the watershed are raster-basis infor-
mation data derived from DTM (digital ter-
rain model) data. In this study, the size of grid
cells is 40 m x 40 m. Stream slope represents
the average slope declination of the stream.
The last three terms, watershed area, form
factor, and C value, can be considered as hy-
draulic conditions. These factors, contributing
greatly to peak flow rate of a stream, also af-
fect on the initiation and transportation of de-
bris flow. Form factor (F) is defined as [18]:

F=W/L¢=A/ Lo’ (1)

where Lo= length of the river; W= average
width of the watershed (W=A/ Ly); and A =
area of the watershed.

Form factor is also called basin shape. A
larger form factor has rounder basin shape
and larger peak flow rate [19].

Cover and management factor (C value) is
taken from the plant-cover condition of the
Universal Soil Loss Equation (USLE) [20]. C
value ranges from zero to one. When the
land is naked, C value is assigned with one.
On the contrary, when the land is under a
good vegetation condition, C value ap-
proaches to zero. C value varies with the
vegetation type, season change, and the per-
centage of covered land.

3.3 Establishing the database of contribut-
ing factors

The first step in developing the database for
a geographic information system (GIS) is to
acquire the data and to place them into the
system [21]. In Taiwan, many spatial data
collected by governmental agencies, such as
maps, aerial photographs, and other kinds of
digital data, are available to the public. Table
1 shows the data types and data sources used
in this paper.
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Table 1. Types and sources of data used in this study

Data Type Source Precision Publisher
®* Topography [* Digital terrain model|® 40m X 40m Agriculture and Forestry
(DTM) e 1/25000 Aerial Survey Institute

® Terrain map

* Basic aerial photogra-
phy maps of Taiwan

1/5000 or 10000

Information Center,
Dept. of Land Admini-
stration

Agriculture and Forestry
Aerial Survey Institute

The geological map of|®
Taiwan .

* Geology °

* Basic aerial photogra-|e
phy maps of Taiwan

* SPOT image

1/250000
1/5000 or 10000
125m X 12.5m

R.O.C Central Geologi-
cal Survey

Agriculture and Forestry

Aerial Survey Institute

®* Center for Space and
Remote Sensing Re-
search

* Hydrology |* Distribution map of]®
hazardous debris|e
flows—Nantou County |,

* DTM

* SPOT image

1/100000 .
40m X 40m o
12.5m X 12.5m

Council of Agriculture

Agriculture and Forestry
Aerial Survey Institute

®* Center for Space and
Remote Sensing Re-
search

The main preprocessing procedure of hy-
drologic data sets is to digitize the maps of
terrain and to analyze the DTM Data of the
watershed of Chen-Yu-Lan River through the
WinGrid program. Figure 1 was obtained
through these procedures.

In this paper, the DTM was a subset clipped
from the DTM of Taiwan. The 40 m x 40 m
DTM allows for relative comparisons of to-
pography and slope aspect, but its resolution
is not fine enough to process an accurate de-
bris-flow simulation. Arc/Info (version 3.4.2)
program, ArcView (version 3.2) program, and
a GIS software WinGrid program for PC are
used to process those data and calculate val-
ues of watershed area, form factor, and fault
length. By using functions provided by the
Spatial Analyst extension of ArcView, the
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elevation contours, the slope, and slope aspect
can be derived. For example, Figures 5 and 6
show the maps of slope and slope aspect dis-
tributions in creek hlof the potential de-
bris-flow watersheds in Chen-Yu-Lan River,
and other creeks in the study can be analyzed
in the same way. Tables 2 and 3 list the area
of the slope and slope aspect of the 21 poten-
tial debris-flow watersheds.

The main preprocessing procedure of geo-
logical data sets includes digitizing the geo-
logical maps, establishing attribute, and error
detection and correction. Figures 7 and 8 are
the digital maps of rock formations and faults
in the watershed of Chen-Yu-Lan River, and
Table 4 is the area of different kinds of rock
formations in the watershed of Chen-Yu-Lan
River.



The data set of naked-land area and C value
are acquired by WinGrid program to obtain
the NDVI (Normalized Difference Vegetation
Index) values, which can be transferred into C
value of the USLE Equation, from SPOT sat-
ellite images (see Figure 9). C value, the
cover and management factor in the USLE
Equation, is inversely proportional to the
NDVI value [22]. NDVI is one of the most
widely used vegetation indices as [23]:

TS,

'!..-';.-_!:_
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IR-R
IR+R

NDVI= 2)

where IR= infrared radiation value; R= red
light radiation value.

Data sets of these 6 contributing factors
(fault length, naked-land area, watershed area,
form factor, stream slope, and C value) are
acquired and shown on Table 5

Grid Cell  Slope(deg.)
B 0~10
126 10~20
302 20~30
75 30~40
I g 40~50

Figure 5. The spatial distributions of slope angles in the watershed of the h1 creek (cell size is 40m x 40m)

u Slope Aspect  Grid cell
- Nroth-east 20
- East 1
South-east 6
[ ] South 7
]  South-west 123
— B West 102
" e [ ] North-west 230
# s L] North 25
= - Level ground 1

—

Figure 6. The spatial distributions of slope aspect in the watershed of the h1 creek (cell size is 40x40m)
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6 , 0 6 12 Kilometers
e ——

(EO): Eocene to Oilgocene, Sileng Sandstone, Alternation, Slate, and Coal Shale.
(Mj): Middle Miocene, Ruifang Group, Sandstone, and Shale.

(Ms): Late Miocene, Sanxia Group, Sandstone, and Shale.

(OM1): Oligocene to Miocene, Gangou Formation, Argillite, Slate, and Phyllite.
(Q4): Pleistocene, Gravel, Soil and Sand.

(Q6): Modern Alluvium.

Figure 7. The overlapped rock formation map in the watersheds of the Chen-Yu Lan River
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Figure 8. The overlapped fault map in the watersheds of the Chen-Yu-Lan River
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Figure 9. The SPOT satellite image of Chen-Yu-Lan River before Typhoon Herb (1996/6/5)
Table 2. The spatial distributions of slope angles in the watersheds of the 21 creeks investigated

Creek | 0%10° | 10°20° | 20°%30° | 30°40° | 40°-50° | >50°
ID (ha.) (ha.) (ha.) (ha.) (ha.) (ha.)
hl 0.96 12 48.32 20.16 0.96 0
h2 4 22.08 67.68 41.76 0.8 0
h3 1.76 14.72 37.12 22.88 4.32 0
hd4 7.04 22.88 57.44 55.52 19.36 3.68
hS 1.76 19.2 59.2 91.2 30.24 0
h6 6.24 6.4 11.52 232 16.48 0.32
h7 69.28 27.04 72.96 132.16 62.88 0.16
h8 1.28 5.44 25.6 90.24 88.96 6.08
h9 1.28 12.8 36.96 88 42.08 6.72
h10 1.44 18.24 65.28 71.68 10.56 0
hil 3.04 16.48 51.52 118.08 51.52 2.88
h12 12.64 66.72 177.44 403.68 17584 | 21.76
nl 11.84 19.84 56.8 68.64 30.56 6.08
n2 1.92 7.52 19.52 29.76 18.88 0.64
n3 0.8 7.68 19.36 31.04 21.12 0.48
nd 43.04 12.32 26.72 18.4 0 0
ns 76.96 24.16 29.28 17.92 2.08 0
n6 0.96 4.16 23.04 73.44 72.96 13.28
n7 39.52 11.84 22.88 5.12 0.32 0
n8 29.12 11.68 9.44 11.2 1.28 0
n9 0.32 30.88 58.72 93.12 35.04 2.56
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Table 3. The spatial distributions of slope aspects in the watersheds of the 21 creeks investigated

Creek | North North- East South- South South- West North- | Level
ID | (ha) gf‘;t) (ha.) (elf‘;t) (ha.) glzs; (ha.) glzs; giﬁ;‘gd
hi 4 32 | 016 | 096 | 1.12 | 1968 | 1632 | 368 | 0.16
h2 | 1136 | 13.28 | 2144 | 0 0 0 | 43.84 | 44.96 | 1.44
h3 | 208 | 064 | 016 | 0 0.8 | 2128 | 2048 | 3536 | 0
h4 | 064 | 064 | 0 | 944 | 528 | 5056 | 5536 | 44 0
h5 | 24.16 | 4128 | 2368 | 0 0 0 | 3536 | 7648 | 0.64
h6 | 3.36 | 30.88 | 104 | 0 0 0 | 1168 | 752 | 032
h7 | 44 | 1216 | 7824 | 0 0 0 | 5472 | 5936 | 656
h8 | 032 | 048 | 128 | 19.04 | 1424 | 71.84 | 752 | 34.88 | 032
h9 | 66.88 | 31.68 | 13.12 | 0 0 0 | 3248 | 4176 | 1.92
hi10 | 26.56 | 25.76 | 1936 | 0 0 0 | 2112 | 73.76 | 0.64
hil | 488 | 7552 | 50.72 | 0 0 0 | 27.68 | 39.36 | 1.44
h12 | 65.12 | 17632 | 19.52 | 15.04 | 14.88 | 232.8 | 108.64 | 225.12 | 0.64
nl | 832 | 49.92 | 3136 | 67.68 | 1296 | 1632 | 224 | 432 | 0.64
n2 | 08 | 19.04 | 14.88 | 3392 | 368 | 576 | 0 | 016 | 0
n3 | 064 | 17.92 | 1744 | 3872 | 224 | 304 | 0 | 048 | 0
nd | 1504 | 3936 | 1808 | 1.12 | 0.64 | 1.12 | 72 | 17.44 | 048
n5 | 1488 | 752 | 2528 | 13.92 | 128 | 08 | 336 | 1488 | 08
n6 | 32 | 288 | 064 | 336 | 752 | 88.64 | 41.76 | 39.68 | 0.16
n7 | 96 | 3872 | 16 | 104 | 064 | 016 | 048 | 352 | 0.16
n8 | 432 | 27.36 | 1408 | 528 | 0.64 | 016 | 0.16 | 1072 | 0
n9 | 2336 | 113.28 | 2896 | 33.92 | 0 0 | 048 | 2064 | 0
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Table 4. The spatial distributions of rock formation in the watersheds of the 21 creeks investigated

Creek geo EO geo OM1 geo Mj geo Ms geo Q4 geo Q6
ID ( ha.) ( ha.) ( ha.) ( ha.) (ha.) ( ha.)
hl 76.76 0.33 0 0 0 5.29
h2 132.50 0 0 0 0 3.82
h3 77.86 0 0 0 0 2.49
h4 114.56 4891 0 0 2.44 0
h5 87.92 113.68 0 0 0 0
ho6 8.42 55.74 0 0 0 0
h7 192.01 172.47 0 0 0 0
h8 216.53 0.52 0 0 0 0
h9 36.07 89.40 62.37 0 0 0
h10 0 0 159.30 7.90 0 0
hll 0 0 110.40 133.12 0 0
h12 0 0 164.71 693.68 0 0
nl 0 0 0 143.25 0 49.92
n2 0 0 0 69.22 0 9.48
n3 0 0 0 74.66 0 5.52
n4 6.57 0 0 47.63 0 46.12
n5 42.04 0 11.5 26.26 70.38 0
n6 32.47 155.17 0 0 0 0
n7 3.38 0 41.13 0 35.01 0
nd 0 0 29.76 0 32.28 0
n9 0 0 74.93 145.64 0 0

Note: (geo EO): Eocene to Oilgocene, Sileng Sandstone, Alternation, Slate, and Coal Shale.

178

(geo Mj): Middle Miocene, Ruifang Group, Sandstone, and Shale.
(geo Ms): Late Miocene, Sanxia Group, Sandstone, and Shale.

(geo OM1): Oligocene to Miocene, Gangou Formation, Argillite, Slate, and Phyllite.

(geo Q4): Pleistocene, Gravel, Soil and Sand.
(geo Q6): Modern Alluvium.
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Table 5. Data of the six factors in the watersheds of the 21 creeks investigated

Creek | Watershed area Form factor Stream slope |Naked-land area| Fault length C value
ID (ha.) (deg.) (ha.) (m)
hl 0.82 0.35 26.25 69 245 0.0931
h2 1.36 1.46 26.15 94 483 0.1052
h3 0.81 0.51 27.23 56 416 0.1139
h4 1.66 0.50 30.11 114 47 0.1258
h5 2.02 0.38 31.84 176 904 0.124
h6 0.64 0.13 32.04 55 243 0.0987
h7 3.64 21.71 28.59 284 1771 0.1088
h8 2.18 0.45 38.41 158 0 0.1282
h9 1.88 0.39 35.28 147 1191 0.094
h10 1.67 0.29 29.4 108 1396 0.1163
h11 2.44 0.23 34.18 183 0 0.1128
h12 8.58 0.24 34.55 617 1708 0.0932
nl 1.94 0.54 31.61 160 0 0.0992
n2 0.78 1.02 33.56 73 0 0.1058
n3 0.80 1.50 34.05 68 0 0.1297
n4 1.00 0.31 16.90 52 572 0.1698
nS 1.50 0.18 14.41 68 848 0.0770
n6 1.88 0.33 39.53 128 0 0.1008
n7 0.80 0.41 14.79 43 200 0.1032
ng 0.63 0.26 17.20 28 0 0.0719
n9 221 0.62 32.07 181 1180 0.1060

4. Multivariate analysis results

In this paper, the above 9 contributing fac-
tors, with different units and different scales,
are obtained in 27 indexes. These indexes of
the contributing factors are analyzed by mul-
tivariate analysis procedures. The principal
components analysis (PCA) and discriminant
function analysis (DA) are used in this study.
Principal components analysis is a statistical
technique applied to a single set of variables
to discover which sets of variables in the set
form coherent subsets that are relatively in-
dependent of one another. Variables that are
correlated with one another which are also
largely independent of other subsets of vari-
ables are combined into factors. The gener-

ated factors are thought to be representative of
the underlying processes that have created the
correlations among variables.

Through the principal components analysis
operation, the matrix of eigenvectors for the
first to fifth principal components (see Table
6), the eigenvalue, variance, and total system
variance of the 27 principal components (see
Table 7) can be calculated by SPSS software.
The number of significant principal compo-
nents is determined using Kaiser’s rule [24].
According to Kaiser, eigenvalues greater than
1 are significant when the number of observa-
tions are small or moderate. Table 7 has
shown that the first five components out of
the total 27 are extracted and 87.20 % of the
total system variance can be explained.
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Table 6. Matrix of eigenvector for the 27 indexes of the 9 factors from the first to fifth principal component

The first princi- | The second prin- | The third princi- | The fourth princi- | The fifth princi-
pal cipal pal pal pal
Indexes Component Component Component Component Component
(factor loadings)| (factor loadings) |(factor loadings)| (factor loadings) |(factor loadings)
Watershed area 0.9966 0.0720 0.0013 -0.0181 -0.0269
Form factor -0.0403 0.1184 -0.0327 -0.0176 0.9119
Stream slope 0.0910 0.1833 -0.2051 -0.8057 -0.1712
Naked-land area 0.9923 0.0743 0.0167 -0.0068 -0.0130
Fault Length 0.7569 0.1254 -0.1034 0.0346 0.2857
C Value 0.0540 -0.2238 0.4369 -0.4769 0.2601
North 0.9828 -0.0924 -0.0529 -0.0006 -0.0563
North-East 0.9928 -0.0307 0.0022 0.0440 -0.0149
East 0.9652 -0.1305 0.0109 0.0201 0.0694
South-East -0.1055 0.2496 0.7380 0.0829 -0.1671
South -0.0206 0.6540 0.5510 -0.1089 -0.2113
South-West 0.0519 0.8402 0.1246 -0.0957 -0.0965
West 0.9140 0.1387 -0.0481 -0.1563 -0.0042
North-West 0.9362 0.1593 -0.0985 -0.0828 -0.0058
Level Ground 0.9455 -0.1207 0.0011 0.0229 0.1673
Zero to Ten Deg. 0.8987 -0.1081 0.1579 0.3907 0.1244
Ten to Twenty Deg. 0.9882 0.1003 0.0376 0.0987 0.0114
Twe“%;‘; Thirty | .9847 0.0389 0.0200 10.0013 0.0001
Thirty to Forty Deg.| 0.9726 0.1382 -0.0381 -0.0724 -0.0112
Fourty to Fifty Deg. 0.9669 0.0407 -0.0165 -0.1023 -0.1104
Over Fifty Deg. 0.9475 0.0666 0.0175 -0.0751 -0.1911
geo EO 0.9345 -0.2289 0.0142 -0.0923 -0.1041
geo OM1 0.9477 -0.1976 0.0219 -0.0080 -0.0433
geo MJ -0.0496 0.5877 -0.4596 -0.0365 0.0429
geo MS 0.0469 0.9144 0.0214 0.0538 0.1832
geo Q4 0.0059 0.0314 -0.0397 0.9295 -0.0849
geo Q6 0.0048 -0.0412 0.8587 0.0185 0.0823
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Table 7. The eigenvalues and variances of the 27 principal components

Order of principal Figenvalue Variance(%) Total system variance (%)
components (percent trace) (cumulative percent)
1* 15.46 57.26 57.26
2 3.04 11.26 68.52
31 2.10 7.79 76.32
4t 1.78 6.60 82.92
5t 1.16 4.29 87.20
6" 0.97 3.60 90.80
70 0.85 3.15 93.94
g™ 0.47 1.76 95.70
9th 0.39 1.43 97.13
10" 0.28 1.03 98.16
1" 0.17 0.63 98.79
12" 0.12 0.43 99.22
13" 0.09 0.34 99.56
14 0.05 0.18 99.74
15 0.03 0.10 99.84
16™ 0.02 0.06 99.90
17" 0.01 0.04 99.93
18" 0.01 0.03 99.96
19" 0.01 0.02 99.98
20" 0.00 0.01 99.99
21 0.00 0.01 100.00
2o™ 0.00 0.00 100.00
231 0.00 0.00 100.00
24" 0.00 0.00 100.00
25" 0.00 0.00 100.00
26" 0.00 0.00 100.00
27" 0.00 0.00 100.00

Discriminant function analysis (DA) is used
to classify cases into the values of a categori-
cal dependent, usually a dichotomy. If dis-
criminant function analysis is effective for a
set of data, the classification table of correct
and incorrect estimates will yield a high per-
centage correct. The discriminant function is

established through discriminant analysis by
Fisher's method for these five principal com-
ponents, the debris-flow discriminant function
for a specific creek is obtained here as:

Z=-6.636X; +1.142X, +0.76X5
+0.843x,4 +0.625%5 —2.016

€)
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where z = discriminant score (DA score or Z
score); x; to Xs= discriminating variables of
the first principal component to the fifth prin-
cipal component.

Table 8 has shown the discriminating vari-
ables of the first principal component to the
fifth principal component (x; to xs) and DA
scores for the 21 creeks investigated in this
research.  Following the mentioned proc-
esses, any creek in the watershed of
Chen-Yu-Lan River can be grouped into two
categories. One is the group of potential de-
bris flow (higher susceptible for debris-flow
initiations) when the DA scores are lower
than the cutoff in these creeks. The other is
the group of none-potential debris flow (lower

susceptible for debris-flow initiations) when
DA scores are higher than the cutoff in these
creeks. The cutoff of the DA score for po-
tential or none-potential debris flow is 0.33 in
this research. Table 9 and 10 has shown the
results and efficiency of the discriminant
analysis in the 21 creeks investigated.
Comparing the results obtained from the ini-
tial groups (12 potential debris flow and 9
none-potential debris flow) defined by field
investigation, and the classified groups (14
potential debris flow and 7 none-potential de-
bris flow) evaluated by the discriminant
analysis, we found that the total correct per-
centage of the discriminant analysis is as high
as 90.5%.

Table 8. The discriminating variables of the first to fifth principal components (x1to xs) for the 21 creeks

investigated
Creek ID X Xs X5 Xy Xs DA(;‘;OW
hl -0.4235 -0.41898 -0.09015 0.1653 -0.33229 | 0.179096
h2 -0.26657 -0.64184 -0.10356 0.01611 0.18007 -0.93241
h3 -0.40943 -0.50699 -0.0107 -0.15556 -0.04549 -0.04552
h4 -0.29347 -0.06636 0.47946 -0.46339 -0.41182 -0.42789
h5 -0.16946 -0.66299 -0.15361 -0.56376 0.135 -2.15606
h6 -0.44125 -0.626 -0.36864 -0.19395 -0.36242 -0.47288
h7 0.27603 -0.44076 -0.11678 0.01908 4.27223 -1.75211
h8& -0.2566 0.59333 1.0705 -1.226 -1.03149 -0.50032
h9 -0.17355 -0.18707 -0.85508 -0.37135 -0.1757 -2.15065
h10 -0.25085 0.1878 -0.9926 -0.25022 0.37074 -0.87023
hil -0.2245 0.16353 -0.78596 -0.48807 -0.09739 -1.40901
h12 0.59413 4.67179 -0.21479 -0.30822 -0.42558 -1.3126
nl -0.33401 0.61965 3.55255 0.00496 -0.75759 3.138902
n2 -0.49229 -0.14239 0.95493 -0.29208 -0.46168 1.279338
n3 -0.48958 -0.30756 1.10526 -0.60579 -0.12352 1.134006
n4 -0.33349 -1.09703 2.35274 -0.01037 1.33875 1.561051
ns -0.22821 -0.17947 -0.06748 3.713 -0.40301 2.120213
né -0.28731 0.43551 0.06424 -0.88394 -1.11071 -1.00277
n7 -0.42059 -0.41434 0.0106 2.05585 -0.1294 1.962211
n& -0.46657 -0.31174 -0.44714 2.15816 -0.59962 1.828801
n9 -0.23476 0.30466 0.01903 -0.08849 -0.00161 -0.17118
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Table 9. The results of the discriminant analysis in the 21 creeks investigated

Creek ID Intial group Glassfied group Discriminant score (z)
hl P P 0.179096
h2 P P -0.93241
h3 P P -0.04552
h4 P P -0.42789
h5 P P -2.15606
h6 P P -0.47288
h7 P P -1.75211
h8 P P -0.50032
h9 P P -2.15065

h10 P P -0.87023
h11 P P -1.40901
h12 P P -1.3126
nl NP NP 3.138902
n2 NP NP 1.279338
n3 NP NP 1.134006
n4 NP NP 1.561051
n5 NP NP 2.120213
n6 NP P -1.00277
n7 NP NP 1.962211
n8 NP NP 1.828801
n9 NP P -0.17118

Note: 1.Group P is group of potential debris flows
2.Group NP is group of none-potential debris flows
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Table 10. The efficiency of the discriminant analysis in the 21 creeks investigated

No. of Classified|No. of Classified Correct Percent| Incorrect Percent
GROUP Group NP Group P Total Number o, %
Initial Grou
NP P 7 2 9 77.78 22.22
ImtlalPGroup 0 12 12 100 0

Finally, hazard assessment of potential de-
bris flows can be estimated based on DA
scores assumed the DA scores are normal dis-
tribution. In our study, the DA scores have
been grouped according to the appeared
probability finally into four classes: (a) DA
score =-1.34, high hazard of potential debris
flow; (b) —1.34< DA score =-0.64, moderate
hazard of potential debris flow; (¢) —0.64<
DA score =0.33, low hazard of potential de-
bris flow; (d) 0.33< DA score, none-potential
debris flow.

According to the map of the Council of Ag-
riculture, R.O.C., in 1996, there were 16
creeks of Chen-Yu-Lan River determined to
have potential debris-flow hazards based on
evaluation of the average stream slope, wa-
tershed area, and protective object [2]. Figure
10 shows the watershed locations of the 16
potential debris flows along the Chen-Yu-Lan
River. These 16 creeks are selected for hazard
assessment of potential debris flow in this re-
search to test the applicability of this hazard
assessment approach. The analytical results
show that all the DA scores are lower than
0.33 in these 16 creeks. All these 16 creeks of
Chen-Yu-Lan River determined to have po-
tential debris-flow hazards (see Table 11).
According to the above rules, these 16 poten-
tial debris flows are grouped into high hazard
(9 creeks, creeks 26, 27, 28, 30, 31, 32, 34, 37,
and 38), moderate hazard (5 creeks, creeks 25,
33, 35, 36, and 40), and low hazard (2 creeks,
creek 29 and 39).

5. Disscusion and conclusions
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From July 31% through August 1* in 1996,
the heavy rainfall brought by Typhoon Herb
triggered several debris flows in the water-
shed of the Chen-Yu-Lan River. Comparing
the records of debris flows during Typhoon
Herb with the qualitative analytical results, it
is found that debris flow took place in eight of
the mentioned 16 potential debris flows oc-
curred during Typhoon Herb. These eight
creek channels of debris flow are creeks 25,
26, 28, 29, 30, 31, 37, and 40. Among these
creeks, the creek 29 is evaluated as low haz-
ard, the creeks 25 and 40 are as moderate
hazard, and others (creeks 26, 28, 30, 31,and
37) are as high hazard. The results suggest
that the hazard assessment method developed
in this study may reveal the potential hazard
of debris flows in the watershed of
Chen-Yu-Lan River. This hazard assessment
method could be applied to other watersheds
of river systems in Taiwan. Other conclu-
sions include:

1. By utilizing the capability of spatial
analysis provided in GIS software, the
watershed factors are calculated and
served as contributing factors. In this
study, GIS technology offers a useful tool
for hazard assessment of potential debris
flows.

2. The database of topography, geology and
hydrology are grouped into 9 factors as
the contributing factors of debris-flow
initiation, including: (1) rock formation,
(2) fault length, (3) naked-land area, (4)
slope of the watershed, (5) slope aspect of
the watershed, (6) stream slope, (7) wa-
tershed area, (8) form factor, and (9)



cover and management factor, C value.
However, the contributing factors are not
limited to these 9 items, whether addi-
tional contributing factors should be
added to the assessment processes de-
pends on the advances in understanding
the mechanism of debris flow.

Multivariate analysis can be applied to
analyze the contributing factors for de-
bris-flow occurrence and assess hazards
associated with debris flows. The prin-
cipal components analysis and discrimi-

Council of Agriculture, R.O.C., in 1996

Hazard Assessment of Debris Flows by Statistical
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nant function analysis are used in this
study. Through the principal components
analysis operation, the first five compo-
nents out of the total 27 are extracted and
87.20 % of the total system variance can
be explained. Comparing the results
obtained from the initial groups defined
by field investigation and those by the
classified groups evaluated by the dis-
criminant analysis, we found that the total
correct percentage of the discriminant
analysis can be as high as 90.5%.

Figure 10. The 16 creeks of Chen-Yu-Lan River determined to have potential debris-flow hazards by
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