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Accepted: 11 February 2022 / Published online: 18 March 2022

� The Author(s) 2022

Abstract Estuaries are usually affected by compound

flooding triggers that cause diverse territorial damages.

While fluvial flood risk assessment frameworks are well

established in the literature, integrated management

instruments that deal with estuarine flood risk remain

incomplete and often lacking. This research presents a

methodology to extract relevant information from multiple

sources post-event and a database building process that is

applied to two contrasting estuaries (the Tagus River

estuary in Portugal, and the Shannon River estuary in Ire-

land) in the Western European coastal area. Overall, a total

of 274 documents were analyzed and the information was

stored in two databases. Multiple correspondence analysis

was applied to extract the most informative and relevant

estuarine flood indicators. An integrated estuarine flood

risk assessment framework is presented and discussed

based on the extracted indicators. The framework is driven

by two distinct dimensions (oceanic and hydrographic) and

revealed the transversal position of triggers of estuarine

floods, reflecting the compounding effects usually present

in these areas. The results also highlight two levels of flood

risk mostly based on damage typology.

Keywords Estuarine floods � Estuarine flood

indicators � Multiple correspondence analysis � Post-
hazard multisource information � Western Europe

1 Introduction

As Davidson et al. (1991) pointed out, defining an estuary

is not simple and straightforward. Nevertheless, it is widely

accepted that estuaries form a transition area that links

marine, terrestrial, and freshwater ecosystems commonly

located along river mouths, coupling a mix of freshwater

and marine saltwater (Pritchard 1967) subject to tidal rise

and fall, usually twice a day in the case of European

estuaries of the Atlantic coast (Elliot and McLusky 2002).

Flooding processes in these systems are complex due to

a combination of natural and human influences, and diverse

temporal scales in action (Wu et al. 2021). A wide range of

hazard sources act simultaneously in these areas (Hendry

et al. 2019) that are also frequently occupied by diverse

human settlements, ranging from major metropolises to

small cities and commercial/industrial/services areas.

Agricultural zones are also very common due to the fertile

lands gradually deposited over the centuries by sediments

and nutrient inputs from riverine and marine waters that

have led to major reclaimed areas and thus to estuarine

wetland losses (Vis et al. 2008; Pye and Blott 2014).

Estuaries have been attractive throughout human his-

tory, but a wide variety of physical triggers are responsible

for flooding, frequently leaving a trail of significant dam-

ages (Meyer et al. 2013). To evaluate and assess flood risk

in these areas it is necessary to bring to light information

regarding triggers and exposure to fully characterize hazard

and vulnerability. Historical information can play a sig-

nificant role (Ruocco et al. 2011), especially with respect to
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exposure information, but also in enhancing flood fre-

quency estimation or flood model validation (Mei et al.

2018), which are of huge relevance when it comes to

assessing events dated before the instrumental period

(Baart et al. 2011). Historical information ranging from

newspapers to photographs can be especially relevant on

damage descriptions and accountability (Santos et al.

2014). The information extracted from these sources is

often compiled and organized in databases since they allow

queries and assure consistency. Commonly used global

disaster databases include, for example, EM-DAT (CRED

2022), and national databases include, for example, the

Italian AVI Project (Guzetti et al. 1994), the Portuguese

DISASTER database (Zêzere et al. 2014), and the British

SURGEWATCH database (Haigh et al. 2017).

The Western European coasts have a wide diversity of

transitional water bodies in the mouths of major rivers that

are widely affected by Atlantic storms leaving a track of

damage records (Haigh et al. 2017; Garnier et al. 2018).

While fluvial flood risk assessment frameworks of refer-

ence are well established (Merz et al. 2010), frameworks to

deal with flooding risk in transitional areas, such as estu-

aries, remain incomplete and often lacking in the literature.

Moreover, international strategies such as the Sendai

Framework for Disaster Risk Reduction 2015-2030

(UNISDR 2015) point to the need to develop methodolo-

gies capable of measuring vulnerability and risk that focus

on understanding risk in all its dimensions to promote more

resilient communities (UNISDR 2015). At the European

level, Directive 2007/60/UE on flood risk assessment

emphasizes integrated risk management approaches,

including nonstructural measures.

The use of indicators is a common instrument to reach a

wide methodological integration in dealing with vulnera-

bility and risk (Birkman 2007; Nguyen et al. 2016). Indi-

cators have been widely used and accepted, especially to

inform management decisions. Numerous studies have

used and developed indicators to assess and/or measure a

wide range of risks (Azevedo et al. 2017). Although the

literature points to different scientific positions regarding

indicator weighing and/or selection (Özyurt and Ergin

2010), the review article of Wolters and Kuenzer (2015) on

the vulnerability assessment of coastal deltas highlighted

that out of 54 studies only 2% presented a validation of

results. The more recent article on social vulnerability

assessments using indicators and indices by Fekete (2019)

also pointed to the need of more research on indicator

validation and justification.

Statistical methods are commonly used to reject redun-

dant or non-explanatory indicators in order to obtain a

minimum set of coherent and sufficiently meaningful

indicators. Although other methods could be used to select

indicators, statistical methodologies have the advantage of

providing an unbiased approach (Wolters and Kuenzer

2015). Multiple correspondence analysis (MCA) is a mul-

tivariate analysis method appropriate to nominal categori-

cal data (Marôco 2014). A historical view of the method

development and its relation to other similar techniques is

given by Di Franco (2016). The MCA method is frequently

applied in explorative-descriptive analysis using mostly

qualitative data in different scientific areas, ranging from

social science (Bühlmann et al. 2012) to climate change

perceptions (Brunette et al. 2018) or safety research (Niza

et al. 2008).

In this study, indicators are used to assess estuarine flood

risk. Considering the specificity of the study and taking into

account that indicators emerge from historical data, the

definition of indicators adopted here is the following:

Indicators are a set of variables that characterize natural

and anthropogenic systems after the hazardous process has

taken place. These indicators can be considered validated

since they originate from a set of multisource documents

that report unequivocal past flood events in the studied

estuarine systems.

There is a need for more integrated methodologies to

deal with flood risk management that consider the com-

plexity of estuarine water bodies and at the same time

contribute to obtaining validated indicators. The present

work aims at evaluating estuarine flooding risk using as the

starting point two sets of post-event multisource informa-

tion obtained in two different estuaries on the Western

European coasts, the Tagus River estuary in Portugal, and

the Shannon River estuary in Ireland. Given the aim of this

study, two specific questions were examined:

To what extent can post-event multisource information

contribute to obtaining validated indicators to support

estuarine flood risk management?

What are the most relevant estuarine flood risk indicators

on the Western European coasts?

The ultimate goal is to contribute to an integrated flood

risk management approach, not based on general frame-

works, but on local-based characteristics that emerge from

historical data. Due to their constrasting characteristics,

historical records of estuarine flooding, and information

availability, the Tagus and Shannon estuaries were chosen

as the study areas.

2 Western European Coastal Areas: The Tagus
and Shannon Estuaries

Western European coasts have a long history of coastal

flooding due to storm surges that often interact with par-

ticular estuarine characteristics that result in compound

flooding effects with severe consequences (Lamb 1991;
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Garnier et al. 2018). The Tagus and Shannon estuaries on

the Western European coasts (Fig. 1a) present different tide

ranges and internal morphology, both have records of

freshwater discharge, are affected to different extent by

storm surge effects, and have distinct levels of artificial-

ization (Fig. 1).These constrasting features make them

interesting case studies.

2.1 Tagus Estuary

The Tagus estuary is located in the western part of the

Iberian Peninsula, on the west coast of Portugal (Fig. 1a).

The Iberian Atlantic coast tides are semi-diurnal and storm

surges increase from south to north. Due to direct exposure

to the waves coming from the Atlantic Ocean, the coastline

is subject to a very energetic wave regime (Fortunato et al.

2016).

The climate in Portugal is controlled by the country’s

location in relation to the Atlantic Ocean in the north and

northwest and the Mediterranean Sea in the south and

southwest. The precipitation regime has an irregular pattern

in terms of spatial and temporal distribution. According to

Trigo and DaCamara (2000), the intraannual precipitation

variability can be explained by atmospheric circulation

patterns considering the geographic location of Portugal,

associated with orographic characteristics and oceanic and

continental influences. But several studies (for example,

Trigo and DaCamara 2000; Trigo et al. 2002) have shown

that the interannual variability is fundamentally controlled

by the North Atlantic Oscillation (NAO) and that a NAO

negative phase has been demonstrated to be correlated with

more wet periods. Benito et al. (2008) found a relation

between a negative NAO phase in the winter months and

maximum peak discharges for the Tagus River.

The Tagus River hydrographic basin is about 80,629

km2 (CADC 2022), and the Tagus and Sorraia Rivers

(Fig. 1b) are the main sources of freshwater discharge into

the estuary. However, the fluvial discharge effect on the

estuarine water levels is restricted to estuarine upstream

areas (Vargas et al. 2008). Over the twentieth century the

Tagus and Sorraia river discharge was modified by the

construction of several dams for hydroelectricity

Fig. 1 a Geographic location of the Tagus (Portugal) and Shannon

(Ireland) river estuaries in the context of the Western European

coasts; b Tagus estuary main urban areas and rivers; c Shannon

estuary main urban areas and rivers. Sources a, b, and c ESRI Base

Maps and Open Street Map.
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production and flood control, both in Portuguese and

Spanish territories.

According to Vaz et al. (2020), water depths vary

between 0 and 12 m in the shallow inner area and 25 to 30

m in the narrow channel. Water levels in the Tagus estuary

are influenced by resonance effects triggered by the estu-

arine morphology that promotes tidal range amplification

(Guerreiro et al. 2015). Wave propagation into the estuary

is constrained by the existence of a narrow inlet channel

although the geometry of the extensive shallow inner

domain can induce local generation of wind waves (Freire

and Andrade 1999). Water levels in the estuary can

increase due to storm surge effects that have been esti-

mated at 46 and 58 cm at the Cascais tide gauge (closest to

the estuary’s mouth, Fig. 1b) for return periods of 5 and

100 years (Andrade et al. 2006), respectively. More recent

estimations that considered a return period of 100 years and

present mean sea level (MSL) quantified water level vari-

ations of 4.5 m (CD-chart datum: 2.08 m below mean sea

level) in Cascais and 5.1 m (CD) 50 km upstream, in Vila

Franca de Xira (Fig. 1b) (Freire et al. 2016).

The Tagus intertidal area comprises among other fea-

tures intertidal flats, salt marshes, beaches, and salt pans

(Nogueira Mendes et al. 2013). Reclamation activities

along the Tagus estuary margins throughout history were

first linked to farmland necessity, probably before the mid-

twelfth century (Pinto and Kondolf 2016). Reclamation for

farmland activities was maintained through the centuries

especially in the upstream area between the Tagus and

Sorraia Rivers (locally called Lezirias), where a large

farmstead company still maintains flood protection walls

and dikes. According to Pinto and Kondolf (2016), land

reclamation to install infrastructure (port and industrial

facilities) took place at the end of the nineteenth century

and during the first half of the twentieth century,

accounting for 397 ha on the Lisbon Municipality water-

front and 236 ha on the south bank to install large industrial

units. Today, the Tagus estuary is framed by the largest

metropolitan area of Portugal. Comprising twelve munici-

palities, it is the most populated area of the country. In

2015 the Lisbon metropolitan area had a resident popula-

tion of close to three million people (INE 2019).

A key feature to understanding the social and economic

dynamics between the two margins of the estuary is the

intense commuting movements between them and across

municipalities (Ferreira 2016) over the three existing

bridges (Vasco da Gama Bridge and 25 April Bridge in

Lisbon, and the Marechal Carmona Bridge in Vila Franca

de Xira), but also by the ferries that daily cross between the

estuary margins. Additionally, a dense road network is

located along the margins.

Regarding land use, urban areas are extensive in the

northern margin while semi-natural and agricultural areas

are predominant in the southern margin, particularly in the

areas between the Tagus and Sorraia Rivers, which are a

classified and legally protected Natural Reserve and Spe-

cial Protection Area for Birds. Previous studies (Freire

et al. 2016; Fortunato et al. 2017) confirmed that the Tagus

estuary has an extensive record of estuarine flood events

over the last century.

2.2 Shannon Estuary

The Shannon estuary is located in the southwestern part of

the Irish coast (Fig. 1a) and is the largest estuary of Ireland.

The western coast of Ireland is frequently struck by a very

energetic wave climate that is often responsible for coastal

flooding (MacClenahan et al. 2001).

The climate in Ireland is essentially controlled by the

Atlantic Ocean influencing average temperatures, precipi-

tation, and wind regimes. The west coast is especially

exposed to atmospheric depression tracks, but convective

and orographic processes are also present and induce spa-

tial and temporal precipitation variability, but in general

terms precipitation in Ireland is of low intensity and long

duration (Sweeney 2014). Cyclonic, southerly, and west-

erly airflows are the most productive synoptic conditions

that determine spatial variations in precipitation favoring

the significant correlation between winter precipitation in

Ireland and the winter NAO (Sweeney 2014). Overall,

dominant wind directions are south and west (Sweeney

2014).

The River Shannon is the main fluvial contributor to the

estuary, although other rivers (Fergus, Maigue, and Deel)

also discharge into the estuarine system (Fig. 1c). The

Shannon River basin has an area of about 11,700 km2,

which represents almost one-third of the area of Ireland

(Wheeler and Healy 2001). The estuary is under the

influence of permanent marine inundation comprising the

lower part of the Shannon River between Limerick City

and the sea and includes the smaller River Fergus estuary,

south of Clarecastle (Fig. 1c). The inner estuary comprises

the area east and north of Foynes Island while the outer

estuary covers the area west between Foynes Island and

Loop Head (Fig. 1c) at the estuary mouth (Healy 2002).

According to Wheeler and Healy (2001), water depths

vary between about 37 m near the estuary mouth to about

19 m near the confluence with the Fergus, becoming

shallower to the east and reaching less than 5 m in Lim-

erick City (tidal limit). At Foynes Island the mean high-

water spring tide is about 4.9 m (relative to Ordenance

Datum, OD), while the mean high-water neap tide is 3.7 m

(OD). At Limerick docks the mean high-water spring tide

reaches 5.44 m (OD), while the mean high-water neap tide

is 4.04 m (OD) (Healy 2002). The Shannon estuary is a

macrotidal system that records the largest tidal range of the
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Irish coast with up to 5.44 m at Limerick docks (Sheehan

and Healy 2006; SIFP 2013).

The estuarine intertidal system comprises extensive

areas of salt marshes and intertidal mud flats that are

mostly unvegetated, although some extensions of cord

grass occur in places, as well as reed-beds and swamps

(Healy 2002). The role of human influence on the Shannon

estuary margins and lowlands evolution dates from Neo-

lithic times to the present, as demonstrated by the reference

work of O’Sullivan (2001). From the end of the nineteenth

century to the first half of the twentieth century extensive

drainage and reclamation works were conducted, leading to

a reclamation of about 6500 ha for agriculture and other

purposes (Healy and Hickey 2002; Hickey and Healy

2005).

The Shannon estuary margins are occupied by agricul-

tural areas, as well as port (Foynes Port, near Foynes

Island) and industrial facilities, and small villages. The

main urban center is Limerick City, which according to

CSO (2017) had a population of about 94 thousand people

(including suburbs) in 2016, followed by Ennis with about

25 thousand people. Foynes Port is an important asset to

the economy of the country since it is the second largest

Irish port in operation after Dublin Port, and able to

accommodate the largest vessels (SIFP 2013) due to the

deep estuary waters. Marine tourism, fishing, and aqua-

culture are other activities within the estuary. The Shannon

estuary also holds important natural values, with a Special

Area of Conservation (SAC) under Habitat Directive

(Lower River Shannon), and the entire estuary as far west

as Foynes is a SAC under Birds Directive (SIFP 2013).

In terms of accessibility the estuary has an international

airport (Shannon Airport) halfway between Limerick City

and Ennis and a set of national and municipal roads that

encompass the estuarine area linking the major villages and

towns, and local roads linking the small villages. The only

bridges are located in Limerick City urban area in the

upper estuary and connect the north and south bank of the

Shannon River.

O’Brien et al. (2013, 2018) presented a catalogue of

extreme wave events for Ireland for the period of 14,680

years BP to 2017 that confirms the relevance of extreme

wave events affecting the Irish coast, including storm

surges (understood as a long-period wave by the authors).

The magnitude and frequency of storm surge events in

Ireland between 1961 and 2005 are also emphasized by the

Irish Coastal Protection Strategy Study (OPW 2013).

3 Methods

The methodological approach followed in this study is

summarized in Fig. 2.

3.1 Information Extraction: From Data Sources

to Content Analysis

The study started with data sources compilation for both

estuaries. In the Tagus estuary case a set of documents was

provided by the DISASTER project1 that systematically

collected daily newspapers with news of hydrogeomor-

phologic disasters that occurred in Portugal between 1865

and 2010. This set of 168 documents constituted the main

source of information for the Tagus estuarine system and

was completed with the analysis of newspaper sources until

2013 and two other institutional sources (Table 1).

The Shannon estuary data sources were downloaded

from the former Irish Flood Hazard Mapping Website

(which moved to the recent national flood information

portal launched in 2018) that through an interactive plat-

form provided past flood event records from the national

flood data archive until the autumn of 2014. More recent

events are now being uploaded to the new website (OPW

2020).

In this study we used only the sources from the old

website (until autumn 2014). Website statements of use

inform users that the data were collected by the Office of

Public Works (OPW) from local authorities, other state

bodies, and members of the public, and do not constitute a

comprehensive and complete catalogue of all events. Users

are also advised that the data only reflect flood events with

a fluvial, tidal, or coastal origin, and newspaper sources

only reflect the most severe events in the past 120 year.

Assuming these conditions, a total of 106 diverse docu-

ments were gathered ranging from reports to newspapers

and photographs.

Content analysis techniques were applied to extract

information from the collected sources (Fig. 3) based on

Krippendorff (2004), Bowen (2009), Krippendorff and

Bock (2009), and Wei et al. (2015). This was done with an

extensive reading of each individual document supported

by a previously designed coding table that defines the

variables, the type of field in the database for each variable,

their description, and operational notes (Krippendorff

2004; Krippendorff and Bock 2009). Finally, the infor-

mation was extracted following the coding table (Fig. 3).

3.2 Building the Databases

The process of content analysis allowed the extraction of

relevant information that was stored in a database, which

was structured into different groups of information: docu-

ment information (such as source, date); geographic

information (such as location, and the geographic coordi-

nates when possible); flood characteristics information

1 http://riskam.ul.pt/disaster.
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(water depth, extent when available); triggers information

(such as high tides, waves, wind, fluvial discharge, low

pressure / storm surge); and damages information—such as

physical damages in infrastructures, human losses (de-

ceased, missing, injured, evacuated, displaced, confined,

and homeless people) or circulation interruption.

To assure that flood events were due to estuarine con-

ditions, two different procedures were performed,

depending on the estuarine system. In the case of the Tagus

estuary, the geographic incidence was constrained between

Oeiras and Vila Franca de Xira, which corresponds to the

upstream limit of salt intrusion (see Fig. 1b), and between

the highest astronomical tide line (Rilo et al. 2014)—the

upper limit of the intertidal domain and 20 m above mean

sea level (Rilo et al. 2017).

In the case of the Shannon estuary, a previous extraction

was done (see Fig. 3) to remove the documents that were

not related to estuarine floods. This extraction was done

using documentary proxies that inform about the areas

subject to estuarine flood events (considered as the com-

bination of fluvial and coastal flooding), that is, the OPW

website2 and the information of three reports (Jacobs

2012a, 2012b, 2012c). We only considered events that

affected the area between Loop Head and Limerick City

(tidal limit) (see Fig. 1c) and whose description was clearly

connected with estuarine flooding.

Each database entry was defined by the set of informa-

tion extracted from the analyzed sources, comprising

document, geographic, triggers, and damages characteris-

tics from a given estuarine flood event in a given location.

Table 1 Sources and typologies of the documents consulted for the two estuarine systems in Portugal and Ireland

Source Typology Temporal coverage (Years)

Tagus Estuary

DISASTER project collection of newspapers Daily, fortnightly, weekly 1865-2013

National Authority for Civil Protection (ANPC) Geodatabase 2006-2013

Lisbon Port Authority (APL) Photographs 1941-2010

Shannon Estuary

Irish Flood Hazard Mapping Website (Office of Public Works) Reports 1927-2014

Letters and other

Institutional correspondence

Photographs

Newspapers

Meeting minutes

Other types

Fig. 2 Methodological framework used to obtain validated indicators for estuarine flood risk appraisal

2 http://www.floodinfo.ie/map/floodmaps/.
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The presence or absence of a trigger or impact is registered

within a boolean field (yes—1; no—0) and when available

detailed information (for example, wave height or number

of flooded houses) is registered in a text field. Since the two

databases for the Tagus and Shannon estuaries share the

same structure and were built using a similar framework

for information extraction (see Fig. 3), they were merged

into a single database comprising a total of 465 entries, 235

for the Tagus estuary and 230 for the Shannon estuary.

3.3 Statistical Analysis

A multiple correspondence analysis (MCA) was applied to

the triggers and damages fields of the merged database

using IBM SPSS Statistics software. Multiple correspon-

dence analysis is a nonlinear multivariate analysis method

(Gifi 1996) appropriate for nominal categorical data

(Marôco 2014; Carvalho 2017) that allows the visualiza-

tion and detection of underlying data relationships (so-

called dimensions in MCA) and possible associations in

data individuals (in this case database entries) and vari-

ables, providing simultaneously the most informative

variables and therefore offering the basis of an informed

decision on variable exclusion. The SPSS software uses a

procedure developed by Leiden University called ‘‘optimal

scaling’’ using the alternating least squares method

(Meulman 1992) that attributes numerical values to each

category of a qualitative variable (Marôco 2014).

For clarity some definitions are given here: variables

(represent indicators—for example rainfall or economic

losses) are characterized by categories (in this case the

presence/absence of a certain trigger or damage), and each

database entry is an individual or object. Multiple corre-

spondence analysis starts with a study on how many

dimensions should be retained (Carvalho 2017) in order to

proceed with the analysis. This procedure was done cal-

culating the maximum number of dimensions, which is

given by Eq. 1:

Fig. 3 Methodological framework for information extraction using context analysis applied to the Tagus and Shannon River estuaries. Source
Based on Wei et al. (2005).
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rmax ¼ minfðn � 1Þ; ðp �maxðm1; 1Þg ð1Þ

where: rmax ¼ maximum number of dimensions,

n ¼ total number of individuals or objects,

m1 ¼ number of variables without non-answers:

Since the number of inviduals (465 database entries) is

greater than the number of categories (2), the expression

can be reduced to p �maxðm1; 1Þ. Therefore the database

has 13 variables without non-answers ðm1 ¼ 13Þ with two

categories each, thus p ¼ 26. The maximum number of

dimensions is p � m1, hence 13 dimensions. The MCA was

performed with 13 dimensions and the analysis revealed

that the first two dimensions were the most representative

in terms of inertia (ratio between eigenvalue and total of

active variables). Therefore the model was run again but

with only two dimensions.

4 Results

Rilo et al. (2017) tested a set of database fields to char-

acterize estuarine flood risk for the Tagus estuary demon-

strating its usefulness, thus the same fields were considered

to build the Shannon database, setting a uniform structure

for both estuarine systems. In this study the two databases

were merged into one estuarine flood damage database

reflecting the flooding processes and corresponding dam-

ages in two different systems. Nevertheless, a brief

appraisal of each database and the consulted sources is

given here.

The Tagus database has a total of 235 entries and was

mainly built based on newspaper sources (90.2%, relative

to the total database entries) comprising a continuous

period of 148 years between 1865 and 2013. The database

is therefore well represented in temporal terms, although as

previously highlighted (Rilo et al. 2017) it is recognized

that this type of source is not the most appropriate to

extract information about triggers, since it is relatively

imprecise due to the intrinsic characteristics of these

sources. But newspaper sources are quite reliable on

damages description and accountability. In terms of spatial

distribution, the estuarine flood events are more concen-

trated in the north margin municipalities. This reflects the

social importance of Portugal’s capital and the adjacent

areas over the last century (Rilo et al. 2017).

The Shannon database has a total of 230 entries that

were extracted from a diversity of sources: 27.4% from

reports; 22.2% from institutional correspondence; 20%

from photographs; 18.3% from newspapers; 8.7% from

meeting minutes, and 3.5 % from other sources (maps).

Nearly half of the database entries (114 out of 230) come

from reports and institutional correspondence—these

sources have a large amount of useful information. In terms

of temporal coverage, the database is not uniform, with

periods with no entries. This does not necessarily mean an

absence of flooding events, considering that the original

source of the documents (the OPW website) assumes that

the collection is neither exhaustive nor complete. In terms

of geographic coverage, the database reflects the social

importance of Limerick City in the Shannon estuary mar-

gins, since more than a half of the entries (56%) are from

that urban area.

A multiple correspondence analysis was performed to

obtain the most informative indicators, possible relations

between database entries and simultaneously the dimen-

sions that might characterize estuarine floods in terms of

triggers and damages. The model summary presents a mean

Cronbach’s alpha of 0.650 (Fig. 4). The Cronbach’s alpha

confidence interval was calculated in SPSS using the pro-

cedure described in SPSS (2020) and Bravo and Potvin

(1991). The Cronbach’s alpha value obtained was 0.648

with a 95% confidence interval ranging from 0.600 to

0.692.

Cronbach’s alpha is a widely used measure to study

internal consistency of a certain dataset based on input data

reliability and ranges between 0 and 1. Several authors—

for example, Nunnaly (1978) and Kaplan and Saccuzzo

(1982)—proposed different thresholds to consider alpha

acceptable. An overall analysis has shown that an accept-

able alpha value should be at least 0.7 although a value of

0.6 can be considered acceptable in certain cases (Marôco

and Garcia-Marques 2006), therefore the mean alpha value

of 0.65 was considered acceptable.

The MCA model summarizes the data in two dimen-

sions. Inertia values for each dimension provide variance in

relative terms and range between 0 and 1. Higher values

closer to 1 explain more variance for each dimension. The

results (Fig. 4) show relatively low values of inertia;

however Carvalho (2017) refers to the work of Benzécri

(1976) to draw attention to the fact that low values of

inertia do not imply that interpretations cannot be made

thus the model was considered valid for interpretation.

The initial 13 variables (or indicators) considered in the

model and their discrimination measures are presented in

Fig. 4. Discrimination measure values range between 0 and

1, with the values closer to 1 being the ones that better

discriminate the dimension. Variable selection is conducted

considering the inertia value for each dimension.

According to Carvalho (2017), variables with discrimi-

nation values above inertia values for each dimension

should be retained. In contrast, variables that present dis-

crimination values bellow inertia values should be exclu-

ded. Hence, the variables economic losses and human

losses (see Fig. 4) were excluded since they present low

discrimination values (closer to 0 in the case of economic

losses), when compared to each dimension inertia.

123

206 Rilo et al. Multisource Information for Estuarine Flood Risk Appraisal



Although the variable urban drainage and other anthro-

pogenic factors (‘‘urban and others’’ in Fig. 4) exhibits

discrimination values bellow the admissible, Carvalho

(2017) drew attention to similar cases explaining that

variables with discrimination values far from zero and

closer to inertia value in at least one of the model dimen-

sions can be considered valid if their thematic coherency

contributes to dimension interpretation. Thus, this variable

was considered.

Overall, MCA allowed not only the graphical repre-

sentation of all 465 database entries and their individual

contribution to explain each dimension by estuarine system

(see Fig. 4) but also the preservation of the most infor-

mative variables/indicators (eleven) and the retention of the

two most representative dimensions (Fig. 5a).

5 Discussion

The following sections discuss the limitations and value of

multisource information and propose an estuarine flood risk

assessment framework using a set of indicators based on

historical data.

5.1 Limitations and Usefulness of Multisource

Information

As demonstrated by other studies (for example, Williams

and Archer 2002; Ruocco et al. 2011; Haigh et al. 2017),

information retrieved from historical sources (ranging from

newspapers to institutional reports) provided valuable

information about flood triggers and damages, despite the

diversity of sources consulted. However, limitations should

be acknowledged. For instance, in the Tagus estuary case,

newspapers proved to be very detailed in terms of damages

descriptions, but often vague in terms of triggers; in con-

trast, in the Shannon estuary case, reports and meeting

minutes provided more details on flood triggers than

damages but the information on damages was occasionally

completed with newspaper details. This aspect reinforces

the idea that the diversity of sources can be very useful to

obtain a full picture about estuarine flood triggers and

damages. Another drawback is the temporal coverage gap

that the Shannon database has in contrast to the Tagus

database that has a continuous coverage period. Newspa-

pers, due to their intrinsic characteristics, provide a com-

plete temporal coverage that other types of sources

typically do not have. Nonetheless, the results showed that

in spite of these limitations, multisource information is

Fig. 4 Multiple correspondence analysis model summary, discrim-

ination measures, and graphic representation of all database entries by

estuarine system and their relationship with each dimension (Dimen-

sion 1: Hydrographic basin influence; Dimension 2: Oceanic

influence). Discrimination measures in bold (economic losses and

human losses) are below inertia value for the dimension. Urban and

others = Urban drainage and other anthropogenic factors.
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useful and capable of giving reliable descriptions on past

floods, especially when diverse sources can be used to

complement each other.

Bearing in mind that indicators in this study are defined

as a set of variables that characterize natural and anthro-

pogenic systems after the hazardous events have taken

place, each database field can be considered by itself as an

indicator. This notion is particularly relevant since it sys-

tematizes the presented approach to convert multisource

information into indicators.

5.2 Estuarine Flood Risk Assessment Framework

The proposed estuarine flood risk assessment framework

was established through a set of indicators based on a

previously tested outline (Rilo et al. 2017) capable of

characterizing flood triggers and damages. To attain a

composite picture on estuarine floods, an MCA was per-

formed using the validated indicators described. The results

revealed the exclusion of two indicators (economic losses

and human losses), which points to their low capacity to

contribute to the thematic interpretation of both dimensions

and therefore to evaluate estuarine flood risk in the studied

contexts. The exclusion is assumed since the data demon-

strated that the presence of economic losses information is

quite sparse both in the Shannon and Tagus estuary cases

(25 out of 230 entries and 26 out of 235 entries, respec-

tively), as is the presence of human losses information (9

out of 230 entries and 60 out of 235 entries, respectively).

Although in the Tagus estuary case the historical record

showed that human losses can be relevant (Rilo et al.

2017), they are present only in the context of extraordinary

flood events. Nevertheless, these results should be regarded

carefully because they are influenced by information

quality and availability. Estuarine floods can be summa-

rized by two dimensions—oceanic influence and hydro-

graphic basin influence—whose interpretation depends on

the set of variables that support each dimension (Fig. 5a).

Dimension 1 (Fig. 5b, green bars) is characterized by a

major contribution of rainfall, fluvial discharge, circulation

interruption, and function disruption, and to a lower degree

by urban drainage and other anthropogenic factors and

physical damages. This set of variables represents the

hydrographic basin influence in the estuarine system

clearly associated with rainfall and fluvial discharge along

with further damage indicators (physical damages, circu-

lation interruption, and function disruption), which are

associated with high levels of territory exposure. Dimen-

sion 2 (Fig. 5b, blue bars) is characterized by a major

contribution of high tides and, to a more limited degree by

wind/waves, low pressure, environmental degradation, and

institutional involvement pointing to the oceanic influence

interpretation.Database entries graphical analysis (see

Fig. 4) reveals that although values are widely spread and

both estuarine systems contribute to describe the two

dimensions, there is a clear trend pointing to the Tagus

estuary’s major contribution to explaining dimension 1

(hydrographic basin influence), whereas the Shannon

estuary contributes more to explaining dimension 2

(oceanic influence). These observations are corroborated

by literature on the estuarine dynamics of both systems

indicating that the Tagus estuary (see Sect. 2.1) is a

Fig. 5 a The eleven most informative variables/indicators and their

contribution to each dimension. The oval areas represent the two

groups of variables that better characterize each dimension.

b Variables contribution to each dimension. Urban and others =

Urban drainage and other anthropogenic factors.
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mesotidal system with a limited oceanic wave propagation

into the estuary, influenced in the upstream area by river

discharges, framed by a large metropolitan area with an

intense commuting movement that reflects a high level of

assets exposure in the territory. The Shannon estuary (see

Sect. 2.2) is a macrotidal system located on a coastline with

a very energetic wave climate particularly exposed to low

pressure storm tracks. The estuary margins are essentially

occupied by agricultural areas, as well as small villages and

port facilities. The largest urban center is Limerick City

located by the River Shannon mouth in the inner part of the

estuary.

The contrast between these two systems is evident, not

only in terms of triggers of flooding but also in terms of

potential damages, indirectly assessed by the presence or

absence of extensive urban and industrial areas and there-

fore different levels of exposure. Nevertheless, the con-

struction of a common framework to address estuarine

flood risk emerging from local contrasting systems was

possible, which allows future applications to other case

studies and therefore more refined and expanded frames of

reference.

The proposed estuarine flood risk assessment framework

(Fig. 6) was based on the graphical representation of the

two dimensions obtained by the MCA results providing an

additional interpretation to the relationship between vari-

ables and dimensions. In the proposed framework, area A

illustrates that triggers have a significant role in flood risk

to both dimensions, denoting the complexity of the com-

pound flooding effects that affect these areas. Area B

(Fig. 6, in blue) represents mostly damages. However,

environmental degradation and institutional involvement

(essentially contributing to dimension 2) can be considered

general large-scale consequences in the sense that envi-

ronmental degradation usually affects extensive areas, and

that institutional involvement is a wide-range response.

The B1 area is related to more local consequences linked to

urban-scale dynamics associated with fluvial discharge,

demonstrated by function disruption, circulation interrup-

tion, and the lack of urban drainage.

Overall, the proposed framework suggests two types of

outcomes in terms of damages—large-scale consequences

and more local ones associated with the urban scale, which

reflects distinct levels of territory exposure. The two

dimensions emphasize the transversal importance of trig-

gers and their complexity and interdependence to estuarine

flood risk assessment and that damages are a consequence

of both territory exposure and trigger action. The frame-

work also points to the importance of having more tailored

measures to manage flood risk in estuarine areas since

damages can be distinct in scale and typology.

The proposed framework should be further developed

through its application to other contrasting estuaries on the

Western European coasts. This will allow indicator

Fig. 6 Estuarine flood risk assessment framework interpreted based on the two dimensions graphical representation. For further explanations on

A, B, and B1, see text above. Urban and others = Urban drainage and other anthropogenic factors.
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confirmation and the proposal of concrete flood manage-

ment measures that can adequately inform authorities.

6 Conclusion

This study made possible the translation of post-hazard

multisource information into indicators through database

fields, thus contributing to obtaining a set of validated

indicators able to characterize estuarine flood risk. The

MCA allowed the selection of the most informative indi-

cators to characterize estuarine floods in two distinct

estuaries of the Western European coasts.

In contrast to other approaches, the proposed framework

emerged from local-based characteristics that present two

dimensions to characterize estuarine floods—hydrographic

basin influence and oceanic influence—and revealed the

significant importance of triggers but also of damages to

better manage estuarine flood risk. The proposed frame-

work suggests that there are two distinct outcomes in terms

of damages—large-scale consequences and more local

ones linked to urban-scale dynamics that represent differ-

ent levels of territory exposure associated with different

levels of response. These results are a contribution to

improving flood risk management since authorities usually

use historical data to validate options.

Although we acknowledge that the framework is not

suitable for future scenarios planning, including climate

change impacts, the obtained set of indicators and proposed

framework are a valuable contribution to a more integrated

perspective of estuarine flood risk management on the

Western European coasts. Future work should include

other estuarine systems of these coasts to confirm and

expand indicators, and update and improve the presented

framework. Future research should also examine the use of

the transformed variables resulting from the MCA to per-

form other statistical analyses in order to expand the

knowledge on estuarine flooding risk indicators.

Acknowledgments This work was supported by the projects FOR-

LAND – Hydrogeomorphologic Risk in Portugal: Driving Forces and

Application for Land Use Planning (PTDC/ATPGEO/1660/2014),

and MOSAIC.pt -Multi-source Flood Risk Analysis for Safe Coastal

Communities and Sustainable Development (PTDC/CTA-AMB/

28909/2017), both funded by the Portuguese Foundation for Science

and Technology (FCT), Portugal. The first author benefits from a

doctoral grant funded by FCT (SFRH/BD/111166/2015). The authors

are grateful for the data provided by the project DISASTER (PTDC/

CS-GEO/103231/2008) also funded by FCT and the following insti-

tutions: Administração do Porto de Lisboa (APL), and Autoridade

Nacional de Emergência e Proteção Civil (ANEPC). The authors

would like to acknowledge OPW – Office of Public Works, Ireland:

Contains Office of Public Works information � Office of Public

Works. The authors thank Neide Areia from the Centre for Social

Studies of the University of Coimbra for the fruitful discussions about

qualitative data statistical treatment, and Dr. Shane Tyrrell from the

National University of Ireland Galway for his crucial help regarding

historical flood data. The authors also acknowledge Professor

Catherine Dalton from Mary Immaculate College University of

Limerick for guiding an interesting fieldtrip along the Shannon

estuary environs within the framework of the INQUA (International

Union for Quaternary Research) Congress 2019, and Kieran Craven

from Geological Survey Ireland for his help in obtaining some

Shannon estuary bibliography.

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as

long as you give appropriate credit to the original author(s) and the

source, provide a link to the Creative Commons licence, and indicate

if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless

indicated otherwise in a credit line to the material. If material is not

included in the article’s Creative Commons licence and your intended

use is not permitted by statutory regulation or exceeds the permitted

use, you will need to obtain permission directly from the copyright

holder. To view a copy of this licence, visit http://creativecommons.

org/licenses/by/4.0/.

References

Andrade, C., H.O. Pires, P. Silva, R. Taborda, and M.C. Freitas. 2006.

Coastal zones (Zonas Costeiras). In Climate change in Portugal:
Scenarios, impacts and adaptation measures (Alterações climáti-
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Taborda, R. Melo, and M.C. Caçador et al. 2014. Methodolog-

ical framework for the definition and demarcation of the highest

astronomical tide line in estuaries: The case of Tagus Estuary

(Portugal) (Metodologia para o traçado da Linha de Máxima
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