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Abstract. In October 1998, Hurricane Mitch triggered nu-  The study of terrain failure and runout susceptibility en-
merous landslides (mainly debris flows) in Honduras andabled us to obtain a spatial prediction for landslides, which
Nicaragua, resulting in a high death toll and in considerablecould contribute to landslide risk mitigation.

damage to property. The potential application of relatively
simple and affordable spatial prediction models for landslide
hazard mapping in developing countries was studied. Our at- )

tention was focused on a region in NW Nicaragua, one of thel ~ Introduction

most severely hit places during the Mitch event.

A landslide map was obtained at 1:10 000 scale in a Geol-andslide hazard is generally defined as the probability that
graphic Information System (GIS) environment from the in- & landslide may occur within a given area in a given period
terpretation of aerial photographs and detailed field work. In°f time. This concept includes both spatial and time dimen-
this map the terrain failure zones were distinguished from theSions. Landslide hazard assessment is not always possible
areas within the reach of the mobilized materials. A Digital 9'V€N that data on the tem.poral occurrence of past landslides
Elevation Model (DEM) with 20 nx20 m of pixel size was ~ are often not easy to obtain (Remondo et al., 2003a; Ayalew
also employed in the study area. et al._, 2Q05). Landslide sgsceptlblhty assessment is th_e _iny

A comparative analysis of the terrain failures caused bypOSSIbIIIty to overcome this problem. The term susceptibility

Hurricane Mitch and a selection of 4 terrain factors extracted'S 9€nerally used to identify the location of potential land-

from the DEM which, contributed to the terrain instability, slides in a given region based on a set of terrain character-
was carried out. Land propensity to failure was determinediStiCS' Susceptibility analysis assumes that future landslides

with the aid of a bivariate analysis and GIS tools in a terrain2'€ likely to be produced by the same conditioning factors as
failure susceptibility map. In order to estimate the areas thaf2ndslides in the past and the present (Varnes, 1984; Carrara
could be affected by the path or deposition of the mobilized®€t &l-» 1995). Although these methods provide information
materials, we considered the fact that under intense rainfalPn Potentially unstable slopes, they do not supply direct in-
events debris flows tend to travel long distances following'0'Mation on landslide magnitude and frequency.

the maximum slope and merging with the drainage network. 10 develop an integrate landslide susceptibility analy-
Using the TauDEM extension for ArcGIS software we gener- SiS, Some authors such as Mongomery and Dietrich (1994),
ated automatically flow lines following the maximum slope DPai et al. (2002), Chung and Fabbri (2003), Corominas et
in the DEM starting from the areas prone to failure in the &l- (2003), Coe etal. (2004),tdimann et al. (2006) propose
terrain failure susceptibility map. The areas crossed by théhe following procedure: a) evaluation of terrain failure sus-
flow lines from each terrain failure susceptibility class cor- Ceptibility and b) assessment of runout behaviour of the mo-
respond to the runout susceptibility classes represented in hilized material. The probability of the spatial occurrence for

runout susceptibility map. future landslides is reflected in a terrain failure susceptibility
map, which indicates the potential starting zones. This map

Correspondence tavl. Guinau can be elaborated by heuristic, statistic (bivariate or multi-

(mguinau@ub.edu) variate analysis) or deterministic approaches (van Westen,
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Fig. 1. Location of the Departamento de Es@hd Departamento de Leon in NW Nicaragua. In the enlarged zone, the study area (in black)
and localities referred to in the text.

1993; Carrara et al., 1995; van Westen et al., 1997; Remondsource and runout susceptibility, and 2) to provide a simple
et al., 2003a, Dai et al., 2002;idimann et al., 2006). Af- and low cost methodology that is suited to the conditions in
ter determining the potential landslide initiation zones, themost developing countries. This methodology could be im-
runout behaviour is analysed in order to delimit zones thatplemented in large territories to devise policies for disaster
could be reached by the mobilized debris. Approaches tgrevention and mitigation.

assessing the mobility of debris can be empirical, analytical

and numerical (Mongomery and Dietrich, 1994; Dai et al., 1.1 Study area

2002; Corominas et al., 2003; Radlet al., 2004; Hrlimann

etal., 2006). The study area is located in the Interior Highlands of

fth Id iallv in develoni Nicaragua (Fig. 1), an extensive and heavily dissected vol-
In many parts of the world, especially in developing coun- . e plateau and corresponds to the upper part of the

tries, the scarcity of good quality data, insufficient funds andSinecapa River basin. The area displays a hilly landscape
lack of specialized personnel constitute a disadvantage fo%ith an average slope gradient of°2@nd an altitude be-

landslide susceptibility and hazard assessment. Thus, there {Reen 220 and 1265 m. This region is largely constituted by
a pressing need for developing feasible and low cost methOdTertiary volcanic rocks of the Coyol and Matagalpa groups
ologies of Igndslide hazard assessment, .vyhich can bg readilg;enzl’ 1988). The Oligocenic Matagalpa group is composed
tested.and implemented under the conditions found.m thes f rhyolitic to dacitic pyroclastic rocks, whereas the Coyol

countries (Padls et al., 2004; Coel etal, 20,04; Gumag et group emplaced during Miocene-Pliocene period is made up
al., 2005). A number of developing countries, espemallyof basaltic rocks, rhyolitic lavas, breccias, lahars and pyro-

inl 30“”! and CentrarI]_Amefrica a_nd Asia, are currentlydim- clastic deposits (Darce et al., 1989; Ehrenborg, 1996). Most
P ‘?”_"'e““r_‘g_ Geograp Ic In orma_tt|0n Systems (G_IS) and aC+yt these rocks are covered by a thick regolith and colluvial
quiring digital data, which provide advantages in geoenw-depoSitS

ronmental analysis. GIS tools enable us to produce and to
handle easily a large amount of data. Digital Elevation Mod-

els (DEM.) also permits th? extraction of geom_ef[r_ical vari- the Estel and Leon Departments, respectively (Fig. 1). The
ables which can be used in landslide susceptibility aSSES¥ ot settlements were established approximately one century

ment_. Thus, DEM data would obyiate . nged . COStIyago, and since then around 90% of what used to be thickly
and time consuming methods required to obtain morphometforested land has been converted into bush land, degraded

rjc Qata, providing a relatively simple methqdology for iden- pastures and agricultural fields. The settlements are scat-
tifying zones potentially susceptible to debris flows. tered, and construction materials consist of adobe and wood.

The aims of the present study are 1) to develop a methodolThe economy is based on subsistence corn, bean and cereal
ogy for landslide susceptibility zoning considering landslide agriculture, and to a lesser extent, on cattle.

The study area covers about 68%and forms part of the
municipalities of San Nica@ls and Santa Rosa delf®a in
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Fig. 2. Landslide map and an enlarged portion showing failure-zones (in dark grey) and the areas affected by the path or the deposition of
mobilized material (in light grey).

The region has a tropical climate characterized by hurri-2.2 Landslide inventory and map
canes and tropical storms, especially in the wet months, from

Septembe_r to November. Although the study area has beeli‘he landslides triggered by Hurricane Mitch were catalogued
affect'ed historically by. these phenpmena, the. mOSt_CataSénd mapped to determine the mechanisms of landslides and
trophic event was Hurricane Mitch in 1998' This hurrlcane_the instability factors involved. A black and white aerial pho-
caused floods and thousands of landslides, mainly debr|§Ograph set, taken in December 1998 (1 month after Hur-
flows, resulting in a high death toll and in considerable dam-ricane Mitch), was available at 1:30 000 scale in the study
age to property. area (special flight made by United States Geological Sur-
vey). These photographs yielded an acceptable resolution
and allowed a detailed interpretation. The landslides caused
by Hurricane Mitch were mapped and transferred over or-
Two types of data enable us to develop and validate the Iandt—hi?jghr?]?s ?rthilélrggp??/vzgagﬁé:gglgwdg caor[?(re(ca:ltltl;rg?r?%éaf?gl;j

erlgz:si))u ;CE%?&METS\?;%: ﬁggg:lgﬁijzizsgsgmvr oer ?ﬁé 0 obtain_the definitive Iandslide_map at1:10 00_0 scale. Field
Pacific region in Nicaragua and 2) a landslide inventory andglti)jgsr\gtf& Zinwienrf%riz(ziomni?]eﬂ:z ﬂ:cﬁ;en?ssm\/!:]ngqt%setig:g-
map produced specifically for this analysis. bility factors involved in slope failure. 90% of the observed
movements were shallow landslides controlled by ground-
water flow convergence which quickly evolve to debris flow.
A 20 mx 20 m resolution DEM has been available in 15% of The average rupture surface was 500and the debris vol-
the Pacific Region of Nicaragua since August 2006. ThisUMme mean was 25007

model was generated from aerial photograph restitution and The resulting inventory and map were digitized in Arcin-
elevation control points in the frame of a project developedfoGIS software. In the landslide map the movements were
by INETER (Instituto Nicaragense de Estudios Territori- systematically divided into the failure and the runout zones
ales) in cooperation with JICA (Japan International Coop-(Fig. 2). In order to carry out a joint analysis of landslides
eration Agency). and DEM data, the failure zones were rasterized to the DEM

2 Data acquisition

2.1 Digital Elevation Model
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order better visualize the terrain failure susceptibility zona-
N tion in a map.
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Finally, it is of paramount importance to validate the
model results. In this process the susceptibility map is com-
pared with a failure population that is independent from the
one used to obtain the map in order to determine the accuracy
of the model. In the absence of historical data or of a land-
slide event after Hurricane Mitch, the same failure set should
be used for validation. However, in order to obtain two in-
dependent failure samples the study area was divided into a
training zone and a test zone (Fig. 3), following the approach
of Baeza and Corominas (2001), Remondo et al. (2003b)
Chung and Fabbri (2003, 2005) and Guinau et al. (2005).

1439000

1426000 1428000

1424000

3.1 Selection, extraction and discretisation of instability
factors from DEM

1422000

In the absence of geoenvironmental maps showing parame-
ters such as lithology, land use, regolith thickness, we pro-
posed a susceptibility model using geometrical parameters
extracted from DEM. It has been demonstrated that reliable
susceptibility maps can be produced by using conditional pa-
rameters exclusively derived from a DEM (Remondo et al.,
Fig. 3. Division of the study area into training zone (in dark grey) 2003b: Fabbri et al., 2003: Santacana et al., 2003a8all

and test zone (in light grey). al., 2004; Coe et al., 2004).

1429000
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To determine the factors that contribute most to terrain in-
resolution in ArcGIS. Each failure was assumed to be withinstability, we considered field data and those parameters that
a single 20x20 m pixel (Dai and Lee, 2002; Coe et al., could be directly extracted from DEM. Thulspect, Slope,
2004). Planar Curvaturgdegree of concavity/convexity along a line

perpendicular to slope profile) aitofile Curvature(degree

of concavity/convexity of the slope profile) were obtained by
3 Terrain failure susceptibility analysis using the 3D-Spatial Analyst module of ArcinfoGIS soft-

ware (Moore et al., 1991; Ayalev et al., 2004; Coe et al.,
Bivariate statistical procedure is the most simple and the2004). These parameters were selected due to its influence
most quantitatively suitable method to assess terrain failuren soil water content, which is the responsible of landslides
susceptibility. This analysis makes use of simple statisticalunder heavy rainfalls. These continuous variables had to be
calculations, which allows us to determine the contributionconverted into discrete ones in order to be incorporated at
of each terrain parameter to the slope instability obviatingthe bivariate analysis. Discretization was developed by us-
the need for experts in statistics or specific statistical packing the Equal Interval process for aspect and slope and the
age. Thus, it can be developed using common GIS toolsNatural Breaks process for both planar and profile curvature
The aim of the bivariate method is to combine landslide map(Dai and Lee, 2002). In Fig. 4 we can observe the thematic
and conditioning factors, which exert an influence on slopemaps in which the discretized geometric parameters are rep-
instability, in order to determine the weight of influence for resented. For Planar Curvature negative values show that the
each factor class. These weights are added up to obtain theurface is upwardly concave and positive values indicate that
terrain failure susceptibility index. Although scientifically a the surface is upwardly convex. For profile curvature, nega-
continuous variable is more informative than a stored catetive values indicate that the surface is upwardly convex and
gorical scale, most of the final users will find that a map with positive values show that the surface is upwardly concave. A
susceptibility classes (i.e. low, medium and high susceptibil-curvature value of zero indicates that the surface is flat for
ity) is easier to handle than a cryptic numerical value (Chungboth planar and profile curvatures. Table 1 shows the per-
and Fabbri, 2003; Begueria, 2006). Thus, the terrain failurecentage of the total study area covered by each class of the
susceptibility indexes are generally classified in intervals infour parameters considered in the analysis.
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Fig. 4. Thematic maps obtained from the DEM. Each one shows a terrain factor defined by a given number of classes; (from left up to right
down) Aspect, Slope, Planar Curvature and Profile Curvature.
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Table 1. Percentage of the total study area covered by each parameter class.

Aspect % Area Slope’§ % Area Planar Curvature % Area Profile Curvature % Area

N 9 0-5 7 —3.22/-0.99 3 —10.31~1.69 0
NE 10 6-10 14 —0.98/-0.50 8 —1.68/0.92 3
E 10 11-15 17 —0.49/-0.18 21 —0.91/-0.48 9
SE 12 16-20 20 —0.17/0.15 31 —0.47/~0.15 21
S 15 21-25 19 0.16/0.47 23 —0.14/0.13 28
SW 19 26-30 14 0.48/0.96 12 0.14/0.45 25
w 14 31-35 7 0.97/3.24 3 0.46/1.00 12
NW 11 36-40 2 3.25/10.69 0 1.01/3.75 3
41-45 0
46-50 0

3.2 Terrain failure susceptibility analysis in the training 3.3 Terrain failure susceptibility discretization and valida-
zone tion in the test zone

Van Westen (1993) and Saha et al. (2005) propose the Infork order to test this model, the weights determined for each
mation Value (InfoVal) method developed by Yin and Yan factor class in the training zone were integrated into the the-
(1988) for terrain failure susceptibility assessment. In thismatic maps in the test zone. Terrain failure susceptibility

procedure combining the failure map with each thematic magndexes in this area were obtained by adding up the corre-
in the training zone allows us to determine the weight of in- sponding weights in each pixel.

fluence on terrain instability for each parameter class with The validation process allowed us to determine the degree

the following equatiorW; (Eq. 1); of confidence of the method, which is important for trans-
ferring the results to the final users (Remondo et al., 2003a,
= log (DensclasgDensmap = b; Chung and Fabbri, 2003; Begigr 2006; Guzzetti et

al., 2006). The validation of the model also helps to de-
)} ) fine its suitability for the needs of the end users, which of-
ten involves terrain zonation in different susceptibility lev-
Where W; is the weight for theith class of a particular els. Thus, the cumulative percentage of failures in the test
thematic map (i.e. 8-10° or 20°—3C in the thematic map zone in relation to the terrain failure susceptibility indexes
“Slopé€), Densclasss the failure density in the factor class, (TFSI) (Fig. 6) was used to define susceptibility classes.
Densmags the failure density within the whole study area, Four susceptibility classes were defined as follows; very
Npix(S;) is the number of failed pixels in thi¢h factor class, low susceptibility 197<TFSI>—153, interval containing
Npix(N;) is the number of pixels in thah factor class, and 0% of failures); low susceptibility-{152<TFSI>—31, in-
n is the number of classes in the thematic map. terval containing 10% of failures); medium susceptibility
Figure 5 shows the Information Value obtained for each(—30<TFSI>19, interval containing 30% of failures) and
parameter class. In the slope graph, it can be observed th&igh susceptibility (2&TFSI>90, interval containing 60%
slopes between 250 45° have the higher information val- of failures) (Sizen and Doyuran, 2004). These thresholds
ues. The irregular distribution of the information values for were used for the terrain failure susceptibility zonation in the
slope aspect classes could indicate that this factor is not relwhole study area.
evant in terrain instability. For planar and profile curvature In order to validate the accuracy of the model, the terrain
the higher information values were obtained in zones withfailure susceptibility map was compared with the failure map
high convexity, whereas the concave zones had the lower inin the test zone. A relative failure density (RFD) was used to
formation values. These could be explained because the highuantify the accuracy of the method (Eq. 2) (Duque et al.,
water infiltration in concave zones exerts an increase of pord990; Baeza and Corominas, 2001; Santacana et al., 2003;
water pressure in downslope convex zones, which contributéerrandez et al., 2003; Remondo et al., 2003b; Chung and
in terrain instability. Fabbri, 2003, 2005; Guinau et al., 2005).
Once the Information Value for each variable class was
calculated for all the input maps, the thematic maps wereRFD;=100- (Npix(S; )/NDIX(N))/Z(NDIX(S )/NpiX(N;))  (2)

i=1 i=1

log [(Npix(&-)/Npix(N,-)) / (Z Npix(S:)/ ) NpiX(N;)

superimposed. The Information Values in each pixel were =1
added in order to obtain a terrain failure susceptibility index Where NpixS;) is the number of pixels failed in th&h
(TESI), which defines its landslide susceptibility level. susceptibility class, NpiV;)is the number of pixels in the
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Fig. 5. Graphics showing the information values obtained for each contributing factor in the training zone.

] 0% of failures| [ 10% of failures [ 30% of failures. W 60% of failures 0 62
100 60
80
° 50 B
xR 60
40 < 7
20 30 4 26
0 20 A
S EESEN LSRN PP PR 20N RPN
,,,,,,,,, 0
Terrain failure susceptibility index 10 1 3
0 T y T
Fig. 6. Graphic showing the cumulative percentage of failures Very Low Low Medium High
versus the terrain failure susceptibility index (TFSI). The intervals Terrain failure susceptibility class

used to define the susceptibility classes are marked in different grey

tones: In white the range containing 0% of failures, in light grey the Fig. 7a. Graphic showing the relative failure density (RFD) for each
range containing 10% of failures, in dark grey the range containingierrain failure susceptibility class.

30% of failures and in black the range containing 60% of failures.

Very
ith susceptibility class and is the number of susceptibility High Low
classes. Figure 7a shows the relative failure density in each 26% 17%

susceptibility class resulting in a gradual decrease in the rel-

ative landslide density between the areas with high suscepti-

bility and the areas with low susceptibility. The percentage

of area covered by each susceptibility class is indicated in

Fig. 7b. Although this finding shows that the model is a good ow

fit, |t_ does n_ot demo_nstra_te its predlctllve capability. A set Medium 30%

of failures triggered in a time period different from the one

used in the analysis is necessary in order to determine this 27%

predictive capability. . . o .
Figure 8 shows the terrain failure susceptibility zonation in ::hlg'tzgi :grr]c;antage of area occupied by each susceptibility class in

the whole study area, where; 8% has very low susceptibility,

34% has low susceptibility, 37% has medium susceptibility

and 21% has high susceptibility.
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pixel based on the direction of the steepest downwards slope
+ (Tarboton, 1997). The latter is employed to track the move-
— ment of sediment from a given source pixel, taking into ac-
count the flow direction in each downslope pixel (Tarboton,
1997).

0 5001.000 2.000 3.000  4.000
—— M.

Terrain Failure Coordinate System, UTM WGS84 Zone 16N
Susceptibility

I o
- Medium
|:| Low

143?000

142?000

4.2 Model calibration

The model was calibrated to determine its adjustment with
the debris flow behaviour in the study area. This enabled
us to compare the model results with a known event (in this
case the landslides triggered by Hurricane Mitch resulting
in debris flows corresponding to 90% of the total landslides
mapped in the study area). The DI tool was used to delineate
potential debris flow tracks downslope from mapped land-
slide initiation locations as indicated by flow direction in-
ferred from the DEM. In this way the model calculates the
flow concentration for each pixel from the source point to the
drainage network, where the flow concentration is the high-
est. Thus, the highest DI values coincide with the drainage
network.

A comparison between the modelled flow paths and the
Hurricane Mitch debris tracks shows that this method over-
estimates the area affected by debris flow runout (Fig. 9).
The relative runout density was calculated to quantify this

. o . _ deviation (Eq. 3).
Fig. 8. Terrain failure susceptibility map obtained for the whole

study area.
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RRD;=100- (A(S;)/A(D1))) /Y (A(S;)/A(DI})) 3
i=1

4 Runout susceptibility analysis using TauDEM tools WhereA(S;) is the area affected by debris flow track in the

. ith ID interval, A(DI;) is the area of théth ID interval and:
Runout behaviour can be controlled by several parameterg; the number of ID intervals.
such as topography, soil type, land use, debris volume and Figyre 10 shows that when DI values encompass about
the amount of interstitial fluids. Given the difficulty of char- ggo4 of all mapped debris flow runout zones. As shown in

acterizing these parameters for future debris flows, it is NOtEjg. 11, excluding areas with 240.05 substantially reduces
easy to determine the runout path and the reach distancgne areas delineated with the DI tool.

However, this problem can be overcome by taking into ac-

count the fact that under intense rainfall debris flows tend to4.3 Runout susceptibility assessment

travel long distances following the steepest path and merging

with the drainage network (Montgomery and Dietrich, 1994; Terrain failure susceptibility classes were used in this case as
Palias et al., 2004; Guinau et al., 2005). In order to determinesource zones to assess the runout susceptibility in the study
the areas that are prone to debris flow, we propose a methodwea. Each terrain failure susceptibility class was divided into
ology based on the use of the open source TauDEM softan independent raster file where the pixels susceptible to fail-
ware developed by Tarboton (1997), which is available elec-ure were identified by 1 and the others by 0. Each raster file
tronically on the Internet from the author (dtarb@cc.usu.eduwas processed independently to determine the downslope in-

http://www.engineering.usu.edu/dtarb/taudem fluence for each susceptibility class. Given the results of the
model calibration, the pixels were reclassified as runout sus-
4.1 TauDEM tools description ceptible if DI>0.05 or non susceptible if 240.05. For each

resulting file the runout susceptible pixels were identified by
TauDEM is software that can be executed as an ArcGIS exa number. The size of this number depended on whether
tension. This software contains a set of tools which facilitatethe field was obtained from terrain failure susceptibility high
the assessment of hydrologic processes from DEM. In thigvalue assigned 4), medium (value assigned 3), low (value
study, two of these tools were used: the flow directibrg) assigned 2) or very low (value assigned 1) (Fig. 12). Finally,
and the downslope influence (DI). The former is used to asthe four resulting files were combined bearing in mind that
sign a multiple number of possible flow directions to eachthe highest susceptibility value prevailed in each pixel. This

Nat. Hazards Earth Syst. Sci., 7, 7036, 2007 www.nhat-hazards-earth-syst-sci.net/7/703/2007/
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Fig. 9. (a) Map showing the downslope influence obtained from the terrain failures triggered by Hurricane Mitch in grey tones and the
Hurricane Mitch runout areas in blacfh) An enlarged area of this map showing the overestimation of the model.

resulted in a runout susceptibility map in which the pixels 1200

were classified into four susceptibility classes (Fig. 12). 4751000
100,0 .

4.4 Runout susceptibility map: description and validation. 800

Figure 13 shows the runout susceptibility zonation in the == eoo
whole study area, where 3% has very low susceptibility, 13%
has low susceptibility, 28% has medium susceptibility and
56% has high susceptibility. In order to validate the accuracy 200
of the model, this zonation is compared with the Hurricane 00
Mitch runout areas and the relative runout density (RRD) is T LT LS L NP N @
calculated for each runout susceptibility class (Eq. 4).

Downslope Influence

n
RRD;=100- (A(S;)/A(N;)) / Z (A(S;)/A(N})) 4) Fig. 10. Graphic showing the accumulated relative runout density
i=1 (RRD) in % versus the Downslope Influence (DI) values.

Where A(S;) is the area affected by debris flow track in the
ith susceptibility classA(N;) is the area of théth suscepti-

bility class and: is the number of susceptibility classes. ity. The combination of these concepts yields an integrated

~ Figure 14 shows a higher concentration of affected areagusceptibility zonation which can be useful for land planning

in zones with high susceptibility. or for the implementation of non structural measures to mit-
igate debris flow risk.

5 Source and runout susceptibility integration To obtain an integrated evaluation of the susceptibility,

we used a matrix to combine the terrain failure susceptibil-
Two concepts were used to assess landslide susceptibility: aly classes and the runout susceptibility classes (Fig. 15).
the terrain failure susceptibility and b) the runout susceptibil-These combinations were grouped into four susceptibility
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Fig. 13. Runout susceptibility map obtained in the whole study area.
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each pixel had a susceptibility class in relation to its terrain
Sailure and runout susceptibility class. This resultis shown in
the debris flow susceptibility map in Fig. 16, where 41% of
the study area has high susceptibility, 40% has medium sus-
ceptibility, 16% has low susceptibility and 3% has very low
susceptibility. This map was compared with the debris flows
triggered by Hurricane Mitch to determine the significance of
each susceptibility class for land planning. Figure 17 shows
the relative debris flow density measured for each suscepti-
bility class. These results can help us to determine the best
land use for debris flow risk mitigation.

Fig. 11. The same enlarged area of Fig. 8 where the DI values ar
showed in 3 classes; DI=0 in whitex®I<0.05 in light grey and
DI>0.05 in dark grey. Note that Hurricane Mitch affected areas (in
black) are concentrated inside the area witk-DJI05.
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Fig. 12. A graphic example of the four raster files obtained af Landslides triggered by Hurricane Mitch are used in the
ter modelling the flow paths from each terrain failure susceptibility present study to develop a methodology to assess and map

map. In each file the pixels that are non susceptible to debris rovJandSIIde source and runout susceptibility. Therefore, the re-

were identified with zero and the pixels that are susceptible with asulting susceptibility maps show areas that may be affected

different value (1 to 4). The combination of these files enables toPY landslides under heavy rainfall conditions. Given that

obtain the runout susceptibility map where the pixels were reclassithe return period for Hurricane Mitch rainfall is estimated

fied in four susceptibility classes. at around 100 years (INETER, 1998), the resulting suscepti-
bility zonation would be excessively pessimistic. However,
adopting the worst-scenario approach has the advantage of

classes considering that the weight of failure susceptibilityproviding a degree of safety.

was higher than that of runout susceptibility, given that the The principal drawback of the method used to assess

debris track depends on the slope failure occurrence. Thuderrain failure susceptibility (bivariate analysis) is that it
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bined in order to define four susceptibility classes for the final sus- 0
ceptibility zonation. In white susceptibility very low, in light grey
susceptibility low, in dark grey medium susceptibility and in black
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Fig. 17. Graphic showing the relative landslide density (in %) for
each susceptibility class obtained from the combination of land-

. . ) slides triggered by Hurricane Mitch, and the final susceptibility
assumes the independence of the different terrain parametefg,p.

with respect to slope instability. However, the most realis-

tic approaches consider the dependence of the conditioning

factors. Some authors overcome the problem by combiningAlthough multivariate statistical methods consider various
the dependent factors in a land unit map and by assessing thgarameters simultaneously, they demand complex and time-
landslide susceptibility from this map (Carrara et al., 1995;consuming analyses and a statistical background, which is
van Westen et al., 1997). This approach assumes that the imot suitable for the conditions in some developing countries.
stability factors remain the same in the whole study area. InThus, the bivariate method is the most helpful in obtaining
the absence of common factors in the study area, some laniérrain failure susceptibility maps that differentiate areas of
units could be present in one zone (i.e. the training area) buincreasing degrees of susceptibility. This is a reasonable ap-
not in another (i.e. the test area), which makes the validatiorproach to hazard assessment given that the resources in de-
process difficult or even impossible (Guzzetti et al., 2006).veloping countries are limited.
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One problem encountered in the study area when assesand other attributes readily calculated from a DEM, such as
ing landslide susceptibility is the lack of detailed informa- the ratioH /L (whereH is the vertical drop and is the hori-
tion about bedrock, soil and geomoprhologic characteristicszontal projection of the distance) (Corominas, 1996; Bathurst
However, lithology and land cover are relatively uniform etal., 1997; Rickenmann, 1999). Although, the methodology
with slopes covered by a regolith cloak of volcanic rocks andbased on the use of TauDEM tools is a good starting point
thin vegetation which exert a homogeneous influence on terto determine potential flow paths, it could be complemented
rain instability (Parise and Jibson, 2000; Baeza and Coromiwith a method to determine the runout extend in order to im-
nas, 2001; Ayalew et al., 2005). Moreover, geoenvironmen-prove the ability of the model to resolve debris flow suscep-
tal variables are not independent from geometrical ones, i.etible areas.
slope is closely related to bedrock and land use could be con- The model calibration process allows us to determine a
ditioned by slope gradient. Thus, if both geoenvironmentaldownslope influence threshold to adjust the model results to
and geometrical parameters are considered in the analysis, dhe debris flow behaviour. This process improves the model
overestimation of the susceptibility could result (Remondoresults. It should also be pointed out that the DEM resolu-
et al.,, 2003a). Operations with the GIS enable us to readtion and the data available are not the best means to obtain a
ily obtain geometrical parameters from DEM. Four of these model adjusted to the debris flow behaviour. However, this
parameters (slope, aspect, planar and profile curvature) wemn@odel is a good way to determine areas prone to debris flows,
selected to develop the terrain failure susceptibility analysisand can be helpful in some developing countries to mitigate
given that they affect water infiltration. Thus, they are con- debris flow risk.
tributing factors in rainfall triggered landslides in the study The validation of the model can provide useful informa-
area. The weights of influence obtained in the terrain failuretion to build up the confidence of the end users. Despite the
susceptibility analysis (Fig. 5) show a clear influence of thelimitations of the validation process based on the division of
slopes between 25and 4% in terrain instability. Whereas the study area, it is a good approach in those areas where
the information values obtained for both planar and profileonly one reference event is available. However, this process
curvature shows a clear contribution of zones with high con-only provides information about how the model fits and not
vexity. The information values for the slope aspect don't fol- about the predictability power of the maps obtained. The
low a clear distribution. Thus, the contribution of this factor validation results suggest that a careful selection of geomet-
could be less relevant than the slope and curvature ones. rical parameters from DEM and the application of feasible

DEM resolution exerts a considerable influence on the acfunctions to calculate the parameter class contribution to ter-
curacy of the derived parameters. Although a coarse DEMrain instability enable the detection of potential debris flow
resolution could be of poor quality in some cases, the gain irsource areas. In the case of the runout susceptibility analysis,
the quality of the results would not be worth the efforts (Re- the validation results show a good model fit. However, the
mondo, et al., 2003b). Given the dimensions of the shallowextension of high and medium susceptibilities occupy a con-
landslide and debris flows in the study area, a 20im siderable area (56% and 28% respectively), which could be
DEM could be optimal for analysing the landslide source anddisadvantageous for land planning or policy makers. These
runout susceptibility (Tarolli and Tarboton, 2006). However, results are reflected in the susceptibility map obtained with
the results obtained with the 20020 m DEM available in  the integration of terrain failure and runout susceptibility. In
the study area could constitute a good approach to failureghe debris flow susceptibility map (Fig. 16) 41% and 40% of
and runout prone areas. the study area have high and medium susceptibilities, respec-

Debris flow is a complex phenomenon involving a highly tively. These results could be expected given the land charac-
unsteady motion of heterogeneous material ranging from wateristics of the study area (drainage network largely incised
ter and slurries to boulders and timber remains. Debrisin altered bedrock and high slopes). Although the suscepti-
flow mobility depends on parameters such as debris volbility zonation does not seem very precise, it is possible to
ume, the amount of interstitial fluids and terrain morphol- propose land planning rules to mitigate landslide risk. Given
ogy. The assessment of flow velocities or impact energy tathat the economy is based on subsistence agriculture and that
determine runout path and distance is not easy owing to théhe settlements are scattered, a forested land use is proposed
difficulty of determining these parameters for future debrisfor areas with high susceptibility and agricultural activities
flows. The methodology proposed to determine areas poterfor areas with medium susceptibility. The areas with low
tially affected by a debris flow path was based on DEM. Theand very low susceptibility (16% and 3% respectively) are
TauDEM extension allowed us to determine the flow pathsreserved for settlements, schools and churches. These last
following the steepest tracks from the potential source areasuildings are reserved for areas with very low susceptibility
to the drainage network. However, the flow paths observedjiven their use as shelters in case of emergency.
in the study area do not always merge with the drainage net-
work with the result that the model overestimates the area
that is potentially affected by debris flows. Many authors
have pointed out empirical relations between runout extent
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