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ABSTRACT 
 
A minimum topographic criterion to initiate debris flows originated from 11 creeks was 
studied. The topographic features were derived from 10 m resolution digital terrain data using 
spatial and 3-D analysis tools and terrain analysis in GIS. The topographic indices for 
sediment transport capacity index, hypsometric integral, elevation-relief ratio, stream power 
index, form factor, topographic wetness index, effective basin area, slope gradient, plan and 
profile curvatures were used for the analysis. The elevation-relief ratio is linear and positively 
correlated to the index of the hypsometric integral. The debris flows were initiated from steep 
slopes or landslide source areas with higher topographic wetness indices. The stream power 
index clearly changed after a debris flow. There is a minimum topographic features existed to 
initiate debris flow. The combination of the stream power index and the topographic wetness 
index provided a critical state line for before and after debris flows. The indices values 
depend upon the resolution of digital terrain data. A index combination both of the stream 
power index (SPI) and topographic wetness index (TWI) is proposed herein to identify the 
minimum topographic features necessary to initiate debris flow. 
 
Key Words: Debris flow, Landslide, Geomorphic analysis, Topography, Digital terrain 
model 
 
 
INTRODUCTION 
 
There are 1,420 debris flow prone creeks in Taiwan (COA, 2005), categorized into three 
groups for high, medium, and low potential for debris flow by their topographic and geologic 
conditions (Lin et al., 2002; Lin et al., 2006b). Among these debris flow prone creeks, there 
were 685 landslide-induced debris flows. Climate change has caused an increase in the 
frequency of massive debris flows and landslides in recent years, especially in the 
mountainous areas in Taiwan (Chen et al., 2008). These disasters are attributed to the steep 
topographic characteristics and fragile geologic conditions of these areas, in addition to 
climate change. 
 
Numerous methodologies may be used to model the downstream debris flow affected area. In 
spatial analysis by field topographic characteristics (Yu et al., 2006), the topographic 
characteristics after the debris flow are divided into three areas, the source, transportation, and 
deposition areas. Wichmann et al. (2007) modeled the debris flow initiation locations by 
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determining which cells have a high enough channel gradient in relation to discharge and 
exhibit a minimum sediment contributing area, using GIS. In the model, the locations of 
source sites are crucial and must be identified first. The topographic form controls the 
initiation sites of debris channel (Montgometry and Dietrich, 1994a; Vandaele et al., 1996) 
and a threshold relation exists between the topographic slope angle and the contributing area 
(Dietrich et al., 1992; Montgometry and Dietrich, 1994b). The topographic variables derived 
from 10-m digital elevation data show that debris flows slope angles > 32° and upslope 
contributing areas < 3,000 m2 were preferentially susceptible to debris flow (Godt and Coe, 
2007). 
 
The initiation of debris flow is related to the slope of the source areas, a typical value is 
between 27o and 38o (Rickenmann and Zimmermann, 1993; Hungr et al., 1984; Takahashi, 
1981). In addition, there is a specified curvature in topography in debris flow source area 
(Heinimann et al., 1998; Bachmann, 2001). The geomorphic characteristics of debris flows 
show that their sediment transportation is related to the topographic features. One topography 
attribute used for identification of the topographic features is the sediment transport capacity 
index (LS) (Moore and Burch, 1986). The calculation of the LS value is given in the equation 
below: 
LS = (m + 1)(As/22.13)m(sinβ/0.0896)n                                         (1) 
where As is the specific catchment area (m2/m), β is the slope gradient (in degrees), and the 
values of m and n are 0.4 and 1.3 respectively (Moore and Wilson, 1992). The hypsometric 
integral (Hi) is identified as the integral value of the hypsometric curve for the elevation 
versus area in a basin and is expressed as a percentage (Willgoose and Hancock, 
1998; Awasthi et al., 2002; Bishop et al., 2002). It is an important indicator of watershed 
conditions (Ritter et al., 2002). The hypsometric curve divides watersheds into three types: 
un-equilibrium for Hi > 0.6 (young stage), equilibrium for Hi between 0.4～0.6 (mature 
stage), and Monadonock phase for Hi < 0.4 (Strahler, 1952). It has been shown 
mathematically that the elevation-relief ratio is identical to the hypsometric integral, but the 
latter has the advantage of being much easier to calculate within the GIS environment 
(Abebe1 and Foerch, 2006; Singh et al., 2008). The elevation-relief ratio (E) is defined as 
(Pike and Wilson, 1971): 
E = (mean elevation – min elevation)/(max elevation – min elevation)                 (2)  
The stream power index could be used to identify the erosive effects of concentrated surface 
runoff (Wilson and Gallant, 2000). The stream power index (SPI) is defined as: 
SPI = ln(As × tanβ)                                                         (3) 
Form factor (or shape factor) is the ratio of the minor axis to the major axis of the basin 
(Pareschia et al., 2002). The debris flow is highly correlated to the shape of the basin (Wan et 
al., 2008). A larger form factor has a rounder basin shape and larger peak flow rate (Wohl and 
Pearthree, 1991). The form factor is defined as: 
F = W/Lo = A/Lo

2                                                           (4) 
where Lo is the length of the river, W is the average width of the basin (W = A/Lo), and A is 
the area of the basin. The topographic wetness index (TWI) has been used to describe the 
spatial soil moisture patterns (Kirkby, 1975; Beven and Kirkby, 1979; Wilson and Gallant, 
2000). The locations of higher TWI host more favorable conditions for landslide formation 
(Conoscenti et al., 2008). It is a thus useful conditioning indice in landslide susceptibility 
studies (Gorum et al., 2008, Nefeslioglu et al., 2008). The TWI is defined as: 
TWI = ln(As/tanβ)                                                          (5) 
 
A topographic characteristics analysis using Digital Terrain Model (DTM) for 11 creeks is 
studied for identification the geomorphic features of the basin and threshold conditions 
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necessary to initiate debris flows. The results may help to define debris flow potential and the 
sources of debris masses for disaster prevention. 
 
 
SITE LOCATIONS OF THE STUDY CREEKS AND BACKGROUNDS 
 
Eleven historical debris flow basins for the precision of the digital elevation model available 
in 10 × 10 m were selected in the study. Eight creeks in the sample, Nanpingkeng, Junkeng, 
Erbu, Shanbu, Chushui, Fengqiu, Heshe No. 1, and Heshe No. 3 are located in the 
Chenyoulan Basin in Nantou County in central Taiwan (Fig. 1). The Chenyouland Basin has 
been well documented (Lin et al. 2002; Chen et al. 2005; Lin et al. 2005; Lin et al. 
2006a, 2006b; Yu et al. 2006; Wan et al., 2008). Two additional basins located in Taipei 
County in northern Taiwan, those of the Houtong and Chonghe creeks, were also used. In 
Taichung County in central Taiwan, the Songhe creek was selected. 
 

 
Fig. 1 Site locations of the 11 study creeks in the Chenyoulan Basin (Nantou County), Taipei County, and 
Taichang County 
 
Table 1 Database of the study debris flows (source COA, 2005) 

Debris No. Length (m)Basin area (104 m2) A15_area (104 m2)a Stratum X (m) Y (m) Damageb

Chonghe 1950 124 68 sedimentary 309839 2790517 H

Chushui 5755 863 524 sedimentary 234517 2602913 H

Erbu 1871 158 96 metamorphic 234685 2626755 H

Fengqiu 1929 162 162 metamorphic 236644 2618531 H

Heshe No. 1 3770 311 161 sedimentary 235394 2606789 H

Heshe No. 3 1509 163 163 sedimentary 236571 2608149 M

Houtong 1541 191 173 sedimentary 333158 2776496 H

Junkeng 1572 51 51 metamorphic 235097 2627860 M

Nanpingkeng 1684 148 108 metamorphic 235622 2629355 M

Shanbu 2442 334 147 metamorphic 234408 2625719 H

Songhe No. 1 1339 371 339 metamorphic 247514 2674952 H  
a) area of slope over 15o in the basin 
b) H: high, M: middle 
 
These creeks are stream flow type and debris flows were initiated from landslides. The slides 
were mainly triggered during typhoons Herb (1996), Xiangsane (2000), Toraji (2001), and 
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Mindulle (2004). The basic data of the 11 creeks are listed in Table 1. 
 
 
METHODS AND APPROACH 
 
The major input data for topographic feature analysis are the digital terrain models (DTMs) 
before and after debris flow. The DTMs were made by the Council of Agriculture 
(http://www.afasi.gov.tw/) in 10 × 10 m format from aerial photos taken in 1993 and 1996 
before and after Typhoon Herb induced debris flows for the creeks in the Chenyoulan Basin. 
The photos of Houtong and Chonghe creeks were made in 1994 and 2002, while the aerial 
photos of Songhe creek were taken in 2003 and 2004. Debris flows initiated from headwall 
landslide are categorized as “headwall,” “sidewall” when originating from sidewall landslides, 
and “headwall-sidewall” when sourced by both mechanisms. The DTMs were converted into 
raster grid images using spatial analysis in ArcGIS 9. Flow enforcement for the depression 
and flats for pre-processing of the terrain analysis was carried out first. Flow direction, 
accumulation, and specific contribution area were analyzed in the terrain analysis. The 
extractions of watershed and stream network were based on user-defined thresholds. Slope 
angle, upslope contributing area, effective basin area, plan and profile curvatures above the 
debris flow initiation points were compiled from the 10-m DTMs. Slope angles were 
computed using the SLOPE commands in the GRID module of ArcGIS 9. Upslope 
contributing areas were computed using the D-infinity method (Tarboton, 1997). The 
flowchart for the analysis is shown in Fig. 2. 
 
The major terrain indices used and their relations to the debris flow are listed in Table 2. The 
calculations of the TWI and SPI indices were carried out in the raster calculator function of 
Geta GIS (SINICA, 2003). The hypsometric integral Hi is calculated by the trapezoidal 
numerical integration method using an avenue extension of ArcView 3.2 GIS from the ESRI 
support center (http://arcscripts.esri.com/). The sedimentary transport capacity index LS was 
calculated by SATEEC (Lim et al., 2005). 
 

 
Fig. 2 Flow chart to identify the topographic features of the basins 
 
The horizontal runout distance for each debris flow was measured in ArcGIS by manually 
digitizing a curvilinear line from the debris flow initiation point along the debris flow path to 
the deposition front with the aids of field Investigation and aerial images verification. The 
initiation point was identical to the fan apex by aerial photo interpretation and modified by the 
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changes of DTMs before and after debris flow. Fig. 3 shows the interpretation of debris flow 
source area, flow path, and deposit area by the difference of DTMs before and after debris 
flow in the Junkeng creek. The mapping of landslide head scarps is performed using the 
elevation change in the DTMs. The types of landslide curvature in plan and profile were 
decided by the elevation in the raster calculation function in GIS. Landslide volume is 
estimated by the erosion area multiplied by the digital elevation change in the basin, while 
debris volume delivered to the channel is the landslide volume minus the deposit volume in 
the landslide area. 
 
Table 2 Major terrain indices and their relation to debris flow 

Terrain indices Relation to debris flow 
Relief ratio △H/L, debris flow mobility from landslide head scarp to debris 

deposition front 
Elevation-relief ratio E, surface runoff and sediment yield prediction 
Stream power index SPI, the erosive effects of concentrated surface runoff 
Sediment transport capacity index LS, the sediment transport capacity 
Effective basin area A15, the steep topographic characteristics in the basin 
Curvature (plan and profile) κ, debris flow source zone topographic feature 
Topographic wetness index TWI, the movement of water in terrain slope or local drainage by 

downslope topography 
Form factor F, the topographic feature of basin and peak flow rate 

 

 
Fig. 3 the interpretations of landslide head scarp, debris flow source area, flow path, deposit area, and initiation 
point by the difference of digital elevation data before and after debris flow after Typhoon Herb in Junkeng creek 
(elevation unit: m) 
 
 
TOPOGRAPHIC FEATURES ANALYSIS 
 
The terrain indices are used for the debris flow source area, deposit area, and for the whole 
basin. Terrain attributes for plan and profile curvatures and TWI in the head landslide area 
were used. The basin area, slope, A15, △H/L, Hi, E, F, LS, SPI, and TWI indices were 
identified for the whole basin. Slope, runout distance, affected area, and magnitude were 
studied in the downstream deposit area. Table 3 lists the results of the topographic features for 
the creeks. 
 
 
CONCLUSIONS AND DISCUSSION 
 
The debris flow topographic features were discussed separately by landslide source area, the 
whole basin, and deposit area. The elevation changes of the topographic features were 
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analyzed and their relationship obtained by statistical analysis. 
 
Topography features of source area 
 
Debris flows were divided into three categories by the type of initiation: shallow landsliding, 
rilling, and the “firehose effect” in the alpine landscape (Godt and Coe, 2007). Most of the 
head source zones of the study creeks were initiated under planer plan and profile curvatures 
(Table 3). Field investigation verified that most of the head source landslides were shallow 
landslides. The field topographic curvature may not be the main feature in initiating landslides 
and subsequent debris flows. The debris flows were not attributed to either purely headwall or 
sidewall landslides. Instead, the interaction of head and sidewall slides created more abundant 
debris masses.  
 
Table 3 Topographic features of the study basins 

Debris flow curvature 
(plan/ 

profile)a 

LS TWI (source 
/basin) (%) 

SPI E F Hi (%) △H/L Landslide 
volume 
(m3) 

Debris volume 
delivered to the 
channel (m3) 

Chonghe v/p 14.7 5.29/5.40 3.86 0.37 0.33 35.8 0.21 57,481 57,481 
Chushui p/p 19.0 5.4/5.36 4.17 0.52 0.26 52.6 0.29 1,505,612 1 351,741 

Erbu p/c 18.0 4.9/5.17 4.08 0.40 0.45 39.7 0.27 121,400 108,400 
Fengqiu p/p 20.4 4.75/4.86 4.40 0.58 0.44 56.6 0.44 73,711 65,494 

Heshe No. 1 p/p 18.5 4.9/5.08 4.18 0.46 0.22 45.0 0.33 47,703 39,590 
Heshe No. 3 p/p 19.7 4.8/4.80 4.46 0.47 0.72 47.2 0.26 606,354 464,258 

Houtong p/p 17.2 5.12/5.18 4.08 0.54 0.80 53.3 0.26 218,000 201,700 
Junkeng p/p 17.5 5.21/5.26 4.01 0.48 0.21 49.1 0.35 6,947 4,526 

Nanpingkeng c/p 17.1 5.1/5.29 3.97 0.50 0.52 47.4 0.32 104,100 102,900 
Shanbu v/p 15.6 5.0/5.35 3.91 0.41 0.56 40.8 0.20 311,165 292,706 

Songhe No. 1 p/p 17.6 4.75/4.80 4.46 0.45 2.07 45.1 0.25 522,000 408,000 
a) c: concave, p: planar, v: convex 
 
The slope of the source landslide areas is between 30o and 42o, slightly higher than the typical 
value of 27o to 38o (Rickenmann and Zimmermann, 1993; Hungr et al., 1984; Takahashi, 
1981). A large TWI indicates a lower slope gradient and/or high catchment area in the valley 
floor area. Further, a large TWI features high slope gradient and very small catchment areas in 
the drainage divides (Conoscenti et al., 2008). The debris flows were initiated from a steeper 
slope or large topographic wetness index for the landslide area, especially for the Chushui 
creek (Fig. 4). The potential slope instability area, by its regional mean slope (SL) and the 
mean topographic wetness index (TWIL) of debris flow source area, can be estimated by: 
TWIL = -0.04SL + 6.34, r2 = 0.95                                               (6) 
In the Chushui creek, the slope in the debris flow head landslide area had a steeper slope and a 
higher TWI than the other creeks. This shows that a steep slope and a higher TWI may feasibly 
generate a landslide. 
  
Topographic features of the basin 
 
The topographic features of the basins for their slope, basin area, A15, △H/L, Hi, E, F, LS, 
TWI, and SPI before debris flow were identified. These indices were not found to display 
obvious changes before and after the debris flows. The indices A15, △H/L, Hi, E, LS, and SPI 
all provided a minimum criterion to estimate the debris flow magnitude. The maximum LS in 
the creeks is about 45.4 with minor changes for different creeks, and the LS is proportional to 
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the SPI. The form factor F is not proportional to the other indices. The effective basin area A15 
is proportional to the basin area. The elevation relief ratio E was found to be proportional to 
the hypsometric integral Hi (Fig. 5), and can be expressed as: 
Hi (%) = 98E + 0.4, r2 = 0.97                                                 (7) 
The linear positive correlations of Hi and E are identical to those of Abebe1 and Foerch 
(2006), and Singh et al. (2008).  
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Fig. 4 Mean landslide slope and mean topographic 
wetness index TWIL in debris flow head landslide area

Fig. 5 Elevation relief ration E versus hypsometric 
integral Hi 

 
The basin mean slope (Sav in %) is proportional to the indices of the stream power index SPI, 
and the sediment transport capacity index LS, and is in inverse proportion to the topographic 
wetness index TWI (Fig. 6). The steeper slope is attributed to higher sediment transport 
capacity and higher SPI and LS indices. Lower SPI and larger TWI were found in the Chushui 
creek basin, compared to the same mean slope of basins. The relationships can be expressed 
as: 
SPI = 0.04Sav + 2.73, r2 = 1.0                                                 (8) 
LS = 0.33Sav + 6.83, r2 = 0.86                                                 (9) 
TWI = -0.04Sav + 6.53, r2 = 1.0                                               (10) 
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Fig. 6 Basin mean slope and (a) stream power index SPI, (b) topographic wetness index TWI, (c) sediment 
transport capacity index LS 
 
Both of the SPI and TWI are well correlated to the basin mean slope before debris flows (Fig. 
6). The SPI versus TWI also shows a good fit relationship before and after the debris flow 
(Fig. 7) and can be expressed by: 
TWI = -SPI + 9.3, r2 = 1.0      (before debris flow)                            (11) 
TWI = -0.39SPI + 7.0, r2 = 0.97   (after debris flow)                            (12) 
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One exception for Eq. (11) is in the Chushui creek, where the debris flow was initiated under 

he SPI is an indicator of sedimentary transport capacity, while TWI is an alternative indicator 

a higher combination of TWI and SPI than the equation suggests. The steep streambed slope 
and underground water flow could explain the different topographic features that initiate 
debris flow (Chen et al., 2007b). Songhe No. 1 experienced visible topographic changes after 
the debris flow and its SPI value was far beyond the analysis range. The Junkeng creek 
showed fewer topographic indices changed after the debris flow. The TWI was marginally 
reduced and the SPI increased markedly after debris flow in the basins. The mean basin slope 
gradient (%) is 37.2 and 37.4 before and after debris flow, respectively, in the Chushui creek, 
and 40.4 and 40.7, respectively, in the Songhe creek. The reduced TWI may be due to the 
increased mean basin slope after debris flow. The resolution of DTM also affects the indices 
value. The TWI derived from 40 m DTM in the Houtong creek is changed from 5.2 to 8.1 and 
the SPI changed from 4.1 to 6.7. The indices values reduced markedly with the finer of DTM 
resolution.  
 
T
for potential to landslide. The combination of both indices is meaningful in predicting 
landslide-induced debris flow. A new Debris Flow Topographic Index (DFTI) combining both 
of the SPI and TWI indices is thus proposed to identify the minimum topographic features to 
initiate landslide-induced debris flow in a basin. The critical line can be expressed by 
changing Eq. (11) to: 
DFTI = SPI + TWI ≧ 9.3                                                   (13) 
This equation represents a critical state line that reveals the minimum topographic features of 
a basin necessary to initiate debris flows. 
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Fig. 7 Stream power index SPI and topographic wetness index TWI before and afte bris flow 
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