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Abstract

In October 1998, Hurricane Mitch triggered a large number of landslides (mainly debris flows) in Honduras and Nicaragua,

resulting in a high death toll and in considerable damage to property. In recent years, a number of risk assessment

methodologies have been devised to mitigate natural disasters. However, due to scarcity of funds and lack of specialised

personnel few of these methodologies are accessible to developing countries. To explore the potential application of relatively

simple and affordable landslide susceptibility methodologies in such countries, we focused on a region in NW Nicaragua which

was among the most severely hit during the Mitch event. Our study included (1) detailed field work to produce a high-resolution

inventory landslide map at 1 :10,000 scale, and (2) a selection of the relevant instability factors from a Terrain Units Map which

had previously been generated in a project for rural development. Based on the combination of these two datasets and using GIS

tools we developed a comparative analysis of failure-zones and terrain factors in an attempt to classify the land into zones

according to the propensity to landslides triggered by heavy rainfalls. The resulting susceptibility map was validated by using a

training and a test zone, providing results comparable to those reached in studies based in more sophisticated methodologies.

Thus, we provide an example of a methodology which is simple enough to be fully comprehended by non-specialised

technicians and which could be of help in landslide risk mitigation through implementation of non-structural measures, such

as land planning or emergency measures.
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Fig. 1. Study area location (in black), and place names referred to in

the text. The dark grey band shows Hurricane Mitch path, based on

USGS (1999) data.
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1. Introduction

Although natural hazards may occur in many parts

of the world, their consequences depend on the rela-

tionship between the magnitude of natural phenomena

and the vulnerability of human settlements to such an

event (Alcántara-Ayala, 2002). Consequently, natural

phenomena are more destructive in developing coun-

tries because of economic, political, social and cul-

tural factors, which increase the vulnerability of these

countries to natural hazards.

In recent years, a number of methodologies con-

cerning natural hazard assessment and mapping have

been devised in an attempt to determine suitable

strategies to prevent and mitigate natural disasters

(Brabb, 1984; Carrara et al., 1995; Soeters and van

Westen, 1996). However, in developing countries

insufficient funds, the absence of laws and the short-

age of trained experts increase the difficulty in coping

with natural disasters, which represents a considerable

drawback to the socio-economic development. More-

over, many studies on the mitigation of natural

hazards entail complex statistical techniques that pro-

vide results, which are often difficult to comprehend

and, hence, implement by non-specialists in statistics

such as planners or policy makers (Clerici et al.,

2002). There is a pressing need to test simple and

low cost methodologies, which can be adapted to and

used by national organisations with a low level of

specialisation.

In 1998 more than 9000 people lost their lives and

about 11% (3.2 million people) of the total population

in Central America was affected by Hurricane Mitch.

Most damage due to this event in NW Nicaragua was

caused by landslides, mainly fast-moving debris flows

(Pallàs et al., 2004). These debris flows constituted

the most destructive process, resulting in considerable

human loss and damage to property in terms of both

direct and indirect costs.

Following Hurricane Mitch, several national and

international organisations carried out development

projects in NW Nicaragua, the area most badly

affected in this country (Solidaridad Internacional,

2001; Vilaplana et al., 2002; Pallàs et al., 2004;

Guinau et al., in press). These projects involved the

systematic collection of data considered to have some

bearing on rural development and potential land use.

Although these datasets were not directly developed
for landslide hazard assessment we were interested in

testing if they could be used to implement a metho-

dology to assess and map landslide susceptibility.

The aims of the present study are (1) to explore the

potential of combining new field data with a pre-

existing non-specific dataset to develop a methodol-

ogy for landslide susceptibility zoning, and (2) to

show an example of a simple and low cost methodol-

ogy adapted to the limitations found in most develop-

ing countries, which could be used to implement non-

structural strategies to mitigate landslide risk.

1.1. Study area

Nicaragua, which occupies an area of 118.358 km2,

is located at the Isthmus of Central America, between

10845V and 15805V of north latitude and 83815V and
87840V of west longitude (Fig. 1). This location

exposes Nicaragua to tropical rainfalls and cyclones

that originate between the Caribbean Sea and the

African Coast (INETER, 1998).

The study area (Fig. 1) extends over 473 km2 and

includes the municipalities of San Pedro del Norte,

San Francisco del Norte, San Juan de Cinco Pinos,

Santo Tomás del Norte and part of Somotillo, all of

them in the Departamento de Chinandega, in NW

Nicaragua. Located in the Interior Highland of Nicar-
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agua, this area has a hilly landscape and an altitude

between 300 and 1200 m. The area is largely con-

stituted by Tertiary volcanic rocks of the Coyol and

Matagalpa groups and Tertiary plutonic intrusions

(Weyl, 1980; Fenzl, 1988). The Oligocenic Matagalpa

Group is composed of rhyolitic to dacitic pyroclastic

rocks, whereas the Coyol Group emplaced during

Miocene–Pliocene period is made up of basaltic

rocks, rhyolitic lavas, breccias, lahars and pyroclastic

flows (Darce et al., 1989; Ehrenborg, 1996). Most of

these rocks are covered by an uneven layer of soil,

which is composed of regolith and bedrock residual

blocks.

The study area has a tropical climate with a marked

dry season from November to April, during which

only 10% of the annual rainfall is recorded, and a wet

season from May to October with an average rainfall

of 1200 mm (accounting for 90% of the annual rain-

fall). However, there is a marked decrease in rainfall

from mid July to mid August. The temperature in the
Fig. 2. (A) Landslide map. (B) Enlarged portion of the landslide map show

the deposition of mobilized material (in light grey). Coordinates are Univ
study area can fluctuate between 15 and 25 8C
(INETER, 1998).

The Hurricane Mitch rainfalls affected Nicaragua

from 21 to 31 October 1998. The total rainfall

recorded in this period in Chinandega, about 100

km from the study area (Fig. 1), was 1597mm, more

than the mean annual rainfall, which in this region is

1420 mm. Only on one day – 30 October – 485 mm

were recorded in this zone (INETER, 1998). The

effects of these torrential rains in the study area, i.e.

mainly debris flows, affected 32% of the population,

resulting in considerable damage to property and

human life (Solidaridad Internacional, 2001).
2. Data available

Two types of information enabled us to develop

and validate a methodology to produce a landslide

susceptibility map in the study area: (1) a landslide
ing failure-zones (in dark grey) and the areas affected by the path or

ersal Transverse Mercator.



Fig. 3. (A) Terrain units map (grey levels corresponding to terrain units 1 to 491) and a portion of the associated data table showing the first

twenty Terrain Units and six terrain factors. The values in the second column in the table correspond to terrain unit codes. Columns three to

eight show an example of the classes of each terrain factor which characterize Terrain Units. (B) Example of thematic maps obtained from the

terrain units map. Each one shows a terrain factor defined by a given number of classes.
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inventory and map prepared by a member of RIS-

KNAT and (2) a terrain units map obtained in the

frame of a Solidaridad Internacional (Spanish non-

governmental organisation) and UPOLI (Polytechnic

University of Nicaragua) project (Solidaridad Interna-

cional, 2001).

2.1. Landslide map

Landslide inventory and mapping is aimed at deter-

mining the processes concerning landslide develop-
Fig. 4. Division of the study area into Training Zon
ment in the study area and the terrain instability

factors involved.

To obtain the landslide inventory and map the

procedure was as follows; (a) aerial photographs

interpretation: the aerial photographs taken in 2000

at 1 :40,000 scale, were enlarged at 1:20,000 scale

yielding an acceptable resolution and allowing a more

detailed interpretation. The landslides caused by Hur-

ricane Mitch were mapped; (b) compilation over

orthophotos: the compilation of these affected areas

over orthophotos at 1 :10,000 scale allowed us to
e (in dark grey) and Test Zone (in light grey).
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obtain a preliminary landslide map; (c) field work: the

landslide map was checked and corrected to obtain the

definitive landslide map at 1 :10,000 scale, and field

observations were made in areas with the highest

density of landslides to obtain information on the

mechanisms and the instability factors involved in

terrain-failures; (d) digitising of the landslide map:

the resulting digital landslide map included the areas

affected by landslides (Fig. 2A), making the distinc-

tion between the areas affected by terrain-failure,

where landslides start, and the areas affected by the

path and the accumulation of the mobilised material

(Fig. 2B).

2.2. Terrain units map

With the aid of aerial photointerpretation and field

observations, it is possible to obtain significant infor-

mation on terrain characteristics such as lithology,

slope, soil characteristics, land use, which is used to

classify the terrain into Terrain Units (Fig. 3A) (Han-

sen et al., 1995; Guzzetti et al., 1999). This term refers

to a portion of land surface, which contains uniform

ground conditions that differ from the adjacent units

across definable boundaries (Hansen, 1984; Guzzetti

et al., 1999). Ground conditions are defined by a

given combination of classes of each terrain factor

(Fig. 3B).

The terrain units map used in the present study was

developed in a GIS environment at 1 :10,000 scale.

Terrain Units were defined from fourteen different

terrain factors. From this terrain units map it was

possible to obtain thematic maps. Each map repre-

sents a terrain factor and the different classes that

characterise it (Fig. 3A–B).
Table 1

Example of the Terrain Units and the weights associated to their classes

Terrain unit code Slope

class weight

Lithology

class weight

Soil th

class w

Gacc/G4F b308=0.32 Granite=0.45 Low=0

Dvacc/B3S 8–158=0.00 Tertiary V=0.20 High=

Iva/B6L 0–48=0.00 Quat V=0.00 Medium

Ava/F4M 10–308=0.30 Alluvial=0.00 Low=0

Dplcc/D5L 0–48=0.00 Tertiary V=0.20 High=

Dvacc/C6M 4–88=0.00 Tertiary V=0.20 Medium

Cumulative values are shown on the right column.

Tertiary V: tertiary volcanic rocks (andesite, dasite and basalt) and Quat V
3. Methodology

According to the analysis of terrain conditions in

areas affected by landslides in the past or present it is

possible to determine zones with similar characteris-

tics such as areas prone to landsliding, termed Land-

slide Susceptible Areas.

Although terrain instability is governed by a large

number of geological and environmental factors, it is

necessary to differentiate instability factors, which

condition terrain-failure, from other factors, which

influence the area affected by the reach of the mobi-

lised material. In the present study only the areas

affected by terrain-failures, i.e. the areas where land-

slides start, are taken into account when determining

areas prone to failure (Irigaray et al., 1999; Baeza

and Corominas, 2001; Dai et al., 2002; Chung and

Fabbri, 2003). Thus, the susceptibility map resulting

from this methodology represents the susceptibility

to terrain-failure.

A given area is declared to be susceptible to ter-

rain-failures when the terrain conditions at a given site

are comparable to those in an area where the terrain-

failure has occurred. Hence, a comparative analysis

between terrain-failure zones affected by Hurricane

Mitch and different instability factors allowed us to

zone the study area according to its susceptibility to

landslides.

Generally, a minimum of two rainfall events pro-

ducing landslides are needed to validate a susceptibil-

ity map. In our study, lack of historical data or a

rainfall event after Hurricane Mitch rules out the

possibility of a validation of this kind. However,

following the same approach as Baeza and Corominas

(2001), Chung and Fabbri (2003) and Remondo et al.
ick.

eight

Soil texture

class weight

Land use

class weight

Cum. value

.00 Gravel=0.31 Forest=0.13
P

W=1.21

0.33 Mud=0.03 Cultivate=0.10
P

W=0.66

=0.18 Sand=0.20 Pasture=0.22
P

W=0.60

.00 Gravel=0.31 Bush=0.21
P

W=0.82

0.33 Gravel=0.31 Pasture=0.22
P

W=1.06

=0.18 Mud=0.03 Cultivate=0.10
P

W=0.51

: quaternary volcanic rocks (ignimbrite and pyroclast)
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(2003), the division of the study area into two zones

(see Fig. 4) allowed us to develop the methodology in

a Training Zone, and to validate it in a Test Zone. The

main criteria for dividing the study area were the

homogeneity of extension and terrain characteristics.

3.1. Selection of instability factors

Slope instability is governed by a complex set of

interrelated terrain parameters but a simplified
Fig. 5. Landslide susceptibility ma
approach requires a selection of a limited number of

key instability factors. The factors are selected in

accordance with subjective expert opinion and depend

on a prior knowledge of the external processes in the

study area.

Field observations contribute to the understanding

of terrain-failure mechanisms and their conditioning

factors. In our study case, most terrain-failures

involved the total thickness or a portion of soil for-

mation mobilised over the bedrock (Vilaplana et al.,
p obtained in Training Zone.
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2002; Pallàs et al., 2004). Based on the field observa-

tions, the instability factors from the terrain units map

that were selected in this study are: slope, lithology,

soil thickness, soil texture and land use.

3.2. Weighting instability factors in the Training Zone

As pointed out by van Westen et al. (1997) and

Carrara et al. (1999), the heuristic method used to

choose the relevant instability factors involves a rela-
Fig. 6. Landslide susceptibility m
tively high degree of subjectivity. To determine more

objectively the weight of each class for the different

instability factors influencing terrain-failure we made

a comparative analysis between the terrain character-

istics and the distribution of failure-zones by using a

Geographic Information System (GIS).

The comparative analysis consisted in superimpos-

ing the failure-zones map on each thematic map.

Given that each instability factor is divided into a

number of classes, it is possible to calculate the
ap obtained in Test Zone.



Fig. 7. Graph showing the percentage of area affected by failures on

each Susceptibility Class.
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percentage of the area covered by failures in each

class (Wi):

Wi ¼ Af i=Ai½ � � 100

where Afi is the area covered by failures in a given

class and Ai is the area of this class. This percentage

Wi represents the weight or degree of influence of

each class in terrain-failures (Campbell, 1973; Wright

and Nilsen, 1974; Wright et al., 1974; DeGraff, 1985;

Guzzetti et al., 1994; Clerici et al., 2002; Dai et al.,

2002).

3.3. Landslide susceptibility calculation in the Train-

ing Zone

Given that each Terrain Unit is characterised by a

combination of classes, each class corresponding to a

terrain factor, it is possible to calculate a cumulative

value, adding up the weights obtained previously

(Table 1). This cumulative value represents the rela-

tive propensity of the terrain to failure in each Terrain

Unit.

3.4. Landslide susceptibility classes and mapping in

the Training Zone

Cumulative values obtained for each Terrain Unit

can be classified into several intervals to define dif-

ferent susceptibility classes. These can be used to

classify the land surface into different susceptibility

degree domains. We divide the maximum cumulative

susceptibility value (Cvmax) by the number of inter-

vals (N), which we want to represent in the landslide

susceptibility map, obtaining an interval size (X).

X ¼ Cvmax=N

Once an interval size (X) has been chosen, GIS

utilities allow the classification of the study area into

N susceptibility classes. Fig. 5 shows an example of

subdivision into four susceptibility classes.

3.5. Validation of the susceptibility map in the Test

Zone

Given that the terrain characteristics in the Test

Zone resemble those of the Training Zone, a landslide

susceptibility map could be obtained by integrating
the weights previously determined for each class.

Using GIS tools, cumulative values of the weights

previously attributed to each class in the Training

Zone were calculated for each Terrain Unit in the

Test Zone. These cumulative values were distributed

in a number of intervals or susceptibility classes (N) in

the Test Zone (Fig. 6), coinciding with the number

chosen for the Training Zone.

The susceptibility map was then compared with

the failure-zones for validation. GIS tools allowed

us to obtain the percentage of the area of failure in

each susceptibility class (%Afi) with respect to the

total area of failure when considering the whole test

zone. %Afi was obtained using the following

expression:

%Af i ¼ 100 Af i=Ascið Þ
.X

Af i=Ascið Þ

were Afi is the area affected by failures in a given

susceptibility class, Asci is the class area. %Afi

allows us evaluate whether failure-zones coincide

with the areas regarded as being highly susceptible

to failure.

Fig. 7 shows a gradual decrease in the percentage

of failures between the areas of high susceptibility and

the areas of low susceptibility. Equivalent distribu-

tions were found when applying this kind of valida-

tion to susceptibility maps corresponding to different

number of susceptibility classes (N varying between 3

and 6). Such robust outputs suggest that our metho-

dology is adequate to obtain landslide susceptibility

maps in the study area.
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4. Discussion

Hurricane Mitch constitutes the reference event in

our study to develop a methodology to obtain land-

slide susceptibility maps. The dominant typology of

landslides triggered by this event in the study area is

debris flows. Therefore, the resulting landslide sus-

ceptibility map shows the propensity to debris flows

resulting from heavy rainfalls.

The methodology developed in the present paper is

based on a comparative analysis between the distribu-

tion of the observed failure-zones and the instability

factors. Consequently, the landslide susceptibility map

obtained shows the propensity of the terrain to failure

but not the propensity to be affected by the path or the

deposition area of the mobilised material. This is an

important limitation of susceptibility maps, which

could be improved by considering the fact that debris

flows tend to merge with the drainage network. Thus,

the methodology shown in the present paper could be

complemented with the simplified method suggested

by Pallàs et al. (2004) which, based on a Digital

Terrain Model, permits the calculation of flow lines

from potential source areas. The application of such a

methodology is out of the scope of the present paper

and is not shown here.

A limitation of the approach to susceptibility ana-

lysis presented here is that it implicitly considers that

instability factors are mutually independent. Such an

assumption may not be realistic and could produce a

larger overestimation in the susceptibility values in

high susceptibility classes. Thus, the susceptibility

values assigned to each susceptibility class must be

seen as relative, and need to be used as qualitative

indexes. The resulting map is helpful in separating

areas of increasing degrees of susceptibility, which is

a reasonable first approach to hazard assessment con-

sidering the limited resources found in most develop-

ing countries.

The methodology suggested in the present paper

enables to obtain landslide susceptibility maps with a

variable number of susceptibility classes. It has to be

pointed out that this number will depend on the

requirements and possibilities of the study area.

Thus, the technician in charge will need to base his

choice on site specific criteria related to socio-eco-

nomic factors and on the end use of the resulting

susceptibility map. As an example, the best choice
in the number of classes may vary if the map is to be

used for management of emergencies or for land-use

planning. Note that the landslide susceptibility map

should only be used to establish non-structural strate-

gies to mitigate landslide effects. To implement struc-

tural measures it would be necessary to estimate the

magnitude of the landslides that can affect the area,

which is beyond the scope of our general approach.

The main difficulty when trying to produce sound

hazard assessments is the lack of reliable field and

historical data. This is especially true in developing

countries where data are scarce and where specific

studies are rarely made. Our study relies on the

combination of two main datasets: on the one hand

we made a new collection of high resolution quality

data in the field that enabled us (1) to construct a

reliable landslide map at 1 :10,000 scale and (2) to

gain sufficient knowledge about the key factors

involved in debris flow failure in the area. This was

a key part of the study, and required the participation

of personnel specialised in landslides and time-con-

suming work in the field. On the other hand we also

used a pre-existing non-specific dataset from which

the factors relevant to instability were chosen.

Although the thematic maps and classes included in

these datasets were far from ideal, we have shown

that, complemented with good-quality high-resolution

field data covering a large portion of the study area,

they could be used as the basis for a consistent

susceptibility analysis.

In recent years a number of methodologies to

produce landslide susceptibility maps have been

developed in an attempt to mitigate natural disasters.

However, the complexity of these methodologies and

the socio-economic situation of developing countries

highlight the need for simple and low cost methodol-

ogies to obtain necessary information to mitigate nat-

ural risks. As recognised by Carrara et al. (1999) and

Clerici et al. (2002), sophisticated statistic methods

may provide relatively accurate results but may be too

difficult to comprehend by non-specialists in statistics

to be applied with success. A more simple methodol-

ogy like the one presented in this paper may have the

drawback of being less accurate but has the advan-

tages of (1) being feasible when data is limited and (2)

being easily learned, fully comprehended and handled

by technicians trained in landslide assessment without

a high level of specialisation in statistics.
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The validation of our susceptibility assessment

(Fig. 7) suggests that the application of relatively

simple methodologies, even when using non-ideal

datasets, can give results which are comparable with

those based on sophisticated statistical methods and

exhaustive, expensive selection of specific data (e.g.

Neuland, 1976; Duque et al., 1990; Irigaray et al.,

1999; Baeza and Corominas, 2001; Chung and

Fabbri, 2003; Remondo et al., 2003). Obviously

different areas and datasets may behave differently,

and some kind of validation will always be

required. Providing that division into two homoge-

neous areas is possible, the validation through a

training and a test zone appears to be a good approach

for those areas where only one reference event is

available.
5. Conclusion

The methodology suggested in the present paper

allows the detection of potential debris flows source

areas under heavy rainfall conditions. This methodol-

ogy, complemented with simple methods aimed at

establishing preferential debris flows paths, could

provide a useful document to help in the mitigation

of debris flow risk through the implementation of non-

structural measures.

Even in developing countries there are regions

where datasets collected for purposes other than risk

mitigation are available. When combined with good-

quality high-resolution specific data and GIS technol-

ogies, the use of such datasets can help in reducing the

costs of susceptibility analyses, making them avail-

able to areas where they could otherwise not be

afforded.

Any susceptibility study using non-specific data-

sets needs to develop some kind of validation process.

The division of the study area into training and test

zones is a promising approach for validation in areas

where, as in most developing countries, little histor-

ical information is available.

Simple methodologies for susceptibility assess-

ment are more easily comprehended and handled

than sophisticated ones. They may provide a good

cost-effective compromise, making them accessible

to developing countries where specialised personnel

and funds are scarce.
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patterns in volcanic rocks within an east–west traverse through

central Nicaragua. Journal of South American Earth Sciences 2,

155–161.

http://deis158.deis.unibo.it
http://130.11.52.118/mitch/views/eventimpact.html


M. Guinau et al. / Engineering Geology 80 (2005) 316–327 327
DeGraff, J.V., 1985. Using isopleth maps of landslides deposits as a

tool in timber sale planning. Bulletin American Association of

Engineering Geologists 22, 445–453.

Duque, A., Echevarrı́a, G., Fernández, E., Kerejeta, A., Cendrero,

A., Tamés, P., 1990. Comprobación empı́rica de metodologı́as

para la elaboración de mapas de amenaza de inestabilidad de

laderas; aproximación de un modelo general de evaluación del

riesgo. In: Hermelin, M. (Ed.) Environmental Geology and

Natural Hazards in the Andean Region. AGID Report No. 13,

Pereira, Colombia, pp. 189–206.

Ehrenborg, J., 1996. A new stratigraphy for the Tertiary volcanic

rocks of the Nicaraguan Highland. GSA Bulletin 108, 830–842.

Fenzl, N., 1988. Nicaragua: Geografı́a, Clima, Geologı́a y Hidro-

geologı́a. UFPA/INETER/INAN, Belém. 62 pp.

Guinau, M., Vilaplana, J.M., van der Zee, J., in press. Propuesta

metodológica para la evaluación de la Susceptibilidad a los

movimientos de ladera. In: Pobreza en el Trópico seco rural
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fica, vol. 10. Dpto. Geografı́a, Universidad Alcalá de Henares,
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