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Despite the large number of studies on natural hazards mapping and modeling, an
increasing number of disasters still occur worldwide. Floods, landslides, and tsunamis,
among others, consistently hit vulnerable countries, resulting in increasing death tolls and
economic losses in the last decades. The increased reliability of available hazard maps is
still insufficient when not fully integrated and incorporated in the respective communities’
land use plans. As a pro-active and preventive approach in combatting disasters, land
use planning requires the relevant stakeholders’ active participation. This study derives
the most crucial criteria in the eyes of planners, experts, and decision-makers for natural
hazards mapping as part of land use planning and part of disaster risk reduction. These
stakeholders and experts establish criteria for flood, landslide, earthquake and storm
surge hazard mapping through Multi-criteria Evaluation (MCE). The MCE technique
compares the relative merits of different spatially related criteria following the Analytic
Hierarchy Process (AHP) through pair-wise comparisons of criteria by experts and the
decision-makers. This research process derives a general and consistent list of criteria
for hazard mapping initially developed and based in the Philippines, which can be used
in subsequent GIS analysis. Results further show the advantages of using AHP in a
multi-criteria analysis for decision-making and compliance.

Keywords: natural hazards, evaluation criteria, analytic hierarchy process, multi-criteria evaluation, disaster risk
reduction

INTRODUCTION

Natural hazards, such as earthquakes, hurricanes, volcanic eruptions, and storms, are unavoidable
phenomena. Depending upon the geographical location of a place or country, natural hazards
could be location-specific, i.e., dependent on the characteristics and specific for one place and not
necessarily occurring in other places. Typhoons strike, for example, predominantly in the northern
and central parts of the Philippines (Luzon, Visayas) but less frequently in the southern part
(Mindanao). This is partly due to the specific nature of the hazard itself and its specific geography.
Reversely, multiple hazards may also be present simultaneously in a single area. In highly active
volcanic regions, there may be both volcanic eruptions accompanied by earthquakes and tsunamis.
Japan is an example of such an area. Hence, natural hazards are present regardless if the country
is developed or still developing. It is a global concern that needs to be mitigated and prepared
for appropriately.
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Numerous strategies have been developed and enacted to
manage these hazards worldwide, yet many of these strategies
still result in disasters. The management of hazards could be
categorized into two types, namely the pro-active and the reactive
approaches. A pro-active approach consists of management
interventions that emphasize actions and strategies to prevent
the conversion of a hazard to a disaster. In this approach,
land use planning is an important strategy to manage hazards
where places are identified and categorized as highly risky and
not suitable for land uses, and whereby the presence of any
human activity is assessed based on the degree of necessity.
Contrastingly, a reactive approach deals with managing activities
after a disaster has happened, such as the (effective) search and
rescue operations, the reconstruction activities.

As a pro-active approach, land use planning deals with the
proper allocation of lands, not just considering its physical
characteristics to function the defined use but also incorporating
the probable risks underlying it. This strategy requires a
quantitative inventory of hazards and the underlying risks and
integrating it into land use planning. Taking into account the
existing hazards, they are best visualized and appreciated through
mapping and modeling. Although hazard mapping has been
practiced for along time, the uncertainty characteristic of hazards
and the changing climate are enough reasons to revisit and
recalibrate the existing hazard maps constantly.

There is a tremendous development of different
methodologies of producing hazard maps and models in the last
decade. Uddin et al. (2013) and Samarasinghea et al. (2010) used
remote sensing and GIS technologies in flood risk analysis and
management because flood hazard mapping and flood shelter
analysis are vital elements in appropriate land use planning for
flood-prone areas. With remote sensing, Uddin et al. (2013) used
the ArcGIS model builder with mapping using the Object-based
Image Analysis (OBIA) implemented in eCognition software,
while Samarasinghea et al. (2010) applied the use of HEC-HMS
(hydrologic modeling software) that includes several hydrologic
methods to simulate the rainfall-runoff process in river basins.
Abdalla et al. (2014) used a GIS-supported fuzzy-set approach
for flood risk assessment while Nwilo et al. (2012) used GIS and
Cellular Framework Approach in flood modeling vulnerability
assessment of settlements. In another study, the use of GIS
and statistical analysis for land susceptibility mapping was
employed by Mancini et al. (2010) and Grozavu et al. (2010).
Specifically, they used the Logistic Regression approach to be an
adequate tool for assessing landslide susceptibility objectively
and quantitatively, providing parameters permitting evaluation
of output quality. Maugeri et al. (2009) also used GIS in their
study of lifeline seismic hazard developed in a GIS environment,
by “Spatial Analysis” and “Field Calculation” techniques, and
Alexoudi et al. (2002) used the same technology (GIS) in
predicting seismic hazard by developing deterministic and
probabilistic scenarios in terms of spectral ordinates.

As mentioned, hazard maps are also area-specific, and the
technical aspect as to which these were made and intended to
likewise varies from one place to another or from one country
to other countries. Depending on the countries’ organizational
capability to produce such highly accurate maps, oftentimes, the

issue of accuracy and precision of the technicalities of hazard
mapping is a major concern. The analysis results are greatly
affected by data availability and accuracy (Al-Hanbali et al., 2011);
therefore, the selection of data sources should be influenced by
their accuracy and resolution (Hiscock et al., 1995; Dai et al,
2001). However, even with highly accurate maps, sometimes
hazard maps are just made to have maps. It, therefore, defeats the
purpose of building a resilient community, especially in support
of land use planning and management.

Land use planning is an integral process of the different
objectives and goals, including the different preferences for
using the land. In most cases, land use planners are always
influenced by the organization executives or the decision makers
and implementers of the land use plans. Considering these
conflicting interests over land use, the use of Multi-criteria
Evaluation (MCE) methodology for land use planning is a
tool that caters to the different preferences given a set of
alternatives to choose from in the decision-making process.
Nyeko (2012) objectively used GIS in spatial decision-making,
including planning for land use, thereby providing a powerful
platform for the organization of map layers (raster logic)
and performing logical and mathematical analyses during land
suitability analysis. The GIS-based MCE approach extended
to focusing on finding optimal sites for hillside development
(Chandio and Matori, 2011), land suitability assessment for
wind farm development (Latinopoulos and Kechagia, 2015), land
suitability assessment for potential rubber expansion (Nguyen
et al., 2015), coastal management and planning (Bagheri et al.,
2012), and for urban land expansion and development (Yang
et al., 2008; Cerreta and De Toro, 2012; Raddad, 2016).

In the context of decision-making, there is already extensive
academic literature relating to MCE/MCDA. Different
approaches have been introduced in addressing decision-
problems for various applications, including site selection,
natural hazards mapping, and other spatially-related cases that
provide alternative solutions to the problems. The existing
MCDA approaches are grouped into four main theoretical
trends based on model forms, model development process, and
application scope (Pardalos et al., 1995; Siskos and Spyridakos,
1999). These include the (a) Value System Approaches including
the AHP/ANP and the Multi-Attribute Value/Utility Theory
(MAVT/MAUT), (b) Outranking Relations Approaches
including ELECTRE, PROMETHEE as well as TOPSIS and
VIKOR, (c) Disaggregation-Aggregation Approach and the (d)
Multi-Objective Optimization Approaches (Psomas et al., 2018).

These approaches have been explicitly used in decision-
making processes such as the incorporation of Fuzzy AHP and
GIS to take care of the vagueness type of uncertainty for urban
highway bypass horizontal alignment (Ouma et al., 2014) and
the application of GIS-Interval Rough AHP for flood hazard
mapping (Gigovi¢ et al, 2017). GIS and outranking multi-
criteria analysis were also used for land use suitability assessment
for housing land with ELECTRE-TRI (Joerin et al., 2001) and
the use of BORDA and PROMETHEE for decision making of
naval base selection (Ahmadi and Herdiawan, 2021). In another
study, a probabilistic or stochastic approach was incorporated
into the local MCDA for flood susceptibility assessment using
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Weighted Linear Combination (WLC) (Tang et al., 2018). The
use of Multi-Objective Optimization Approach was explored
for evacuation planning (Yuan and Han, 2010), and the Fuzzy
Multi-Objective Optimization Approach for treated wastewater
allocation (Tayebikhorami et al., 2019) was also used.

In support of land use planning as a tool for disaster risk
reduction, GIS-based MCE has gained more popularity in the
recent decade, especially in hazard mapping, to actively engage
the experts and decision-makers. Although not fully used in the
proper land use planning process, numerous works have utilized
the GIS-based MCE approach in natural hazards mapping,
including for flood hazard mapping (Rahman and Saha, 2007;
Wang et al., 2011; Gigovi¢ et al., 2017), landslide susceptibility
mapping (Baban and Sant, 2005; Feizizadeh and Blaschke, 2011;
Mallick et al, 2018), and earthquake susceptibility mapping
(Walker et al., 2014; Sabah et al., 2017). Their works positively
showed that the capabilities of GIS integrated with MCE
technique could be a highly potential approach addressing
natural disasters and would entail the active participation of
experts and even the decision-makers in land use planning
and mapping.

Thus, even in the advances of decision-making approaches,
the use of AHP/ANP has been applied more frequently,
incorporating spatial analysis using GIS (Psomas et al., 2018),
including natural hazards susceptibility mapping.

The advantage of using the MCE technique is that it can
combine and compare spatially related criteria. Its goal is to
integrate information from multiple criteria to produce an output
map of suitability levels (Lai et al., 2013). In this case, those
areas that are not risky for natural hazards and are suitable
for a specific land use. Evaluation and analysis of these criteria
eventually support the goal of developing a resilient community
by providing land use plans that are sensitive to natural hazards.

The formulation and selection of criteria is one of the
important elements of the multi-criteria evaluations. It is the
basis for measuring and evaluating a decision (Eastman et al,
1995). In the evaluation process, MCE establishes preferences
between options by reference to an explicit set of objectives that
the decision making body has identified, and for which it has
established measurable criteria to assess the extent to which the
objectives have been achieved (Department for Communities and
Local Government-London, 2009). In this context, a criterion
is characterized by a score (range of scores) of performance
preferred by the decision-maker (Zeleny, 1998). Voogd (1982)
defines a “criterion” as a measurable aspect of judgment by which
a dimension of various choice possibilities under consideration
can be characterized.

Although the set of criteria is the main requirement and
condition for the subsequent spatial analysis, the number of
criteria should be enough, and the type of criteria should
be meaningful to make an effective analysis and arrive at
outstanding results. A large number of criteria for one objective
tends to confuse decision-makers, while too few criteria may
be insufficient to provide all the necessary relevant information
(Pourebrahim et al., 2010). As such, the process of choosing and
establishing the criteria might at some point be critical and needs
sufficient attention and extra care to yield the desired best results.

In MCE, the criteria are the data evidence being considered,
and they either support or restrict the alternatives. In this sense,
the criteria are generally categorized as “factors” or “constraints.”
The factors are the criteria that support the alternatives or that
influence (enhance or detract) the viability of the objective under
consideration which are represented by the layers referred to
as the criterion maps, while the constraints are the criteria that
exclude the area from the analysis (Lopez-Marrero et al., 2011;
Lai et al., 2013).

The aggregation of the alternatives local scores with the
criteria weights is the final phase in any decision-problem
(Kasim and Jemain, 2020). Criteria weights determination is
then considered crucial in multi-criteria decision-making models
(Zizovic et al, 2020), which can be derived in several ways
objectively, subjectively, and in an equal weighting method
(Hafezparast et al., 2015). An entropy method is an objective
approach, where criteria weights are acquired, disregarding
the decision makers’ opinion and utilizing the data present
in a decision matrix or the intrinsic information contained
in the criteria (Kasim and Jemain, 2020). An application of
this approach is used in a study for weight determination
of glazing properties for Trombe wall systems (Oluah et al.,
2019). Another objective approach is the CRiteria Importance
Through Intercriteria Correlation (CRITIC) of determining
criteria weights (Diakoulaki et al., 1995). In the CRITIC
approach, the standard deviations of ranked criteria values and
the correlation coefficients of all paired columns determine the
criteria contrasts.

Meanwhile, in the subjective approach, the significance of
criteria is based on the decision makers or experts opinions
following their preferences (Zizovic et al., 2020). Examples of the
subjective approaches are the rank-based (Sureeyatanapas, 2016)
and the AHP method (Saaty, 1980, 2008), which uses pair-wise
comparisons based on the experts’ preferences.

With the general goal of establishing a decision support system
using a GIS-based MCE to support land use planning as a tool
for disaster risk reduction, this paper aims at establishing a
general set of evaluation criteria that can be referred to spatially.
The criteria must be significant in hazard mapping, emphasizing
flooding, landslide, earthquake, and storm surge. Although many
studies involving hazard mapping have been conducted and
produced valuable hazard maps, these are usually for one single
or specific hazard only. Therefore, the aim of allocating and
regulating land uses in line with managing multiple risks at the
same time cannot be fully achieved.

In light of aligning land use planning with disaster mitigation
and quandary, this paper aims at deriving a more generic
framework of spatially referenced criteria for simultaneous
analysis in hazard mapping. Therefore, the key research question
objective of this paper is to derive the most appropriate criteria
for hazard mapping in the context of specific characteristics
of hazards management in the Philippines. To exemplify
the participatory approaches of land use planning that fully
integrate disaster risk reduction, the study uses the AHP method
in weight determination. A time-consuming yet simple and
straightforward technique that incorporates decision-makers’ or
experts’ active participation in solving decision-problems such as
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land use suitability mapping and natural hazards susceptibility
mapping. In other words, through the active participation of
the people affected, one can create a better and more informed
decision-making process (Morales and de Vries, 2021).

This framework must be easier to understand for a non-
technical person, easier to perform and execute for government
officials and land use planning practitioners, and it must be more
country-specific for the Philippines. Although it is said to be
country-specific, the said criteria can be replicated, depending
upon which area or country the criteria are suitable.

The paper starts with an overview of natural hazards and
mapping and their impact on developmental planning on the one
hand and the importance of incorporating disaster risk reduction
strategies in land use planning using MCE-AHP on the other. The
subsequent sections describe how these concepts are linked in
current literature, followed by an analysis of how and when MCE-
AHP is used as part of natural hazards mapping. We conclude by
identifying how the concepts and applications can be improved
and the further steps for research.

METHODOLOGY

In deriving the criteria for hazard mapping, the formulation
and selection of criteria need to have a spatial reference and
have a specific significance to the Philippine situation. This
is an important step in the execution of MCE. The selection
of the evaluation criteria to be used in hazard mapping were
initially identified through literature reviews, the researchers
understanding of the objective, and the experts’ knowledge
(Figure 1). To get into the core of criteria selection, the literature
review was conducted to gather relevant information on the
already used criteria in similar studies that could be used in a GIS-
based MCE. The literatures’ primary sources came from known
and credible research repositories like research gate, google
scholar, science direct, and web of science, using important
keywords such as hazard mapping, AHP, MCE/MCDA as the
search criteria in the query of relevant papers. A longer list
of the probable criteria (Annex 1) per hazard was made due
to the literature review. The lists were then subjected to two
rounds of pre-testing with Ph.D. students and professionals of
related fields.

The study is divided into two major parts. The first is selecting
the final list of the evaluation criteria per hazard. The second
part was the weight determination through pair-wise comparison
using the AHP technique (Figure 1). The first part relies on
selecting of the criteria performed by 20 experts as decision-
makers from the already prepared probable list. Aside from the
given list, the experts could likewise add other criteria they
consider important in addressing the decision problem. The
identified experts are those working within any institution in
hazard mapping and land use planning as recommended by
colleagues, universities, and related agencies in the Philippines.
The final criteria® selection relied on personal face-to-face
interviews using a structured questionnaire and using an online
platform via google docs. After the experts’ majority vote,
a shortlist as the final set of criteria per hazard was made

considering the recommended guidelines (Malczewski, 1999;
Yahaya et al., 2010).

The second part commenced after the finalization of the
evaluation criteria. The same set of experts were asked to
make the pair-wise comparisons of all the sets of criteria using
the AHP approach. The AHP is a method of measurement
that derives priority scales through the experts’ judgements
(Saaty, 2008). It is used in decision-making problems organized
hierarchically (Figure 2) at different levels containing a finite
number of elements (Mallick et al., 2018). The hierarchical
structure of AHP measures and synthesizes various factors of
a complex decision-making process and makes it simple to
combine the parts in a whole (Russo and Camanho, 2015). In this
concept, AHP is considered a decision-making and forecasting
method that gives the percentage distribution of decision points
in terms of the factors affecting the decision, which can be
used if the decision hierarchy can be defined (Sabah et al.,
2017).

In carrying out the pair-wise comparisons, the decision factors
(criteria) are compared with each other using the preference
intensity evaluation or the scale of relative importance (Table 1)
on a scale of 1-9. The preference scale value of 1 signifies that
the two criteria being compared are of equal importance, while
9 signifies that one criterion is extremely preferred as more
important than the other criterion being compared. The values
2,4, 6, and 8 are the median values over the preferred values.

A comparison matrix (Table2) is then made with the
preference intensity evaluation results and correspondingly
normalizes the values to solve for the principal Eigen value ()).

n
=) Cvy (1)
i=1

A is calculated by averaging the value of the consistency vector, is
obtained from the summation of products between each element
of Eigen Vector and the normalized relative weight.

An observable condition in a decision-making exercise is
the presence of inconsistencies dealing with many factors
being compared. Although AHP allows for some inconsistency
level, it should not exceed a certain threshold (Saaty, 1980,
2008). AHP has the capacity to measure the consistency of
the experts’ preferences by employing the computation of a
suitable Consistency Index (CI) as the deviation or the degree
of consistency.

2)

The consistency measures will equal the number of comparisons
considered (n), so the CI will be equal to zero so as the
Consistency Ratio (CR) to make sure that the original preference
ratings are consistent. In the computation of CI, the normalized
relative weights, the normalized principal Eigen vector, and the
principal Eigen value (\) are first computed. The \ is simply
the average of the normalized comparison matrix’s Eigen values
(Nyeko, 2012). According to Hossain et al. (2007), the essence
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of AHP is a solution of an Eigen value problem involving the
reciprocal matrix comparisons.

CI

CR = —
RI

3)
Table 3 shows the Random Index (RI) suggested by Saaty for
small problems to be used in the CR computation.

On validating the preferences of the experts, a follow-up
questions were made to support their choices. Also, they were
allowed to have an initial ranking of all the criteria in each set
which also agreed to their preferences.

Saaty (1980, 2008) recommended that the acceptable CR be
<0.10 (or 10%). Higher than the said value means the pair-wise

Literature Review, Researchers'
Understanding, Pre-testing

(Initial List of Criteria per Hazard)

. 4

Selection of Final Criteria for Each
Hazard by the Experts

(Final Sets of Criteria per Hazard)

¥

Pair-wise Comparisons of Criteria
using AHP (CR< 0.10)

(Performed by the Experts)

L4

Weights Determination/Relative
Importance of the Criteria per
Hazard

(AHP Pair-wise Matrix)

Criteria Selection

Weights Allocation

FIGURE 1 | Overall flow of criteria establishment per hazard.

comparisons for the criteria are highly inconsistent in terms of
the preferences, hence a need to revise the pair-wise comparisons.
The said acceptable consistency ratio is still recognized and used
in recent years in several studies such as of Tang et al. (2018)
for flood susceptibility assessment, Razandi et al. (2015) in their
application of AHP for groundwater potential mapping, Quinta-
Nova and Ferreira (2020) on land suitability study for emerging
fruit crops and Mansour et al. (2019) where they used AHP for
ecotourism land suitability study.

The above processes in criteria establishment using AHP can
then be summarized into major steps as follows:

1. Identify the decision problem.

2. Develop a hierarchy construction of the problem at different
stages to determine the problem’s objectives and outcomes
based on the aim, criterion, and alternatives.

3. Perform pair-wise comparisons using the intensity scale and
determine the criterion weight correspondingly.

4. Compute for the maximum eigenvalue, consistency ratio, and
normalized values for each criterion/alternative.

5. For an unacceptable CR value, i.e., >0.10, the expert is
required to repeat his judgment in the pair-wise comparisons
till the CR value lies at an acceptable level (Lee and Chan,
2008).

The AHP gained its significance, especially in decision-making,
because of its interactive graphical user interfaces, automatic
calculation of priorities and variabilities, and sensitivity analysis
(Mallick et al, 2018). Perhaps one of its main advantages
is it provides the ability to measure the consistency of
the decision makers preferences and manipulate qualitative
and quantitative criteria (Gigovi¢ et al, 2017). However, the
final decision derived using the AHP method is based on
subjective evaluations, specifically during pair-wise comparisons
(Song et al., 2013; Gigovi¢ et al, 2017). The observation is
affirmed by Mallick et al. (2018) that the decision-makers
in any decision-making problem could be subjective and
uncertain about their level of preference mainly because
of the incomplete knowledge or information and uncertain
within the decision environment. Thus, their preferences are
subjective, and their choices are affected by the sufficiency of
the information. Additionally, in a decision-making process,
Campos et al. (2007) described the term “subjective uncertainty”
from scientific ignorance, uncertainty in measurement, the

Level 1

N

Objective

Level 2 Criterion 1

Criterion 2

Criterion 3 Criterion 4

Level 3 Alternative 1

==X

FIGURE 2 | Structured problem with three different hierarchy levels (Chandio and Matori, 2011).

| Alternative 2
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TABLE 1 | Preference intensity evaluation by binary comparison relatively between criteria in AHP (Ghodsipour, 2003; Rezaei and Tahsili, 2018).

Preference Intensity

Comparison Status of “i” relative to “j”

Description

Equally preferred
Moderately preferred
Strongly preferred

1
3

5

7 Very strongly preferred
9 Extremely preferred

2

,4,6,8 Median preference

wn

Item “i” is equal priority with “j” or there is no preference
Item “i” is slightly more important than “j”

“wn

Item “i” is important than “j”

Item “i” is more important than “j”
Item “i” is absolutely more important than “j” and is not comparable

Show the median values over preferred values

TABLE 2 | An example of pair-wise comparison matrix for assessing the weights
of factors.

Criteria C1 c2 C3 C4 C5 Weights
C1 1 1/3 172 1/3 2 0.13
c2 3 1 3 1 2 0.32
C3 2 1/3 1 1 2 0.19
C4 3 1 1 1 1 0.23
Ch5 1/2 172 172 1 1 0.13
Consistency Ratio (CR) = 0.08.

TABLE 3 | Random Index (RI) values for small problems.

n 1 2 3 4 5 6 7 8 9 10

Rl 000 000 058 090 112 124 132 141 145 1.49

Saaty (1980, 2008).

impossibility of confirmation or observation, censorship, or other
knowledge deficiency.

Lastly, since many experts are participating in a decision-
making process, heterogeneous preferences are often observed.
The aim of group decision-making is, therefore, to reach a
consensus or an agreement. However, achieving consistent
agreement is difficult, especially in AHP methodology with the
number of comparison matrices (Ishizaka and Labib, 2011).
More especially in convening the experts in a single setting is
impossible to organize (distant experts or many experts). Thus,
the experts’ preferences are convened through geometric mean
(Saaty and Vargas, 2005). After ensuring the consistencies of the
individual preferences are acceptable, the collective preference
was achieved by determining the geometric mean. Adopting the
geometric mean instead of the arithmetic mean preserves the
matrix’s reciprocal property employed in AHP (Aczél and Saaty,
1983).

RESULTS AND DISCUSSION
Established Criteria for Hazard Mapping

The Philippines is a country exposed to multiple hazards
primarily because of its archipelagic nature and geographical
location within the “Pacific Ring of Fire.” This makes the
country highly susceptible to earthquakes and volcanic eruptions,

tsunami, sea-level rise, storm surges, landslides, floods, and
drought (Asian Disaster Reduction Center (ADRC), 2019;
UNDRR, 2019). The UNDRR on their knowledge platform for
disaster risk reduction shows that from the years 1990 to 2014, the
Philippines’ top five hazards in terms of frequency include storm,
flood, landslide, volcanic eruption, and earthquake. In terms of
mortality, the top four hazards include storm, earthquake, flood,
and landslide, and in terms of economic losses, the top three
hazards are storm, flood, and earthquake (UNDRR Prevention
Web, 2017). Although volcanic eruption is included in the top
five hazards, the study included only flood, landslide, storm surge,
and earthquake, mainly because volcanoes are not throughout
the country and the last recorded disastrous volcanic eruption in
the Philippines was still in June 1991 (Asian Disaster Reduction
Center (ADRC), 2019).

In connection to the four hazards mentioned above, relevant
evaluation criteria were identified and used in this study. The
final selection of the evaluation criteria is crucial for the analysis
and in making decisions about the problem. Primarily, the
criteria should be able to answer the decision problem. Although
the most common basis in selecting criteria for decision-
making is availability and accessibility (Akinci et al., 2013), the
important characteristics of criteria should be comprehensive
and measurable (Malczewski, 1999; Yahaya et al., 2010). This
means that the criteria should clearly indicate the associated
object’s achievement and their outcomes can be measured for
every decision alternative.

Based on the experts knowledge and preferences, the
following are the criteria to be used in GIS-MCE for
hazard mapping:

Flood Hazard Mapping. Flood or inundation is an overflowing
of a large amount of water beyond its normal confines, especially
over what is normally dry. In flood hazard mapping, the experts
chose seven relevant criteria: the rainfall/precipitation, distance
from the drainage network, slope, land use/land cover, elevation,
distance from the rivers, and the size of the river basin/watershed.

Landslide Hazard Mapping. Landslide, in general, is the sliding
of a mass of earth or rock from a mountain or cliff. The
occurrence of landslides could have different triggering factors,
including rain or water, earthquake, and human activities. For
landslide hazard mapping, the experts selected five criteria:
slope, rainfall/precipitation, elevation, land use/land cover, and
soil type.

Earthquake Hazard Mapping. Earthquake is essentially
defined as ground shaking due to other events such as
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plate tectonic movements. Though other researchers and
hazard-related agencies regard earthquakes as a triggering factor,
the study included earthquakes as a hazard since the effects of
ground shaking could be fatal in some instances, like earthquakes
with high magnitudes and intensities. For this research, the
experts chose five criteria for earthquake hazard mapping: the soil
type, liquefaction potential, distance from faults, length of active
faults, and history of occurrence.

Storm Surge Mapping. Storm surge is technically defined as
the rising of the sea because of atmospheric pressure changes
and wind associated with a storm. This hazard generally occurs
in countries with shorelines or coastal areas. For storm surge
mapping, the experts selected four relevant criteria: the distance
from the shoreline, elevation of the area, surge height, and tide.

The above-mentioned sets of criteria were used in the second
part of the study which is the derivation of the priority scales. The
weights of the criteria were determined by showing their relative
importance through pair-wise comparisons based on the experts’
knowledge and information in hazard mapping as indicated in
their preferences.

Derived Weights of the Criteria Using AHP

The experts’ different preferences as the decision-makers who
participated in the research were gathered and consequently
computed based on the accepted and practiced guidelines of
using AHP. Their preferences are correspondingly represented
and quantified with the weights of each criterion (Figures 3-6;
Annex 2). For the different sets of criteria in each hazard, the
corresponding weights were computed per expert (A to T), and
the arithmetic means shown in horizontal lines (Figures 3-6)
were computed to reflect the overall preference weight but are
not used as the final weights to be used in future GIS analysis.

Figure 3 shows the distribution of weights for each of the
seven criteria for flood hazard mapping. Although the data reveal
small differences in each criterion’s average weights (shown in
horizontal lines in the graph), the experts gave the biggest weight
to the criterion elevation with 0.19. This signifies that higher
elevations should be preferred for the allocation of lands for any
use in consideration of probable flooding incidence. A notable
observation is that among the criteria, the rainfall/precipitation,
slope, and the distance from the rivers are on the second rank
with equal weights of 0.17, too close to the criterion elevation.
This suggests that the experts believe that those criteria are
equally important considerations in selecting the best places that
are less risky to flooding. The criterion with the least weight
of 0.08 is the land use/land cover. Although considered an
important criterion, the land use/land cover is the least important
in flood hazard mapping.

The same poll of experts expressed their preferences over the
criteria for landslide hazard mapping (Figure 4). On average, the
highest weight was given to slope with 0.33, which is significantly
higher than the rest of the criteria. This is followed by the
criterion elevation with a weight of 0.20. This manifests the
experts’ beliefs that sloping terrain and considerably elevated
areas are the most important factors upon which landslides
occur. Hence, should be given more attention in landslide
hazard mapping. The smallest weight of 0.12 was acquired

by the criterion land use/land cover based on the experts
collective preferences.

Figure 5 shows the weights of the criteria for earthquake
hazard mapping. On average, the criterion distance from the
faults has the highest weight with 0.31 followed by the length
of the active faults with 0.24. This signifies that the experts
strongly believed that in the occurrence of earthquakes, the places
that could be more prone to damages due to ground shaking
are those places near to faults, or the distance to faults has a
perceived direct relationship to the degree of damage caused
by earthquakes. On the other hand, the criterion soil type got
the lowest weight of 0.11 based on the experts’ preferences.
This suggests that the soil type has the least importance
in preparing earthquake hazard maps among the criteria in
this set.

On average, the distance from the shoreline has the highest
weight of 0.33, followed by the criterion surge height with 0.30
(Figure 6). This implies that the experts’ preference in selecting
safer places considering probable storm surges is those places
farther from the shoreline. The criterion tide acquired the lowest
weight with 0.13. This suggests that the tide is the least important
among the set of criteria as it is always present, with gradual
motion and predictable nature

It is clear from the corresponding weights (Figures 3-6;
Annex 2) that the experts have different preferences on each
criterion per hazard mapping. These preferences are directed by
the different factors that influence the experts in their choices,
such as the level of information they have on each criterion and
the type of hazards. Figure 3 shows that the criterion elevation
for flood hazard mapping obtained the highest average weight
of 0.19. Although more experts preferred the same ranking for
elevation with the three highest weights (individual experts) of
0.36, 0.35, and 0.32, it can be noted that three other experts
gave a computed weight for the elevation of 0.04, which shows
extreme preferences. The same observation applies to Figure 4,
which shows that the criterion slope is the most preferred among
the five criteria with an average weight of 0.33 in landslide
hazard mapping. Contributing to this average weight are the
notable three highest individual weights of 0.51, 0.49, and 0.48,
however three other extreme preferences can be observed with
0.16, 0.17, and 0.17. It can be deduced that in large-scale
decision-making with various decision-makers, heterogeneous
preferences would likely arise (Chao et al., 2020). As mentioned
in the preceding section, the most important factor that strongly
influences the experts’ subjective preferences is the level of
knowledge and information about the object in the decision-
making process (Faro, 2015; Cettolin and Riedli, 2019). The
knowledge and information would therefore be dependent on
educational backgrounds, training, and experiences, locations,
and nature of work as well as decision habits that would
determine the way they express their individual preferences
(Chen et al., 2015; Chao et al., 2020).

The succeeding tables (Tables4-7) show the hazard
mapping criteria’ pair-wise comparison matrices. After ensuring
the individual consistencies were achieved (Annex3), the
geometric mean of the individual preferences was computed
and subsequently used to fill in the pair-wise comparison
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matrices representing the collective preferences of the experts
who participated in this research. The tables further show the
computed weights of the different sets of criteria to be used in
subsequent hazard mapping. The overall consistency ratio for
the collective preferences and the computed principal Eigen
values (\) are shown in Annex 4.

Table 4 reflects the experts’ collective preferences as shown in
the matrix of pair-wise comparisons for flood hazard mapping

criteria. Seven criteria were compared with each other and the
computed weights reveal that the criterion Elevation with a
weight of 0.19 is the most preferred, followed by the criterion
Distance from the rivers with 0.18. This implies that the experts
prefer areas with higher elevations than water bodies like rivers
to be safer for development and are more likely to be free from
flooding events. On the other hand, the Land use/land cover
obtained the lowest weight of 0.07 and the Distance from the
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drainage network with a computed weight of 0.11, which is 4%
greater than the lowest weight.

In the landslide hazard mapping criteria (Table5), it is
pronounced that the experts mostly prefer Slope as the most
important criterion in determining areas more likely susceptible
to landslides. The slope obtained a computed weight of 0.36
which is 20% higher than the second preferred criterion which
is the Elevation having a computed weight of 0.19. The two

mentioned criteria suggest that the experts value the physical
attributes (topography) of the land (slope and elevation) to be the
most important factors in considering areas prone to landslide
events. On the other hand, the criterion Land use/land cover is
the least preferred criterion in landslide hazard mapping with a
computed weight of 0.12.

Table 6 shows the pair-wise comparison matrix of the
earthquake hazard mapping criteria. The collective preferences
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TABLE 4 | Pair-wise comparison matrix of flood hazard mapping criteria using the geometric mean of the preferences.

Criteria C1 c2 C3 C4 C5 C6 C7 Weight
C1 1 1.811 0.843 2.431 0.694 0.758 1.119 0.15
c2 0.552 1 0.666 1.653 0.671 0.556 0.794 0.11
C3 1.186 1.502 1 1.929 1.036 0.848 0.926 0.16
Cc4 0.411 0.605 0.518 1 0.421 0.470 0.553 0.07
Ch5 1.441 1.490 0.965 2.375 1 1.348 1.546 0.19
C6 1.319 1.799 1179 2.128 0.742 1 1.483 0.18
Cc7 0.894 1.259 1.080 1.808 0.647 0.674 1 0.14
Sum 6.803 9.466 6.251 13.324 5.211 5.654 7.421 1.00

C1, Rainfall/Precipitation; C2, Distance from the drainage network; C3, Slope; C4, Land Use/Land Cover; C5, Elevation; C6, Distance from the rivers; C7, Size of the river basin/watershed.

TABLE 5 | Pair-wise comparison matrix of landslide hazard mapping criteria using
the geometric mean of the preferences.

TABLE 7 | Pair-wise comparison matrix of storm surge hazard mapping criteria
using the geometric mean of the preferences.

Criteria C1 c2 C3 C4 C5 Weight Criteria C1 c2 C3 C4 Weight
C1 1 2.291 1.848 2.972 2.286 0.36 C1 1 1.720 1.113 2.416 0.34
c2 0.436 1 0.927 1.677 0.932 017 Cc2 0.581 1 0.837 1.745 0.23
C3 0.541 1.079 1 1.679 1.061 0.19 C3 0.898 1.195 1 2.516 0.30
C4 0.336 0.596 0.596 1 0.887 0.12 C4 0.414 0.573 0.397 1 0.13
C5 0.437 1.073 0.943 1.127 1 0.16 Sum 2.893 4.488 3.347 7.677 1.00
Sum 2.750 6.039 5.314 8.455 6.166 1.00

C1, Slope; C2, Rainfall/Precipitation; C3, Elevation;, C4, Land Use/Land Cover; C5,
Soil type.

TABLE 6 | Pair-wise comparison matrix of earthquake hazard mapping criteria
using the geometric mean of the preferences.

Criteria C1 Cc2 C3 Cc4 C5 Weight
C1 1 0.576 0.282 0.379 0.704 0.10
C2 1.736 1 0.564 0.633 1.203 0.17
C3 3.546 1.773 1 1.523 2.657 0.34
C4 2.639 1.580 0.657 1 1.893 0.25
C5 1.420 0.831 0.376 0.528 1 0.14
Sum 10.341 5.760 2.879 4.063 7.457 1.00

C1, Soiltype; C2, Liquefaction potential; C3, Distance from faults; C4, Length of the active
faults; C5, History of occurrence.

results show that among the criteria being compared, the
criterion Distance from faults got the biggest weight of 0.34,
which is 9% higher than the second preferred criterion Length
of the active faults having a computed weight of 0.25. This reveals
that the experts believed that areas along fault lines are most likely
more affected by ground shaking. The table further shows that
among the criteria being compared, the least preferred criterion
is the Soil type weighting of 0.10.

The experts’ collective preferences with the criteria for storm
surge hazard mapping compared pair-wise (Table 7) reveal that
the experts prefer the criterion Distance from the shoreline with
aweight of 0.34 as the most important factor in determining areas
with high risks for storm surge. Among the criteria compared, the

C1, Distance from the shoreline; C2, Elevation of the area; C3, Surge height; C4, Tide.

criterion Tide obtained the lowest weight of 0.13, being the least
preferred primarily due to the tides’ predictive characteristic.

The preceding tables (Tables 4-7) generally show the criteria
weights in each set for hazard mapping. The assigned weight
to each criterion indicates its relative importance compared to
other criteria and can be used in subsequent hazard mapping.
The larger the weight, the more important is the criterion in
the overall utility (Malczewski, 1999; Drobne and Lisec, 2009),
which makes the part on weight determination significant in
MCE. Furthermore, the computed weights reflect the experts’
overall preferences through geometric mean, which retains the
reciprocal property of the matrix in AHP (Aczél and Saaty,
1983). Since the selection of areas for suitability mapping
and areas that are hazard-prone is regarded as a decision
problem in this research, then the role of the decision-makers
is vital in realizing the objective. The existence of heterogeneous
preferences was convened in the computation of the geometrical
average, which is likewise important in group decision-making in
reaching consensus. Additionally, AHP effectively incorporates
the different preferences with a certain acceptable threshold of
inconsistencies to convene to one decision. In this case, the
criteria established with corresponding weights derived through
AHP can make potential hazard maps.

CONCLUSION AND RECOMMENDATIONS

Conclusions
The study successfully established the multiple criteria to be
used in hazard mapping that could be referenced spatially.

Frontiers in Sustainability | www.frontiersin.org

10

May 2021 | Volume 2 | Article 667105


https://www.frontiersin.org/journals/sustainability
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainability#articles

Morales and de Vries

Established Natural Hazards Mapping Criteria

The various types of criteria include topographic (slope,
elevation), environmental and climatic factors (tide levels,
rainfall/precipitation), soil properties (soil type, liquefaction
potential), and other hazard-related criteria (length of active
faults and surge height). Additionally:

e The criteria derived from this study sought to address the
objective of producing hazard maps as a decision function that
could be an excellent contribution to land use planning that
integrates disaster risk reduction or identifies areas that are not
suitable for human habitation due to its unsafe nature.

e The people participation represented by the experts
exemplifies the significant role of humans in the decision-
making processes even in the presence of highly advanced
technologies such as GIS and remote sensing applications
and the objective criteria weighting methodologies. In this
important contribution, the knowledge and expertise of the
people are transformed into priority scales of the criteria and
alternatives in a decision-making process.

e The criteria derived herein are generic, i.e., they can be
replicated beyond and outside of the Philippines and adapted
depending on the locations in which these criteria will
be used. The main advantage of the established criteria
for multiple hazard mapping is its simplicity and being
straightforward, which means the criteria derived are easier
to understand and comprehend not just for those experts
working in hazard mapping but also for different decision-
makers and stakeholders.

e As compared to more complex and technical approaches of
hazard mapping and modeling such as those which uses more
detailed data (like water runoff, the cross-sectional area of the
river, peak ground acceleration), technologies and procedures
(e.g., hydrologic modeling), this study established criteria that
are common, and universal. The criteria being used in this
study can be processed with ease and can be made accessible
readily to the public, say via online platforms.

e The AHP used in determining the relative importance of the
criteria as in many decision problems successfully derived
the corresponding weights of the respective criteria in each
hazard mapping. The experts who participated in this study
performed the pair-wise comparisons for all the sets of criteria
in each hazard type regardless of their specialization, say the
type of hazard they are more knowledgeable on and the hazard
they have the least information about.

e The extreme preferences of the same criteria being compared
pair-wise as performed by the experts indicate their different
levels of knowledge and information about the hazards,
which determines their subjective preferences. Nevertheless,
the study revealed the most important criteria as reflected
in the collective preferences to be used in hazard mapping:
elevation-flood hazard mapping, slope-landslide hazard
mapping, distance from the faults-earthquake hazard
mapping, and distance from the shoreline-storm surge
hazard mapping.

e A positive note in the case of AHP is that consistency
of preferences can be achieved, which is a widely
accepted advantage.

Recommendations

e Although the preferences were convened as a collective
preference, a rather different result may be achieved if the
experts are more homogeneous, like the same specialization
and expertise. Therefore, it is recommended that even all
these hazard mappings be done simultaneously, each hazard
would have different sets of experts performing the pair-
wise comparisons with the same background like education,
expertise, and line of work to increase the result’s reliability.
Furthermore, since the study is a decision-making exercise,
reaching an agreement is the main objective. Although 10-
20 is a commonly used number of experts (Yang et al,
2008; Wang et al., 2011; Gigovi¢ et al,, 2017), the problem
lies in the identified experts originating locations. Hence,
for further studies, it is recommended that the experts be
assembled in one location to reach a consensus and eventually
an agreement. Likewise, there will be an open discussion to
support their preferences which would serve as a validation
mechanism of their decisions. This would rather entail
additional effort, time, and costs.

Another recommendation would be applying the method at
different points in time (that would be affected by the experts’
level of information and situation needs) and with a different
set of experts from other countries.

With the classical AHP method used in decision-making, it is
recommended to compare and combine the AHP method with
other techniques such as the stated choice and Q methodology,
which are not commonly used in decision-making. The
combination process could open possibilities of leading to
sharper results and the potentials of deriving similar views
and opinions.

Lastly, it is further recommended that in minimizing the
effects of hazards, not just hazard mapping will be made, but
a risk analysis (risk map) still using the criteria established
will be made to have in estimation of the highly probable
and least probable sectors to be affected, i.e., the number of
households and population in danger zones. Also, statistical
analysis should be done comparing output maps of these
multiple-criteria based on AHP and those produced in other
techniques in hazard mapping to validate the final output of
this study.
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