
Citation: Rilo, A.; Tavares, A.O.;

Freire, P.; Zêzere, J.L.; Haigh, I.D.

Improving Estuarine Flood Risk

Knowledge through Documentary

Data Using Multiple Correspondence

Analysis. Water 2022, 14, 3161.

https://doi.org/10.3390/w14193161

Academic Editor: Michalis Diakakis

Received: 19 August 2022

Accepted: 28 September 2022

Published: 7 October 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/).

water

Article

Improving Estuarine Flood Risk Knowledge through
Documentary Data Using Multiple Correspondence Analysis
Ana Rilo 1,2,*, Alexandre Oliveira Tavares 3 , Paula Freire 1, José Luís Zêzere 2,4 and Ivan D. Haigh 5

1 LNEC—National Civil Engineering Laboratory, Estuarine and Coastal Zones Unit, Avenida do Brasil 101,
1700-066 Lisbon, Portugal

2 Centre of Geographical Studies, Institute of Geography and Spatial Planning, Universidade de Lisboa,
Edifício IGOT, Rua Branca Edmée Marques, 1600-276 Lisbon, Portugal

3 Centre for Social Studies and Earth Sciences Department, Coimbra University, Rua Sílvio Lima, Pólo II UC,
3030-790 Coimbra, Portugal

4 Associate Laboratory TERRA, Instituto Superior de Agronomia, Tapada da Ajuda, 1349-017 Lisbon, Portugal
5 School of Ocean and Earth Sciences, National Oceanography Centre, University of Southampton,

Southampton SO14 3ZH, UK
* Correspondence: arilo@lnec.pt; Tel.: +351-218-44-3429

Abstract: Estuarine margins are usually heavily occupied areas that are commonly affected by
compound flooding triggers originating from different sources (e.g., coastal, fluvial, and pluvial).
Therefore, estuarine flood management remains a challenge due to the need to combine the distinct
dimensions of flood triggers and damages. Past flood data are critical for improve our understanding
of flood risks in these areas, while providing the basis for a preliminary flood risk assessment, as
required by European Floods Directive. This paper presents a spin-off database of estuarine flood
events built upon previously existing databases and a framework for working with qualitative past
flood information using multiple correspondence analysis. The methodology is presented, with steps
ranging from a spin-off database building process to information extraction techniques, and the
statistical method used was further explored through the study of information acquired from the
categories and their relation to the dimensions. This work enabled the extraction of the most relevant
estuarine flood risk indicators and demonstrates the transversal importance of triggers, since they are
of utmost importance for the characterization of estuarine flood risks. The results showed a relation
between sets of triggers and damages that are related to estuarine margin land use, demonstrating
their ability to inform flood risk management options. This work provides a consistent and coherent
approach to use qualitative information on past floods, as a useful contribution in the context of
scarce data, where measured and documentary data are not simultaneously available.

Keywords: estuaries; floods; database; historical sources; flood risk management

1. Introduction

Estuaries are complex areas located at the confluence of rivers and seas, which are often
low-lying and densely populated, and where multiple flood triggers can occur simultane-
ously, increasing the flood hazard risk [1]. Estuarine flood risk assessment and management
are challenging tasks, since they depend on the simultaneous knowledge of both triggers
and their related compounding effects [2–4], along with diverse impacts that are dependent
on the increasingly inhabited and urbanized nature of estuarine margins [5–7].

Documentary sources play a significant role in the obtaining of information on past
flood triggers and damages [8]. Information on triggers is usually used to inform flood
frequency analyses and flood model validations, particularly to assess events that occurred
before the instrumental period [9,10]. However, forms of documentary information, ranging
from newspapers to reports, are particularly useful in efforts to collect information on
damages, since these types of sources commonly provide information on a local scale,
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with detailed descriptions and details of damage accountability, improving natural hazard
inventories [11,12] and flood hazard model validations [13].

Information extracted from documentary sources is frequently organized into databases
to assure consistency and support queries and statistical analysis. Regarding natural haz-
ards, a large number of databases exist, with different inclusion criteria, ranging from the
multinational scale, such as EM-DAT (https://www.emdat.be/, accessed on 18 June 2022),
to the national scale [14,15]. Flood damage databases are useful, since they provide post-
event information, enabling analysis to support the flood response and management, spatial
planning options and risk management strategies [16].

Flood risk management is mostly conducted by public authorities and involves various
steps. In the European context, the European Floods Directive (2007/60/EC) established
a framework for the assessment and management of flood risks, including a preliminary
flood risk assessment, which is the first screening exercise used to identify flood risk areas
based on historic records. Therefore, the existence of past flood records compiled and
organized in databases is of the utmost importance. This importance is recognized by the
European Environmental Agency, which launched, in collaboration with other European
authorities, the project of creating a potential flood impact database [17].

The assessment of past impacts is challenging, since management authorities usually
do not collect this information for long-term monitoring purposes in a systematic and
coherent manner. Furthermore, past flood event information, especially that related to
damages, is scattered across different sources, namely newspapers, media and diverse
public authorities, ranging from environmental to civil protection agencies and from the
national to local scales [18]. Other constrains are related to the effort required to collect and
gather documentary sources, along with the lack of a consistent methodology that can be
used to deal with qualitative information and different data sources [18]. However, some
efforts were made to introduce quality and uncertainty assessments into the analysis of
disaster loss data [19,20]. Despite the abovementioned constraints on our ability to deal
with qualitative and diverse documentary information, case studies with scarce past flood
data can benefit from the use of documentary sources and improved methodologies.

Qualitative data analysis can be performed using several methods, ranging from clus-
ter analysis to principal component analysis, depending on the study goals and type of data.
Multiple correspondence analysis (MCA) is a multivariate statistical analysis method appro-
priate for dealing with multiple variables of a nominal categorical type [21,22]. The method
allows investigators to interpret underlying relations between multiple variables and has
been applied in different scientific fields, ranging from environmental studies [23,24] to
safety research [25]. The procedure involves transforming qualitative data through a pro-
cess of quantification, generating optimal quantifications (also called optimal scaling) of
each category and object [22] This paper is based on a previously published database of
estuarine flood occurrences [20,26] and a database of flood events [27]. The paper describes
a spin-off database of estuarine flood events built on the abovementioned three databases
and presents an innovative methodology that can be used to deal with qualitative informa-
tion on flood event damages. This information was mainly retrieved from documentary
sources and enables the collection of estuarine flood damages and triggers on a local scale.
The objectives of the paper are to: (1) present a methodology that applies to qualitative estu-
arine flood information, taking advantage of multiple data source types; (2) obtain general
indicators of estuarine flood damages and triggers based on local contexts; and (3) discuss
the benefits and challenges related to the use of qualitive information. The structure of
the paper is as follows: Section 1 presents the case study contexts, Section 2 describes the
methods used, Section 3 presents the results, Section 4 offers an overall discussion of the
results and Section 5 presents the main conclusions.

1.1. Case Studies: Geographic and Territorial Contexts

There is no single, unanimously adopted definition of an estuary [28–30]. The defi-
nition adopted in this study follows the one proposed by Davidson et al., (1991) [31] that

https://www.emdat.be/
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states: “An estuary is a partially enclosed area of water and soft tidal shore and its surroundings,
open to saline water from the sea and receiving fresh water from rivers, land run-off or seepage”.
Here, we chose three different estuaries located along the western European coast as case
studies due to their contrasting characteristics and flood record and data availability. The
three estuaries are the Tagus Estuary (Portugal), the Shannon Estuary (Ireland) and the
Solent Estuary (United Kingdom), and these are described in more detail below.

1.1.1. The Tagus Estuary (Portugal)

The Tagus Estuary is located on the Portuguese western coast, shaped by an energetic
wave regime and affected by storm surges that increase in the direction from south to
north [32], with an extensive flood record [5]. The estuary has a narrow and deep inlet
channel and an extensive shallow inner domain, which promotes tidal range amplification
due to resonance [33] and simultaneously constrains the propagation of oceanic waves
entering into the estuary. Nevertheless, the unique inner domain geometry favors local
wind wave generation [34]. Tides range between 0.55 and 3.86 m in the open coast (Cascais
tide gauge), being amplified in the estuary interior due to resonance [33].

The main fluvial discharge into the estuary comes from the Tagus River, and fluvial
discharge may influence the water levels, particularly in the upstream area [35]. The
extreme water levels that promote estuarine margin inundation have two main origins:
(1) storm surge conditions (low atmospheric pressure and strong winds) combined with
high spring tides; and (2) extreme Tagus and Sorraia River discharges. Nowadays, the
estuarine margins are densely occupied, with an extensive urban fabric in both margins,
along with industrial, commercial and transport units framing the major metropolitan area
of Portugal, with a resident population of more than 3 million people [36]. Upstream, the
south margin is formed of heterogenous agriculture areas and pastures (Figure 1). The
margins are connected by two bridges, and the daily commuting by road, train and boat
is intense. Public and private businesses and critical infrastructures are located near the
margins, which are served by a dense road network. There is a set of historical records of
flood events with multiple types of impacts. Significant floods include those of 15 February
1941, 2 November 1997 and, more recently, February 2010 [5,37,38].

Figure 1. Tagus Estuary geographical context (right panel). Land use cover map retrieved from Corine
Land Cover 2018, level 2 disaggregation, with the color scheme chosen by the authors (left panel).
© European Union, Copernicus Land Monitoring Service 2018, European Environment Agency (EEA).
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1.1.2. The Shannon Estuary (Ireland)

The Shannon Estuary (Figure 2) is located on the west coast of Ireland, shaped by
an extremely energetic wave regime. Since Ireland’s west coast is particularly exposed to
atmospheric depression tracks, storm surge events are frequent [39], causing floods [40].
The estuarine area encompasses the lower sections of Shannon River between the city
of Limerick and the ocean, as well as the River Fergus small estuary, located south of
Clarecastle. The estuarine inner section is located east and north of Foynes Island, while
the outer section includes the area between Foynes Island and Loop Head [41].

Figure 2. Shannon Estuary geographical context (right panel). Land use cover map retrieved from
Corine Land Cover 2018, level 2 disaggregation, with the color scheme chosen by the authors
(left panel). © European Union, Copernicus Land Monitoring Service 2018, European Environment
Agency (EEA).

The main fluvial discharge into the estuary comes from River Shannon [42], followed
by the Rivers Fergus, Maigue and Deel. The estuary is macrotidal and has the largest tidal
range along the Ireland coast [43]. Water depths vary between 37 m (estuary mouth) and
19 m (Fergus confluence), being less than 5m in Limerick, located around the upstream part
of the estuary [42]. The mean high water spring tide is ca. 5.44 m (OD, relative to ordnance
datum) and the mean high water neap tide is ca. 4.04 m (OD) at the Limerick Docks [41].

Nowadays, the occupation of the estuarine margins consists mostly of agricultural
areas (pastures), with ports (Foynes) and industrial facilities, along with dispersed small
villages (Figure 2). The city of Limerick is the major urban center, with a population in 2016
of ca. 94 thousand people, followed by Ennis, with ca. 25 thousand [44]. The only bridges
connecting the two margins are in the city of Limerick, and the small villages along the
estuary margins are linked by a network of national and municipal roads. The region is
served by the Shannon international airport, located in the estuarine margin.

Previous studies demonstrated that there is a set of historical records of flooding with
multiple types of impacts. Significant floods include those of 24 and 25 December 1999 and,
more recently, the 1 February 2014 [38,40].

1.1.3. The Solent Estuary (United Kingdom)

The Solent on the south coast of the UK is a complex estuarine system composed of
an estuarine strait (Southampton Water) comprising 12 separate small estuaries [45,46],
located between the south coast of England and the Isle of Wight in the English Channel.
Although sheltered by the Isle of Wight from south-westerly waves, the Solent is affected
by storm surges of heights of up to 1 m, caused by atmospheric depression tracks moving
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from the Atlantic eastward, along with small surges coming from the North Sea region,
which promote flood events [8,47].

Although the twelve small estuaries contribute to fluvial discharge, the Rivers Test
and Itchen at the head of Southampton Water account for about 45% of the total inflow into
the Solent [48]. The Solent is a mesotidal system, recognized as having complex tides, with
a young flood stand and double high waters, which are especially noticeable during spring
tides [47]. The mean spring tide ranges between 2 m in the west to ca. 4 m in the east [46],
and the water depths favor navigation and vary between 20 m in the more open water and
60 m near Hurst Castle (Hurst Spit) [48].

The Solent margins are densely populated, with up to 1.4 million people living on its
margins [49], creating a dense urban fabric along with industrial, commercial and transport
units (Figure 3). Southampton and Portsmouth are the major cities, both of which have
relevant industrial and port facilities linked with commercial, cruise and shipbuilding
activities, along with passenger operations and recreational sailing [45,49]. Major cities and
villages are connected by an extensive network of primary and secondary roads.

Figure 3. Solent estuarine system geographical context (right panel). Land use cover map retrieved
from Corine Land Cover 2018, level 2 disaggregation, with the color scheme chosen by the authors
(left panel). © European Union, Copernicus Land Monitoring Service 2018, European Environment
Agency (EEA).

The Solent estuarine system has a set of historical records of flooding with mul-
tiple types of impacts. Significant events include those of 13 and 14 December 1981,
6 to 8 April 1985 and, more recently, 10 March 2008 [27,38,47].

2. Methods

Documentary sources are analyzed through a systematic procedure of reviewing and
the evaluation of the sources of information aimed at gaining an understanding and devel-
oping knowledge [50]. The procedure involves examination, reading and interpretation,
being an interactive process of content analysis [50]. Due to their structured nature and
requirements, databases provide the ideal instrument with which to store and organize
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information according to a previously defined structure, being widely used on the local
and national scales.

For clarity, the concepts used throughout this study are presented here. The spin-
off database refers to the common database built within the scope of this study for the
three estuaries based on previously compiled sources. Unstructured sources refer to
previously compiled stand-alone documents consulted in order to extract information
about the estuarine flood events included in the spin-off database. Structured sources
refer to previously built databases that were used to extract information for the spin-off
database’s creation.

2.1. From Documentary Sources to an Estuarine Flood Events Database

To achieve a comprehensive collection of information on the flood events involving the
three estuarine systems, different sources were used for each estuary, and these are listed in
Table 1. The construction process of one common flood event database (spin-off database)
started with the identification and selection of sources (Figure 4). The identified sources are
divided into unstructured (previously compiled stand-alone documents) and structured
(other databases), following the approach of [51]. For the Tagus and Shannon Estuaries, a
database of flood occurrences was previously built [20,26]. For clarity, the reader should
note that an occurrence is defined as a geographically defined place described in the
consulted sources as being affected by estuarine flooding, regardless of its severity [20].
Based on those occurrences, a merging process was carried out in order to obtain a set of
events (Figure 4). Events form the basis of the analysis presented herein and are defined
as a set of occurrences sharing the same date or defined in the sources as belonging to the
same flood episode.

Table 1. Documentary sources and typology for each estuarine system. Number of events and
temporal coverage by estuarine system.

Estuarine System Data Source Providers Source Typology Events (n) Temporal Period
(Years)

Tagus
DISASTER project; National Authority

for Emergency and Civil Protection
(ANEPC); Lisbon Port Authority

Mainly national newspapers;
photographs; ANEPC

database
44 1865–2013

Shannon
Irish National Flood Hazard Mapping
Website (www.floodmaps.ie, accessed

on 18 June 2022), OPW site

Reports, newspapers, minute
meetings, photographs,

letters/institutional
correspondence

28 1927–2014

Solent
SURGEWATCH database

(https://www.surgewatch.org/,
accessed on 18 June 2022)

Soft data: articles,
newspapers, reports

Hard data: tide gauge data
77 1916–2016

Unstructured data sources were available for the Tagus and Shannon Estuaries. In
the case of the Tagus Estuary, most data sources were provided by the DISASTER project
(http://riskam.ul.pt/disaster, accessed on 18 June 2022), which systematically gathered
daily newspapers reporting on hydro-geomorphologic disasters in Portugal between 1865
and 2010. This vast collection of newspapers and, additionally, a small number of historic
photographs provided by the Lisbon Port Authority (APL) were filtered according to the
Tagus Estuary’s location. The ANEPC database was filtered by the type of flood and
location, and two records were retrieved, whose information was integrated into a common
framework structure (Figure 5).

The Shannon Estuary documentary sources were transferred from the former Irish
Flood Hazard Mapping Website, which migrated to the recent national flood information
portal FloodInfo [52]. Herein, only past flood records extending up to the autumn of 2014
were used. The information available on the website was collected by the OPW (Office of
Public Works), with the collectors ranging from local authorities and national organizations

www.floodmaps.ie
https://www.surgewatch.org/
http://riskam.ul.pt/disaster
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to members of the public. Users are advised that it does not represent a complete catalogue
of all the events. The available sources only describe flood events of fluvial and tidal origins,
and the newspaper sources only consider the most severe events of the past 120 years.
According to the abovementioned terms, a total of 106 documents were gathered, which
include reports, newspapers and photographs.

Structured data sources were available for the Solent estuarine system from the Surge-
Watch database (http://www.surgewatch.org/, accessed on 18 June 2022), which consti-
tutes the most comprehensive source of historical records of UK coastal flood events. The
database spans from 1915 to 2016 and includes a total of 329 costal flood events, covering
the entire UK coastline [27]. We performed a filtration by location to retrieve the events
that took place within the Solent estuarine system. Geographically, we considered the
coastline between Hurst Spit and Selsey Bill, including the Southampton Water and the
Isle of Wight north coast (Figure 3). A total of 79 flood events were retrieved, covering
the period between 1916 and 2016, and the information was adapted to fit a previously
designed common structured framework (Figure 5).

Overall, the final spin-off event database comprises information of the three estuaries
and have a total of 149 events between 1865 and 2016. For each event, the date, location and
source, along with trigger and damage data, were registered (Figure 5). The triggers group
includes six variables: low pressure, wind/waves, rainfall, fluvial discharge and high tide.
The damages group includes seven variables: physical damages, economic losses, human
damages, circulation interruption, functions disruption, environmental degradation and
institutional involvement. For each variable, at least the information regarding the presence
or absence of a certain trigger was retrieved, and the appropriate field was filled with YES
if present and NULL if absent. When available, a detailed description was registered in the
text field (Figure 5). A set of criteria (Table 2) were used to identify estuarine flood events
reported in the sources (structured and unstructured) based on geographic constraints,
along with other proxies.

Figure 4. Spin-off estuarine flood event database construction process.

http://www.surgewatch.org/
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Figure 5. Spin-off estuarine flood event database structure and model data. NULL/YES nomenclature
stands the for absence or presence of certain information.

Table 2. Criteria used to identify estuarine flood events in the documentary sources.

Location Criteria

Tagus Estuary

Geographic constraint: area between Oeiras and Vila Franca de Xira
(upstream limit of the salt intrusion) and between the highest
astronomical tide line [53] the upper limit of the intertidal domain and
20 m above mean sea level [20].

Shannon Estuary

First step: we removed documents that were not related to estuarine
floods. This extraction was performed using additional documentary
proxies [54–56] and the OPW website
(http://www.floodinfo.ie/map/floodmaps/) accessed on 18 June 2022.
Geographic constraint: area between Loop Head and the city of
Limerick (tidal limit), whose description is clearly connected with
estuarine flooding.

Solent estuarine
system

Geographic constraint: area between Hurst Spit and Selsey Bill,
including Southampton Water and the north coast of the Isle of Wight.
Were considered inland limits as the locations near the tidal limit of the
major rivers that discharge into Solent, namely: River
Itchen—Woodlmill bridge [57]; River Hamble—Botley [58]; River
Test—Testwood [59]; River Beaulieu—Beaulieu village [60]; and river
Lymington—tidal gates at Lymington [61].

http://www.floodinfo.ie/map/floodmaps/
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2.2. Information Extraction

Unstructured sources were collected and individually treated using content analysis
techniques [62,63]. Content analysis comprises a set of techniques that use systematic and
objective descriptive procedures applied to message content in order to obtain indicators
(quantitative or not), enabling knowledge inference [62]. Among the various techniques,
Bardin (2020) [62] explained that categorical analysis is the most generalized and simple,
consisting in classifying and counting, following a set of criteria and noting the presence or
absence of a certain item/element that constitutes the message of the data source. Following
the above-mentioned definition, structured and unstructured sources were extensively
analyzed using a common and predefined set of criteria (Table 3), enabling the extraction
of relevant information into a common structure.

Table 3. Information groups and description of coding variables.

Group Variables Description

ID Unique identifier

Date Day, month, and year when available. Other options include
month and year

Source typology Newspaper, report, letter, minute meeting, photograph, scientific
article, book

Source name Newspaper name, title of report/minute meeting or letter

City/village/location name Specify the location referenced in the sources

Documentary sources and
geographic information

County or municipality Specify the county or municipality

Low pressure
Specify whether the source refers to low pressure or a storm surge
during the event. It is assumed that, if there is a storm surge, low
pressure conditions must exist

Wind/waves Specify whether the source refers to strong wind or waves during
the event (e.g., gale force winds, severe gusts, wave action)

Rainfall Specify whether the source refers to rainfall occurrence prior or
during the event.

Fluvial discharge Specify whether the source refers to fluvial discharge prior to or
during the event

High tide Specify whether the source refers to high tides during the event

Trigger information

Urban drainage and other
anthropogenic factors

Specify whether the source refers to deficient urban drainage
during the event. (e.g., sewer failure) or other factors, such as
breaking walls

Physical damages Specify whether the source refers to damage to built
infrastructure (e.g., houses, garages, walls, sidewalks, etc.)

Economic losses Specify whether the source refers to direct economic costs in
euros or another currency

Human damages
Specify whether the sources refers to human damage (human
damage typology: deceased, missing people, injured, evacuated,
displaced, confined and homeless)

Circulation interruption Specify whether the source refers to any typology of circulation
interruption (e.g., roads, railways, boat, airports)

Functions disruption
Specify whether the source refers to any social function
interruption (e.g., roads closed, power failures, telephone wires
down, schools or public services closed)

Environmental degradation Specify whether the source refers to environmental degradation
left by the event, namely, gravel, sand, debris, wreckage

Damage information

Institutional involvement
Specify whether the source refers to institutional involvement
during or after the event (e.g., fire brigades, civil protection
services, municipalities)
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2.3. Statistical Analysis

The final spin-off estuarine event database, with a total 149 events (correspond-
ing to the number of database entries), was analyzed using a non-linear multivariate
analysis method, specifically multiple correspondence analysis (MCA), applying IBM®

SPSS® Statistics software. MCA is particularly appropriate for analyzing nominal cate-
gorical information [21,22], enabling the detection of underlying data relations (described
as dimensions in MCA) and possible associations between data entities and providing a
method to support variable exclusion. For the sake of clarity, Table 4 presents the definitions
and nomenclature used in the MCA.

Table 4. Nomenclature used in multiple correspondence analysis and their correspondence with the data.

Nomenclature in MCA Description Characterization

Objects Objects are the database entries, in this
case, the flood events 149 objects

Variables

Variables correspond to the database
fields (e.g., low pressure, wind/waves,
rainfall, physical damages, human
damages, etc.)

13 variables

Categories Correspond to the presence or absence
of certain information

The 2 categories are YES if
present/NULL if absent

The first step in multiple correspondence analysis is the calculation of the maximum
number of dimensions that should be retained for the analysis (Equation (1)):

rmax=min{(n−1) ; (p−max(m1; 1)} (1)

where:
rmax=maximum number o f dimensions

n=total number o f individuals/objects

m1=number o f variables without non−answers

In this case, the number of objects (149) is larger than the number of categories (2);
hence, (p−max(m1; 1)). The database has 13 variables, without non-answers (m1 = 13),
with 2 categories each (p = 26). The maximum number of dimensions is (p−m1); hence,
13 dimensions should be used as a first estimate.

The second step included the analysis of the 13 dimensions and reveled that the first
2 dimensions were the most representative and should be retained to the third step of
the analysis. This evaluation is performed using the inertia values (ratio between the
eigenvalue and total number of active variables) that vary between 0 and 1. Therefore,
higher values explain more of the variance by dimension.

The third step involves running the analysis again with only the two previously
retained dimensions and assessing the results. The assessment is performed using the
discrimination measure of each variable by dimension. Hence, the discrimination measures
quantify the variance in each variable, accomplishing an optimal quantification [22] ranging
between 0 and 1. Therefore, higher values that are close to one allow for the identification
of the most discriminant variables in a certain dimension, enabling the exclusion of the
ones that do not have the capacity to discriminate. After this step, a set of selected variables
is obtained, and the analysis is run again to confirm whether there is another variable that
can be excluded using the criteria mentioned above. Finally, a stable group of discriminant
variables are attained, which enables the thematic interpretation of the dimensions.

A refined interpretation analysis can be performed using categories in order to better
discriminate between the objects of analysis, retaining the ones with higher contributions
(contribution of point to inertia of dimension) relative to a reference value given by 1/p, where
p is the total number of categories.
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In summary, according to [22] an interpretative process using multiple correspondence
analysis comprises three main steps, namely: (1) preserving the dimensions with higher
inertia values; (2) retaining the variables with higher discrimination values in the previously
selected dimensions; and (3) retaining the categories with higher contribution values in
regard to the previously retained variables.

For the sake of clarity, we note that the nomenclature of “variables” adopted within
the scope of multiple correspondence analysis is considered, in this study, as a synonym
for indicators, in the sense that indicators are “a set of variables that characterise natural and
anthropogenic systems after the hazardous process take place” [26]. Therefore, in the Section 4,
“indicators” are used as a synonym for “variables”.

3. Results
3.1. Spin-Off Flood Events Database

A detailed analysis of the spin-off flood event database including a total of 149 events
encompassing the period 1865–2016 (151 years) was carried out. In the case of the Tagus Es-
tuary, most of the consulted sources are newspapers, which account for 38 events (Figure 6a),
while the other sources account for 6 out of 44 events. The Shannon Estuary sources are
far more diverse, including photographs and newspapers, both accounting for 15 events
out of 28, and maps, which account only for 1 event. In addition, a combination of sources
described three events (Figure 6b). The case of the Solent is less diverse than that of the
Shannon in terms of its sources. Scientific articles account for most of the sources, detailing
57 events out of 77, whereas 17 events are based on a combination of sources (Figure 6c).

Figure 6. Number of events by source type for the Tagus Estuary (a), Shannon Estuary (b) and Solent
estuarine system (c).
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The temporal coverage of events according to the estuarine system is shown in
Figure 7a and reveals an almost continuous record over time (from 1865 to 2013) in the case
of the Tagus Estuary. In contrast, the Shannon records are the sparsest, with more coverage
from recent decades, from 1980 onwards. The Solent records are relatively continuous over
time from 1916 to 2016. The monthly distribution showed that most events occurred in the
autumn and winter months, with the highest number of events in January in the three case
studies (Figure 7b).

Figure 7. (a) Spin-off database temporal coverage by estuarine system (some years contain more than
one event, which is not show in figure). For the temporal coverage and number of events by estuary,
please refer to Table 1 in Section 3. (b) Characterization of the spin-off database distribution by month
and by estuarine system.

In most cases, several triggers occurred simultaneously. Wind/waves occurred in
most cases (42%), followed by rainfall (40%) and low pressure (36%) (Figure 8a). Con-
cerning registered damages, circulation interruption occurred in 67% of events, followed
by physical damages and function disruption, which were registered in 63% and 62% of
events, respectively (Figure 8b).
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Figure 8. Presence of information in the spin-off database: (a) trigger types and (b) damage types.

3.2. Multiple Correspondence Analysis

The multiple correspondence analysis, applied to the spin-off database, obtained a
Cronbach alpha value of 0.75 (Table 5). This value is a widely used measure to assess the
internal consistency of a dataset, ranging between 0 and 1. Although the value thresh-
olds necessary to consider alpha as acceptable are debated, some authors (e.g., [64,65])
showed that an acceptable value should be at least 0.70. Therefore, the statistical model
was considered appropriate. The two final selected dimensions account for 61% of the
model variance.

Table 5. Model summary and discrimination measures.

Model Summary

Variance Accounted for

Dimensions
Cronbach’s

Alpha Total (Eigenvalue) Inertia % of Variance

1 0.843 4.146 0.415 41.461

2 0.534 1.924 0.192 19.244

Total 6.071 0.607

Mean 0.745a 3.035 0.304 30.353

a. Mean Cronbach’s alpha is based on the mean eigenvalue.

Discrimination Measures

Dimension

1 2 Mean

Rainfall 0.625 0.132 0.378

Wind/waves 0.214 0.316 0.265

Low pressure 0.120 0.233 0.177

Fluvial discharge 0.598 0.164 0.381

Urban & others 0.547 0.076 0.312

Physical damages 0.407 0.219 0.313

Economic losses 0.092 0.544 0.318

Human damages 0.476 0.004 0.240

Function disruption 0.486 0.080 0.283

Institutional involvement 0.581 0.156 0.369

Total active 4.146 1.924 3.035

% of variance 41.461 19.244 30.353

Considering the 13 initial variables (see Tables 3 and 4), 3 variables were excluded
(high tides, circulation interruption and environmental degradation) due to their low
discrimination values, producing a final set of 10 significant variables (Figure 9). The
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retained dimensions were thematically interpreted using the two groups of variables that
better explain each dimension (Figure 9).

Figure 9. Model graphical representation showing the final dimensions, along with discrimination
measures, for the considered variables.

Therefore, dimension 1 is associated, in terms of triggers, with rainfall, fluvial dis-
charge and deficient urban drainage conditions, and in terms of damages is related to
human damages, function disruption and institutional involvement. This combination of
variables are identified as a dimension associated with the influence of the hydrographic
basin. In contrast, dimension 2 is related with wind/waves, low pressure, economic losses
and physical damages, which are recognized as a combination of variables related to
oceanographic influences.

The category analysis (Figure 10a) revealed different combinations of categories rep-
resenting distinct event profiles. The relative distances between categories were used to
identify the event profiles, defined as a set of events sharing similar characteristics. The
graphical representation of the events by estuarine system and their relation to both dimen-
sions is shown in Figure 10b, enabling the discovery of associations between event profiles
and the identification of the estuarine system.

Hence, events involving the Tagus Estuary are associated with the presence of rainfall,
fluvial discharge and deficient urban drainage, as triggers, and with human damages
and institutional involvement presence as damages (3rd quadrant). In contrast, most
events involving the Solent are associated with the lack of rainfall (1st quadrant), whereas
most events involving the Shannon Estuary are related with the presence of low pressure,
wind/waves and economic losses (2nd quadrant). The fourth quadrant features denote
a set of events, mainly related to the Solent and Shannon, that are characterized by the
absence of wind/waves, physical damages, economic losses and function disruption.
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Figure 10. (a) Graphical representation of the most informative categories and their relationships
with the dimensions. (b) Graphical representation of objects (events) by estuarine system and their
relationship with the dimensions.

4. Discussion

In this paper, a large and diverse set of documentary sources were used to extract flood
triggers and damage information in three distinct estuarine systems located in the western
European coast with past records of estuarine flooding. As indicated by other studies
(e.g., [12,16,66]), documentary sources, also called “soft data” or “historical sources”, proved
their usefulness for extracting valuable information regarding flood triggers and damages.

Events involving the Tagus Estuary are largely based on newspaper sources, covering
a wide temporal period, with almost all the sources being daily newspapers [20]. The Shan-
non Estuary is a contrasting case due to the low number of events, which are concentrated
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in recent years due to missing data. This fact is acknowledged by the source provider (OPW
portal), which states that the available list of sources does not represent a complete cata-
logue of events, and that newspaper sources only reflect the most severe events occurring in
the last 120 years. Despite this pitfall, it was possible to register 28 events. Events involving
the Solent estuarine system were obtained from a structured source (SurgeWatch; [27]). This
fact explains its consistency over time, since SurgeWatch originates from the merging of sea
level observations from tide gauge records along the UK coastline with “soft data” sources,
particularly a set of selected scientific articles [27]. The obtained spin-off database demon-
strates the capacity of researchers to merge and adapt distinct source typologies (structured
and unstructured) so as to obtain a regional damage assessment model record that is able
to inform public policy options and directives from the local to transnational levels.

The seasonal distribution of events is in accordance with storm and flood occurrences
along the western coast of Europe, with a higher frequency of events in the autumn and
winter months [67], when atmospheric conditions are prone to storm surge occurrence,
wind-generated waves and more abundant precipitation periods, generating a high flu-
vial discharge. As already observed in other studies (e.g., [18,66]), documentary data, in
general, can be a valuable source of information on damages. In contrast, information on
flood triggers is more scarce and often limited and unreliable, particularly when news-
papers are used as data sources, since this specific type of source usually tends to focus
on the description of the damages and accountability rather than on the description of
triggers [20]. Although the spin-off database was based on a multiplicity of data sources,
the overall results are in line with previous studies [20,38], showing the importance of
physical damages, circulation interruption and function disruption as major estuarine flood
damage typologies and the presence of rainfall, wind/waves and low pressure as potential
indicators of estuarine flood triggers.

The multiple correspondence analysis enabled the exclusion of less significant vari-
ables that do not contribute to explaining the final model. Although reported in the sources,
especially in the case of Shannon (please refer to Figure S1), high tides were excluded.
This is interpreted as a “background” presence in the case of estuaries and therefore is not
distinctive as an indicator of flooding.

Regarding damages, the model excluded environmental degradation and circulation
interruption. The first influenced a relatively low number of events involving the Solent
(please refer to Figure S1), where this type of damage is residual. Circulation interruption,
on the other hand, was excluded due to its close relation to function disruption, since they
often overlap. Thus, the model exclusion is explained by variable redundancy.

The results revealed two distinct dimensions, enabling a thematic interpretation of the
model. Dimension 1 is characterized by a set of indicators closely related to the watershed
draining into the estuarine systems, whereas dimension 2 is characterized by indicators re-
lated to oceanographic conditions. However, it is noteworthy that trigger indicators are the
cornerstone of the interpretation of the thematic meaning of the overall dimensions. These
results are in accordance with previous work on the Tagus and Shannon Estuaries [26].

The events involving the Tagus and Solent Estuaries exhibit a distinct pattern, forming
different profiles. Events involving the Tagus Estuary are associated with the presence
of rainfall, fluvial discharge and deficient urban drainage, as triggers, which have been
observed previously by other authors [20,35] as determinants to fully understand the
flooding of this estuarine system. The Tagus Estuary is a widely urbanized system, where
rainfall patterns in the hydrographic basin, along with the coincidence of short-term
rainfall episodes, high tide and a limited capacity for urban drainage, can induce estuarine
flooding [68–70]. Moreover, fluvial discharge is a relevant flood trigger in the upstream
area of the estuary [35]. The presence of human damages and function disruption are in
line with the observations of [20].

Events involving the Solent Estuary are characterized mostly by the absence of rainfall,
which is in accordance with previous work reporting on the region (e.g., [8,47]), and
flooding is mostly related to extreme sea level events caused by low pressure conditions
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that trigger storm surges. Nevertheless, a recent analysis by [71] of the entire UK coast,
assessing the characteristics and drivers of compound flooding events, confirmed the joint
occurrence of a high storm surge and high river discharge on the southwestern coast of the
UK. Not surprisingly, the spin-off database does not reflect this fact, as the Solent Estuary
data are derived from the SurgeWatch database, which primarily seeks to describe coastal
flood events linked with high sea levels [27,72]. The limited characterization of the Solent’s
profile (lack of rainfall), associated with the absence of any damage as a flood indicator, is
explained by the source provider’s intrinsic characteristics (SurgeWatch database) and the
fact that it contains limited descriptions of damages in the case of the Solent.

Even though it is affected by a sparsity of data, events involving the Shannon Estuary
are mostly characterized by the presence of low pressure and wind waves, along with
economic losses. The Irish coast is commonly affected by storms and strong winds [73].
Recently, [40] presented a revised and updated catalogue of extreme wave events along the
entire Irish coast, where storm surges also occur, highlighting coastal flooding events due
to storm surges in the Shannon Estuary.

Although past flood information is of limited use for the forecasting of future scenarios
involving climate change that might affect these areas, the presented profiles are a relevant
outcome because they constitute a basis for the diagnosis and management of flood risks.
This knowledge can inform tailored measures for application to each estuarine system so
as to increase awareness of the potential risks; support resource allocation through early
warning systems, emergency preparedness and response situations; and assist with spatial
planning activities to reduce exposure to risks. Furthermore, information on past flood
events has demonstrated its usefulness for the validation of flood forecasting tools [74].

A critical comment should be made regarding the capacity of the sources to fully
explain the abovementioned results. In the case of the Solent, using structured sources
as a previously built database to assess the presence of triggers or damages in regard to
an estuarine flood event might be reductive and give origin to incomplete outcomes. As
already pointed out, the absence of information in the sources prevents us from drawing
more extensive and detailed conclusions. Additionally, the previously built database’s
content (database fields), along with the primary objective of its creation, influence the type
and amount of information that can be extracted.

As other authors have suggested (e.g., [8,75,76]), the most suitable approach to the
identification of both triggers and damages, reducing bias and increasing reliability, should
combine long-term measured records (e.g., tide gauge data, hydrologic datasets) with docu-
mentary sources (e.g., newspapers, reports). Nevertheless, the benefit of this combination is
lacking in most cases due to the difficulty involved in simultaneously obtaining measured
data for all types of estuarine flood triggers and documentary evidence that is available
and consistent over time.

Despite the abovementioned limitations, we can argue that: (i) past flood information
is of limited use for the forecasting of future scenarios involving climate change; (ii) the
intrinsic characteristics of data sources affect the results; and (iii) the most suitable approach
should combine measured records with documentary sources. The presented methodology
is proven to be effective for extracting reliable flood event information regarding triggers
and damages from a multiplicity of documentary data sources, combining them into a
common database and extracting the best explanatory indicators of estuarine flooding.
Moreover, the methodology was also able to provide estuarine profiles, offering a com-
prehensive synthesis of the most important indicators of each system. This outcome is of
major importance to flood risk managers, enabling a knowledge basis for the creation of
flood risk management options, since it offers information on the types of damages and
triggers that are critical for tailored and sustainable estuarine flood management.

It is also relevant that the trigger typology is related to a set of impact typologies
that are closely associated with estuarine physical features and the land use of margins.
Furthermore, the use of qualitative documentary sources and the multiple correspondence
analysis enabled the comparison of contrasting estuarine systems. The approach brought
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to light a common set of indicators, regardless of the estuarine system, that are crucial in
informing flood risk management and prevention though structural and non-structural
actions, along with mitigation measures related to estuarine margin spatial planning.

5. Conclusions

This study presented a methodology that can be used to obtain qualitative information
extracted from multiple documentary structured and unstructured sources. The approach
started with a documentary data gathering exercise and spin-off database construction
using content analysis techniques. A multiple correspondence analysis technique was
applied to the variables stored in the database, namely flood damages and triggers, and
enabled us to explore the information acquired from the categories and their relationships
with the dimensions, allowing us to obtain distinct event profiles.

The statistical analysis enabled the extraction of the most relevant indicators regarding
estuarine flood triggers and damages. The results revealed that the estuarine flood risk is
driven by two distinct dimensions, namely the influence of the hydrographic basin and
oceanographic influences, demonstrating the transversal effects of triggers in characterizing
the estuarine flood risk. Another relevant outcome was the recognition of distinct estuarine
profiles, which are valuable as a means to inform more tailored flood risk measures. A
critical analysis was performed on the challenges of using documentary sources, showing
that, despite the limitations, qualitative information is useful and valuable data, especially
in the context of data scarcity. The combined approach of using qualitive documentary
sources and the multiple correspondence analysis enabled the comparison of contrasting
estuarine systems and identification of relationships between a set of triggers and a set of
damages that are related to land use and estuarine margins’ physical characteristics.

The methodology proved its effectiveness in extracting reliable flood event information
from a diverse set of documentary data sources, combining them into a common database
structure (spin-off database). Furthermore, it allowed us to obtain the best explanatory
indicators of estuarine flooding, regardless of the estuarine system. Additionally, the estu-
arine profiles offered a comprehensive synthesis and a knowledge basis for estuarine flood
risk characterization, and they are valuable as a means to inform tailored and integrated
flood risk management options.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14193161/s1, Figure S1 Reported presence and absence of all
considered variables before MCA application for each estuarine system. Tagus comprises 44 events,
Shannon comprises 27 and Solent comprises 77. Overall, the total number of events are 149.
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