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Abstract. Fast urbanization and the morphological condi- 1 Introduction
tions of the Iguaa River Basin, Medelh, Colombia have
forced many people to settle on landslide prone slopes as evFhe population growth and increasing urbanization of areas
idenced by extensive landslide induced damage. In this studprone to natural hazards worsen the impact of dangerous
we used existing disaster databases (inventories) in order toatural processes in developing as well as developed world
examine the spatial and temporal variability of landsliding (Rosenfeld, 1994; Alexander, 1995; Guzzetti et al., 1999).
within this watershed. The spatial variability of landsliding This trend is observed also in Colombia (Aftara-Ayala,
was examined using “expert-based” and “weighted” land-2002; Nadim et al., 2006). Nearly 28% of Colombia is oc-
slide susceptibility models. The constructed landslide suscupied by Andean mountain ranges. This area is the most
ceptibility maps demonstrate consistent results irrespectivalensely populated region of Colombia with the majority of
of the underlying method. These show that at least 55.9%ts urban centers including the city of Medallwith more
of the watershed is highly or very highly susceptible to land-than 3 million inhabitants. Located in the Antioquia Moun-
sliding. In addition, the temporal distribution of landslid- tain of the Central Cordillera, the city is classified as one of
ing was analyzed and compared with climatic data. Resultghe regions most affected by landslides in Colombia. Large
show that the area has a distinct bimodal rainfall distribu-parts of the valley’s mostly steep slopes are covered by old
tion, and it is clear that landsliding is particularly frequent landslide deposits (Toro and Velasquez, 1984; GSM, 1999;
during the later rainy season between October and NovemRendn, 1999, 2003) highly prone to the occurrence of dif-
ber. Moreover, landslides are more common during LidaNi ferent landslides types and flash floods.
years. It is recommended that the existing landslide invento- Despite the unfavorable natural conditions, there was a 6-
ries are improved so as to be of greater use in the future lanébld increase in the population of Medillbetween 1951 and
use planning of the watershed. The construction of landslide2005 exposing a large portion of its population to landslides.
susceptibility maps based on existing data represents a sigFhese landslides cause considerable damage to the environ-
nificant step towards landslide mitigation in the area. Usingment and infrastructure, in addition to causing injury and loss
susceptibility and hazard assessment during the developmeif life. In the fourteen events recorded between 1880 and
tal process should lessen the need for disaster response a@08, more than 750 people were killed and 7800 needed ur-
later stage. gent assistance in the MedalMalley (Table 1). The Iguam
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 Medelh 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
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Table 1. Major landslides within the Medéti Valley compiled according tdrea Metropolitana (2007) and the local newspapers EL
COLOMBIANO and EL TIEMPO. The highlighted localities indicate those landslides to have occurred within thé Riven 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 questio
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 Lalguas 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

200ct1980  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 EIl 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 that2 The study area

are either directly or indirectly related to natural hazards.

However, these bodies (also in other South American counThe |guara River watershed (Fig. 1) is located in the north-
tries) often fail to maximize the use of available resourcesyest part of the Medséth municipality covering an area of
due to inappropriate data handling and the absence of rels] 22 knf. The Igua@ River rises at 2950 ma.s.l. and spills
evant legislation. This problem is particularly acute wheninto the Medelin River at 1453ma.s.l. Higher elevations
considered within the context of scarce economic funding,and main|y the western and northern S|0pe5 of the water-
as greater investment into natural hazard mitigation shouldshed are characterized by steep inclination (ové) file
minimize future damages and losses. In this paper, we givghe south slopes are less steep (often up ®).1Zhe ma-

an example of how pre-existing data can be used for landjority of the watershed is covered by agricultural land with
slide susceptibility and hazard assessment. Such assessmegispersed housing, whilst densely built-up areas tend to be
are extremely useful within the context of long-term land concentrated along river banks and near its downstream con-
use planning with numerous examples in scientific litera-fluence where the terrain is flatter.

ture (Corominas and Moya, 2008; van Westen et al., 2006; e \yatershed is composed of Paleozoic metamorphic

Chaon et al., 2006; Guzzetti et al., 1999). We also give 0y 5 ch as gneisses, schist, and amphibolites. During the

some suggestions on how to improve existing landslide in-c e1ace0us, ultrabasic rocks (e.g. dunites and gabbros) were
ventories with very little additional expenditure.
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Fig. 2. Examples of the landslides recorded in the study afep:

a rotational-translational slide in San Cristolal; 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 tha = 3 and an epicenter shallower than 30 km
(INGEOMINA). A detailed catalogue of historical seismic
events within the Medélh and Antioquia regions has been
Fig. 1. Location of the Iguaa River Basin, Colombia. compiled for the Medeih 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-
thrust over these metamorphic rocks (Restrepo and Toussaimjering landslides during the period for which the landslide
1984). These ultrabasic rocks comprise a north-south trendinventory is available.
ing ophiolite complex, which crosses the valley. Triassic and The study area is located within the tropical zone, and
Cretaceous plutonic bodies, of acid to intermediate composihas a distinct bimodal rainfall distribution with maxima from
tion, frequently intrude into the metamorphic rocks. Above April to May and October to November. Sporadic rainfall
these lithologies, the watershed is frequently veneered by @vents of high-intensity and short-duration also occur dur-
weathered mantle depths from 10m to 60m. This mantléing the rest of the year (Echeverri and Valencia, 2004). The
is commonly observed in the highest parts of the watershedaverage annual rainfall varies from 3000 mm/yr in the north-
and on northern and eastern slopes overlying amphibolitesern and central parts of the valley to 1000 mm/yr near the
schists, gabbros, gneisses and granitic rocks. On the leggedelliin Valley (Moreno et al., 2006).
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, bouB  Landslides inventories in the Iguara watershed
ders, or even blocks with heterogeneous silt-sandy matrix. In
the valley, the thickness of the alluvial sediments varies fromit is known that debris and earth flows constitute the two pre-
15m to 200m. These sediments contain well-sorted claysdominant types of landslide within the watershed, although
silts, sands, and coarse gravels. In addition, anthropogenimtational and deep seated translational slides have also been
materials such as trash and other debris are usually locatedcorded along with occasional rock-falls and lateral spreads
close to the river on the lower slopes. It is estimated that(Florez, 2003; Aristiabal, 2004Area Metropolitana, 2007).
these materials cover approximately 2% of the study area. Examples of recorded landslides are shown in Fig. 2.

In general terms, the Andes are highly seismic. However, The first documented natural disaster caused by landslides
there have not been any registered earthquakes with a magn the watershed occurred on 23 April 1880. It was recorded
nitude greater thai =4 in the vicinity of the study area be- that there were nine fatalities, with a further 2500 people
tween 1566 and 1999 (INGEOMINA). The majority of those affected (Hormanza, 1991). However, the scientific study
earthquakes registered between 1993 and 2001 had a magmf landslides only began in the early 1980's. A systematic
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landslide inventory was set up in 1992 when the Médell The topographic data comes from a digital terrain model
Valley Metropolitan Area implemented a regional disaster (DTM) prepared by Montoya and Pati (2001). The original
database using the software Deslnventar, developed by “Laontour map had contours every 2 m with a scale of 1:2000.
Red” Social Studies Network for Disaster Prevention in Latin This was converted to grid with a resolution of 5m. From this
America. This regional disaster database was compiled frondigital terrain model, a slope angle map has been constructed.
data collected by Universidad EAFIT and SIMPAD (Munic- The slope angles have been divided into five classes®{) 0
ipal System of Disaster Prevention and Attention), as well5°; (ii) 5°-12; (iii) 15°-2%; (iv) 25°-3%; and (v) >35°
as including results published by Hormanza (1991) and Sal{Fig. 3b).
darriaga (2003). In 2000, the local government created the The superficial geology of the study area was compiled
“123: Emergency Phone Number Service”. This forms thefrom the published literature (GSM, 1999; Rémd 1999;
basis of a new database designed to store information relatingcheverri and Valencia, 2004; Ariséibal and Yokota, 2006;
to all reported natural and anthropogenic disasters within theArea Metropolitana, 2007) using digital data layers prepared
city. It is managed by SIMPAD. Altogether 899 landslides by Montoya and Pafio (2001) at scale 1:10 000. Numerous
are recorded in the both, “La Red” and SIMPAD databasessurface deposits are recognized, that are presented in Fig. 3c.
covering the time span from 1988 to April 2008. The land use was defined on the basis of vegetation
These databases contain information regarding the locaeover density, agricultural practice, and crop type (Ojeda and
tion referenced to the street address and date of a given landiufioz, 2001). Five categories could be distinguished on the
slide, as well as describing the human consequences (e.g. faaap with original scale of 1:10 000: (i) high vegetation; (ii)
talities, injured, and affected persons). Unfortunately, theylow vegetation; (iii) crop land; (iv) degraded soil; and (v)
do not record information regarding the physical character-urban areas. These are presented in Fig. 3d.
istics of the landslide e.g. landslide type and triggering fac-
tor. Useful data would include information regarding the an-4.2 Landslide susceptibility and persistency analysis
tecedent conditions, the location of the uppermost scarp, the
size of the surface area, or the volume of disturbed materialTwo basic methods of landslide susceptibility assessment
The absence of this information severely restricts the appliwere used in the study area. The first is based uniquely on
cation of these databases to studies of landslide susceptibilitthe landslide inventory, whilst the second assess susceptibil-
and hazard assessment. ity using weights based either on an expert understanding of
The design of the landslide inventories reflects the con-the interactions that occur between the preparatory factors
clusions of Mora and Keipi (2006), that Latin world does (€.9. slope angle, superficial geology, land use), and land-
not have culture of disaster prevention, but rather of imme-slides or on a simple statistical description of these relation-
diate disaster response. The very detailed reports publisheghips. For this method, landslide densities were calculated
by the Office for the Coordination of Humanitarian Affairs for each variable of all preparatory factors.
(www.colombiassh.ofgare testament to this as the focus The landslide inventory is considered to be the most el-
is on immediate response rather than the systematic collec@mentary landslide susceptibility map (Glade and Crozier,
tion of natural hazard data that would be of use in land use2005). It is assumed that the areas affected by known land-
planning. Whilst such an approach clearly has certain adslides represent the most susceptible areas. Since the land-
vantages, detailed information about the exact nature of pastlides are represented only as points on the inventory map,

landslide events would be of great help in areas of rapid popwe calculated their densities using “calculate density” option
ulation growth and increasing urbanization. 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

4 Methods and also to draw some basic conclusions about possible fu-
ture damage locations.
4.1 Inputdata The landslide susceptibility was evaluated by a direct

method using expert knowledge about preparatory factors
Information relating to individual landslides was extracted and landslide processes in the study area. The evaluated
from the “La Red” and SIMPAD disaster databases. Thepreparatory factors included slope, geological superficial for-
first of these databases contains information on landslidesnations and land use. Each variable of all factors was clas-
between 1988 and 2002, whilst the second contains inforsified by expert judgment (including literature review) into
mation on landslides between January 2004 and April 20085 classes where 1 stays for the least susceptible variable and
The individual landslides had to be georeferenced using thé for the variable most prone to landslide occurrence. Slope
street addresses of those houses that were damaged durinsses have been divided using simple assumption, steeper
the landslide event. From a total of 899 recorded landslidesthe slope more landslides prone itis. Land use was evaluated
431 events were successfully located and used in the analyegarding its expected role in water infiltration process. Thus
sis. The location of these landslides is shown in Fig. 3a. the least favorable environment for landslide occurrence was
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Fig. 3. Input data layersfa) 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 soillamphibolites; Qrdg/Kgd — residual soil/Altavista’s stock;
Qre/Pes — residual soil/schists; Qrgd/Jgr — residual soil/Romeral gabbro; Qrni/Pni — residual séiljgeiss.

For d: CL — cropped land; DS — degraded land, UA — urban areas; LV — low vegetation; HV — high vegetation (after ®tidvieaaipal,

1999).

assumed areas covered by trees and forest (e.g. high vegetiéte most important factor followed by the slope dip<2)

tion land use class), whereas the most favorable conditionand the land-useR=1) is the least important.

were attributed to the degraded soil which lacks vegetation Secondly, the equation for assessing the landslide suscep-
cover. Surficial deposits were classified according their ob-ibility using weights that were calculated as landslide den-
served or described susceptibility to landslide occurrencesities (LD’s in Eq. 2) for each variable of preparatory factors
Then the adjusted general linear model (Guzzetti et al., 1999¢Table 3) is the following:

Dai and Lee, 2002) was used to sum up susceptibility weights

assigned to each variable of all predictor factors (Eq. 1):  LS=BiLD1+ BoLD2+ ... +B,LD, 2

LS=B1E1+ ByE2>+ ... + BLE, (1) The resulting landslide susceptibility classes are defined as
follows for the potential end-user: (i) very low: no landslides
Where LS is the landslides susceptibility predictor value of ashould initiate in this area, only limited number of accumula-
given pixel,E’s are expert predictor values of each variablestions of landslides with long run-out may reach this zone; (ii)
of each preparatory factor (Table 2), e.g. slope angle classdsw: initiation of landslides is rare but can not be entirely ex-
0°-12, 122-25 and B’s are coefficients weighting impor- cluded due to local variability of preparatory factors or under
tance of different preparatory factors among the others. Weextreme triggering conditions (e.g. extremely heavy precip-
assume that the geological superficial formatiaBs@) are  itation); (iii) moderate: initiation of landslides is possible;
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(iv) high: areas with conditions very favorable for landslide Even though not complete, the available landslide
occurrence; (v) very high: majority of these slopes will fail databases were used to calculate basic characteristics of land-
in near future. Implication of the susceptibility classes for slide frequency and occurrence probabilities to assess the
land use planning purposes was also defined in this study. landslide hazard within the study area using the definitions

Assessing the spatial distribution of landslides recordedn Fell et al. (2008) and Corominas and Moya (2008). The
during subsequent years (2004—-2008) enabled calculation aiverage annual landslide frequency per square kilometer and
the landslide persistence as the portion of new landslides odandslide return period were used to define landslide hazard.
curring very close to the locations of landslides from the pre-Following the ERM-Hong Kong, Ltd. (1998) suggestions,
vious years (Cardinali et al., 1999; RyHb1999; Malamud et  the average annual probabilities of a house being damaged
al., 2004). For the purposes of this study, “very close to” isand of a person being killed by a landslide were also calcu-
defined as within a 50 m circular buffer zone. lated.

4.3 Damage analysis 5 Results

The information from both databases was merged to creat®.1 Landslide susceptibility and persistency analysis
two classes. Firsgffected housesdicating those buildings

that had to be temporarily evacuated or were damaged bu-{_he landslide susceptibility map derived from Eq. (1) is pre-

which could be re-inhabited following reconstruction. Sec- senteq in Fig. 4. .Lf.mdS“de densities used for the weighted
landslide susceptibility model are shown for each prepara-

ond, destroyed housesdicating those buildings that were torv fact able in the Table 3. Th i .
irreparably damaged during the event and had to be aba ory factor vanablé In the fable o. € percentages given

doned. A statistical overview of these data for the available °" the following classes represent the complete range of

. . landslide susceptibility values derived from Eq. (2), i.e. the
time periods (1984—-2002 and 2004—-2008) was prepdned. " ! o
jured personsare those who needed medical treatment du highest landslide susceptibility value corresponds to 100%.

i N (DO — T
to injuries suffered during a landslide everiffected per- eThe five classes are: (i) 0-25% = very low susceptibility; (il

: . : . 5-45% =low susceptibility; (iii) 45-55% = moderate sus-
sonsneeded immediate assistance during and shortly afte? S L D
the damaging event (e.g. temporarily evacuated people) an eptibility; (iv) 55-75%=high susceptibility; and (v} 75-

disappeared personare those claimed missing due to the 00%=very high susceptibility. The suscepibility map
landslide event showing these classes is on Fig. 4. It should be noted that for

land use, the coefficier® 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

The temporal distribution of recorded landslides (1984—2002urban areas, whilst it can be assumed that at least some of the
and 2004—2008) were analyzed on a month-by-month basigqndshdes th_at occurred in other areas (e.g. degraded land or
and compared to the record of average monthly precipitationnigh vegetation) went unreported. Furthermore, urban areas
In addition, the landslide record was compared with respec@r® unlikely to be associated with the most favorable con-
to El Nifio, “normal”, and La Nia precipitation years. The ditions for landslide initiation as the majority of housing is
climatic classification of each year was taken from the West-constructed on relatively flat terrain. o _

ern Regional Climate Center (WREgCand the Center for A validation of both landslide susceptibility maps with
Oceanic-Atmospheric Prediction Studies (COAPShe av- the available landslide data used in the preparation of the
erage annual precipitation and monthly temperature minWeighted map shows both maps to be satisfactory, although
ima and maxima were taken from the World Meteorolog- Petter results are achieved with the weighted map (Table 4).
ical Organization (WM®). Information about evaporation More then 87% of the recorded landslides were assigned to
for Medellin City was taken from the Institute of Hydro- areas of high or very high landslide susceptibility. Further-
logic, Meteorological and Environment Studies (IDEAwV ~ More, only 0.2% of the recorded landslides were assigned
Landslide damage was defined as the sum of affected antp areas of very low landslide susceptibility. Similar results

4.4 Temporal occurrence of landslides and
landslide hazard

destroyed houses. were achieved when validating the susceptibility maps only
with the landslides recorded during the 2004—-2008 period.

http://www.wrce.dri.edu/enso/ensodef.hfml It is because of more than 71% of all available landslides

last access: 27 November 2009 were recorded during this time span. Of particular signifi-
2http:/www.coaps.fsu.edu/jma.shtml cance is that both susceptibility maps demonstrate that more
last access: 27 November 2009 than 50% (51.1% on the expert-based susceptibility map and

3http://worldweather.wmo.int/057/c00159.htm, 82.4% on the weighted susceptibility map) of the buildings

last access: 27 November 2009 within the Iguaa River Basin are located in areas of high or

4Instituto de Hidrologia, Meteorologia y estudios ambientales, very high landslide susceptibility.
http://www.ideam.gov.colast access: 9 December 2009
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Table 2. Expert classification of predictor factors and their variable's (n Eq. (1), 1 =least susceptible; 5=most susceptible).

Classification of Surficial Deposits Land Use Slope
Predicted Variables

(E)

Alluvial deposits
Consolidate deposits

1 Residual soil of the Romeral gabbroHigh vegetation  8-5°
Residual soil of the Iguangneiss

2 Residud soil ofsohts | Urbanareas 515

3 Collial deposte. Low vegetation  15-25

4 ;ﬂgi?jgzlpsosiilt/sAltavista stock Cropped land 25-35°

> II\D/I?JZr/IdSefllJOr\g flow deposits Degraded soil > 35°

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

Surficial formations Landslide Land use Landslide Slope Landslide

densities densities densities
(%) (%) (%)

Talus deposits 0

Residual soil/Schists 0 ) .

Residual soil/Romeral's Gabbros o Degradated soil 023  >35 0.93

Residual soil/lgua@’s Gneiss 0.70

Consolidate deposits 0.46

Mud/debris flow deposits Cropped land 0.46 B-5° 7.19

Residual soil/Amphibolites 3.02

Anthropogenic deposits 9.98 High vegetation 209 °Z& 22.51

Alluvial deposits 10.67

Colluvial deposits 14.15  Low vegetation 7.43 15-25° 32.94

Residual soil/Altavista’s Stock 13.46

Debris flow 15.08 o

Mud-flow deposits 30 4g Urbanareas 89.79 515 36.43

Landslide densities calculated from the landslide inven-development, or applying strict and effective building codes
tories are shown on Fig. 5. The areas with high landslideon future housing development. The reliability of this map
and building densities are displayed in red, whereas the higlis clearly limited by the data recorded in the available in-
landslide and low building densities are shown in orange.ventories which do not include all landslides occurred in the
Whilst both areas are highly susceptible to the effects oflguara River Basin.
landslides, the difference in building density is critical to  Landslide persistency calculated for the study area is in
future land use planning. In red areas, the highest futureaverage 35%, but the year 2008 should be excluded from the
damages may be expected due to repeating landslide occucalculation since it does not include whole year (the record
rence on heavily build up regions. The highly developed na-ends in the April). After the adjustment, the average persis-
ture of these localities means that future land use planningence drops to 28%. From this, it can be inferred that approx-
should focus upon effective landslide mitigation and disastelimately one-third of all landslides to occur next year will be
response. In orange areas, the less developed nature of theseated within 50 m of already recorded landslide. It is im-
localities means that future expected damage resulting fronportant to keep in mind, that this figure may vary enormously.
high landslide densities can be limited by restricting building
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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 thé Riven Basin using the all available
landslide records*) and landslides recorded between 2004 and 2698 (

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%* 4.1 151 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 3.6 111

High 40.9 55.4 56.3* 50.7 17.2 742 58.3* 68.5

Very high 15 05 0.6 0.4 4.2 13.2  29.4* 13.9

% I 1 buiing and ancside censtiss Table 5. Damages caused by all recorded landslides in the Eguan
= o pon e 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

2000 3000

4000

5.2 Damage analysis

Fig. 5. Map showing areas with high landslide and building densi- Since 1984, an average of 40.7 landsides has occurred ev-
ties (red), and high landslide and low building densities (orange). ery year in the IguamRiver Basin. Total of 141 people have
been affected (Table 5). This works outs at an average of
When the landslide density per unit area is divided by 0.16 persons affected per event. The number of people af-
number of years covered by landslide records (20 years), bafected is quite low, when compared to those figures reported
sic hazard map with two hazard classes (high frequency -in the National Catalogue of Mass Movements (INGEOMI-
orange and red colors, low frequency — the rest of the studyNAS, 2002) which states that an average of 3 to 4 persons are
area) is defined. affected per event.

Nat. Hazards Earth Syst. Sci., 10, 208049 2010 www.hat-hazards-earth-syst-sci.net/10/2067/2010/



J. KlimeS and V. Rios Escobar: A landslide susceptibility assessment in urban areas 2075

120 250
400

=
15}
3

350

o
S

300{

@
S

Number of landslides

250

IS
S
Average Monthly Precipitation (mm)

~
153

150+

o
yose
|1udy
Aey
aunf
Ainp

100 |

snsny

g Y

S

= g

] c

2 3
2

139010

Jaquaidas
J2qWIdAON
1aquasag

50

[INormal years [JLa Nina years
M E| Nifio years —&— Precipitation 0

El Nino years Normal Years La Nina years

Fig. 6. Graph showing the correlation between the total num- @ Number of landsides B Damages

ber of landslides per month, classified according to the average

monthly precipitation and weather pattern. Precipitation informa- Fig. 7. The annual distribution of landslides and landslide damage
tion is based on the monthly average calculated over a 30-year petaffected and destroyed houses) summarized for BEbNinormal”,

riod (1971-2000) (WMG). and La Nfia years.
5.3 Temporal occurrence of landslides and the number of landslides decreases by 47% from October).
landslide damage In contrast, the number of landslides reaches its maximum

during November in both La Kia and El Niio years. The

The average monthly precipitation is strongly bimodal. How- total number of recorded landslides is greatest in LAaNi
ever, this distribution is only partly reflected by the landslide years.
frequencies. Two more-or-less equal peaks in the precipi- Dominance of landslide occurrence during Ldidliyears
tation occur during May and October (Fig. 6). In contrast, confirms comparison of the total number of landslides and
50% of all registered landslides occur in the later of thesedamaged houses during Elfidi/La Nita and “normal” years.
rainy seasons whereas only 19% of all registered landslideFhe greater number of landslides during L&#lyears is also
occur in the earlier of these rainy seasons. When excludconfirmed by a comparison of the total amount of damage to
ing three months with the highest landslide activity (May, occur during La Nia, “normal”, and El Nio years (Fig. 7).
October, November), average of 40 landslides per month ocThe values derived for “normal” and El Kb years are simi-
curred during the 22 years time period. The average annudhr, both in terms of the number of landslides and the amount
landslide occurrence frequency for May is 4, for October andof damage. During a La R year, however, the total number
November it is 10 and 11 respectfully and 1.5 for the otherof landslides is 38% greater and the total amount of damage
months. is 65% greater. Also average damage per landslide is high-

The landslide distribution during La Na and EI Nfio est during the La Nia years (0.5) and it is lowest during El
years has several distinct features when compared to “nomifio years (0.39), while “normal” years are in between both
mal” years. During La Nia and El Niio years, the occur- previous values (0.45).
rence of landslides remains high in June, while during the
“normal” years it sharply drops down to the 77% of the May 5.4 Landslide hazard
occurrences Furthermore, there is also a distinct shift in the
timing of peak landslide occurrence during the later rainy To only use the available “La Red” and SIMPAD disaster
season. This occurs in October during “normal” years, butdatabases as the basis for a reliable landslide hazard assess-
in November during La Nia and EI Niio years. However, ment is problematic because of the incomplete nature of the
there are also differences between Ladand El Nilo years.  landslide inventories which exclude landslides that did not
The main difference stems from the gradual initiation of the cause damage. The completeness of inventories is basic re-
later maximum during El Nio years. For example, during quirement for the hazard assessment (Corominas and Moya,
an El Nino year the number of landslides starts to increase ir2008). The average annual landslide frequency for the 5 year
September (when the number of landslides increases by 67%eriod (2004-2008) is 1.3 per Knper year resulting in a
from August) and reaches its maximum in November (when0.015 year landslide return period. This suggests that the
the number of landslides increases by 55% from October)landslide hazard of the IguarRiver Basin is either high (Fell
During a La Nfa year, the number of landslides increaseset al., 2008) or very high (Corominas and Moya, 2008). As
dramatically in October (when the number of landslides in-the average number of houses damaged per registered land-
creases by 85% from September). In a “normal” year, theslide is known to be 0.3, it is possible to calculate that the
number of landslides in November drops appreciably (whenaverage annual landslide frequency of events able to cause
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damage is 0.43 landslides per kper year. There are a total ciated with this system. First, there is no fixed rule governing
of 27 352 houses in the watershed, which gives the averaghow an address is written and each city has its own template.
annual probability of a house being damaged by a landslidésecond, in rural areas a description may be used instead of
as 1.6<10°°. Similarly, the average annual probability of a street address. Consequently, the geocoding process un-
a person being killed by a landslide (based on the 22 yeadertaken in ArcGIS is liable to certain errors. In fact, it was
record) is 1.&107°. These figures are deemed to be ac-not possible to match 52.06% of the total landslide events
ceptable, according to the criteria described by ERM-Hongbecause the address recorded in the database could not be
Kong, Ltd. (1998). Missing information about landslide type matched to a point on the ground. To optimize the geocoding
and magnitude and possible gaps in the landslide inventorprocesses it is necessary to establish conventions regarding
in areas where no settlement is present makes it impossiblthe recording of landslide localities.
to perform landslide hazard zoning of the watershed. Thus The specific issues regarding quality and reliability of the
the calculated landslide probability occurrence is attributedprepared susceptibility maps are discussed in the following
to the whole studied watershed showing that the landslide ocparagraphs. The weighted susceptibility map is associated
currence is high enough to justify further effort in landslide with certain drawbacks. These stem from the representation
inventory improvement. 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
6 Discussion the relationship between preparatory factors and landslides
based only on points provides considerably smaller amount
The presented results demonstrate that even an incompletsf information compared to landslide area defined as a poly-
landslide dataset can be used to determine landslide suscegon. These drawbacks explain the unusual relationship be-
tibility with a reasonable degree of reliability. These results tween landslide densities and slope angle. The highest land-
are useful as a guide for future land use planning. It is sugslide density is in the ®-5° interval decreasing with increas-
gested that the most detailed scale at which the weighted susng slope with minimum on the slopes with dip35°. It
ceptibility map should be used is 1:50 000 due to any possibl&harply contrasts with slope dip landslide relationships de-
errors introduced during the georeferencing procedure. Thecribed in literature (Castellanos and van Westen, 2001; Dai
most detailed scale at which the specialist-based susceptibiland Lee, 2002; Nadim et al., 2006). This bias behavior of
ity map can be used is defined by the scale of the input datathe studied landslides can be explained by the fact that the
In this study, the input data is no smaller than 1:10 000 andpoints representing the landslides were placed near houses
therefore this is considered to be an appropriate scale. generally constructed on flat areas which could develop be-
Another requirement for the map’s applicability is the def- low landslide scarps or within their transport or accumula-
inition of the susceptibility classes with respect to land usetion parts. Consequently, the environmental factors respon-
planning. Thevery low and low susceptibility classes are sible for the initiation of the landslide remain largely uncon-
suitable for future development, although other potential nat-strained (Guinau et al., 2005). There may be a similarly bi-
ural hazards such as flooding or seismicity should be considased relationship between landslides and superficial geology.
ered before any such decision is made. Tiaderateand For example, fewer landslides would be expected to be re-
high susceptibility classes may be suitable for future devel-ported to occur on alluvial deposits; depending on that which
opment, although local stability assessments should be ureccurs up-slope of the alluvial deposit, some of those may be
dertaken by experienced personnel before any such decisidpetter attributed to colluvial, anthropogenic, or debris and de-
is made (Fell et al., 2008); placing critical infrastructure, bris/mud flow deposits (Fig. 3a). This bias is due to the fact
such as hospitals or schools, into these areas is not reconthat landslide locations reported to databases referred to the
mended. Theery highsusceptibility class is not suitable for toe areas instead to the scarp areas. Also the highest land-
future development, and the possibility of relocating exist- slide density on urban areas is caused by the way how the
ing settlements should be considered along with preventativéandslide data are collected and does not reflect more favor-
landslide mitigation measures that are able to secure existable conditions for landslide occurrence. These errors are not
ing buildings and infrastructure. It is also important to bear presented within the expert-based susceptibility map.
in mind that those regions up-slope frdrigh andvery high Despite of the differences in defining relationship be-
susceptibility classes may pose a serious threat as possibteveen landslides and their preparatory factors for expert and
landslide source areas which were recorded in the databasegeighted susceptibility models, they show in general simi-
in form of points placed within their accumulation and trans- lar picture about relative landslide susceptibility of the area.
port parts, but actually could initiated up slope from theseLowest landslide susceptibility is within the highest parts of
locations. the watershed bellow both north and east ridges. Moder-
The information recorded in the databases has not yet beeate susceptibility class is typical for the middle parts of the
standardized. For example, the landslides are located by thslopes on the left side of the IguaRiver, whereas the high
closest street address within the city. Two problems are assand very high susceptibility classes occur on lower parts of
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the same slopes. Largest differences in the susceptibility are 2

found on the mostly east facing slopes dissected by right- 0 P PN
bank tributaries of the Igu@River, where the expert suscep- = 150 A \\\ /r/‘ N
tibility map identified high and also very high susceptibility £ = S N

classes. The weighted model is less conservative and dis.g
plays very low to moderate susceptibility classes there. ButZ
even in this case we can observe that the weighted su:sceptigL§
bility map placed several pixels with high susceptibility into =30
the same sub-basin where the expert model suggest very higl -100
susceptibility and the two other tributary valleys in the south-  -1s0
ern part of this region display on both maps low or very low —+— Precipitation  —e— Cumulative ppt-pe
susceptibility. We consider this general agreement of the two

maps as a validation of our results showing that the map‘lq—'ig. 8. The average monthly precipitation calculated over a 30-

were able to correctly distinguish the most susceptible part§,ear period (1971-2000) (WMO) and the accumulative difference

of the study region regardless different approaches used fofeqyeen the monthly average precipitation and evaporation, as pro-
their preparation and drawbacks of the landslide input data. yided by IDEMA.

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 = Suggestions on easy to implement improvements of the
et al. (2006) noted that the soil water becomes highly satuavailable landslide databases are summarized in this para-
rated during the first rainy season and that this situation pergraph. The major step toward more reliable susceptibil-
sists until the second rainy season begins. The higher numity and hazard zoning of the area under study would be to
ber of landslides recorded during the second rainy season igiclude maps showing limits of each landslide. Such in-
a function of the antecedent soil water conditions. The accuformation is partly available in detailed geological reports
mulative differences between the average monthly precipitaL. J. Mejia, personal communication, 2009) along with in-
tion and the total evaporation (IDEAK show that a much  formation about landslides outside build up areas, which can
higher amount of water is available for the later rainy seasorbe obtained from aerial pictures or satellite images (Cardi-
(Fig. 8). The relative water deficit observed at the beginningnali et al., 1999). Their regular updating should be also
of the year is caused by the comparatively high evaporationnsured. Useful guidelines on what information should be
and low precipitation in the period from January to March. stored within the landslide inventories can be found else-
An analysis of the temporal distribution of landslides re- where (e.g. Malamud et al., 2004; Fell et al., 2008). We as-
vealed a prolonged maximum between October and Novemsume that institutional conditions for improving the existing
ber when the area is subjected to either LaaNor EI Niio  database are good in the Medelinunicipality, nevertheless
weather patterns. Moreover, considerably greater landslidelear operational framework is necessary to ensure applica-
activity occurs within La Niia years. This is attributed to the bpility of the best available data for decision making proce-
strong positive precipitation anomalies described by Povedajures.
at al. (2005), as the average daily total rainfall is 5.7-40% e also wanted to contribute to the discussion of using
greater than it is during “normal” years and 48% greaterthe susceptibility and hazard assessment during the land de-
than it is during EI Nio years. El Nio years are charac- velopment process, which seems to be partly neglected in the
terized by negative precipitation anomalies, especially be{ atin world so far. Nevertheless, it is worth to note that even
tween September and February. This negatively affects thén countries with well established development regulations
later rainy season, during which the majority of landslides considering natural disasters as limiting factor gaps between
usually occur. Taken together, these data suggest that landgientific knowledge, legal rules and decisions taken by the
slides are triggered as a result of shorter-term precipitationesponsible authorities cause large damages.
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 15days of 7 Conclusions
accumulative precipitation are important for triggering land-
slides within the study area. The realization that increasedrhis study has used existing disaster databases (inventories)
landslide activity and associated damage occurs during Lan order to examine the spatial and temporal variability of
Nifla years (65% higher than in “normal” or EIMi years)  landsliding within the Iguaa River Basin near Medéfi City,
may be particularly useful for local authorities and civil de- Colombia. The spatial variability of landsliding was ex-
fenses, as these institutions are now able to plan (and budgeimined using “expert-based” and “weighted” landslide sus-
for) more effective landslide mitigation and relief action dur- ceptibility models. The constructed landslide susceptibility
ing La Nifia years. maps demonstrate consistent results irrespective of the used
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method. These show that at least 55.9% of the watershed iaristizabal, E. and Yokota, S.: Geomorfolagaplicada a la ocur-
highly or very highlysusceptible to landsliding. Each sus-  rencia de deslizamientos en el Valle de MegIDYNA, 149,
ceptibility class has clearly defined meaning for the land use 5-16, 2006 (in Spanish).

planning purposes. Furthermore, a landslide density ma@aquero,A. E.j Capera, A A. G Hurtadoi, E. J. S.: State-of-the-art
and analyses of landslide persistency has enabled specific of the historical seismology in Colombia, Ann. Geophys.-Italy,
recommendations about the future land use planning of th%agélfsgo_sél?l)zg’ jogr?d van Westen. C. J.- Geomornholoav and geol-
area. Thus the main constrains of applying such result within ogy of Sa’n Ant'oni del Sur Gua;]ta'nér'no Cuba‘f’ its cgc])):]tribugon
the study area is not missing knowledge, technical skills or ! ' .

. . in producing landslides, in: Proceedings of GEOMIN 2001, Ge-
scarce economic resources but possible lack of legal or oper- gjogia y Mineria: memorias trabajos y fesenes, La Habana,

ational rules at the local scale. Cuba, 19-23 March 2001, 84-93, 2001.

The temporal distribution of landsliding was analyzed and Cardinali, M., Ardizzone, F., Galli, M., Guzzetti, F., and Reichen-
compared with climatic data. The area has a distinct bimodal bach, P.: Landslides triggered by rapid snow melting: the De-
rainfall distribution, and it is clear that landsliding is partic- ~ cember 1996-January 1997 event in central Italy, in: Mediter-
ularly frequent during the later rainy season between Octo- fanean Storms, Proceedings of the EGS Conference, Maratea,
ber and November. Moreover, landslides are more common_!taly, October 1999, 439-448, 1999. o
during La Nia years. This information is of value to lo- Chacon_, J., Irigaray, C., Feerndez_, T., and El Hamdogm, R.. Engi-

- . . neering geology maps: landslides and geographical information
cal authorities when they need to prepare post-disaster action :
| It ded that th isting landslide i t systems, B. Eng. Geol. Environ., 65, 341-411, 2006.
Pans- _'S recommende atthe existing a_n sliae inven o'é:orominas, J. and Moya, J.: A review of assessing landslide fre-
ries are improved so as to be of greater use in the future lan

A i - quency for hazard zoning purposes, Eng. Geol., 102, 193-213,
use planning of the area. Much of the requisite data is already 5qgs.

being collected by different agencies (e.g. geological report$ai, F. C. and Lee, C. F.: Landslide characteristics and slope insta-

about serious landslides). The integration of these data would bility modeling using GIS, Lantau Island, Hong Kong, Geomor-

substantially improve information on landsliding for a min-  phology, 42, 213-228, 2002.

imal cost. The construction of landslide susceptibility mapsEcheverri, O. and Valencia, Y.: Afisis de los deslizamientos en

based on widely available data represents a significant step !a cuenca de la Quebrada La Igaade la ciudad de Medét

towards landslide mitigation in the area and also may be used & Partir de la interacon lluvia-pendiente-formadn geobgica,

in different locations with similar landslide inventory draw- Revista DYNA, 142, 33-45, 2004 (in Spanish).

backs. Using susceptibility and hazard assessment presenteEdRM'H.ong. Kong, L.td': L"’.‘”d?“des and boulder falls from natural
terrain: interim risk guidelines, ERM-Hong Kong, Ltd, Hong

in the article during the developmental process should reduce Kong, Geo Report No. 75, 184 pp., 1998.

the need for disaster response at a later stage. Florez, M. A.: Movimientos en masa: Identifican, causas y al-

ternativas de manejo en Medall Alcaldia de Medelin, 2003 (in
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