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Public administration, whether at the local or national level, faces new challenges in adapting human life to
alarming trends such as an increase in the extent and frequency of natural disasters, threats to food and water
supply, inadequate energy distribution, and migration crises. Given this context, the worsening of the climate
crisis forces policymakers to adopt a new perspective to combat its damaging impacts on urban functioning,
especially concerning the quality of life under the occurrence of hydrological events. This problem is multifaceted
so usually conflicting objectives impose hard dilemmas to decision-makers (DMs) once heavy precipitations can
potentially promote fatalities, displacements, contamination of water bodies, economic losses, and others. This
paper aims to propose a novel multicriteria decision model for assessing and monitoring flood disasters, using the
DM's subjective preferences to establish value judgements under risky situations. A numerical application in a
Brazilian municipality is performed with the aid of a Decision Support System (DSS) with views to validate the
new approach. By integrating statistical, graphical, and tabular information, this model is replicated in other urban
areas in which the model assumptions are assumed. Moreover, the model results can be analyzed by DMs not only
for taking preventive actions against floods but also for enhancing early warning systems to reduce disasters.
Keywords: Disaster Risk Management, Multi-Criteria Decision-Making, Urban Flood Risk, FITradeoff.

1. Introduction floods in the past two decades, therefore,
evidencing the need to incorporate in flood risk
management (FRM) the accounting of urban
expansion patterns together with climate
changes.

FRM involves several actions and decisions for
disaster preparedness, warning, and response.
There are many decision-making difficulties,
such as selecting priority areas, action plans
during extreme events, monitoring, and
structural interventions to mitigate the impact of
disasters. This is a highly complex and

The problems caused or aggravated as a result of
climate change are complex and have been
causing damage around the world. The effect of
these changes increases the uncertainty in
predicting extreme weather events due to the
large spatial and temporal scales (Polasky et al.
2011), especially floods and landslides resulting
from intense rainfall, making decision-making
actions to reduce and mitigate disaster risks
challenging. Another well-known problem
related to floods is accelerated and unplanned s .
urbanization, which aggravates flood problems, ~ Multidisciplinary field that involves numerous
especially in large cities (Daksiya, Mandapaka, ~ incommensurate factors. Therefore, it is
and Lo 2021). Idowu and Zhou (2023) found that imperative to devise disaster risk reduction plans

all the twelve megacities worldwide investigated ~ that address the several factors and the
in their study have experienced devastating challenges already at hand. Proper methods to
aid the decision-makers are crucial for
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comparing, selecting, and ranking multiple
options. When considering the whole level of
decisions (from monitoring to estimation based
on mathematical models), many attributes and
parameters should be set up to construct a
possible/candidate solution. Those setups can
result in an incommensurate number of
candidate solutions. Therefore, computationally
efficient and effective multicriteria approaches
must be developed to construct and evaluate
promising solutions (Sanches et al. 2017;
Emmerich and Deutz 2018).

Especially in the risk-based context, de Almeida
et al. (2015) discussed a wide range of methods
applicable to strategic decisions, including
disaster risk management. In fact, FRM-related
problems modeled as multicriteria decisions are
an important trend to be addressed in future
works (de Brito and Evers 2016; de Almeida
2020).

Despite many typical FRM problems being
managed in the state-of-the-art, da Silva,
Alencar, and de Almeida (2020) pointed out
some limitations in this field, such as a lack of
formal procedures that deal with the probabilistic
aspects of flooding; few papers try to incorporate
quantitative risk models in  multicriteria
approach; and a need for structuring replicable
models in a different urban context. This way,
these issues mean great opportunities for this
paper in covering these gaps and proposing
advances in flood risk modeling and monitoring.
Besides that, the authors commented that
policymakers must consider the climate change
effects in order to plan and execute adaptation
measures to strengthen urban resilience against
floods. For that reason, it might be useful for
FRM-related professionals to consolidate a
primary decision on urban adaptation policies,
that is, how to map and track flood risks in urban
areas.

In terms of flood risk assessment under an
MCDM/A approach, this paper focused on the
early findings of da Silva et al. (2020). The
authors introduced a multidimensional risk
evaluation for ranking critical area in an urban
space, using the classical concepts of the Utility
Theory and Decision Analysis. This way, this is
the backdrop for improving their perspective,
and adapting for the sorting problem, which is so
important to real-life applications by control and
monitoring agencies.

Considering what has been exposed, this paper
aims to introduce a new approach to sorting and
tracking flood risks with the Utility Theory, the
ALARP principle and FITradeoff method for
sorting problems, which employs a multicriteria
decision model in the context of MAVT. This
combined model incorporates the subjective
preferences of decision-makers to make value
judgments in risky circumstances.

The paper is structured as follows. Section 2
described the materials and methods used to
propose the multicriteria model for sorting urban
flood risks. Section 3 aims to validate the
proposal with a numerical application in a
Brazilian municipality. Finally, section 4 states
some final remarks and draws up some
guidelines for future research.

2. Materials and methods

The previous section discussed briefly the main
aspects that justify the need for improving flood
risk management (FRM) practices, from
conception to implementation. Following a
preventive perspective, multicriteria modeling
has the potential to deal with multiple and even
conflicting criteria in order to map flood risks
and then structure adaptation measures to
combat the cascading impacts in the urban
context. This way, this section aims to present
the risk-based approach for sorting urban flood
risks thereby using the Utility Theory and
FITradeoff method for sorting problems (da
Silva et al. 2020; Kang, Frej, and de Almeida
2020). For didactical purposes, the proposed
model is divided into two main steps, so that
policymakers, with the aid of FRM-related
professionals, can easily replicate in other urban
areas in the world since the underlying
assumptions described here are respected. This
way, Fig. 1 outlines for readers the step-by-step
procedure in order to sort flood risks under a
multicriteria perspective. First of all, the intra-
criterion evaluation means the starting point to
investigate, in the light of the ALARP (As Low
As Reasonably Possible) concept, which is the
more appropriate risk category into which an
alternative should be assigned. Afterward, the
inter-criterion evaluation can be performed by
considering the compensatory relationship
between the relative preferences of the Decision-
Maker (DM) over the criteria involved in the
problem.
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2.1 Intra-criterion evaluation

The intra-criterion evaluation is the first stage of
the modeling proposal, in which the risk
approach is integrated into the Utility Theory
and the ALARP concept for assigning an urban
area into a proper risk category.

As mentioned by de Almeida et al. (2015), a
multicriteria problem is characterized by a set of
alternatives to be evaluated in terms of DM’s
preferences over, at least, two criteria. Bearing
this in mind, this modeling assumes that the DM
is a policymaker who represents the public
administration, so that he/she is able to tackle
different risk dimensions in order to promote
disaster risk reduction and urban adaptation
against natural disasters.

Flood Frequency
Analysis

GEV(6,1,0,)

Healthcare

Assistance

Utility function
L (xr)

I Intra-criterion evaluation

¥
Consequence function

Pi(x]6)

i ?}'(ﬂ:)

ALARP principle

FITradeoff-sorting
(Kang et al_, 2020)

¥

C_[j!abu{ (ﬂ(_) |

Fig. 1. Flowchart of the decision model that integrates
Utility Theory and FITradeoff method for sorting
flood risks in urban areas. Source: The Authors.
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Despite many strategic decisions are taken by
multiple DMs, this model assumes a single DM
that takes responsibility for hard choices with
regard to mitigating flood impacts. From a long-
term horizon, the climate change impacts, as
pointed out by the Intergovernmental Panel on
Climate Change (IPCC 2018), have the potential
to lead floods even more frequent and intense, so
a summary for policymakers establish their
duties and which professionals can be inserted
into the decision problem as specialists. In
practical terms, they play an important role
giving factual information that supports the DM
in establishing his/her relative preferences and
risk behavior.

The set of alternatives (a;, for i = 1..n) comprises
a set of urban zones into a predefined site study.
The DM, with the aid of specialists, can divide
the site study according to geopolitical division
of the area, or even homogenous characteristics
thar might be useful to investigate the influence
of flood risks in urban adaptation.

Given this context, the intra-criterion evaluation
proposed by this work is based on the
contributions of (da Silva et al. 2020) and its
methodological insights (da Silva, Alencar, and
de Almeida 2022; 2021), thereby considering the
probabilistic behavior of flood phenomena when
eliciting the DM’s personal preferences in terms
of utilities (Keeney and Raiffa 1976). It is the
starting point for assessing flood risks assuming
that it is compounded by three aspects: hazard
assessment, exposure of vulnerable elements
(people and assets, for example), and DM’s
value judgements. Next, this paper introduced
how to mathematically evaluate the risk
magnitude of floods in terms of financial, social
and environmental criteria.

2.1.1 Hazard assessment

This risk component is obtained by hydrological
modelling with views to estimate the flood
frequency of precipitation indexes in the site
study. This way, it is important to integrate
historical series of pluviometry stations usually
managed by local control and monitoring
agencies in order to estimate from traditional
techniques how intense and frequent the
precipitation affect the wurban functioning.
Assuming then a strong correlation between
rainfall and flood depths, which is aggravated
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with urban infrastructure problems (poor
drainage system, for instance), extreme events
caused by heavy precipitation can be modelled in
terms of Probability Density Function (PDF);
Esteves (2013) pointed out that extreme events
such as floods are usually modelled (with
statistical rigor) with the Generalized Extreme
Value distribution (GEV).

Technically, da Silva, Alencar, and de Almeida
(2022) uses GEV to sess probabilities of
occurrence under three different hazard
situations (0 ={0; = vigilance stage — low
precipitation intensity, 0, = warning stage —
medium precipitation indexes, 03 = crisis stage —
high precipitation volumes}). Consequently, this
risk component obtained 71, which represents the
probability of occurrence for each 0.

2.1.2 Exposure of vulnerable people and assets

Urbanization growth and climate change turn it
difficult to reduce the vulnerability of urban
spaces so the exposure of people and assets in
the urban area must be estimated with PDFs
P;(x;]6). This risk component aims to cover
different criteria (j=1..m) of flood consequences
(x;), assuming that the velocity and depth of
floodwaters can be the starting point to harm the
urban functioning. In this stage, we purpose, four
(m = 4) main criteria, as described briefly above:

e Financial (fin): monetary losses in public
and private spheres (includes Industry,
commerce and services, for example) — with
a Lognormal distribution;

e Healthcare assistance (hca): number of
people that got sick or injured by flood
events — with a Poisson distribution;

e Human: amount of fatalities estimated in a
flood severity level — with a Poisson
distribution;

e Social: number of individuals who suffer
displacements and then need social
assistance from the public administration —
with a Poisson distribution.

Specialists aid the decision-making process
building P;(x;|0) reasonably according to past
experiences or historical data.

2.1.3 Eliciting Risk Attitudes with the Utility
Theory and the ALARP principle

The subjective  preferences over risky
circumstances are extracted from the DM with
the Utility Theory. This way, the strong protocol
of Keeney and Raiffa (Keeney and Raiffa 1976)
is implemented to elicit the utility function
u;(x;). In summary, it results from questions
regarding hypothetical prospects, and represents
the risk behavior under each criterion of
evaluation.

Consequently Eq. 1 schemed the risk assessment
formulation of and alternative i on considering
the criterion j (da Silva et al. 2020):

7 (a

)
Xmax
=— > m [ f B CaloyyGeydx| D
7] Xmin

Afterward, the risk categorization can be
properly obtained by using the ALARP concept,
a classical principle used in many risk problems
in Industrial management (Jones-Lee and Aven
2011; French, Bedford, and Atherton 2005).

This categorization is made as illustrated in Fig.
2. There, the main ALARP categories are
standardized in risk problems.
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Fig. 2. ALARP principle applied to sorting flood risks
of a criterion j into a pre-defined category. Source:
The Authors.

Thus, the DM is able to define under the
consequences  establishes  previously, the
boundaries between the ALARP classes: C;(low
risk: broadly acceptable), C,(medium risk:
tolerable), Cs(high risk: manageable), and
C,(very high risk: intolerable). The definition of
the boundaries C;/C,, C,/C5, C5/C, is vital to
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check for each alternative 7, with the aid of Eq. 1,
which is the more appropriate category for it.
Consequently, we have a risk-consequence
matrix for starting the final stage, as described
next.

2.2 Inter-criterion evaluation

This model used the ALARP principle to
simplify the risk categorization, so that
FITradeoff for sorting problem is suitable, not
only because it keeps the compensatory
rationality from the DM in typical risk-based
problems, but also facilitates the cognitive
understanding of the inter-criterion evaluation.
This way, FITradeoff is a flexible and interactive
protocol that aims to evaluate, under the criteria
involved, which is the best risk class to describe
the set of alternatives, in a multicriteria
perspective. (Kang, Frej, and de Almeida 2020).

In fact, this method established great advances
for eliciting the scaling constants in order to
aggregate the multiple risk perspectives (da Silva
et al. 2022).

Each Cj(a;) represents the risk magnitude of a;
for the criterion j. It will be modelled in terms of
linear value functions v; (Cj(ai)) so, the inter-
criterion evaluation aims to allocate a; into a
Cgiobar(a;) on considering partial information
concerning the scaling constants. That is why

FITradeoff established a space of weights (¢) to
model the overall performance , as observed in

Eq. 2:
V(ai) = Z k] U]' (C](al))
n
s.t by +ky+ -+ k=1
klmin <k < k1max; &)
Q= kzmin < kz < kzmax;
kjmin < kj < kjmax
The space of weights (¢) is adjusted

interactively after the DM answer some
questions regarding the risk compensation
between the criteria involved. Formally, a set of
inequalities to be inserted into Linear Problem
Programmings (LPPs) tries to allocate an
alternative 7 to a proper global risk class.

To do so, C;/C,, C,/Cs, and C3/C, are fixed
(25%, 50% and 75% of the O0-1 range,
respectively). For more detail, see Kang, Frej,
and de Almeida (2020).
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3. Numerical results and

discussion

application:

For didactical purposes, the numerical
application was performed with realistic data
from public reports and open-access data of
Recife, a Brazilian city consideres by the IPCC
as the 16" city in the emergency climatic ranking
and sea-level rise in catastrophic rates, so it must
be strategic for different actors of the Society to
enhance resource allocation, design and
implementation of Nature-Based Solutions
(NBS) and other decisions that might adapt this
city for a changing climate.
This case study is composed by a pilot area,
namely RPA-4, with 12 neighborhoods modelled
as alternatives in the sorting model (da Silva,
Alencar, and de Almeida 2022).
This way, the risk categorization of RPA-4 is the
main objective to be addressed by the model.
Apart from public and open-access data to
support the modelling of consequence functions
and hazard assessment, the database from
APAC - Pernambuco Water and Climate
Agency allows specialists in modelling the
flood-frequency under the GEV distribution
(APAC 2021).
On considering the preference elicitation from
the DM, in terms of the utility functions for all
criteria, the DM is encouraged to choose one of
two hypothetical a lotteries, as mentioned
Keeney and Raiffa (1976).
After that, from analyzing u;(x;), the DM is
prone-to-risk only in the financial criterion,
while the others led them to be risk averse. After
the DM defines the risk boundaries for each
criterion, Eq. 1 implies the risk allocation into a
risk category Cj(a;). Table 1 summarizes the
intra-criterion evaluation, with Utility Theory
and ALARP principle, which represents the risk
consequence matrix for the inter-criterion
evaluation with FITradeoff sorting.
The inter-criterion phase was performed with a
Decision  Support  System  (DSS)  (see
www.fitradeoff.org.br). With this in mind, the
DSS asks the Dm to order the scaling constants,
as observed in Eq. 3.

ksoc > khum > kfin > khca (3)
Apart from that, the FITradeoff for sorting
problem introduced a heuristic that guides a
series of questions regarding the choice of
hypothetical risk levels, as outlined in Fig. 3.
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Table 1. Summary of the ALARP-based intra-
criterion evaluation. Source: The Authors.

Alternative/

Criterion fin hca hum  soc
a; C, G, Cy Cy
a, Cy G Cs Cs
as Cs G Cy Cy
Ay Cq (o o Cy
as Cs G Cy Cy
Qe Cy G Cs Cy
az Cs Gy Cy C3
ag Cs Gy Cy C3
Qg G, G, Cy C3
(4510 C2 Cy Cy C3
i Cs G Cy G3
a2 G, G Cy Cy
Which consequence do you prefer?
Answer the questions by choosing one option

c:- R ‘ wia) } &)
S [Emx) } & } 1)

o = |
: ‘ f:|] ‘ :]

Fig. 3. FITradeoff sorting DSS screen in the case
study. Source: The Authors.

As seen in Fig. 3, FITradeoff introduces a more
comfortable way to express preferences once it is
based on partial information between the
questions involved. Each answer by the DM
reshapes the space of weights ¢ (see Eq. 2) and
tries to assign all alternatives into a single risk
class. For this numerical application, the DM
need to answer 4 questions to obtain the final
sorting, schemed in Table 2.

It must be remarked that, once FITradeoff is
guided by partial information regarding the
scaling constants, some alternatives can be
allocated into more than one category if the
space of weights does not guarantee only one
risk class to be assumed by the DM.

Consequently, it might support DM in
understanding, for example, that
a, is near to the boundary between C;/C,,
paying attention to implement adaptation
measures to reduce its global risk.

Table 2. Results of the risk sorting model for
RPA-4. Source: The Authors.

Alternative Risk Category

a G3/C,y
a, Cs
as C3/Cy
ay Cy
as C3/Cy
Qs Cs
az Cs
ag Cs
Qg Cs
10 Cs
a1 G,
a1z Cs

In practical terms, the method provides the DM
with a broad range of information regarding the
mapping of multidimensional risks in urban
areas, thereby assigning priorities to urban areas
according to their criticalities, which implies that
urban adaptation policies enhanced with this
information combat climate change and
urbanization growth, exerting a great influence
on saving lives, reducing economic damaged
from Industry and Commerce, preventing
illnesses and injuries on the people affected, and
other public policies on a long-term horizon.

4. Conclusions

The need to investigate the interaction between
climatic and socioeconomic issues with
frequency/intensity of hydrological events and
their harmful impacts means an opportunity for
introducing the novel multicriteria decision
model with the Utility Theory, ALARP principle
and FITradeoff for sorting risks in urban areas. A
broad range of information gathered by the
model aid the DM in taking hard decisions with
the methodological advances discussed in this
paper. So, it aims to effectively impact the
reduction of climate change impacts, such as
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fatalities, injuries, illnesses, economic losses,
and so on. This way, control and monitoring
agencies, local administrations, Civil Defense
Institutions, and others can benefit from the
information provided by the model, thereby
supporting urban policies against floods in a
long-term perspective.

Future research includes the extension of this
model to the group decision context, as well as
other criteria can be inserted to investigate and
characterize flood risks hugely affected by
climate change and urbanization growth.
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