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Abstract
This paper describes the procedure used for determining the rainfall, water level, and stream discharge
thresholds that trigger debris flow in Mocoa, Putumayo. The thresholds were obtained from physicallybased modeling of debris flows events and their impact on nearby buildings and infrastructure placed in
the river flooding area. Thresholds based on the relation between rainfall and induced landslides were
determined, based on two actual flows that were recorded in Mocoa and also on the review of more than
80 rainfall thresholds for landslide occurrence reported in the literature. Different rainfall variables such
as intensity, duration and antecedent rainfall were considered in the definition of triggering thresholds. In
the presented approach, landslides are considered as a source of sediments that slide into the main reach of
rivers and channels and contribute to the initiation of debris flows. The proposed thresholds are implemented
to support the early warning system nowadays. The thresholds that activate the early warning system were
developed for current topographic conditions in the basin. If topographic and bathymetric conditions were
to be modified by natural or man-induced events, the thresholds must be recalculated.
Keywords: Debris flow, rainfall thresholds, landslides, early warning system, stream discharge, intensityduration.
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1

INTRODUCTION

Mocoa is located in southwest Colombia, in the
Putumayo Department, on the piedmont transition
between the Andes mountain range and the Amazonas river watershed (Figure 1). Sangoyaco, Mulato and Mocoa rivers flow through the city. Taruca
and Taruquita creeks join upstream the city to form
Sangoyaco river. On the night of 31 March, 2017
Mocoa was destroyed by a debris flow that caused
more than 300 deaths. The strong rainfall at midnight in the watershed of Taruca and Taruquita
creeks, and Sangoyaco river together with the 4day-antecedent rainfall that saturated the slopes,
triggered more than 300 landslides in the middle
part of the Taruca and Sangoyaco basin. Landslide
material mixed with water runoff, increased the discharge and flow velocity along the main river channels. High flow velocities caused scouring on the
northern alluvial plain and river bed, incorporating
large monzogranite blocks into the hyperconcentrated flow. Large volumes of blocks were dragged
downstream into Mocoa, leaving a trail of destruction behind. A more detailed and deep description
of the event has been addressed in other references
(Cheng et al. 2018, Garcı́a-Delgado et al. 2019,
Prada-Sarmiento et al. 2019). This event was characterized as a very fast to extremely fast debris flow
by Ruiz et al. (2017) following Hungr’s classification recommendations (Hungr et al. 2014), with estimated flow discharges between 1500 and 12,000
m3 /s. Taruca and Sangoyaco river watersheds are
characterized by having relatively small areas 38
km2 , high slopes and low times of concentration.
According to Jojoa (2003), there is historic and geological evidence of previous and recurrent debris
flows and mudflows in the basin of Mocoa, which
deposited large blocks of up to 12 meters of diameter approximately.
Due to the historic antecedents and the tragic
events of 31 March 2017, the Colombian government through its office for risk and disaster prevention (UNGRD) commissioned the design of an
Early Warning System (EWS) for debris flows in
the Sangoyaco river watershed of Mocoa to prevent
the loss of lifes in future events (Pontificia Universidad Javeriana 2018). This article presents the
procedure used to determine the thresholds implemented to support this EWS. A combination of rainfall threshold, stream discharge/level thresholds, intensity/duration thresholds and antecedent rainfall
thresholds for a time window of 4 days were determined and implemented into the currently working

Figure 1: Location of Mocoa and distribution of rivers in the
basin. Brown area represents the extent of flooding caused on
the night of the event.

EWS in Mocoa. The thresholds determined as input
for the EWS were tested on 12 August 2018, when
the system timely produced a warning that allowed
to evacuate more than 20,000 inhabitants before a
mudflow struck the city.
Section 2 of this article presents the conceptual
model and software used to reproduce the debris
flow that occurred on 31 March, and then determine
the rainfall, level, and stream discharge thresholds
that triggered the event. Section 3 describes the procedure for determining each one of the thresholds
proposed for the EWS. Finally, Section 4 presents
the discussion, conclusion, and recommendations.
2

CONCEPTUAL MODEL

The proposed conceptual model integrates conditioning and triggering factors that produce debris and muflows in the Mocoa basin. There is
not a single numerical modelling tool that currently integrates those factors to produce flooding areas caused by debris flows. Hence, our conceptual model is based on aggregating different
processes: part of the rainfall in the watershed
(hydrology) transforms into effective runoff (hydraulic, flow-dynamics). Another part of rainfall
seeps and percolates into the soil, causing changes
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on ground water level, saturation profile and pore
water pressures. Increase on pore water pressures
reduce effective stresses on slopes, causing instabilities and landslides (geotechnics). Rainfall-induced
landslides reach creek and river channels and can
cause flow damming or increase on the solid concentration mixed with the discharge of the stream
that could turn into either a debris flow or mudflow.
Mixture of solids with water must then be transported downstream. A suitable tool to model highly
viscous fluids is then required, with the ability to
incorporate scour models that could add more solid
fraction to the moving flow when it crosses the alluvial plain.
These processes incorporate different disciplines.
Contributions from each discipline were modeled
with a group of specialized commercial and/or open
source software coupled to reproduce the steps
stated in the conceptual model. Hydrological processes were implemented with the GR4J (Perrin
et al. 2003), HBV (Ahmed 2010) and Sacramento
models with Dynamically Dimensioned Search
(DDS) and Shuffled Complex Evolution (SCE) algorithms. Those lumped-hydrological models describe rainfall-runoff processes in the basin based
on water mass balance. Geotechnical processes
were reproduced by USGS’ TRIGRS model (Transient Rainfall Infiltration and Grid-Based Regional
Slope-Stability Model) (Baum et al. 2008). This
model calculates the 1D transient change in the pore
pressure and the change in the factor of safety in
the soil mass (assuming infinite slope failure mechanism) due to the rainfall infiltration using raster information. Raster cells with factor of safety ≤ 1 indicate that the material failed. TRIGRS calculates
the depth of failure in each cell, allowing to estimate
the volume of slipped material.
Once the results of the spatially-distributed hydrological and geotechnical components were calculated, they were fed as input for the hydrodynamic modeling. Commercial and open-source
CFD codes were used (FLO2D, R.AVAFLOW,
OpenTelemac, and RAMMS) to obtain the flood areas in Mocoa City.
3

PROCEDURE TO DEFINE THRESHOLDS

Thresholds for different hydraulic and hydrologic
variables were proposed, because the debris flow
process involves several factors and stages according to the conceptual model previously described in
section 2. Thresholds for rainfall-induced landslides
such as cumulative rainfall and intensity/duration

are the most frequently reported in the literature
(Ramos-Cañón, Trujillo-Vela, & Prada-Sarmiento
2014). Stream discharge/level thresholds are commonly reported as a suitable descriptor for flood
warning systems. The combination of these thresholds was proposed and implemented for the early
warning system of Mocoa.
The rainfall, water level, and stream discharge
thresholds were obtained from physics-based modeling (CFD models) of debris flows events, considering their impact (depth of flow, velocities, dynamic pressures) on nearby buildings and infrastructure placed in the river flooding area, using the
computational tools described in the previous section. Flooded urban zones near the stream were always considered as critical sections. The critical
sections were defined based on the results of the
coupled debris-flow modeling. Eleven critical sections along the stream of Taruca creek and Sangoyaco river were selected to determine the relevant
warning thresholds (see Figure 2). The selection of
critical sections was supported by field reconnaissance, where topographic cross sections were measured using a high precision RTK (Real Time Kinematic) GPS device. These cross sections were incorporated as a correction in the digital elevation model
used in the hydrodynamic simulations.
Additionally, the intensity-duration thresholds
and antecedent rainfall threshold were determined,
based on two actual flows that were recorded
in Mocoa and also on the review of more than
80 rainfall thresholds for landslide occurrence reported in the literature worldwide (Ramos-Cañón,
Trujillo-Vela, & Prada-Sarmiento 2014, RamosCañón, Prada-Sarmiento, Trujillo-Vela, Macı́as, &
Santos-R 2016).
The procedure to determine every threshold is explained in the following sections.
3.1

Rainfall thresholds

The rainfall thresholds were evaluated following
the recommendations provided by the Flash Flood
Guidance methodology (NOAA 2010), where the
rainfall threshold is the rainfall that produces the
discharge or runoff able to overtop a hydraulic critical section (Rogelis 2009).
In order to determine the rainfall thresholds, the
soil moisture variability, the conditions that influence the capacity of infiltration and the surface
runoff were considered. The homogeneous distribution of rainfall in the watershed was considered, analyzing historic rainfall data recorded in the
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Figure 3: Runoff vs rainfall for saturated antecedent condition.
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Figure 2: Critical sections.

“Mocoa-Acueducto” meteorological gauging station (time scale in minutes). Fully dry, intermediate and fully saturated soil conditions were used in
the hydrologic analysis, because the varying climate
conditions in the basin can range between long or
intense rainfall periods and days without rainfall at
all. This variation has a direct impact on the position of ground water level and on the soil moisture
profile.
The maximum stream discharge calculated for
each saturation condition was selected for the calibration of simulations in the GR4J rainfall-runoff
model. Curves of runoff vs rainfall were calculated
for critical sections of the channel for different volumetric concentrations with the rainfall-runoff calibrated model (see Figure 3).
Rainfall thresholds were then determined with the
inverse rainfall-runoff relation of the watershed, for
the condition when the stream discharge in the channel exceeded the hydraulic capacity of critical sections. The thresholds for the different warning levels
(e.g. yellow, orange and red) are presented in Figure 10.

Figure 4: Rainfall thresholds.

3.2

Discharge-level thresholds

The water level thresholds are values of flow depth
calculated in the main river channel, that exceed
the stream capacity in critical sections. These water
level values are used to trigger flood warnings. The
results of the modeling of the debris flow process
were used to obtain rating curves for each critical
section (see Figure 5).
These rating curves allowed to identify the level
at which the critical sections were exceeded with
their corresponding flow discharge. For each critical section, the level threshold were determined and
represented along a cross section, as depicted exemplary in Figure 6 for one of the critical sections.
Discharge thresholds are presented in Table 1.
3.3

Intensity-duration rainfall thresholds

The intensity-duration rainfall thresholds were
determined from the analysis of approximately
87 intensity-duration curves compiled by RamosCañón et al. (2014). Those curves were extracted
from a database of reports published in the literature
of different types of thresholds for rainfall induced
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Table 1: Discharge (m3 /s) thresholds for critical sections
Critical Yellow Orange
Red
section Warning Warning Warning
1
35.99
161.36 323.60
2
35.50
172.51 375.10
3
23.11
100.37 329.30
4
33.37
122.23 348.64
5
24.17
109.93 229.33
6
48.08
155.05 273.72
7
11.20 60.66 2 18.44
8
10.90 70.30 2 06.90
9
23.20
131.36 323.60
10
24.83
68.80
171.10
11
71.21
112.60 157.83
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landslides. These curves were compared with the
characteristic intensity-duration curve calculated for
two debris flow/mudflow events that happened in
Mocoa on March 31 st 2017 and on August 31st
2017. The characteristic curves of the events were
drawn over the curves compiled from the literature
for some duration, specifically the March 31st curve.
With that data, the landslide occurrence probability
was calculated as the probability of being exceeded
the characteristic curve of the event (see Figure 7).
Figure 7 shows that the characteristic curve of the
catastrophic event of March 31st is located between
70% and 100% of the landslide occurrence probability in the basin. These levels of probability were
the base to determine the thresholds and colors for
the EWS.
Figure 8 presents the warning levels of the
intensity-duration that induce landslides in the watershed of the Sangoyaco-Taruca river.

The analysis begins with the rainfall accumulation
of the 30 days prior to March 31st . Additionally, the
rainfall accumulation of the 30 days antecedent to
different days of the event was calculated, to obtain several accumulated rainfall curves as a sample
space (Figure 9). The probability of exceeding the
curve of the event for each day of accumulation was
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Figure 8: Intensity-duration thresholds.
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Figure 9: Accumulated rainfall vs antecedent days. Mocoa Water supply gauging station. Adapted from (PradaSarmiento, Cabrera, Camacho, Estrada, & Ramos-Cañón
2019).
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Figure 10: Antecedent rainfall thresholds.

calculated with the obtained sample space.
In the first four days of accumulated rainfall, the
probability of exceeding the rainfall accumulation
registered on the March 31st event was close to zero,
which indicated that the rainfall accumulation of the
event is higher than rainfall levels usually recorded
in the basin. The accumulated rainfall of four antecedent days to the March 31st event was considered as a threshold and based on this, the warning
levels were proposed.
Figure 10 represents the rainfall accumulation
thresholds that trigger landslides in the basin.

pared to the group of curves reported in the
literature (Ramos-Cañón, Trujillo-Vela, & PradaSarmiento 2014, Ramos-Cañón, Prada-Sarmiento,
Trujillo-Vela, Macı́as, & Santos-R 2016). It can be
concluded that the intensity and duration of the
destructive event exhibited larger magnitudes than
those normally recorded in the basin. The rainfall
event of March 31st triggered 276 landslides on
the basin (Ruiz, Medina, Garcı́a, Machuca, Medina, Rangel, Sandoval, Morales, Barrera, & Gamboa
2017).
A selection of the intensity-duration thresholds
reported in the literature (Ramos-Cañón, TrujilloVela, & Prada-Sarmiento 2014) was performed taking into account the climatic conditions and size
of the Mocoa watershed. Applying those filtering
criteria, five curves were calculated for watersheds
with similar conditions to those observed in Mocoa. The characteristic curve of the March 31st event
was located between the stripe formed by the filtered curves from literature, very close to the highest
thresholds and with a slope very similar to 1 hour of
duration curves. The intensity-duration curve calculated for the 31st August event was near to the lowest threshold and its slope increased after 4 hours of
duration. The difference between the curves of the
events can be associated with the type of flow produced in the Mocoa basin: debris flow or mudflows.
Based on the analysis of the March 31st event
(Pontificia Universidad Javeriana 2018), the landslide occurrence probability is very close to 1 when
the duration is between 1 to 2 hours and the intensity is between 50 to 60 mm/h. Probability of landslide occurrence decreases for higher rainfall duration and lower rainfall intensities. On the other
hand, taking as a reference the August 31 event, the
landslide occurrence probability is higher when the
duration is between 4 to 6 hours associated with intensities of 10 mm/h.
The antecedent rainfall is one of the most important triggering factors of landslides in the Mocoa watershed. Registered landslides linked to the
March 31st event are associated with accumulated
rainfall of four days before the event, time span that
coincides with the calculated probability of landslide occurrence in this basin.
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