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Abstract 

Climate, particularly temperature and rainfall may evolve during the mid to long term due to an intensification of 

the effects and impacts of anthropogenic global warming (AGW). If true in areas with unstable hydric balances, AGW 

is likely to become superimposed to natural climate variability and other hazardous natural and human risk drivers 

(e.g. vulnerability, earthquakes, volcanoes, inadequate land use and infrastructural development, El Niño-La Niña-

ENSO, land degradation), and become the cause of further damage and losses. In such a scenario, slope instability 

hazard (SIH) will become even more concerning and bring increased social, environmental and economic 

deterioration. Therefore, it is strategic to redefine priorities in policy, decision-making and preventive processes, 

conceived according to local contexts and to how SIH might increase over time. A procedure is proposed to model 

scenarios with evolving SIH in areas where AGW-induced microclimatic conditions would escalate rainfall intensity, 

duration, frequency and volume, and the resulting hydric balances: a progressive rise in the initial water table and 

its resulting interstitial pressure is likely to follow. Then, an ensuing reduction of the return period of critical rainfalls 

will precipitate earlier the condition for slope failure. Climate Change Adaptation (CCA) should not eclipse Risk 

Management (RM), instead be seen as its supplement and boost, by its unprecedented political support, the capacity 

to attract resources, foster scientific and technological knowledge and focus on preventive actions to reduce and/or 

transfer risk. A knowledgeable reduction of vulnerability will be the best “adaptation” instrument to counter all kinds 

of hazards. 

Keywords: Slope instability, landslides hazard, risk management, global warming, climate change, adaptation. 
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1 INTRODUCTION 

1.1 Slope instability, an external geodynamic 
process  

The diversity of slope instability processes is 
very ample and many approaches and 
classifications are available in the technical 
literature. A strategy to attempt an understanding 
of geodynamic processes is nevertheless possible 
by searching and characterizing their most 
common principles appearing in Nature. 

It is quite venturesome to generate and apply 
any classifications, particularly for geodynamic 
processes, since class limits can be diffuse and 
ambiguous, and there are always exceptions, 
variants, local singularities and new views that 
can complicate and diversify the interpretations; 
but there is currently no other clear way to attempt 
an understanding of such complex systems. 

This article considers seven main elementary 
geodynamic processes based upon the work and 
updates of Mora et al. (1994), Hungr et al. (2014) 
and Mora (2020): 

• Intense erosion, either laminar, or massive; 
including undermining of cliffs 

• Block toppling, and falls 
• Planar, rotational, prismatic and irregular 

surface displacement and sliding 
• Lateral spread and horizontal separation of 

blocks 
• Flow, with varying proportions of water, 

mixed with solid materials, including snow 
and ice, of varying granulometry and 
composition 

• Collapse and subsidence, usually vertical, 
producing depressions and sinkholes 

• Complex processes, when it involves more 
than one of the previous features, and their 
combination thereof. 

This article will henceforth refer to only one of 
these main geodynamic processes: landslides, i.e. 
the either planar and/or rotational soil mass 
sliding. Figures 1, 2, 3, 4, and 5 show several 
examples of those cases. 

 
Figure 1. Landslide and mudflow in Pliocene basaltic 
residual-regolith soils in La Lucha, Sabalito, Costa Rica. 
Photo taken in September 1986. 

 
Figure 2. La Josefina landslide and the damming of river 
Paute. It occurred in tuffs; Cuenca, Ecuador. Photo taken 
in September 1994. 

 
Figure 3. Las Colinas, Santa Tecla landslide. Generated in 
Plio-Pleistocene tuffs, lahar deposits, and breccia. 
Triggered by the El Salvador, January 13, 2001 earthquake 
(Mw 7.7). Photo taken in January 16, 2001. 
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Figure 4. Sifón-La Abundancia landslide, developed in 
Plio-Pleistocene tuffs; San Ramón, Alajuela, Costa Rica. 
Photo taken in September 2018. 

 
Figure 5. Multiple Oligocene-Miocene sandstone and 
conglomerate regolith soils landslides and torrential debris 
flows; Matama mountains, Chirripó river, Limón, Costa 
Rica. Triggered by the April 1991 Limón-Telire (Mw 7.6) 
earthquake. 

 

 

1.2 Slope instability hazard, vulnerability, 
risk and anthropogenic global warming 

According to IPCC (2014) climate and, 
extreme rainfall patterns might vary in the mid to 
long term future due to an intensification of the 
effects and impacts of climate variability (CV), 
driven and forced by anthropogenic global 
warming (AGW). 

In some regions, rainfall will decrease, while 
in others it will increase. The comparative 
parameters for measuring this evolution are the 

intensity, duration, frequency, and volume 
(IDFV) of rainstorms.  

Accordingly, AGW effects and impacts might 
become superimposed on natural CV extremes, 
and other hazardous natural and human drivers 
(i.e. earthquakes, volcanoes, inadequate land use 
and infrastructural development, El Niño-La 
Niña-ENSO, land degradation). In such a case, the 
destructive potential of slope instability, already 
amongst the highest of all hazards, will become a 
matter of even higher concern, with increased 
human, economic and environmental damage and 
losses. 

 It seems appropriate to redefine focuses and 
priorities, national policies and preventive 
strategies according to local conditions and 
singularities, taking into account how slope 
instability parameters (i.e. shear strength, intrinsic 
properties and extrinsic triggers) would evolve 
along the timeline. 

There is no doubt that geotechnical paradigms 
must adapt and become prepared to face the 
potentially new conditions eventually brought by 
AGW, particularly when threatening human 
wellbeing. 

Risk management (RM), particularly the 
reduction of vulnerability, must not be eclipsed by 
climate change adaptation (CCA) nor sink in 
inaction and lack of preparedness while facing 
this new threat. Ideally, CCA should be 
considered a part of RM. Countries must 
nevertheless seize the opportunities offered by 
CCA’s unprecedented political support, its 
capacity to attract resources, foster scientific and 
technological knowledge, and re-focus toward 
realistic preventive actions for reducing and/or 
transferring risk. 

An informed reduction of vulnerability, guided 
by an approach unifying CCA and RM, instead of 
the current prevalent duplication of efforts will be, 
under any circumstance, the best strategic 
instrument to face slope instability and any other 
kinds of hazard and therefore reach a socially, 
economically and environmentally “acceptable” 
level of risk. 
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2 GEOTECHNICAL ANALYSIS TO FACE 
THE POTENTIAL EFFECTS OF 
ANTHROPOGENIC GLOBAL WARMING 

2.1 Engineering Geology, RM and AGW 

Science-based geotechnical analysis and 
practice are required to face the possible effects of 
anthropogenic global warming (AGW) on slope 
instability. The first step is to clarify the 
differences between climate change (CC) and 
climate variability (CV), as discussed further in 
section 2.3. 

The current reality is that there is a flood of 
information, mostly based upon veracious facts 
implying that the climate is changing, the 
atmosphere and oceans are warming while they 
both are also being severely polluted and depleted 
of wildlife. This can also have negative effects on 
slope instability, for example by the loss of 
healthy ecosystems and resilient forest coverage. 

Also, there is a powerful trend of 
misinformation, myths, doubtful science and 
communication bias that complicates the 
understanding and implementation of policies and 
decision-making processes, adding unnecessary 
difficulties to rationally coping with slope 
instability hazard. Fake news, manipulation, half-
truths and exaggerations (e.g. apocalypticism vs. 
negationism), create confusion, harm the cause of 
RM and hinder the necessary actions for 
prevention. Added to this, since developing 
countries seldom have adequate resources, robust 
data and information sources, the challenge 
becomes still more acute. A first course of action 
is the ranking order of priorities of the efforts to 
be undertaken (Mora, S. 1995, 2009).  

On the face of the consequences of AGW-
induced slope instability hazard the priority is to 
reach robust probabilistic risk models (Wilby et 
al. 2010). They must be dynamic in space and 
time, and adapted to the scales of national, 
regional, municipal, and project management 
(Saborío et al. 2015a, 2015b). Fostering the 
dissemination of objective and clear information 
is one of the main priorities required (Mora et al. 
2010). 

2.2 Risk 

Risk is a very important notion, and a brief 
definition is offered hereafter to avoid 
misconceptions and to promote its application to 

the analysis and assessment of slope instability 
hazard and vulnerability. 

Risk is the probability of damage (equation 1, 
Figure 6), caused by a hazard to vulnerable and 
exposed elements. It is described by means of the 
loss exceedance curve v(l), defined by the number 
of events, per unit time, that will produce an equal 
or higher specific value of probable losses l. 
Actually, it is relevant to underline that v(l) is the 
product of a convolution of two conditioned 
probabilities: hazard and vulnerability. 

The annual probability of damage and losses, 
known as the exceedance rate, can be calculated 
by the Total Probability Theorem, as indicated in 
equation (1), according to analysis and 
assessments performed by Cardona (1986), 
Cardona et al. (2012) Marulanda et al. (2013), and 
Salgado et al. (2014): 

 

 

 

…where v(l) is the exceedance rate of the loss l; 
FA (Event i) is the annual frequency of occurrence 
of the event I, while Pr(L>l|Event i) is the 
probability that the loss will be greater than l (i.e. 
occurrence of the i-th event), Tr is the return 
period of the loss l (i.e. inverse of the of the annual 
exceedance rate); the exceedance rate v(l) is 
actually the summation of losses of all elements 
exposed to the ensemble of stochastic hazard 
scenarios. 

A slope instability hazard case should be 
specified in terms of its location, geometry, 
volume, celerity of materialization, frequency of 
occurrence, and spatial and temporal prevalence 
to be characterized by the relationship 
Pr(P>p|Event i). 

Once these parameters are defined, the next 
step is to establish scenarios considering the 
evolution along a temporal horizon. The 
assessment of the incidence of AGW to the 
evolution of risk (i.e slope instability hazard, 
vulnerability) is therefore required. 

Since risk is supposed to be bound to change 
along the time window analyzed, it is necessary to 
consider and quantify its expected future values, 
as in equation (2): 

 

 

          n events 

v(l) = ∑ Pr (L > l│Event i) • FA (Event i)  (1) 

          i=1 

∂R      =   ∂H 
*

 ∂V     (2) 

∂h,v,t      ∂h,t   ∂v,t 
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…that is Delta Risk = Delta hazards * Delta 
vulnerability, where R is risk, H is slope 
instability hazard, dh is the change of H through 
the temporal horizon dt; V is vulnerability, dv is 
the change in damage and loss potential during the 
same time span dt. 

In one possible scenario, AGW could drive risk 
by reducing the loss exceedance potential during 
the time span considered, given the case that the 
change (delta) of one of its main hazard 
multidimensional parameters, such as rainfall 
IDFV, might eventually decrease. 

On the other hand, it is also likely that along 
the same temporal horizon, both hazard and 
vulnerability might increase (i.e. delta hazard and 
delta vulnerability). It is important to emphasize 
that the observed current trends indicate that 

losses and damages are mainly caused by 
vulnerability to CV rather than to AGW + CC 
(Mora et al. 2011). It is therefore expected that 
vulnerability will keep increasing, considering the 
fact thar RM is still not a national priority in many 
developing countries, as it will be discussed 
further in the next sections 

The incidence of AGW might then drive and 
force an increase in the evolution of slope 
instability hazard (i.e. with a constant return 
period Tr). If vulnerability parameters also 
increase due, for example, by the additional loss 
of resilience of communities and countries, 
caused by unattended AGW factors, risk will also 
become higher, as has been graphically 
represented in Figure 6 (Modified after Mora, 
2012).  

 
Figure 6. Composition and evolution of risk (hazards, vulnerability), under the influence and incidence of Anthropogenic 
Global Warming (AGW). This model is based upon the assumption that after a pre-defined temporal horizon, the probability of 
exceedance and the intensity of the hazard (Tr = constant) increase (Figure 14). Under the same assumption, vulnerability 
might also increase as a consequence of the loss of resilience of communities and countries due to unattended AGW threats. 
Consequently, risk may therefore be bound to increase  (Modified after Mora, 2012) .
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2.3 Risk derived from natural and 
anthropogenic hazards 

Hazards can be the consequence of natural, 
anthropogenic and mixed origins, as it is proposed 
in Figure 7. Sometimes, anthropogenic activity 
can also exacerbate natural processes and produce 
the so-called “socio-natural” hazard events. 
Natural hazards can, in turn, be classified as 
potentially damaging processes associated with: 

• Internal geodynamic processes: seismicity, 
volcanism 

• External geodynamic processes: intense 
erosion, slope instability, torrential debris 
flows and sedimentation, sea level rise and 
meteor impacts. 

• Hydrometeorological and climate 
processes: climate change and variability; 
rainstorms, drought, cyclones, windstorms, 
floods, tornados, sand-dust storms, sea level 
raise and coastal dynamics, among the most 
relevant. 

Anthropogenic and mixed-induced hazards are 
more difficult to classify, due to the diversity of 
their causes, parameters and variables. Their 
consequences and associated human vulnerability 
can further influence some of the geodynamic 

process, directly or indirectly. The following 
simplified classification is herein proposed 
(Figure 7): 

• Security: Armed or unarmed conflicts 
derived from military activity, cyber-attacks, 
vandalism, social unrest and upheavals, 
terrorism, vandalism, human stampedes 

• Health: malnutrition, famine, pandemics, 
epidemics, occupational health and safety 
issues 

• Socioeconomic and cultural situations: 
poverty, mass migrations, unemployment, 
extremist ideologies and religion 

• Environmental: Technological and industrial 
accidents, toxic spills, pollution, land 
degradation, anthropogenic global warming; 
solid, liquid and gas residues; inadequate 
waste disposal, wildfires, explosions and 
nuclear accidents. In addition, the processes 
of deterioration and destruction of terrestrial 
and marine ecosystems local and global 
biodiversity, including its genetic reservoirs, 
and the changes of pH in the oceans by the 
excesses of CO2 and other atmospheric 
pollutants, should be accounted for. 

 
Figure 7. A brief and schematic classification of the main different types of natural and anthropogenic hazards. In 
between these two, there is an intermediate category of hazards: “Socio-natural”, defined as those originally initiated 
by nature and then, exacerbated by human activity (modified after Mora, 2010). 

Pollution of the air, soils and waters is growing 
steadily since at least the Industrial Revolution 
(ca. middle of the 18

th
 century). This 

intensification is mostly a consequence of the 

excess emissions of greenhouse gases, vapors and 
particles (AE-GVP). These emissions are most 
likely inducing and accelerating AGW. In turn, 
they drive slight but relevant and increasing 
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modifications of the external geodynamic 
processes and hazards, some of which will be 
discussed further in this paper. 

Risk management must be validated by sound 
and objective practices derived from realistic 
geotechnical models to face slope instability 
hazard. The approach proposed here is based upon 
the application of the available information 
describing external geodynamic, 
hydrometeorological and climate hazard extreme 
events. 

2.4 Differences between weather, climate 
variability, climate change and how does 
anthropogenic global warming fits in 

Hydrometeorological and climate processes 
can be classified into three main notions, 

according to their causes, relative celerity-rapidity 
of materialization of their causes, effects (i.e. 
immediate, short term) and impacts (i.e. medium, 
long to very long term) (Figure 8): 

• Weather (W): the ensemble of short-term 
events, such as what it is happening today or 
throughout the next three to a maximum of ten 
day forecast periods. It displays the conditions 
of the atmosphere as they exist or may occur 
simultaneously over a specific area. 
Combined, these elements, in an ensemble, are 
called the synoptic distribution of 
meteorological situations and can be analyzed 
mathematically, physically and 
cartographically. They clearly influence the 
slope instability factors. 

 

 
Figure 8. Hydro-meteorological and climate processes: weather, climate variability and climate change; their parameters and 
relationship with risk management, and the place of anthropogenic global warming (AGW)

• Climate Variability (CV): the 
characterization of the space-time 
dispersion and distribution, local or 
regional, of hydrometeorological processes 
on an inter-seasonal and inter-annual basis, 
over periods of up to 50 to 100 years or so. 

Their dispersion depends on and is the 
product of the influence of regional and 
global processes, such as El Niño-La 
Niña/Southern Oscillation, the position of 
the Inter-Tropical Convergence Zone, the 
variations and incidence of polar thrusts and 

vortex, tropical waves and cyclones, 
oceanic and atmospheric circulations. Slope 
instability is influenced by the variability of 
occurrence of El Niño/La Niña, the increase 
or decrease of rainstorms associated with 
the position of the Inter-tropical 
Convergence Zone, and the frequency, 
trajectory and intensity of tropical waves 
and cyclones. 

• Climate Change (CC): According to IPCC 
(2014), it refers to a change in the state of 
the climate that can be identified (e.g., by 
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using statistical tests) by changes in the 
mean and/or the variability of its properties 
and that persists for an extended period, 
typically decades or longer. Climate change 
may be due to natural internal processes 
and/or external drivers such as modulations 
of the solar cycles, volcanic eruptions and 
persistent anthropogenic changes in the 
composition of the atmosphere or in land 
use. 

It is therefore attributable to the natural 
historic and prehistoric evolution of CV. It 
now also includes the direct and/or indirect 
influence of the anthropogenic alterations of 
the thermodynamic balances in the 
atmosphere, particularly of its extremes, 
and their relationships to ocean and land 
masses. 

Under these conditions, the climate in a 
region or even in the globe, might evolve 
over diverse time scales: centuries, 
millennia, several millions or even longer 
temporal horizons. These changes may be 
measured and assessed to reflect their 
space-time-intensity vectoral indicators. 

CC, is originally a natural process and is 
derived from the variations of solar activity 
and radiation forcing (i.e. Milankovitch 
Cycles: position and inclination of earth’s 
rotation axis, eccentricity of the orbit 
around the sun, precession), volcanic 
activity, meteor impacts, cosmic products 
accretion, plate tectonics (e.g. continental 
motion and configuration). 

Orogenesis, land, mountain and oceanic 
configurations, have repeatedly change the 
oceanic circulation patterns and therefore 
the behavior of the atmospheric and climate 
patterns. 

The current knowledge correlates these 
features in an ensemble of natural transient 
conditions and circumstances appearing 
cyclically along varying periods throughout 
most of Earth’s history, and at least since 
there has been a stable consolidated 
atmosphere. There are evidences of 
recurrent cold periods (glaciations), and in 
between them, warmer (inter-glacial) 
periods since at least the last 2.5 billion 
years. The oldest known widespread 
glaciation occurred during the Proterozoic 
era circa 2.4 billion years ago (Marmo & 

Ojakangas 1984; Marmo, 1993). It is 
possible that there have been others, even 
before that time (i.e. 2.9 billion years, 
Hessler, 2011). 

Variations in rainfall patterns have 
probably also occurred in somewhat an 
equivalent manner as the temperatures 
through time, as they also may have 
influenced external geodynamic processes. 

• Anthropogenic global warming (AGW): 
currently driven by the loss of atmospheric 
thermodynamic balances forced by 
pollution (IPCC, 2014). This is in turn 
caused by the environmental impact derived 
from the excessive anthropogenic emissions 
of greenhouse gases, vapors and particles 
(AG-GVP), changes in land use, and 
mismanagement of other natural resources. 
The influence of AGW to slope instability, 
will be discussed in the following chapters. 

2.5 Understanding anthropogenic global 
warming 

The interest in learning about the variables, 
components and parameters of the changes in 
climate has the objective of allowing an adequate 
orientation of future decision-making processes, 
and of course the corresponding actions and 
priorities for risk management. These should be 
followed by a sound distribution of the respective 
realities of each country. 

The author believes that significant 
contamination of the atmosphere dates, at least, 
back to the onset of the expansion of the European 
empires, as a consequence of the extensive 
deforestation to build merchant and military naval 
fleets, and the increase of the production of steel 
and other alloys during and after the 16th century. 
Direct evidences and measurements are still to be 
performed to confirm this hypothesis. 

The already rapid human progress was spurred 
by the surge generated during and after the 
Industrial Revolution (17-18

th
 centuries) and the 

increasing consumption of fossil fuels for 
transport and to produce electricity, mechanical 
power, heating and air conditioning. Likewise, 
other global events and practices aggravated the 
situation during the 20

th
 century, such as the boom 

of the military industries during the World Wars, 
the race of Capitalists vs. Soviets, and the 
Consumer Society. 
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These situations were accompanied by the 
growth of the infrastructure to produce goods and 
services, the excessive use of agrochemicals, 
expansion of urban and housing areas (ever more 
exposed to natural hazards) and agrarian growth, 
to the detriment of natural ecosystems, such as 
primary forests and wetlands. 

In spite of some efforts at attempting to 
establish some control and moderation, the 
observed trends at the beginning of the 21

st
 

century do not show a reduction in the degree of 
pollution in the atmosphere, lands and oceans 
(IPCC, 2014). The scenarios put forward by 
considering these tendencies yield alarming news 
about how the extremes of climate variability 
hazards could expand. On the other hand, it is 
clear that vulnerability, in all its aspects, is also 
increasing at a steady and accelerated rate.  

All this may be compounded by the ever-
increasing use of fossil fuels, the over-
exploitation of marine resources, and the huge 
wildfires that have destroyed immense areas of 
bush and forests in California, Central America, 
Amazonia, Africa and Australia. The gigantic 
amounts of solid, liquid and gas waste have 
further complicated the situation, and there 
currently seems to be no effective mitigation. 

But the problem is not limited to the planet. 
The orbital space, used by exploration satellites 
and stations, and even the extraterrestrial field, is 
also getting filled with useless debris and “space 
junk”. 

Rather troubling is the fact that there is still 
incomplete and imprecise knowledge and 
understanding of the amplitude of the local 
effects. Downscaling to infer high-resolution 
information from low-resolution variables, based 
upon dynamical or statistical approaches, is not 
yet an accurate tool for site or local assessments. 
However, there are now reliable data and 
observations beginning to surface and confirming 
the trends of AGW beyond any reasonable doubt: 
e.g. reduction of glacier, ice and snow volumes 
and their extent in mountain tops and the poles, 
subtle variations on hydrometeorological patterns 
in some areas, millimetric ascent of sea levels, 
record-breaking thermometric measures in many 
parts of the globe. 

However, there is also confusion of some of 
these symptoms with those of higher return 
periods of climate variability and to the effects of 

increased exposure, vulnerability and land use 
disorders. The lack of sufficient information and 
their corresponding systematic analyses, 
contributes to this misconception. Some ideas as 
to how to assess risk derived from slope instability 
hazard and vulnerability will be discussed in the 
following sections. 

2.6 Risk derived from climate change 

Now that the overbearing and rapid changes in 
the atmosphere have become conspicuous, there 
is an immediate priority to understand, with more 
precision and objectivity, how they will affect 
human interests in the future. More specifically, it 
has become fundamental to appraise the trends on 
slope instability hazard and the necessary actions 
to cope with it. 

To this effect, a series of questions can be 
formulated; for example: 

• Is there a practical way to assess, locally and 
regionally, and from a geotechnical point of 
view, any climate scenario likely to occur in 
the future? 

• Are the existing rational scenarios, accurate 
enough, to assess any possible significant 
change in the behavior of climate, and 
particularly how it could influence any 
changes in slope instability, and more 
specifically the safety factors of metastable 
slopes? 

• Are downscaling, extrapolation procedures 
and methods sufficient to orient decision-
making in engineering and policy? 

• And last but not least, what could we 
consider to be “enough”, and “precise” data 
to carry on with the required assessments of 
future geotechnical scenarios? 

There are no single nor simple answers to these 
questions; furthermore, risk management 
principles are required to integrate and steer the 
analysis, policy and actions with the aim of 
defining the necessary preventive measures “ex-
ante”. 

Climate Change (CC) and its plausible future 
scenarios must be addressed decisively, 
considering the potential consequences, but also 
with caution, recognizing that science has not yet 
been able to decipher all the relevant processes 
involved for a fully rational engineering practice. 

The lack of precise definitions and possible 
analytical outcomes must be considered carefully, 
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and become conservative enough for safety (i.e. 
precautionary principle) but also combined with 
cost-efficiency. 

The official promotion of actions that result 
and enhance any possible positive effects and 
impacts of AGW should also be on the agenda, 
since presently the negative are the only ones 
articulated. 

There are certainly some “positive” impacts, 
almost never mentioned (Mora, 2012): e.g. milder 
climates and less requirement of heating in areas 
with extreme cold weather, opening and 
improvement of transit routes for people, goods 
and services in areas covered by ice, reduction of 
death tolls during extreme winters, less slope 
instability hazards and disasters, extended and/or 
improved periods of some crops and harvest, and 
the reappearance of crops (e.g. grapes) in areas 
where climate constrains had made them 
disappear. 

These are complex notions which 
unfortunately have been complicated by an 
overflow of information, not always exempt of 
bias, uncertainties and imprecision, as has already 
been stated. 

2.5 Priorities and policy orientation 

It is clear that the negative effects and impacts 
are capable of producing widespread damage and 
loss, even if most are mitigable. 

According to the World Health Organization 
(WHO et al., 2014), the human death toll derived 
from AGW, combining all of its variables, reaches 
around 150,000/year. This figure, if further 
validated and updated, is of course more than 
worrisome. 

However, how does this panorama compare to 
the 5 million fatalities, and 197 million people 
affected every year by other natural and 
anthropogenic hazards? (Mora, 2012; Mora et al. 
2011): earthquakes, volcanoes, climate 
variability, torrential debris flows, land 
degradation, war, terrorism, cyber-attacks, 
pandemics, malnutrition, lack of access to potable 
water of good quality and quantity, migrations, 
etc. It is pertinent to reformulate and redefine 
focuses and priorities. 

National policy and preventive processes 
should be defined according to local conditions 
and singularities, taking into account how 

societies face the extremes and deals with 
damaging events. It is fundamental to formulate 
feasible and ethical solutions that are 
socioeconomically and environmentally feasible, 
and admissible. Conversely, it is at the very least 
questionable that developing countries focus only 
on reducing their CO2 emissions. Oftentimes they 
are concurrently forced to adopt costly alternative 
processes developed by the wealthier 
industrialized countries that are originally 
responsible for the predicament. 

3 ASSESSMENTS AND SCENARIO-
MAKING 

3.1 Territorial assessment, factors and 
variables influencing slope instability 

An optimal format for decision-making 
processes is the incorporation of the plausible 
effects and impacts of AGW into territorial 
planning (Figure 9). The assessment must include 
all variables pertaining to the geological, external 
and internal geodynamics, geotechnical, 
hydrological and hydrogeological indicators, 
followed by their aspects related to the natural 
hazards, biological, environmental conditions, 
land use and other anthropogenic circumstances.  

Once hydrometeorological and climate hazards 
have been assessed, the AGW factors should be 
subsequently included, taking into account if they 
enhance or decrease their effects and impacts. A 
base line, with the appropriate indicators and 
metrics, must be defined to follow the trends, 
extent and possible limits of the outcomes of the 
models, to provide rational basis for prognosis. 

According to the extrapolation of trends, a 
rigorous and systematic interpretation of the 
results, variables and parameters that describe the 
future changes of the conditions must be 
performed. These outcomes may be applied to 
pre-defined planning measures adapted to cope 
with AGW scenarios and according to their 
expected temporal horizons. 

Any specific outcome derived from each of the 
factors assessed and analyzed, should conform to 
the environmental conditions and situations 
considered. They must be rationally adapted to the 
territorial capacity and to the optimal land use. 
Emphasis should be on avoiding conflicts and 
fostering proposals for land recovery and 
reclamation programs, including the 
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incorporation of risk and environmental 
management action plans. 

 
Figure 9. Factors to be taken into account while assessing the conditions of the territory, and preparing the approach to the 
possible future scenarios of AGW and their respective land use planning and risk management actions to cope with slope 
instability hazards. 

3.2    Assessing how slope instability would 
be influenced by AGW  

The influence of AGW to slope instability 
hazard is among the most complex of the 
challenges of risk management. At the inception 
of the evaluation, the characteristics of CV and the 
natural variables of the extreme events should be 
clearly defined and delineated. The current 
influence of the natural drivers of climate and how 
AGW might force CV to evolve along the 
temporal horizons under consideration must be 
subsequently placed under scrutiny (Figure 10). 

Given that robust data is scarce in developing 
countries and since calculations, assessments, 
diagnosis, and design require a sound judgment to 
optimize consecutive investments, sometimes 
rational shortcuts must be considered, particularly 
in the cases where projects might be affected 
negatively. 

By means of downscaling models and by 
incorporating as much robust local data and 
information available, the local conditions must 
be assessed by means of adequate scenarios, 
based upon conditional probabilities and their 
evolution through pre-defined temporal horizons 
(e.g. 30, 50, 100 years, etc.). 

The next step is the computation of the 
enhancement of the intensity of CV extreme 
hydrometeorological events, as well as their 
evolution (either increasing or decreasing) 
through time. This assessment is done with 
regards to the effects and impacts to exposed and 
vulnerable human elements. 

In the case of areas where the incidence of the 
triggers of slope instability hazard will be reduced 
(e.g. less rainfall, diminished hydric balances, 
drought, and therefore less slope instability), the 
resulting possible positive impacts could be 
identified, delineated and valued. If on the other 
hand, both the hazards and vulnerability increase, 
their aggregated negative effects and impacts 
should be estimated to assess how risk derived 
from AGW could consequently increase.  

A risk management policy should consider all 
possible scenarios, including the positive and 
negative effects and impacts, and including the 
consequent adaptation to AGW (Figure 10). 

The description of procedures for analyzing 
and assessing vulnerability is not the focus of this 
paper. There are several effective and efficient 
specialized platforms for these kind of analyses 
(Mora and Ghesquiere, 2010; Mora et al. 2010; 
Bernal and Cardona, 2018)
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Figure 10. Risk management factors, variables and steps to be considered when assessing the evolution of hydro-
meteorological and climate hazards, when influenced by climate variability (CV), climate change (CC) and anthropogenic 
global warming (AGW).

3.3 Scenario-building to assess slope 
instability influenced by AGW 

Scenario-building to assess risk derived from 
slope instability hazard, driven by AGW, should 
be performed by analyzing its influence on the 
evolution of the extremes of CV, particularly of 
rainfall intensity, duration, frequency, volume, 
their local hydric balances and their space 
distribution along pre-defined temporal horizons 
(Figure 11). 

Schematically, the evolution of slope 
instability hazard and vulnerability (i.e. risk) 
influenced by AGW, can be approached by 
considering the change in climate trends. 

The evolution in the levels of groundwater is 
one of the key factors to be assessed to understand 
how slopes might behave in the future. The 
scenarios may start by establishing the current 
original situation and then extrapolating to the 

possible changes that might take place to increase 
or decrease slope stability. 

A slope might be exposed, amongst several 
different conditions, to variations of the sea level 
and/or the alteration of the local land hydric 
balance, among other conditions. Whilst the 
current trend is for a global sea level rise of 
several millimeters per year, coastal slopes might 
exposed to a rise of the water table and saturation 
degrees of the ground. Therefore, a change in the 
safety factor (SF) status of coastal cliffs and other 
surrounding slopes. 

Alterations of the ground hydric balance might 
also be induced by a multidimensional variation 
of the intensity-duration-frequency and volume 
(IDFV) ratios of rainfall and river discharges 
(Figure 11). 
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Figure 11. Scenario-building for assessing and describing risk derived from hydrometeorological and climate hazards forced by 
AGW, and how it might influence, and eventually affect, the extremes of rainfall variability, moisture content of the ground, 
and slope instability along extended temporal horizons (e.g. 30, 50, 100 years etc.) 

By means of these assumptions, three exposure 
scenarios can be conceived: 

A) Lesser IDFV multidimensional ratios of 
rainfall and river discharges: this may 
induce a reduced intense erosion rate, 
slope, cliff, roadcut and fill instability, as 
well as less debris flows and torrential 
sedimentation. 

B) Higher IDFV multidimensional ratios of 
extreme rainfall and its consequent rise of 
water tables, river discharges and 
turbulence: increase in erosion, slope, 
roadcut and fill instability and 
undermining of cliffs, as well as debris 
flows and torrential sedimentation 
intensities are expected. 

C) Increased sea levels: they could derive in 
coastal, wetland and lake submersion and 
the enlargement of the effect of tides, 
storm surges and tsunami. There could 
also be additional moisture available, and 
therefore more slope instability in their 
surroundings. 

Scenarios B) and C) could occur either in 
concurrence or not, and with or without a 
combination of their effects with the additional 
rise of water tables along the nearby slopes. 

The common factor of B) and C), as in most 
cases, is that the shear strength of the constituent 
materials of slopes may be reduced proportionally 
to the increment of interstitial pressure (i.e. in 

pores, fissures and other discontinuities), as 
discussed in the following paragraphs. 

3.4 Changes in the critical interstitial pressure 
derived from AGW 

In a scenario of an increased IDFV derived 
from AGW, leading to a rise in the water table, the 
analysis should begin, as usual, by understanding 
first the current “in situ” state of stresses. 

As shown in Figure 12, the original water table 
level is h0, transmitting an initial interstitial 
pressure value of µ0, with which the safety factor 
SF > 1.0, reflecting a stable situation. This is a 
very simplified slope scenario of the progressive 
water table rise influenced by AGW after a 
specific temporal horizon. The ground is formed 
by homogeneous clayish-sandy soil under 
undrained conditions. 

It is assumed, in the scheme, that the degrees 
of saturation remain proportionally constant, 
despite the changes in the height of the water 
table; ground moisture saturation is directly 
transferred to the corresponding interstitial 
pressure and to the surface of rupture. 
Hydrodynamic flow pressures are neglected and 
the shape and position of the surface of failure are 
assumed not to result in different configurations 
over time. 

Given these initial conditions, an intense 
rainstorm might produce sufficient water 
infiltration to induce an increase in the extent of 
saturated soil masses and consequently raise the 
water table to a critical height hcrit above the 
potential surface of rupture. The interstitial 
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pressure will also increase proportionally to a 
critical value µcrit, which will involve a 
modification of the stress balance between the 
shear strength τR and the driving shear stress τE, 

eventually inducing a reduction of the safety 
factor to SF < 1.0 (i.e. unstable condition), along 
the formation and development of an imminent 
surface of rupture, as it is shown in Figure 12. 

 
Figure 12. Simplified scheme of the progressive water table rise influenced by AGW after a specific temporal horizon. It also 
illustrates how ground moisture saturation might be directly transferred to the corresponding interstitial pressure to the surface 
of rupture. Ψi: flow line at the water table; α: Angle between the flow line and the equipotential; hw: height of the water table 
measured from the potential surface of rupture; ϒw: unit weight of water; Φi: any equipotential intersecting the surface of 
rupture; SF: safety factor; ho: height of the original water table “at rest”;  µ0: interstitial pressure generated by h0 (SF>1.0); µagw: 
interstitial pressure generated by the water table influenced by AGW (SF>1.0); µcrit: interstitial pressure generated at SF<1.0. 
(modified after Salcedo, 2020) 

Furthermore, if the scenario occurring in the 
future, under AGW exhibits location-specific 
microclimatic conditions that induce a 
multidimensional rainfall IDFV increment, the 
result might be a progressive increase in the 
hydric availability and therefore in the saturation 
levels, and also in the amount of water in the 
aquifers. If this is the case, the initial water table 
level “at-rest” would not anymore be h0; 
progressively and through time it will evolve into 
a higher one hagw (Figure 12) consequently 
inducing a higher interstitial pressure µagw over 
the potential surface of rupture. 

Hence, under the influence of an IDFV 
multidimensional rainfall increment AGW 
scenario, the base line condition of the “new” 
initial water table “at rest” hagw and its 
corresponding interstitial pressure µagw, would be 
both progressively higher. Thus, a relatively and 
progressively lesser rainfall will be required to 
reach the critical height hcrit over the potential 
surface of rupture. Consequently, the generation 
of the critical value of the interstitial pressure µcrit 
(SF<1.0) will also be reached sooner. This 
condition might also induce the effect that a more 
extensive slope instability event might occur. 
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Once the AGW scenario is defined, the next 
step is to assign a new IDFV function, followed 
by modelling the influence and evolution of the 
pore pressure µ in cohesive soils under undrained 
initial conditions (equation 3): 

 
…where µ0 is the current initial interstitial 

pressure, while h0 is the water table height over 
the potential surface of rupture, and γw is the 
volumetric unit weight of water. Hence, for a soil 
of several layers (equation 4): 

 

…represents the critical pore pressure, 
according to the current conditions of the water 
table and rainfall IDFV distribution for a specific 
return period TrX. Whilst µcrit is the critical pore 
pressure leading to rupture (SF<1.0) for a given 
TrX, Rµ is the interstitial pressure coefficient, 
according to the position of the water table, over 
the potential surface of rupture; hi is the thickness 
and γi is the saturated volumetric weight of each 
soil layer in. 

4. SLOPE INSTABILITY HAZARDS AND 
AGW 

4.1 Evolution of the safety factor (SF) and 
increased ground moisture induced by 
AGW 

The evolution of SF, that is, the transition from 
stable to meta-stable, and eventually unstable (i.e. 
leading to rupture) conditions will depend on the 
initial degrees of saturation of the slope materials. 

Considering the occurrence of the scenarios 
previously described, the slope instability 
conditions, at the local level, may evolve 
progressively from an initial stage where the 
water table position will rise as the rainfall regime 
and patterns (i.e. IDFV) might also evolve under 
the influence of AGW, and along a pre-defined 
time horizon. 

This situation may well lead to a progressive 
and proportional reduction of the difference 
between the initial and critical interstitial 
pressures and thus progressively draw closer to 
the critical rupture condition. Therefore, in 
equation 5, let: 

 

…be the original net pore pressure change 
between the state of rupture (SF<1; µcrit) and the 
stable state (SF > 1.0; µ0), according to their 
respective saturation degrees and water table level 
positions above the potential surface of rupture, 
(NF0, NFcrit), under the original multidimensional 
rainfall IDFV0 and its return period TrX. 

Afterwards (equation 6): 

 

…will be the net pore pressure change between 
the original condition of rupture (SF<1.0; µcrit) 
and the AGW-modified stable condition (SF > 
1.0; µagw), according to their respective saturation 
degrees, water tables levels (µagw; µcrit) and their 
new rainfall and return period scenarios 
(IDFVagw; Tragw). 

Therefore (equation 7): 

 
…is the summation of the pore pressures 

sustained in each soil layer and affecting the 
potential surface of rupture, as progressively 
modified by AGW (SF>1.0), according to the 
respective increased rainfall and return period 
(IDFVagw; Tragw) scenarios.  

In such a case (equation 8): 

 
…will represent the interstitial pressure, 

progressively changing under the influence of 
AGW and after a temporal horizon tagw, in which 
case µagw > µ0. After the temporal horizon under 
consideration, Δhi-agw-crit will be the additional 
height progressively added to the water table 
under the influence of AGW. 

Therefore, the influence of the AGW scenario, 
brought about by the increasing multidimensional 
IDFV relationship during an established temporal 
horizon, would require a relatively “smaller” 
event or a number of rainfall series of events to 
make the water table rise to the critical reference 
height hcrit over the potential surface of rupture, to 
induce a critical state of interstitial pressure µcrit 
resulting in slope instability. 

Under these same conditions, the return period 
(TrX) associated to the specific critical rainfall 
(IDFVX) generating µcrit, would be reduced 
(Tragw) as a consequence of the influence of AGW 
and after the predetermined temporal horizon. 
Hence, the required rainfall would be smaller (i.e. 

µ0 = γw • h0     (3) 

µcrít = Rµ • ∑i hi • ϒi                  (4) 

Δµcrit = µcrit - µ0    (5) 

Δµcrit-agw = µcrit - µagw    (6) 

µagw =  Rµ • ∑i〖hi-agw • ϒi〗• Δt   (7) 

Δµagw-0 = Δ (hi-agw-0 • ϒi ) • Δt   (8) 
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IDFVX<IDFVagw), namely TrX<Tragw, implying 
that µ0 < µagw. 

The evolution of the influence of the interstitial 
pressure µ and how it affects the evolution of the 
safety factor (SF) might be approached according 
to the Mohr-Coulomb limit equilibrium criterium, 
upon which shear strength is defined by (equation 
9): 

 
If a higher than the actual water table elevation, 

over the potential surface of rupture, is caused by 
an increased rainfall derived from the influence of 
AGW, the critical interstitial pressure µcrit might 
be reached sooner, after a relatively smaller 
rainfall. This scenario should correspond to the 
respective IDFVagw and Tragw, occurred after a 
determined temporal horizon tagw. Therefore, 
slope instability hazard may materialize more 
rapidly and extensively because of the progressive 
corresponding reduction of shear strength 
(equation 10): 

 

…where µagw>µ0. 

Under these circumstances, the mobilizing 
critical shear stress leading to rupture could 
evolve to equation 11: 

 

For simplicity, the evolution of SF in slopes 
under increasing interstitial pressure, induced by 
AGW, is assumed to be linear. This is a scenario 
currently difficult to predict because the 
uncertainties involved in the specific evolving 
properties of the ground and climate through time. 
Likewise, it has also been assumed that the 
relationship between the evolution of SF and 
increments of interstitial pressures is linear. 

Also, it is assumed that the basic lithological 
and geotechnical parameters of cohesive soils, 
under undrained conditions, will remain constant 
along the established time horizon, even if this is 
debatable, particularly in the case of highly and 
rapidly weathering-prone materials. 

Whichever the initial condition might be, if 
rainfall’s IDFVagw induces changes in soil 
moisture, saturation degrees, water table levels 
and interstitial pressure values, the SF values will 
decline on account of the corresponding seismic 
input values (Figure 13). 

It has to be brought to our attention that the 
possible AGW-induced changes in water tables 
might imply that the critical seismic acceleration, 
to trigger slope instability, could also be smaller 
than without its influence. Since this acceleration 
is actually another random variable amongst 
many others, the analyses of the SF’s affected by 
AGW require an improved vision, with 
probabilistic rather than deterministic approaches.  

 
Figure 13. Variations of the safety factor (SF) and the 
return periods of rainfall (Tragw) by the possible changes in 
ground moisture induced by IDFVagw, and the eventual 
impact of the intensities of earthquake activity in the slope. 

4.2 Facing the challenge of assessing slope 
instability in areas with scarce data. 

In most developing countries it is 
commonplace to perform assessments with scarce 
and unreliable data and information, inducing into 
the analysis a greater degree of epistemic 
uncertainty. Screening and maximizing whatever 
reliable data are available becomes a conundrum. 
The application of simplified deterministic and 
heuristic methods, with proxy data and large 
amounts of engineering judgement, common 
sense and experience is the only choice, although 
these procedures do not fully quantify their 
degrees of uncertainty. 

This problem becomes still more critical when 
attempting to perform prognosis of scenarios 
under possible AGW future conditions. For such 
cases and circumstances, some suggestions are 
offered henceforth, particularly for assessing the 
spatial distribution of slope instability hazard. 

As previously stated, it is critical to be able to 
separate the possible trends of CV from those 
likely future situations and scenarios pertaining to 
AGW. They must be quantified spatially and 
temporally by defining their respective baseline 
hydrologic cycles and hydric balances. This will 
enable the modelling of extreme events, according 
to the multidimensional rainfall intensity, 

τR = c’ + (σn – µ0) • tan Φ’         (9) 

τRagw = c’ + (σn – µagw) • tan Φ’             (10) 

τEcrit = τR/SF = 1/SF • [ c’ + (σn - µcrit ) • tan Φ’]  (11) 
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duration, frequency, and volume parameters 
(IDFV), which will eventually be subject to 
modifications, including their return periods (TrX) 
according to the influence of AGW (i.e. IDFVagw, 
Tragw). 

Considering the availability of data and the 
current trends (Wilby et al. 2010), there is a 
possibility that AGW drivers induces IDFV 
functions (i.e. if TR is kept constant). Conversely, 
it is plausible that a reduction of the return periods 
occurs under constant IDFV parameters, 
particularly within the ranges of the extremes of 
CV. In Figure 14, a graph schematically illustrates 
the change of intensity, duration and return period 
of rainfall. A “delta” hazard is hence driven under 
the influence of AGW. 

 
Figure 14. Hypothesis of AGW forcing an increase of the 
intensity and duration of rainfall. Therefore, a change of a 
return period Tr and a “delta hazard” might occur 
(modified after Saborío et al, 2018). 

According to Mora et al. (2015) and Saborío et 
al. (2018), it has been found that it is likely that 
the changes of IDFV could be in the order of 5 to 
10% along temporal horizons of 30 and 50 years 
respectively. These increments to the IDFV 
multidimensional functions are intended to 
simulate the effects of AGW, at least until more 
adequate, accurate and reliable data is available, 
and when the required probabilistic analysis 
becomes sufficiently robust. 

It is therefore admissible to increase the IDFV 
functions, for a given return period (Tragw), in 
order to schematize the influence of AGW. As an 
example, in Figure 15, the intensity and duration 
relationship for the Puntarenas, Costa Rica rain 
gauge, has been increased, from its original Tr 50 

years, by 5% and 10% respectively, to simulate 
the effects of AGW after temporal horizons of 30 
and 50 years, respectively (Saborío et al. 2018). 
These extrapolations will be used to estimate the 
possible influence of AGW in the spatial 
distribution of slope instability hazard, as 
described in section 5.2. 

 
Figure 15. Increase of 5% and 10% in the 
multidimensional factors of the intensity and duration 
relationship to simulate an increasing forcing caused by 
AGW in the rainfall pattern at Puntarenas, Costa Rica. The 
return period was kept constant at 50 years (Saborío et al; 
2018). 

5 MACRO-ZONATION OF SLOPE 
INSTABILITY INFLUENCED BY AGW 

5.1 Space-time distribution of slope 
instability hazard 

On a regional scale, a representation of the 
possible effects of the increment of ground 
moisture to slope instability hazard, can be 
rendered by performing heuristic macro-zonation 
processes. There are plenty of very interesting and 
adequate methodologies available. 

The Mora-Vahrson method (Mora and Vahrson, 
1993, 1994; Mora and Mora, 1994; Saborío et al. 
2015) is herein chosen. This method proposes 
(equation 12) that slope instability hazard Sih is 
defined by two main morpho-dynamic factors: 

 
…where: 

SUSC = Intrinsic slope susceptibility factor, 
composed of three parameters: 

  
…where: 

Sih  =  SUSC * DISP    (12) 

SUSC = Sr * Sl * Sh     (13) 
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Sr = Relief, defined by the relative relief 
(maximum difference of topographic 
level per unit area), or by slope angle 
(degrees, percentage): steeper slopes 
should be more instable if all other 
factors are kept constant. 

Sl = Lithologic intrinsic susceptibility; proxy 
of the shear strength of slope materials 
(i.e. weaker soils and rocks would be 
more susceptible) 

Sh = Prevalent ground moisture content (i.e. 
wetter grounds have more possibilities to 
develop critical interstitial pressures), 
derived of the local hydric balance 
assessment. 

DISP = External slope instability trigger factors, 
composed of two parameters: 

 
…where: 

Ds = Influence of seismicity (i.e. intensity, 
spectral accelerations, dynamic response 
and deformation of the slope). 

Dp = Influence of rainfall multidimensional 
factors for the intensity, duration, 
frequency, and volume, and the eventual 
alteration of the local hydric balance 
induced by intense rainstorms 

It considers a gross increase of the 
saturation ratios and the proportion of the 
infiltration of moisture towards the water 
table.  

Therefore, the slope instability hazard can be 
represented by an algorithm such as the one 
indicated on equation (15): 

 

An example of the application of this 
procedure is seen in Figure 16, applied on a 
1:50,000 scale map, over a numeric elevation 
model with a pixel of 12 meters (only one 

available) at the Municipality of Esparza, 
province of Puntarenas, Costa Rica (Saborío et al. 
2018). 

A limited landslide inventory was also 
available and compared to these results, with 
which no major deviation was found. The 
geological information was obtained at a scale of 
1:50,000, as provided by the municipal 
government, and from several authors. 

No rain gauge was available within the area 
and therefore the rainfall IDFV curve (Tr = 50 
years) used was the one obtained from a nearby 
station located at the port of Puntarenas, about 15 
km west of the centroid of the area analyzed 
(Figure 16). 

5.2 Slope instability hazard change with 
AGW, after a given temporal horizon 

On Figure 17, the same procedure was applied 
(Saborío et al. 2018) but incorporating a 10% 
increase, on the multidimensional IDFV curve 
(Tragw=50 years) on the results shown in Figure 
16. The intention was to yield a rational 
proportional increase in the Sh and Dp factors of 
the Mora-Vahrson method, with the intention to 
simulate the eventual influence of AGW in the 
future (i.e. approximately within 50 years of 
temporal horizon). 

These results appear to reconfirm the fact that 
inevitably, if more rainfall is produced by AGW 
in a specific area, slope instability hazard will 
increase in spatial extent and intensity (i.e. more 
moderate to very high hazard zones; less low to 
very low hazard zones). It is also evident that 
slope instability increases significantly in cliffs 
and steeper slopes and in areas with weaker 
lithologies (Figure 17). The map also shows that 
if the hypothesis of a AGW-increased slope 
instability hazard verifies, and if vulnerability also 
grows at a steady rate, as is currently the case, risk 
will also be substantially higher in the future. 

DISP = Ds + Dp        (14) 

Sih = (Sr * Sl * Sh) * (Ds + Dp)          (15) 
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Figure 16. Slope instability hazard determination for the Municipality of Esparza, Puntarenas, Costa Rica (Saborío et al. 2018). 
Application of the Mora-Vahrson method (1993, 1994; Mora et al. Saborío et al. 2018).
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Figure 17. Slope instability hazard determination for the Municipality of Esparza, Puntarenas, Costa Rica. It incorporates a 
10% increase in the multidimensional IDFV relationship to include a scenario simulating the influence of AGW in a temporal 
horizon of approximately 50 years (Saborío et al. 2018). 

It is important to add a caveat to these results, 
as they relate to their precision and accuracy and 
as these certainly depends on the quality of the 
data used for the analysis. For the time being, 
these scenarios have been built with monthly 
rainfall and temperature data inputs (averages, 
maxima, minima). However, RCP 2.6 scenarios 
(temporal horizon: 50 years; i.e. 2070) have 
become available for further modelling and 
calibration with actual measurements. Thanks to 
this new parameter, the Sh and Dp factors of the 
Mora-Vahrson method will acquire additional 
certainty. 

On the other hand, on account of the scale, 
resolution and accuracy of these maps, their 
usefulness in terms of land use planning and risk 
management, is questionable, besides from 
illustrative and social risk communication 
purposes. Action plans for policy, decision-
making processes and site and project 
investigations must be assisted by higher 
resolution instruments.  

5.2 Incorporating “adaptation” to AGW in risk 
management to face future slope 
instability hazards 
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Risk management processes, including 
adaptation to climate change (perhaps a better 
term should be “adaptation to AGW”), to 
specifically face slope instability hazards, in the 
event that it might be enhanced in the future, 

should start by defining the respective temporal 
horizon references (e.g. 30, 50, 100). A schematic 
decision flowchart can be seen as proposed in 
Figure 18. 

 
Figure 18. Risk management plans, actions and orientations, including “adaptation” to AGW, to face slope instability hazards 
in the future. 

Determination of hydrometeorological 
scenarios and models must be applied to establish 
and clarify the tendencies towards drier or wetter 
future local environments driven by AGW by 
means of global models, projections, 
downscaling, and their respective space-time 
distribution. 

The following step would be to verify how will 
the new conditions affect the slope instability 
processes in the area. The priorities and resources 
should shift to those scenarios indicating an 
increase in risk (i.e. hazards, vulnerability). In the 
case of an increment (delta) of risk, its 
management can be oriented by at least three 
types of decision-making criteria (Figure 18): 

1. Provide corrective, hopefully transient (i.e. to 
gain time for other more sustainable solutions) 
measures: Engineering structural works, such 
as slope stability devices, drainage, erosion 
control, re-vegetation, protection against sea 
level rise, etc. 

2. Non-structural sustainable proactive measures: 
Land use and territorial planning to reduce 
exposure and vulnerability; financial 
protection, retention and transfer of risk; 

environmental, watershed and natural 
resources management; recovery and 
improved safe reconstruction and less 
vulnerable action plans. Implementation of 
alert, alarm, response, emergency and disaster 
management systems and protocols, including 
social and business operative and functional 
continuity protocols (see section 5.3). 

3. No actions to be taken: Unfortunately, quite a 
common policy in the developing world. In 
such a case, the “accepted” risk must be 
justified as “acceptable and/or tolerable”, and 
the coverage of damages and losses must be 
guaranteed, but being aware of how to deal 
with both the ensuing liability, social 
responsibility, and the remaining residual risk. 

5.3 A surveillance, alert, alarm, warning and 
response system to face slope instability 
emergencies. 

An observation, surveillance, alert, alarm, 
warning and response system to face slope 
instability hazard is currently being made by 
Saborío et al. (2018), along with the application 
of the principles of the Mora-Vahrson 
methodology (section 5.1). An advance of this 
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process is illustrated in Figure 19 and in the 
following paragraphs.

 
Figure 19. Principles for an observation, surveillance, alert, alarm, warning and response system to face the materialization of 
slope instability hazard events, based upon the methodology described in section 5.1 (Saborío et al., 2018). 

Using the Mora-Vahrson method (Mora and 
Saborío, 2019), the system currently under 
development is conceptually based upon the 
susceptibility of the slope, with its relatively 
passive intrinsic parameters and conditions (i.e. 
lithology, relief-steepness of slopes, prevalent 
ground moisture-interstitial pressure) and the 
influence of the external and dynamic trigger 
factors. Two possible scenarios can be envisaged 
(Figure 19): 

• “Ex-ante”, in the case of rainstorms 
forecasted with hourly, accumulated 24-72 
hours volumes, or even seasonal rainfall 
forecasts, using isohyets, hyetographs, or 
IDFV functions, provided with sufficient 
anticipation. If resources (i.e. “now-cast”) are 
available (e.g. radar), diagnosis and short-
term forecast can be of additional benefit for 
readiness. 

• “Ex-post”, in the case of either: 
§ Recent intense rainstorms: The same type 

of information, as described, but in this 
case, it should be the actual data, as 
recorded during and/or immediately after 
the event. 

§ Just after an intense earthquake event 
(presently impossible to forecast): using 
the quickest possible data and information 

available related to the intensities, either in 
the Modified Mercalli scale, or peak 
ground, spectral accelerations, dynamic 
ground response, or other parameters 
available. 

If these data and information are made 
available in due time, it could be possible to 
obtain a reliable space-time distribution of slope 
instability incidents and therefore becomes 
feasible to orient emergency-disaster 
management decision making processes in a more 
informed manner: response, relief, assistance, 
rehabilitation, reconstruction, operative and 
business continuity, etc. (Figure 20). 

6 RISK MANAGEMENT, STILL SEEN AS A 
COST, NOT AS AN INVESTMENT 

6.1 Slope instability hazard and risk 
management in political, social, and 
entrepreneurial decision-making 

Unfortunately, risk management derived from 
slope instability hazard and its respective 
vulnerability is not a priority in many countries, 
even if it is clearly the trigger of large quantities 
of fatalities, damage and losses. In general, these 
notions elicit passive and reactive attitudes 
towards action. As is mostly the norm, climate 



SCG-XIII INTERNATIONAL SYMPOSIUM ON LANDSLIDES. CARTAGENA, COLOMBIA- JUNE 15th-19th-2020 

 

change will continue to be blamed for any future 
disaster; but is it really? 

As has been discussed in this article, it is 
plausible that AGW might have a considerable 
influence in the future, if the current trends 
prevail. Actions should be taken to face the 
challenge, given that inaction is not an admissible 
posture, and neither are uninformed private and 
public decision-making processes. 

It is clear that science and engineering must 
conjugate to disseminate and foster effective and 
cost-efficient solutions, informed by rational and 
transparent analytical processes and their 
outcomes. These solutions must be produced in a 
timely manner and adapted to the contexts where 
they are supposed to offer their benefits in terms 
of risk management. 

The problem with these noble purposes is that 
in most developing countries data sources, time 
series and information with sufficient resolution, 
accuracy and robustness, are not commonplace. 
Most of the time the assessments must become 
creative, challenging and daring to be able to 
generate rational and sound outcomes capable of 
orienting adequate social risk communication and 
decision-making processes. 

Credibility and accountability in risk 
management are sometimes difficult to fulfill 
under “normal” circumstances in developing 
countries. Risk management derived from slope 
instability hazard and vulnerability is demoted as 
a cost, not as an investment. 

Under this perspective land use planning is still 
neither seen as the best long-term sustainable 
solution to reduce its damages and losses nor the 
most efficient and cost-effective of all the options. 

As long as decisions and actions are not meant 
to promote effective measures, disasters will 
recur, with the ensuing accumulated damages and 
costs; most of the time being borne by the 
neediest. 

6.2 An illustrative case 

It is not the purpose of this paper to discuss 
specific case histories, even if there are thousands 
of interesting ones. However, one anecdote can 
provide an example of the choices and priorities 
that have not been made because of not having 
timely information. 

Risk communication provided to political 
decision makers, the population, governments, 
multilateral organizations, and eventually to 
entrepreneurs, may clarify the views of those who 
decide the actions to be taken to manage risk in 
slopes exposed to instability hazard. This is still 
more critical when considerable vulnerable 
population concentrations, and fragile 
infrastructure and social, and economic assets are 
at stake. 

A quite dramatic example, and unfortunately 
not unique, is the Jalousie neighborhood in 
Péttionville, southeast of Port-au-Prince, the 
capital city of Haiti. There, a rural immigrant 
population settlement has been established and 
growing since approximately the beginning of the 
1990’s, despite the evident topographic hazardous 
conditions. This settlement is notable because of 
its lack of health, sanitation, potable water, 
education, security, infrastructure, and other basic 
services. 

Figure 20 shows the landscape of Jalousie-
Juvénat in March 2003, already under an intense 
progressive occupational process at the foothills 
of Morne l’Hopital mountain. This mountain is 
composed of Upper Oligocene and Miocene 
limestones, surrounded by Pliocene deeply 
incised fanglomerate and coluvio-alluvial 
piedmont deposits. Some secondary cementation 
gives the latter a relatively high shear strength, 
allowing the development of steep slopes (Mora 
et al. 2011, 2012). 

 
Figure 20. Landscape of the Jalousie-Juvénat area in Mars 
2003. Note the already an intensely growing housing 
occupation process at the slopes and foothills of Morne 
l’Hopital mountain. Port-au-Prince, Haiti. 

Figure 21 shows Jalousie area in May 2006, 
when the housing clogging situation began to 
become critical. 

Meanwhile Figure 22 illustrates the prevailing 
extremely precarious human housing occupation 
and living conditions on the very steep slopes, in 
October 2009. 
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Figure 21. Zoom over the Jalousie area; this is the way it 
looked in May 2006, when the housing clogging situation 
was already becoming critical. Péttionville, Port-au-Prince, 
Haiti. 

 
Figure 22. The already extreme housing occupation 
situation that prevailed in the Jalousie area, October 2009. 
Péttionville, Port-au-Prince, Haiti. 

Finally, Figure 23 illustrates some of the slope 
instability effects of the January 12, 2010 
earthquake (Mw 7.0). Compounded by the poor 
behavior of the widespread below-standard 
quality of the prevailing housing building 
methods and their location in very steep and 
unstable slopes, this situation was the cause of 
several thousands of fatalities in Jalousie and its 
near surroundings. 

 
Figure 23. Some of the effects of the January 12, 2010 
earthquake (Mw 7.0) in the slopes of the Jalousie area, 
Péttionville, Port-au-Prince, Haiti. Notice the poor 
behavior of the widespread below-standard quality of the 
housing, inadequately built, and of course on a very steep 
unstable slope. 

The question remains to what extent can an 
extreme socioeconomic, risk and environmental 
situation like this be coped with by society, if the 
current poverty, unemployment and governance 
are not adequately solved first. Evidently, 
Engineering Geology and Geotechnical 
Engineering will definitely not be sufficient to 
solve such a situation by themselves. 

6 CONCLUSIONS 

The adequate understanding of the influence of 
AGW to slope instability hazard is a key factor to 
assess and orient the required risk management, 
land use planning and engineering geology 
measures, strategy and policies. 

However, in most developing countries, data 
and information with sufficient resolution are still 
scarce and do not allow robust probabilistic 
assessments of slope instability hazard, 
vulnerability and risk. This problem is magnified 
by the fact that CC and AGW analytical 
disciplines have not yet bring about sound and 
accurate evaluation models and scenarios. Their 
respective causes, characteristics, dynamics and 
possible consequences are still requiring 
statistical certainty. 

This challenge has to be overcome if we are to 
be able to reach quantitative diagnosis and 
prognosis, capable of orienting social risk 
communication and decision-making processes. 

In most developing countries, risk 
management derived from slope instability hazard 
and the solution of its respective vulnerability is 
not yet a political priority, neither private and 
public; yet, it is clearly the cause of significant 
damage and losses.  

Risk management is also denoted as a cost, not 
as an investment and the required actions are 
burdened by passivity. A proactive attitude is thus 
required to change this paradigm.   

Unless this changes, “nature” and climate 
change will still be the comfortable excuses and 
scapegoats for any future disaster, while more 
pressing risk factors, particularly vulnerability are 
largely ignored. 

In the meantime, it is valuable to use heuristic 
regional and macro-zonation methodologies to 
have at least some quantitative-qualitative 
instruments capable of assisting decision-making 
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processes, at least until sufficiently robust data 
bases and probabilistic models become available. 

Specific sites should be analyzed in detail to 
quantify the progressive increase in the multi-
dimensional rainfall IDFV parameters. This 
follows from the evolution of slope instability 
hazard in some areas, with microclimates under 
the influence of AGW through a temporal 
horizon.  

Based on current knowledge and scenario-
making it is likely that AGW, in areas where it 
will cause an increment in IDFV, will force a 
progressive ascent of water tables and therefore an 
increase to interstitial pressures. In short, this is 
likely to produce the overall effect of requiring 
less large rainstorms to trigger slope instability 
events in the future. 

Likewise, with all other parameters being 
constant, there will be a progressive reduction in 
the return period and IDFV parameters of critical 
rainstorms producing hydric unbalances in the 
ground and leading to the required conditions for 
a slope failure. 

Finally, the possible AGW-induced changes in 
water tables might imply that the critical dynamic 
parameters triggering slope instability could be 
reached sooner than without its influence. Since 
these parameters are actually random variables, 
amongst many others, the analyses of safety 
factors affected by AGW shall require an 
extended vision, with probabilistic rather than 
deterministic approaches 
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