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Abstract. Fast urbanization and the morphological condi-
tions of the Iguańa River Basin, Medellı́n, Colombia have
forced many people to settle on landslide prone slopes as ev-
idenced by extensive landslide induced damage. In this study
we used existing disaster databases (inventories) in order to
examine the spatial and temporal variability of landsliding
within this watershed. The spatial variability of landsliding
was examined using “expert-based” and “weighted” land-
slide susceptibility models. The constructed landslide sus-
ceptibility maps demonstrate consistent results irrespective
of the underlying method. These show that at least 55.9%
of the watershed is highly or very highly susceptible to land-
sliding. In addition, the temporal distribution of landslid-
ing was analyzed and compared with climatic data. Results
show that the area has a distinct bimodal rainfall distribu-
tion, and it is clear that landsliding is particularly frequent
during the later rainy season between October and Novem-
ber. Moreover, landslides are more common during La Niña
years. It is recommended that the existing landslide invento-
ries are improved so as to be of greater use in the future land
use planning of the watershed. The construction of landslide
susceptibility maps based on existing data represents a sig-
nificant step towards landslide mitigation in the area. Using
susceptibility and hazard assessment during the developmen-
tal process should lessen the need for disaster response at a
later stage.
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1 Introduction

The population growth and increasing urbanization of areas
prone to natural hazards worsen the impact of dangerous
natural processes in developing as well as developed world
(Rosenfeld, 1994; Alexander, 1995; Guzzetti et al., 1999).
This trend is observed also in Colombia (Alcántara-Ayala,
2002; Nadim et al., 2006). Nearly 28% of Colombia is oc-
cupied by Andean mountain ranges. This area is the most
densely populated region of Colombia with the majority of
its urban centers including the city of Medellı́n with more
than 3 million inhabitants. Located in the Antioquia Moun-
tain of the Central Cordillera, the city is classified as one of
the regions most affected by landslides in Colombia. Large
parts of the valley’s mostly steep slopes are covered by old
landslide deposits (Toro and Velasquez, 1984; GSM, 1999;
Rend́on, 1999, 2003) highly prone to the occurrence of dif-
ferent landslides types and flash floods.

Despite the unfavorable natural conditions, there was a 6-
fold increase in the population of Medellı́n between 1951 and
2005 exposing a large portion of its population to landslides.
These landslides cause considerable damage to the environ-
ment and infrastructure, in addition to causing injury and loss
of life. In the fourteen events recorded between 1880 and
2008, more than 750 people were killed and 7800 needed ur-
gent assistance in the Medellı́n Valley (Table 1). The Iguańa
watershed contributed by 38% to overall number of affected
people and by 2% to the total death toll, while it covers only
13% of the Medelĺın city area.

Thus far, no attempt has been made to assess landslide sus-
ceptibility or hazard through systematic zonation despite the
inherent instability and high levels of landslide activity in
the area. Nonetheless, local authorities and central agencies
(e.g. Office for the Coordination of Humanitarian Affairs)
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Table 1. Major landslides within the Medellı́n Valley compiled according tóArea Metropolitana (2007) and the local newspapers EL
COLOMBIANO and EL TIEMPO. The highlighted localities indicate those landslides to have occurred within the Iguaná River Basin. The
column “killed” refers to the number of persons confirmed as dead and/or persons missing and presumed dead. The column “affected” refers
to the number of people requiring immediate assistance during the emergency period, i.e. displaced or evacuated people. Where a question
mark occurs next to the type of mass movement, the process is uncertain.

Date Locality Type of Mass Geological Slope Damage
Movement Materials Conditions

Casualties Affected

23 May 1880 La Iguańa Debris flow Debris and rock Low slope/ 9 2500
alluvial fan

12 Jul 1954 Media Luna Earth flow Residual soil/ High slope >100 67
dunites

13 Apr 1972 San Cristobal Debris flow (?) Heterogeneous Moderate slope 4 –

25 Jun 1973 La Manguala Debris slide Volcanic rocks Scarp slope 13 24

29 Sep 1974 Santo Domingo Savio Earth flow Residual soil/ Very high slope>70 1500
dunites

20 Oct 1980 San Antonio Debris flow Residual soil/ Very high slope >18 250
granitic rocks

4 May 1982 Santa Margarita Debris flow (?) Amphibolites High slope – 200

12 May 1982 El Pesebre Debris flow (?) Residual soil/ High slope – 250
granitic rocks

26 Sep 1985 Popular 2 Earth slide Residual soil/ High slope 6 60
meta’phic rocks

27 Sep 1987 Villatina Complex slide-mud flow Residual soil/ Very high slope>500 3000
dunites

30 Sep 1987 Olaya Herrera Earth slide (?) Granitic rocks Very high slope – 60

3 Sep 1998 Bello Horizonte Debris flow (?) Residual soil/ Very high slope 2 13
ophiolites

28 May 2007 La Cruz Earth slide 7 >100

31 May 2008 El Socorro Earth flow Residual soil/ High slope 27 120
granitic rocks

16 Nov 2008 El Poblado Slump-earth flow Residual soil/ High slope 12 –
dunites

produce large amounts of information and digital data that
are either directly or indirectly related to natural hazards.
However, these bodies (also in other South American coun-
tries) often fail to maximize the use of available resources
due to inappropriate data handling and the absence of rel-
evant legislation. This problem is particularly acute when
considered within the context of scarce economic funding,
as greater investment into natural hazard mitigation should
minimize future damages and losses. In this paper, we give
an example of how pre-existing data can be used for land-
slide susceptibility and hazard assessment. Such assessments
are extremely useful within the context of long-term land
use planning with numerous examples in scientific litera-
ture (Corominas and Moya, 2008; van Westen et al., 2006;
Chaćon et al., 2006; Guzzetti et al., 1999). We also give
some suggestions on how to improve existing landslide in-
ventories with very little additional expenditure.

2 The study area

The Iguańa River watershed (Fig. 1) is located in the north-
west part of the Medellı́n municipality covering an area of
51.22 km2. The Iguańa River rises at 2950 m a.s.l. and spills
into the Medelĺın River at 1453 m a.s.l. Higher elevations
and mainly the western and northern slopes of the water-
shed are characterized by steep inclination (over 25◦) while
the south slopes are less steep (often up to 12◦). The ma-
jority of the watershed is covered by agricultural land with
dispersed housing, whilst densely built-up areas tend to be
concentrated along river banks and near its downstream con-
fluence where the terrain is flatter.

The watershed is composed of Paleozoic metamorphic
rocks such as gneisses, schist, and amphibolites. During the
Cretaceous, ultrabasic rocks (e.g. dunites and gabbros) were
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Figure 1 Location of the Iguaná River Basin, Colombia. 1 
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Fig. 1. Location of the Iguańa River Basin, Colombia.

thrust over these metamorphic rocks (Restrepo and Toussaint
1984). These ultrabasic rocks comprise a north-south trend-
ing ophiolite complex, which crosses the valley. Triassic and
Cretaceous plutonic bodies, of acid to intermediate composi-
tion, frequently intrude into the metamorphic rocks. Above
these lithologies, the watershed is frequently veneered by a
weathered mantle depths from 10 m to 60 m. This mantle
is commonly observed in the highest parts of the watershed,
and on northern and eastern slopes overlying amphibolites,
schists, gabbros, gneisses and granitic rocks. On the less
steep southern slopes, colluvial and debris or mud flow de-
posits dominate. These deposits contain highly variable com-
positions of sub-angular and angular pebbles, cobbles, boul-
ders, or even blocks with heterogeneous silt-sandy matrix. In
the valley, the thickness of the alluvial sediments varies from
15 m to 200 m. These sediments contain well-sorted clays,
silts, sands, and coarse gravels. In addition, anthropogenic
materials such as trash and other debris are usually located
close to the river on the lower slopes. It is estimated that
these materials cover approximately 2% of the study area.

In general terms, the Andes are highly seismic. However,
there have not been any registered earthquakes with a mag-
nitude greater thanM = 4 in the vicinity of the study area be-
tween 1566 and 1999 (INGEOMINA). The majority of those
earthquakes registered between 1993 and 2001 had a magni-

Fig. 2. Examples of the landslides recorded in the study area:(a)
a rotational-translational slide in San Cristobal;(b) an earth flow in
Pajarito;(c) a house affected by deep lateral spread in Robledo; and
(d) a rotational slide in El Pesebre in November 2006, in which ten
houses were destroyed and more than twenty five people affected
(photos from SIMPAD).

tude of less thanM = 3 and an epicenter shallower than 30 km
(INGEOMINA). A detailed catalogue of historical seismic
events within the Medellı́n and Antioquia regions has been
compiled for the Medellı́n Municipality, but it is yet to be
published (Baquero et al., 2004). Nevertheless, it can be as-
sumed that earthquakes have not played a major role in trig-
gering landslides during the period for which the landslide
inventory is available.

The study area is located within the tropical zone, and
has a distinct bimodal rainfall distribution with maxima from
April to May and October to November. Sporadic rainfall
events of high-intensity and short-duration also occur dur-
ing the rest of the year (Echeverri and Valencia, 2004). The
average annual rainfall varies from 3000 mm/yr in the north-
ern and central parts of the valley to 1000 mm/yr near the
Medelĺın Valley (Moreno et al., 2006).

3 Landslides inventories in the Iguańa watershed

It is known that debris and earth flows constitute the two pre-
dominant types of landslide within the watershed, although
rotational and deep seated translational slides have also been
recorded along with occasional rock-falls and lateral spreads
(Flórez, 2003; Aristiźabal, 2004;́Area Metropolitana, 2007).
Examples of recorded landslides are shown in Fig. 2.

The first documented natural disaster caused by landslides
in the watershed occurred on 23 April 1880. It was recorded
that there were nine fatalities, with a further 2500 people
affected (Hormanza, 1991). However, the scientific study
of landslides only began in the early 1980’s. A systematic
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landslide inventory was set up in 1992 when the Medellı́n
Valley Metropolitan Area implemented a regional disaster
database using the software DesInventar, developed by “La
Red” Social Studies Network for Disaster Prevention in Latin
America. This regional disaster database was compiled from
data collected by Universidad EAFIT and SIMPAD (Munic-
ipal System of Disaster Prevention and Attention), as well
as including results published by Hormanza (1991) and Sal-
darriaga (2003). In 2000, the local government created the
“123: Emergency Phone Number Service”. This forms the
basis of a new database designed to store information relating
to all reported natural and anthropogenic disasters within the
city. It is managed by SIMPAD. Altogether 899 landslides
are recorded in the both, “La Red” and SIMPAD databases
covering the time span from 1988 to April 2008.

These databases contain information regarding the loca-
tion referenced to the street address and date of a given land-
slide, as well as describing the human consequences (e.g. fa-
talities, injured, and affected persons). Unfortunately, they
do not record information regarding the physical character-
istics of the landslide e.g. landslide type and triggering fac-
tor. Useful data would include information regarding the an-
tecedent conditions, the location of the uppermost scarp, the
size of the surface area, or the volume of disturbed material.
The absence of this information severely restricts the appli-
cation of these databases to studies of landslide susceptibility
and hazard assessment.

The design of the landslide inventories reflects the con-
clusions of Mora and Keipi (2006), that Latin world does
not have culture of disaster prevention, but rather of imme-
diate disaster response. The very detailed reports published
by the Office for the Coordination of Humanitarian Affairs
(www.colombiassh.org) are testament to this as the focus
is on immediate response rather than the systematic collec-
tion of natural hazard data that would be of use in land use
planning. Whilst such an approach clearly has certain ad-
vantages, detailed information about the exact nature of past
landslide events would be of great help in areas of rapid pop-
ulation growth and increasing urbanization.

4 Methods

4.1 Input data

Information relating to individual landslides was extracted
from the “La Red” and SIMPAD disaster databases. The
first of these databases contains information on landslides
between 1988 and 2002, whilst the second contains infor-
mation on landslides between January 2004 and April 2008.
The individual landslides had to be georeferenced using the
street addresses of those houses that were damaged during
the landslide event. From a total of 899 recorded landslides,
431 events were successfully located and used in the analy-
sis. The location of these landslides is shown in Fig. 3a.

The topographic data comes from a digital terrain model
(DTM) prepared by Montoya and Patiño (2001). The original
contour map had contours every 2 m with a scale of 1:2000.
This was converted to grid with a resolution of 5 m. From this
digital terrain model, a slope angle map has been constructed.
The slope angles have been divided into five classes: (i) 0◦–
5◦; (ii) 5◦–15◦; (iii) 15◦–25◦; (iv) 25◦–35◦; and (v)>35◦

(Fig. 3b).
The superficial geology of the study area was compiled

from the published literature (GSM, 1999; Rendón, 1999;
Echeverri and Valencia, 2004; Aristizábal and Yokota, 2006;
Área Metropolitana, 2007) using digital data layers prepared
by Montoya and Patiño (2001) at scale 1:10 000. Numerous
surface deposits are recognized, that are presented in Fig. 3c.

The land use was defined on the basis of vegetation
cover density, agricultural practice, and crop type (Ojeda and
Muñoz, 2001). Five categories could be distinguished on the
map with original scale of 1:10 000: (i) high vegetation; (ii)
low vegetation; (iii) crop land; (iv) degraded soil; and (v)
urban areas. These are presented in Fig. 3d.

4.2 Landslide susceptibility and persistency analysis

Two basic methods of landslide susceptibility assessment
were used in the study area. The first is based uniquely on
the landslide inventory, whilst the second assess susceptibil-
ity using weights based either on an expert understanding of
the interactions that occur between the preparatory factors
(e.g. slope angle, superficial geology, land use), and land-
slides or on a simple statistical description of these relation-
ships. For this method, landslide densities were calculated
for each variable of all preparatory factors.

The landslide inventory is considered to be the most el-
ementary landslide susceptibility map (Glade and Crozier,
2005). It is assumed that the areas affected by known land-
slides represent the most susceptible areas. Since the land-
slides are represented only as points on the inventory map,
we calculated their densities using “calculate density” option
in the ArcView software. Thereafter, building densities were
calculated. A comparison of these two maps was then used
to identify those areas most susceptible to future landsliding
and also to draw some basic conclusions about possible fu-
ture damage locations.

The landslide susceptibility was evaluated by a direct
method using expert knowledge about preparatory factors
and landslide processes in the study area. The evaluated
preparatory factors included slope, geological superficial for-
mations and land use. Each variable of all factors was clas-
sified by expert judgment (including literature review) into
5 classes where 1 stays for the least susceptible variable and
5 for the variable most prone to landslide occurrence. Slope
classes have been divided using simple assumption, steeper
the slope more landslides prone it is. Land use was evaluated
regarding its expected role in water infiltration process. Thus
the least favorable environment for landslide occurrence was
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Fig. 3. Input data layers:(a) landslide map;(b) slope map;(c) superficial geology;(d) land use.
For c: Qa – anthropogenic deposits; Qal – alluvial deposits; Qc – colluvial deposits; Qdt – detritus deposits; Qfc – consolidate deposits;
Qfe – debris flow deposits; Qfel – mud/debris flow deposits; Qra/Pa – residual soil/amphibolites; Qrdg/Kgd – residual soil/Altavista’s stock;
Qre/Pes – residual soil/schists; Qrgd/Jgr – residual soil/Romeral gabbro; Qrni/Pni – residual soil/Iguaná gneiss.
For d: CL – cropped land; DS – degraded land, UA – urban areas; LV – low vegetation; HV – high vegetation (after Planeación Municipal,
1999).

assumed areas covered by trees and forest (e.g. high vegeta-
tion land use class), whereas the most favorable conditions
were attributed to the degraded soil which lacks vegetation
cover. Surficial deposits were classified according their ob-
served or described susceptibility to landslide occurrence.
Then the adjusted general linear model (Guzzetti et al., 1999;
Dai and Lee, 2002) was used to sum up susceptibility weights
assigned to each variable of all predictor factors (Eq. 1):

LS= B1E1+B2E2+ ... +BnEn (1)

Where LS is the landslides susceptibility predictor value of a
given pixel,E’s are expert predictor values of each variables
of each preparatory factor (Table 2), e.g. slope angle classes
0◦–12◦, 12◦–25◦ andB ’s are coefficients weighting impor-
tance of different preparatory factors among the others. We
assume that the geological superficial formations (B = 3) are

the most important factor followed by the slope dip (B = 2)
and the land-use (B = 1) is the least important.

Secondly, the equation for assessing the landslide suscep-
tibility using weights that were calculated as landslide den-
sities (LD’s in Eq. 2) for each variable of preparatory factors
(Table 3) is the following:

LS= B1LD1+B2LD2+ ... +BnLDn (2)

The resulting landslide susceptibility classes are defined as
follows for the potential end-user: (i) very low: no landslides
should initiate in this area, only limited number of accumula-
tions of landslides with long run-out may reach this zone; (ii)
low: initiation of landslides is rare but can not be entirely ex-
cluded due to local variability of preparatory factors or under
extreme triggering conditions (e.g. extremely heavy precip-
itation); (iii) moderate: initiation of landslides is possible;
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(iv) high: areas with conditions very favorable for landslide
occurrence; (v) very high: majority of these slopes will fail
in near future. Implication of the susceptibility classes for
land use planning purposes was also defined in this study.

Assessing the spatial distribution of landslides recorded
during subsequent years (2004–2008) enabled calculation of
the landslide persistence as the portion of new landslides oc-
curring very close to the locations of landslides from the pre-
vious years (Cardinali et al., 1999; Rybá̌r, 1999; Malamud et
al., 2004). For the purposes of this study, “very close to” is
defined as within a 50 m circular buffer zone.

4.3 Damage analysis

The information from both databases was merged to create
two classes. First,affected housesindicating those buildings
that had to be temporarily evacuated or were damaged but
which could be re-inhabited following reconstruction. Sec-
ond, destroyed housesindicating those buildings that were
irreparably damaged during the event and had to be aban-
doned. A statistical overview of these data for the available
time periods (1984–2002 and 2004–2008) was prepared.In-
jured personsare those who needed medical treatment due
to injuries suffered during a landslide event.Affected per-
sonsneeded immediate assistance during and shortly after
the damaging event (e.g. temporarily evacuated people) and
disappeared personsare those claimed missing due to the
landslide event.

4.4 Temporal occurrence of landslides and
landslide hazard

The temporal distribution of recorded landslides (1984–2002
and 2004–2008) were analyzed on a month-by-month basis
and compared to the record of average monthly precipitation.
In addition, the landslide record was compared with respect
to El Niño, “normal”, and La Nĩna precipitation years. The
climatic classification of each year was taken from the West-
ern Regional Climate Center (WRCC1) and the Center for
Oceanic-Atmospheric Prediction Studies (COAPS2). The av-
erage annual precipitation and monthly temperature min-
ima and maxima were taken from the World Meteorolog-
ical Organization (WMO3). Information about evaporation
for Medelĺın City was taken from the Institute of Hydro-
logic, Meteorological and Environment Studies (IDEAM4).
Landslide damage was defined as the sum of affected and
destroyed houses.

1http://www.wrcc.dri.edu/enso/ensodef.html,
last access: 27 November 2009

2http://www.coaps.fsu.edu/jma.shtml,
last access: 27 November 2009

3http://worldweather.wmo.int/057/c00159.htm,
last access: 27 November 2009

4Instituto de Hidrologia, Meteorologia y estudios ambientales,
http://www.ideam.gov.co/, last access: 9 December 2009

Even though not complete, the available landslide
databases were used to calculate basic characteristics of land-
slide frequency and occurrence probabilities to assess the
landslide hazard within the study area using the definitions
in Fell et al. (2008) and Corominas and Moya (2008). The
average annual landslide frequency per square kilometer and
landslide return period were used to define landslide hazard.
Following the ERM-Hong Kong, Ltd. (1998) suggestions,
the average annual probabilities of a house being damaged
and of a person being killed by a landslide were also calcu-
lated.

5 Results

5.1 Landslide susceptibility and persistency analysis

The landslide susceptibility map derived from Eq. (1) is pre-
sented in Fig. 4. Landslide densities used for the weighted
landslide susceptibility model are shown for each prepara-
tory factor variable in the Table 3. The percentages given
for the following classes represent the complete range of
landslide susceptibility values derived from Eq. (2), i.e. the
highest landslide susceptibility value corresponds to 100%.
The five classes are: (i) 0–25% = very low susceptibility; (ii)
25–45% = low susceptibility; (iii) 45–55% = moderate sus-
ceptibility; (iv) 55–75% = high susceptibility; and (v) 75–
100% = very high susceptibility. The susceptibility map
showing these classes is on Fig. 4. It should be noted that for
land use, the coefficientB was lowered (to value of 0.5) to
further reduce the impact of this environmental factor. This
factor is considered to be overestimated by the density calcu-
lation since most of the reported landslides are located within
urban areas, whilst it can be assumed that at least some of the
landslides that occurred in other areas (e.g. degraded land or
high vegetation) went unreported. Furthermore, urban areas
are unlikely to be associated with the most favorable con-
ditions for landslide initiation as the majority of housing is
constructed on relatively flat terrain.

A validation of both landslide susceptibility maps with
the available landslide data used in the preparation of the
weighted map shows both maps to be satisfactory, although
better results are achieved with the weighted map (Table 4).
More then 87% of the recorded landslides were assigned to
areas of high or very high landslide susceptibility. Further-
more, only 0.2% of the recorded landslides were assigned
to areas of very low landslide susceptibility. Similar results
were achieved when validating the susceptibility maps only
with the landslides recorded during the 2004–2008 period.
It is because of more than 71% of all available landslides
were recorded during this time span. Of particular signifi-
cance is that both susceptibility maps demonstrate that more
than 50% (51.1% on the expert-based susceptibility map and
82.4% on the weighted susceptibility map) of the buildings
within the Iguańa River Basin are located in areas of high or
very high landslide susceptibility.
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Table 2. Expert classification of predictor factors and their variables (E’s in Eq. (1), 1 = least susceptible; 5 = most susceptible).

Classification of Surficial Deposits Land Use Slope
Predicted Variables
(E)

1

Alluvial deposits

High vegetation 0◦–5◦
Consolidate deposits
Residual soil of the Romeral gabbro
Residual soil of the Iguańa gneiss

2
Residual soil of amphibolites

Urban areas 5◦–15◦Residual soil of schists

3
Anthropogenic deposits

Low vegetation 15◦–25◦Colluvial deposits

4
Talus deposits

Cropped land 25◦–35◦Residual soil/Altavista stock

5
Debris flow

Degraded soil > 35◦

Mud/debris flow deposits

Table 3. Landslide densities used for the weighted susceptibility map.

Surficial formations Landslide Land use Landslide Slope Landslide
densities densities densities

(%) (%) (%)

Talus deposits 0

Degradated soil 0.23 > 35◦ 0.93
Residual soil/Schists 0
Residual soil/Romeral’s Gabbros 0
Residual soil/Iguańa’s Gneiss 0.70

Consolidate deposits 0.46
Cropped land 0.46 0◦–5◦ 7.19Mud/debris flow deposits

Residual soil/Amphibolites 3.02

Anthropogenic deposits 9.98 High vegetation 2.09 25◦–35◦ 22.51

Alluvial deposits 10.67
Low vegetation 7.43 15◦–25◦ 32.94Colluvial deposits 14.15

Residual soil/Altavista’s Stock 13.46

Debris flow 15.08
Urban areas 89.79 5◦–15◦ 36.43Mud-flow deposits 32.48

Landslide densities calculated from the landslide inven-
tories are shown on Fig. 5. The areas with high landslide
and building densities are displayed in red, whereas the high
landslide and low building densities are shown in orange.
Whilst both areas are highly susceptible to the effects of
landslides, the difference in building density is critical to
future land use planning. In red areas, the highest future
damages may be expected due to repeating landslide occur-
rence on heavily build up regions. The highly developed na-
ture of these localities means that future land use planning
should focus upon effective landslide mitigation and disaster
response. In orange areas, the less developed nature of these
localities means that future expected damage resulting from
high landslide densities can be limited by restricting building

development, or applying strict and effective building codes
on future housing development. The reliability of this map
is clearly limited by the data recorded in the available in-
ventories which do not include all landslides occurred in the
Iguańa River Basin.

Landslide persistency calculated for the study area is in
average 35%, but the year 2008 should be excluded from the
calculation since it does not include whole year (the record
ends in the April). After the adjustment, the average persis-
tence drops to 28%. From this, it can be inferred that approx-
imately one-third of all landslides to occur next year will be
located within 50 m of already recorded landslide. It is im-
portant to keep in mind, that this figure may vary enormously.
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Fig. 4. Expert based (left) and weighted (right) landslides susceptibility map.

Table 4. Comparison of the expert-based and weighted landslide susceptibility maps of the Iguaná River Basin using the all available
landslide records (∗) and landslides recorded between 2004 and 2008 (∗∗).

Susceptibility Expert susceptibility map Weighted susceptibility map
class

% of study area % of landslides % of buildings % of study area % of landslides % of buildings

Very low 4.9 9.5∗ 9.0∗∗ 4.1 15.1 0.2∗ 0.3∗∗ 0.2
Low 17.9 11.8∗ 10.4∗∗ 18.9 31.7 8.3∗ 8.4∗∗ 6.2
Moderate 34.8 22.7∗ 23.8∗∗ 25.9 31.8 3.9∗ 3.6∗∗ 11.1
High 40.9 55.4∗ 56.3∗∗ 50.7 17.2 74.2∗ 58.3∗∗ 68.5
Very high 1.5 0.5∗ 0.6∗∗ 0.4 4.2 13.2∗ 29.4∗∗ 13.9

Fig. 5. Map showing areas with high landslide and building densi-
ties (red), and high landslide and low building densities (orange).

When the landslide density per unit area is divided by
number of years covered by landslide records (20 years), ba-
sic hazard map with two hazard classes (high frequency –
orange and red colors, low frequency – the rest of the study
area) is defined.

Table 5. Damages caused by all recorded landslides in the Iguaná
River Basin since 1984.

Damage Count

Dead persons 4
Injured persons 7
Disappeared persons –
Affected persons 141
Temporal evacuated houses 159
Affected houses 97
Destroyed houses 37
Permanently evacuated houses 115

5.2 Damage analysis

Since 1984, an average of 40.7 landsides has occurred ev-
ery year in the Iguańa River Basin. Total of 141 people have
been affected (Table 5). This works outs at an average of
0.16 persons affected per event. The number of people af-
fected is quite low, when compared to those figures reported
in the National Catalogue of Mass Movements (INGEOMI-
NAS, 2002) which states that an average of 3 to 4 persons are
affected per event.
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Fig. 6. Graph showing the correlation between the total num-
ber of landslides per month, classified according to the average
monthly precipitation and weather pattern. Precipitation informa-
tion is based on the monthly average calculated over a 30-year pe-
riod (1971–2000) (WMO3).

5.3 Temporal occurrence of landslides and
landslide damage

The average monthly precipitation is strongly bimodal. How-
ever, this distribution is only partly reflected by the landslide
frequencies. Two more-or-less equal peaks in the precipi-
tation occur during May and October (Fig. 6). In contrast,
50% of all registered landslides occur in the later of these
rainy seasons whereas only 19% of all registered landslides
occur in the earlier of these rainy seasons. When exclud-
ing three months with the highest landslide activity (May,
October, November), average of 40 landslides per month oc-
curred during the 22 years time period. The average annual
landslide occurrence frequency for May is 4, for October and
November it is 10 and 11 respectfully and 1.5 for the other
months.

The landslide distribution during La Niña and El Nĩno
years has several distinct features when compared to “nor-
mal” years. During La Nĩna and El Nĩno years, the occur-
rence of landslides remains high in June, while during the
“normal” years it sharply drops down to the 77% of the May
occurrences Furthermore, there is also a distinct shift in the
timing of peak landslide occurrence during the later rainy
season. This occurs in October during “normal” years, but
in November during La Nĩna and El Nĩno years. However,
there are also differences between La Niña and El Nĩno years.
The main difference stems from the gradual initiation of the
later maximum during El Nĩno years. For example, during
an El Niño year the number of landslides starts to increase in
September (when the number of landslides increases by 67%
from August) and reaches its maximum in November (when
the number of landslides increases by 55% from October).
During a La Nĩna year, the number of landslides increases
dramatically in October (when the number of landslides in-
creases by 85% from September). In a “normal” year, the
number of landslides in November drops appreciably (when

Fig. 7. The annual distribution of landslides and landslide damage
(affected and destroyed houses) summarized for El Niño, “normal”,
and La Nĩna years.

the number of landslides decreases by 47% from October).
In contrast, the number of landslides reaches its maximum
during November in both La Niña and El Nĩno years. The
total number of recorded landslides is greatest in La Niña
years.

Dominance of landslide occurrence during La Niña years
confirms comparison of the total number of landslides and
damaged houses during El Niño/La Niña and “normal” years.
The greater number of landslides during La Niña years is also
confirmed by a comparison of the total amount of damage to
occur during La Nĩna, “normal”, and El Nĩno years (Fig. 7).
The values derived for “normal” and El Niño years are simi-
lar, both in terms of the number of landslides and the amount
of damage. During a La Niña year, however, the total number
of landslides is 38% greater and the total amount of damage
is 65% greater. Also average damage per landslide is high-
est during the La Nĩna years (0.5) and it is lowest during El
Niño years (0.39), while “normal” years are in between both
previous values (0.45).

5.4 Landslide hazard

To only use the available “La Red” and SIMPAD disaster
databases as the basis for a reliable landslide hazard assess-
ment is problematic because of the incomplete nature of the
landslide inventories which exclude landslides that did not
cause damage. The completeness of inventories is basic re-
quirement for the hazard assessment (Corominas and Moya,
2008). The average annual landslide frequency for the 5 year
period (2004–2008) is 1.3 per km2 per year resulting in a
0.015 year landslide return period. This suggests that the
landslide hazard of the Iguaná River Basin is either high (Fell
et al., 2008) or very high (Corominas and Moya, 2008). As
the average number of houses damaged per registered land-
slide is known to be 0.3, it is possible to calculate that the
average annual landslide frequency of events able to cause
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damage is 0.43 landslides per km2 per year. There are a total
of 27 352 houses in the watershed, which gives the average
annual probability of a house being damaged by a landslide
as 1.6×10−5. Similarly, the average annual probability of
a person being killed by a landslide (based on the 22 year
record) is 1.6×10−5. These figures are deemed to be ac-
ceptable, according to the criteria described by ERM-Hong
Kong, Ltd. (1998). Missing information about landslide type
and magnitude and possible gaps in the landslide inventory
in areas where no settlement is present makes it impossible
to perform landslide hazard zoning of the watershed. Thus
the calculated landslide probability occurrence is attributed
to the whole studied watershed showing that the landslide oc-
currence is high enough to justify further effort in landslide
inventory improvement.

6 Discussion

The presented results demonstrate that even an incomplete
landslide dataset can be used to determine landslide suscep-
tibility with a reasonable degree of reliability. These results
are useful as a guide for future land use planning. It is sug-
gested that the most detailed scale at which the weighted sus-
ceptibility map should be used is 1:50 000 due to any possible
errors introduced during the georeferencing procedure. The
most detailed scale at which the specialist-based susceptibil-
ity map can be used is defined by the scale of the input data.
In this study, the input data is no smaller than 1:10 000 and
therefore this is considered to be an appropriate scale.

Another requirement for the map’s applicability is the def-
inition of the susceptibility classes with respect to land use
planning. Thevery low and low susceptibility classes are
suitable for future development, although other potential nat-
ural hazards such as flooding or seismicity should be consid-
ered before any such decision is made. Themoderateand
high susceptibility classes may be suitable for future devel-
opment, although local stability assessments should be un-
dertaken by experienced personnel before any such decision
is made (Fell et al., 2008); placing critical infrastructure,
such as hospitals or schools, into these areas is not recom-
mended. Thevery highsusceptibility class is not suitable for
future development, and the possibility of relocating exist-
ing settlements should be considered along with preventative
landslide mitigation measures that are able to secure exist-
ing buildings and infrastructure. It is also important to bear
in mind that those regions up-slope fromhigh andvery high
susceptibility classes may pose a serious threat as possible
landslide source areas which were recorded in the databases
in form of points placed within their accumulation and trans-
port parts, but actually could initiated up slope from these
locations.

The information recorded in the databases has not yet been
standardized. For example, the landslides are located by the
closest street address within the city. Two problems are asso-

ciated with this system. First, there is no fixed rule governing
how an address is written and each city has its own template.
Second, in rural areas a description may be used instead of
a street address. Consequently, the geocoding process un-
dertaken in ArcGIS is liable to certain errors. In fact, it was
not possible to match 52.06% of the total landslide events
because the address recorded in the database could not be
matched to a point on the ground. To optimize the geocoding
processes it is necessary to establish conventions regarding
the recording of landslide localities.

The specific issues regarding quality and reliability of the
prepared susceptibility maps are discussed in the following
paragraphs. The weighted susceptibility map is associated
with certain drawbacks. These stem from the representation
of landslides as points. A point is placed within the landslide
area without explanation if it is located within scarp, trans-
port or accumulation parts of the landslide. Definition of
the relationship between preparatory factors and landslides
based only on points provides considerably smaller amount
of information compared to landslide area defined as a poly-
gon. These drawbacks explain the unusual relationship be-
tween landslide densities and slope angle. The highest land-
slide density is in the 0◦–5◦ interval decreasing with increas-
ing slope with minimum on the slopes with dip> 35◦. It
sharply contrasts with slope dip landslide relationships de-
scribed in literature (Castellanos and van Westen, 2001; Dai
and Lee, 2002; Nadim et al., 2006). This bias behavior of
the studied landslides can be explained by the fact that the
points representing the landslides were placed near houses
generally constructed on flat areas which could develop be-
low landslide scarps or within their transport or accumula-
tion parts. Consequently, the environmental factors respon-
sible for the initiation of the landslide remain largely uncon-
strained (Guinau et al., 2005). There may be a similarly bi-
ased relationship between landslides and superficial geology.
For example, fewer landslides would be expected to be re-
ported to occur on alluvial deposits; depending on that which
occurs up-slope of the alluvial deposit, some of those may be
better attributed to colluvial, anthropogenic, or debris and de-
bris/mud flow deposits (Fig. 3a). This bias is due to the fact
that landslide locations reported to databases referred to the
toe areas instead to the scarp areas. Also the highest land-
slide density on urban areas is caused by the way how the
landslide data are collected and does not reflect more favor-
able conditions for landslide occurrence. These errors are not
presented within the expert-based susceptibility map.

Despite of the differences in defining relationship be-
tween landslides and their preparatory factors for expert and
weighted susceptibility models, they show in general simi-
lar picture about relative landslide susceptibility of the area.
Lowest landslide susceptibility is within the highest parts of
the watershed bellow both north and east ridges. Moder-
ate susceptibility class is typical for the middle parts of the
slopes on the left side of the Iguaná River, whereas the high
and very high susceptibility classes occur on lower parts of
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the same slopes. Largest differences in the susceptibility are
found on the mostly east facing slopes dissected by right-
bank tributaries of the Iguaná River, where the expert suscep-
tibility map identified high and also very high susceptibility
classes. The weighted model is less conservative and dis-
plays very low to moderate susceptibility classes there. But
even in this case we can observe that the weighted suscepti-
bility map placed several pixels with high susceptibility into
the same sub-basin where the expert model suggest very high
susceptibility and the two other tributary valleys in the south-
ern part of this region display on both maps low or very low
susceptibility. We consider this general agreement of the two
maps as a validation of our results showing that the maps
were able to correctly distinguish the most susceptible parts
of the study region regardless different approaches used for
their preparation and drawbacks of the landslide input data.

It has already been noted that there is a much higher num-
ber of landslides during the second rainy season (September–
November) than compared to the first (April–June). Moreno
et al. (2006) noted that the soil water becomes highly satu-
rated during the first rainy season and that this situation per-
sists until the second rainy season begins. The higher num-
ber of landslides recorded during the second rainy season is
a function of the antecedent soil water conditions. The accu-
mulative differences between the average monthly precipita-
tion and the total evaporation (IDEAM4) show that a much
higher amount of water is available for the later rainy season
(Fig. 8). The relative water deficit observed at the beginning
of the year is caused by the comparatively high evaporation
and low precipitation in the period from January to March.

An analysis of the temporal distribution of landslides re-
vealed a prolonged maximum between October and Novem-
ber when the area is subjected to either La Niña or El Nĩno
weather patterns. Moreover, considerably greater landslide
activity occurs within La Nĩna years. This is attributed to the
strong positive precipitation anomalies described by Poveda
at al. (2005), as the average daily total rainfall is 5.7–40%
greater than it is during “normal” years and 48% greater
than it is during El Nĩno years. El Nĩno years are charac-
terized by negative precipitation anomalies, especially be-
tween September and February. This negatively affects the
later rainy season, during which the majority of landslides
usually occur. Taken together, these data suggest that land-
slides are triggered as a result of shorter-term precipitation
patterns rather than the accumulative affect of precipitation
over longer periods. This assertion conforms to the sugges-
tion of Moreno et al. (2006), who concluded that 15 days of
accumulative precipitation are important for triggering land-
slides within the study area. The realization that increased
landslide activity and associated damage occurs during La
Niña years (65% higher than in “normal” or El Niño years)
may be particularly useful for local authorities and civil de-
fenses, as these institutions are now able to plan (and budget
for) more effective landslide mitigation and relief action dur-
ing La Niña years.

Fig. 8. The average monthly precipitation calculated over a 30-
year period (1971–2000) (WMO) and the accumulative difference
between the monthly average precipitation and evaporation, as pro-
vided by IDEMA.

Suggestions on easy to implement improvements of the
available landslide databases are summarized in this para-
graph. The major step toward more reliable susceptibil-
ity and hazard zoning of the area under study would be to
include maps showing limits of each landslide. Such in-
formation is partly available in detailed geological reports
(L. J. Mejia, personal communication, 2009) along with in-
formation about landslides outside build up areas, which can
be obtained from aerial pictures or satellite images (Cardi-
nali et al., 1999). Their regular updating should be also
insured. Useful guidelines on what information should be
stored within the landslide inventories can be found else-
where (e.g. Malamud et al., 2004; Fell et al., 2008). We as-
sume that institutional conditions for improving the existing
database are good in the Medellı́n municipality, nevertheless
clear operational framework is necessary to ensure applica-
bility of the best available data for decision making proce-
dures.

We also wanted to contribute to the discussion of using
the susceptibility and hazard assessment during the land de-
velopment process, which seems to be partly neglected in the
Latin world so far. Nevertheless, it is worth to note that even
in countries with well established development regulations
considering natural disasters as limiting factor gaps between
scientific knowledge, legal rules and decisions taken by the
responsible authorities cause large damages.

7 Conclusions

This study has used existing disaster databases (inventories)
in order to examine the spatial and temporal variability of
landsliding within the Iguańa River Basin near Medellı́n City,
Colombia. The spatial variability of landsliding was ex-
amined using “expert-based” and “weighted” landslide sus-
ceptibility models. The constructed landslide susceptibility
maps demonstrate consistent results irrespective of the used
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method. These show that at least 55.9% of the watershed is
highly or very highlysusceptible to landsliding. Each sus-
ceptibility class has clearly defined meaning for the land use
planning purposes. Furthermore, a landslide density map
and analyses of landslide persistency has enabled specific
recommendations about the future land use planning of the
area. Thus the main constrains of applying such result within
the study area is not missing knowledge, technical skills or
scarce economic resources but possible lack of legal or oper-
ational rules at the local scale.

The temporal distribution of landsliding was analyzed and
compared with climatic data. The area has a distinct bimodal
rainfall distribution, and it is clear that landsliding is partic-
ularly frequent during the later rainy season between Octo-
ber and November. Moreover, landslides are more common
during La Nĩna years. This information is of value to lo-
cal authorities when they need to prepare post-disaster action
plans. It is recommended that the existing landslide invento-
ries are improved so as to be of greater use in the future land
use planning of the area. Much of the requisite data is already
being collected by different agencies (e.g. geological reports
about serious landslides). The integration of these data would
substantially improve information on landsliding for a min-
imal cost. The construction of landslide susceptibility maps
based on widely available data represents a significant step
towards landslide mitigation in the area and also may be used
in different locations with similar landslide inventory draw-
backs. Using susceptibility and hazard assessment presented
in the article during the developmental process should reduce
the need for disaster response at a later stage.
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geoĺogicas de la zona urbana de Medellı́n, B.c. thesis, Universi-
dad Nacional de Colombia, Medellı́n, 290 pp., 1999 (in Spanish).

Rend́on, D. A.: Tectonic and sedimentary evolution of the upper
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