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Abstract A rainfall-induced compound disaster happened in
Mocoa in the pre-dawn hours of 1 April 2017. More than 300
people were killed, and a large number of houses and roads were
destroyed in the worst catastrophe in the history of Mocoa. To
investigate this disaster, a detailed interpretation was carried out
using high-resolution images. Analysis of disaster characteristics
based on satellite image revealed that the disaster could be iden-
tified as a consequence of compound mountain hazards including
landslides, debris flows, and mountain torrents. The mountain
hazards converged in the mountain watershed, which amplified
the disaster’s effects. Analysis considers that this disaster is the
result of heavy rainfalls. Moreover, in-depth interpretation of
rainfall data and satellite images spanning over 16 years reveals
that the previous El Nifio event (2014-2016) also played an impor-
tant role, which caused reduced rainfall and vegetation coverage.
The long period of drought brought by El Nifio affected the growth
of vegetation and reduced the ability of vegetation to cope with
heavy rainfalls. The results reveal that both antecedent rainfalls
and climate impact need to be taken into consideration for moun-
tain hazard analysis.

Keywords Compound mountain hazards - Tropical alpine area -
EINifio - Rainfall - Vegetation coverage - Debris flow

Introduction

Mountain torrents, landslides, and debris flows are common
mountain hazards. There are many causes of mountain hazards,
such as earthquakes (Chen et al., 2011a), rainfalls (Zhou et al. 2013;
Cui et al. 2017), freeze-thaw (Wang and Yong 2008), river erosion
(Lévy et al. 2012), vegetation reduction (Runyan and D’odorico
2014), slope instability (Dai and Lee 2002), and human activities
(Preuth et al. 2010). When heavy rainfalls occur in the mountains,
mountain hazards such as landslide (Iverson 2000, Zhou et al.
2016), mountain torrents (Eisbacher 1982), and debris flows (Ge
et al. 2014) may be induced. These hazards could destroy settle-
ments, block rivers, and bury farms and forests, causing huge
casualties, property loss, and damage to the ecological environ-
ment (Cui 2014). In different mountain hazard cases, the causal
factors that affect mountain hazards may be diverse because of the
unique geographical environment of different regions.

Mocoa (76° 38" 49” W, 1° 8’ 54" N), the capital of Putumayo
province in Colombia, is located in the Andes Mountains (Fig. 1
(a)) and is characterized by tropical-mountain weather with high-
intensity rainfall (Sillitoe et al. 1984). Heavy rainfall starting from
11:00 p.m. on 31 March 2017 caused overflows in the rivers (Rio
Mocoa, Rio Sangoyaco, Rio Mulata, and several others) (Fig. 1(b))
during the pre-dawn hours of 1 April 2017. Landslides occurring in
the catchment of the Quebrada Taruca River and river erosion
provided massive debris for river floods. As a result, the coupling
of floods and mass debris evolved into debris flows downstream in
the Taruca ravine, northwest of Mocoa. The floods and debris
flows at speeds of 56-64 km/h (Hughes 2017) rushed resident
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The characteristics of the Mocoa compound disaster

buildings, streets, bridges, and other infrastructures (Guardian
2017; Semana 2017). Massive debris and mud piled up in the city,
with tree limbs, rocks, fencing, and vehicles in a disorderly mix
(Fig. 1(c, d)). This disaster resulted in 316 dead, 332 injured, and 103
missing (Reliefweb 2017), and affected 17 neighborhoods of the city
and approximately 45,000 people (ABC News 2017).

The increased frequency and magnitude of extreme weather
events is becoming one of the major causes of disasters (Yilmaz
2017). Rainfalls were an important causal factor in the Mocoa
disaster events. This study aims to comprehend the disaster char-
acteristics and the hazard causal factors. An in-depth analysis of
the disaster events of mountain hazards is helpful to understand
the causes and effects of disasters and provide lessons for disaster
prevention and mitigation in the process of mountain society
development. This study shows that in the region’s rainfall-
induced mountain hazards, early drought events caused by the
El Nifo event that could affect rainfalls and vegetation should also
be taken into account while studying antecedent rainfalls.

Watershed background and data source

Watershed background

The Shuttle Radar Topography Mission (SRTM) Digital Elevation
Model (DEM) data with 30-m resolution were obtained from the
USGS (Yang 2011, USGS 2017). Using watershed extraction method
(ArcGIS Help 2012), the Mocoa watershed boundaries were ob-
tained based on the DEM data. Mocoa is located in the lower right
corner (Fig. 2(a)). This watershed has a complex geological envi-
ronment (Fig. 2(b)), and the lithology near the city is the Mesozoic
Plutonic rock (OneGeology 2007). Located on the east side of the
Andes, the watershed’s elevation ranges from 535 to 3606 m (Fig. 2
(c)). Mocoa lies in a lower eastern valley. The slope gradients of
this area range from o° to 76.23° (Fig. 2(d)). Slope areas of 15° to 45°
where landslides could occur have the largest percentage, occupy-
ing 78.21% of the area. There are three main climate types (Peel
et al. 2007) in this watershed, including the Af (rainforest) climate
type, the Cfb (oceanic) climate type, and the ET (tundra) climate
type (Fig. 2(e)) (Fick and Hijmans 2017). The vegetation coverage
of 2017 before the Mocoa disaster occurred (Fig. 2(f)) was calcu-
lated using MODIS normalized difference vegetation index
(NDVI) products named by MOD13Q1. Using the maximum value
composite (MVC) method (Eidenshink and Faundeen 1994, Stow
et al. 2004), vegetation coverages were calculated based on the
NDVI data (NASA 2017) and the dimidiate pixel model (Cui et al.
2011). The pixel cumulative percentages of 0.5% and 99.5% were
selected as confidence intervals. In this basin, 19.93% of the total
area has 60 to 80% vegetation cover, while 66.58% of the total area
has 80 to 100% vegetation cover.

The hypsometric integral (HI) is a quantitative index to study
the relationship between the horizontal section area and its eleva-
tion. HI could reflect the landform erosion stage and evolution
process (Zhu et al. 2013). Strahler (1952) divided geomorphic
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Fig. 1 Location map of Mocoa and photographs of massive debris and mud piled up in the city (source: www.news.cn). (a) Mocoa, identified as a brown dot, is a
mountainous city in the Andes located in the northwest of Putumayo. (b) The position relationship between Mocoa and several main rivers. (c, d) Disaster photographs

development into three stages—young stage (HI greater than 0.6),
mature stage (HI between 0.35 and 0.60), and old stage (HI less
than 0.35). When calculating an HI value, contour i is chosen as a
reference, the whole watershed area is assumed to be A, and the
area above the contour of the basin is a;. The height difference
between the contour and the lowest point of the basin is ;, and the
height difference between the highest and lowest points is H. The
variables are set as

xi = a;/A (1)

y; =hi/H (2)

where x; is the area percentage based on contour i, and y; is the
percentage of relative height difference.

The points (x; y;) in the rectangular coordinate system are
spread to form a curve. It can be defined as

y=f) (3)

On this basis, the definite integral value in the range of o to 1 is
calculated, and it is HI.

HI = [ f (x)dx (4)

Using DEM data of the watershed and the HI calculation meth-
od, the hypsometric integral curve was constructed in Fig. 3 and HI
was calculated to be 0.49. According to the HI-based geomorphic
development stages proposed by Strahler, and the summary of
many watershed hypsometric integral curves (Singh et al. 2008;
Xiang et al. 2015), the geomorphic development in Fig. 3 is divided
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into three stages and differentiated by the concave and convex
curves. The area above convex curve is treated as the young stage;
the area below the concave line is considered as the old stage; the
area between two lines is known as the mature stage. In the current
study, the watershed basin belongs to the mature stage. In the
infancy and mature periods, the solid content of the gully is rich,
and the HI value is high (Xiang et al. 2015). Therefore, mature-
stage Mocoa watershed has a susceptible geomorphic environment
for debris flows.

Data source

Pre-disaster and post-disaster images were obtained from different
satellite remote sensing companies. The pre-disaster image (Fig. 4(a))
was acquired by the Chinese GF-2 satellite on 15 April 2015 with a 1-m
resolution, and the post-image (Fig. 4(b)) was acquired by the Amer-
ican GeoEye-1 satellite on 10 April 2017 with a 0.5-m resolution. Both
images have a closed seasonal phase in order to make a comparative
analysis. By doing a comparative analysis of the pre-disaster and post-
disaster images, it was found that the Mocoa disaster was the result of
flood overflowing six rivers: the Rio Mocoa River, the Rio Mulato
River, the Rio Sangoyaco River, the Quebrada Taruca River, the
Quebrada San Antonio River, and the Quebrada Taruquita River
(Fig. 4(c)). The Quebrada Taruca River has two distributaries that
would be distinguished using flow directions (north-south, west-east)
in this paper.

Disaster characteristics

Mountain hazard distribution

The provenance of this disaster mainly has two sources: river
upstream landslides and channel substance erosion. Upstream
landslides could provide debris source for the formation of moun-
tain torrents (Sohn et al. 1999, Pierson 2005). Channel substance
erosion could provide the debris source for the late debris flow
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Fig. 2 Mocoa upstream basin characters: (a) image, (b) geology, (c) elevation, (d) slope, (e) climate, and (f) vegetation coverage

evolution occurring along the Quebrada Taruca River (north-
south). By using the high-resolution remote sensing images to
interpret landslides, 763 landslides around Mocoa were interpreted
(Fig. 5(a)); 250 landslides among them were distributed near rivers,
and could directly provide debris into rivers. Area percentages of
landslides along different rivers were calculated for comparison
(Fig. 5(f)). The result shows that the Quebrada Taruca River, the
Rio Sangoyaco River, and the Quebrada Taruquita River may have
accepted more landslide debris sources. In the Taruca ravine of the
Quebrada Taruca River (north-south), the mountain torrents
overflowed and evolved into debris flows. Flood overflow areas
along different rivers were marked in Fig. 5(a). It could be seen
that the major affected areas were mainly distributed along the

Quebrada Taruca River (north-south). The interpretation features
of different mountain hazards in the high-resolution remote sens-
ing image were marked (Fig. 5(b-e)).

Mountain hazard chains and compound mountain hazards

Small-scale geo-hazards, such as floods, debris flows, shallow land-
slides, and landslide lakes, are able to be attributed to and converged
into a large-scale single disaster event (Chen et al. 2011b). The disaster
that occurred in Mocoa could be seen as a consequence of
compounded mountain hazards, including landslides, floods, and
debris flows (Fig. 6). Different hazards in different places are connect-
ed to each other through the mountain hazard chain that could
amplify the disaster’s effects (Cui and Jia 2015). In this disaster event,
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Fig. 3 Hypsometric integral curve. The dotted line represents the three stages of the development of the geomorphology (Singh et al. 2008; Xiang et al. 2015)

heavy rainfalls induced landslides and mountain torrents. Provenance
landslides and channel erosion provided debris sources for mountain
torrents. Along the Quebrada Taruca River (North-south), debris flows
occurred since large amounts of soil were scoured into the water. The
model of compound mountain hazards and cascading hazards is
illustrated in Fig. 6.

Damage features

Mud and water extent were detected using the satellite images, and
damage situations of houses and main roads were obtained (Fig. 7).
Disaster damage situations were divided into three categories: washed
away, buried, and silted. Damage situation statistics were calculated
(Tables 1 and 2). In this disaster event, 12.48 km of main roads is
potentially affected, and approximately 1768 buildings were situated
within areas that experienced floods or debris flows.

Causal factors

El Nifio and La Nifia
El Nifio and La Nifa events are irregular periodic variations of
sea surface temperatures and atmospheric pressure over the

|E Post-disaster image

El Pre-disaster image

tropical eastern Pacific Ocean. The warming phase is known as
El Nino, and the cooling phase is known as La Nifia. The
circulation of cold and warm phases is a global scale climate
oscillation. Extreme climates in Amazonia are linked to El Nifio
conditions in the tropical Pacific, to sea surface temperature
(SST) anomalies in the tropical Atlantic, or to a combination of
both. The impacts during most El Nifio events include below-
average rainfall over Indonesia and northern South America
and above average rainfall in southeastern South America, east-
ern equatorial Africa, and the southern USA (Barnston 2014).
The strongest shifts of El Niflo and La Nifia remain fairly
consistent in the regions and seasons shown on the maps (Fig.
8(a, b)).

Usually, La Nina could bring more rainfall and El Nifio bring
drought to the Amazon Basin. Poorer rainy seasons even oc-
curred during El Nifio events, while wetter than average condi-
tions were also observed during La Nina years (Alencar et al.
2006, Moeletsi et al. 2011, Pereira et al. 2013). These two phe-
nomena have obvious effects in regions that have dry and rainy
seasons. A major El Niflo event was recorded in the years from
2014 to 2016 (Fig. 8(c)).

76°40'30"W

76°39'0"W
1

Fig. 4 Remote sensing images of pre-disaster and post-disaster. (a) Pre-disaster image (April 15, 2015). (b) Post-disaster image (April 10, 2017). (c) Overflowing rivers:
the Rio Mocoa River, @ the Rio Mulato River, ® the Rio Sangoyaco River, @ the Quebrada Taruca River (two branches downstream: north-south, west-east), ® the

Quebrada San Antonio River, and ® the Quebrada Taruquita River
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Fig. 5 Remote sensing image characteristics. (a) Distribution of landslides. (b) Flood channel erosion of the Quebrada Taruca River. (c) Flood overflow of the Quebrada San
Antonio River. (d) Debris flow’s erosion and deposits the Quebrada Taruca River. (e) Flood overflow of the Rio Mulato River. (f) Area percentage of landslides along

different rivers. The flood channel erosion will scour the river banks and widen the river. Flood overflow generally does not change the width of the river, and it often
submerges the area surrounding the river. Water stains are left after the flood recedes. The debris flow’s erosion and deposits are very destructive to buildings, and a large

number of houses were destroyed and buried
Rainfall

Inter-annual rainfall change

During an El Nifio event, droughts could occur virtually anywhere
in the world (NDMC 2017). Northeastern South America from
Brazil up to Venezuela showed one of the strongest relationships
(Ropelewski and Halpert 1987). In 17 El Nifio events, this region
had 16 dry episodes. The Standardized Precipitation-
Evapotranspiration Index (SPEI) is a drought index that can mea-
sure drought severity using monthly mean temperatures, monthly
precipitation, monthly sunshine hours (Vicenteserrano et al. 2010),
and the intensity of the drought (Abdullah 2014). SPEI was classi-
fied in Table 3. In the years 2014-2016, there was a major El Nino
event. A sharp drop of rainfall caused the long-time moderately

and severe drought (- 2 < SPEI < —1) (Fig. 9). By the second half of
2016, a La Nifa event began to appear, and it was followed by
increased rainfalls.

Antecedent rainfall

This pre-disaster period of 2017 had unusual precipitation: 184 mm
in January, 198 mm in February, and 166 mm in March (World
Weather Online 2017). Antecedent rainfalls over several days be-
fore these disasters made the soil abnormally saturated, making it
easier to slide and flow. A sudden increase in rainfall (Fig. 10)
occurred on 1 April, and the terrain effect enhanced the rainfall’s
effects. The abundant water yield coming from antecedent precip-
itation met this rainfall and developed into floods. Heavier rain-
falls on the event night became “the last straw” of this disaster.

Extreme rainfalls

Sub-surface runoff

st
s

Mountain torrents

[QuebradaTaruquitaw [ QuebradaTaruca\ E}

mountain torrents J mountain torrents J

uebrada San Antonla
mountain torrents J

Channel erosion
(North-south)

Rio Sangoyaco
mountain torrents

Fig. 6 The model of compound mountain hazards occurring in Mocoa

(West-east)

Rio Mulato
mountain torrents
Rio Mocoa
mountain torrents
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Table 1 Damage situation subjected to roads (no field validation)
Objects

Damage situation

Characteristics

Roads Washed away Completely destroyed and almost disappeared 5979.40
Buried Deposited by a large amount of sediment 1191.97
Silted Deposited by a small amount of sediment 5308.64

Table 2 Damage situation subjected to buildings (no field validation)
Objects

Damage process

Characteristics Number

Buildings Washed away Completely destroyed and almost disappeared 288
Buried Filled with mud sediment, but frames remained 505
Silted Deposited by a small amount of sediment 975
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Fig. 7 Post-disaster damage situations of buildings and roads. (a) Damage overview. (b) Partial enlarged detail of post-disaster damage characteristics
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Fig. 8 The influence of El Nino and La Nina on Mocoa. (a, b) Rainfall affected by El Nifio and La Niiia (Ropelewski and Halpert 1989, Mason and Goddard 2011, Barnston
2014, modified from IRI 2014). () A timeline that records the El Nifio and La Nifia events between 2000 and March 2017
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Table 3 SPEI class

Range Condition

SPEI< -2 Extreme drought
—2<SPEI< —-15 Severe drought
—1.5<SPEI< —1 Moderately drought
—1<SPEIL1 Near normal
1.0<SPEI<15 Moderately wet
1.5<SPEI<2 Severely wet

2 < SPE| Extremely wet

Cui et al. (2007) proved the different contributions of anteced-
ent precipitation including IAP (indirect antecedent precipita-
tion), DAP (direct antecedent precipitation), and TP (triggering
precipitation) using debris flow cases occurring in the Jiangjia
Ravine, China. TP defines the short-duration precipitation that
stimulates the occurrence of debris flows. DAP directly affects
the water content of solids and takes part in the formation of
debris flows. Unlike DAP and TP, the effect of IAP mainly changes
the soil moisture through a long accumulation period and influ-
ences the intensity and quantity of rainfall necessary to trigger
debris flows. The research showed that the contributions of IAP
and DAP to debris flows were 44% while the triggering precipita-
tion (1 h intensity) contributed only 37% (Cui et al. 2007). Debris
flows are initiated under the integrated impacts of TP, DAP, and
IAP. When calculating the IAP value, it is defined as

1AP = (Pi 1 K,) (5)

i=1 j=1

In the above formula, P; is the daily precipitation (mm)
from the first day (i = 1) to the preceding n days (i = n), i
and j both state the number of days before the start of
the rainfall process triggering the hazards, and Kj is a decay
coefficient in j™ day’s weather condition due to evaporation.
K;j is the key to calculate IAP, but different places may have
different decay coefficients due to evaporation differences.
Research about the evapotranspiration of a tropical rain forest
in central Amazonia was performed by Leopoldo et al. (1995).
Taking this research into consideration, 0.8y and 1 were

chosen as the decay coefficient in the cloudy day or sprinkle
day, and the decay coefficent in the rain day, total 20 days
(from 5 to 24 March) were chosen in current calculation (n =
20). The rainfall process indicated that the precipitation
started on 25 March and the hazards occurred on 1 April
The peak rainfall immediately before the incident was 6.1 mm
which is considered as TP. The DAP can be calculated, using
formula 6, by simply summing the rainfall from 25 March
until preceding TP.

m
DAP = ¥ Py (6)
k=1

In the above formula, Py is the daily precipitation (mm), m
is the number of total rain days from the beginning of rainfall
to the occurrence of disasters, k is the number of rain days
from the start of rain. Here, the total 7 days (from 25 to 31
March) were chosen in current calculation (m = 7). Depend-
ing on the relationship and the calculation method of IAP,
DAP, and TP, their values were obtained separately. The rain-
fall contributing to hazard occurrence was the summation of
IAP, DAP, and TP and calculated as 1011 mm in which TP
contributed 6.1 mm, DAP contributed 23.8 mm, and IAP was
71.2 mm.

Vegetation coverage change

Using the same method as Fig. 2(f), the vegetation coverages
at the interval of 2 years from 2000 to 2016 were calculated
using NDVI data from June to August. From several years of
vegetation coverage conditions, a significant change (Fig. 11)
could be found. The 2010 and 2012 vegetation conditions of
the Mocoa watershed were in a better condition, while 2014,
2016, and 2017 were poorer. The corrosion inhibition effect of
the vegetation canopy is realized on the interception of pre-
cipitation and the reduction of raindrop energy. It can weaken
the kinetic energy of raindrops. Vegetation plays an important
role in the control of debris flows by adjusting soil moisture
through evapotranspiration and intercepting rainfall (Li and
Clarke 2007).

In recent years, vegetation coverages of this Mocoa watershed
have remained poor, which would reduce its ability to cope with
heavy rainfalls. In the seasonal parts of the South American Am-
azon forest, foliage growth and coverage vary between the dry and
wet seasons (Mongabay 2007; Myneni et al. 2007). This
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Fig. 9 Rainfall amount (2011- March 2017) in Mocoa, Putumayo (World Weather Online 2017)
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Fig. 10 Rainfall during the period from March 30 to April 1, 2017, in Mocoa (World
should also be noted that the mountain effect around Mocoa would increase rainfall.

phenomenon illustrates the importance of water to rainforests.
Taking into account the impacts of El Niflo and La Nifia, a rela-
tionship between average vegetation coverages and the occurrence
of El Nifio and La Nifia was built (Fig. 12). The 2014-2016 El Nifno
event was among the strongest on record. The decrease of precip-
itations affected the growth of vegetation in this watershed. Poor

Weather Online 2017). Rainfall increased in the early morning of April 1, 2017. It
The records of the rainfall station can be used as a reference for the rainfall trend

vegetation coverage reduces the interception and water holding
capacities that are responsible for this incident.

Discussion and conclusion
Through the interpretation of remote sensing images, this study
obtained rich information about mountain hazard distributions,
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hazard chains, compound hazards, and damage features. This
research shows that the Mocoa disaster was the comprehensive
result of landslides, mountain torrents, and debris flows. As a
typical compound disaster, the Mocoa disaster caused great dam-
age. Although heavy rainfalls were the trigger for this disaster, it
should be realized that previous droughts also played an impor-
tant role in this disaster event. In this disaster, the previous El
Nifio event (2014-2016) needs to be taken into account, particu-
larly since it had an important influence on rainfall and vegetation.
The drought caused by the earlier El Nino affected the growth of
vegetation. The decreased vegetation coverage reduced the ability
of the ecosystem to adjust heavy rainfalls and to protect the earth
surface. The later La Nifia event brought a large amount of heavy
antecedent rainfalls. The continuous rainfalls caused the soil to
stay saturated, making mountain hazards triggered by heavy rain-
falls more likely.

It is unwise for people to pay attention only to the antecedent
rainfalls that trigger mountain hazards and ignore the research on the
early climate impact. With the increase of extreme weather events,
compound disaster events would also increase, especially in the
adequate-rainfall mountainous areas. The research on the climate back-
ground is of guiding significance to the formulation of disaster preven-
tion and mitigation plans.
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