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Abstract The objective of the holistic risk assessment is to evaluate risk from a
comprehensive perspective, integrating physical risk, or potential physical damage,
linked to the happening of hazard events and socio-economic and environmental
factors, non-hazard-dependent. This approach seeks to capture how these latter have
an incidence on physical risk, exacerbating the negative impacts of a dangerous
event, as well as affecting the capacity of the society to anticipate or resist or to
respond and recover from adverse impacts. This article presents the results of the
holistic evaluation obtained at the subnational level in Colombia in the framework
of the Risk Atlas of Colombia of the National Unit for Disaster Risk Management
(UNGRD, its Spanish acronym). The evaluation was performed using the probabi-
listic physical risk results derived from a multi-hazard risk assessment, with 16
socio-economic indicators available for the 1123 municipalities of Colombia. These
results are relevant for comparison purposes and are also useful to identify the risk
drivers associated not only with the current risk conditions but also those shaping
future risk.
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1 Introduction

From the perspective of disasters, risk has been measured to address it as the possible
economic, social, and environmental consequences derived from a natural or
anthropic event. Disaster risk is not only linked to the occurrence of natural events but
also — and mainly — to the prevalent conditions of vulnerability favoring the happen-
ing of disasters. However, very few analyses address risk in a comprehensive manner,
and in most cases, their approach is mainly oriented toward a social characterization
of vulnerability, treating it as equivalent to risk and not as a condition of susceptibil-
ity, leaving aside the fact that potential physical damage is essential when it comes to
estimating risk. Therefore, the likelihood of occurrence of a negative impact, derived
from a natural or anthropic event, implies the convergence of physical, natural, social,
economic, and political factors that require a holistic approach where appropriate
involvement is ensured for every aspect of the configuration of risk.

Sociology and political science define vulnerability as a social construction,
resulting from development processes that generate it, thus setting the conditions
that transform a hazard into a disaster and exacerbate its impacts. Unlike the hazard,
vulnerability accumulates and prevails over time, and it is intricately linked to social
aspects and the level of development of the communities. Social situations set a
number of conditions that, combined with a natural event, result in disaster (Oliver-
Smith, 2004).

Therefore, risk as currently configured is the result of a social process of many
years, which determines the present conditions that can transform a natural event
into a disaster, determining whether the exposed elements will be resilient to its
effects or are vulnerable to its consequences (Cardona, 2004; Bankoff et al., 2004).
Likewise, these current conditions are determining future risk. By tackling these
socio-economic conditions, it is possible to increase the resilience of the communi-
ties to cope with the effects of an event, as well as the capacity to quickly recover
from the impact and build back better to avoid future disasters. Poor information
and communication between social actors, lack of institutional and community
organization, weaknesses in emergency response, poor governance, political insta-
bility, and the insufficiency of economic well-being in a geographic area contribute
to increasing risk (Ambraseys, 2010).

Although the public interest in risk assessment has increased in the last decades
and it has been accepted that losses resulting from hazardous events are avoidable,
up to at least some degree of human control, and therefore actions can and should
be taken to prevent and reduce risk, insufficient disaster risk understanding can lead
to its underestimation and therefore to a lack of actions addressed to the reduction
of their impact (Jamali et al., 2022). As highlighted by the UNDP Global Report
(UNDP, 2004) “Disaster risk is not inevitable, but it can be managed and reduced
through appropriate development actions.”

One of the main challenges related to risk assessment is to find the right ways to
communicate complex issues from science to policy and to the public. Composite
indicators are a tool to do so, by offering a simplified representation of a multidi-
mensional concept. They are big pictures that allow an easier interpretation of
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complex issues instead of trying to find trends in many separate indicators. Indicators
highlight some of the aspects of risk and contribute to the formulation and analysis
of public policies and decision-making processes. However, indicators are not
aimed at identifying risk management measures, which instead must be identified
by integrated models and comprehensive risk analysis. Risk assessments help to
facilitate risk communication, revealing the importance of introducing them in
development plans.

The concept of risk is linked to decision-making; this means that risk must be
measured to make decisions about the feasibility or convenience of carrying out
actions to prevent it or reduce it. What is not measured cannot be managed, and
therefore in defining a robust strategy for risk management, the first step is to be
rigorously evaluated. Risk is a crosscutting notion, and as such it must be addressed
through a comprehensive and multidisciplinary approach. Risk management deci-
sions must focus on strategies considering both physical damage, direct impacts
(hazard-dependent), and socio-economic factors (non-hazard-dependent) contribut-
ing to second-order effects and intangible impacts. Based upon this understanding,
a holistic approach for risk assessment was carried out at a subnational level in
Colombia for its 32 departments and 1123 municipalities, integrating physical risk
resulting from a multi-hazard assessment and a set of socio-economic indicators.
The results of this evaluation are presented herein.

2 The Holistic Approach

Holistic risk assessment considers, within a single conceptual framework, hazard
and vulnerability, both physical, understood as the susceptibility to damage of the
exposed elements, and contextual, expressed through a set of socio-economic fac-
tors. Figure 15.1 illustrates the conceptual framework applied in this evaluation.
Hazards are events of potential occurrence that have a destructive effect on the
exposed elements (i.e., exposure), characterized by a physical vulnerability and by
contextual conditions amplifying or exacerbating physical damages that can be
associated with socio-economic indicators describing lack of resilience and social
fragility. The convolution of these aspects derives from the likelihood of impact
(risk). The disaster itself is a manifestation of the hazard entailing a disturbed state
of the exposure that must also be managed through ex post measures.

Tackling risk requires a comprehensive risk management system based upon an
institutional structure that supports and promotes public policies, strategies, and
corrective and prospective actions addressed to intervene the susceptible elements
and conditions of society that favor the setting up or the increment of risk, as well
as the created hazards (anthropogenic, technological). Likewise, as part of the risk
management framework, emergency response and recovery plans based on risk
assessments must be defined, allowing for a quick and effective response when a
disaster occurs. For management purposes, risk studies support improved decision-
making contributing to the effectiveness of risk management by inviting action and
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Fig. 15.1 Conceptual framework of the holistic approach to risk assessment and management
(Cardona, 2001); used at UNDRR (2017) and UNGRD (2018)

identifying weaknesses of the elements exposed, as well as their evolution over time
(Cardona, 2001; Carrefio, 2006; Carrefio et al., 2007).

Holistic evaluations of risk derived of seismic hazards and vulnerability in urban
areas have been performed in recent years for different cities worldwide, Carrefio
et al. (2007); Birkmann et al. (2013); Marulanda et al. (2013); Jaramillo (2014);
Salgado-Gdlvez et al. (2016), as well as at country level, Daniell et al. (2010);
Burton and Silva (2014); and at global level: UNDRR (2017), proving to be a useful
way to assess, compare and communicate risk while promoting effective actions
toward the intervention of vulnerability, measured at its different dimensions. This
approach has also been integrated into toolkits, guidebooks, and databases for earth-
quake risk assessment, Burton et al. (2014); Khazai et al. (2015). Most recently, a
study based on the conceptual approaches of this methodology was carried out in
the USA by FEMA (2020). The results presented in this article are from the first
application of this methodology at the departmental and municipal level, for the 32
departments and 1123 municipalities under the framework of the Risk Atlas of
Colombia (UNGRD et al., 2018), and considering four different hazards.

The holistic risk approach robustly addresses the hazard and the contextual con-
ditions, acknowledging their close interrelation, considering both physical aspects
and intrinsic characteristics of the society that define either worse or better condi-
tions that, in turn, amplify or reduce the impact of a hazardous event and the capac-
ity of the communities to cope with and recover from adverse impacts. This
methodology adheres to the suggestion of Cardona (2001), cited in Bankoff et al.
(2004) that vulnerability originates in:

— Physical fragility or exposure: Susceptibility of human settlements to be affected
by dangerous events due to their location within the area of influence and their
lack of physical resistance.
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— Socio-economic fragility: Predisposition to suffer harm from the levels of mar-
ginality and social segregation of human settlements, the disadvantageous condi-
tions, and relative weaknesses related to social and economic factors.

— Lack of resilience: Limitations of access and mobilization of resources in human
settlement and the incapacity to respond when it comes to absorbing the impact.

From this perspective of relative and multicriteria analysis, risk is considered as
a summation of a series of potential consequences caused by factors of physical
exposure (potential damage and losses) to a given hazard and the underlying factors
leading to its implications and the incapacity to face them. This notion implies that
undesired effects can be avoided or reduced if triggering and causal actions are
intervened.

This assessment considers variables of different classes which treatment is not
always easy by using functions. For this reason, it is sometimes necessary to use
proxies or “representations,” which may well be indexes or indicators. Thus, it can
be said that vulnerability might be described by several components reflecting phys-
ical susceptibility and fragility (exposure) — which are dependent on the action or
severity of the event — and others that reflect social fragility and lack of resilience,
that is, the incapacity to anticipate, recover, and absorb the impact, which is not
dependent on or conditioned by the effects and impacts of the event.

This methodology offers a simplified vision of a multidimensional concept, aim-
ing to facilitate its interpretation from different stakeholders, promoting an articu-
lated frame of social, economic, environmental, and cultural aspects. It is worth
noting that indicators, in general, do not identify the measures of risk management
since these should be conceived using integrated models. However, the main strength
of this approach lies in the possibility to make a retrospective analysis by disaggre-
gating the results to identify the factors that should be prioritized for risk reduction
actions and assess the (in)effectiveness of measures taken in the past. This is the first
time that a study, following the above mentioned methodology, is conducted consid-
ering hazard, exposure, and socio-economic descriptors at the subnational level for
a whole country. This approach allows the identification of risk drivers associated
with the socio-economic context, going beyond the physical vulnerability of the
exposed assets. The results obtained in this evaluation support risk communication
and benchmarking across municipalities promoting effective actions for the inter-
vention of vulnerability conditions measured in their different dimensions.

3 The Risk Assessment Methodology

Under this methodology, total risk R is a function correlating the potential physical
damage Ry and the aggravating factor F. Ry is obtained from the vulnerability
(physical susceptibility) of the exposed elements to hazards (defined in function of
intensity during a specific period). F' depends on the social fragilities and the lack of
resilience, that is, how prone the system is to suffer damages and losses. Thus, total



318 P. Marulanda-Fraume et al.

risk Ry may be understood as the combination of direct physical risk and a measure
of additional risk associated with contextual conditions and it is expressed as:

R, =R, (1+F) (15.1)
known in the literature as Moncho’s equation, where R and F are composite indica-
tors (Cardona, 2001; Carrefio, 2006; Carrefio et al., 2007). This expression explic-
itly incorporates the natural, socio-natural, and anthropic character of the different
aspects controlling disaster risk in a single indicator. R is obtained from the proba-
bilistic risk models, while F accounts for the contextual conditions determining the
proportion in which the socio-economic context of the area under analysis causes an
additional risk to the physical one, i.e., its impact or indirect effects. Note that there
can be no context-derived risk without physical risk (loss, damage, or direct effects),
a characteristic that stems from the integral nature of the holistic assessment.
Detailed information about this methodology can be found in Carrefio (2006),
Carrefio et al. (2007), Barbat et al. (2011), and Marulanda et al. (2020).

3.1 The Probabilistic Risk Metrics

The frequency of catastrophic events is particularly low and variable according to
the type of event; therefore, the historical information is generally very limited. The
short history of disaster records makes it rather evident that the “worst-case” sce-
nario is improbable to have occurred yet. Therefore, large losses are rare, and it is
difficult to estimate, in statistic terms, exceedance rates for them. Their probabilities
require considerable judgment (Apostolakis, 1990). In this sense, quantifying phys-
ical risk does not mean knowing risk precisely but defining the relevant uncertain-
ties. Analytical approaches can fully represent the physical risk problem by
rationally incorporating and propagating the inherent uncertainty in the occurrence
of loss and impact. Probabilistic risk assessment (PRA), which all catastrophe mod-
els implement, is the most appropriate tool for this. As the occurrence of hazardous
events cannot be predicted, physical risk models use sets of events to represent all
possible ways in which the hazard phenomenon may occur in the area under analy-
sis in terms of both, recurrence (frequency) and severity. Another piece to compute
risk is the loss probability distribution as a function of the hazard intensity to repre-
sent the vulnerability of the exposed elements. Event-based PRA has been exten-
sively applied to different hazards at different scales (e.g., Grossi & Kunreuther,
2005; Jenkins et al., 2012; Cardona et al., 2014; Nifio et al., 2015; Salgado-Galvez
et al., 2014, 2015, 2017; Wong, 2014; Jaimes et al., 2015; Quijano et al., 2014;
Bernal et al., 2017). Hazard, exposure, and vulnerability are the main components
of PRA and can be defined as follows:

— Hazard model: Consists of a set of events (hazard specific), which should exhaus-
tively represent the hazard. Each event contains the frequency of occurrence and
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the distribution of spatial parameters to characterize the intensity as a random
variable.

— Exposure model: Contains characteristics (metada) of each exposed element
such as geographical location, replacement value, and building class. Depending
on the resolution of the model, it might contain more detailed information on the
exposed assets.

— Vulnerability model: Describes the vulnerability functions for each hazard type
and building class. Vulnerability functions characterize the structural perfor-
mance as a function of hazard intensities. Equivalently, these functions represent
the probability distribution of the loss as a function of hazard intensity.

The probabilistic risk assessment quantifies potential losses resulting from a
given event, as shown in Fig. 15.2.

Physical risk is usually measured by means of the expected number of events per
unit time — loss exceedance rate, v(p) — that will generate losses equal or larger than
p- The total probability theorem is used to compute v(p):

Events
v(p)= Z‘: Pr(P > p|Event, )F, (Event,)

J=1

(15.2)

where Pr(P > p|Event i) is the probability of exceedance of the loss p given the
occurrence of the event i and F4(Event i) is the annual occurrence frequency of
event i. Figure 15.3 shows a flowchart of the risk assessment process (Esteva, 1967;
Cornell, 1968; Cardona, 1986; Ordaz, 2000; Grossi & Kunreuther, 2005; Bernal
et al., 2019).

The main risk metric from a fully probabilistic risk assessment is the loss exceed-
ance curve (LEC), which is the most robust tool for representing catastrophe risk
(e.g., Cardona, 1986; Ordaz, 2000; Grossi & Kunreuther, 2005; Marulanda et al.,
2013). The LEC provides an exhaustive probability quantification of the risk prob-
lem. It is not possible to know the exact losses of a future disaster; however, with a
LEQC, it is possible to know the exceedance probability of any loss amount within
any time frame. This information can support decision-making processes for risk
reduction. Diverse risk metrics derive from the LEC such as the average annual loss
(AAL) and the probable maximum loss (PML). The AAL or the pure risk premium
is a compact metric with low sensitivity to uncertainty that condenses in one number
the full losses occurrence process. It expresses the expected (average) loss per year
considering all the events that could occur over a long time frame, including large
losses over long return periods. The AAL is basically the sum of the product, for all
the stochastic events considered in the loss model, of the expected losses in a spe-
cific event, and the annual occurrence probability of that event (Ordaz, 2000):

Events
AAL = 2 E(p|Event,)F, (Event, ) (15.3)

i=1
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Fig. 15.2 Probabilistic risk assessment modeling scheme

where E(PIEvent i) is the expected loss for the event i and F, (Event i) is the
annual occurrence frequency of the event i. The PML is the maximum expected loss
in a set of elements exposed for a given return period (or its inverse, annual exceed-
ance rate). The PML curve is the inverse of the LEC.

3.2 The Expected Losses as Physical Risk Indicators

For this evaluation, instead of using only indicators from damage scenarios, as in
the past, physical risk values were obtained from the normalization of the AAL,
values resulted from the multi-hazard fully probabilistic risk assessment. The AAL
is a metric that indicates the amount of funds the government or any other respon-
sible entity would have to set aside, annually, to cover for all the potential future
damage and losses. This probabilistic metric aims at compressing risk in a single
number, and it is the most convenient metric for comparison purposes.

The physical risk index R was calculated based on the results of the probabilistic
multi-hazard risk assessment considering the relative AAL of each hazard included
in the evaluation (earthquake; tsunami; tropical cyclones — wind and storm surge;
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Fig. 15.3 Flowchart of probabilistic risk assessment process

and floods). The AAL is then transformed to values between 0.0 and 1.0, where the
maximum value corresponds to those AAL equal to or greater than 10%o' (or 1%).
The normalization was made using the following functions per segment:

2
o| AL for 0<AAL<AAL_ /2
AALmax

R, = ) (15.4)

12| AL 1 for AL /2 <AAL<AAL,
AAL

max

where AAL,,,, is the AAL maximum value of normalization (10%o)

' 10%o means a loss of USD 10 per thousand (USD 1.000) of the exposed value.
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3.3 The Impact Aggravating Indicators

Underlying risk drivers that amplify physical risk are incorporated in an aggravating
coefficient, F. This coefficient combines various aspects of society measured by
indicators. These indicators are carefully selected based on expert judgment, seek-
ing to meet the following basic characteristics: (i) robust indicators published by
national sources or international agencies of broad recognition, (ii) available for all
(or the majority of) the territorial unities under scrutiny, and (iii) provide direct
information about or are directly related to the contextual conditions within the two
categories: social fragility Fs- and lack of resilience F;. The aggravating coefficient
F is calculated as follows:

F:ZFF&' Wi +ZFFRj *Weg; (15.5)
= =

where Frs; and Fpy; are the aggravating factors; wyg; and wp; are the associated
weights of each i and j factor; here, it is assumed that the weight of each factor is the
same; m and n are the total number of factors for social fragility and lack of resil-
ience, respectively. In this case, eight descriptors were used to capture the social
fragility conditions and the other eight to capture the lack of resilience. As expected,
these indicators are generated using various techniques, with different units of mea-
surement. Likewise, each indicator has a greater or lesser degree of association with
risk, as derived from the context, depending on the value it takes in each territorial
unit. In other words, the indicators are generally not commensurable as they are not
expressed in equal units and are not associated with a quantitative risk scale.
Therefore, a process of normalization and standardization is required to operate
mathematically with the indicators and obtain consistent results. This process was
made by using transformation functions.

The transformation functions can be understood as risk and aggravating proba-
bility distribution functions or as the membership functions of the linguistic bench-
marking of high risk or high aggravation. The degree of association to the
context-derived risk can be expressed in linguistic terms, as is it commonly done in
expert-based assessment processes. In other words, an indicator of, for example,
poverty has an increased association with the aggravation of physical risk (i.e., the
higher the level of poverty, the greater the aggravation). It is also possible to con-
sider a scale allowing the value of the indicator to be associated with a level of
aggravation, for example, “low,” “medium,” or “high.” However, the linguistic qual-
ification implies a degree of association that may be related to the probability of an
aggravating level for a certain range of the indicator’s value. Thus, the normaliza-
tion process of the indicators seeks to establish the probability that a value of an
indicator is associated with a significant increase in risk.

Carrefio (2006) defined a general form for the transformation of indicators by
means of S functions (for increasing association indicators) or Z functions (for
decreasing association indicators). Indicators are transformed independently using
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these types of functions, according to the range of values to be covered and the
relevance of the indicator to reflect social fragility or lack of resilience, as appropri-
ate. Figure 15.4 presents an example of functions S and Z.

The values on the abscissa correspond to the gross values of the indicators, while
values on the ordinates correspond to the normalized value. A membership value of
0.0 means no membership (or no contribution to the aggravating coefficient), while
1.0 means full membership (or full contribution to the aggravating coefficient). X,
and X, values are defined accordingly to the range of values covered in the terri-
tory. While the transformation process makes the indicators commensurable and
establishes their association with the aggravation, it is possible that some of these
indicators, or several, may have greater relative importance in explaining the con-
textual conditions that lead to disaster risk. For this reason, a collection of weights
is established, which directly affects each indicator and measures their relative
degree of importance within the context under assessment. However, due to the
wide scope of this assessment, where a consensus process is not feasible, to avoid
discussions about the relevance of each aspect and considering the robustness and
sensitivity analysis performed by Marulanda et al. (2009), relative weights wg; and
wig; that associate the importance of each of the factors on the index calculation are
defined in this specific evaluation as equal, that is, it is assigned the same impor-
tance or contribution to each of the indicators intending to characterize the socio-
economic dynamics of the community.

Finally, in this methodology it is assumed that the total risk, Ry, can have a maxi-
mum value of two times the physical risk. That is, according to a hypothetic case
where contextual conditions are perfect and there is neither socio-economic fragil-
ity nor lack of resilience, the aggravating coefficient would be zero, and therefore
the total risk may have the same value as the physical risk. On the other hand, if
contextual conditions are as poor as to obtain the maximum value of the aggravating
coefficient (1.0), R; would reach twice the physical risk value. Although this
assumption is arbitrary, if we consider F as the translation from the indicators to the
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probability of a higher impact F, interpreted as a probability cannot be higher than
1.0. However, whether the influence of the socio-economic characteristics on the
magnitude of a disaster is twice, three, four, or n times is not defined here, the objec-
tive in the context of the holistic evaluation is to make manifest the impact of these
characteristics and show that they can influence the assessment of the most direct
effects of a destructive event (physical damage). Risk, addressed from a physical
point of view, is the starting point to analyze the subsequent impacts of a disaster.
Disasters resulting from natural and anthropogenic events are the damages in the
built environment or on the physical means affecting people and their activities in
different ways.

4 Outcomes for the Disaster Risk Atlas

The holistic approach for risk assessment was carried out at a subnational level in
Colombia for its 32 departments and 1123 municipalities, integrating physical risk
resulting from a multi-hazard assessment and a set of socio-economic indicators.
This section presents the results obtained using the methodology in terms of Ry, F,
and R;. Detailed information about the results and the Risk Atlas of Colombia can
be found in UNGRD et al. (2018).

According to the results shown in Fig. 15.5, the highest Ry values are generally
found in municipalities located in areas highly prone to floods where, in many cases,
the area affected by an event represents virtually the whole municipal territory. In
these cases, exposure plays an important role, given the intensity of the events and
the small size of the territories that, in relative terms, result affected. Another reason
for these high values of potential losses can be given by the disorganized growth and
the lack of proper building and land-use codes. Usually, the larger the event and the
smaller or the weaker the economy, the more significant is the impact.

Vulnerability, understood as a set of conditions that create risk through a process
of social construction, is linked to the deficit in the coverage of basic needs, unbal-
anced economic development, weak governance, limited endogenous capacities,
exclusion, and limited opportunities for access to credit, among other factors, often
exacerbated by pressures that concentrate the populations in areas exposed to
hazards. In the search for indicators, an effort was made to include relevant aspects
that reflect social fragility and lack of resilience, in terms of conditions that repre-
sent comparatively unfavorable situations for expressing the degree to which differ-
ent social groups face risk in a differentiated manner, making communities more
vulnerable to hazards and consequently to the degradation of their environment.
Differences in vulnerability within social and physical contexts determine the
selective nature of the severity of the effects of natural and anthropogenic hazards.
The variables or indicators seek to cover a wide spectrum of issues that underlie the
notion of risk in terms of prevalent vulnerability conditions of physical susceptibility
and beyond. Following these conditions, 16 variables were selected for this evalua-
tion, covering the 1123 municipalities of the country.
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Fig. 15.5 Physical risk by municipality, AAL in relative values (%o)

Figure 15.6 shows a summary of the descriptors used in this analysis. Indicators
denoted as Fg; are related to social fragility, and the ones denoted as Fi; are related
to the lack of resilience.

These indicators seek to reflect, on the one hand, the predisposition to sustain
damage due to social marginalization and segregation and to conditions of disad-
vantage and relative weaknesses related to socio-economic factors and on the other
hand, the limitations to access and mobilize resources and the inability to face and
recover from a negative impact. For example, indicators such as poverty and the
unemployment rate reflect the (in)stability of the local economy, access to drinking
water and other unsatisfied basic needs (UBN) reflect a situation of social marginal-
ization, and the infant mortality rate reflects the state of health services and their
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Fig. 15.6 Indicators used for the calculation of the aggravating factor F

ability to respond to a negative impact. On the other hand, indicators such as the
quality of institutions, connectivity, and tax revenues reflect the state of governance
and institutional qualities, which by being stronger, will be better able to absorb the
impact, respond, and recover from a disaster. Overall, the indicators selected reflect
anotion of a community’s susceptibility to being negatively impacted by potentially
destructive events, whatever their nature or severity. From the socio-economic per-
spective, the highest values belong to weaker economies, where organizational,
institutional, environmental, and social conditions are also weaker, and it is reflected
in this evaluation by the high values of the aggravating factor, as is shown in
Fig. 15.7. Roncancio et al. (2020) presented similar outcomes regarding social
vulnerability.

Figure 15.8 shows the results of total risk R that illustrate the important influ-
ence that the aggravating factors have on physical risk. These results depict how
most of the municipalities with the higher R; values are in areas that face serious
poverty problems, overwhelmed by ill-managed governance and are often neglected
by the government, such as the case of many municipalities located on the Pacific
coast and in the eastern region of the country. These results reflect susceptibility in
terms of physical, organizational, and poor institutional conditions that may lead to
the generation or increased vulnerability.

Figure 15.9 presents the total risk assessment at the departmental scale, also
calculated for analysis and benchmarking purposes at the national level.
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Fig. 15.7 Aggravating Factor by municipality, F
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Table 15.1 presents the results of the holistic risk assessment by department.
These results allow an overview for all of the country, useful for benchmarking

purposes for national-level stakeholders.
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Total Risk (RT)
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Fig. 15.8 Total risk by municipality Ry

Figure 15.10 presents the risk profile for the department of Cauca, generated
under the framework of the Risk Atlas of Colombia.? The profile is a characteriza-
tion depicting the results of a probabilistic risk assessment, including a map with the

2These profiles summarize the results obtained from a multi-hazard probabilistic risk assessment
and a holistic risk assessment, aiming at facilitating the characterization of the departments, allow-
ing a cross-departmental analysis for decision-making processes and the prioritization of actions
for risk reduction. Department profiles can be found at UNGRD et al. (2018).
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Total Risk (RT)
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Fig. 15.9 Total risk by department, Ry

AAL relative values per municipality, graphics showing the loss exceedance prob-
ability for events of 100, 250, and 500 return periods, the contribution of each haz-
ard to the AAL and the AAL ranking. For this department the hazard contributing
the most to the AAL is earthquake, with 81.04%, followed by flood 18.19% and
tsunami 0.77%. The profile also presents the PMLs (probable maximum loss) and
the results of a holistic risk assessment at the departmental level, with the normal-
ized values of the indicators used for its calculation. In Cauca, the aggravating coef-
ficient is 0.66 that, together with its physical risk indicator value (0.96), make it one
of the departments with the highest total risk level of Colombia.
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Table 15.1 Results of risk assessment by department
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sad value  Multihazard AAL Multihazard AAL  Physical Risk ravatin

Eep Egms mill] (Mill COP| - Agrﬂuong T ke T
Bogota, D.C. 673.237,99¢ IN1571.114 B 233 § [RE1 0.26] 0.14
Antioquia 390,800,661 [NERS507 IR 576 HIN ossE o2l o030
Valle del Cauca 206,158,652 [N 1,245,904 IR 6.04 I o069 F 026l o086
Cundinamarca 142,770,958 [ 598,105 [ 419 0358 023 043
Santander 117,600,856 [P 655420 [P 557 I o061 026l o077
Narifio 109,466,226 [ 792,025 [ 724 INO055 I o.64 M 139
Cauca 80980218 I 697,753 I s.62 IING:2s I 0.66 I 1.59
Boyaca 65,354,569 I 492,024 [N 753 IO o 119
Allantico 94,915,760 [Is 134,340 | 142 | 004 o038 0.06
Cérdoba 89499737 B 276,138 I 309 B (RE] ) 0.31
Tolima 66,005,353 [§ 375,048 R st R o3l o4l 089
Caldas 60,518,762 I§ 392,269 I 648 M o075 o 099
Risaralda 46,033,970 [B 294 574 [ 640 N 074 oEE 102
Bolivar 86,893,370 B 280,886 I 330 o210 o63B 0.34
Norte de Santander 44,181,140 [B 293,876 [ 6.65 I o.7s I o4l 116
Huila 47239842 B 362,534 N 767 HlN0s B o4 N 132
Sucre 39,838,667 Is 137,005 [IF 344 B o240 B 0.41
Chocé 29,644,140 B 322,495 [ 1055 IENTo0 I o.70 M1 70
Quindio 26,308,642 [Is 136,945 [ s11 R 052l 037 0.71
Magdalena 37321073 B 188,805 I 506 I os1 Il os7EE o036
Cesar 33,650,937 s 110,053 IF 327 B 021l o061 0.34
La Guajira 27460452 | § 61480 [ 22 | o.10 I 0.73) 017
Meta 20,857,744 | 5 94,596 I 4 ol oul 0.55
Caquets 28,047,658 IS 142,341 IR 507 BN o051 ocs I o036
Casanare 12,567,006 | § 74,102 D 590 I oss T osol  1.00
Arauca 7749719 | § 36,712 IR 474 R s o1l o072
Putumayo 10110582 | § 74,160 [ 7.33 [ING:sc I o.c0 I 1.37
Guaviare 6271236 | § 15,043 240 | ozl 0720 0.20
Archip. San Andrés 2497720 | § 9,643 I 386 IR o4l o049 044
Vichada 2012009 | § 32338 Y 1610 I oo I o.so 1 50
Vaupés 1,510,898 | § 18,321 [ +12.13 [0 IR0 .76 I 76
Guainia 664,937 | § 13,187 9.3 100 B o.90 190
Amazonas 2085236 | § 12,476 IR 6.07 I o.69 I 0.7+ Y 1.20

As it can be seen, the evaluation performed in Colombia covered different levels
of data, information, and analysis, seeking to best communicate risk to the different
stakeholders involved in disaster risk management. Table 15.2 presents the results
of a risk assessment at the municipal level for the 42 municipalities in the depart-
ment of Cauca, which includes the multi-hazard AAL (in millions of Colombian
Pesos, COP, and their relative values in %o), physical risk, aggravating factors, and
total risk. In Cauca, almost all municipalities (34) reached the R; values higher than
1.5 and also the F' values higher than 0.5, which reflects poor overall socio-economic
conditions. Likewise, most municipalities obtained the maximum R value, indicat-
ing a high susceptibility of the built environment, resulting from poor planning,
institutional weaknesses, and probable conditions social and economic disadvan-
tage forcing populations to settle in areas expose to hazards. The results, disaggre-
gated at the municipal level, allow drawing attention to those unfavorable situations,
in turn, disaggregated in indicators, and depict the more urgent areas for intervention.
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CAUCA
GENERAL INFORMATION
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Fig. 15.10 Department risk profile depicting a holistic risk assessment, Cauca, Colombia
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Table 15.2 Results of risk assessment for the municipalities of the department of Cauca, Colombia

Multi- hazard AAL

Municipality {Million COPY Multi- hazard AAL [%] "F F RT
Argelia ] s 1551 B %16 [ ) . 05 B
Sere | s 255 0 9.15 09 m 081 T e
Qudrez | s g2 [ 3434 100 | 075 | R
Mercaderes | 3 s 3553 2186 100 | = 073 T
B Tambo ] s 23740 15.88 100 E 073 | Rk
Tirrbiqui I s 1522 I 1843 [T} B 072 T 12
Lépez 1 5 1113 D 16.01 100 E [ %4] i
Guapi [ s 285 IR 1882 100 | = om T 1
Balboa | s 6064 [ 8.96 S 09 | . 074 | ompk]
Amaguer | s 74 B 862 0% | - 017 ] 170
Stara | s 6us B 899 I 098 |- 02 ] 168
Toribio | s 712 B 865 06 E 073 T 167
La Serra | s 340 [ 9.15 S 09 E 069 T 167
Paez 1 s 12305 I 1026 100 | - 066 T 166
Santa Rosa ] s 10613 B 861 09 | . 02 T 165
La Vega I s e B 9,03 [ E 066 T 165
Caldono I s 9950 [ 961 100 | = 065 T 16
Bolivar I s 19258 I 10.60 [T} | 064 T 16
Morales | s 9252 B 1009 100 | - 062 T 162
Jambald | s s2u B 880 Y | . 066 T 161
Inzé I s w2 Il 1218 100 E 061 ] 16
Puracé | s 65100 835 | NTH | = 070 T 161
Patia I s 18862 [ 1010 100 E 061 | 161
S Sebasian | s 3B 899 09 | . 064 T 161
Miranda I s 151 B 872 |ty | - 066 T 160
Totors | s 6445 B 861 - 0% E 066 T 160
Euenos dires I s 1443 N 16.59 100 E 059 ] 158
Guachené | s 4251 0 10.23 100 E 059 T 15
Florencia | s 1805 924 B 099 | 060 ] 15
Cajibio I s 1591 [N 11.08 100 [ 059 ] 159
Foss | s 4at3 @ 821 094 | . 064 ] 15
Fiendamd I s 1213 B 870 |ty E 057 W 152
Carinto | s 8130 I 866 096 | 056 ] 150
Fiamonte | s 167 B 122 S o0ss E 0 ] 15
Villa Rica [ s 2020 B 963 100 [ 050 T 19
Fadila | s 4B 0.1 |l B 047 ) 147
Fuerto Tejada ] s 13805 B 948 |t E 048 ) 147
Caloto I s um I 1203 100 E 043 ] 143
Tirrsio I s 1322 @ k] 090 E 057 ] 12
Shvia ] s 1s B 7.98 092 | 054 ] 14
Santander de Quilichao [ s 40030 B 691 08 | 043 B 16
Fopayén s 175100 B 523 [ = 054 | 033 [ ] 073

5 Conclusions

This is the first time that a comprehensive holistic and total risk assessment method-
ology is conducted at the subnational level for a whole country. The holistic
approach summarizes, in a single number Rz, the occurrence of hazard events, expo-
sure and vulnerability, physical risk (calculated using probabilistic models that
incorporate the uncertainty associated with the loss occurrence process), and the
contextual conditions in which disasters might occur, as determined by aggravation
coefficient F. These characteristics make Ry a unique useful index providing highly
relevant information for risk management and decision-making processes. Total
risk is a comparative index allowing the identification of the territorial units with the
highest levels of risk, allowing identifying and prioritizing the performance of more
detailed risk assessments, as well as actions and policies for effective risk manage-
ment and sustainable development.
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From the context-derived risk assessment, this approach allows the disaggrega-
tion of the results to determine the degree of the relative weight of the different
indicators and the specific aspects they reflect, thus, identifying the areas requiring
more attention when addressing risk management strategies. The analysis of these
indicators and the aspects they reflect make it possible to focus efforts on nonphysi-
cal aspects of risk management. In the case of Cauca department, for instance, some
of the indicators with the largest contribution to the aggravating coefficients are
poverty, unsatisfied basic needs, infant mortality rate, and the lower added value per
capita (economic importance).® This indicates, in general terms, that the economic
situation of the department is unfavorable, a reality that coupled with weak institu-
tions, condition a propensity to risk and the creation of new risk. While attacking
economic inequalities is neither simple nor swift, it is possible, for example, to jus-
tify a housing improvement program, which directly faces the cause reflected in
indicator Frs, and indirectly Fpg; and Frg,. Note that although it might seem obvious
that housing improvement is required in many municipalities, it was not obvious that
risk was exacerbated by the same aspects. Furthermore, indicators also allow for a
comparison between different periods, which makes the holistic approach a useful
tool for the evaluation and monitoring of risk management strategies and policies.

Although uncertainties related to physical risk assessment have been accounted
for, further research is needed to incorporate the ones existing in the considered
socio-economic characteristics (Burton & Silva, 2014). Those cannot be handled
utilizing probability distributions. Nevertheless, it is important to highlight that sen-
sitivity tests have been made to demonstrate the robustness of risk rankings and risk
level ranges derived from the risk composite indicator Marulanda et al. (2009).

This kind of evaluation must be periodically updated to evaluate the changes in
physical risk and development through time. The results obtained also allow mea-
suring the progress toward reaching the goals established in the Sendai Framework
for Disaster Risk Reduction 2015-2030 and the Sustainable Development Goals
SDG, without waiting for disasters to occur. It is therefore possible to measure prog-
ress by identifying and reducing future negative effects and impacts of hazardous
events in vulnerable human settings which may even allow avoiding the occurrence
of disasters (Muir-Wood, 2016).

Finally, the development of Atlas of multi-hazard risk using a holistic, multi-
sectoral, and interdisciplinary approach is a task to achieve in each country. This
effort of risk science is a key step to provide the risk landscape that is emerging at
different scales and sectors. Risk is really complex, systemic, and cascading, and it
is necessary to take into account its distinct dimensions and interdependencies. This
comprehensive perspective of risk is especially relevant for risk-informed decision-
making and the way for integrated risk management and transformative adaptation,
identifying and tackling the underlying causes and drivers of risk, and addressing
the factors exacerbating disaster risk, with prominence given to the issues of justice
and equity.

3Economic importance means the relative weight represented by the Gross Domestic Product of
each of the departments within the country.
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