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Abstract The probabilities for the generation of hyperconcentrated flows, and debris and
mud flows in the middle basin of Elqui River (Chile) are determined. The objective was
achieved collecting, for a period of 14 years, the precipitation events generating high-
discharge flows, as well as the larger precipitation events that did not generate this process.
For each of these events, data of peak 1-h storm precipitation, temperature (representing
the zero-isotherm altitude) and antecedent precipitation of 1, 5 and 10 days were collected
from three meteorological stations. Initially, an ordinal logistic regression model for each
antecedent precipitation was fitted, but all were discarded due to the low significance of
these variables in the generation of the models. This result allowed to infer that the high-
discharge flows of the region are generated mainly by runoff and not by deep-seated or
shallow landslides. Subsequently, a new model with the remaining variables was per-
formed, which was statistically validated. From this, it was considered prudent to take as
thresholds for the occurrence of hyperconcentrated flows, and debris and mud flows, their
respective probabilities of 50%. For these thresholds, the model had an efficiency in the
prediction of high-discharge flows of 90%. Finally, the partial correlation coefficients of
each significant predictor variable with respect to the dependent were calculated, estab-
lishing that the temperature has greater influence than the peak 1-h storm precipitation.
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1 Introduction

The high-discharge flows (HDFs) are a hydro-sedimentological process that is subdivided
depending on the concentration and size of sediments in: debris flow, mud flow, hyper-
concentrated flow and water flow (Pierson 2005). These phenomena constitute a relevant
natural hazard in the generation of risk situations worldwide, a scenario that, according to
current studies, is increasing due to population growth and the human settlement in
marginal areas (Leroy 2006; Petley 2012).

In the Elqui valley, the HDFs have caused considerable economic and human losses
since the region began to inhabit in the nineteenth century (e.g., Conte Nadeau 1986; Graiia
Pezoa 2007; Pérez et al. 2008); however, sedimentological-palynological research indi-
cates that these phenomena occurred with irregular frequency since the Late Pleistocene
(Antinao et al. 2015; Maldonado and De Porras 2015).

Many scientists around the world have researched the thresholds needed to generate
HDFs: some through physical models (Crosta and Frattini 2003; Wilson and Wieczorek
1995) and others with empirical approaches with statistical criteria (e.g., Guzzetti et al.
2008; Brunetti et al. 2010; Giannecchini et al. 2016) or without statistical criteria (Cannon
et al. 2008; Coe et al. 2008). Thresholds that are set by physical models require data that
are difficult to obtain at scales greater than the local (i.e., soil density, friction angle,
cohesion, hydraulic conductivity, failure depth and water table depth); on the other hand,
thresholds based on empirical approaches are adapted to different scales, but usually use
only duration and total precipitation as variables (or intensity resulting from the division of
these parameters). These latter approaches do not usually use contributing factors such as
antecedent precipitation or zero-isotherm altitude (ZIA), which is important when it is
below the maximum altitude of the ravine.

In the Elqui basin, there are no defined thresholds for the generation of HDFs, and
throughout the Argentine-Chilean Andes they are scarce and were developed with little
quantity and quality of meteorological data (Hauser 1985; Moreiras 2005). For the region
of Santiago de Chile, Hauser (1985) established, based on a statistical analysis of daily
rainfall data, that there is a 50% of probability that rainfall over 60 mm/24 h triggers debris
and mud flows. For the Mendoza River Valley (Argentina), Moreiras (2005) established a
threshold for debris flows between 6.5 and 12.9 mm/24 h using the same data types and an
influence of the antecedent precipitation of 5 days for 60% of the cases.

A research of thresholds with a novel method and realized for the Andean region of
Santiago de Chile, is that of Sepulveda and Padilla (2008). In this, through a binary logistic
regression, different probabilities were defined for the occurrence of debris flows, mud
flows and hyperconcentrated flows. The analysis used the daily precipitation of the
meteorological station with greater predictability between two, the antecedent precipitation
with greater predictability and the ZIA at daily resolution. As a result, they recorded that
33% of the flows occurred show a probability greater than 50%; the authors comment that
predictability could have been better if, among other reasons, there would have been
greater density of meteorological stations and if they had had a higher temporal resolution.

Regarding the ways of acquiring precipitation data, Marra et al. (2014) exposed the
advantages of weather radars over the rain gauge networks; however, this technology does
not exist in the Argentine-Chilean Andes. Santos et al. (2015) and Lauro et al. (2017)
showed that methods from passive microwave and infrared data such as the Climate
Prediction Center morphing (CMORPH; Joyce et al. 2004) are useful for measuring debris
flow thresholds in the Central Argentine Andes, where there are few stations and con-
vective precipitation. However, the authors observed that these, at least in mountainous
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sectors such as the region, inadequately estimate precipitation. Santos et al. (2015) also
used the Weather Research and Forecasting (WRF; Powers et al. 2017) and the Eta-
Meteorological Regional Program (Eta-MRP; Seluchi and Chou 2001) numerical models,
obtaining even worse rainfall estimates.

In light of the aforementioned, the objective of the present paper is to fit a statistical
forecasting model, which provides the probability of HDFs occurrence, from available
weather information in stations of the region. If fitted and validated correctly, the inter-
esting thing about the predictive model would be its regional scale and its simplicity of
using easy-to-obtain variables. It could be used by government institutions to decide
whether or not to implement the early warning system for a given weather forecast.

1.1 Study area

The studied sector is located within the middle basin of Elqui River, in central-northern
Chile and 40 km from the Pacific Ocean (Fig. 1). Its area is 2000 km? and has an altitude
range between 400 and 3900 m.

The route CH-41 communicates the region with Argentina and also with the main cities
of the basin like La Serena and Vicuiia. The population is 26,900 inhabitants and is
increasing to an average rate of 110 inhabitants/year (Instituto Nacional de estadisticas
2017). The economy is based primarily on agriculture and tourism.

Being a mountain region, the population is usually settled in geo-climatically hazardous
areas, so that HDFs frequently generate material damages in houses and roads (Fig. 2), as

Elevation (m)
\ 400-900 L .
N ij 900-1,400 | La Serena
A [ 1,400-1,900

I 1,900-2,400

0 4 8 km I 2,400-2,900 Pacific Ocean

| e—— I 2,900-3,400
Bl 3,400-3,900 ﬁ
Il 3,900-4,400 .

Fig. 1 Study area and its location in Chile. Activated ravines: (1) Talcoma I, (2) Talcoma II, (3) Viiita, (4)
El Sauce, (5) Leiva, (6) Miraflores, (7) Cebollin, (8) Seca and (9) Culebra. Meteorological stations:
a Vicuna, b Rivadavia and ¢ Llanos de Huanta
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Fig. 2 Photographs as an example of the HDFs studied. a Debris flow of Seca Ravine in March 2015.
b Debris flow of Culebra Ravine in March 2015

well as injuries and deaths. During the period 1997-2016, four deaths due to HDFs were
recorded (Pérez 2005). This shows that the studies dedicated to understanding and pre-
venting these phenomena are very important for the security and economy of the region.

1.2 Geology and geomorphology

The study area is located within the physiographic subunit of Western Main Cordillera,
which is located between the N-S direction fault systems of Vicufia-San Felix and Baios
del Toro Chollay (Aguilar et al. 2013).

The main rivers run through narrow valleys that present up to 2000 m of incision and
that upstream is developed in morphological areas characterized by slopes of strong gra-
dient and rocky outcrops. The high gradient values are concentrated in the slopes of the
valleys, while the flat interfluves are dominated by low slope pediments (Aguilar et al.
2013).

The unconsolidated stratified units correspond to fluvial and alluvial deposits, which
sometimes occur in terraces, and which are filling the beds of the Elqui River and the
tributary ravines. The consolidated stratified units are volcanic and sedimentary rocks of
Cretaceous to Jurassic age, and sedimentary triassic rocks of continental origin composed
of conglomerates, sandstones and carbonaceous shales (Rauld Plott et al. 2012).

In addition, plutons of Triassic to Paleozoic age outcrop, which are distributed in strips
with preferential N-S orientation and that together form the Elqui-Limari Batholith (Rauld
Plott et al. 2012).

1.3 Climate and climate variability

The climate of this sector of Chile is cold semiarid with dry summers, but above 2750 m it
becomes tundra with dry summers type (Sarricolea et al. 2016). The climatic character-
istics are conditioned by two main atmospheric factors: the southeastern Pacific
semipermanent anticyclone and frontal systems associated with extratropical migratory
depressions (Fuenzalida 1982). The average annual precipitation, for the period
1950-2000, varies between 70 and 97 mm depending on the station analyzed (Zavala and
Trigos 2008), and on average 85.9% is concentrated between May and August (Vuille and
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Milana 2007). The average daily potential evapotranspiration oscillates between 5.5 mm in
December and January, and 1.7 mm in June (CEAZA 2017).

The region is dominated by an almost permanent temperature inversion maintained by
generalized subsidence, forced by the southeastern Pacific semipermanent anticyclone. It
has an average thickness of 250 m and starts between 700 and 1000 m during the warm
semester, and between 500 and 700 m during the cold semester (Romero et al. 1988). This
inversion, which usually inhibits the development of convective activity and rainfall, can
be lifted and interrupted during occasional frontal passages that affect the region mainly in
winter.

El Niflo Southern Oscillation (ENSO) represents the inter-annual cycle that most
influences the variability of atmospheric conditions in this region, increasing rainfall and
temperatures during its positive phase (recurrence of 3-5 years; Rutllant and Fuenzalida
1991; Rosenbliith et al. 1997). The ENSO and the number of landslides present a positive
correlation in the area (Ortlieb and Vargas 2015; Sepulveda et al. 2006).

In the Elqui valley, precipitation presents a linear trend of — 0.56 mm/year for the
period 1869-2004 (p = 0.001; Vuille and Milana 2007). The trend would continue during
the twenty-first century according to the projections of future climate change (Vera et al.
2006). Regarding the ZIA, applying an exponential filter, Carrasco et al. (2008) measured a
positive trend of 2.3 m/year (p = 0.05) in central Chile, during the period 1958-2006.
Projections of future climate change indicate that the average daily temperature during the
period 2071-2100, compared to the period 1961-1990, would increase for the four seasons,
from 2-3 to 3—4 °C depending on the scenario of greenhouse gas emissions (Geophysics
Department of the University of Chile 2006).

2 Methods
2.1 Statistical analysis

In this study, we use the logistic regression method (Hosmer and Lemeshow 2000). This
multivariate statistical method has been widely used for different geoscientific applica-
tions, such as the determination of rainfall thresholds to trigger landslides (Sepilveda and
Padilla 2008; Giannecchini et al. 2016), the annual debris flows occurrence (Pavlova et al.
2014) and the production of landslide susceptibility maps (Carrara et al. 2008).

The logistic regression model allows defining a mathematical expression that relates
multiple contributing factors and triggers to an occurrence probability of an HDF. The
general expression for the logistic regression model is:

In |:(1 l:p):| = ﬁO + ﬁlxl + ﬁZXZ + ﬁan

where p is probability that an event occurs, In [(1’%;7)} log odds ratio, X’s input predictor

variables measured. f’s are regression coefficients that establish the relationship between
the variables.

The present paper was limited to the HDFs of type debris flow, mud flow and hyper-
concentrated flow, because they are the most hazardous (Pierson 2005). Among these, the
hyperconcentrated flows are those of lower energy and hazardousness (Pierson 2005).

Because HDFs of different magnitude were studied, it was decided to use the ordinal
logistic regression, which allows to determine probabilities for different results of an
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ordinal categorical distribution as a dependent variable. Thus, for the dependent variable of
the logistic regression were assigned a value of 2 for precipitation with debris and mud
flows, a value of 1 for precipitation with hyperconcentrated flows and a value of O for
precipitation without flows.

The possible multicollinearity was evaluated through the coefficient of determination
() of each independent variable with respect to all the others. The problems of multi-
collinearity exist when some P is greater than or equal to 0.9 (Kleinbaum et al. 1988).

In order to evaluate the validity of the logistic regression model, and considering the
number of events (n = 29), the method of leave-one-out cross-validation (Arlot and Celisse
2010) was applied. This consists of fitting the model n times removing one event at a
time and calculating for each the difference between the probabilities of success, including
it and excluding it from the analysis. Then, the arithmetic mean of these differences is
made and its value is evaluated.

To measure the contribution of each variable to the model, the partial correlation
coefficient is used (Prokhorov 2001). This parameter measures the relationship between
two quantitative variables when controlling or eliminating the effect of thirds; its formula
for three variables is as follows:

2
\/ (rYXI 77)’)(2")(1)(2)
ryx, X, = (

1 - rlz’Xz)(l - r)zlez)

where Y is the dependent variable, X’s are the independent variables, and ryyx,.x, means the
partial correlation between Y and X; with fixed X;. Its expression for more than three
variables is:

2
_ ("yxI X3.. X, — VYXZ-X,;.‘.X,,Vxlxz-xg.“xn)
'YX, X, X3..X, —

(1 - r%’x2<x3,A.x,,) (1 - r)z(,xz-xguxn)

This technique allows checking the contribution of each variable independent of its
order of magnitude; therefore, it allows for comparison of the weight of the variables in the
model in a better way than using the regression coefficients directly.

All analyses were performed with the Excel add-in Real Statistics Resource Pack.

2.2 Variables used

Since the objective of this paper is to implement a predictive model of HDFs occurrence in
an area considered homogeneous, only variables with temporal variation without spatial
variation or with random spatial variation will be used. Due to this premise, variables such
as anthropogenic impact by crops or structural measures, and geotechnical, geological and
morphometric properties were not taken into account as predictors. As will be seen later,
the climatic variables used were considered without spatial variation or with random
spatial variation.

2.2.1 Precipitation
In the study area, there are three meteorological stations at 5-15 min temporal resolution,
one is in the talweg of the Huanta Ravine, while the other two are in the talweg of the Elqui

River (Fig. 1 and Table 1). Considering that the precipitation regime is almost homoge-
neous, the model was fitted using all the stations simultaneously; in this way, it was
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Table 1 Name, coordinates, elevation and record of meteorological stations

Gauge Coordinates (°) Elevation (m) Record

Vicufia 30.038S, 70.697W 634 02/2004—
Rivadavia 29.962S, 70.539W 900 09/2010—
Llanos de Huanta 29.827S, 70.354W 1696 07/2012—

All belong to Centro de Estudios Avanzados en Zonas Aridas (CEAZA)

assumed that the water accumulated in each meteorological station during an event
depended only on the random distribution that the precipitation had.

For each precipitation event, the peak 1-h storm precipitation was used. This decision
was due to the fact that the reported times of the HDFs were always shortly after the hour
of maximum precipitation. In addition, this time corresponds to the maximum time of
concentration among the activated ravines [data not shown and calculated from a digital
elevation model at 12.5 m resolution (Alaska Satellite Facility 2017), and through the
California Culverts Practice equation (Hotchkiss and McCallum 1995)]. The time of
concentration is the time needed for water to flow from the most remote point in a
watershed to the outlet, and it is equivalent to the moment of maximum discharge.

To measure the precipitation events that produced HDFs, the nearest station was used.
The distances between the ravines and the stations had an average of 6.46 km and a range
from 4.17 to 20.26 km. These values are acceptable if rainfall is considered to be generated
by frontal systems with smaller spatial variations than those of convective origin. The
distances between the ravines and the meteorological stations were taken from the section
of the main channel that is located in the middle of the zone with average slope greater than
20°; this sector is the most suitable for the generation of HDFs according to Hungr (2005).

2.2.2 Temperature

For the generation of HDFs triggered by rain, the ZIA plays a fundamental role in
determining the relationship between solid and liquid water precipitating in the ravine. If it
is well below the maximum altitude of the ravine, a large amount of water will precipitate
in a solid state and the generation of HDFs will be inhibited. The ZIA has an even greater
influence if it is considered that the highest slopes are in the higher sectors, and the fact that
it is positioned a little below the maximum altitude of the ravine can inhibit the generation
of flows, to interrupt the runoff where it has greater competence.

The ZIA in the region, during precipitation events from May to September, has an
average of 2300 m and a standard deviation of 250 m (Garreaud 2013). Considering that
the maximum altitude of the highest activated ravine reaches 3716 m, it was decided to use
this variable for predictive analysis. As a proxy for the ZIA, the average temperature
during the peak 1-h storm precipitation at the Vicuia station was used. This meteorological
station is the one with the longest temporal record (Table 1). The use of a meteorological
station is based on the fact that its thermal variations correctly reflect the variations of the
ZIA, when precipitation is present (Garreaud 2013).

Unlike precipitation data that multiple stations were used, for the temperature a single
one was used since this variable has a smaller spatial variability and a greater altitudinal
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variability, which makes it impossible to use several stations with different heights for the
same model.

Due to the delay in the melting of ice crystals, the ZIA is no longer influential when it is
50-200 m above the maximum altitude of the highest activated ravine (Garreaud 1992;
White et al. 2010). Therefore, it is important to give an upper limit to the temperature
observed at the Vicuia station so that the model does not overestimate it. By the moist
adiabatic lapse rate of the area that limit is 19.6 °C (~ 3900 m) and was used for a case
where the average temperature during the peak 1-h storm precipitation exceeded that value
(Table 2).

2.2.3 Antecedent precipitation

The antecedent precipitation was used in the predictive model since it can indirectly
represent the soil saturation and/or the antecedent snow in the ravine. The first phe-
nomenon is a contributing factor of HDFs since the more saturated the soil is during a rainy
event, the less water will infiltrate and more water will drain, increasing erosion and the
possibilities of generating HDFs. The second is also a factor, if there is accumulated snow
in the ravine during a rain event, it can be totally or partially melted by the rain and
increases the streamflow of surface runoff.

For each precipitation event, the antecedent rainfall of 1, 5 and 10 days was collected, to
which the potential evapotranspiration until the corresponding event was subtracted. The
latest data were calculated by Centro de Estudios Avanzados en Zonas Aridas (CEAZA)
through the FAO Penman—Monteith equation (Food and Agriculture Organization 2006)
and were implemented to understand how much antecedent precipitation remained in soil
at the time of the event. Subsequently, a model for each corrected antecedent precipitation
was performed in order to understand which is the most influential.

It is important to note that no antecedent precipitation of more days was analyzed due to
the high potential evapotranspiration of the region.

2.3 Precipitation events record

The HDFs record was made through newspapers, printed and oral communications of
governmental entities and field interviews with inhabitants near the ravines. The regis-
tration began in February 2004, date in which the first meteorological station was put into
operation, and ended in May 2017.

The precipitation without flows was selected from the mildest situations of the pre-
cipitation with HDFs; this resulted in the peak 1-h storm precipitation having to be greater
than 2 mm and the average temperature greater than 5 °C. For these precipitation events, a
proportional stratified random sampling was carried out, that is to say that the stations were
chosen randomly with an intent to use each the same amounts of times; however, since
they have different record lengths, some were used more than others (Table 1).

In total, data were collected for: eight precipitation events with debris and/or mud flows,
four with hyperconcentrated flows and seventeen which showed no response (Table 2).
Two rainfall generating flows, occurred on 04/21/2004 and 06/06/2011, had to be discarded
for lack of operation in the Vicufa station of the rain gauge for the first case, and the
thermometer for the second.
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Table 2 Precipitation events record
Date Peak  Antecedent,_; (mm) T Activated ravines Gauge Distance
(mm) —— (°0) (km)
5 10
2:15-12/05/2017 9.7 38.31 39.41 39.41 10.57 Cebollin (mf), Vicufia 5.69
Miraflores (df)
and Leiva (df)
0:00-12/05/2017 6.85 2573 25.73 25.73 11.76 Seca (df) Rivadavia 4.91
14:15-25/03/2015 6.1 2276 24.02 24.02 163  Seca (df) Rivadavia 4.91
12:40-25/03/2015 5.7 18.1 18.1 18.1 16.73 Talcoma I (df), Vicuiia 20.26
Talcoma II (df),
Viiiita (df) and El
Sauce (df)
20:40-24/03/2015 8 6.69 6.69 6.69 16.68 Cebollin (mf), Vicuia 5.69
Miraflores (df)
and Leiva (df)
14:30-24/03/2015 7.3 446 446 446 18.6  Culebra (df) Llanos de 4.17
Huanta
12:50-24/03/2015 4.6 3 3 3 18.1  Cebollin (mf), Vicuia 5.69
Miraflores (df)
and Leiva (df)
15/01/2013 13 0 0 0 19.6  Culebra (df) Llanos de 4.17
Huanta
19/10/2015 5 0.60 1248 1298 10.6 Cebollin (hf), Vicuna 5.69
Miraflores (hf)
and Leiva (hf)
08/08/2015 5.7 0.2 0.2 0.2 9.85  Cebollin (hf), Vicuia 5.69
Miraflores (hf)
and Leiva (hf)
12/07/2015 458 595 595 595 9 Seca (hf) Rivadavia 4.91
03/05/2005 5.84 051 051 051 13.1  Cebollin (hf) Vicuia 5.69
25/07/2016 4.9 14 14 14 9.8 - Rivadavia -
03/06/2016 3,56 210 405 1245 101 - Llanos de —
Huanta
29/05/2016 5.7 6.9 6.9 6.9 1275 - Varillar -
14/10/2015 6.6 10.79 10.79 10.79 5.1 - Llanos de -
Huanta
13/09/2014 2.1 2.7 2.7 2.7 8.5 - Rivadavia -
12/06/2014 5.08 1.01 1.01 1.01 7.7 - Rivadavia -
20/07/2013 432 1.02 1.02 102 58 - Llanos de —
Huanta
18/05/2013 3.1 1249 1249 1249 108 - Vicuna -
15/07/2011 43 441 441 441 708 - Vicuiia -
21/06/2011 329 201 1195 1195 7.8 - Vicuiia -
18/06/2010 432 525 1045 1045 9.7 - Vicuiia -
15/05/2010 432 12,12 18.87 18.87 113 - Vicuiia -
28/06/2009 356  1.01 1.01 1.01 7.8 - Vicuiia -
27/05/2008 482 177 177 177 95 - Vicuiia -
26/07/2006 406 457 457 457 72 - Vicuiia -
07/07/2006 3.8 127 127 127 115 - Vicuiia -
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Table 2 continued

Date Peak  Antecedent,_; (mm) T Activated ravines Gauge Distance
(mm) —  (°0) (km)
1 5 10
21/07/2004 6.61 1472 1472 1472 6.1 - Vicuiia -

For events that generated multiple flows the distance to the nearest ravine was placed; for those who have
the same date, the start time was set. mf: mud flow, df: debris flow and hf: hyperconcentrated flow

3 Results

The three fitted models showed a p value lower than 0.05 for the variables temperature and
peak 1-h storm precipitation, but higher for all antecedent precipitation (between 0.48 and
0.69). An explanatory variable with a p value greater than 0.05 has low predictive capacity
and therefore low significance in the generation of the model (Giannecchini et al. 2016).
Considering their p values, the antecedent precipitation variables were excluded, and a new
model was made only with the significant variables.

The new model had a mean correct prediction probability of 0.81 (or 81%; Fig. 3). In
this calculation, we averaged the probability of success that the model had in each pre-
cipitation event, without even defining probability thresholds. It was also decided to
consider the probabilities for the precipitation events without HDFs since the false alarms
(a type of HDF was predicted and did not occur) are also important as they reduce the
credibility of the model.

The logistic regression being of the ordinal type presents two final equations when
isolating the probability:

1 1
Py o 160 Bp— 07597 +16557) P2 T 1 (- 1.604Pp— 0.759T+19.523)

where p; is probability of not generating a HDF. p, is probability of not generating a debris
or mud flow. Pp is peak 1-h storm precipitation (mm). 7 is average temperature in Vicuiia
station during the peak 1-h storm precipitation (°C).

When the first equation is greater than 0.5, there is more probability that no flows will
occur; when the former is less than 0.5 and the second greater than 0.5, there is more
probability that hyperconcentrated flows will occur; when the second is less than 0.5, there
is more probability that debris or mud flows will occur.

Significant predictor variables, temperature and peak precipitation, did not show mul-
ticollinearity problems (> = 0.26).

The model chosen was validated with the method of leave-one-out cross-validation. In
Fig. 3, it is observed that for each case, the difference between the probability of the fitted
event (incorporating it in the model) and the validated one (excluding it) is usually very
small. The arithmetic mean of the differences for all events was 0.04 (4%; Fig. 3). This
small dissimilarity between the fit and the validation allowed to consider the first as
reliable and apt to predict the occurrence of HDFs.

With the certainty that the fitted model presented a correct validation and their predictor
variables did not show multicollinearity problems, the thresholds for the different types of
HDFs were defined. It was considered appropriate to define as thresholds for the occur-
rence of hyperconcentrated flows, and debris and mud flows, their respective probabilities
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Correct prediction probability
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Events

Fig. 3 Correct prediction probabilities for fitted (light gray bars) and validated (dark gray bars)
precipitation events. When no (yes) the light gray bar is observed, the prediction between the fitted and
validated event coincides (does not match). The dark gray (light) horizontal line is the average correct
prediction probability for the validated (fitted) model

of 50% (Fig. 4). For these thresholds, the model had an efficiency in the prediction of
HDFs of 90% (ratio expressed as a percentage, between the number of successful pre-
dictions and the total number of cases). In 29 cases, it generated only one false alarm and
two failed alarms. (A type of flow was not predicted and this occurred.)

The model had a specific efficiency for the hyperconcentrated flows and the debris and
mud flows of 50 and 100%, respectively (Fig. 4; ratios expressed as a percentage, between
the number of successful predictions for these types of HDF, and the total number of these
HDFs).

As expected, from the equations of the final logistic regression it is observed that the
two predictor variables have a positive correlation with the HDFs. From the analysis of the
partial correlation coefficients between the predictor variables selected and the occurrence
of flows, it was found that the temperature has a value of 0.7 and the peak 1 — h storm
precipitation of 0.47.

4 Discussion

The statistical prediction model had a medium specific efficiency for the hyperconcentrated
flows, since they are phenomena of less energy and rainfall thresholds. On the contrary, for
the debris and mud flows, the model had an excellent specific efficiency since they are
phenomena of higher energy and rainfall thresholds. In fact, the minimum probability of
success for these HDFs was of 60% (Fig. 4).

It is considered prudent to implement the early warning system (evacuation of the
exposed population, road closures, etc.) when the hyperconcentrated flow threshold is
surpassed in a weather forecast. This threshold represents a conservative atmospheric
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Zero-isotherm altitude during the peak 1-h storm precipitation (m)
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Fig. 4 Graph showing the precipitation events collected and the meteorological thresholds at 50%
probability, for hyperconcentrated flows and debris and mud flows. The green circles correspond to
precipitation events that did not generate HDFs, the yellow (red) circles to precipitation events that
generated hyperconcentrated flows (debris and mud flows)

condition for the debris and mud flows initiation, which historically have been the most
destructive HDFs. Similar probabilistic thresholds have been used in recent research
(Staley et al. 2017; Giannecchini et al. 2016). The input variables of the model (peak 1 — h
storm precipitation and average temperature during the peak) can be easily obtained from
the traditional outputs of the regional weather forecasts. This makes the implementation of
the early warning system easier.

The three predictions where the probability of success was less than 50% (wrong
predictions) are probably due to the unmeasured influence of anthropogenic impact and
geological, geotechnical and morphometric properties. Nevertheless, the precipitation
events record suggests a preponderance of the climate over the spatial variables; due to
when the rains produce HDFs, they can be observed in several ravines (Table 2).

An interesting result is the low significance of the antecedent precipitation in the
generation of the models. Although this result was not expected, it coincides with other
research (Coe et al. 2008; Kean et al. 2013) where it is shown that in semiarid zones, the
occurrence of debris flows does not require soil saturation, because they are initiated by
runoff. Considering that the HDFs can be generated without values of high moisture in the
soil, it is logical that the model did not detect influence of this variable.

Berti et al. (2012) indicate that intensity-duration thresholds, for debris flows generated
by deep-seated landslides, are more uncertain since they do not consider the soil moisture.
Our paper shows that soil moisture can be evaluated using as a proxy the antecedent
precipitation, in statistical models that allow the use of multiple predictor variables, such as
the logistic regression.

The greatest influence of temperature or ZIA, regarding the peak 1 — h storm precip-
itation, in the generation of HDFs, may be surprising. However, it should be considered
that the greatest amount of precipitation events occurs in the cold semester when the ZIA is
very low; thus, only the warm semesters with positive precipitation anomaly, or the cold
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semesters with positive temperature anomaly, are able to generate HDFs. Considering this
important influence of the ZIA, it is probable that the positive phase of ENSO does not
generate more HDFs in the region solely by increasing rainfall, as stated by Sepulveda
et al. (2006), but also generate the positive temperature anomaly described by Rosenbliith
et al. (1997).

Despite the good results, the model could improve if the temporal data record was
extended, and more meteorological stations were placed closer to the headwaters of
ravines.

4.1 Comparison with other studies

The improved efficiency of the model presented in this paper compared to that presented in
the paper of Sepilveda and Padilla (2008) may be due to the higher temporal resolution of
temperature and precipitation data. In fact, the reported times of HDFs were always shortly
after the peak 1 — h storm precipitation, indicating that daily data attenuate the real
intensity. Another difference that could influence was to have used more than one mete-
orological station, which allowed to use the most suitable for each ravine.

Regarding research that uses intensity and duration, such as Brunetti et al. (2010), the
greater probability of prediction found may be due to the different statistical method
employed; however, different climates and geologies where the research were conducted
make comparison difficult. What is important to note is that the weight of the partial
correlation coefficient, between the ZIA (represented by temperature) and the HDFs
occurrence, demonstrates the importance of this independent variable when is in proximity
or below the maximum altitudes of ravines.

Sepulveda and Padilla (2008), through the partial correlation coefficients, found that the
significant explanatory variables of greater weight for HDFs are the daily precipitation,
followed by the ZIA and finally by the antecedent precipitation. This result differs from
that of the present study where the triggering rain has a lower weight than the ZIA
(temperature), and the antecedent precipitation has no significant influence. The difference
can be due to: (1) the sectors studied are different and are distant 390 km, and (2) the
variables used differ in temporal resolution. The Andean region of Santiago de Chile has a
lower potential evapotranspiration (less arid climate; Sarricolea et al. 2016), which would
explain, for example, the different weight of the antecedent precipitation.

5 Conclusions

In this study, an ordinal logistic regression model was generated for the prediction of
different HDF types, using two meteorological variables collected in three stations during
14 years. The model had a correct statistical validation and a mean correct prediction
probability of 81%.

The study covered an area of 2000 km?, with large amount of historical and prehistoric
landslides. From the model, it was decided to take as thresholds for hyperconcentrated
flows, and for debris and mud flows, their respective probabilities of 50%. For these
thresholds, the ordinal logistic regression had an efficiency in the HDFs prediction of 90%,
and a specific efficiency for the hyperconcentrated flows and the debris and mud flows of
50 and 100%, respectively. It is considered prudent to implement the early warning system
when the hyperconcentrated flow threshold is surpassed in a weather forecast.
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From the logistic regressions, it was found that the antecedent precipitation of 1, 5 and
10 days did not have a significant influence on the generation of HDFs. This result allowed
to infer that the HDFs of the region are generated mainly by runoff and not by deep-seated
or shallow landslides.

The partial correlation coefficients among each significant explanatory variable and the
occurrence of flows, it was known that the ZIA is more important than the peak 1 — h
storm precipitation. This latter result suggests that the positive phase of the ENSO could
not only force an increase in the HDFs in the region due to the positive anomaly that
induces in the precipitation, but also to the positive anomaly that it causes in the
temperature.

More studies are being conducted to improve the results and quantitatively understand
how the magnitude and frequency of HDFs in the sector will change by the end of the
century in the face of projected climate change.
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