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Abstract

Debris- ow processes are complex natural phenomena. As transitional processes, they
fall on the spectrum between o0ods and mass movements. Because of this dualism, debris-
ow processes have been regarded di erently depending on the expertise and background of
the scientist or professional studying them. Deslnventar, a disaster database, reports that
Colombia saw 1,387 channelized debris ows, debris oods, and ash oods between 1921
and 2020. These events resulted in 3,332 fatalities and more than 1.1 million people being
impacted. The current work attempts to analyse the transit of debris- ow processes using
various computational techniques, while accounting for the e ect of geomorphology on ha-
zard comprehension. It aims to investigate various methodologies and compare them using
validation criteria, as well as to investigate the in uence of sediment concentration on ow
behaviour and simulation tool and parametrization. Two case studies in the Colombian An-
des are analysed: the debris ood that occurred in Salgar, Antioquia in 2015, resulting in 112
landslides caused by the uncommon occurrence of two rainstorms and the Potrerito debris
ow in Bello, Antioquia, caused by an intense storm with extraordinary maximum instanta-
neous intensities.
Keywords: debris ow, hazard, geohazard, simulation.

Resumen

Las avenidas torrenciales son fenomenos naturales complejos. Como procesos transito-
rios, se situan entre las inundaciones y los movimientos en masa. Debido a este dualismo, las
avenidas torrenciales se han considerado de forma diferente dependiendo de la experiencia
y formacion del cient co o profesional que los estudie. DesInventar, una base de datos de
desastres, informa de que en Colombia se produjeron 1.387 ujos de escombros canalizados,
inundaciones de escombros e inundaciones subitas entre 1921 y 2020. Estos eventos causaron
3.332 v ctimas mortales y mas de 1,1 millones de personas afectadas. El presente trabajo trata
de analizar el transito de las avenidas torrenciales mediante diversas tecnicas computaciona-
les, teniendo en cuenta al mismo tiempo el efecto de la geomorfolog a en la comprension de la
amenaza. El objetivo es investigar diversas metodolog as y compararlas utilizando criterios
de validacion, as como investigar la in uencia de la concentracion de sedimentos en el com-
portamiento del ujoy en la herramienta y parametrizacion de la simulacion. Se analizan dos
estudios de caso en los Andes colombianos: la inundacion de escombros ocurrida en Salgar,
Antioquia, en 2015, que provoco 112 deslizamientos causados por la ocurrencia poco comun
de dos tormentas de lluvia y el ujo de escombros de Potrerito en Bello, Antioquia, causado
por una intensa tormenta con intensidades maximas instantaneas extraordinarias.
Palabras clave: avenidas torrenciales, amenaza, geoamenaza, simulacion.
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Introduction

Debris- ow processes are complex natural phenomena. As transitional processes, they fall
on the spectrum between o0o0ds and mass movements. Because of this dualism, debris- ow
processes have been regarded di erently depending on the expertise and background of the
scientist or professional studying them. They have been described in hydrology and hydraulics
as oods with large peak ows that occur in basins with fast hydrological responses. They
have been de ned in geology as fast mass movements with high saturations and volumes that
occur in small basins of low order in mountain environments. Meteorology has determined
that they are caused by heavy rainfall. Similarly, they can be caused by dam failures, the
in uence of mass shifts in reservoirs, earthquakes, or abrupt melting of glaciers owing to
volcanic activity. The complexity of debris- ow processes limits their research when their
comprehension is constrained to one area of expertise. It has become critical that their
comprehension be multidisciplinary.

Deslnventar, a disaster database, reports that Colombia saw 1,387 channelized debris

ows, debris oods, and ash oods between 1921 and 2020. These events resulted in 3,332
fatalities and more than 1.1 million people being impacted. Particularly disastrous catas-
trophes occurred in the Taparto watershed in the municipality of Andes (Antioquia) in 1993,
the La Liboriana debris ood in the municipality of Salgar (Antioquia) in 2015, killing 93
people, and the Mocoa (Putumayo) debris ow in 2017, killing 332 people. Due to two of Co-
lombia’s most catastrophic catastrophes, the Armero lahar in 1985, which killed over 23,000
people, and the Popayan earthquake in 1983, risk management in the country began with
Law 46 of 1988 and Decree 919 of 1989. In response to the lack of preparedness for these
catastrophes, the rst National Disaster Prevention and Response System was established.
Later, Law 388 of 1997 introduced land use planning (POT, from the Spanish acronym) as
a municipal planning instrument where the classi cation of hazardous and risky zones was
deemed required for spatial planning. Following that, in 2012, Law 1523 established the Na-
tional Disaster and Risk Management System, which is geared toward risk reduction and, as
a result, risk understanding, reduction, and management. Finally, under Decrees 1807 of 2014
and 1077 of 2015, risk management is integrated into land use planning based on landslide,

ood, and debris ow scenarios.

There are various methodological recommendations on debris ow hazard analysis in Co-
lombia. The Colombian Geological Service (SGC) concentrated on debris ows and other
landslide processes, whereas the Institute of Hydrology, Meteorology, and Environmental
Studies (IDEAM) concentrated on ash oods. However, there was no de ned technique for
analysing debris ows as complex phenomena a ecting the whole watershed until late 2021,
which would establish the methods and parameters to be followed at each scale, as well as
the products required to evaluate the hazard. The SGC and Javeriana University have pro-
duced a Methodological Guide for Hazard Zoning by Debris Flows. This is a comprehensive
document that discusses every aspect of the origin, supply, and route of debris ows. The
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approach is divided into three stages: characterization of debris ows, triggering analysis,
and characterization of hazard. The rst step includes a thorough assessment of historical
records, multi-temporal mapping of debris- ow events and landslides, morphometrical cha-
racterization of watersheds, and extensive mapping of geological and geomorphological units
along the channel. The triggering analysis compromises the evaluation of precipitation using
Intensity-Duration-Frequency curves, climate change adjustment, and hydrological analysis
to generate the ood hydrograph. The sediment supply, on the other hand, is calculated from
landslides, hillslope erosion, and bed and margin erosion. Finally, the hazard is determined
by integrating the ows simulated using appropriate software for the various return durations
considered.

The current work attempts to analyse the transit of debris- ow processes using various
computational techniques, while accounting for the e ect of geomorphology on hazard com-
prehension. It aims to investigate various methodologies and compare them using validation
criteria, as well as to investigate the in uence of sediment concentration on ow behaviour
and simulation tool and parametrization. Two case studies in the Colombian Andes are analy-
sed. The debris ood that occurred in Salgar, Antioquia in 2015, resulting in 112 landslides
caused by the uncommon occurrence of two rainstorms. More than 100 individuals were Ki-
lled in this severe storm, and the cost of reconstruction approached USD 12 million. The
Potrerito debris ow in Bello, Antioquia, is the second case study. An intense storm with
extraordinary maximum instantaneous intensities created this debris ow, which killed three
individuals, including a ve-year-old kid, and demolished two buildings.

This manuscript is structured into three major sections, with a nal conclusion section
that summarizes the ndings. These parts are organized as separate articles, with the fo-
llowing contents: (i) a review of methodologies for debris ows hazard assessment, (ii) the
Salgar case study, and (iii) the Potrerito case study.



Objectives

General objective

Evaluate debris- ow process routing in tropical mountainous terrains to assess a combined
thorough hazard assessment approach considering geomorphological data.

Specific objectives

= Investigate the various strategies for routing a debris ow along a channel and compare
the contrasted outcomes for accuracy.

Examine the e ect of varied sediment concentrations on the behaviour of the ow.

Determine the in uence of geomorphology in the largest possible extent of debris ows.

Propose speci ¢ modelling based on di erences in sediment concentration and ow
behaviour.

Examine models consistency and predictive capacity in real-world scenarios.

Scope

The goal of this study is to determine the impact of various aspects of ow-like events, such
as sediment content, on the rheology and behaviour of the ow. This will be accomplished by
implementing a few models that di er in their conceptual approach to understanding debris-

Ow processes: a probabilistic, a hydraulic, and a multi-phase mass ow model. Furthermore,
the output of these models will be compared considering also geomorphology.
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Abstract

Debris- ow processes are complex, hazardous phenomena common in tropical moun-
tains such as the Colombian Andes. Their high velocities and large destructive capacity
make them a threat to both human lives and infrastructure. These ows consist of mix-
tures of mainly sediment and water, the proportions of which de ne the type of ow
(Flash Floods, Hyper-concentrated Flows or Debris Flows), the destructive power, and
the rheological behaviour. Susceptibility and hazard assessment in Colombia have been
restricted to morphometric indices and simple hydraulic routing, since the phenomena
have been dealt with as ood processes. The most recent approaches involve more so-
phisticated models which evaluate debris ows as concatenated phenomena and route
the ow considering the changing rheologic multiphase behaviour. Yet it becomes im-
perative to develop aggregated methodologies for hazard assessment of such ows where
multiple perspectives might reduce the uncertainty while preserving simplicity and ease
of implementation without sacri cing accuracy.

Keywords: susceptibility, hazard, debris ows, modelling.

Resumen

Las avenidas torrenciales son feromenos complejos y peligrosos, comunes en mon-
tanas tropicales como los Andes colombianos. Sus altas velocidades y su gran capacidad
destructiva las convierten en una amenaza tanto para las vidas humanas como para la
infraestructura. Estos ujos estin formados por mezclas de sedimentos y agua princi-
palmente, cuyas proporciones de nen el tipo de ujo (inundaciones repentinas, ujos
hiperconcentrados o ujos de escombros), el poder destructivo y el comportamiento
reobgico. La evaluacon de la susceptibilidad y de la amenaza en Colombia se ha limi-
tado a los ndices morforretricos y al simple tansito hidaulico, ya que los feromenos se
han tratado como procesos de inundacon. Los enfoques nmas recientes involucran mode-
los nas so sticados que evalian las avenidas torrenciales como feromenos concatenados
y enrutan el ujo considerando el comportamiento reobgico multihsico cambiante. Sin
embargo, se vuelve imperativo desarrollar metodologas agregadas para la evaluacon de
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la amenaza de tales ujos, donde multiples perspectivas podran reducir la incertidum-
bre mientras se preserva la simplicidad y la facilidad de implementacon sin sacri car
la precison.

Palabras clave: susceptibilidad, amenaza, avenidas torrenciales, modelacon.

Introduction

Debris- ows processes are potentially destructive concatenated geological and hydrom-
eteorological phenomena common in small mountainous catchments [1{3]. The concept of
debris- ow processes includes a high diversity of ow-like landslides and ash oods [4]. De-
bris ows are a mixture of water and sediments in di erent proportions that move along steep
channels with high velocity, forming debris cones in the lower catchments [4{9]. Due to their
high velocity and long run-out zone, they threaten both human lives and infrastructure [10].

Debris- ow processes are usually the result of cascading phenomena, where rain plays
a fundamental role, but not always as the trigger factor. Triggering mechanisms include
intense rainfall events or even antecedent accumulated rainfall, clusters of landslides trig-
gered by rainfall or earthquakes, sudden rupture of natural dams generated by landslides or
glacial deposits, failure of dams of anthropogenic origin, overtopping of dams due to landslide
impacts on reservoirs or sudden melting of glaciers by volcanic activity [9, 11{13].

According to the rheology of the ow as a result of the proportion of water and sediments
[14, 15] and the grain size of the sediments [11, 16], debris- ow processes can be classi ed into
mixture ows, usually referred to as debris ows and, two-phase ows, called debris oods
[12, 17{19]. Debris ows correspond to non-Newtonian viscous ows that move as pulses, with
high sediment concentrations and the ability to transport large rock blocks by suspension.
They usually occur in rst and second-order streams in basins that reach only a few square
kilometres, with extreme peak ows [19]. Debris oods correspond to Newtonian ows where
water transports large blocks by drag forces due to high velocity, without clearly de ned
pulses. Debris oods originate in larger basins with peak ows comparable to ooding; their
deposits extend over longer distances and smaller slope areas [4, 12, 17, 19, 20].

These di erent types of debris ows are characterized primarily by density [21], which
mainly varies between 2 and 23 m=cm?® with the lower half of the range behaving close
to a Newtonian uid and the upper half similar to a Bingham uid. Mixtures above this
range lack the ability to ow, and below this range they behave as hyper-concentrated ows
[22]. They also di er in the solid volumetric concentration. Flows with concentrations lower
than 20% are called Flash Floods. Concentrations from 20% to 50% are known as Hyper-
concentrated Flow, and concentrations up to 80% characterize the ow as a Debris Flow
[23{25].

However, while in theory, it is possible to di erentiate the types of debris- ow processes,
there is a continuum between landslides, channelized debris ows, debris oods and clear
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water oods, as the boundaries between them are blurred, and in nature, there are phenomena
that simultaneously consist of several of these types of debris- ow processes and vary in their
spatial and temporal dimensions [4, 7, 14, 26, 27].

Such di erences in the understanding of occurrence, dynamics, geomechanical character-
istics and variations in source and routing of the ow call for multiple approaches to simu-
late and model debris- ow like processes. This review aims to synthesize several available
methodologies to evaluate susceptibility and hazard for them in their continuum of sediment
concentration, provide some strengths and weaknesses of each methodology and present the
current state of the art in Colombia, from the approach to the assessment to the contextual
framework.

1. Disasters in Colombia

Colombia is a highly susceptible country to the occurrence of debris ows as a result
of its mountainous topography and hydrometeorological conditions [2, 28]. Added to these
critical conditions of susceptibility is the accelerated and inadequate historical occupation of
populated centres along narrow valleys on alluvial terraces of torrential origin and on fans
and debris cones, creating high-risk scenarios with a high potential for human and economic
losses [29{31]. Besides, these populations have been growing, thus increasing exposure and
risk in terms of damage to human lives and infrastructure [32, 33].

According to the disaster database DeslInventar, between 1921 and 2020 1,387 channelized
debris ows, debris oods and ash oods have been recorded in Colombia, that have left
3,332 people dead, and more than 1.1 million people aected. Particularly severe events
have struck the basin of the Taparb river in the municipality of Andes (Antioquia) in 1993
leaving 56 people deceased, the basin of the La Liboriana stream in the municipality of Salgar
(Antioquia) in 2015 with 93 people deceased and the area of Mocoa (Putumayo) in 2017 with
332 deaths.

Due to two of the most deadly disasters in Colombia, the Armero lahar of 1985, that killed
more than 23,000 people and the Popayan earthquake that killed more than 267 people in
1983, risk management in the nation began with Law 46 of 1988 and Decree 919 of 1989.
These established the rst National Disaster Prevention and Response System in reaction
to the lack of preparedness for these events. Later, Law 388 of 1997 established the land
use planning (POT, from the Spanish acronym) as municipal planning instrument where the
de nition of areas subject to hazards and risks was considered necessary for spatial planning.
Subsequently, in 2012, Law 1523 established the National Disaster and Risk Management
System oriented towards risk reduction and thus, its knowledge, reduction, and management.
Finally, through the Decrees 1807 of 2014 and 1077 of 2015, risk management is integrated
into land use planning based on scenarios of hazards related to landslides, oods, and debris
OWS.
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1.1. Susceptibility and hazard studies

The high deadly impact of debris ows in Colombia highlights the importance of multiscale
studies assessing susceptibility and hazard of debris- ow processes and their incorporation
into land use planning where the formulation of e ective strategies to mitigate the risk is
required, both in terms of probability and recurrence of debris- ow processes and by the
extent of the potentially a ected areas [34].

Consequently, di erent studies have been carried out in an attempt to better understand
complex debris- ow processes [35, 36] and, on this basis, to improve land management focused
on the protection of life and heritage [37].

Debris- ow susceptibility has been mostly evaluated through morphometric or land cover
indicators. Caballero [29] followed a purely geomorphological approach to prioritize multiple
streams in the Abura Valley from three large landforms: mountain areas (determined by
slope), transition areas (where slope changes signi cantly, e.g. debris fans) and alluvial plains.
Rogelis and Werner [38] used morphometry and a Modi ed Single Flow Direction algorithm
(MSDF) to identify possible propagation paths near Bogot, DC. Meanwhile, Aristizabal
et al. [39] used morphometric indexes coupled with a slope stability model to assess region-
wide debris- ow susceptibility and hazard.

Moreover, Montoya Jaramillo et al. [37] used morphometric parameters and through sta-
tistical technics and heuristic criteria established hazard areas in the Colombian Andes. They
compared the results obtained to the outcomes of the hydraulic model HEC-RAS [40] and
concluded that both methodologies match areas in the channel and low areas, but the hy-
draulic model did not represent the hillslope areas since it only considered the ood generated
and not the associated landslides.

Other hydraulic simulations have been carried out with widely used models such as FLO-
2D [41], Sierra Hernandez [42] to assess three return periods and categorize hazard areas
from velocity and height in Gachet, Cundinamarca.

Alvarado Reyes [43] performed a small review on several studies made from companies,
government entities, universities and other institutions. Those studies were based on heuris-
tic, deterministic, or combined methodologies implementing HEC-RAS, FLO-2D and IBER
for hydraulic routing, sometimes coupled with slope stability models such as SHALSTAB
for sediment input, or more simpli ed approaches such as analysis from landslide records or
geomorphological characteristics.

Fonseca Arevalo [44] used a more sophisticated model, OpenLISEM, assessing multi-
hazard scenarios for di erent return periods to establish di erent risk scenarios and capture
changing conditions to provide and compare di erent alternatives for stakeholders to reduce
risk in Envigado, Antioquia. Castro Lopez [45] used r.ava ow [46] in south Colombia, mod-
elling avalanches and debris ows. His analysis obtained the velocity, height, volume, and
extent of debris ows, primarily serving as inputs for a detailed hazard assessment. And,
through variations on key parameters of the model, he was able to perform a sensitivity

12



analysis on the behaviour, velocity, and maximum reaches of the ows.

1.2. Local framework

In Colombia, there are several methodological guides on debris ow hazard analysis.
The Colombian Geological Service (SGC, from the Spanish acronym) focused on debris-
ows and other landslide processes, whereas the Institute of Hydrology, Meteorology and
Environmental Studies (IDEAM, from the Spanish acronym) focused on ash oods.

However, until late 2021 there was no clear methodology for analysing debris ows as
complex phenomena, involving the entire catchment, which would determine the procedures
and parameters to be followed at each scale and the products needed to evaluate the hazard.
Recently, the SGC and the Javeriana University published the Methodological Guide for Haz-
ard Zoning by Debris ows [47]. This is a detailed document that addresses every component
regarding the origin, supply, and routing of debris ows. The methodology establishes three
main stages: debris ow characterization, triggering analysis and hazard characterization.
In the rst stage is carried out a full review of the historical records and a multi-temporal
mapping of debris- ow processes and landslides, as well as a morphometrical characterization
of the watersheds and a detailed mapping of geological and geomorphological units along the
channel. The triggering analysis compromises the evaluation of the precipitation through
Intensity-Duration-Frequency curves, an adjustment for climate change and the hydrological
analysis to obtain the ood hydrograph. On the other hand, the sediment supply is estimated
from landslides, hillslope erosion, and bed and margin erosion. Hazard is nally computed
by the integration of the ows simulated using a suitable software for the di erent return
periods evaluated.

In spite of this, the guide poses several issues: (i) lacks a susceptibility analysis and
assumes the torrential character of the study basin. The basin is characterized through
morphometry and a historical review, yet its susceptibility is not clearly de ned. Though
when historical records are available and provide descriptions of past ows in the basin, these
records are highly dependent on the human factor and might present multiple bias [48] and
are also a ected by the existence of populations dwelling in the area, infrastructure damage
and injured or killed people, because the records are from disasters, not natural hazards
occurrence. (ii) The detail proposed on the analysis of each input variable is perhaps self-
defeating as the understanding and factors involved are not easily acquired or are not viable
under scenarios of lack of information on regional assessments as the 1:25,000 scale proposed.
This brings about a challenge to engage susceptibility and hazard on regional scales using
parsimonious models that minimize detail and do not demand the acquisition of sophisticated
data [49]. (iii) Volumes estimated to be incorporated in the ow might be overestimated,
since the slope stability and erosion methodologies are intended and implemented to be
conservative, and as it is proposed to add slope and margin erosion, this can lead to extreme
and unlikely high-sediment ows. And (iv) the guide does not di erentiate the changes
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in the phases of the ow as the sediment concentrations varies and their implication in
simulations [50]. For instance, low sediment concentrations should be modelled as a two-
phase hyperconcentrated ow whilst high sediment concentrations induce changes in the ow
that behaves as a one-phase non-Newtonian uid.

2. Methodologies

Di erent methodological approaches have been proposed according to local characteristics
of the basins, ow granulometry, rheologic behaviour and other special features.

In a general sense, Dez et al. [9] identi es four broad groups of methodologies for as-
sessing debris ows hazard: historical, paleo-hydrological, geological-geomorphological and
hydraulic-hydrological. Historical methods use recorded documentation to rebuild the exten-
sion and maximum height reached by the ow. This methodology assumes that if water once
reached those extents, it could reach them again. Paleo-hydrological methods use the geolog-
ical record of deposits and indications of past ows that lack historical records. This evidence
can be dated using paleontological, dendrochronological, radiometric, or archaeological tech-
niques. Geological-geomorphological methods use the setup and typology of landforms and
deposits generated from debris ows, and thereby delimit active or exposed areas nearby the
stream. Finally, hydraulic-hydrological methods estimate ow rates, volumes, propagation
speeds, and timing from a watershed or stream and sometimes can integrate hydrometeoro-
logical models as well for forecasting purposes.

Nevertheless, some of these methodologies, as the hydraulic, focus predominantly on slow
oods common in large basins with low elevation di erence with regard to its length. The sort
of phenomenon subject to evaluation in the following methodologies is a rapid ow common
in small basins with high elevation di erence that result in short concentration times and
highly dynamic slopes.

Since debris- ow processes are complex phenomena composed of mixtures of sediment
and water, some methodologies using coupled hydrological and hillslope models have been
proposed, including geotechnical models of hillslope stability that allow for the estimation
of the source areas [51{54]. Others are based on digital elevation models and/or cellular
automata for modelling the spread of such ows on the slopes [55, 56]. A further category
of methodologies focuses on the propagation of hyper-concentrated ows along permanent
channels [40, 57{60].

Besides, interesting proposals are found that partially couple the process of generating
and propagating ows [61, 62]. These physically based models have a signi cant limitation
because the parameters needed as input are usually not collected representatively in the eld
and vary widely even over short distances. Likewise, estimations made for water and sediment
volumes to de ne the path taken by the ow are poorly assessed because of the uncertainty
of rainfall intensity and duration. Local rainfall characteristics can be signi cantly di erent
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from those measured at nearby rain gauges. Quanti cation of short rainfall events of high
intensity, which are often also spatially limited, is associated with higher uncertainty than
the quanti cation of long-duration events of low intensity [63].

2.1. Geomorphology and morphometry

Geomorphology provides a threefold in uence in debris- ow processes evaluation: the
setting of the landforms, the dynamics that develop the uvial processes and deposits and
landforms generated, and the trends of relief modi cation and evolution of uvial landforms.
This methodology includes the identi cation and classi cation of source, transit, and depo-
sition zones inside the catchment [64{66]. A geological characterization of the fans, cones
and other landforms of torrential origin provides insight to the kinds of phenomena which
contributed to their development and, therefore, the potential of the catchment for producing
such processes [67]. Detailed identi cation of the morphology of the channels allows the de-
termination of possibly a ected areas along with the transit of the ows and the areas where
the transported material will deposit. Geomorphological approaches, therefore, represent
fundamental tools for identifying and rating the areas naturally exposed to these phenomena
as well as for adjusting the results of hydraulic or mass-routing modelling.

The geomorphological setting of the watersheds can be also represented by their slope,
size, shape, etc., and strongly in uences their hydrological response to intense precipitation
events and therefore determines their susceptibility to debris ows. Several useful indexes for
this characterization have been proposed: area, perimeter, watershed length, relief, stream
order, etc. [2, 9, 68, 69]. Other morphometric indexes have been designed to represent
guantitatively the potential of a watershed to produce debris- ow processes such as Stream
Length [70], Circularity Ratio, Melton Index [71], Relief [72] and Length of Overland Flow
[73], amongst others. Nikolova et al. [74] highlight slope and indexes such as Melton's [71]
and Relief Ratio [75] to demonstrate their high importance in determining the debris- ow
susceptibility of a given catchment.

Using 28 of these parameters, Arango et al. [2] carried out an extensive and thorough
morphometric analysis of selected catchments in the Colombian Andes. Those parameters
were acquired from more than 70 catchments and analysed through several machine learning
algorithms. The authors found out that Melton Index, though it is widely used, presents no
useful information nor correlate with the torrential behaviour of the catchments in Colombia,
not even when compared with the Length of the catchment as proposed by Wilford et al.
[76]. Nevertheless, the pairing of Area, Main Stream Order and Melton Index with the Relief
Ratio proved the best assortment of torrential and non-torrential catchments.

From these indices and parameters, several authors have developed di erent remote sens-
ing techniques to assess debris- ow susceptibility and even hazard. Amin and Bano [77] used
morphometric parameters and indices such as NDVI together with a statistical analysis in-
cluding historical records to zone their study area in terms of the intensity and return period
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of debris ows. Remote-Sensing data can also be helpful in identifying the most signi cant
controlling factors for debris ow development as well as to determine susceptibility through
regression and machine learning techniques such as Arti cial Neural Networks (ANN) [78{82],
Logistic Regression (LR) [78, 83{86], Decision Trees (DT) [87, 88], Support Vector Machines
(SVM) [79, 83, 89] and Random Forest (RF) [83, 85, 87, 89]. Beyond susceptibility, deep
learning and numerical simulations based on remote sensing imagery can help with the es-
timation of maximum inundation depths and debris- ow induced topographic deformations,
as proposed by Yokoya et al. [90].

2.2. Cell propagation based on rules

Regional approaches where detailed data are scarce provide an insight into debris- ow
susceptibility through the empirical estimation of various parameters. Usually, these model-
based studies are build on a grid or raster discretization, where each cell is considered an
agent or automaton. Source areas are prede ned or identi ed by thresholds of slope, curvature
and/or other morphometric variables. Propagation is computed by rules commanding the
possible transport of material from one cell to another, considering topographic conditions
and mass or energy balances [5, 91, 92].

One of such propagation models is Flow-R (Flow path assessment of gravitational hazards
at a Regional scale), which allows automatic delineation of the source area, given certain
user criteria, and the assessment of the extent of propagation based on several dispersion
algorithms and simple friction laws, built to analyse susceptibility related to the propagation
of channelized debris ows [55, 93]. Source points are propagated over the topography using
a probabilistic and energy approach, where the initial mass and its changes due to deposition
and erosion are disregarded. These characteristics and phenomena have also been included
to better model debris ows, as done by Blahut et al. [94].

The Cellular Automata (CA) method is used to provide a detailed estimate, both tem-
porally and spatially, of the dynamics of the ow propagation process using parameters
extracted from digital elevation models. This model combines a logistic regression analysis,
used to establish the weight of classes within the conditioning variables, with the transit rules
of cellular automata, thus determining which are the topographic characteristics that favour
the transit and accumulation of the removed material [56].

Additionally, there is a two-dimensional Monte Carlo simulation-based CA model with
hydrodynamic methods describing debris- ow behaviour where a topography function con-
cerning slope gradient and bed roughness, and a persistence function regarding ow inertia,
are combined to improve the ow routing algorithm for better determining the run-out extent
of debris ows [95].

Another model based on CA is Debris Flow Predictor where individual cells follow simple
rules for scour, deposition, path selection and spread [96]. The behaviour of the ows relies on
empirical observations independent of geology, rheology, triggering mechanisms or antecedent
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conditions. This model is intended to provide credible results with limited input [96, 97].

2.3. Hydraulic routing

Numerical simulations based on hydraulic laws are often used to simulate the transit
of ows, ranging from debris ows to water ows. Some disregard the rheological changes
due to sediment concentrations, and others calibrate friction and ruggedness to adjust this
behaviour [98{100]. In Colombia, these hydraulic models have been traditionally used to
model debris ows considering an increase, usually of 40%, in the volume of the ow to
simulate the solid-phase volumetric content [37, 101, 102].

There are plenty of hydrological-hydraulic models, here are named a few such as LISFLOOD-
FP, a ood model speci cally developed to be based on high-resolution topographic databases
where channel ow is modelled using a one-dimensional approach capable of capturing the
downstream propagation of the ow and the ow response to free surfaces [59]. It consists of
a one-dimensional kinematic wave approximation for the channel ow using an explicit nite
di erence scheme and a two-dimensional di usion wave representation of the ood ow [103].

Hec-Ras is designed to model static and continuous ow calculations to determine water
table-level pro les for both natural and arti cial channels [60]. It contains four components:
continuous ow water level pro le calculations, static ow simulation, sediment transport
calculations, and water quality analysis [40].

Also, TELEMAC 2D is a model that analyses two-dimensional ows based on nite ele-
ments and solves surface water equations for free ow [57]. This code solves depth-averaged
second-order partial di erential equations derived from Navier-Stokes three-dimensional equa-
tions; this generates a system of equations where the only assumption is that the uid must
be Newtonian [58].

FLO-2D is a two-dimensional nite di erence model that simulates water ood hazards,
mud ows, and debris ows on alluvial fans and urban oodplains using a quadratic rheologi-
cal model, developed from eld and laboratory mud ow data. This tool enables appropriate
simulations of ooding conditions ranging from clear water to hyperconcentrated ows [41].

IBER is a simulation tool that combines a hydrodynamic, a turbulent and a sediment
transport module, using a nite volume approach to solve the involved equations. It was
developed in accordance with Spanish regulations and directives, with the intention to provide
a ow and sediment modelling system for rivers and estuaries that uses advanced numerical
schemes, robust and stable, which are especially suitable for discontinuous ows taking place
in torrential and hydrologically irregular rivers [104].

2.4. Mass routing

Certain models incorporate di erent rheological laws to simulate the characteristics of
the ow. Parameters such as internal, basal or turbulent friction usually must be calibrated
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with observed data [105]. The need for calibration of these and other parameters can be a
draw-back of these models since predictive simulations are troublesome; nonetheless, some
standard values may be used or the parameters for a given study area can be calibrated
through back-analysis or by systematic adjustments through trial-and-error [106].

Some mass- ow models use simpli ed rheological laws to deal with changes in ow rhe-
ology, such as TITAN2D [107] and FLO-2D [41] which solve depth-averaged shallow-water
conservation equations describing the dynamics of the multiphase mixture composing such
ows [108]. FLO-2D has proven to be more exible due to the possibility of hydrograph
input [108].

Another model for mass- ow routing is r.ava ow, a computational tool for the simulation
of debris ows, avalanches, and other ow-type mass movements and concatenated processes,
that employs (i) a one-to-three-phase model where solids and uids are considered separately,
but interact in various ways [109] or (ii) a single-phase mixture model based on Voellmy
[110]. r.ava ow is suitable to model complex process chains and interactions, considering
entrainment and stopping of the ow [46].

DEBRIS-2D is a numerical programme based on the Julien and Lan [111] rheological
model. It can be used to simulate debris ows separating into plug and bottom regions due
to the derivative discontinuous nature of the constitutive law. This tool solves the plug ow
layer solution rst, and then corrects the solution with the bottom layer approximation [112].

Moreover, RAMMS, which solves the depth-averaged equations governing avalanche ow
with accurate second-order numerical solution schemes [113], provides a module for debris
ows based on a Voellmy-type constitutive equation [114].

2.5. Coupled models

Since debris- ow processes are complex phenomena, their comprehensive analysis requires
multiple concatenated steps. They include the hydro-meteorological triggering scenarios, the
stability of hillslopes and the propagation of landslides down to the gullies where they mix
with water, and the ow dynamics farther downstream. Coupled models vary widely in terms
of accuracy, required input data, length of simulations and complexity of the representation
of the processes included.

Simpler models neglect rheological or erosion parameters, yet provide fast computations
yielding potentially useful results [115]. More sophisticated models represent in more detail
the process from the mobilization of the material on the hillslope to the propagation of debris
ows. One example of such an approach is the STEP-TRAMM model, which integrates a
hydro-mechanical component of landslide generation with the propagation of the associated
debris ow using digital elevation models and soil maps as well as rain statistics of the region
to be analysed [61].

Also, Bout et al. [62] developed openLISEM, an integrated modelling method for shal-
low landslides, debris ows and catchment hydrology. In this model, two-phase debris ow
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equations and an adaptation of the in nite slope method are coupled with a full hydrological
catchment model.

There are also interesting proposals of linking models that focus on di erent stages of
the ows, such as landslides triggering and ow routing. Fan et al. [116] proposed a novel
approach, Landslide Hydro-mechanical Triggering (THC), with adaptations of a model based
on Perla et al. [117]. Besides, TRIGRS [53] has been coupled with routing models such as
FLO-2D [41] by Stancanelli et al. [34] and with DEBRIS-2D [112] by Hsu and Liu [118]
achieving good performance when compared to documented events. FLO-2D has also been
coupled with SHALSTAB using data from a back-analysis [119].

3. Further research and challenges

Multiple approaches have been proposed to analyse the susceptibility and hazard related
to debris- ow processes at both regional and detailed scales. Regional analyses are usually
carried out through geomorphological or morphometric approaches or statistical explorations
from historical records, while local or detailed analyses employ physically based methodolo-
gies which implement hydraulic and rheologic laws to propagate the ows down a gully.

In Colombia, the susceptibility has been analysed at a regional scale to prioritize catch-
ments according to the interpreted hydrological response to rainfall events and the estimated
sediment volume. Hazard was then evaluated for the streams in these prioritized catchments
and, traditionally, hydraulic simulations where the peak discharges are increased, usually by
40%, provided acceptable results.

Nonetheless, in recent years, these models have proven to be insu cient when compared
with modern multiphase mass-routing models since the latter group more appropriately ac-
counts for the physical characteristics of the debris- ow processes and allows the user to
adjust density, viscosity, friction, and other model parameters such as entrainment and stop-
ping coe cients.

When comparing hydraulic and mass-routing models, the latter usually do a better job
in predicting impact areas and ow depths, as concluded by Wu et al. [98] when comparing
FLO-2D and DEBRIS-2D. However, in a study of Cesca and D'Agostino [120] where FLO-2D
was compared with RAMMS, FLO-2D achieved better results since it allows the input of the
material distributed in time by a hydrograph while RAMMS did not allow it at that time.
However, independently of the model used, the simulation of debris- ow processes still carries
strong generalizations and not even the worst-case scenarios can guarantee that future events
lie within their borders [10]. In particular, the parameterization of soil geotechnical proper-
ties and mechanical parameters of the ow represents a particular challenge in the detailed
analysis of debris- ow processes. Considering parameter ranges or di erent scenarios of pa-
rameter combinations can help to more appropriately deal with the associated uncertainties,
but makes the interpretation of the results - and therefore also their use for risk management
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purposes - less straightforward.

Geomorphological mapping provides a conservative perspective since the deposits and fans
recorded in this way are composed of multiple overlapping ows, but may not accurately esti-
mate their magnitude since material is mostly eroded in the weeks following the event. Likely,
future changes in conditioning factors (i.e., debris ows occurring in areas where they did not
occur before) cannot be captured by geomorphological mapping. It is therefore imperative
to develop aggregated methodologies for hazard assessment of debris- ow processes where
multiple perspectives might reduce the associated uncertainty, preserving simplicity and ease
of implementation without sacri cing accuracy.

Cones, fans and low-slope deposits are of particular importance when pushing forward
the methodologies for debris- ow susceptibility, hazard, and risk analyses: on the one hand,
both hydraulic and mass-routing propagation models perform better in narrow valleys than
in open low-slope areas. On the other hand, the latter areas are of great importance in land
use planning, as most of the socio-economic activities take place in such areas.
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Abstract

Debris oods are hazardous phenomena with long travel distances and high velocities
and impact forces. They are common in steep channels and characterized by sediment
concentrations that range from 20% to 50% and peak discharges comparable to ooding.
Several of the a ected watersheds lack relevant data, making robust hazard and risk
analysis hard to implement. Added to high vulnerability and low capacity and funding
for a successful risk management from government and institutions, this leads to deadly
disasters. In this study, three di erent models are compared from three of the main
approaches to the simulation: empirical, hydraulic and mass-routing. Flow-R, Iber and
r.ava ow are employed on the simulation of a debris ood that took place in Salgar
(Colombia) in 2015, where 112 landslides were triggered by the unusual occurrence of
two rainstorms. The subsequent debris ood killed more than 100 people and the cost
of reconstruction was over USD 12 million. All models provide conservative results
and good recall & 65%) as compared with observed impacted area. Flow-R parameters
are tuned to local conditions and provide a good, conservative yet probabilistic spatial
prediction. Iber adjusts best to the particular case with mean velocities from 2 to 4
ms 1 and depths around 2 m, while r.ava ow shows highly conservative results with
mean velocities from 2 to 10ms ! and depths varying from 1 to 7 m and can suit better
a long-term risk analysis.

Keywords: debris oods, simulation, susceptibility, hazard, scarce data.

Resumen

Las inundaciones de escombros son feromenos peligrosos con largas distancias de
viaje y altas velocidades y fuerzas de impacto. Son comunes en drenajes de altas pen-
dientes y se caracterizan por concentraciones de sedimentos que oscilan entre 20% y
50% y descargas maximas comparables a las de las inundaciones. Varias de las cuencas
afectadas carecen de datos relevantes, lo que di culta la realizacon de aralisis lidos
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de amenaza y riesgo. Esto, sumado a la elevada vulnerabilidad y a la escasa capacidad
y nanciacon de los gobiernos y las instituciones para una buena geston del riesgo,
da lugar a caastrofes mortales. En este estudio, se comparan tres modelos diferentes
de tres de los principales enfoques de simulacon: emprico, hidaulico y de tansito

de masas. Flow-R, Iber y r.ava ow se emplean en la simulacon de una inundacon de
escombros que tuvo lugar en Salgar (Colombia) en 2015, donde se desencadenaron 112
movimientos en masa por la inusual ocurrencia de dos tormentas de lluvia. La poste-
rior inundacon de escombros cau la muerte de mas de 100 personas y el coste de
la reconstruccon supep los 12 millones de dlares. Todos los modelos proporcionan
resultados conservadores y un buen acierto>65 %) en comparacbn con elarea im-
pactada observada. Los paametros de Flow-R se ajustan a las condiciones locales y
proporcionan una buena prediccon espacial, conservadora pero probabilstica. Iber se
ajusta mejor al caso particular con velocidades medias de 2 ams !y profundidades

en torno a los 2 m, mientras que r.ava ow muestra resultados muy conservadores con
velocidades medias de 2 a 1fhs !y profundidades que varan de 1 a 7 m, y puede
adaptarse mejor a un aralisis de riesgo a largo plazo.

Palabras clave: inundacon de escombros, simulacon, susceptibilidad, amenaza, poca

informacon.

Introduction

Debris oods are hazardous phenomena that threaten life and infrastructure due to long
travel distances, high velocities and impact forces [1]. They are hard to forecast temporally
because they can occur quickly in permanent or ephemeral stream channels and have huge
impacts on alluvial fans or ood-prone mountain valleys, for the large population centres
that reside in them [2, 3]. Several watersheds in many countries of the Global South face
such risks where related relevant data is poor or non-existent, making robust hazard and risk
analysis hard to implement [4]. Also, government and institutions also frequently lack the
capacity and funding for a successful risk management; this leads to high vulnerability and
recurring deadly disasters.

Debris oods are part of the debris- ow processes continuum as transitional processes
between water ows where sediment concentrations do not exceed 4% and mud- or debris
ows where these concentrations exceed 50% [5]. Debris oods are common in steep channels
where they are able to mobilize the channel bed, except the larger clasts, and carry also
signi cant loads of organic debris introduced through bank erosion [6]. Also known as hyper-
concentrated ows, these oods behave as Newtonian uids, where water transports large
blocks by drag forces due to high velocity [1, 7{10]. They are characterized by sediment
concentrations that range from 20% to 50% [11{13] and by peak discharges comparable to
ooding. Therefore, they do not show surges or pulses, but still represent a signi cant damage
potential [1].
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They di er from debris ows in their lower density, mechanism of sediment transport
and the phases of the ow. Debris oods transport sediments by drag and not buoyancy, in
usually two phases where water ows at higher velocities. Debris ows because of higher load
of ne sediment behave as non-Newtoninan uids of one phase. The deposits of debris oods
also extend over longer distances and gentler slopes due to lower internal friction, compared
to debris ows [7{10].

Several approaches have been proposed to analyse the susceptibility of watersheds pro-
ducing a ood and the impact areas of ooding. The susceptibility is primarily derived from
watershed morphometrics, historical records and geomorphology evidences [14, 15], whilst
the hazards are analysed through empirical or mathematical models [15{22].

The present study aims to compare the simulations of three di erent models in the analysis
of a debris ood that took place in Salgar, Colombia, where 112 landslides were triggered
by the unusual occurrence of two rainstorms. These models have separate approaches to
the assessment of the routing path and are a few of the most used in their own type of
simulation. (i) Flow-R, based on empirical laws, propagate dimensionless agents on the
topography according to algorithms that control spreading and runout. (ii) Iber represents
mathematical model for the simulation of oods yet used also to estimate debris- ow like
processes. And (iii) r.ava ow, a mass ow mathematical model which considering drag forces
and interactions among the phases of the ow and the distributed entrainment and deposition
of material.

1. Study case

On May 18, 2015, a debris ood in the La Liboriana river in Salgar, Colombia killed
over 100 people. The cost of reconstruction exceeded USD 12 million, roughly 2.5 times the
municipality's yearly budget [23]. This catchment has an area of 56m? and an altitude
di erence of around 2,300m with the urban settlement of Salgar located in the narrow valley
in the lowest area. The location of this valley and the landslides and subsequent debris
ood are presented in Figure 1. Most of the 20,000 inhabitants of Salgar occupy the ood
plains and deposits of this river, much of them in informal and highly vulnerable houses.
The high exposure of nearby buildings and infrastructure, their vulnerability and the natural
susceptibility of the area led to a disaster [24].
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Figure 1: Location, landslides, and area a ected by the debris ood. The red arrow points
to the start of the computational region.

Preceding conditions to the fatal debris ood are explained by two main precipitation
events: the former, during the night of 17 May, is a rainstorm with an average accumulation
of 47 mm and maximum intensity of 150nmh 1 that covered almost all the basin; later on
the rst hours of 18 May two successive systems occurred in the uppermost area of the basin
with an accumulation of 180 mm and maximum intensity of 18@nmh 1, as seen in Figure

2 [25].
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Figure 2: Precipitation preceding and during the Salgar debris ood modi ed from Vehsquez
et al. [25].

According to Hoyos et al. [23], these two precipitation storms were not rare, since their
accumulated rain was normal to negative compared with historical records; but, the com-
bined e ects of these two rainstorms in such a short period of time in the upper watershed
iIs unprecedented. This rainstorm triggered 112 landslides in what is known as Multiple
Occurrence of Regional Landslide Events (MORLE).

2. Methodology
2.1. Data

Scarce information is a common issue in many watersheds of the Global South. Analyses
are often hard to implement due to poor or non-existent available data of remote areas
where MORLE and debris- ow processes originate [4]. Because these places are typically
mountainous, steep, and di cult to access, measuring and monitoring hydrometeorological
triggering conditions, as well as characterizing local topography and geotechnical features, is
costly and challenging [26, 27].
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As a result, remote sensing and satellite data enable speedy analysis, particularly in
distant places where eld data is not always available and where landslides and debris ows
are prevalent and can remain undiscovered until they reach lower occupied ood plains [28,
29].

Following this situation of scarce data, the key input data and variables for the simu-
lation tools hereby used are the Digital Elevation Model (DEM), the source areas or input
hydrographs, and the model parameters. The DEM is acquired from the ALOS-PALSAR
mission with a spatial resolution of 12.5 m and further hydrologically corrected. Landslide
scars and ood areas were obtained and mapped using following satellite imagery, which is
freely available on Google Earth.

However, the computational domain of this study is framed only in the lower half basin,
with the start point indicated in Figure 1 with the red arrow. According to Vehsquez et al.
[25] at this point the peak ow reached 183m3s . This value sets up the boundary inlet
condition of Iber and r.ava ow simulations. Nonetheless, the latter allows for phases to be
discretized, with an estimated sediment load of around 30% [25], yet in both models this
additional volume is considered adding up to 236°s 1.

2.2. Simulation tools

Three simulation tools were used in this study to assess the possible areas impacted by
a debris ood in the Salgar 2015 case. The rst tool provides a probabilistic and empirical
approach and the other two are based on physical laws, one for hydraulic ood-like estimations
and the other including a more re ned rheologic interaction of the multiple phases of the ow.
Each tool description and parameters used are explained as follows.

2.2.1. Flow-R

Flow-R -short for Flow path assessment of gravitational hazards at a Regional scale-, is a
tool for susceptibility assessment which makes use of ow direction algorithms coupled with
persistence functions to provide an overall spatial susceptibility and run-out distance based
on simple frictional laws to estimate the maximum extent of the ow [30].

The ow direction algorithms available are the multiple ow direction [31], the D1 algo-
rithm [32], D8 algorithm [33], the Rho8 algorithm [34], the Holmgren algorithm [35] and its
modi ed version [30] that changes the height of the central cell by a factath. As the authors
recommend, this analysis uses the modi ed version of Holmgren's algorithm; the exponent
x of this model, which controls the divergence, and the factath are adjusted for the study
case.

There are three persistence functions which weight the neighbouring cells for propagation:
proportional, cosines and Gamma [36]. These functions set weights to neighbouring cells,
always the highest weight to the front cell, lower values for cells at 45, 90 and 13&nd
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none to 180 to avoid backward propagations. Gamma, as the most used function and
recommended from the authors, is used on the analysis.

Friction models control the spreading and run-out of the ow using Perla's friction model
[37] or the maximum travel angle or reach angle [38, 39]. For this analysis, the travel angle
is chosen for its simplicity and ease of understanding and use and is adjusted for the study
case.

2.2.2. lber

Iber is a two-dimensional mathematical model for the simulation of free ow in rivers
developed by Black et al. [21]. The hydrodynamic module solves the St. Venant equations,
which are a two-dimensional derivation of the Navier-Stokes equations, and incorporate the
e ects of turbulence, shear stress with the solid boundaries of the channel, and wind surface
friction. The solution of the equations is computed from a numerical model of nite vol-
umes. The main input parameters required by the model are the inlet ow for the boundary
conditions, roughness as Manning's according to the land cover of each surface, and initial
conditions if known.

The inlet ow is estimated through hydrological modelling of the watershed up the bound-
ary, from which the ooding will be evaluated. The peak ow in the boundary condition is
taken from Vehsquez et al. [25] as 2383s ! as said before. The values of the roughness
coe cient are given by the resistance to ow exerted by the sediments that make up the
bed and the banks, as well as by the vegetation cover. At last, the initial conditions are
established by the average conditions of the ow in the stream. However, as the modelled
peak ow conditions provide the total and maximum discharge, initial conditions are of no
use and thus set to 0.

2.2.3. r.avaow

r.ava ow is a computational tool for the simulation of di erent types of mass ows and
related process chains that uses (i) a model of two to three phases where a mixture of solids
and uids interact [40] or (ii) a Voellmy [41] single phase friction model. r.ava ow is suitable
for modelling complex interactions and process chains by considering the entrainment of
material, i.e., the change of the basal topography [20]. r.ava ow computes the propagation
of previously de ned masses in one or more source areas over the topography until all the
material has been deposited or has left the study area or until the pre-de ned end of the
simulation has been reached.

The core functionality of r.ava ow is the redistribution of mass and momentum using a
dynamic ow model and numerical scheme through a system of di erential equations based on
the multi-phase model from Pudasaini and Mergili [42]. This model uses the Mohr-Coulomb
plasticity for the stress of the solid. The uid stress is modelled as a non-Newtonian viscous
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stress of a solid volume with enhanced fraction gradient. Generalized interfacial momentum
transfer includes viscous drag, buoyancy, and virtual mass induced by the relative acceleration
between the phases [20].

Since the debris ood of Salgar can be interpreted as a two-phase ow due to the reported
sediment concentration of around 30% and can be categorized as a hyperconcentrated ow
[11{13], the chosen model is accordingly the multi-phase model from Pudasaini [40] and the
boundary conditions are then set to 183n3s ! for the liquid phase and 55m3s ! for the
solid phase. The ne-solid phase is not used in the present study.

3. Results

A comparison of all three models is presented in Figure 3. Flow-R is presented in terms
of probability, while Iber and r.ava ow in ow depth, using the same scale for comparability.
It is remarkable that models coincide in areas where ow depth is larger than 2 m and
probability higher than 0.75.
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Figure 3: Simulated debris ood. On top: Flow-R, middle: Iber and bottom: r.ava ow.

There is a notable visual similarity between Flow-R and Iber results, which ood almost
the same areas and fail to predict similar zones of the observed debris ood. Additionally,
high ow depths are located in areas where high probability is also found. r.ava ow, on the
other hand, is more conservative as it oods a larger area and leaves only small spaces of
the observed impact area un ooded. While observed depths greater than 2 m of Iber match
also those depths in r.ava ow, the latter hold such depths almost constantly throughout the
channel; areas with lesser depths are only found in the margins of the ood and the small
atlands associated. Some mismatches of the simulated ows seem to be due to the di erence
of scale between the DEM and the satellite imagery from which the observed impact area was
mapped. The latter allows a very precise mapping of the impact area due to the submeter
resolution of available imagery.

The three simulations provide the predicted impact areas and are compared to the ob-
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served impact area, leading to four combinations: areas where the simulation and observed
areas overlap, called True Positives (TP), areas where the simulation did not predict an
observed impact area, called False Negatives (FN), areas where the simulation predicts a
non-existing impact area, called False Positives (FP) and areas where there is not observed
or simulated areas, i.e., the remainder of the watershed, called True Negatives (TN). From
these, seven validation metrics are computed and presented in Table 1.

Table 1: Validation metrics presented as percentages.

Metric r.avaow Iber Flow-R

FoC 301.6 2124 138.3
CSl 27.8 43.2 39.1
TPR 87.5 94.3 66.9
PPV 29.0 44.4 48.4

FNR 12.5 5.7 33.1
FDR 71.0 55.6 51.6
F1 43.6 60.4 56.2

Values of Factor of Conservativeness (FoC) larger than 100% indicate conservative results,
since simulated impact areas are larger than the observed impact areas [20]. Though all
models are conservative for this debris ood, r.ava ow provides the most conservative result,
predicting three times the observed ooded area. This is due to it is the numerical scheme
(TVD-NOC scheme) leading to an overestimation of the lateral spreading of the ow, which
Is particularly pronounced with coarse cell sizes and narrow, channelized ows.

Critical Success Index (CSI) is the ratio of the true positive cases to the sum of observed
and simulated impact area [43] and gives a measure of similarity among both groups. r.ava ow
is greatly penalized in this metric because of all the false positives, and Iber excels on this
metric, yet does not even reach 50%. This may be attributed to the areas where the DEM
does not represent truly the surface and the channel di ers.

True Positive Rate (TPR) -or recall- is the accurate prediction of observed positive cases.
Flow-R falls behind from the mathematical models; they for being more conservative are
able to predict a higher proportion of true observed cases, with Iber having almost a perfect
metric. Positive Predicted Value (PPV) -or precision-, is the ratio of positive prediction that
was indeed observed. Its values are low because of the high results obtained in recall. In this
metric Flow-R is the best performing model, yet it does not reach even 50%. Evaluating the
harmonic mean of recall and precision, F1-Score, though all models have not so high values,
Iber provides the better at 60%.

On the other hand, False Negative Rate (FNR) as the incorrect prediction of observed
positive cases is greatly in uenced by the aforementioned issues of a coarse DEM. Flow-R
does not predict almost one third of observed impact area and the mathematical models

44



prove better at this. However, Iber shows outstanding results with only 5% of this metric
while also being conservative enough. And, nally, False Discovery Rate (FDR) is the ratio
of positive prediction that was not correct, and is related to the Factor of Conservativeness,
since depends on the prediction of the models on areas that were not observed in this study
case but might present in future debris- ow processes. r.ava ow shows the highest score from
its high FoC with 71% of the predicted impact area that does not correspond to the observed
impact area, while the other two models correctly predict half the observations.

4. Discussion

Flow-R as an empirical model requires the tuning of its parameters to correctly represent
the particular conditions of the ow to simulate. Horton et al. [30] recommends the common
range of 4 to 6 for the exponent of the modi ed Holmgren's algorithnx with height deltas
(dh) up to 2 m to deal with strong channelization of the ow. Despite this, such high
exponents prove to cause this intensive channelization and, thus, a quite convergent ow, as
seen for the simulation withx = 6 in red in Figure 4. This parameter had to be lowered
down to 1 (seen in colour yellow) to optimize the lateral spreading of the ow, and yet the
extent of this ow grows slightly. Likewise, the factordh which is also useful to deal with
convergence due to terrain roughness, proves better at high values such 2 m (colour cyan),
and thereby the simulation seems to reproduce this scenario in a more realistic way.

Figure 4. Parameter in uence of Holmgren'sc and factor dh.

The simpli ed friction-limited model (SFLM) used is characterized through the travel
angle, which is the angle of the line connecting the source area to the most distant point of
the ow. Values of 11 for coarse or medium-grained debris ows and of #or ne-grained

45



ows have been reported [44, 45]. Despite this, eld observations have been conducted in the
Swiss Alps, where the colder and less humid climate limits soil development compared to the
tropical climate of the Colombian Andes. The high weathering added to the low sediment
concentration reported for this debris ood makes this travel angles extremely low; this is
also con rmed by simulations. Travel angles of even 7(purple in Figure 5) are unable to
reach the outlet; 5 (blue) prove to be a suitable value to avoid early stopping.

Figure 5: Parameter in uence of SFLM travel angle in Flow-R.

Flood simulation with Iber produce maximum velocities of 1@ns !, yet mean values are
around 2 to 4ms 1. Higher values are associated with the centre of the channel and local
margins where the stream changes direction abruptly. Lower values dominate the margins
and low-slope sections after the small steps of the channel bed. Depths rise up to 18.2
where velocity is low, but main values range from 1 to tn. Higher values are also found
near the watershed outlet, possibly associated with lower slopes.

Flow velocities in the r.ava ow simulation reach 15m=s but range mainly between 2 and
10 m=s. They grow higher on the margins and small steps of the channel bed, as well as
where the stream changes its direction. Flow depths, on the other hand, locally reach 6
but range evenly from 1 to 7m. Depths larger than 7m are found after the small steps of
the stream where the velocity is lower and hence, the ow can reach larger depths.

The entrainment model from r.ava ow evidence the dominance of basal and margin ero-
sion, as seen in Figure 6. Maximum values are around eight meters, yet most areas show less
than 2 m of erosion. As the ow reaches the outlet, the entrainment is reduced signi cantly,
and the simulation suggests an erosion depth of up to 3 m. The largest values of entrainment
are found in the upper half of the computational region and, especially, in the channel bed
steps where velocity is also higher.
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Figure 6: Basal change according to r.ava ow.

Despite the fact that this work focuses on simulations with openly available data on
scarce information scenarios, there are studies in Salgar where thorough eld excursions for
data gathering have taken place. The National Unit for Disaster Risk Management (UNGRD)
completed one evaluation for the development of an Early Warning System. They were able to
obtain detailed topographic information, recorded ood heights, and performed geotechnical
soil investigations, as well as calibrated FLO-2D using data from the 2015 case to forecast
future oods in the context of a risk assessment [46]. The simulated ow is narrower than
the observed impact area, and it also oods areas where there is no observed area. The
authors propose a possible damming of 24 hours on the upper area of the watershed. This
modi ed simulation provides a more conservative result since the ow reaches a larger area.
This analysis con rms the issues that arise from the DEM resolution and the di erence of
scale between the DEM and the satellite imagery from which the observed impact area was
mapped. However, when observing the results of both studies, the question arises whether
this type of analysis really requires re ned and detailed eld data and in-depth analysis to
determine the variables and parameters in the study area or whether it can be carried out
through estimates that provide good and accurate results. The second case, proposed in this
work, allows for rapid assessments and estimates of the hazards and risk conditions to which
populations are exposed at a low cost and with the available information.

5. Conclusions

The current work compares the simulations of three distinct models in the analysis of
a debris ood that occurred in Salgar, Colombia, where 112 landslides were caused by the
unprecedented occurrence of two rainstorms within a period of a day. These models o er
distinct techniques to assess the routing path and are among the most commonly utilized in
their respective types of simulation. Hydrological modelling of this meteorological scenario
performed by Vebsquez et al. [25] resulted in an estimated peak discharge of 18% * with
roughly a 30% of sediment concentration.
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Flow-R is intended for use at regional scale as a susceptibility analysis tool and because
of its parameters being empirical, requires calibration. The model is also highly limited for
not considering volumes, discharges or any measure of the magnitude of the ow and thus, is
not tted for an in-depth risk analysis because it lacks ow depth and velocity. Nonetheless,
it provides just an approximation to the impact of ows and can be used as a rst step in the
assessment of susceptibility and hazard, as its output approximates the spatial probability
of impact. Despite this, the simulation accomplishes a good performance according to the
metrics evaluated. It provided a conservative result with an acceptable F1 score.

Calibrated parameters for the Salgar case were consistent with similar simulations of
debris oods for useddh factors of 2 m, Holmgren'sx of 1 and travel angles of 5[47, 48] and
with common reported ranges of travel angles from 5 to 1$49]. These parameters contrast
with other studies where higher values of Holmgren’s and travel angles range from 12 to 18
better tted the particular conditions [29, 50, 51]. Nevertheless, Flow-R parameters interact
together in the probability and spreading. The travel angle can be calibrated together with
the Holmgren's parameters, and multiple pairs might have similar outputs.

In Colombia hydraulic models have been employed in the analysis of debris- ow processes,
but simplifying them as mere oods where sediment concentration, rheologic mechanisms
and interactions among the ow phases can be neglected. Thus, ow simulations are usually
modelled with peak discharges increased by 40% [52, 53]. This is an underestimation and
oversimpli cation because hydraulic models do not appropriately account for the physical
characteristics of the debris- ow processes and density, viscosity, friction, and other model
parameters are based on clear water o0ods.

Moreover, when comparing hydraulic and mass ow models, the latter usually do a better
job in predicting impact areas and ow depths [54]. In this case, the lack of real depth and
velocity records preclude the validation of both Iber and r.ava ow. However, extent validation
makes both models conservative and accurate enough with FoC higher than 200% and recall
higher than 87%. Iber has a better adjustment to the observed area proven by higher CSI,
recall and F1-score metrics while having a lower FNR and FDR. This is due to the less
conservative results where r.ava ow might be predicting 70% of undiscovered areas and,
thus, be better suited to long-term hazard and risk evaluations. It must also be considered
that a debris ood generally erodes and incorporates sediments from the channel margins
and bed [6] and r.ava ow through entrainment models can estimate this changes in basal
topography. For this case, entrained material makes up to almost one fourth of total volume
at the end of the simulation; this led to higher simulated volumes than in the case of Iber
which impact the metrics as explained before.

All three assessed models had a good performance for the debris ood of Salgar in 2015
and as they approach the simulation from di erent perspectives should also be considered
for di erent purposes and stages in a hazard or risk analysis. Flow-R is a good alternative
for initial susceptibility estimations for model inputs are only the topography and source
areas and parameters can be calibrated starting from studies made in similar conditions.
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Iber is a good mathematical approach, at least for low-sediment two-phase ows, as it is
easy to use and not computationally demanding. And r.ava ow theoretically is better suited
to perform debris- ow process simulations as it considers the particular characteristics of
such phenomena and its output can be suitable for hazard analyses. However, it can provide
extremely conservative results that can be explained as a long-term multi ow perspective or
an overestimation of real conditions. Any be true, for land planning conservative scenarios
are best favoured.
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Abstract

Debris ows are viscous non-Newtonian ows that move in pulses with sediment
concentrations greater than 50%. They are widespread in tropical mountainous areas
and are frequently found in rst- and second-order streams with extraordinarily high
peak ows. In this work, the suitability of Iber and r.ava ow as computational tools for
debris ow modelling is assessed in a case study in the Colombian Andes. The Abura
Valley, one of the most densely populated areas of Colombia, is home to the study
watershed. This debris ow was triggered by an extreme rainstorm with maximum
instantaneous intensities of 184mmh !, which killed three people, including a ve-
year-old kid. Both models suit the observed impact area adequately. lber simulation
has depths nearly a meter higher than the r.ava ow simulation. It did, however, miss
one of the worst devastated locations. Because the DEM was acquired after the event,
the simulation was in uenced by sediment deposition. The more conservative r.ava ow
simulation, which leaves just a small section of the deposit un ooded, predicts this
area better. Modelling the ows across the terrain with topography before the event
considerably improves the simulations. When compared, r.ava ow gives superior results
because it provides a conservative simulation, which is ideal for analysing destructive
processes like debris ows. It is also noteworthy how important it is to consider geology
and geomorphology when assessing the susceptibility and hazard posed by debris ows.
Its importance is demonstrated by the comparison in the study region, which provides
a long-term picture of the places that have been and may be a ected by debris ows.

Keywords: debris ows; simulation; hazard; Colombian Andes.

Resumen

Los ujos de escombros son uidos viscosos no newtonianos que se mueven en pulsos
con concentraciones de sedimentos superiores al 50%. Esan muy extendidos en las
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zonas montanosas tropicales y es frecuente encontrarlos en drenajes de primer y segundo
orden con caudales maximos extraordinarios. En este trabajo se evalia la idoneidad de
Iber y r.ava ow como herramientas computacionales para la simulacon de ujos de
escombros en un caso de estudio en los Andes colombianos. El Valle de Abura, una
de las zonas nas densamente pobladas de Colombia, alberga la cuenca de estudio.
Este ujo de escombros fue desencadenado por una tormenta extrema con intensidades
instanaineas naximas de 184 mmh 1, que mab a tres personas, entre ellas un nino de
cinco anos. Ambos modelos se ajustan adecuadamente alarea de impacto observada.
La simulacon de Iber tiene una profundidad casi un metro mayor que la simulacon

de r.ava ow. Sin embargo, falla en predecir uno de los lugares nmas afectados. Como
el MDE se adquirb desptes del evento, la simulacon se vio sesgada por la deposicon
de sedimentos. La simulacon de r.ava ow, mas conservadora, que lo deja sin inundar
una pequena parte del depsito, predice mejor esta zona. La simulacon de los ujos con
topografa antes del evento mejora considerablemente las simulaciones. En comparacon,
r.ava ow ofrece resultados superiores porque proporciona una simulacon conservadora,
lo que es ideal para analizar procesos destructivos como los ujos de escombros. Tamben
cabe destacar la importancia de tener en cuenta la geologa y la geomorfologa a la
hora de evaluar la susceptibilidad y la amenaza que suponen los ujos de escombros.
Su importancia queda demostrada por la comparacon en la regon de estudio, que
proporciona una imagen a largo plazo de los lugares que han sido y pueden ser afectados
por los ujos de escombros.

Palabras clave: ujos de escombros; simulacon; amenaza; Andes Colombianos.

Introduction

Debris ows are non-Newtonian viscous ows that move in pulses. They have high sed-
iment concentrations between 50% and 80% and may transport large rock blocks through
suspension [1{3]. These events happen when a combination of soil, water, and debris ows
down steep drainage routes at high speeds [4{9]. Due to their unexpected appearance, high
movement, volume, impact force, and huge run-out distance, debris ows represent a serious
hazard to infrastructure and human life, particularly in mountainous areas [10, 11]. They
are common in mountainous tropical regions where the triggering factor is mainly rainfall
[12] and often occur in rst- and second-order streams with extremely high peak ows in
watersheds that are only a few square kilometres in size [13].

According to Dowling and Santi [14], 213 lethal debris ows have been reported through-
out the world from 1950 to 2011, killing 77,779 people. The Nevado del Ruiz lahar in
Colombia, which killed 23,000 people, and the Vargas debris ow in Venezuela, which killed
19,000 people, are the deadliest. Vargas was highly a ected because it is a city constructed
on a debris ow fan, as is common in mountainous nations [14].

Due to its hilly terrain and hydrometeorological circumstances, Colombia is a country that
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is extremely vulnerable to the occurrence of debris ows [15, 16]. The historical accelerated
and inadequate occupation of populated areas along narrow valleys on alluvial terraces of
torrential origin, as well as on fans and debris cones, adds to these critical conditions of
susceptibility and creates high-risk scenarios with a high potential for human and economic
losses [17{19]. Additionally, these populations have been expanding, increasing exposure and
risk in terms of harm to infrastructure and human life [20, 21].

DeslInventar, a disaster database, reports that Colombia saw 1,387 channelized debris
ows, debris oods, and ash oods between 1921 and 2020. These events resulted in 3,332
fatalities and more than 1.1 million people being impacted. Particularly disastrous catastro-
phes occurred in the Taparb watershed in the municipality of Andes (Antioquia) in 1993,
the La Liboriana debris ood in the municipality of Salgar (Antioquia) in 2015, killing 93
people, and the Mocoa (Putumayo) debris ow in 2017, killing 332 people. Debris ows are
particularly prevalent in the Aburia Valley. This area is home to Medelln, second-largest and
most signi cant city of Colombia. This database shows that 245 debris ows have resulted
in the deaths of 237 people.

The purpose of this research is to investigate the features, similarities, and di erences
between two computational tools often employed in the study of debris ows. The Iber model
as a hydraulic software and the r.ava ow model as a mass-routing software. By considering
debris ows as oods, hydraulic models have been frequently employed to evaluate the hazard
conditions. To adapt to the unique circumstances of debris ows, mass-routing models have
arisen. They take into consideration their variations in rheology, mechanics of interaction
between phases, and changes in their dynamics during transit. Both models will be tested in
the debris ow that happened in the Colombian community of Potrerito in the municipality
of Bello. A small basin with steep hills and a tropical environment in a narrow inter-Andean
valley. This debris ow was caused by an intense rainstorm with maximum instantaneous
intensities of 184mmh 1, which killed three people, including a ve-year-old child.

1. Study case

Potrerito is a watershed of 1.1%m? in Bello, Antioquia. The watershed lies in the Abura
Valley, an interadean valley, where is located the second-largest city in Colombia. It has a
maximum height of 2442m:a:s:I. and minimum of 1684m:a:s:l. with a di erence in level of
820m. The mean slope is 48.08and the stream has a length of 2.4Bm.
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Figure 7. Watershed and debris ow in Potrerito.

During the night of June 25, 2021 a rainstorm took place over the small watershed. It
had an accumulated 95nm that had a maximum intensity of 184mmh ! and an average of
63.49mmh ! with a duration of 1H30. The past days had also high accumulations, leading
to wet conditions that triggered a debris ow. Despite being a rural area, due to the high and
rapid urban expansion in the area, there are many houses located near the stream and along
the road that crosses it. In addition, the hydraulic structure that represents the crossing of
the road over the stream is not su cient to withstand a debris ow. There was where the
greatest impact was made.

According to local newspapers, at around 19:00 LT the rain and hail started and within
an hour the stream began to over ow. Locals report the loud roar of rocks and debris being
carried down the stream. The debris ow destroyed a wooden shed and a neighbouring house.
Material losses totalled two buildings with total loss, two cars and a motorbike as seen in
Figure 8. Two adults and a ve-year-old child were Killed.
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