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Abstract: In the research field on landslide hazard assessment for natural risk prediction and
mitigation, it is necessary to know the characteristics of the triggering factors, such as rainfall and
earthquakes, as well as possible. This work aims to generate and compare the basic information on
rainfall events triggering landslides in two areas with different climate and geological settings: the
Loja Basin in southern Ecuador and the southern part of the province of Granada in Spain. In addition,
this paper gives preliminary insights on the correlation between these rainfall events and major
climate cycles affecting each of these study areas. To achieve these objectives, the information on
previous studies on these areas was compiled and supplemented to obtain and compare Critical
Rainfall Threshold (CRT). Additionally, a seven-month series of accumulated rainfall and mean
climate indices were calculated from daily rainfall and monthly climate, respectively. This enabled
the correlation between both rainfall and climate cycles. For both study areas, the CRT functions
were fitted including the confidence and prediction bounds, and their statistical significance was also
assessed. However, to overcome the major difficulties to characterize each landslide event, the rainfall
events associated with every landslide are deduced from the spikes showing uncommon return
periods cumulative rainfall. Thus, the method used, which has been developed by the authors in
previous research, avoids the need to preselect specific rainfall durations for each type of landslide.
The information extracted from the findings of this work show that for the wetter area of Ecuador,
CRT presents a lower scale factor indicating that lower values of accumulated rainfall are needed to
trigger a landslide in this area. This is most likely attributed to the high soil saturation. The separate
analysis of the landslide types in the case of southern Granada show very low statistical significance
for translational slides, as a low number of data could be identified. However, better fit was obtained
for rock falls, complex slides, and the global fit considering all landslide types with R? values
close to one. In the case of the Loja Basin, the ENSO (El Nifio Southern Oscillation) cycle shows a
moderate positive correlation with accumulated rainfall in the wettest period, while for the case of
the south of the province of Granada, a positive correlation was found between the NAO (North
Atlantic Oscillation) and the WeMO (Western Mediterranean Oscillation) climate time series and the
accumulated rainfall. This correlation is highlighted when the aggregation (NAO + WeMO) of both
climate indices is considered, reaching a Pearson coefficient of -0.55, and exceeding the average of the
negative values of this combined index with significant rates in the hydrological years showing a
higher number of documented landslides.
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1. Introduction

Landslides are considered to be one of the most serious hydrological hazards, producing isolated
or catastrophic events that result in costly damage and high rates of causalities. Quantitative reviews
on their effects at different territorial scales can be found in the literature (e.g., [1-6]). These studies
show thousands of fatalities a year globally, while the costs caused reach thousands of millions of
euros. This phenomenon appears in different types of landslides and under a variety of environmental
and climatic scenarios, which make it crucial to understand the hydrological mechanisms that lead to
the activation of such land processes with negative effects. In a hazard assessment, it is important to
define the thresholds under which landslides develop and their expected frequency. Considering that a
threshold is the limit of a quantity from which a process initiates or a state changes [7], a rainfall threshold
triggering landslides is related to the limit of hydrological conditions such as soil moisture, rainfall
intensity, or accumulated precipitation [8-12]. In the literature, there are numerous investigations on
establishing the minimum amount of precipitation that leads to landslides at different locations and
scales all over the world. A review of the different types of rainfall thresholds that trigger landslides and
the results from different locations are addressed in a more in-depth manner in [10], with corresponding
references. To define rainfall threshold, authors use two main types of approaches: physical ones
(process-based, conceptual) or empirical ones (historical, statistical). The physical or process-based
models incorporate the infiltration pattern into the slope instability analysis. These models are
characterized by the difficulty of gathering all the necessary information on hydrological, lithological,
morphological, and soil geomechanics parameters. This information gathering is costly and the
method is better suited to shallow landslides. The method used in this paper is of the second type,
where empirical rainfall thresholds are defined by exploring the rainfall events associated with the
occurrence of landslides. Unlike physically-based models, the empirically-based methods for the
acquisition phase of data are relatively inexpensive. In fact, the gathering of complementary data,
such as piezometric monitoring data and horary rainfall depth, was not available, or the boreoarctic
time to be collected for specific sites was too long in comparison with the scarce data that could
be expected. Instead, daily rainfall data were provided short-term, and the date of occurrence of
the landslides can be extracted from literary sources such as the press, libraries, published scientific
papers, and books. The precision of these models depends heavily on the quantity of data available to
characterize the hydrological scenarios producing landslides. However, in general, collecting the event
dates and detailed rainfall records for long periods is not a simple activity. This is essentially due to
the scarce amount of information available, which is neither systematic nor standardized. These data
are recorded every time a landslide is witnessed or documented [13,14]. After collecting the necessary
data, the empirically-based models are expressed by the correlation of precipitation measurements
(accumulated rainfall, duration, and intensity) related to individual or multiple rainfall events leading
(or not) to landsliding. When multiple rainfall events are considered, a curve representing the function
of the correlation between rainfall measurements can be depicted to visually distinguish between
the wet conditions that trigger landslides in an area and the rainfall conditions that do not. This is
known as a Critical Rainfall Threshold (CRT) curve. In this paper, the CRTs have been obtained
by combining the parameters of rainfall event duration and a measurement of cumulative rainfall.
This simple approach, which consists of fitting the function that correlates cumulative precipitation
and the duration of the rainfall events that trigger landslides, has been applied by different authors
in different ways. Several pieces of research take into account the cumulative event rainfall (E) for
shallow soil slips and landslides of a flow-like nature [15-20]. Conversely, deeper-seated landslides
need more time for the layered geomaterials involved in the slipping mass to reach predisposing
moisture conditions, so the antecedent rainfall (A) as the accumulated precipitation before the landslide
event is accounted for [21,22]. Moreover, several analyses combine both cumulative event rainfall and
antecedent rainfall [23-26]. Commonly, more than one duration is explored from periods ranging
from a few days to several months. However, the selection of the duration interval/s is not so trivial
if the information gathered is not precise and characterized by the uncertainty regarding the type,
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geometry, or depth of the failures being evaluated. This fact makes it difficult to apply a single rule to
the landslide events being studied. In this research, the main issues hampering the main objectives
coincides with those described in [14]. First, not all the public local organizations have implemented
procedures to facilitate timely and affordable access to the necessary information and data, which delays
or even prevents the most complete records on hazardous events. Similarly, some private companies
are reluctant to provide data companies with their data for reasons of legal protection, data privacy,
or other reasons of the company itself. Second, the supplied data and exploited information, such as
the information from local newspapers, seldom includes the most relevant data to solve the basic
problems involved in a landslide hazard analysis. That is basically the type of landslide, its geometry
and dimensions, the description of the mobilized materials, and the hydrogeological or geomechanical
parameters. This also applies to landslide or hydrogeological hazard catalogues or databases. Thus,
given the incomplete and imprecise nature of the necessary information, some considerations were
taken into account. Considering the above-mentioned lack of data and uncertainties about the landslide
type, this research applies a method to extract the information on the duration and coupled cumulative
rainfall regardless of landslide type, although a separation has been carried out where the information
gathered provided the classification of the different landslides. In addition, this method evaluates
a duration interval range from 1 to 90 days for each landslide event, with the selection of the most
significant rainfall and its respective duration. The selection of the rainfall event is based on the joint
visualization of the return periods of the different cumulative rainfalls, which help to distinguish those
uncommon events that are more probably related to the triggering of the recorded landslides. Thereby,
the selected rainfall events can include, or not include, the cumulative event rainfall related to the
date of the landslide event or a few days previous to its initiation, as discussed in [13]. Although,
in some cases, the type of landslide cannot be identified or was not correctly collected in the consulted
sources, this method has the advantage of being independent of the type of landslide. In other words,
the rainfall triggering each landslide is deduced from the spikes coinciding with uncommon return
periods of rainfall events with specific accumulated rainfall and duration. This means that the duration
of the rainfall events is not predefined by the expert, but is rather derived from each uncommon rainfall
event detected from the return period spectrum after considering the wide range of rainfall durations
(1-90 days). Accordingly, this method has been applied to both case studies as it can be used for a
single type of landslide or for a mixed dataset with different types of mass movements.

In previous research [13,27], the proposed method has been applied by using different functions
and rainfall parameters in both study areas. Conversely, this paper seeks to homogenize the CRT
analysis by using the same functions for every case, providing a comparison between both scenarios.
In addition to the information on triggering conditions, the present research deal with the correlation
of these rainfall thresholds and the landslide occurrences with the main climatic cycles affecting the
area under analysis. Both the weather models and CRTs (Critical Rainfall Threshold) provide valuable
information for the prediction of landslides events, despite the changing patterns in the space and time
of climatic cycles.

Considering the significance of this information as a contribution to upcoming research, this work
aims to produce initial insights on the CRT functions extracted from the information gathered for two
zones that are climatologically and environmentally different. The first zone is located at the Loja Basin
in southern Ecuador, while the second one is sited in the south of the province of Granada (Spain).
As a second objective, this work adds a graphical and quantitative analysis of the accumulated rainfall
during the wettest period and the relevant climatic indices greatly affecting each study area.

2. Insights on the Association of Teleconnections with Floods and Landslides

The teleconnection indices represent the variability in the flows or circulations that favors the
appearance of precipitation and controls the patterns of wet and drought periods.
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2.1. ENSO (EI Nifio Southern Oscillation)

The ENSO [28] represents the “balance” of sea pressure in the tropical Pacific Ocean.
This phenomenon develops in two phases. The warm phase “EINifio” [29] constitutes the oceanographic
and atmospheric periodic anomalies along the Oriental Equatorial Pacific and the southern coastal zone
of Ecuador and Peru. This phase causes sea surface temperature (SST) to increase in the Equatorial
Pacific. At the same time, SST warming favors evaporation and troposphere heating, leading to
atmospheric convection in its warm phase called El Nifio. However, the cold phase, La Nifia, can cause
droughts in multiple areas of South America. A warm phase is declared when the average of the SST
anomalies in the Nifio 34 region (5N-55, 170W-120W) are above the threshold of +0.5 °C for five
consecutive 3-month periods. The intensity of this phenomenon is measured by the Oceanic Nifio
Index (ONI) as the deviation from this standard (greater than or equal to +0.5 °C). Reference [30]
states that the Southwest Pacific (SWP) droughts, landslides, and coastal flooding are linked to ENSO
and tropical cyclones. For example, during the moderate phases of El Nifio in 2009 and La Nifa in
2010, the above average landslide activity was detected peaking in November 2010 in Colombia and
Venezuela [31,32]. Also, 54% of the landslides accounted for within the period 2004-2016 in Brazil
occurred between 2009 and 2011, with peaks from December 2009 and April 2010 coinciding with a
strong El Nifio, and January 2011 with a strong La Nifia [33]. Similarly, “The Callapa mega-landslide”
was developed during the La Nifia event of 2010-2011 in Bolivia [34].

In Colombia, La Nifia events are associated with a high frequency of flooding, mass movements,
and infrastructure damages [35] (and references therein). The review of the database DesInventar for
the Antioquia (Colombian Andes) by [36] accounted for 3478 mass movements that caused 2065 deaths
and 74654 damaged houses during the period 1900-2017. The study area showed a greater number of
landslides during La Nifia of almost equal distribution during the hydrological year.

In central-northern Chile, in the mid basin of Elqui River, at 40 km from the Pacific Ocean and an
elevation range between 400 and 3900 m, [37] (and references therein) concluded that the ENSO and
the number of landslides present a positive correlation.

Moreover, the more eastern countries (closer to the Atlantic Ocean) have been impacted by
excessive rainfall during ENSO, causing documented disasters. In other parts of the continent,
the ENSO effects do not show significant differences between the number of landslides linked to El
Nifio, La Nifia, and neutral years, probably due to the topographic features and the complex interaction
of the Pacific and Atlantic anticyclones [38]. This is well noted in northwestern Argentina to the south
of the Cordillera Oriental in the Central Andes [39]. However, the increasing number of landslides
have been also recorded in this area during the El Nifio warm phases [38] (and references therein).
This increasing was found during the extraordinary storms of 1982-1983, 1991-1992, and 2015-2016
when a high number of debris flows and rockfalls caused incalculable damage to the International
Road to Chile and the Transandine International Railway on the margins of the Mendoza River [38,40].

When the SST rises due to ENSO events, the coastal northern Peru and southern Ecuador are
those which are most directly impacted as the warm phase destabilizes the lower atmosphere [41].

In Peru, the natural hazards are more frequent in coastal areas and in the Cordillera Occidental
and Cordillera Central, decreasing as one goes inland [42]. Despite the hyper-arid coastal climate of
northern Peru, the authors of [43,44] concluded that the region around the city of Trujillo experiences
some of the strongest ENSO signals associated with increases in rainfall, typically exceeding 40%.
For example, [44] found regional correlations between 0.58 and 0.78, considering the stations in the
cities of Trujillo, Chiclayo, and Piura. Similarly, a review of the homogeneous landslide database
DesInventar for the area of the Ancash Department (Peru) showed a major correlation of landslides
with El Nifio episodes (41% of all the recorded catastrophes) between 1971 and 2009 [42]. More recently,
multiple regions located on the coast of northern Peru were seriously affected by floods during the first
three months of 2017 with the increasing SST yield in the El Nifio of 2017 [45]. In that period, this area
received 10 times its average rainfall.
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The population and economic activity of the coastal zone of Ecuador are high. Thus, multiple
investigations have contributed to the Ecuadorian rainfall prediction in relation to El Nifio events that
have caused floods and landslides, millions dollars” worth of damage, and thousands of deaths [46]
(and references therein). In this area, historical El Nifio events identified in 1982-1983, 1987-1988,
1991-1992, and 1997-1998 favored rainfall anomalies with valuable damage to livelihoods, agriculture,
and infrastructure.

2.2. NAO (North Atlantic Oscillation)

The NAO is one of the main sources of climate variability in the European region [47-49]. This is
formed by the pressure difference between two opposite sign action centers located in the North Atlantic,
one over the Azores and another over Iceland [50-53]. The NAO is correlated with temperature [54,55]
and precipitation extremes [56]. Several authors have demonstrated that the negative NAO phase has
favored anomalously high atmospheric instability over southern Europe, the Mediterranean Basin,
northern Africa, and northwest Africa for the last four decades in winter [57] (and references therein).

The NAO climatological phenomenon has notable effects on the northern Iberian Peninsula,
usually between December and February. Negative NAO and lower solar activity were primarily
responsible for the high frequency of floods during the autumns and winters of the last 2000 years in
western-central Europe. This information is derived from sedimentological studies on slackwater flood
deposits [58]. The expansion of this phenomenon has also been interpreted to reach the Mediterranean
moisture [59]. In the Mediterranean regions, significant storms and high levels of accumulated
precipitation are detected due to the changes in the atmospheric winter flow that can last even
four months (December—March) in extreme cases. The interaction of climatic influences and the
understanding of their trends is complex. Nevertheless, efforts have been made to study the interval
between prolonged and intense rainfall episodes resulting from the influence of the NAO. Portugal and
Spain are two countries directly affected by the NAO. In Portugal, [60] found significant anti-correlation
by applying the Pearson coefficient to the relationship between several precipitation indices and the
NAO index, except for the CDD (cumulative dry days).

Using the global extension of teleconnections, the NAO has also had a significant influence on
southern Spain, producing a decreasing trend in the annual rainfall in the western Mediterranean and a
rising number and intensity of heavy storms of very short duration [61-64]. In the Tramuntana Range
at the north-western part of the Majorca Island (central Mediterranean basin), [65] conducted a spectral
analysis to determine the presence and statistical significance of climate cycles. Thus, the analysis
of different long-term rainfall series permitted the identification of ENSO, NAO, Quasi-Biennial
Oscillation (QBO), and Hale and Sun Spot cycles as other signals related to solar activity. Among these,
the NAO cycles showed one of the most powerful signals (peaks) in the six-month frequency. In this
area, the NAO and ENSO peaks were well-matched with numerous landslide events from a detailed
inventory (174 events) dating back to 2005. That is the case of the period 2008-2010, when the island of
Majorca experienced the coldest and wettest winters of the last 40 years. Coinciding with the high
NAO and ENSO values of that period, 66 mass movements occurred in the Tramuntana range [65,66].

2.3. WeMO (Western Mediterranean Oscillation)

The WeMO index permits the study of rainfall patterns on the Iberian Peninsula, where NAO has
a lesser effect [67-69]. The WeMO index (WeMOi) is calculated as the standardized pressure difference
between Padua (northern Italy) and San Fernando (southeastern Spain) [67].

The literature on the influence of WeMO is very limited. Nevertheless, the research carried out
by [69] analyzed the dependency of rainfall on the WeMO index (WeMOi) in Catalonia (northeastern
Spain). They applied the Pearson correlation coefficient to the subperiods 1951-1981 and 1983-2014.
The first subperiod showed a significant negative correlation between annual rainfall totals and WeMOj,
while in the second interval, this significant correlation disappeared completely. It was also observed
that the decrease in WeMO was followed by a decrease in the variability of several rainfall indices,
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such as the variation coefficient (VC) and the consecutive disparity index (S1), though not for the CI
(daily concentration index). Thus, it was demonstrated that WeMO also has the potential to identify
the degree of rainfall variability. The WeMO was more sensitive for rainfall series with greater VCs,
but had almost null influence in the summer storms when the baric gradient was low [69].

3. Study Areas

3.1. Loja Basin (Southern Ecuador)

The area of the Loja Basin is characterized by a climate classed as warm and fully humid with a
warm summer (Cfb) [70] at an average elevation of 2100 m a.s.l., between the meridians 79°10” and
79°15’, and between the parallels 3°55” and 4°5" (Figure 1). The low strength properties of the rocks
forming the gentle slopes of the valley, including the city area, appear as a main conditioning factor.
This particular geological setting, together with low but very continuous daily rainfall, is the main
cause of the frequent occurrence of landslides in this area [27]. This valley presents an average monthly
temperature of 16.2 °C, reaching minimums in the coldest month of July (14.9 °C), and its average
annual rainfall is 917 mm [71]. The continuity of the rainfall is represented by 59% of the pluviometry
records gathering quantities with a mean of 2.56 mm/24 h, and with the rainiest season concentrated
from December to April. The histogram depicting the monthly rainfall for the record covering the years
ranging from 1964 to 2015 shows maximum convexity during the October-April period (Figure 2).
It is in this period when storms and longer precipitation periods trigger floods and mass movements.
The weather in the southern part of Ecuador is mainly controlled by the global pressure systems of
the subtropical highs over the Atlantic Ocean and the subtropical high over the southeastern Pacific.
These systems contribute to the main westward wind streams arriving in southern Ecuador through
the mid-level layers (~850 to ~400 hPa) [72].
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Figure 1. Location of the study areas. Basemap from ArcGIS® World Imagery.
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Figure 2. Histogram of the mean monthly precipitation for both study areas.

The Loja Basin is one of several Neogene intramontane basins that have been described in southern
Ecuador. Geologically, it is a sedimentary basin of lacustrine origin of the Miocene-Pliocene age,
with lithologies such as coarse-grained sandstones with intercalated sediments and conglomerates,
thick beds of massive limestone and layers of marl, and fine-grained sandstones and clays [73].
These sediments are layered on a metamorphic bedrock formed by impure fine to medium grain
quartzites, black phyllites, slates, and schists (some graphitic) of the Paleozoic age, forming the lowest
part of a mountain chain with elevations of approximately 2700 m a.s.1.

In the case of the Loja basin, the files of the Ecuadorian Secretary for Risk Management (SNGR)
and the newspapers “La Hora” and “El Comercio” were reviewed to extract essential information on
landslides caused by hydrological events. This review complemented previous research work [15] to
extract essential information on landslides caused by hydrological events. Thereafter, it was possible
to date up to 93 landslide events. The information reviewed did not contain specific data on the types
and geometries of the catalogued landslides. However, from previous studies ([27] and references
therein), it is known that the mass movements found in this area are commonly (85%) of the very
slow or creep type, such as earth-slide or earth-flow, and the complex types of the Cruden and Varnes
(1996) classification. They are very slow or creep landslides that accelerate gradually and become flows
after high precipitation events. The analysis focused on these types of landslides because they are the
most common and harmful in the study area. It also focused on applied superficial type landslides,
whose fault planes reach up to approximately 30 m.

The most characteristic landslides in the Loja Valley have lengths ranging from 100 to 250 m and
widths ranging from 60 to 150 m, which occur on slopes ranging from 10° to 40°. These are mainly
associated with the clays, siltstones, and colluvial deposits of the Loja sedimentary basin (Figure 3).
Mineralogical analyses show that the main factor causing landslides is the presence of active clay
minerals in the geological formations involved [27].

NE Geological section SW

2160 Main scarp

hypothetical sliding surface

Foot Stream

. T
50 100 150 200 250 300 350 meters

SW Geological section NE

Highway

hypothetical sliding surface

Foot

T

100 200 300 400 meters
Landslides [ Conglomerates [ Clays silts-sands [ Sandstones

Figure 3. Examples of geological sections in the area of the Loja Basin, in the directions NE-SW (a) and
in the direction SW-NE (b). Taken from [74].
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3.2. Southern Granada (Southern Spain)

The area studied in the south of the province of Granada is located on the southern slopes of
the Sierra Nevada in the Betic Cordillera with a general S-SW direction. The enclosed area, with an
extension of about 2370 km?, covers heights from 5 to 1450 m and extends between the meridians
3°07" and 3°29’W and between the parallels 36°41” and 36°/56N (Figure 1). The climate changes from
arid-steppe to cold-arid (BSk) at the base of the mountains, to an arid-steppe hot-arid (BSh) zone on
the coastal plain [75]. In this zone, the rainy and wet season is also related to the monthly interval
running from October to April (Figure 2), with an average temperature of 16 °C and minimums at
higher elevations. The summer period is dry, and temperatures can exceed 40 °C. The mean annual
precipitation reaches 650 mm, and the main system controlling the weather is the Azores anticyclone.
In winter, the Azores anticyclone high-pressure band is located between 40° and 30°N, leaving the
progression of the Polar Front and Iceland Low moving downwards, which generates the majority of
convections in this region [76]. However, in the warm-dry season, stormy weather is caused by the
movement of the Azores anticyclone to the area between the latitudes 35° and 55°N, when the Polar
Front and the Subtropical Jet cloud systems enter the study area. Elevation plays an important role
in this zone as an altitudinal gradient that generates cold temperatures and a rainfall gradient [13].
The south of the province of Granada is located in the Internal Zone of the Betic Cordillera, which is
mainly characterized by metamorphic rocks belonging to the Nevado-Filabride complex, composed of
Triassic calc-schists, marbles, phyllites, and quartzites [77], and the Alpujarride complex, with dark
schists and feldspathic mica-schists. These materials form the southern flank of the antiform of the
Sierra Nevada, which has steep slopes. The lower part of these mountains is covered by post-tectonic
Neogene and Quaternary deposits, such as marls, silts, and conglomerates. This lithology, combined
with the study area geomorphometry of high slopes and deep valleys, is associated with different
types of landslides [78,79]. The great number of mass movements in this area is represented by rapid
synchronic landslides like rock falls and debris flow affecting the regolith in the upper soil layers and
alluvial deposits downslope. However, a common case in the area consists of deeper seated quiescent
(or dormant) landsides with intermittent or diachronic activity and inactive landslides. In addition,
few cases are related to permanent slides with very slow displacements. Specifically, on the southern
border of the part of the Sierra Nevada, which belongs to the Internal Zone, the highest level of
instability has been observed, which is related to the periods with the highest precipitation rates.
Two major rainfall periods leading to multiple landslide occurrences were seen in the wet seasons
of 1996-1997 [80] and 2009-2010 [81] when large amounts of damage affected the roads and villages
located in this area. The predominant types catalogued coincided with rockfalls and translational and
rotational slides affecting jointed rock mass such as marble, phyllite, and schist, but also coincided with
debris flows and complex movements, such as a combination of small translational slides evolving into
debris flow. These complex movements and, in general, flow-like landslides developed on regolith
and alluvial deposits.

Research has recently been carried out in both study areas with the aim of making progress
and generating essential information to better understand the cause-effect relationship between the
variance of rainfall and the activation of different types of landslides. The authors of [13,27] determined
CRTs relating to mean intensity and duration extracted from rainfall events were causing landslides in
the study area south of the province of Granada. In the case of Loja Basin, the relationship between
duration and the accumulated rainfall for the rainfall events leading to landslides has been studied [27].
Using this previous work as a starting point, this paper seeks to compare both CRTs by adding
the homologous relationship (accumulated rainfall vs. duration) to the case of the southern part of
the province of Granada. This relationship has been used conventionally, although alternative CRT
functions can be derived by applying simple transformations. For example, ID (Intensity-Duration)
threshold curves can be obtained by applying the definition of the mean intensity (accumulated
rainfall/duration). The second objective of this research is to correlate the rainfall of the humid season
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with the indices of climate cycles that create atypical rainfall conditions in these areas. To generate this
information, first, the seven-month series are calculated.

Then, the time-series for the mean indices of the climate cycles are also calculated over the same
range of humid months, so the positive and negative phases of rainfall and climate cycles can be
compared. The graphical results are reported in this document and then contrasted in the discussion.
This work will add important information to be utilized for hazard assessment and the predictive
models of mass movements in a comparative way for two cases with different climates.

4. Materials and Methods

4.1. Materials

The baseline data are taken from the daily rainfall records available from previous work.
These records are formed by using daily rainfall data (mm/24 h) gathered from:

e La Argelia rainfall gauge in the case of the Loja Basin, which presents the longest record for the
area considered. These data were delivered by the INAMHI (Instituto Nacional de Meteorologia e
Hidrologia). The time series collected runs from April 1965 to April 2015.

e  Twelve rainfall gauges distributed throughout the study area in the south of the province of
Granada. These data were provided by the Regional Water Agency Environmental Information
Network and the National Meteorological Institute (AEMET). The times series collected have
lengths starting from 1945, except for the cases of the meteorological stations 5022, 5220, 5225,
5392, and 5447, which started in the years 1947, 1963, 1984, and 2000, respectively. Moreover,
in general, these records reach the year 2011, except for the cases of 5102, S153, and 5220 ending in
the years 2004, 2008, and 2010, respectively.

Six rainfall gauges are available in the Loja Basin (Figure 1); however, the only gauge providing a
long and continuous record was that of the “La Argelia” meteorological station, so this was selected to
extract the accumulated rainfall associated with each landslide event. The 12 rainfall gauges available
in the area of southern Granada range between 300 and 1200 m a.s.1 (Figure 4), except the rainfall gauges
5154 and 5225, which are located close to the coastal zone at altitudes of 33 and 60 m. Considering that
the formation and extension of the precipitation cells can be affected by this altitude variability and
the long dimension of the study area from west to east, the authors of [13] selected the closest rainfall
gauges and used the longest records for each catalogued landslide to obtain the CRTs. However,
this area constitutes a continuous and nearly homogeneous climate throughout its west-east dimension,
composed of the southern face of the Sierra Nevada and the northern slope of the Guadalfeo River
valley. This area is nearly homogeneous in its exposition to humid Atlantic winds [82]. It constitutes the
windward of the humid winds leading to the known Fohn effect, when the water vapor is forced to rise
by the orogenic obstacle through the windward side. Thus, the humid winds reach a sufficient height,
resulting in adiabatic cooling and condensation that produce orographic precipitation, while in the
northern part of the Sierra Nevada (leeward side) descending winds are drier and warmer. This effect
is generalized throughout this study area so the mean monthly rainfall does not change significantly
from one measuring site to another. By visually analyzing the mean monthly values for all the stations
(Figure 4), it can be deduced that, except for the geographically lower gauges (5154 and 5225), there are
no significant differences.

However, to verify this effect, the ANOVA (Analysis of the Variance) was applied (Table 1) to
contrast the variability of the monthly record registered on every rainfall gauge. By performing this
analysis, the hypothesis of similar averages for the distribution of the different rainfall gauges can be
accepted (p-value = 0.86). This fact was considered when analyzing the correlation between rainfall
and climatic cycles, so averaged monthly rainfall values was obtained by taking into account all the
rainfall gauges with the aim of using representative values for the entire area.
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Figure 4. Mean values and heights of the rainfall gauges of southern Granada.

Table 1. Analysis of the variance (ANOVA) of the different rainfall gauges of southern Granada.

ANOVA
. Square Sum Degrees of Square o Critical
Variance (SS) Freedom (DF)  Mean (SM) F o Probability v e of F
Between groups 5209.23 11.00 473.57 0.56 0.86 1.86
Within groups 111,843.41 132.00 847.30
Total 117,052.64 143.00

The landslide catalogues were gathered as follows:

e  In the case of the Loja Basin, the files from the Ecuadorian Secretary for Risk Management (SNGR)
and “La Hora” and “El Comercio” newspapers were reviewed to extract essential information
about landslides triggered by hydrological events. For the SNGR database, the data referring to
the period from 2010 to 2015 were revised, while for the newspapers, the information available
from 2002 was examined. After this review, up to 93 landslide events could be dated.

e In the case of southern Granada, the newspaper IDEAL provided the majority of the data related
to landslides with its first issue from the 8 May 1932 [83]. This information was completed with
the data recorded in earlier research work [80]. Given the inconveniences and limited information
on landslides, only 20 landslides cases with the minimal information were found for this area.

In addition, the data series for climate indices were downloaded from the following sources:

e  The monthly ENSO (El Nifio Southern Oscillation) index for the period 1870-2019 from the
NOAA ESRL [84].

e  Themonthly NAO (North Atlantic Oscillation) index for the period 1950-2019 from NOAA.CPC [85].

e  The monthly WeMO (Western Mediterranean Oscillation) index for the period 1821-2018 from the
Climatological Group of the Barcelona University [86].

4.2. Methods

The procedure for analyzing the major differences between the two study areas regarding
landslide triggering begins by calculating the CRT curves. The detailed methodology to extract the
threshold values is presented in Palenzuela et al. [13], which permits the extraction of measurements
on accumulated rainfall that coincides with extreme return periods (T). The start and end of the rainfall
event is marked by the appearance of one or more consecutive T spikes. These spikes can coincide with
a short period of intense rainfall, including the date of the landslide activation or, on the other hand,
the anomalous T values can be associated with accumulated rainfall from the days before the date of the
landslide. In the latter case, the lagged date of landslide activation is probably due to the time needed
for the precipitation to infiltrate and saturate the soil layers above the slip plane. After determining the
accumulated precipitation (A) as the magnitude of the rainfall event, its duration (D) and intensity (I)
are calculated, as well as the associated return period (T) as the inverse of the frequency. The same
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CRT connecting A and D is utilized in both study areas with the aim of contrasting the values of the
hydrological variables and trends.

The second part of this analysis seeks to compare the relevant climate indices in each study area
against the accumulated rainfall during the wettest seasons and the number of landslides collected.
Considering the longer duration of the climate variability, which typically lasts about a year to several
years [87,88], this interval has been selected to include the more humid period from October to April
during which the greater number of landslides were also catalogued. Most of the landslide events
collected are related to specific periods with anomalous rainfalls. In the Loja Basin, [27] identified
a high number of landslides within the period 2014-2015 associated to 22 rainfall events with a
greater return period (up to 3.5 years). Whereas, in the area of southern Granada, the landslides
catalogued were concentrated between the wet seasons of 1996-1997 and 2009-2010 [13,80], some of
them associated with accumulated rainfall values corresponding to a very low recurrence (up to
40 years). These considerations make it interesting to evaluate the degree of influence that the main
climatic teleconnections affecting both study areas could have on the rainfall measured and, therefore,
on the landsliding events. Accordingly, in this second part of the analysis, the accumulated rainfall of
the wet seasons October to April for both study areas was assessed for the hydrological years of the
entire time-series. These time-series were fitting them with linear functions representing central values
that were subtracted to better show the variability (oscillation) of such variables. Thus, the greatest
variations around 0 represent the positive (wettest periods) and negative spikes (drought periods).
Regarding the climate indices, the mean values for the same period are calculated for the time-series of
ENSO, NAO, and WeMO indices. After these time-series for the interval of October—-April are prepared,
their correlation with the accumulated rainfall is evaluated by using the Pearson coefficient.

5. Results

This section presents the main findings related to the characterization and contrasting of the
rainfall events triggering landslides in both study areas, as well as the comparison between the
variability of climate indices with the accumulated rainfall in the wettest rainy seasons. The outcomes
are discussed in the Conclusion section.

5.1. Critical Rainfall Thresholds

The daily rainfall values corresponding to the landslide dates and the 89 days previous to them
were automatically extracted from the rainfall series and added for durations ranging from 1 to 90 days
by using VBA (Visual Basic) macros. This operation permitted the calculation of the A, D, I, and T
measurements, as explained in Section 4.2, and in-depth in [13]. For comparison, the mean and
standard deviation of the rainfall variables for both study areas are summarized in Table 2.

Table 2. Summary of the rainfall variables for the events triggering catalogued landslides. Aver. and
SD stand for average and standard deviation, respectively.

Geolocation Climatic Zone Rainfall (E) Duration (E)
Aver. SD Aver. SD
Loja (southern Ecuador) Cfb 156.4 mm 115.2 mm 25.3d 28.93d
Granada (southern Spain) BSk 458.1 mm 233.5 mm 42.8d 22.39d

The resulting values of accumulated rainfall and duration for each event generating landslides were
represented in a scatter plot, a power-law curve was fitted (Table 3), and the confidence and prediction
bounds were added to represent the CRTs for every case. The minimum values of the scatter plot were
manually selected to adjust the threshold curve in every case. In addition, the statistical significance
was determined by obtaining the determination coefficient R?. In the Loja Basin, a generalization was
given for the landslide type as that of very slow mass movements that increased their displacement
rates as a consequence of the rainfall events.
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Table 3. Summary of CRT (Critical Rainfall Thresholds) parameters and statistical significance of the

curve fit.
Area Type 103 B R?
Loja Earth-slide, earth-flow, complex 7.33 0.76 1.02
Granada Translational slide 92.35 0.15 0.33
Granada Rock fall 63.74 0.39 1.00
Granada Complex 52.34 0.42 1.33
Granada All types 64.36 0.22 0.93

This led to a greater amount of data (Figure 5a) to apply to the curve-fitting process, which is
shown by its determination coefficient R? = 1. In the case of southern Granada, the information revised
permitted the mass movements to be divided into three types: translational slides (5) (Figure 5b),
rock falls (6) (Figure 5c), and complex landslides (8) (Figure 5d), although the mixed case was
also considered (Figure 5e). In this case, the CRT function with the lowest statistical significance
corresponded to the translational slides, as a very low number of cases were collected for this type
with a high dispersion. On the contrary, rock falls and complex mass movements, as well as the mixed
case, show high statistical significance. By comparing both study areas, the scaling factor « is lowest
in the case of the Loja Basin while the shape factor g coincides with the highest value. This means
that the lowest values are needed to activate or reactivate mass movements in this area, but with
the increase in duration, the cumulative rainfall increases more quickly than in the case of southern
Granada. The different landslide types of the southern Granada area show that translational slides are
activated by the highest cumulative rainfall values, while and rock falls and complex slides shows
similar activation patterns. As expected, the case involving all the mass movements in southern
Granada results in a conservative curve with relative low values when compared with the CRT curves
of separated types.
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Figure 5. Scatter plots of the rainfall thresholds and the fitted CRTs: (a) fitted curve for low to very
low mass movements in the Loja Basin (modified from [5]); (b—e) are fitted curves for the translational
slides, rock falls, complex landslides, and all the landslide types, respectively, in southern Granada.
Dash-dotted line: curve fit to lower values Rainfall-Duration; solid line: confidence bounds; dashed
line: prediction bounds. Red points are the manually selected points to fit the CRT curve.

5.2. Correlation Between Teleconnections and Accumulated Rainfall

The accumulated rainfall observed for the wet season October—April was extracted from the time
series and plotted together with the more significant short frequency climate indices in the study areas.
The visual information shows that, in general, the correlation between the wet seasonal rainfall with the
oscillation shown by the climatic-cycle indices is low (from 0.27 to 0.55, as absolute values). The rain
gauge of the La Argelia meteorological station was used for the Loja Basin, while for southern Granada,
the global average of all the rainfall gauges spatially distributed in the study area was calculated. In the
case of the Loja Basin, the positive and negative phases of the accumulated rainfall show numerous
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coincidences (in phase peaks) with the ENSO index (Figure 6a), and this is confirmed by the positive
correlation of 0.27 (Table 2). However, this pattern is not so clear at a monthly scale (Figure 6b). A strong
matching can be observed in the periods 1982-1984 and 1999-2000 when the highest rainfall peaks
were detected. With regard to the number of landslides, the highest spikes of this variable do not show
a clear matching with either the peaks of the ENSO index or the accumulated rainfall. For example,
the number of landslides (standardized from 0 to 4 in Figure 6a,b) registered from 2005 to 2010 are
equally distributed, independent of the positive and negative peaks of the ENSO index, whereas the
peak of the wet season 20072008 coincides with a relative maximum (high peak) of the climatic index.
On the contrary, the high number of landslides of December 2012 is correlated with a relative minimum
of the ENSO. Similarly, two peaks of the relative number of landslides catalogued in December 2012
and December 2014 coincide with two maximums of accumulated rainfall in the wet season. However,
the high rainfall peak of 2007-2008, coinciding with a positive peak of the ENSO index, shows a low
landslide count. In the case of southern Granada, the visual analysis shows many of the relative
minimums and maximums of NAO coinciding with the opposite phases of the variation of rainfall
(e.g., in yearly intervals from 1962-1964, 1968-1971, 1971-1973, 1991-1995, 1995-1997, and 2009-2011)
(Figure 6¢), but there are also numerous peaks with the same phase, which explains the low correlation
coefficient (Table 4). The same relationship, although lower, is shown by the graphs with the WeMO
(Figure 6d). However, when the two phases of NAO and WeMO are added together, the correlation
with the accumulated rainfall reaches its highest value (Figure 6e), with a Pearson coefficient of —0.55.

Table 5 shows specific values for the hydrological years with well-documented landslides in the
zone of Granada. In this case, the two periods with the maximum number of landslides generated
during extremely humid seasons (1996-1997 and 2008-2009) fall within the amplitude of two significant
minimums (negative spikes) of the NAO and NAO + WeMO indices.

Table 4. Pearson coefficients for the correlation between the different climate indices and the
differences after subtracting the general trend from the observed accumulated rainfall for the wet
seasons October—April.

Geolocation Climate Index Pearson Coef.
Loja (southern Ecuador) ENSO 0.27
NAO -0.44
Granada (southern Spain) WeMO -0.31
NAO + WeMO —-0.55
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Figure 6. Graph of the differences after subtracting the general trend from the accumulated rainfall

observed for the wet seasons October—April (dotted line) and the more significant climate indices

(solid line): (a) graph for the Loja Basin including the ENSO index; (b) graph for the Loja Basin

including the ENSO index for the monthly scale and the regression line of the ENSO index; (c) graph

southern Granada including the NAO index; (d) graph for southern Granada including the WeMO

index; (e) graph for southern Granada including the aggregation of NAO and WeMO indices. Triangles

represent the relative quantity of documented landslides by year.
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Thus, in general, low correlations were identified and a well-defined cause-effect link cannot
be determined. This fact can be attributed to one or both reasons: a) the limitation of the existing
data, such as incomplete landslide datasets, and b) the complex and changing patterns of the
climatic teleconnections.

Table 5. Magnitude of the negative spikes for the climate indices in southern Granada in hydrological
years with documented landslides.

Hydrological Year Index Values % Respect to Average of Negative Values
NAO —-0.49 131.17
1995-1996 WeMO -1.15 266.82
NAO + WeMO -1.65 2549
NAO —-0.09 24.64
1996-1997 WeMO —-0.69 159.56
NAO + WeMO -0.78 121.04
NAO —-0.03 8.34
2008-2009 WeMO —-0.42 96.33
NAO + WeMO —-0.45 69.26
NAO -1.10 290.76
2009-2010 WeMO —-0.84 193.66
NAO + WeMO -1.93 299.16
Average: NAO -0.38
WeMO -0.43
NAO + WeMO —-0.65
1st quartile NAO -0.50
WeMO -0.61
NAO + WeMO -1.07

6. Conclusions

Despite the difficulties hampering progress and accurate results, this work is in line with the main
practices in landslide risk mitigation and reduction and provides a contribution to the knowledge
generation on landslide hazards. Specifically, this paper analyzes the relationship between landslide
development and the climate variability in two mountainous sites of southern Ecuador and southern
Spain. As a result, the information derived from this experimental research serves as a reference base
in the prevention of hydrological and climatological conditions that most likely lead to landslides
of different typology. In addition, a result comparison is depicted from the two areas with different
climate and geological settings.

In view of the comparative findings, it is clear that in the case of the humid climate of the Loja
Basin with thick layers of residual soils and meteorized rock, landslides occur with lower cumulative
rainfall. The average magnitude for the Loja case is in the order of 34% of the mean cumulative rainfall
in southern Granada. Similarly, the mean duration of the rainfall events that include the antecedent
rainfall until the date on which landslides are reported is slightly higher for Loja than the mean
duration in the case of southern Granada. This causes the higher recurrence of landslide events in the
Loja Basin, as reported in Soto et al. [27], and only 24% of the rainfall return periods exceeded 1 year.
On the contrary, Palenzuela et al. [13] stated that the return period of the first quartile of the catalogued
landslides did not exceeded 1.1 years. The extraction of the major rainfall characteristics (accumulated
rainfall and duration) related to the activation of landslides was used to estimate the CRTs for both cases.
After fitting the power law functions, it was revealed that for the Loja Basin, which has a predominance
of very low mass movements, the lowest minimum values are expected to activate/reactivate these
landslides when compared with those of southern Granada. This finding is probably related to the
wetter climate and greater number of rainy days, which favors a high saturation degree acting as a
predisposing factor. In the case of southern Granada, although a lower number of landslides was
catalogued, two of the types analyzed—rock fall and complex mass movements—showed maximum
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statistical significance, while translational slides were weakly fitted due to the minimum number
of catalogued events and their plotting dispersion. Under this relationship, the greater activation
values of cumulative rainfall were obtained for the case of translational slides with a smooth trend
corresponding with a low f value (§ = 0.15). On the contrary, lower thresholds are attributed to rock
fall, complex landslides, and the global case, including every type of mass movement. This is probably
due to the shallower slip-planes and the low shear strength of the materials involved in rock falls and
complex slides (mainly shallow slides evolving to debris flow). The curve parametrization also shows
similar values in the cases of rock fall and complex landslides, although with higher a for the first
type. In addition, the accumulated rainfall for the wettest period for both study cases (October—April)
was calculated for all the hydrological years of the precipitation series. The general trend was then
subtracted to the new time series from both study areas to highlight their variability. Then, the major
climate indices were correlated with the remaining component. Although shorter or longer intervals
could be tried, this interval has been selected with the aim of getting insights of the correlation within
the more humid period from October to April, coinciding with the period when most of the landslides
were catalogued. The findings show a generalized low correlation, although with some matching
between the phases of the climatic oscillations and the accumulated rainfall, as well as with the number
of landslides. After analyzing the results for the time series of the Loja Basin, low correlation was
revealed. The ENSO index presents numerous hydrological years with in-phase coincidences between
accumulated rainfall and the ENSO index, but a significant number of cases do not follow this pattern,
which makes the degree of correlation decrease. More uncommonly, there are observations between
high rainfall peaks and the number of landslides that show a lack of events, or a nearly constant number
of them in years when the accumulated rainfall and/or the ENSO index are higher. For the series
of southern Granada, the independent correlations between te accumulated rainfall and the indices
of NAO and WeMO show negative coefficients. However, the strength of the correlation increases
with the combined NAO and WeMO indices, giving a Pearson coefficient of —0.55. This preliminary
information is important for hydrological risk management; however, there is low correlation between
large scale teleconnections and extreme rainfall that triggered landslides. The low correlation between
both variables is probably linked to the complex and non-persistent spatial-temporal patterns of all of
the climatic phenomena [29], which makes difficult to understand their history and the causes for their
recurrence and intensity. Thus, as stated in the literature [89-91] for the ENSO phenomenon, this fact
can generate differences in the phases and intensities at the global and local scales. Moreover, terrain
features make these patterns even more complex and less uniform in mountain ranges as rainfall cells
strongly depend largely on altitude, topographic barriers, and slope expositions [40]. Similarly, the lack
of landsliding events in the wet seasons when extreme rainfall was determined is probably due on the
one hand to the information biased in space and time. On the other hand, precipitation series cover the
dates of the landslide occurrences and antecedent periods and they are considerably long for calculating
rainfall frequencies and return periods. However, a longer sampled period for landsliding events
would be more suitable for the application of the statistical approach to evaluate this correlation [31],
providing more responses of positive (associated with landslides) and negative rainfall events. Thus,
the implementation of appropriate practices on landslide recording would improve drastically this
type the reliability and accuracy of this type of correlations. Additionally, the measurement of the
horary rainfall depth and the monitoring of the piezometric level are of significant importance as a
part of alert systems or prediction models at the scale of study-site cases.

In conclusion, a minimal correlation can be determined between climatic phenomena affecting a
significant part of global geography and the extreme rainfall-triggered landslides, but results have to
be considered as preliminary insights as more detailed information is necessary to accurately define
these patterns. The major inconvenience found in this research has been related to the scarce data on
landsliding that can be indirectly obtained. In the case of the Loja Basin, the number of landslides dated
was higher, but no detailed information could be gathered on the type, thickness, or volume and other
characteristics. On the contrary, in the case of southern Granada, the number of landslides collected was
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lower, but some classes could be assigned to them. Thus, for the future advancements in landsliding
hazard and prediction, systematic and appropriate practices to monitor both landslides and rainfall in
the spatial and time dimensions is highly recommended in the study areas. This can be developed
by implementing recently developed techniques like change detection analysis, or by exploiting the
high number of daily satellite images that are currently being recorded and applying automatic and
semi-automatic techniques. Nowadays, the integration of mobile and geospatial technologies and
paradigms such as Citizen Science (CitSci) and VGI (Volunteered Geographical Information) with the
automatic image processing through the implementation of Al (Artificial Intelligence) based models
appears as a power instrument to collect new environmental data [92]. Admittedly, to gain statistical
significance, an efficient plan for cataloguing and registering in situ data on the type, dimensions,
and geotechnical parameters of envisaged landslides is needed, as it is of major importance to calibrate
rainfall threshold curves. In addition, the application of time-series decomposition into trends and
periodicities (or oscillations) is recommendable to make progress in the prediction of extreme rainfall
recurrence. Currently, the modelling and prediction of time-series has been approached by using
new advanced data-based models such as soft-computing models or chaotic based models providing
the advantage for overcoming the problems of non-linear and non-stationary time-series [93,94].
Additionally, improvements on the accuracy of the prediction on rainfall patterns can be addressed by
applying novel precipitation models. However, where landslides have a high recurrence, like in the
case of the Loja Basin, forecast models integrating landslide thresholds with physical susceptibility
models (i.e., the Hydrological-Geotechnical model) will have an even more important role in the
mitigation of different type of landslides.
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