7/ land

Article

Vulnerability to Flood Risk: A Methodological Proposal
for Assessing the Isolation of the Population

Juan Francisco Sortino Barrionuevo

check for
updates

Citation: Sortino Barrionuevo, J.F,;
Castro Noblejas, H.; Cantarero
Prados, EJ. Vulnerability to Flood
Risk: A Methodological Proposal for
Assessing the Isolation of the
Population. Land 2022, 11, 277.
https://doi.org/10.3390/
land11020277

Academic Editors: Fabrizio Battisti,
Benedetto Manganelli and

Orazio Campo

Received: 23 December 2021
Accepted: 8 February 2022
Published: 11 February 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Hugo Castro Noblejas **) and Francisco José Cantarero Prados

Geography Department, University of Malaga, 29071 Malaga, Spain; francis.sortino@uma.es (J.F.S.B.);
fjcantarero@uma.es (FJ.C.P)
* Correspondence: hugocastro@uma.es; Tel.: +34-952-131-659

Abstract: There are few studies that have developed estimations of the vulnerability of the pop-
ulation to isolation as a result of flood events. The main objective of this study was to provide a
methodological proposal that addresses this matter through a series of cartographic instruments. To
this purpose, the method was tested in a study area classified as area with significant potential flood
risk (ARPSI) in southern Spain. Three methodological proposals were designed to define: (1) the
population likely to be isolated within the flood area; (2) the population liable to be isolated by cuts to
access roads outside the flood area; (3) the main workplaces involving concentrations of population
likely to be isolated. The results demonstrate that the study area has a high degree of vulnerability to
the flood risk. The methodological proposal provides detailed results at local level, which is a highly
functional tool for flood risk managers. This research shows that, just as in the case of hazard, a deep
and detailed knowledge of vulnerability and its consequent problems leads to a better management
of flood risk.

Keywords: flooding isolation; mapping of vulnerability; flood risk assessment; risk management
tool; flooded buildings

1. Introduction

Effective flood risk management involves the consideration of prevention measures [1],
with a common mapping diagnosis of sensitive areas and exposed elements. There is a
general consensus among the scientific community to parametrize risk based on three
factors: hazard, exposure and vulnerability [2]. However, historically, in most of the
flood zoning studies, the most commonly used factor for its characterization has been
hazard [3-5]. Therefore, it is necessary to continue developing the characterization of
vulnerability. In this sense, this work is a methodological proposal for zoning the tendency
to isolation of areas affected by flooding.

Many flood areas mapped in official cartographies are designed only considering
aspects of hazard, but it is common that real floods exceed what is delimited on those
official maps. The Campanillas River, in Malaga, in the south of the region of Andalusia
(Spain), is another example in this regard. Its final stretch, prior to the confluence with
the Guadalhorce River, is delimited as an area with significant potential flood risk (ARPSI
according to its Spanish acronym). However, in February and March 2020 a flood reached
and exceeded expected levels for 500 year recurrence periods. It is well known that one of
the impacts of climate change is atmospheric misalignment and an increase in the frequency
of extreme precipitation events [6-8]. Therefore, the time series used to make hydrological
calculations may be outdated. In addition, the imperfections of hydrological and hydraulic
modeling themselves should be considered, which can depend on several factors: both the
physical-mathematical calculation models used and the intrinsic complexity of the natural
phenomenon. In most cases, the phenomenon is not isolated from other phenomena (e.g.,
erosion, slope movements, etc.), which are not normally considered in modeling [9-11],
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nor are the anthropogenic elements of the territory (e.g., modified reliefs, vehicles, street
furniture, etc.) which interfere with the normal flow, in many cases aggravating the
repercussions of these floods [9,11].

In addition, there are human factors that produce different territorial patterns, with
variable risk tendencies. Among them, peri-urban areas are some of the most prone to
flooding [12]. Castronovo [13] defines them as areas of constant friction, with very active
exchanges that are governed by the city, which causes an asymmetric flow of matter and
energy. Therefore, the peri-urban particularities of study areas such as the one chosen in
this research imply a special propensity for risk. Hence, the characterization of risk should
be carried out not only according to the hazard but also the vulnerability of the exposed
elements. Some academic papers have focused their efforts on this type of analysis [14,15].

The zoning of flood risk in the region of Andalusia (Spain) has been integrating
some aspects related to vulnerability, in line with the trend initiated in recent decades
regarding disaster risk management [16-38]. In the specific case of Andalusia, the Flood
Prevention Plan in the Andalusian Urban Channels (2002) [39] included, for the first time,
measures to control exposure and reduce vulnerability in critical areas. Subsequently, other
examples that also gave for the first time an important role to the analysis of vulnerability
in other regions of Spain can be cited: PATRICOVA [40] (2003) in the Valencian community,
INUNCAT of Catalonia [41] (2006), the Coastal Territorial Planning Plan of the Region of
Murcia (2007) [42] (2007), and the PRICAM of Castilla-La Mancha [43].

The official zoning of the flood risk currently in Andalusia is stipulated by the RD
903/2010 of flood risk assessment and management, the promulgation of which is the result of the
transposition of Directive 2007/60/EC of the European Parliament, on the assessment and
management of flood risks. Under this legislation, there is a risk zoning protocol, the
so-called Preliminary Flood Risk Assessment (EPRI), which is based on the designation of
all flood-prone areas, which must include a Flood Risk Management Plan (PGRI) and an
internal zoning in the ARPSI areas. For these zones detailed studies are required to identify
the areas exposed to flood hazards. Some elements linked to vulnerability assessment
are considered in the analysis, although in general they are very lax studies and make
few demands [44]. Against these types of deficiencies, proposals such as that by Perles
et al. [44] are designed to map the vulnerability of a territory to the risk of flooding under
the European Flood Directive. Their proposal provides a catalogue of maps aimed at
characterizing exposure and vulnerability based on a set of problems. Based on that
catalogue, Table 1 shows the maps designed to characterize vulnerability. As can be seen,
problem 2 is the isolation of the population.

Table 1. Proposal of the main issues to be addressed in the characterization of the vulnerability of
people and goods to floods. Source: own creation from Perles, Sortino and Cantarero 2017.

Maps Issues

Disruption of basic territorial services
Isolation of the population
Relief and assistance challenges
Maps focus on solving issues related to Risky or unsafe behavior of the population
vulnerability against hazard Information needs
Effects on particularly sensitive goods or
sectors of the territory
Contamination and other flood-related hazards
affecting parts of the territory

Maps based on solving issues related to High replacement cost of property loss
vulnerability, loss and recovery capacity Specific challenges for post-impact recovery

In relation to the ultimate object of this study, there are relatively few studies that have
specifically estimated vulnerability of populations to isolation as a result of flood events.
There are some previous studies, both of floods and other natural risks.
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e  The zoning of exposure to forest fires establishes the first mapping strategies to assess
the isolation of populated areas. Many methods to assess the vulnerability of settle-
ments focus on aspects such as accessibility [45-50], and specifically, on the possibility
of isolation by fire [51,52].

e  Other types of risk can also cause isolation, such as sliding. In relation to this risk,
Michael-Leiba et al. [53,54] estimate the susceptibility to road closures, and the conse-
quent isolation, through cartographic strategies based on GIS.

e In the case of the floods in Bangladesh, Lu et al. [55] raise the problem of isolation
as one of the most negative consequences of flooding, since this isolation can lead
to the cancellation of trips and the selection of other destinations. In order to tackle
this problem, they propose the improvement of water infrastructure and education to
adapt to floods. In Peru, Thouret et al. [56] also consider the isolation factor for lahars
and flash floods at a building scale. To do so, they take into account the distances from
each building to the facilities that are required during an emergency (e.g., hospitals or
shelters). At the same scale of detail, Fujiki and Laleau [57] test a GIS methodology to
identify emergency shelter needed by flood-affected populations. In this case, they
combine two indexes, the first an exposure index that involves different variables
related to the characteristics of the hazard and its direct physical impacts: flood height,
geographical isolation, interruption of public services.

e  Finally, there are studies that deal with the vulnerability of road infrastructure, such
as those carried out by Othman and Hamid [58], He et al. [59] and Kim et al. The
authors of [60] also propose a methodology for the simulation of cut-off areas, making
clear in their case the special vulnerability of suburban areas. Finally, other works
have advanced modeling solutions to help the management of the road system when
a flood event occurs [61-63].

The main objective of this study is to offer a methodological proposal for the as-
sessment of vulnerability of the population to the problem of isolation. To this end, the
methodology is tested in an ARPSI and its degree of vulnerability can be assessed. As a
secondary objective, a cartographic series is designed consisting of three synthetic maps:

Diagnosis of the population with the possibility of being isolated within the flooded area.
Diagnosis of the population likely to be isolated by cuts in access roads outside the
flood zone.

e Diagnosis of the main workplaces involving concentrations of population likely to
be isolated.

2. Materials and Methods
2.1. Study Area

The methodological procedure was tested in an area with a long history of flooding.
This is a section of district 9 of Malaga, (Andalusia, Spain) (see Figure 1). This district, a
peri-urban area of the city, is comprised of four secondary nuclei: Campanillas, the most
important, and other three under its area of functional influence (Huertecilla de Mafias,
Colmenarejo and Pilar del Prado). These nuclei are located on the banks of the Campanillas
River, a tributary of the Guadalhorce River. The study area is a 289 km? catchment and
the length of the riverbed is 45 km. The progressive urbanization of its riverbanks has
increased the risk of flooding in a stretch with recurrent overflows, which cause material
and personal damage. The construction of the Casasola reservoir, completed in 2007, has
the flood control as one of its objectives, as well as the supply of irrigation water to the
surrounding agricultural areas. However, successive floods of the river (2010, 2016 and,
doubly, in 2020), as well as the progressive extensions of the urbanized land, have only
aggravated the problem.
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Figure 1. Location of the study area. The map on the left shows, in blue, the potentially flooded
surface of the Campanillas River as it passes through the study area.

The study area is a wide floodplain with an average channel slope of 0.4%. It covers
540 ha, of which 157 ha belong to the potentially flooded area. The length is 2.3 km, the
minimum width is 600 m and the maximum is 1.2 km. Table 2 shows the flooded area at
the urban cores within the study area.

Table 2. Potentially flooded surface areas of the population centers analyzed.

Population Unit Urban Area (ha) Flooded Area (ha) Flooded Area (%)
Campanillas 118.5 33.50 28.3
Colmenarejo 17.8 0.01 0.05

Huertecilla de Manas 16.8 1.17 6.97
Pilar del Prado 14.9 0.00 0

2.2. Elaboration of the Methodological Proposal

The cartographic maps aim to identify the vulnerability of the population living in the
study area in a visual and accessible way for public administrations. Firstly, it is necessary
to characterize the two major geographical elements to be considered: on the one hand, to
estimate the resident population at cadastral plot scale and, on the other hand, the road
network, which is one of the elements that is affected by the territorial support. Once
the study area and the problems arising from the floods are identified, which affect the
territorial functionality by means of roadblocks, the spatial database needs to be created and
upgraded so that the territorial analysis is best suited to the reality of the flood phenomenon
and its interaction with accessibility.

The main objective of this methodology is to address specific problems of vulnerability
to flood risk. In this line, we considered the advances made on specific problems by Perles,
Sortino and Cantarero [4]:



Land 2022, 11, 277

5o0f 24

Isolation of the population;

Disruption of basic territorial services;

Relief and assistance challenges;

Risky or unsafe behavior of the population;

Effects on particularly sensitive goods or sectors of the territory;
Contamination of parts of the territory and other risks associated with flooding.

AL o

This research will instrumentalize and develop the methodology of the problem of
isolation of the population, as it is one of the most important problems of vulnerability to
the risk of flooding. The choice of this problem stems from the need to reduce the loss of
human lives.

The mapping tools developed to address all the population isolation problems are the
following:

e  Map of population with possibility of being isolated within the flooded area according
to its degree of isolation;

e  Map of population outside the flood-prone area that may be isolated by roadblocks,
depending on their degree of isolation;

e  Map of main workplaces involving concentrations of population likely to be isolated
(industrial, services) according to their degree of isolation.

For each map, the same methodological procedure has been systematically imple-
mented. First, a spatial database has been created including all the territorial elements
involved in flooding, and they have been categorized according to the size of the affected
population or the size of the study area. Secondly, the impact caused by the flooding on the
selected territorial elements (flooded in situ or with various degrees of isolation) is mea-
sured. Finally, a combinatorial matrix is generated to establish the degree of vulnerability
of the affected urban elements.

2.3. Sources of Information

In order to optimize the applicability of the cartographic proposal by the public admin-
istration or other private entities, such as environmental consultancies, only indicators that
can be generated by easily accessible edited sources and general and equivalent information
have been selected, in this case, for the whole of the autonomous community of Andalusia.
Therefore, some indicators have been discarded, since difficulty in obtaining them means
that they are not useful for applied risk management. The sources used for the cartographic
catalogue are listed below:

e DERA: Spatial Reference Data of Andalusia. Scale 1:100,000. Year: 2021. This is a
cartographic database with a wide range of spatial data. This information is very
useful for the selection of potentially affected territorial elements. It has been used in
the methodology of the three maps included in the study.

e SIOSE: Land use/land cover information system of Spain. Scale 1:10,000. Year 2007.
This special database allows categorizing land uses according to their function (in-
dustrial, residential, agricultural, etc.). It has been used in the elaboration of the map
methodology of Section 2.4.3.

e CartoCiudad: Road network of Spain. Several scales. Year: 2021. This is a dataset of
the urban and interurban road network. It is used to measure the internal connectivity
of the nuclei and their interconnectivity. This information is used in the elaboration of
the three maps.

e Cadastre: Cadastral electronic site. Variable scale. Year: 2021. Cartographic and
alphanumeric information database belonging to the official Spanish Cadastre. The
cartographic base of the buildings has been used, which has allowed disaggregating
the estimated population per floor. The information has been necessary for the creation
of two maps: Sections 2.4.1 and 2.4.3

e  GoogleEarth. Variable scale. Year: 2021. Multi-scale orthophotography service. It
has been consulted for photointerpretation. Its Google Street View extension, which
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provides street-level panoramic views, has also been consulted. These sources have
been used in the elaboration and correction of territorial elements of the cartography.

e PNOA: National Aerial Orthophoto Plan of Spain. Year 2021. Orthophotography
service. It has been used for photointerpretation and cartographic elaboration.

e Hydrological plans. Variable scale. Years: According to water authorities of the basins.
Documents prepared by the water authorities that set out the guidelines to be followed
for water management in each river basin. The cartographic bases of flood spots
belonging to the flood risk management plan of the Andalusian Mediterranean Basins
have been used. This information has been taken into account in the preparation of all
the maps.

e INE: Spanish National Statistical Institute. Spanish Continuous Register 2021. Demo-
graphic information on the population is extracted from this source. This information
is considered in the preparation of maps methodology from Sections 2.4.1 and 2.4.2

2.4. Structure of the Methodology

Each of the three maps proposed in the vulnerability mapping series complements
others to address the problem of isolation of the population from potential flood events.
The methodology and functionality of each map is developed below.

2.4.1. Map of the Population Likely to Be Isolated within the Flooded Area According to Its
Degree of Isolation

The objective of this map is to generate a tool that estimates the potential population
that may be isolated or directly affected by flooding. To this end, it is necessary to quantify
the potential population that is directly affected by flood events and therefore needs to
be evacuated, or whose houses need to be protected against this phenomenon. For this
reason, the analysis is limited to the dwellings located on the ground floor. With regard to
the accounting of the potential affected population, all the residents of the buildings in the
affected area are considered, as while many of them are not directly affected by the flood,
they are temporarily isolated so they may suffer from lack of basic services, food, etc.

e  Step 1: Selection of territorial elements involved in the map development.

First, all the buildings in the Cadastre that are affected by the flooded area are selected.
This is done by using the GML format files in the ATOM version from the INSPIRE
Cadastral Mapping Services. These files contain data fields with the geometry of the
plots, the construction units and the number of dwellings that are available within each of
them. Therefore, this step provides a spatial database with all the buildings affected by the
flood and its corresponding cadastral reference, which will be crucial to be able to annex
alphanumeric information to this cartographic database.

Then, in order to count the number of ground floors in each building, we work with the
alphanumeric data of the Cadastre, both rustic and urban. This information has different
levels of information for the data processing. In this case, the necessary level is the one
corresponding to Type 15: Real Estate Registry. From this file, the residential uses are
filtered with the codes “00”, “OD” and “UE”. The code “00” includes building construction
types and “OD” and “UE” include villa construction types. Once the filter is applied and
the ground floor is selected, we proceed to count the cadastral reference of the ground
plants, while for each construction it is necessary to remember that a construction contains
a cadastral reference and it may include one or many dwellings or buildings.

e  Step 2: Selected Territorial Elements and their Degree of Damage by flood

The types of damage are integrated to establish vulnerability levels. On the first level,
the population directly affected by the flood on the ground floor and, on the second level,
the population isolated at higher floors.

The first step is to estimate the population whose houses are flooded. In order to
estimate the total population affected, the potential number of inhabitants per building is
considered, by counting the number of dwellings with ground floors per building. The
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estimation of the population is obtained by multiplying the number obtained in the first

step and the average number of existing houses, according to the last available census

(2011). The arithmetic mean of the entire household included in the same administrative

unit is used to obtain the average number of persons per household in each census section.
In the study area there are two census sections affected, as is shown in Table 3.

Table 3. Census sections involved.

Census Section Code Average Household Size by Census Section
2906708064 1.52 inhab/home
2906708064 2.71 inhab/home

To calculate the rest of the isolated population, the number obtained in Step 2 is
subtracted from the total population of the entire building.

e  Step 3: Establishing the degree of vulnerability of the affected territorial elements.

This is based on the categorization of the number of affected people and their degree
of isolation to determine their vulnerability level.

The categorization of the affected population is defined at a building scale, according
to the resident population. To create the thresholds, outliers were eliminated using the
interquartile range (IQR) formula, which is detailed below:

Low end outlier = q < Q1 — 3*IQR

Upper end outlier = q > Q3 + 3* IQR

where: IQR = Q3 — Q1; Q1 = First quartile; Q3 =Third quartile.
Mean and standard deviation were calculated from the building information.
Therefore, the proposed classification uses the mean and the standard deviation to
rank the number of population affected. To this purpose, the following thresholds are set
in Table 4.

Table 4. Threshold considered to establish the degree of vulnerability.

Criteria for the Classification of Affected Population Degree of Population Affected
Mean — 1 standard deviation Low
Mean + 1 standard deviation Moderate
Mean + 2 standard deviation High

For the final classification of vulnerability, the degree of isolation is related to the
quantity of population affected, as shown in the following matrix (Table 5).

Table 5. Vulnerability degree.

Estimation of the Population Affected per Building

Low Medium High
High Very high Very high s
vulnerability vulnerability vulnerability Flooded in situ Degree of
Moderate High Very high Isolated isolation
vulnerability vulnerability vulnerability

e  Very high vulnerability: Buildings with a moderate and a high population of people
that are affected by flooding. Additionally, if the number of the affected population is
high and it is isolated, they are included in this category.
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e  High vulnerability: Areas with low population concentration in buildings, but with a
maximum degree of isolation due to flooding. This category also includes areas with
moderate accumulation of people being isolated and not “flooded”.

e  Moderate vulnerability: This category only includes areas with low and isolated
population density.

A flow diagram is presented below (Figure 2) as a methodological summary, in
which the necessary sources of information and the procedure carried out for the map

are presented.

Flooded area

Alphanumeric data
(Spanish Cadastre)

Buildings (Spanish
Cadastre)

Spatialintersection
Filtering of table "Type

15”: Real Estate “
Register )

INE: Average number

H SpatialJoin of inhabitants per
Filtering by field Initial - +_' household
position 428, letter

"V Sum of inhabitants per

H dwelling and building

Filtering by field of (= @ D

initial position 252, of - :
attributes: "00", "OD" Estimated population
and "UE". | (whole building )

Sum by cadastral « @ }

reference of number — ] Spatial database
of dwellings for first Population estimate =1 : linkage

floor (first floor)
v Q S —a - B
\—p Spatial Join —T

Spatial statistics and
coding according to
vulnerability matrix

FINAL DATASET

Degree of vulnerability of
isolated and flooded
populations

Figure 2. Flow chart of the methodology followed for the map entitled “Population likely to be
isolated inside and outside the flooded area according to its isolation level”.

2.4.2. Map of the Population Outside the Flooded Area That May Be Isolated by
Roadblocks According to Its Degree of Isolation

The objective of the second map is to define urban cores that may be isolated by flood
events. This will require obtaining, on the one hand, the network of roads and streets which
are affected by flooding and, on the other hand, the areas connected by those roads, with
their population size, in order to be able to estimate vulnerability. In addition, the objective
is to determine whether these areas are totally or partially isolated by a flood event, which
will define their degree of vulnerability.

e  Step 1: Selection of territorial elements involved in the development of the map.
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The first step is to select urban cores close and directly connected to the affected area.
For the development of this section, it is necessary to investigate the flooded area and the
connections with the closest urban cores that depend on it or that are strictly linked to their
territorial functioning.

e  Step 2: Territorial elements selected and their degree of damage because of flooding.

Once the affected urban cores have been selected, the most up-to-date population
data should be obtained from the annual census per population unit. In this case, the data
available belong to 2020 and the cores involved are shown in Table 6.

Table 6. Urban cores per population unit.

Province Municipality Population Unit Total Population
29 Malaga 067 Mélaga 000101 Campanillas 7303
29 Malaga 067 Malaga 000103 Colmenarejo 760
29 Malaga 067 Mélaga 000104 Huertecilla de Mafias 1587
29 Malaga 067 Mélaga 000105 Pilar del Prado 398

Afterwards, the urban cores are categorized according to the number of the population
affected. To create the thresholds, the outliers have been eliminated using the interquartile
range (IQR) formula, which is detailed below:

Low end outlier = q < Q1 — 3* IQR

Upper end outlier = q > Q3 + 3* IQR

where: IQR = Q3 — Q1; Q1 = First quartile; Q3 =Third quartile.

Mean and standard deviation were calculated from the sample of urban cores; not only
from the affected cores, but also from all the urban cores within the selected municipality
have been used, in order to be able to graduate their importance. Table 7 shows how the
vulnerability of the cores is categorized according to size.

Table 7. Delimitation of thresholds to establish the degree of vulnerability.

Criteria for the Classification of Urban Categorization of Urban Cores According to
Cores Their Population Size
Mean — 1 standard deviation Low
Mean + 1 standard deviation Moderate
Mean + 2 standard deviation High

Before determining the vulnerability of the cores involved, the degree of isolation of
those cores must be determined:

Partial isolation: This is defined as the partial isolation of those population centers in
which some of their accesses are blocked by flooding. In these cases, alternative accesses
are always available, even if this means following longer and more inefficient routes.

Total isolation: This is defined as the total blocking of roads that give access to the
urban core, regardless of whether the urban core is flooded.

e  Step 3: Establishing the degree of vulnerability of the affected territorial elements.

As shown in Table 8, the combination of the degree of isolation (totally or partially
isolated) of the nearby urban cores linked to the area affected by the flood is combined with
the categorization of the urban cores according to the population found in each of them.



Land 2022, 11, 277 10 of 24

Table 8. Degree of vulnerability.

Gradation of Affected Population

Low Medium High
High Very high Very high .
vulnerability vulnerability vulnerability Totally isolated Degree of
Moderate High Very high Partially isolation
vulnerability vulnerability vulnerability isolated

Very high vulnerability: Urban cores with a medium and a high number of affected
people under a total isolation scenario, as well as urban cores with a high number of
affected people who are partially isolated.

High vulnerability: Two scenarios are included within this category. On the one hand,
low populated areas whose degree of isolation is total, and urban cores with moderate pop-
ulation density and that are partially isolated. In the latter scenario, it must be understood
that, despite being only partially isolated, the situation affects a much larger population.

Moderate vulnerability: This category includes areas with low population concentra-
tion and a certain degree of partial isolation.

A flow diagram is presented below (Figure 3) as a methodological summary, in
which the necessary sources of information and the procedure carried out for the map are
presented.

A4

[

‘ Orthophotography
— ™ ’ H ' (PNOA) P

Y —— T

Photointerpretation

Database linking Number of inhabitants e
pegafiecialporedation insulation grade
: _ centers

) l
- l > | Spatial statistics and
Coding according to ‘ classification by
degree of vulnerability population volume

l

e + ———
(@€ FINALDATASET

Degree of vulnerability of
affected population centers

Figure 3. Flow chart of the methodology developed for the map entitled “Population outside the
flooded area that may be isolated by cuts in access roads, according to its degree of isolation”.
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2.4.3. Map of the Main Workplaces with Concentrations of Population Likely to Be Isolated
(Industrial, Services) According to Their Degree of Isolation

The objective of this map is to identify all the workplaces (commercial, industrial,
public services, etc.) that concentrate population due to the nature of their activity, in order
to estimate their vulnerability according to their size and capacity to crowd people, and the
degree of isolation of the affected territorial elements.

e  Step 1: Selection of territorial units involved in the development of the map.

The first step is to download and select the XML mapping data, in ATOM files, of the
buildings within the study area from the INSPIRE Cadastral Mapping Service. The files are
processed in Geography Markup Language (GML) format and transformed into shapefile
(.shp) formats, so that they can be geoprocessed in GIS.

The urban cores that are linked to the area directly affected by flooding must be selected
from the DERA database. This procedure has been carried out through photointerpretation
and by investigating the territorial links of the urban cores surrounding the affected area.
The selection of urban cores has been based on the possibility that the flood will cut the
access roads to the nearby cores, assuming the total or partial isolation of the main work
centers located in these adjacent cores.

Finally, once the urban cores have been selected, all the cadastral buildings within
them must be selected.

e  Step 2: Territorial elements selected and their degree of damage because of flooding.

First, all the land uses of the buildings that are reported in the alphanumeric database
of the Cadastre were listed and identified, in order to select which of them belong to the
land uses related to work centers. To this end, all the potential land uses of the buildings
have been downloaded from the Cadastre, and those land uses linked to working activities
have been highlighted, as shown in the following Table 9:

Table 9. Classification of land uses in buildings.

Code Use

Warehouse—Parking
Residential
Industrial
Offices
Commercial
Sporting
Performing arts
Leisure and hospitality
Health and wellness
Cultural
Religious
Urbanization and landscaping works,
undeveloped land
Singular building
Farm warehouse
Agrarian industrial
Agrarian

N—xm~w Z WHn=<0-a="00—<»

The land uses considered in the analysis are highlighted in orange.

Once the uses related to work activities have been identified, it is necessary to down-
load the alphanumeric data of the selected municipality from the virtual Cadastre, and then
select the type 15 category: Real Estate Registry, where all the land uses of the buildings
are included.

A database that integrates all the cadastral references that are involved is created.
Once the database has been obtained, it should be related to the type 15 category and then,
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all the affected cadastral references with all the land uses must be selected. After following
this procedure, a new general spatial database is generated.

Selections and filters are applied to the spatial database to obtain the types of uses for
each cadastral reference within the study area. By following this workflow, it is possible
to generate a database with all the potential land uses existing in the study area. It is
important to clarify that the same property can have several land uses within a building,
so it is important to perform all these steps in order to be able to obtain a coherent and
complete spatial database.

e  Step 3: Categorization of workplaces.

In this step, the method aims to obtain the surface area of each immovable property
and to classify the work centers according to the area occupied by each of them. After
fieldwork and research of the different databases, the following thresholds have been
established for the classification of immovable property according to its surface area:

e  Small workplaces: 0-50 m?,
e  Medium-sized workplaces: 50-500 m?,
e Large workplaces: >500 m.

Depending on the degree of damage generated by the flood, the following three levels
are considered.

Flooded: All the workplaces are directly affected by the flood. Since this loss of
accessibility is complemented by material damage, it is the most serious situation in terms
of establishing the ultimate degree of vulnerability.

Total isolation: Workplaces are outside the flooded area but located within the af-
fected urban core or within the adjacent urban cores and suffering a total blockade of the
roads. The situation is critical, as it makes it impossible for these workplaces to function,
although it would not imply material losses. It is estimated that this scenario could last an
indeterminate period after the catastrophic episode, until access is fully restored.

Partial isolation: The rest of the workplaces are outside the flooded area, but located
within the affected urban core or at nearby cores, where some of their access routes are
blocked. In these cases, a partial loss of connectivity is generated but does not prevent the
access of workers to the affected area. Therefore, these scenarios are harmful, but they do
not imply material damage, since they would only cause a malfunction of the urban system
during the flood.

e  Step 4: Establishing the degree of vulnerability of the affected territorial elements.

The calculation of the degree of vulnerability of workplaces is related to their size,
and, therefore, to their importance, but it is also related to the degree of isolation, as shown
in the following matrix, Table 10.

Table 10. Degree of vulnerability.

Size of the Workplace
Small Medium Large
Very high Very high Very high A
vulnerability vulnerability vulnerability Flooded in situ
High Very high Very high . Degree of
vulnerability vulnerability vulnerability Totally isolated isolation
Moderate High Very high Partially
vulnerability vulnerability vulnerability isolated

Very high vulnerability: Workplaces that are totally flooded and medium or large
workplaces with total isolation are considered. In addition, very large workplaces with
partial isolation are included in this category.
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High vulnerability: This category includes small workplaces totally isolated and

medium-sized workplaces partially isolated.

Moderate vulnerability: This includes small workplaces with partial isolation.

A flow diagram is presented below (Figure 4) as a methodological summary, in
which the necessary sources of information and the procedure carried out for the map

are presented.

Population centers

v

Orthophotography
(PNOA)

Alphanumeric data
(Spanish Cadastre)

Buildings (Spanish
Cadastre)

> DATASET

FINAL DATASET

Degree of vulnerability of
affected population centers

Figure 4. Flow chart of the methodology developed for the map entitled “Main workplaces with
concentrations of population likely to be isolated (industrial, services) according to their degree

of isolation”.

3. Results
3.1. Mapping the Population Likely to Be Isolated within the Flooded Area

The final statistical sample, without outliers, was 346 buildings. The results of the
affected population and its degree of damage are shown in Table 11:
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Table 11. Classification thresholds according to the size of the population affected by building.

Mean (+) Standard Number of Population

Classification Thresholds

Deviation Affected
Mean (2.5 inhab. /building)
—1 standard deviation <2.5 inhab. /building Low

(3.5 inhab. /building)

Mean (2.5 inhab. /building) +1
standard deviation 2.5-6 inhab. /building Moderate
(3.5 inhab. /building)

Mean (2.5 inhab. /building) +2
standard deviation >6 inhab. /building High
(7 inhab. /building)

Based on the established thresholds, the mapping results are analyzed below in
Figure 5:

0

LEGEND

3 CQ Flooded area (FA)

| Isolation degree
{ . 1solated

Flooded
. Flooded and isolated
Vulnerability degree (the rest of the floors isolated)

No population
Moderate

: % Very highly vulnerable

Vulnerability degree (flooded ground floors)
. No population

\| 7. Highly wuinerable

“ Very highly vulnerable

N

Figure 5. Diagnostic map of the population likely to be isolated within the flood area. Boxes A and B
indicate zooms that are developed below.

As it can be interpreted from the area shown in blue, it is observed that most of the
area covered by the sheet of water is located on the right bank of the river. This area belongs
to Campanillas, where the land has been urbanized to the edge of the usual riverbed. The
sheet of water covers about 500 m towards Campanillas. This is the most populated area
in this stretch of the river, with both single and multi-family houses. Fortunately, the
population density is not very high, since the buildings are predominantly single-family,
while the multi-family houses have two floors.

In order to be able to analyze in more detail the case of Campanillas, two areas of this
core have been magnified (Figures 6 and 7).
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LEGEND
cs Flooded area (FA)

solation degree
{7 Isolated
Flooded
Flooded and isolated
Vulnerability degree (the rest of the floors isolated)
25 ; No population
helk Moderate
T &' | %, Highly wuinerable
v 8 % Very highly vulnerable
. ulnerability degree (flooded ground floors)
| "', No population
“ Highly vulnerable
“ Very highly vulnerable
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Figure 6. Zoom A on the diagnostic map of the population with the possibility of being isolated
within the flooded area.

LEGEND
Cs Flooded area (FA)
Isolation degree
| 7 1solated
Flooded
Flooded and isolated
Vulnerability degree (the rest of the floors isolated)

Vulnerability degree (flooded ground floors)
" No population

“ Highly vulnerable
“ Very highly vulnerable

Figure 7. Zoom B on the diagnostic map of the population with the possibility of being isolated
within the flooded area.
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In this area of the flooded western edge (Figure 6), a predominantly residential area
is observed, with a mixed morphology of single-family and multi-family dwellings. In
orange, single-family dwellings are observed, with moderate vulnerability because of the
low population. In red, the townhouses that accumulate more population in a smaller area
are highlighted. Regarding the multi-family houses, two scenarios can be highlighted. In
orange, with violet limits, houses where the affected ground floor is residential and, in
gray, those cases in which the ground floors have other land uses, commercial being the
most common one. Additionally, by paying attention to the urban fabric, it is observed that
vulnerability of multi-family houses ranges from moderate to very high, depending on the
number of people affected.

This capture of the affected area closest to the river (Figure 7) shows the predominance
of moderate vulnerability as a consequence of horizontal urbanism. Even so, it is also
observed that there are more vulnerable multi-family dwellings in the eastern part, close to
the river.

3.2. Diagnostic Mapping of the Population Susceptible to Being Isolated by Cuts of Roads Outside
the Flooded Area

The final statistical sample, without outliers, was 18 urban cores. The categorization
of the urban cores according to their population is shown in Table 12:

Table 12. Categorization of urban cores according to their total population.

Criteria for the Classification of Urban Cores Categorization of Urban Cores According to Population Size
Mean (2800) — 1 standard deviation (3600) < 2800 inhab. Low
Mean (2800) + 1 standard deviation (3600) = 2800 to 6400 inhab. Moderate
Mean (2800) + 2 standard deviation (7200) > 6400 inhab. High

Based on the intervals, the degree of vulnerability of the urban cores is analyzed
(Figure 8):

LEGEND
m Flooded area (FA)

™\ Roads close to urban cores
Insolation degree
Partial
Total
ffected amount of population (inhab.)
TR Low (=<2800)
93, Moderate (2800 to 6400)
8, High (>6400)
ulnerability degree
P Moderate
“ Highly vulnerable
g “ Very highly vulnerable
L

Figure 8. Diagnostic map of the population likely to be isolated by cuts of roads outside the
flooded area.
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Following a decreasing order, Campanillas is the most vulnerable urban core to a
potential flood, since the A-7054, which crosses the river in this area, serves as a connection
with Malaga City. Therefore, it being cut off would disconnect the affected area and the
area that has most of the resources to deal with a natural disaster. In addition, Campanillas
is the area with a larger population, which increases its vulnerability to flooding.

In addition, the flooded area would disconnect Campanillas from other villages located
on the other side of the river. These villages have a strong link with Campanillas, but the
degree of isolation is lower in Huertecilla de Mafias and Pilar del Prado, which would
maintain their connection with Malaga City through the secondary road A-7058. For this
reason, and due to its small size, its vulnerability is moderate. The scenario is worse in
Colmenarejo (to the north), which is not directly affected by floods, but would be isolated
by the flooding of the secondary road, so its vulnerability is moderate.

3.3. Mapping of the Main Workplaces with Population Concentrations Likely to Be Isolated

The map of workplaces is analyzed below in Figure 9. In order to observe in greater
detail the accuracy of the methodology tested in the study area, areas A and B have
been selected:

LEGEND
Flooded area (FA)
Isolation degree
(% Partially isolated
Totally isolated
(23 Fiooded
Size of the workplace
Small
Y, Medium
B Large
Vulnerability degree
Type of workplace

(" Agrarian - Moderate vulnerability

" Agrarian - High vulnerability

@& Agrarian - Very high vulnerability
§mhw

', Sanitary - Moderate vulnerability

" Sanitary - High vulnerability

@& Ssanitary - Very high vulnerability
Office

("% Office - Moderate vulnerability

@ Office - High vulnerability

@@ Office - Very high vulnerability
Industry

% Industry - Moderate vulnerability

7 Industry - High vulnerability

@€ industry - Very high vuinerability

Commerce
«:}3 C M F bility
®®% Commerce - High vulnerability
[ Xe - Very high vulnerability
Hostelry

®% Hostelry - High vulnerability
@@ Hostelry - Very high vulnerability
(' Residential (not evaluated)

Figure 9. Diagnostic map of the main workplaces with population concentrations likely to be isolated.
Boxes A and B indicate zooms that are developed below.

A quick diagnosis of the areas with the highest concentration of workplaces and their
potential isolation can be obtained. In general terms, it also makes it possible to identify the
distribution of economic activities by type. It can be observed that at both the southern and
northern limits of the flooded right bank (Campanillas) there is a higher concentration of
workplaces, while on the left bank, the main conflictive area is located in the isolated urban
core to the north of the study area. Then, several snapshot are shown in order to allow
observing the information at a larger scale, especially vulnerability. It must be remembered
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that this methodology is designed to be displayed using a viewer that allows avoiding
scale issues of classical maps.

In the case of Colmenarejo (Figure 10), as previously observed, vulnerability lies in
the potential isolation situation. Because of their rural nature, the affected workplaces
are mainly agricultural (green), although some medium-size and large commercial and
industrial activities are also observed, which implies a high vulnerability. On the other
hand, it is observed that the density of workplaces is low, which reduces the vulnerability
of the area.

| LEGEND
CZ3 Flooded area (FA)
Isolation degree
) Partially isolated
Totally isolated
(23 Flooded
Size of the workplace
Y, Wedium
8 Large
Vulnerability degree
Type of workplace
Agrarian
"', Agrarian - Moderate vulnerability
', Agrarian - High vulnerability
@& Agrarian - Very high vulnerability

(', Sanitary - Moderate vulnerability

. Sanitary - High vulnerability

@& Ssanitary - Very high vulnerability
Office

", Office - Moderate vulnerability
O office - High vulnerability
@@ Office - Very high vulnerability

. Industry - Moderate vulnerability
. Industry - High vulnerability

@@ industry - Very high vulnerability
" Eommm

. ", Commerce - Moderate vulnerability
@€ commerce - High vulnerability
@®% Commerce - Very high vulnerability
- Hostiy :
" Hostelry - Moderate vulnerability
@% Hostelry - High vulnerability
“ Hostelry - Very high vulnerability
"

*, Residential (not evaluated)

)

Figure 10. Zoom A on the diagnostic map of the main workplaces with population concentrations
likely to be isolated.

Next to the edge of the flooded area in Campanillas, a high density of workplaces is
displayed (Figure 11). To the right of the image, those that are directly affected by the flood,
while to the left, those that would suffer only partial accessibility problems, since there are
alternative accesses. Medium and large workplaces predominate in all the areas, which
increases their vulnerability, and given that Campanillas is a big urban core, economic
activities associated with industry, administration and the commercial sector are common.
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LEGEND
C3 Flooded area (FA)
‘ Isolation degree
X Partially isolated
Totally isolated

(23 Fiooded
s

Y, Medium
& Large
Vulnerability degree

Type of workplace
. Agrarian

Moderate vulnerability
- High vulnerability
ian - Very high vulnerability

- Moderate vulnerability
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Figure 11. Zoom B on the diagnostic map of the main workplaces with population concentrations
likely to be isolated.

4. Discussion

The analysis of the results obtained confirms the usefulness of the proposed methodol-
ogy. Unlike other methods that assess vulnerability to flood hazards at medium and lower
scales [64—67], the scale of the proposed methodology reaches the basic urban unit (build-
ing), like some previous studies [68-71]. In this case, the population is split to estimate
more accurately the impact of the flood according to its degree of damage. A distinction
is made between those who live on the ground floor, directly affected by flooding, with
potential human and material losses, and those who live on the upper floors, who would
only be affected by isolation. This phenomenon is reflected in Figures 6 and 7, which show
different scenarios that lead to the generation of different degrees of vulnerability of the
buildings depending on their location (first floor or any other).

Another contribution of this study compared to other methodologies is the capacity to
combine degrees of isolation with population size. The method not only takes into account
the size of the population, but also evaluates the accessibility of the urban core, measuring
its degree of isolation, which allows combining both variables and improving the estimated
vulnerability. This is exemplified in Figure 8, where Colmenarejo is totally isolated, with
a medium-sized population, as opposed to Campanillas, which is flooded and partially
isolated, but with a larger affected population. Kim [60] conducted a similar analytic study,
and obtained similar results in Japan. Previously, other studies more focused on the concept
of accessibility than on the degree of isolation were carried out, such as that by Beltran
et al. [49], who analyzed in a simpler way accessibility through the interpretation of aerial
images, and classified it as “good” and “moderate or poor”; or the study by Cova [47], who
used a GIS to simulate evacuation routes as a measure to assess vulnerability. This approach
is closer to reality, since it considers that an urban core can only be highly vulnerable when
it is isolated and has a high population size.

Another contribution of the present research is the analysis of workplaces during a
flood event. Figures 10 and 11 distinguish between isolated and flooded areas, taking
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into account the different land uses and associated economic activities. The resident and
working population have been split in order to identify different problems of vulnerability,
since their needs have to be addressed on a case-by-case basis. Indirectly, it is possible
to estimate the problems caused by commuting and the related increase in vulnerability
from a risk perspective. Similar mobility problems have been analyzed in other studies,
although following a more temporal, rather than spatial perspective [67].

A final contribution of this study is the classification of isolated urban cores based
on their residential or working uses, since they have characteristics that induce different
degrees of vulnerability. Once established, this methodology proposes to quantify the
number of workers in each of the areas classified as isolated. The difficulty lies in the
lack of open-access spatial databases to enable the assessment of the workforce, hence the
proposal for indirect estimation based on the size of the workplace. The replicability of this
methodology could be more accurate where public databases are available, as is the case of
the Directorio Estadistico Nacional de Unidades Economicas (DENUE) in Mexico.

The results are categorized according to the degrees of magnitude that fit to the
study area. Therefore, the parameters would be different in other study areas, since a
new scale would be needed depending on the local data. This problem is highlighted by
Perles [4] regarding the studies that address territorial or sectoral vulnerability (physical,
social, economic, etc.). In order to deal with this problem, the selected variables must be
standardized, something that has been deeply analyzed in social vulnerability studies [31].
The problem in this type of approaches lies in the intrinsic vulnerability to the natural
phenomenon: the flood of a river with a large basin is not the same as the flood of a
gully. As Birkman and Wisner [28] and Eaking and Luers [72] observed, aspects such as
adaptation to the local scale, the selection of common indicators, the weighting of these
indicators and the algorithm used for standardization are aspects still to be agreed.

From a cartographic point of view, the results have the advantage of reaching a
large scale. In fields such as flood risk management, the use of a large and detailed scale
is essential in order to improve the accuracy when interpreting the potential territorial
consequences or applying measures that are adapted to the specific vulnerability of the
study areas. The format and resolution of the maps ease its addition to any digital viewer,
either for displaying (e.g., cartographic viewers) or with a higher level of interaction,
such as dashboards that allow multiscale and real-time work and enhance accessibility to
authorities and stakeholders. Linked to other risks, some examples of this type of map
have been successfully applied, such as in mapping the earthquake that took place in Lorca
(Spain) in 2011 [73].

The proposed methodology for assessing vulnerability issues related to the isolation
of the population is a proposal for improving the maps of the Andalusian Government
for the flood risk management of the Mediterranean Andalusian Basin, required by the
EU Water Framework Directive 2007/60/EC. Nevertheless, the addition of this type of
detailed map would imply an improvement in the characterization of the vulnerability
of the ARPSI used in these studies. In order to verify the contributions of this study, the
ARPSI of the Guadalhorce River has been selected, specifically the one of its tributaries, the
Campanillas River.

The option of replicating the methodology is determined by the quantity and quality
of the geographical spatial database available from public administrations. Within the
framework of the European Union, the INSPIRE Directive forces the state members to
develop geo-referenced data, enabling the replicability of such methodologies. However,
this may be a constraint in developing countries, which lack spatial databases at large scale.

5. Conclusions

It is shown that the area of the Campanillas district has a high degree of vulnerability
to the risk of flooding. This peri-urban zone is an area of expansion in which the floodplain
of the Campanillas River has been occupied. As a result, as has been verified in this study,
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the high vulnerability areas due to isolation include buildings used for residential and
economic activities.

The methodological proposal provides detailed results at a local scale, so it may be
considered as a highly useful tool for flood risk managers. This scale enables them to
implement specific measures in each affected area, with the possibility of hierarchically
prioritizing the actions, instead of applying generic measures that can lead to an inefficient
use of public resources and their inaccurate application.

As previously indicated, within flood risk assessment there is a prevalence of hazard
regarding vulnerability. This research shows that, just as in the case of hazard, a deep
and detailed knowledge of vulnerability and its associated problems leads to a better
management of flood risk. From the flood risk management point of view, it becomes a
powerful tool for the implementation of preventive measures that has to be included in
local emergency plans. On the other hand, these tools should be integrated into territorial
and urban planning, which would mean a conceptual step forward thanks to the addition
of vulnerability, and it would avoid the mere characterization of risk only based on hazard
values (i.e., flooded area, height of the sheet of water or flow velocity).

The methodology should be subject to a periodic update, taking into account the
current trends in climate change, where episodes of torrential rainfall are becoming more
intense and frequent and they generate larger flood zones. The occurrence of new flood
episodes with a larger sheet of water would require updating the hazard maps and, as a
result, the assessment of vulnerability problems that damage the new flooded areas. This
scenario not only concerns the proposed method, but also any other proposal related to
other natural risk assessments. Another limitation of the methodological proposal lies in
the difficulty of assessing the isolation of the population according to their characteristics:
age, disability or disease conditions, economic capacity, etc. The Spanish Organic Law
3/2018 of 5 December, on Personal Data Protection, based on the European Directive (EU)
2016/680, prevents access with this scale of detail to demographic and socioeconomic
data. Finally, it would be necessary for public administrations to recurrently review the
methodology in order to update, improve and adapt it to reality. However, the functioning
of public administrations may have limitations, both from an instrumental and economic
point of view, which is beyond the scope of this study’s methodological proposal.

This study highlights that the development of tools for the evaluation of the specific
issues of vulnerability when facing flood hazard has a high potential both for urban
planning and for the integral management of the risk of flood. Although this study
focuses on the isolation of the population and its vulnerability to flooding, there are
numerous issues related to vulnerability [4] that may be addressed, which would require
new methodological tools such as the one proposed and tested in this research.
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