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In theory, there is no difference between
theory and practice. But, in practice, there is.

Yogi Berra
Baseball player and coach

Une mesure médiocre vaut mieux qu'un bon calcylll[.
est cependant des cas ou des mesures directesvenpe
étre réalisées [...]. L'hydrologue, la mort daémk, se

résout alors a appliquer des formules.

Marcel Roche
Hydrologie de surface. Gauthier-Villars, Paris, 430 1963






Title of the thesis: Quantitative historical hydrology in the eastereaaof the Ebro River
basin (NE Iberian Peninsula)

Abstract:

Quantitative historical hydrology is an emergingrrh of Earth sciences that is based on
the use of historical information (that is, man-mgueces of information: documents,
pictures, flood marks) to reconstruct the hydratagiand hydraulic characteristics of past
floods. This multidisciplinary science (which isryeclose in concept to paleohydrology)
uses methods from historiography, hydraulics, higdyyy meteorology, climatology,
statistics, and even social sciences, and is fydlogsible useful applications, not only in
flood risk management but also in basic hydroldgieaearch. However, and despite the
number of studies lately done in the eastern afeghenEbro River basin, quantitative
historical hydrology is not being generally usedelmygl users so far.

This thesis develops some of the huge possibilitieguiantitative historical hydrology by
applying it to several case studies in differeriticanents in Catalonia and the lower Ebro
River. More specifically, this thesis:

— Presents a database of 2711 historical floods oegim Catalonia since 1500 and
discusses the potential of such a database as hk ttooestimate the
hydrometeorological conditions associated withexi floods.

— Reconstructs the peak flows of all the known ovekb#oods in the ungauged
catchment of the Ondara River in Tarrega since 1&4th the ultimate objective
of using these peak flows in flood frequency asvess.

— Proposes a new kind of analysis of a historicaddtats complete reconstruction,
which includes the quantification of the casualteexl damages it caused, its
hydraulic and hydrological modelling, and the asayof the meteorological
processes that caused it. The analysed flood (88Ma Tecla floods) happened
to have some of the highest specific peak flows enedelled in the Western
Mediterranean basin.

— Estimates the total error of the peak flow recaridton of a major flood, occurred
in the Ebro River in 1907, at £31%. This case staildp identifies water height as
the most influencing input variable over peak floesults, and recommends
focusing on the accuracy and precision of the flowatk more than on those of
the roughness coefficients.

— Finds that the benefits of including reconstrudmstorical peak flows in flood
frequency analysis in a large basin depend onehgth of the systematic series
and on how different the systematic and non-sysiierdata are.

The final conclusion is that the use of historicgdirology improves flood risk prevention
and management, both in gauged and ungauged catthmi¢hin the studied area.



Titol de la tesi: Hidrologia historica quantitativa a la zona orate la conca de I'Ebre.

Resum:

La hidrologia historica quantitativa és una braegergent de les ciencies de la Terra que
es basa en I's d'informaci6 historica (és a difpimacié produida per les persones:
documents, imatges, limnimarques) per a recondesicaracteristiques hidrologiques i
hidrauligues de riuades antigues. Aquesta ciénaiftidisciplinaria (molt propera, en
concepte, a la paleohidrologia) utilitza metodesistioriografia, hidraulica, hidrologia,
meteorologia, climatologia, estadistica i, finsof, tde les ciéncies socials, i té moltes
aplicacions utils, no només en la planificaciéo det d’'inundacions, sindé també en la
recerca hidrologica basica. Malgrat tot plegat igred els nombrosos estudis duts a terme
els darrers anys a la zona oriental de la concdE#e, la hidrologia historica
guantitativa no s’ha convertit, de moment, en una d’aplicacio general per als usuaris
finals.

Aquesta tesi desenvolupa algunes de les gransbpitats de la hidrologia historica
guantitativa tot aplicant-la en diversos casostdtisn diferents conques de Catalunya i
del tram baix de I'Ebre. Més especificament, aGutssi:

— Presenta una base de dades de 2711 riuades hisnqorregudes a Catalunya
des de I'any 1500 i n’analitza el potencial comiraa per a estimar les condicions
hidrometeorologiques associades a riuades extremes.

— Reconstrueix els cabals pic de totes les riuadds @gasbordament de qué es té
coneixement a la conca del riu Ondara a Tarregadded4615, amb I'objectiu
final d’'usar-los en una analisi de frequéncia.

— Proposa un nou tipus d’analisi de riuades hist@squa reconstruccié total, que
inclou la quantificacio de victimes i danys amb odes historiografics, la
modelitzacié hidraulica i hidrologica i I'analisieteorologica dels processos que
van causar la riuada. La riuada triada per a lanrgticuccio total (la de Santa Tecla
al 1874) ha resultat tenir alguns dels cabals gpee€ifics més alts mai modelitzats
a la Mediterrania occidental.

— Estima en £31% l'error total del cabal pic recounitde la gran riuadade I'Ebre de
lany 1907. Aquest cas d’estudi també identificaldada de l'aigua com la
variable d’entrada amb més influéncia sobre el lcpiza i recomana centrar els
esforcos en millorar I'exactitud i la precisié @limnimarca més que no les dels
coeficients de rugositat.

— Troba que els beneficis d’incloure cabals pic hisgdreconstruits en I'analisi de
frequéncia depenen de la llargada de la sériensagiea i de les diferéncies entre
les series sistematica i no sistematica.

La conclusi6 final és que I'Gs de la hidrologiatbiga millora la prevencio i la gestio del
risc de riuades, tant en conques aforades comanadss de la zona estudiada.



Titol dera tesi: Idrologia istorica quantitativa ena zona orierdata conca der Ebre

Resum:

Era idrologia istorica quantitativa ei ua branceeggenta des sciéncies dera Térra que se
base en emplec d’'informacion istorica (ei a didggrmacion produsida pes persones:
documents, imatges, limnimarques) enta rebastircascteristiques idrologiques e
idrauliques d'aiguats ancians. Aguesta sciénciatigisdiplinaria (forca propéra, en
concepte, ara paleoidrologia) emplegue metodegodbgrafia, idraulica, idrologia,
meteorologia, climatologia, estadistica e, autapldes sciéncies sociaus, e a forca
aplicacions utiles, non sonque ena planificacio disc d’inondacions, mes tanben ena
recérca idrologica basica. Maugrat tot aquero egraies nombrosi estudis héts ena zona
orientau dera conca der Ebre, era idrologia iskogoantitativa non s’a convertit, de
moment, en un utis d’emplec generau entas usdigats.

Aguesta tesi desvolope béres ues des granes fitesibdera idrologia istorica
guantitativa en tot aplicar-la en diuersi casi tlidsen diferentes conques de Catalonha e
deth tram baish der Ebre. Més especificaments, shgtesi:

— Presente ua basa de donades de 2711 inondacidrelasr en Catalonha dempus
er an 1500 e analise eth son potencial coma estruemta analizar es condicions
idrometeorologiques des aiglats extrems.

— Rebastis es cabaus pic de toti es aiguats dambordastent que se n'a
coneishenca ena conca der arriu Ondara en Taregaus eth 1615, damb er
objectiu finau d’emplegar-les en ua analisi de dégtia.

— Prepause un nau tipe d’analisi d'inondacions igtes: era reconstruccion totau,
gu'includis era quantificacion de victimes e damest damb metodes
istoriografics, era modelizacion idraulica e idgitta e era analisi meteorologica
des procéssi que causéren era inondacion. Er aiggsatielhut entara
reconstruccion totau (Santa Tecla en 1874) a wdsalter quaqu'uns des cabaus
pic especifics mes nauti james modelizadi ena Medibéa occidentau.

— Estime en £31% er error totau deth cabau pic rélbdexta grana inondacion der
Ebre de 1907. Aguest madeish cas d’estudi idengfigra nautada dera aigua
coma era variabla d’entrada damb meés influénciaetiusabau pic, e recomane
centrar es esforci en melhorar era precision demirharca mes que non es des
coeficients de rugositat.

— Trape qu'es beneficis d'includir cabaus pic istericebastits ena analisi de
freqiéncia en ua conca grana depenen dera longdgiiadsérie sistematica e des
diferéncies entre es séries sistematica e nonrssts.

Era conclusion finau ei qu'er emplec dera idrolagtarica melhore era prevencion e era

gestion deth risc d’'inondacions, tant en conquesades coma no aforades dera zona
estudiada.



Titulo de la tesis: Hidrologia historica cuantitativa en la zona otérmle la cuenca del
Ebro

Resumen:

La hidrologia histérica cuantitativa es una ramamg@nte de las ciencias de la Tierra que
se basa en el uso de informacion histérica (esr,dedtormacion producida por las
personas: documentos, imagenes, limnimarques) pEranstruir las caracteristicas
hidrolégicas e hidraulicas de riadas antiguas. Estmcia multidisciplinaria (muy
proxima, en concepto, a la paleohidrologia) utiizétodos de historiografia, hidraulica,
hidrologia, meteorologia, climatologia, estadis@icancluso, de las ciencias sociales, y
tiene muchas aplicaciones Uutiles, no sélo en laifptacién del riesgo de inundaciones,
sino también en la investigacion hidrologica basficaesar de todo ello y a pesar de los
numerosos estudios hechos en los ultimos afios zankoriental de la cuenca del Ebro,
la hidrologia histérica cuantitativa no se ha cotisle, de momento, en una herramienta
de aplicacién general para los usuarios finales.

Esta tesis desarrolla algunas de las grandes |idaites de la hidrologia histérica
cuantitativa aplicandola en varios casos de estedidiferentes cuencas de Cataluiia y
del tramo bajo del Ebro. Mas especificamente, testa:

— Presenta una base de datos que de 2711 riadaglaswen Catalufia desde el afio
1500 y analiza su potencial como herramienta patanar las condiciones
hidrometeoroldgicas asociadas a inundaciones earem

— Reconstruye los caudales pico de todas las riamaglesbordamiento de que se
tiene conocimiento en la cuenca del rio Ondara&rneg@a desde el 1615, con el
objetivo final de usarlos en un andlisis de frecigen

— Propone un nuevo tipo de analisis de riadas héstsrila reconstruccién total, que
incluye la cuantificaciéon de victimas y dafios coétados historiogréaficos, la
modelizacion hidraulica e hidrologica y el analisisteorolégico de los procesos
gue causaron la riada. La riada elegida para lanstaiccion total (la de Santa
Tecla en 1874) ha resultado tener algunos de lodates pico especificos mas
altos jaméas modelizados en el Mediterrdneo occidlent

— Estima en + 31% el error total del caudal pico nstaido de la gran inundacion
del rio Ebro de 1907. Este mismo caso de estudintifica la altura del agua
como la variable de entrada con mas influenciaesebcaudal pico, y recomienda
centrar los esfuerzos en mejorar la exactitud prégcision de la limnimarca mas
gue las de los coeficientes de rugosidad.

— Encuentra que los beneficios de incluir caudales pistéricos reconstruidos en
el analisis de frecuencia en una cuenca grandendepede la longitud de la serie
sistematica y de les diferencias entre les seisensatica y no sistemética.

La conclusion final es que el uso de la hidroldgtorica mejora la prevencion y la
gestion del riesgo de inundaciones, tanto en cseaftmadas como no aforadas de la
zona estudiada.
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Chapter 1. Introduction

1.1. Background

Floods are amongst the most destructive naturadrdazn Western Europe. Indeed, in
the period 1998-2009, 213 severe floods occurreuropecausing 1126 people, half a
million of displaced people and more than EUR 6lidoi in economic losses (EEA,
2010). In Catalonia, between 1950 and 1999, flgwdduced around 1400 casualties and
caused damages for EUR 300 million per year inayei(Llasat et al., 2004a). Most of
these casualties and damages are caused by ftasds fIThese floods occur in small,
steep catchments and are characterised by thenlesudnd torrential nature and,
therefore, are very destructive and difficult toefcast.

The reduction of flood risk is undertaken from eiffnt (actually opposing) points of
view: either the civil engineering focus, basedtoa reduction of the danger via concrete
defensive structures, or the environmental engingeame, based on the reduction of the
exposition and vulnerability, via the renaturaliaatof river channels and floodplains,
soft engineering measures, the relocation of husetiements and activities, and the
emergency and evacuation management planning.

In any case, a solid knowledge of flood occurreisceeeded for planning the defensive
strategy. This knowledge can only be found in ghsids. Unfortunately, records of
measured floods are short and sometimes incompetact, some of the greatest floods
may not be included because they usually destragigg stations or are too dangerous
for a person to gauge them manually. Thereforekttmvledge that can be drawn from
these records is sometimes partial and biasednall €atchments, this problem is even
more acute: they are frequently ungauged and, thadack of flow data is total.

In historical times, the greatest floods, due teirtldestructive power and to the impact
they caused on people, have usually been recomiir with the immediate aim of
damage survey or with the more farsighted objeabivpreserving this information as a
warning for future generations. These records convarious formats: written (accounts,
town council's minutes, notarial documents), graphi (engravings, paintings,
photographs), epigraphic (flood marks, flood scahaques, nicks) (Fig. 1.1). Depending
on the quantity and quality of the information tiia¢y contain, these documents can be
used to analyse the floods.

Large historical floods have been studied sinceg,lguarticularly those recorded as
epigraphic marks, but the use of written historicldlcuments to reconstruct and
guantitatively analyse the floods is relatively et In order to differentiate this
guantitatively-oriented use from the previous, mqgtalitative descriptions of floods,
Benito et al. (2015) have coined the term “quatiiéahistorical hydrology”; they also
give a complete overview of this new branch of Eatiences and of its rapid evolution
in the last 15 years, especially in Europe.

Quantitative historical hydrology (hereinafter, tjisstorical hydrology) is very close, in
terms of objectives, approach and methods, to pgitology, in which floods and other
extreme events, such as droughts, are reconstrucsteilad of from human-made records,
from paleostage indicators: slackwater and lakesiépand flood evidences on trees and
lichens (Baker, 1987; Baker, 2008). The simultasewse of both historical records and
paleostage indicators can diminish, where availablke uncertainty of the reconstructed
peak flow (Thorndycraft et al., 2005).
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(Photos by Andreu Abella)

Historical hydrology can be subdivided in severalaa or lines of research, which at the
same time, are the steps of in a typical histohgalrology study (Fig. 1.1):

— Collection of historical information and assessnwdtrits reliability.

- Management of historical information about floods @esign of databases with a
convenient, useful structure of the information.

— Hydraulic reconstruction, that is, the transformatof the observed water height
into peak flow. Less frequently, the hydrologicatponse of the catchment and
the meteorological processes that caused the 8omdlso reconstructed.

— Estimation of the reconstructed results uncertainty

— Exploitation of the historical information, bothiginal and reconstructed; some
of the most direct applications are:

— Flood frequency analysis with non-systematic, niatienary information;
this analysis has direct applications in flood risnagement and civil
engineering.
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— Use of the long series of rare events to analyse:
— Flood sensitivity to climate variability.

— The hydrological and hydraulic response of the hmatent during
extreme floods (for example, the different conttibn of the
subcatchments to the generation and propagatitimedfood wave
or canyons that may act as dams in the case offlugls) and its
evolution as a consequence of changes in soil oses the
channel’'s geometry.

— The evolution of the social perception of risk eegmed by
floodplain occupation and the consequent damages.

Although, historical hydrology started, along wjhleohydrology, in the 1980s (Condie
& Lee, 1982; Cohn, 1986; Stedinger & Cohn, 198@&d#tger & Baker, 1987), it is not
until the 2% century that it sees a quick development andithasefulness is extensively
known among scientists. Bayliss and Reed (20019 garly methodological guidelines,
which are further completed by Benito & Thorndytrg2004), who address the
practicalities of many of the issues listed ab@ssessment of the historical information
reliability, use of Geographical Information Sys&e(&IS) to store and manage the data,
hydraulic modelling and its uncertainty, or intagya of historical floods in an
instrumental flow series for frequency analysistrgados & Coeur (2004) also discuss
the methodological implications of historical infieation reliability, as do Barnolas &
Llasat (2007), who also focus on the implementaiddnGIS-based historical floods
databases.

The formulation of these methodological bases le@s laccompanied by recent efforts to
retrieve and collect historical information, whidtave resulted in an array of quite
detailed chronologies of large floods in the 1a80 years in Europe (Camuffo & Enzi,
1996; Brazdil et al. 2006, 2012; Gaume et al., 2@l8ser et al. 2010; Luterbacher et al.,
2012; Lang & Coeur, 2014), in Spain (Barriendosalet 2003; Barriendos & Rodrigo,
2006), and in Catalonia (Barriendos & Pomeés, 1¥8riendos & Martin-Vide, 1998;
Llasat et al., 2005; Barrera et al., 2006).

However, not all the flood records contained insthehronologies can be used to
reconstruct the floods. Actually, hydraulic modadlirequires a certain amount of input
information (most notably, the maximum water heigbached by the water, and the
geometry and roughness of the flooded area atithe of the flood) and a lengthy
procedure, which often makes peak flow very diftido obtain (Herget et al., 2014).
Anyhow, the examples of peak flow reconstructioe abundant throughout Europe:
(Sheffer et al., 2003, 2008; Brazdil, 2004; Nawdetal., 2005; Herget & Meurs, 2010;
Elleder et al., 2013).
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Paleostage indicators Historical documents and flood marks
Paleohydrology Historical hydrology

SOURCES OF INFORMATION

v
Paleo- and historical floods databases

INFORMATION STORAGE AND MANAGEMENT

v
Hydraulic Hydrological Meteorological
reconstruction reconstruction reconstruction
v v h 4
Peak flow and Hyetograph Synoptic situation
hydrograph and processes

RECONSTRUCTION AND QUANTITATIVE ANALYSES
(QUANTITATIVE HISTORICAL HYDROLOGY)

v v
Flood frequency  Climate change Hydrological Societal issues
analysis evolution of the
SCIENTIFIC APPLICATIONS e
\ 4
Flood risk Civil Land use
management engineering planning

PRACTICALAPPLICATIONS

Figure 1.2. The different areas in which historicgdirology is divided and its applications.
Labelled in red, the areas dealt with in this thesi

In Spain also, large historical floods have beealyw®d since long, but mainly from the
historical and social points of view with qualitei methods: Bentabol (1900), Blasco-
ljazo (1959), Couchoud (1965), Iglésies (1971), éiomez (1983), Curto (2007).
Nevertheless, quantitative analyses with their $oon hydrological and meteorological
aspects have also been attempted, some even mglugipproximate peak flow

estimations: Garcia-Faria (1908), Fontseré & Galrefl938), Lopez-Bustos (1972,
1981), Novoa (1984), Llasat et al. (2003). In ampe; peak flow reconstruction of
historical floods with hydraulic models is much maecent (Benito et al., 2003; Ortega
& Garzoén, 2009) and, with exceptions (Ruiz-Villamaeet al., 2010, for example),

generally limited to large basins, such as the $dgjer. In Catalonia, the first attempts
at historical floods hydraulic reconstruction arg Bernandez-Bono & Grau-Gimeno
(2003) and Lang et al. (2004) in the Onyar RiveGirona and the Segre River in Lleida.
Balasch et al. (2007, 2010a) follow suit, the formath the reconstruction of a river

flood in the Segre River and the latter with thiaadwuge flash flood event in three small
catchments.

The main problem that hydraulic reconstructionaiseid with is the correct determination
of the characteristics of the modelled reach atithe of the flood, that is, the geometry
of the channel and the floodplain and their rouglnevhich determines its friction
against the flow. These determinations, despiteathendance of information, are always
approximate estimations since direct measurementmigossible. Thus, hydraulic

6
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reconstruction results have a non-negligible amaifnincertainty. The sources of this

uncertainty have been deeply investigated (Pappgeabet al., 2005; Pappenberger et al.,
2006; Lang et al., 2010; Neppel et al., 2010); hawe no methodology has been

developed and widely agreed upon yet. Thereforly, some hydraulic reconstructions

give an estimate of their uncertainty, as for exi@nidaulet et al. (2005), Remo & Pinter

(2007), Balasch et al. (2010a) and Herget & MeR€d.0).

The hydraulic reconstruction of a historical floathn be part of the thorough
hydrometeorological analysis of a particular eveng that can address questions such as
the hydrological response of the subcatchments, fibedwave routing across the
catchment, and the meteorological situation andetiguing processes that caused the
flood; examples of this kind of study can be foundsaume et al. (2004), Birger et al.
(2006), Thorndycraft et al. (2006), Brazdil et@010), Bléschl et al. (2013), and Herget
et al. (2015).

However, the main use of the reconstructed peak fd a historical flood is to be
integrated in a flow series for flood frequency lgsis. Flood frequency analysis, which
is essential in civil engineering, risk mitigatiand land use planning, is based on flow
series; unfortunately, measured flow series arallystoo short for the usual purposes of
flood frequency analysis. Therefore, the possipilif lengthening flow series with
historical floods is very much welcomed and thatwby this particular aspect of
historical hydrology is one of the most investightgnce long (Condie, 1982; Cohn,
1986; Hosking & Wallis, 1986a; Macdonald, 2006; Mewcald et al., 2006; Kjeldsen et
al., 2014). The two main problems of using hisw@rftoods in frequency analysis are, on
the one hand, the development of methods to usesooesh non-systematic data
(historical floods) along with systematic data (@aumeasurements) and, on the other
hand, the non-stationarity of floods over a longqee The former has been dealt with by
Hirsch (1987), Stedinger & Cohn (1986), Francé0@0among others; the latter, by
Cunderlink & Buhn (2003), Westra et al. (2010), Mado et al., (2015). Currently, new
techniques are also being developed to improvedfl)equency analysis: regional
analysis (Gaume et al., 2010), fuzzy-logic-basethous (Salinas et al., 2015), Bayesian
analysis (Viglione et al., 2013). Historical hydrgyy can be especially useful in flood
frequency analysis in ungauged catchments, wherdlowo series are available, and
which, since usually small, are frequently affedbgydflash floods (Payrastre et al., 2005;
Nguyen et al., 2014).

Aside from an immediate primary use in flood fregeye analysis and risk mitigation
(Petrucci & Polemio, 2003), long series of histafiftoods and their reconstructed peak
flows can be used to assess the evolution of ftegdane (Hall et al., 2014; Bloschl et al.,
2015) and to relate that evolution to changesimate (Brazdil et al., 2005; Gregory et
al., 2006; Benito et al., 2008; Kiss, 2009b; Kuntlizz et al., 2010; Szolgayova et al.,
2014), in the catchment’s hydrological responsedf@assian, 2014) or even in the social
perception of risk (Llasat et al., 2008; Viglioneagé, 2014).

Moreover, historical hydrology increases the quantif information, usually, scarce,
about extreme floods. This increased information &&lp to gain insight into the
processes that cause this kind of flood and thenudion in the last centuries. For
instance, it has enabled studies about the cotisibuof subcatchments to flood
magnitude and frequency in a large basin, sucheag&bro River (Balasch et al., 2014). It
has enabled, also, the analysis of meteorologiadiems and processes associated with

7
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large floods (Bardossy & Filiz, 2004; Kiss, 2000#gsat et al., 2004b; Pino et al., 2015).
This meteorological analysis is very much faciéttfor floods since 1871, by the high
resolution (both spatial and temporal) data obthibg the 28 Century Reanalysis
(Compo et al., 2011).

1.2. Justification and working hypothesis

In view of what has been just said, the researdsipdities that historical hydrology

creates are numerous and promising. Besides, thetiqgal usefulness of historical

hydrology has been sanctioned by the European Umilmods Directive on the

assessment and management of flood risks (200766{Ehe European Parliament and
of the Council, 26 November 2007) and its trandpwss to the member states’
legislations (such as the Spanish Real Decretc29a8/ 9 July 2010), which encourage
the use of historical information in flood risk assment.

However, historical hydrology is still a recenta knowledge and much research is yet
to be done to develop it and, especially, to makeuseful and widespread tool among
end users and decision makers. Unfortunately, fcsiohydrology is rarely applied in
engineering and planning studies nowadays (Bertital.e 2015). The reason is that
historical hydrology is a multidisciplinary scienttet requires a wide expertise including
archival research, hydrological and hydraulic mtwag| uncertainty assessment, and
flood frequency analysis. It must, therefore, liklied by a task force of experts. Because
of that, presently, its general use among enginaedsdecision-makers, and the benefits
that would come with it, are hindered.

In Catalonia, historical hydrology is still an umdsed resource, not only in terms of
everyday application by regional and local autlhesibut also in terms of basic research.
Presently, only two teams are specifically studyagjorical floods in Catalonia: GAMA,
led by Maria del Carmen Llasat from the Universify Barcelona, focused on social
perception of risk and meteorological processesciested with floods; and Prediflood,
led by J. Carles Balasch and David Pino from thévérsities of Lleida and Politecnica
de Catalunya, within which this thesis was doneo Dther teams, both of the University
of Barcelona, work in related fields: FluVAlps, lbg Lothar Schulte, which focus on the
use of paleohydrology in Alpine environments witimate change assessment purposes;
and RiskNat, led by Joan Manuel Vilaplana and @ldfurdada, which focus on
geological risks in general (floods, landslidesalaiches, earthquakes), both modern and
historical, in the Pyrenees.

In our opinion, both basic research on floods apgdliad knowledge for flood risk
reduction can benefit much from the developmenrtistorical hydrology in these areas.
In order to achieve the desirable wide use of hisb hydrology, two main actions
should be implemented: Firstly, historical inforioat about floods should be gathered
and published for everyone to easily access itrettse, only historians and archivists
would be able to find it. Secondly, techniques amethodologies enabling the use of
historical information in hydrological and hydraulnodelling, uncertainty estimation,
and flood frequency analysis, should be developedgiven general access.

Thus, the working hypothesis that this thesis tteeprove is that the use of descriptive,
gualitative information about historical floods peeved in documentary sources allows

8
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the quantitative reconstruction of those floods ahdhe meteorological processes that
caused them, and that this reconstruction hasettpeired degree of validity to improve

the knowledge on which flood hazard assessment reskd management are based,
especially in ungauged catchments.

1.3. Objectives

The main objective of this thesis is to investigdte means of case studies, the potential
of novel applications of historical hydrology in t@@knia and the Ebro River basin, and,
through this investigation, to contribute to thederstanding of the meteorological,
hydrological and hydraulic contexts associatecht most extreme floods in NE Spain.
This investigation was done under an applied ambroaince each analysed aspect of
historical hydrology was illustrated with a casedst

In order to meet the main objective of the thesisne of the various aspects related with
historical hydrology listed in Section 1.1 were lgsad. These analyses are the secondary
objectives of the thesis:

1) Construction of a database of historical floodsuod in Catalonia since 1500,
with an adequate structure to be a useful toolstohical flood reconstruction
(Chapter 2).

2) Reconstruction with hydraulic modelling from floodarks of a peak flow series
of seven floods since 1615 in the town of TarréGaapter 3).

3) The complete reconstruction (hydraulic, hydrolobarad meteorological) of 1874
Santa Tecla flood in Catalonia (Chapter 4).

4) Estimation of the uncertainty of the reconstrugbedk flow of 1907 flood in the
Ebro River (Chapter 5).

5) ldentification of the input variables of hydrautmodelling with greater influence
on the peak flow result (Chapter 5).

6) Quantification of the improvement that reconstrdcteistorical information
provides to flood frequency analysis? (Chapter 6).

These secondary objectives helped to answer tleviolg research questions in the form
of a general discussion of the implications ofrigults of the thesis (Section 7.2):

1) What characteristics and what kind of informatitwow@d a database have in order
to be successfully used in historical flood recargton? (Chapter 2).

2) What can the most immediate applications of hydcaueconstruction of
historical floods be? What is the best method ¢omstruct a peak flow? What are
the main obstacles for hydraulic reconstructionbexome a widespread tool
among end users? (Chapter 3).
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3) What usefulness does a complete reconstruction tistorical flood have?
(Chapter 4).

4) How much uncertainty does a historical flood retautsed peak flow have? Is it
acceptable? Does this uncertainty make this reamistd peak flow useless?
(Chapter 5).

5) What input variables influence the most the peadwflresult in hydraulic
modelling? And what input variables influence theosin the peak flow
uncertainty? What recommendations could be madetiwé objective of reducing
peak flow uncertainty? (Chapter 5).

6) In what measure does reconstructed historical mmédion improve flood
frequency analysis? (Chapter 6).

1.4. Overview of the data and methods used

Three main tasks were performed within this thef@d reconstruction, uncertainty
assessment and flood frequency analysis. Furthailslef the data sources and methods
used in each of these tasks are given in the fallgpvwehapters. In any case, a short
overview is given hereinafter:

1) Data sources: The reconstruction of a histoficald requires a great number of input

data. The sources of the data used in this thesis diverse: on the one hand, epigraphic
marks that signalled the maximum water height & flood, and, on the other hand,

written and visual documents. The latter can alspgnted the maximum height of the

flood but primarily gave indications of the geonyetrf the modelled river reach, of the

occupation of the channel and the flood plain bgetation and constructions, of the

soil's type, use and cover, and of the hydrauliarahbteristics of the hydrographic

network within the catchment.

2) Flood reconstruction (see Section 2.6): In tthssis, the three parts of flood
reconstruction were attemted: hydraulic, hydrolaband meteorological reconstruction-

— Hydraulic reconstruction: Its objective is the esttion of the peak flow from a
flood mark. These estimations were done with a &t model: the one-
dimensional HEC-RAS model (USACE, 2008, 2010a),clvhvas fed data about
the hydraulic characteristics of the modelled reaggometry and roughness. In
some cases where additional information about ttdugon of water stage was
available, the whole hydrograph (not only the p#taw) could be estimated. The
estimation procedure was an iterative one, sineg#ak flow is an input data that
the model needs.

— Hydrological reconstruction: Its objective is thaimation of the hyetograph of the
rain that caused the flood from the previously neated hydrograph. These
estimations were done with the lumped hydrologimadel HEC-HMS (USACE
2010b; 2013), which was fed data about the hydicédgesponse of the modelled
catchment: the soil's infiltration capacity, givey the soil’'s type, use and cover,
and the hydraphic network’s reactivity, given by thtream’s length, slope and

10



Chapter 1. Introduction

roughness. The estimation procedure was an iteratie, since the hyetograph is
an input data that the model needs.

Meteorological reconstruction: Its objective is #simation of the meteorological
processes that caused the storm that subsequentmlised the flood. These
estimations were only possible with a certain degredetail for events occurred
since 1851 thanks to the charts reconstructed by2@' Century Reanalysis
(Compo et al.,, 2011). These charts contain datautalbmany meteorological
variables on any location on the globe at manyedsfit heights with a time
resolution of up to six hours and a space resaiudid2®. These data describe the air
masses characteristics (temperature and moistndethair movements that, at their
turn, give an explanation of the processes involvedreation of the rain event.
According to Compo et al. (2011), the quality oé thata is generally high when
compared with independent radiosonde data, especial the extratropical
Northern Hemisphere.

3) Uncertainty assessment (see Section 5.3.2pbjective is the estimation of the error
of the peak flow modelling in the hydraulic recanstion. These estimations were done

with
(the

local sensitivity analyses, which give the garof variation of the output variable
modelled peak flow) caused by known variatiaristhe input variables. The

guadratic sum of the variations caused by indiMigtedtered input variables gives a
good estimation of the peak flow total error.

4) Flood frequency analysis (see Section 6.3)bigctive is the estimation of the annual
exceedance probability of a given flow. These eafiioms were done with the software
AFINS (GIMHA, 2014), using peak flow series compobsd systematic (measured) and
non-systematic data (that is, reconstructed peak data of historical floods).

______________________________________________________

Flood Written Visual documents 20" Century ||
marks documents (maps, photos, engravings) Reanalysis 1
|
D S R O B e e e i i 1 {1 e 1m0
Input data
Water height Hydraulic gharacterlstlcs Hydrological response Metgorol_oglcal
of the river reach of the catchment situation
""""""""" I e
| Hydraulic reconstruction | Meteorological :
v reconstruction| !
| Peak flow or hydrograph I—P{Hydrological reconstruction| v 1
Meteorological :
| FLOOD RECONSTRUCTION | Hyetograph | | processes )

MNCERTAINTY ASSESSMENT _ _ ! JLO0D RGN AN Ol e u

__________________ -1 R

v,y
| Sensitivity analyses | ! 1|Peak flow series (systematic + non-systematic data)]

| Peak flow total error | | Annual exceedance probability |

Figure 1.3. Overview of the data sources and metiised
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1.5. Geographical framework: the eastern area of # Ebro River basin

The Ebro is one of the great rivers of the Medseean basin, similar in size and mean
flow to the Rhone (France and Switzerland) andRbgltaly), but smaller than the Nile
and Danube. Among the rivers in the Iberian Pemansuis the second longest (930 km),
the second in mean flow (428°ra?) and the most regular in annual discharge volume.

The Ebro River drains the north-eastern part of Ibezian Peninsula, which includes
most of the southern face of the Pyrenees Range tlhe Mediterranean Sea. It has a
NW-SE oriented, triangular-shape basin of 85,008, kvhich approximately matches the
Cenozoic foreland basin caused by the rising oPyr®nees Range. This range limits the
basin to the NE, whereas the Cantabrian Mountamsit to the NW, the Iberian System
Range to the SW and the Catalan Pre-Coastal Rarige SE.

Due to the extension and geographical configuratiiotine Ebro basin, the climate in the
headwaters and in the lowlands is very differevigan annual rainfall in the basin was
622 mm during the period 1920-2000; however, rédinfavery unevenly distributed
across the basin: there is a high altitudinal gmaidi1000-1500 mm in the Cantabrian
Mountains and Pyrenees; 400-700 mm in the Iberigste®h and Catalan Pre-Coastal
Range; and less than 400 mm in the lower area.dErapspiration loss has an opposite
gradient of that of rainfall: it is higher in lowareas, with a basin average value of 450
mm. This spatial heterogeneity translates intoedgfit hydrological regimes; according
to them, the Ebro basin can be divided into thresmatghydrological areas, which can
include one or more sub-catchments (Fig. 1.4 ardeTh1):

— Upper Ebro, in the west, from the source to Zaragapproximately in the centre
of the medium reach. It includes sub-catchmentshef Cantabrian Mountains:
Oca, Zadoya, Najerilla and Cidacos; sub-catchmentted in the Iberian System
Range: Jalén and Juerva; and some western Pyrenbacatchments: Ega Arga,
Aragon and Gallego. This area is 48% of total Himein surface and contributes
231 n?-s* (or 54% of total) to mean runoff. The hydrologicegime is driven by
rain and snow in winter and spring.

— Segre-Cinca system: these are the two main trilegtaf the Ebro, and drain a
large sector of the central and eastern Pyrendeseltwo rivers join and just six
km downstream flow together into the Ebro in Meguisa. Their catchments are
27% of Ebro’s total area and their mean runoffs (89s’ and 78 ms?
respectively) is 37% of total. The hydrological ireg is characterised by spring
snowmelt and autumn rainfalls.

— Lower Ebro, from Zaragoza to the Mediterranean Seaontains the small
tributaries of the eastern area of the Iberian é&gysand the Catalan Pre-Coastal
Range, as, for example, Martin, Guadalope and kéatga. Its area is 26% of the
total and its mean runoff is 9% of the total. Raihfs more frequent in autumn.
Water budget in this area is negative due to higapetranspiration and human
use.

The result of this diverse basin is high spatiaiakility, irregularity and seasonality of
the flows. For instance, the irregularity factdrat is, the ratio between the highest and
lowest monthly mean flows) is 6.3 in Zaragoza an@ id Tortosa, due to the more
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regular contributions of the Segre-Cinca systenbéAtosa, 1989). Seasonality is also
quite marked: in Tortosa, near the outfall of ttesib, the ratio between the season’s
mean flow and the annual mean flow is 1.5 in spring5 in autumn and 0.35 in summer
(July and August). Similarly, annual maximum insgareous flow (Qci) can occur any
time in the year in different places within theatahent, according to the climate of the
area (Davy, 1975). Thus, in the Upper Ebro, flogéserally happen in autumn and
winter; in Segre-Cinca system, in spring; in the@emphalf of the Lower Ebro, in spring
and summer; and in the lower half of the Lower Elmoautumn. Floods starting in the
headwaters of the Ebro basin take 6-7 days to réeckea: 2-3 days down to Miranda de
Ebro, 1.5-2 days from Miranda to Zaragoza and 2¢&drom Zaragoza to Tortosa and
the sea. Floods originating in the Segre-Cincaesydtave a transit time of 1.5-2 days
down to Tortosa.

Although, the first non-systematic flow measurerasgnbwadays unfortunately lost, were
done in mid-1¥ century in Bocal, Tudela (Lopez-Bustos, 1972)teystic flow gauging
started in 1912-13 in the towns of Zaragoza andoBar(Ebro), and Lleida (Segre). Many
of the gauging stations across the basin accumiutate50 to 75 years of data. However,
data about magnitude and frequency of floods inBhe basin are scarce: there are no
flow measurements of any flood prior the"2@ntury and, within that century, most of
the systematic measurement series lack the grdékteds, such as 1907, 1937 and 1982.
Early calculations greatly over-estimated 1907 disopeak flow (Garcia-Faria, 1908);
however, posterior revisions (Lopez-Bustos 19781)%stimate it at 12000 %s’ in
Tortosa, that is, 28 times the annual mean flone phak flows in various locations of
1907 and 1982 floods have also been calculated hby Hydraulic Administration
(Fontseré i Galceran, 1938; Lépez-Bustos, 1981;0d0%984).

Throughout the 2B century, about 190 dams were built within the Ebasin, mainly in
the main Pyrenean tributaries and in the lower Ebh@ impoundment runoff index (that
is the ratio between impounding capacity and annuabff volume) is presently 57%.
The Mequinensa (1534 Hjrand the Riba-roja (210 Hireservoirs have altered the flood
regime in the lower Ebro: they have reduced by 3b&opeak flows with a return period
between 2 and 10 years (Batalla et al., 2004) n@a5% the peak flows with a return
period between 10 and 25 years (Batalla & Veriz@i,1). Dams have also contributed to
the increasing water use, which, coupled with cleang soil use in mountainous regions,
have greatly reduced runoff volume in Tortosa, rikaroutfall: from 18,500 hiayr® in
the 1960s to 13,500 Hhyr! (or 428 ni-s?) in the 2000s (Gallart & Llorens, 2004).

The geographical framework of this thesis is thetexamost area of the Ebro basin, that
is, the Segre catchment and the eastern half oLtweer Ebro-although in the last
chapter, floods occurred in Zaragoza are also aedlyln any case, each chapter has a
slightly different study area since it focuses anmtigular catchments; therefore, there is a
specific section devoted to describe them in ehelpter.
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Table 1.1. Area and mean flow of the three gredtdipgical areas of the Ebro River

Area Mean flow
. . Percentage o Percentage off
Hydrological area Site Area (knf) total Eb?o Measn ﬁow mean fIO\?v at
area (%) (m”s’) Tortosa (%)
Upper Ebro ZaragoZa 40,434 48 231 54
Segre- Cinca Fraga 9,612 11 78 18
Cinca Ou_tlet 9,699 11 ND ND
system Segre Lleida 11,369 13 80 19
Outlet 12,880 15 ND ND
Lower Ebro Tortosa 21,217 25 428 160
Outlet 21,988 26 ND ND
Total Ebro Tortosa 84,230 99 428 100
Outlet 85,001 100 ND ND
ND = No data

@ zaragoza is the outlet of the Upper Ebro subbasin
@ The mean flow of the Lower Ebro is the mean fldwhe total Ebro

Figure 1.4. Location of the Ebro basin within Euedp) and the Iberian Peninsula (b), and map oEtive
basin with its three main hydrological areas (r)(d), blue lines represent rivers and black lirgsesent
sub-basins’ watersheds. Maps (a) and (b) modifiechfa map Copyright © 2009 National Geographic
Society, Washington, D.C.; map (c) drawn by Dam@itat (RIUS-University of Lleida).

14



Chapter 1. Introduction

1.6. Structure of the thesis

This thesis is composed of seven chapters, fivgha¢h are articles either published in or
submitted to international research journals (Téb®), all of which were in the first
quartile of their category at the time of publicati except Zeitschrift fur
Geomorphologie, which was in the second quartile;dontribution of the author of the
thesis to each of these articles is detailed inl€TalB. More specifically, the thesis has
the following structure (Fig. 1.5):

1) Chapter 1 is a general introduction that contaihgstorical overview of historical
hydrology, as well as the justification, the obijees and the structure of this
thesis.

2) Chapter 2 presents the “Prediflood” database afd$ooccurred in Catalonia since
1035 and enunciates the characteristics that sudtadase should have in order
to successfully store and manage historical infoilonafor hydrological research
purposes.

3) Chapter 3 is the base of any historical hydrologylg hydraulic reconstruction;
in this case, the hydraulic reconstruction of sewistorical floods in one location,
with the objective of creating the peak flow semdésan ungauged catchment for
frequency analysis purposes.

Introduction (Chapter 1)
Background
Justification, hypothesis, objectives, methods and structure of the thesis

Historical floods databases structure and management
The Prediflood database (Chapter 2)

\ 4

Hydraulic reconstruction | Complete
Pe_ak flow series (Chapter 3) reconstructlon
(Chapter 4)
v Historical
Uncertainty Flood > Hydraulic
Hydrological
assessment frequen.cy Meteorological
(Chapter 5) analysis
Peak flow error (Chapter 6)

Conclusions (Chapter 7)
Main conclusion and answer to the research questions
Other remarkable results and contributions
Limitations and future research

Figure 1.5. Structure of the thesis
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4) Chapter 4 is an example of the complete reconstrucif a historical flood: the
historical, hydraulic, hydrological and meteorokaji reconstruction of 1874
Santa Tecla floods, in an area of over 10006, km

5) Chapter 5 quantifies the uncertainties of the tesaflthe hydraulic reconstruction
of 1907 flood of the Ebro River in the town of Xaart

6) Chapter 6 uses the flow data series created int€h&pand two other series to
assess the benefits of using hydraulically recaonstd peak flows of historical
floods in flood frequency analysis.

7) Chapter 7 closes the document with the generallgsions, the answers to the

key research questions, the limitations of thiglgtand the future research that
should be done.

Table 1.2. Papers that compose this thesis andiat=swh posters and oral communications

Type of

e Reference
communication

Chapter

Paber Barriendos, M., Ruiz-Bellet, J.L., Tuset, J., Mazdn Balasch, J.C., Pino, D.,
(Publ?shed Ayala, J.L. (2014): The “Prediflood” database ddtbrical floods in Catalonia
04/Dec/2014) (NE Iberian Peninsula) AD 1035-2013, and its pa&trapplications in flood

analysis. Hydrol. Earth Syst. Sci., 18, 4807-4823.
Ruiz-Bellet, J.L., Tuset, J., Balasch, J.C., Badies, M., Mazén, J., Pino, D.

Oral Ayala, J.L, (2013): Possibilities of the PREDIFLO@BaAtabase (Catalonia, AD
communication| 1033-2010). Workshop ‘Deciphering river flood chandistorical floods’
Technisches Universitat Wien, Vienna, Austria, September

Paper Balasch, J.C., Ruiz-Bellet, J.L., Tuset, J. (201Hjstorical flash flood
(Published |retromodelling in the Ondara River in Tarrega (Nierian Peninsula). N3
21/Dec/2011) | Hazards Earth Syst. Sci., 11, 3359-3371.
3 Ruiz-Bellet, J.L., Balasch, J.C., Tuset, J., VdricA. (2012): Flash floods
reconstruction from historical data in the ungaugaddara River basin at
Tarrega (NE Iberian Peninsula). EGU General Assgni)12, Vienna,
Austria, 22-27 April

"z

—

Poster

Ruiz-Bellet, J.L., Balasch, J.C., Tuset, J., Badlgs, M., Mazoén, J., Pino, D.
(2015): Historical, hydraulic, hydrological and metological reconstruction of
1874 Santa Tecla flash floods in Catalonia (NEitbePeninsula). J. Hydro|.,
524, 279-295.
Ruiz-Bellet, J.L., Balasch, J.C., Tuset, J., Badgs, M., Mazoén, J., Pino, D.
Poster (2013): Meteorological analysis of 1874 Santa Tecftash floods in NE
Iberian Peninsula. EGU General Assembly 2013, \Aerwustria, 8-12 April

Paper
(Published
16/Feb/2015)

Article Ruiz-Bellet, J.L., Castelltort, X., Balasch, J.Qyset, J.: Uncertainty of the
(Submitted |peak flow reconstruction of the 1907 flood in thbr& River in Xerta (NE
23/Jan/2016) | Iberian Peninsula). Submitted to J. Hydrol. (Jap2arl6).
5 Ruiz-Bellet, J.L., Castelltort, X., Balasch, J.Cyset, J. (2016): Error of the
modelled peak flow of the hydraulically reconstaett1907 flood of the Ebro

Poster River in Xerta (NE Iberian Peninsula). EGU Genékasembly 2013, Vienna,
Austria, 17-22 April
Ruiz-Bellet, J.L., Balasch, J.C., Tuset, J., Morater, A., Sanchez, A. (2015):
Paper . . S . T
(Published Improvement of flood frequency anaIyS|_s Wlt_h _hlmar |n_format|0_n in
01/Nov/2015) different types of catchments and data series withé Ebro River basin (NE
6 Iberian Peninsula). Zeitschrift fir Geomorpholod8(3), 127-157.
Balasch, J.C.., Ruiz-Bellet, J.L., Tuset, J., A8lod C., Sanchez, A],
Poster Castelltort, X., Barriendos, M., Mazén, J., Pina, 2014): Improvement of

flood frequency analysis from historical floodsdifferent-sized basins. HEX
Conference, Bonn, Germany, 9-15 June
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Table 1.3. Contribution of the author to the aetictontained in the thesis

Chapter
(see | Co-authoring Contribution
Table position
1.2)

- Participation in the definition of hypotheses, aljees and methodology
- Writing of part of the introduction and the condiugl remarks

2 Second - Writing of section 2.6
- Figures 2.1,2.4,2.5and 2.6
- Review of the whole document
- Participation in the definition of hypotheses, alij¢es and methodology
— Compilation of documentary information about theofis
— Assistance in hydraulic modelling
- Hydrological analysis

3 Second - Unpgrtainty assessment _ .
- Writing of the whole document (including tables)
- Figures 3.3t0 3.9
— Description of the study area
— Discussion of the results
— Coordination of the co-authors contributions
- Definition of hypotheses, objectives and methodgplog
- Bibliographical research
— Compilation of documentary information about theofis
— Assistance in hydraulic and hydrological modelling

4 First - Unpgrtainty assessment _ .
- Writing of the whole document (including tables)
— Figures 4.2 and from 4.6 to 4.10
— Description of the study area
— Discussion of the results
— Coordination of the co-authors contributions
- Definition of hypotheses, objectives and methodgplog
- Bibliographical research
— Assistance in hydraulic modelling
— Uncertainty assessment and sensitivity assessment

5 First - Writing of the whole document (including tables)
- Figures 5.1,5.2,5.4,5.7and 5.9
— Compilation of documentary information about theofis
— Description of the study area
— Discussion of the results
— Coordination of the co-authors contributions
- Definition of hypotheses, objectives and methodgplog
- Bibliographical research
— Compilation of documentary information about theofis
- Flood frequency analysis

6 First - Writing of the whole document (including tables)
- All figures
— Description of the study area
— Discussion of the results
— Coordination of the co-authors contributions
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Chapter 2. The “Prediflood” database of historftmdds in Catalonia

Abstract

“Prediflood” is a database of historical floods ttleecurred in Catalonia (NE Iberian
Peninsula), between the 11th century and the Zigury. More than 2700 flood cases
are catalogued, and more than 1100 flood eventis d&tabase contains information
acquired under modern historiographical criterid #&nis, therefore, suitable for use in
multidisciplinary flood analysis techniques, suclks aeteorological or hydraulic
reconstructions.

Keywords: historical floods, database, historiographicalecid, multidisciplinary flood
analysis

2.1. Introduction

Floods have always been among the most destrumtivatural hazards, in part due to the
traditionally high exposure and vulnerability of sadhuman settlements. Indeed, between
1998 and 2009, Europe suffered more than 213 sefl@ods, which caused 1126
casualties, the displacement of half a million pecgnd more than EUR 60 billion in
economic losses (EEA, 2010).

Unfortunately, both the frequency and magnitudéladds are likely to increase in the
near future due to climate change, thus worsertegetfects of floods on the human
population. This is especially true for the Mediéerean region, where climatic models
foresee an increase of rainfall irregularity: int&ania (NE Iberian Peninsula), for the
period 2070-2100, models estimate a 15% decreassahrain depth but, at the same
time, a 15-30% increase in the number of days Wweéhvy precipitation (Barrera and
Cunillera, 2011). In central Europe, torrential gypéations will also increase in the near
future, although this cannot be assured to causecagase in river flows, due to the short
length of the data series (IPCC, 2014; Kovats aalMini, 2014).

The increase of flood hazard will force the undertg of protection measures, which are
going to need information about floods frequency amagnitude. Unfortunately, river
flow instrumental series are usually too short (whieey exist at all) to analyse low-
frequency events, such as flash floods (Gaetred., 2009). However, these series can be
lengthened with historical floods information. Img sense, the European Union Floods
Directive on the assessment and management of flsksl (2007/60/EC of the European
Parliament and of the Council, 26 November 2007oarages the use of historical
information in flood risk assessment.

Regrettably, historical flood compilations in Spaiawve always had a low quality, due to
the lack of proper historiographical methods arehde, they are useless in flood risk
assessment. In fact, in order to ensure a goodtyjusl information, historical floods
compilations in Spain should be created anew.

The main objective of this article is to preserd tRrediflood” database, a new database
of historical floods in Catalonia that encompagbkesperiod AD 1035-2013, created from
scratch with modern historiographical methods; eosdary objective is to show its
potential applications in flood analysis and inoffiorisk assessment. More specifically,
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this paper describes the process of creation ofRhediflood” database from past events,
the issues that can be improved and the poterfttalecorganized information. The initial
research project (see acknowledgements), in whishwork is framed, analyses the past
500 years but data collection has provided inforomabeyond this limit. This process is
an opportunity to reassess previous procedures tanghcorporate historiographical
criteria regarding the sources of information.

PREDIFLOOD is the acronym of a Spanish researclegroThe general aim of the
project is to improve the capacity of Predictivity Flood events based on a large
collection of historical information and modern ador all possible flood events in our
study area. With these materials, hydraulic-hydymoreconstructions and synoptic
meteorological reconstructions will improve knowgedenough to produce tools for the
improvement of preventive and early warning proceddor risk management situations.

Considering the topography and climatology of CGatel, with a large number of
ungauged basins, small dimension of basin but gttorrential rainfall events and high
demographic concentration on the littoral as opgose river mouths, improved
knowledge for early warning procedures is strongbgitive for management of these
situations.

2.2. Review of historical floods compilations in Sgin
2.2.1. Early attempts in floods collection (1850-B®)

The first attempts to gather information on higtafifloods in Spain began in the second
half of the 19th century, with the prevalence ofipgeism in historiography. These
attempts took advantage of the network of histbacehives created and managed by the
public administration. However, these first worlkesHl scientific objectives beyond the
mere compilation of data. On the other hand, theogds context without technological
resources, made the systematic collection and sisabf large quantity of historical
information and data impossible. Consequently mafstthese works do not have
minimum conditions, and hence, many of these watksnot meet the minimum
standards of historiographical rigor.

Nevertheless, some Spanish compilators took ademeree the work of the French
historian Maurice Champion (Champion, 1858-1864)tl@se, two local studies stand
out: one in the town of Girona (Chia, 1861) and ion®wn of Murcia (Hernandez, 1885)
—this last one including an analysis of the causeb effects of floods. A remarkable
synthesis of all the basins in the Iberian Penmstds also published (Bentabol, 1900).

The first half of the 20th century saw a hiatufi@@d compilations due to a movement of
rejection of historiographical determinism. Howevairghly destructive floods which
occurred in this period reignited the interest hins tarea of research and sevdoaal
works of increasing methodological rigour appeatth as those of the Turia River
(Almela, 1957), the Ebro River (Blasco, 1959), 8egura River (Couchoud, 1965), the
Llobregat River (Codina, 1971) and the junctiorired Ter and the Onyar rivers at Girona
(Alberch et al., 1982)At the same time, analytical studies began to apfpeeused either
on single events (Iglésies, 1971) or on the genenaracteristics of floods (Lépez-
GOmez, 1983).
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2.2.2. The involvement of the administration (sinc&980)

In the last 30 years, the Spanish administration made several attempts to gather
historical floods information and to render it usefMore specifically, two types of
organisms have led the way: basin authorities ddalh Spanish “Confederaciones
Hidrograficas”) and civil protection authoritiedfreccion General de Proteccion Civil y
Emergencias”).

On the one hand, basin authorities early beganetwch and use information about
historical floods as a complement of instrumentatad with the objective of better
assessing floods’ frequencies, flows, duration belaviour. To this end, they launched
several initiatives of historical floods data cotien. Unfortunately, the personnel
involved in those projects were civil engineers,thwia poor background on
historiographical methods; they looked for informatin ill-organized compilations of
uneven quality, which did not permit a clear idBcdition of the documentary sources.
Furthermore, the information thus found was onlgdusn comparing some extreme
historical flood to those of the instrumental pdrend in creating flood chronologies that
lacked any methodological criteria of exhaustivenasd, hence, had a mere informative
objective. Besides all this, over the years, bamithorities have been placed under
different ministries due to their diverse compeiescon water (irrigation, drinkable
water, waste water, infrastructures, taxes), argllthmpered long-term projects, such as
historical floods compilations.

The civil protection service is relatively new ip&n (Law 2/1985, 21 January 1985).
This new concept of emergency prevention and mameagebrings a new challenge to
the collection and analysis of historical infornoati Indeed, this service needs greats
amounts of reliable information in order to perfortime multidisciplinary analysis
required both in emergency planning (preventioscue, evacuation, safe and vulnerable
areas) and in urban planning.

Membership of the European Union also places nemvadels on the civil protection
service. The Water Framework Directive (2000/60tE@he European Parliament and of
the Council, 23 October 2000) defined new work epBte on water resources
management and their severe manifestations, agltioand floods. But it was the EU
Floods Directive (EU Floods Directive on the assemst and management of flood risks,
2007/60/EC of the European Parliament and of then€ig 26 November 2007), that, for
the first time, specifically commanded the EU Statembers to assess flood hazard and
risk. In Spain, this task was already underway wiie mapping of flooding areas:
“Sistema Nacional de Cartografia de Zonas Inungalf&NCZzI, 2010).

Regarding historical floods, the transposition loé £U Floods Directive into Spanish
legislation (Real Decreto 903/2010, 9 July 2010)its articles 6 and 7, define the use of
historical information in flood risk assessment.

However, the results of the actions ordered byEBhkeFloods Directive are uneven in
Spain. Instrumental information has been succdgsfatalogued and homogenized. But
available historical information has not been thgtdy confirmed by systematic
consultation of reliable documentary sources. lddda relation to historical flood

information, the work has been reduced to orgagiand digitizing the data from the
previous flood compilations done by the basin adties (Catalogo Nacional de
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Inundaciones Historicas, 2006-2010). This is a naemimulation of information, but not
an improvement in its quality, quantity or applidiéyp because the source compilations
are fragmentary and they lack both flood selectateria and references to primary
documentary sources.

Unfortunately, this has been the usual proceduréhéntreatment of historical floods
information until now. Therefore, although powerfdftware programmes support these
modern compilations, their applicability in floodalysis is very limited and they are seen
as mere collections of anecdotes for informatiqi@tes into calendars or yearbooks.

2.2.3. Scientific approaches

Apart from the efforts of administration, there Balso been scientific approaches to the
collection of historical flood information in recegears, with the aim of creating flood
compilations of European-homologable quality.

The first doctoral thesis on the subject was byrati on the island of Mallorca (Grimalt,
1988), which was later published as a book (Grind&©2). Since then, several research
projects acquired historical information with spgecicriteria in order to produce
consistent and reliable data series. However, thagects, which were costly and lasted
from 2 to 4 years, were limited to a scarce numifechronologies in small areas
—examples are the compilations of Maresme Countyri@alos and Pomés, 1993), of
the Spanish Mediterranean coast (Barriendos andimddide, 1998) and of the basins of
the Ter, Llobregat and Segre rivers (SPHERE Proji&&ystematic, Palaeoflood and
Historical data for the improvEment of flood RisktiEnation”, EU Project EVG1-CT-
1999-00010, 2000-2004). Also, the Geological Ingtitof Catalonia started a campaign
of systematic collection of information between 20fhd 2010 in order to map natural
risks, but budget limitations stopped the surveyl amly the Pyrenees area was
completed.

These compilations done with scientific purposébpagh scarce and modest, follow the
methods of European research. This has allowed lesxmanalyses such as: the
improvement of climate behaviour estimations fromltroentennial flood chronologies
(Llasat et al., 2005; Barriendos and Rodrigo, 200® study of flash floods (Llasat et al.,
2003; Barrera et al., 2006; Balasch et al., 201@a dhe reconstruction of the peak flows
and the impacts of one of the worst floods in therian Peninsula, that of November
1617 (Thorndycraft et al., 2006).

2.3. Characteristics of the "Prediflood" database

The “Prediflood” database contains information abdistorical floods occurred in
Catalonia (NE Iberian Peninsula) between AD 1035 201.3.

The current state-of-the-art of historical floodsSpain (as previously described) and the
potential of our contribution as outlined in thiaper are very different. Previous official
databases mostly took information only from a gelkcnumber of bibliographical
references, but not defined by historiographicateda or any specific order. The
obtained database included a large amount of irdbam, but with important
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weaknesses. On the other hand, previous reseascisrin this field have worked from
documentary and bibliographical sources, but fodusevery specific geographical sites.

We suggest and apply systematic approach to bialpbgcal sources obtaining a
complete identification of primary sources (histati documentary sources with full
reliability: objectivity, eyewitness in real timand so forth). A new online database and
tools help a lot in this new approach and in tHeea@ment of the reasearch objectives.

Our research is focused in long flood-chronolod@sspecific sites, but we also collect,
integrate and analyse information from all existiihgoded sites. This new approach
changes the focus from "floods occurring in oneatmn" to "all locations recording
overflow during one flood event".

In our opinion, a flood event is so complex in aspiveric and surface processes that all
possible information contributes to a better unidading of it.

Catalonia is a relatively mountainous region of B2knt on the east Mediterranean
coast of the Iberian Peninsula (Fig. 2.1). Duedthbts location and its relief, it is prone
to several flood-causing weather phenomena: settenederstorms, long frontal rain
events, and massive snow thaw.

It is also a relatively populous area and has micemdergone a period of massive
construction, sometimes in flood-prone areas, asegumence of speculativebuilding
construction bubble. Therefore, exposure and valnbty have increased in the last few
decades.

a) b)

L ]
‘ Barcelona

500 km 1mm
Figure 2.1. Location of Catalonia within Europe &aj the Iberian Peninsula (b), and map of Catal@o)ji
Own elaboration from a map Copyright © 2009 Natlddaographic Society, Washington, D.C.

2.3.1. General criteria

Due to the state of research in Spain, it is atéséo work with general criteria when
managing historical floods information, in order tmake it usable for future
multidisciplinary studies.

Considerations of the modern-day situation:

a) The bibliographical review on which modern dataBasee based is partial,
obsolete, and not acquired with conventional hisgyaphical criteria.
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b) The search of historical documents with continuanigiective information of
floods (local administration sources) has barelweced 3% of the total
documents available in the National Documentaryiteige.

c) The use of primary documentary sources is rare.s,Thuncertainty about
reliability and accuracy of data available is veigh.

d) The databases have a closed design, with precisetlses to organize
information, adequate for instrumental data, busthating and not operative for
historical information and its level of detail.

e) Closed-structure databases deem all their infoomateertain, although research
can bring many corrections, enlargements and eetection of serious errors,
such as date or location of the flood, repeateddfleecords, or floods that never
occurred.

Aa an example of working without a critical anatysf sources (historiographical
procedures), one bibliographical reference with ngranformation describes a flood in
1897 in Girona city caused by the overflow of thigels River. If this reference is taken
into account, we introduce wrong information infoofd frequency analysis for this
sector. Taking different documentary and bibliodniapl references in a cross-analysis,
we concluded that this "flood" it was only a prablen rainfall infiltration on the roof of
the City Hall.

Proposed criteria (used in the “Prediflood” databag)

a) Open structure: with so many documentary and hjbdiphical sources not yet
searched, designing fixed-structure databasesei\aiure. The most operative
alternative is having a collection of informationtes in their original formats
and, in parallel, a list or catalogue of these ieatwhich can be used as a
temporary database.

b) Positive error management: an open structure albbgsick detection, correction
and substitution of erroneous information. The tosaof a new flood case from
not contrasted information must be avoided if thateeady are reviewable
elements. New cases are generated from imprecisdarbtful information.

c) Traceability: every flood record should have a ctatgreference to a primary
documentary source, from which the printed soudsgs/e: monographs, articles,
reports. A flood record is reliable only when imisces are completely traceable.
In addition, this allows the maximum access to gateel information.

Because of these previous factors and future néeelsnformation organization structure
has two different parts. On the one hand, all tenél materials in documentary and
bibliographical sources are stored in their origiimamats. The minimal transformation
and reduction permits the use of the informationsurccessive improvements and
corrections that would arise after new materialhgahg. On the other hand, a
spreadsheet records the basic information reqdoedll kinds of queries, at the same
time, allowing quick changes in the created categand items.
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To this end, the “Prediflood” database informati®organized into three areas:

a) Area 1: Digital Archive. Most of the information rahdy available in
official/public databases is contained in digitathaves supported by different
software, from complex files developed by speddi software (i.e. Access) to
simple scanned materials in pdf format. All thessarials are considered "Digital
Archive". We also include digital files of publicans, technical reports, academic
works, as well as instrumental data.

b) Area 2: Factual Archive. This refers to materialsdifferent physical formats
—materials preserved in historical archives, sucholdsphotographs, pictures,
painting, cartography; we also include epigraphaod marks (old buildings,
bridges, etc.). In the best case, we can find ditestimonies of oral history
preserved on old cassette tapes, etc.

c) Area 3: Textual Archive. This is the core of ousearch work. We have "reset"
the information available in different databasds itext format (Word files) for a
better management of such a large and complete r@nobunformation. We are
exploring more new bibliographical and documentsoyrces. New information
must be added with detailed insertions case-by;cge-by-date. All this work is
made in descriptive texts (of course, including Bumand instrumental data).

2.3.2. Location and codification system

The “Prediflood” project’s research area is thealtatia administrative unit, which is

divided into two group of basins: (1) the final paf the Ebro River basin (including the
Segre River basin, a tributary of the Ebro), andtli2 “Catalan Interior Basins”, all the

rivers that flow directly into the Mediterraneantween the Ebro River and the French
frontier.

The period studied is the last 500 years, whidheasusual length that the law requires to
define flooding areas under extreme magnitude své&fgvertheless, strict time limits are
unadvisable in historiographical research. Histdrievents information is not always

complete and detailed but sometimes has crossrefes to previous events and,
therefore, an extension of the studied period dauies to an improvement of the initial

information.

As an example of the process of collecting all gdeseferences, consider Event 1380,
March 7th. Onyar River, Girona city (Level 5, Cataphic):

— Chia (1861) mentions this flood flowing by ArgengeiStreet, damaging two
monasteries, destroying a city gate and causingsBatties. This report is based
on a section of correspondence from the City Cduwahive of Girona, volume
of year 1380.

— Margqués (1979a, b) describes this flood as havimgasurement of eight spans of
flooding level on "Forca" Gate (1.56 m) and dediorcof the other gate of the
city. This source does not mention primary (docutagn sources.
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— Alberch et al. (1982) describes a partial collap¢he city wall, affecting one
building in Argenteria Street (with three dead).isTeource is based on the City
Council Minute Books, of year 1381, preserved inyQCouncil Archive of
Girona.

The information has been singularized to the locetiwhere a flood is described or
documented. For the geographical location, the ACatalan Water Agency) procedure
has been used:

a) Basin
b) River
c) Town
d) Element

A full identification up to level 3 is the most wdu using the official name of
municipalities, the basic local administrative unitSpain. The use of smaller units has
not been envisaged due to the great diversityefigscriptive level of the different flood
records. It is preferable to keep this informationa raw state for eventual specific
analyses when needed. All details are preserveld oviginal names and descriptions.
Most of them will have to be cross-checked with rdata sources, if the work proceeds,
in the near future.

Time location is not excessively complex. The cttesidocumentation is usually precise
with dating. Fortunately, we focus on administratidocumentary sources and local
newspapers. Dating of this type of documents ixtexanly calendar adjustments are
required (i.e. Julian to Gregorian calendar st@lajiously, the worst indeterminations are
found in bibliographical sources; this justifieetihffort to reach original documentary
sources for the historical period events. In catirdahe local press provides rich
information, even allowing hour resolutions, veryseful in hydrological and
meteorological reconstructions.

The only issue that deserves attention is the piisgito of recording the duration of
some events. In larger rivers, the precise datinth® beginning of floods and of their
peak flows can be very helpful.

Dates are the key element proposed to identifyyefleod record, because of their high
reliability. Every record will have a code composédhe complete date (YYYYMMDD)
and an order number. When only one record is adailfor a flood event, this order
number is "01". When different flood cases have shme date, order number simply
shows the order in which records have entered dteshdse.

After this identification of "Case Code", when aogp of records are suspected,
according to hydrological or meteorological evideno correspond to a same event, an
independent code for the event is also generat¥¥ Y¥MM). For different flood events

in the same month, we distinguish with succes®ttens (a, b, c...). After this provisional
coding, when the gathering of quantitative infonmmatis sufficient, a definitive
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procedure for coding should be applied, considedagation, extension, and severity of
flood event (see Table 2.1):

Table 2.1. Examples of flood case and flood eveditfication

Order
when
Location River Year Month Day | entering | Case Code Event Cod¢
the
database
Flix Ebro 1787 October 8 3rd 17871008D3 1787-10
Xerta Ebro 1787 Octobe 8 4th 1787100804 1787-10
Tortosa Ebro 1787 October 9 1st 1787100901 1787-10

2.3.3. Classification system by assessment of impac

The collected floods require a minimal common cbi@@zation in order to be classified.
Most of the flood records are still to be completwdh more precise and reliable
information search, but, for the moment, the mastlent traits can be used. The more
common elements to an event of any time are thefgring to its basic hydrological
behaviour and the impacts it caused. The combinatidhese two criteria has been used
in many studies at a European level. In the cas8paiin, the first proposal had three

levels of classification (Barriendos and Pomés 3] $arriendos and Martin-Vide, 1998;
Llasat et al., 2005):

1) Non-overbank flood + disturbance: ordinary flood
2) Overbank flood + disturbance + damage: extraorglifiaod

3) Overbank flood + damage + destructions: catastedpsod

The analysis of many and very diverse floods duprgect SPHERE led to a refining of
the classification system, hereby presented wiHdtest improvements:

ERR Erroneous information: The flood never existed
1) Unnoticeable flood, no damage: No flood
2) Non-overbank flood + disturbance: Ordinary flood
3) Non-overbank flood + disturbance + damages: Orgieatraordinary flood
4) Overbank flood + disturbance: Extraordinary flood
5) Overbank flood + disturbance + damage: Extraorgiicatastrophic flood
6) Overbank flood + damage + destruction : Catastmfibod
In general, the basic criteria are the occurrerfcood and whether it is an overbank

flood or not. Then, there are two further levelsstf the capacity to damage non-
permanent elements (vehicles, cattle, stored goodslight structures (catwalks or

29



Chapter 2. The “Prediflood” database of historftdds in Catalonia

temporary wooden structures), and second, the tgpadestroy completely or partially
permanent structural elements, either in an urlpan a rural environment: stone bridges,
walls and other defensive elements, watermillsidings, irrigation systems, or roads and
railroads. Regarding agriculture, a flood is coastd destructive if it has rooted out large
fields, or if it has destroyed the harvest or thedpctive plants (grapevines, fruit trees),
removing the productive soil and leaving large ifndeposits of any kinelin summary,
catastrophic situations that will need importardremmic resources and several years for
a full recovery, or that mean the abandonment effifiected elements.

The classification system does not take into acchuman fatalities due to occurrence of
this kind of impact being random in relation witietseverity of the flood. Regarding

human victims, a lot of interesting consideratia@asild be described and analysed. In
historical time, the numbers of victims are verwldNe suggest that high vulnerability

provoked an automatic mechanism of reduction ofosmpe. However, since the

Industrial Revolution, people vulnerability has begreatly reduced by new technical
resources. But then exposure increased and fataliicreased. People’s poor prior
assessment of risk is also an important factoekmiaining victims in flood events in the

area under study.

Consequently, we considered first that human ingpédisplaced, injured, dead victims)
are related to inhomogeneous and hazardous fadtioey. cannot be applied to an initial
general floods event analysis. In a second stagehefresearch, we will introduce
vulnerability indices, in the hope that this infation will be useful to improve flood
event knowledge.

To fix the evaluation of impacts on permanent dtriad elements is a more objective
approach and more adequate for this task. Theteféecpopulation are recorded but only
used in specific studies.

A last issue to take into account is the lack ofréerion of severity classification

according to the number of affected catchments. Buedhe characteristics of the
Mediterranean regions, with intense torrential bot always extensive rainstorms, and
with a complex orography, this territorial affectiocriterion would be not very

representative of the magnitude of the floods. Méedess, the accumulation of
information will lead to the application of suckcaterion in the near future, which will

be useful in identifying and classifying large fttso

Firstly, we focus on a physical/natural event. &@duce bias produced by human presence
changing with time (new structural elements, popatagrowing, new land uses....), we
focus the research on two basic criteria (overflmaand impacts) on the same sites when
possible. For example, we generate different legélslassification fixing one group of
streets, one bridge or dike (unchanged on time),aoserving when these elements are
overflooded, when they are damaged and when theydastroyed, but taking into
account the same elements, whenever possible. Wehahchanges of the bed river are
very important or large hydraulic infrastructure® duilt upstream, we finish flood
chronologies on this site.

In a next step to be developed in future reseasehwant to maintain physical event

considerations, but introducing human aspects. Watwo collect urbanistic and
demographic information by municipalities (demodmapevolution, quantity and type of
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buildings) to generate vulnerability indices (oficge, considering evolution in time). An
improved flood-event classification will be devednp considering this information
applied in different temporal frames, adjusteditmglarities of every municipality. We
recognize that this new generation of data analgsis a preliminary stage. We will need
a few years to have it for all Spanish Mediterramleasins.

2.3.4. Meteorological and hydrological information

Historical accounts usually have complete inforomatabout time and space location of
the flood and the most relevant damages. Thislddtaiformation is available because of
the use of administrative sources of local autlewit The main objective of these
documents is to record exact and detailed desenf impacts and causes, in order to
define and apply a programme of reconstruction wblip infrastructure. However,
information on meteorological and hydrological issus scarcer, only being frequent in
the most recent accounts. Because of that, itngerdent to identify and singularize the
information that can be of special interest inrdeonstruction of those issues.

The database has cells to confirm the presenceetéarological informatior-duration
and behaviour of the precipitation, previous rarergs (or any other described variable,
as pressure or wind speed and direction and assdc@Ehenomena). Regarding the
hydrological behaviour, the data to be taken intooant are: maximum water height,
flood behaviour and other hydrological informatisnch as changes in the channel,
sediment accumulation, landslides.

2.4. Firsts results of the "Prediflood" database

The results of the first compilation of flood maéérJune 2013-March 2014) are very
positive. But it would be a mistake to considerstlais the final step of a process.
Regrouping already known information is not a redeabjective in itself. It is just the

initial phase of an open-ended process, which raast to the maximum gathering of
information about an unsuspectedly high numbewnehts that have been detected.

The work will be gradual and it will go beyond timétial “Prediflood” project itself-this
is the only way to acquire the historical floodamhation that is truly useful for the
meteorological and hydrological reconstruction @vere events. Thus, the results
presented here are a mere starting point; they iremmpen to future campaigns of
improvement and applied research.
As of April 2014, the “Prediflood” database has tbkkowing structure and content:

— 2711 flood cases (flood records) in Catalonia, oizgd in 1103 flood events;

— Period effectively covered: AD 1035-2013;

— Accumulation of textual materials: 1246 pages;

— Accumulated material from other basins in the BeriPeninsula, with no
exhaustiveness:
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— Peninsular basins: 873 flood cases,
— Insular basins (Balearic Islands): 111 flood cases,
— Basins in Roussillon (SE France): 250 flood cases,
— Total absolute: 3945 flood cases.
The distribution in time of the flood cases andrésgFig. 2.2a and b) shows a logical
concentration in the last 200 years, as a resulhefgreater availability of information,
but also due to an increase in exposure and vuditigyain the face of a result of

population growth, the industrialization of rivereas in the 19th century, and the
intensive urban development along the coast duhegecond half of the 20th century.
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Figure 2.2. Bidecadal distribution of flood casasdnd flood events (b) of the “Prediflood” databas
information (own elaboration). Three flood casesfes are out of the period AD 1035-2013.
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For this reason, data analysis in later works waalhsider internal periodizatiorevery
basin has its specific historical context evolutibat general periods could be:

— Years ca. 1000-1500: information poorly detailed atattered. Population in
small location with low exposure to flood events.

— Ca. 1500-1750: qualitative detailed and homogenemisrmation. Stable
locations with important level of exposure to floexkents.

— Ca. 1750-1850: highest level of qualitative infotima. First quantitative data
available (meteorological, demographic statistitsbutary reports). Strong
demographic growth producing an important incredsailnerability.

— Since ca. 1850: quantitative information is avddaland qualitative primary
information is diversified (administrative sourcdecal newspapers, technical
reports). Locations increase exposure but alscerdifit preventive structural
works reduce vulnerability. Case-by-case analgsigquired.

The number of flood cases in relation with the tde&ble events reveals some interesting
matters:

— one case per event: 756 flood events,
— between two and nine cases per event: 306 flooadtgve
— ten or more cases per event: 41 flood events.

The great number of events with only one documeficeti case highlights the typical

regime of torrential precipitations, very intensat Imot large, which cause serious but
localized overbank floods. But it also highlightte tinsufficient historiographical research
that has not more completely defined flood eveAtssingle-cased flood event is a
stimulus to deepen the research in that area aed da

The greatest events, with 10 or more documentedscage optimal starting points to
deepen the research. They occurred in a relatreglgnt period, thus their study will be
more efficient. Besides, their already proved séyean be definitely characterized and
brings more information for the meteorological ahgdrological reconstruction. A

detailed study of these high-impact events is ameaatiate usage of the “Prediflood”
database (see Table 2.2).

Finally, the results of the “Prediflood” databasancbe compared to those of the
compilations of the competent institutions: bagitharities and civil protection service.
(see Table 2.3).

The available databases, organized in hydrograpb&sans, have uneven time coverage.
In some cases, importance has been attached t@ameignt events, whereas other basin
authorities have preferred to focus their studyaimore realistic period, of about 500
years long, to be used in the 500-year return gdasadculations required in different land
planning instruments. However, these databasesicoietv events: between 150 and 250
events per basin. The Ebro and the Guadalquivinbasand out with about 500 events, a
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number very much due to their large areas. Catalonith an average area compared to
other basins, reaches 1103 flood events.

Table 2.2. Relation of flood events selected adogrtb severity (10 or more cases per event).

Year Date Number of Year Date Number of
cases cases
1617 30 Oct-6 Nov 47 1942 27-28 Apr 12
1787 25 sep-9 Oct 13 1943 15 Dec 21
1842 23-26 Aug 29 1944 24-25 Feb 12
1850 15-21 Sep 26 1951 2-12 Oct. 13
1853 23-26 May 19 1962 24-26 Sep 26
1856 8-16 Jun 11 1962 10-17 Oct 19
1863 7-8 Oct 12 1962 4 Nov 17
1866 19-25 Oct 10 1963 3 Aug 11
1874 22-23 Sep 69 1963 11-14 Sep 11
1890 18-19 Sep 15 1965 4-9 Oct 12
1898 15-18 Jan 25 1969 3-5 Apr 17
1901 21 Sep 13 1970 10-12 Oct 31
1907 10-16 Oct 30 1971 20-21 Sep| 26
1907 21-25 Oct 89 1973 7-8 Sep 11
1913 29-30 Sep 16 1977 18 Oct 17
1919 6-9 Oct 13 1982 15-16 Feb 17
1921 16-18 Aug 17 1982 6-8 Nov 38
1926 31 Aug-4 Sep 16 1984 29 Sep 11
1932 11-17 Oct 11 1987 3-10 Oct 16
1937 25-28 Oct 43 1994 10-110ct 29
1940 16-18 Oct 21

Table 2.3. Comparative values between the floodpdlations of Civil Protection Spain and the
“Prediflood” Project. Source: "Catalogo Nacionalldandaciones Histéricas" (2006-2010), Ministera d
Interior, Espafa.

Basin @rme% Period c')\lfl:er\r/]gr?trs Years Coverage | Density
Duero 78954 1483-1985 278 503 39.7 7.0
Segura 18869 1482-1982 214 501 9.5 22.5
Jucar 42989 1088-1983 217 896 38.5 5.6
Tajo 55645 849-1979 159 1131 62.9 2.5
Ebro 85399 | BC49-1984 554 2034 173.7 3.2
Guadalquivir 63972 1483-1985 474 503 32.2 14.7
Norte+Galicia 40894 1482-1983 141 502 20.5 6.9
Guadiana 59677 620-1985 149 1366 81.5 1.8
Sur 17969 1544-1983 162 440 7.9 20.5
Pirineo Oriental | 16418 1483-1983 162 501 8.2 19.8
Total Spain 493838 2579 838 (av.) 413.8 6.2
Prediflood 32114 1035-2013 1103 979 31.4 35.1

@ Coverage: (years surface) / 10km? (according to Gaumet al., 2009)
@ Density: Number of events / coverage (accordinGaumeet al., 2009)
® pirineo Oriental Basin: data provided directly bytalzn Water Agency (ACA)

The use of an objective criterion to compare theega results in Spain with those of the
“Prediflood” project in Catalonia (Gaunet al., 2009) shows a space and time coverage
obviously greater for the whole of Spain compa@atalonia (413.8 yx surface / 19
km? and 31.4 years surface / 1Dkm?, respectively). However, considering the number
of events in Spain (2579 events) and Catalonia 31ev@nts), the density of events in
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relation to their space and time coverage reachedug of 6.2 events/coverage in Spain
and 35.1 events/coverage in Catalonia, which i®sirsix times greater.

2.5. Historiographical data collection procedures
2.5.1. Justification for a historiographical reseach

Historical floods information has specific sourcdecumentary and bibliographical, the
traditional area of research of historians. Howgvextural events are not, in general,
appealing to this collective. Floods simply appess mere anecdotes in local
historiography, and only deserved some systemétict €luring the positivist period.

The present context of natural risks in their iat&ion with human activities makes this
research field interesting. In a few years, histdriclimatology has shown its

development capacity in the scientific literatureni information exclusively collected in

historical documentary sources on the issue ofdio@mong others: Camuffo and Enzi,
1996; Glaser, 1996; Pfister, 1998; Brazdil et99, 2006; Wetter et al., 2011).

The situation in Spain is optimal to this kind ekearch thanks to the great documentary
heritage preserved. However, historiographical aesde has focused on political and
social issues. Up to the present, only 3% of theudwentary sources of specific interest
to floods have been explored. (In Catalonia, tl@scentage is 5% approximately). Local
historiography has accessed a greater number afintmttary sources, but just to
generate lists of flood dates.

The administrations competent with managing basntsemergency situations have used
these bibliographical sources but the results Hzeen scarce and limited despite the
potential of the available documentation. The sokuto this situation can come from
historiographical research itself, and the rescdts be as positive as those of previous
European experiences.

The majority of flood events in Spain are based amninsufficient exploitation of

historiographical sources. Reaching a completetifiation of these sources is, by itself,
a study with multiple positive aspects (see Fig).2.
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Figure 2.3. Overview of the methodological procedoi historical floods data collection (own elakitma)

2.5.2. Proposal of classification of information aarces

The development of a study on so large and divenrsange of historical sources requires
a good classification of them. The following progbs based on their reliability levels
and content format:

1) Primary sources: Information for flood events gated by contemporary
eyewitness authors

a) Documentary sourcés

! Objective sources, quasi-complete data series
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b) Local newspapefs

2) Secondary sources: Information obtained from prymasources by not
eyewitness authors

a) Scientific literaturé
b) Historiographical sources and thematic wérks

3) Tertiary sources: Information obtained from secopd@urces by not eyewitness
authors

a) Technical reporfs
b) Non-specialized works and social networks collexfio

Q. Quantitative Data: Information recorded in nuimer quantifiable formats (All
sources can contain quantitative data, generatethdéyselves or copied and
transmitted)

a) Instrumental sources
b) Paleolimnimetry: epigraphic and textual flood marks

The source level relate to their proximity to theemts. Every source level has some
objective sources, with which data gathering isagincomplete, and some subjective
ones, which offer incomplete information.

2.5.3. Proposed procedures

The first analysis of the compiled floods shows léheels of the sources of information.

Data exploitation can be immediate, but the clasgibn of sources can highlight the

reliability and quality of the sources used aneré¢ffore, of the available information. If

required, the origin of the information can be istgated until arriving at the primary

level sources.

Given the present state of references on floodscdke research effort should focus on
finding the primary sources for most of them ensyyriat least, one reliable and objective
source of information. Application of this prinogbf traceability would have a number
of positive aspects:

1) The starting point would be already available infation, thus not limiting its
availability but consolidating and improving itdiadility.

2) By reaching primary sources of a public administetnature, information
endorsed by a public notary would become availablee maximum reliability
provided by such testimony would strengthen recansbn studies based on the
information contained in these sources.

2 Subjective sources, incomplete data series
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3)

4)

5)

6)

New bibliographical and documentary sources wowddbbought to light. This
would enlarge the available information and newod® cases and events would
be detected subsequently, in a sort of chain @acti

A line of research would be defined for historialmsthe case of Spain, it would
doubtlessly mean many years of work. The possibiibuld arise to expand the
research into poorly explored areas or to deepiatevents that deserve a more
detailed study.

The accumulation of the maximum available desaiptiof impacts and
guantifiable information about hydrological and ewblogical information, up to
an acceptable degree of exhaustiveness, wouldaobed. It would not be all the
desirable information but, at least, all informatinown to date.

Such studies, besides detecting unknown flood mébion, could also detect
information about other infrequent natural riskar{equakes, landslides and rare
meteorological phenomena).

2.6. Reconstruction methodology

Our multidisciplinary reconstruction of historidédods consists of three parts:

1)

2)

Hydraulic reconstruction, the objective of whichtie calculation of the peak
flow (or, when possible, the whole hydrograph)ha flood,

Hydrological reconstruction, the objective of whigh the calculation of the
hyetograph of the rain event that caused the flood,

3) Meteorological reconstruction, the objective of w@hiis to analyse the

meteorological processes before and during theenaént that caused the flood.

These three parts are linkethe results of the hydraulic reconstruction (flagieak
flow or hydrograph) are needed in the hydrologicale, and the results of the
hydrological reconstruction (hyetograph) should eagrwith the results of the
meteorological one (Fig. 2.4).
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IMaximum observed water height (flood mark)| | Hydraulic characteristics of the river reach |
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Figure 2.4. Overview of the multidisciplinary reabruction methodology of historical floods (own
elaboration)

The three reconstructions occur in very differgpatgl scales: typically, the hydraulic
reconstruction takes place along a river reachtquandozen kilometres squared); whereas
the hydrological one takes into account the whaé&liment (from some dozens to
thousands of kilometres squared); and the metegiaab reconstruction is done,
depending on the meteorological phenomenon caukagvent, from a local (hundreds
of kilometres squared) to a regional scale (1 omllknf). Whatever the case, all of them
need historical information in order to feed thed®ls used with the required input data
and initial and boundary conditions.

2.6.1. Hydraulic reconstruction

The objective of the hydraulic reconstruction isctdculate the flood’s peak flow from
the maximum water height observed or flood markpréed in a plaque or in a written
document.

This calculation can be quickly done (although vathigh uncertainty) with Manning’s
empirical equation, which relates, in one sectibthe stream, the flow of water to the
geometrical and friction characteristics of thetieec summarized in only four values:
the section’s area and wet perimeter, the longitaldlope and a roughness coefficient.
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However, the precision of a peak flow calculatisnmproved with the use of hydraulic
models. Typically, these models use physically dasguations (e.g. Bernouilli, one-
dimensional Saint-Venant) in dozens of sectionsi@la reach of river several hundred
metres long. The major drawback is that they neeckrmput data.

Simple hydraulic models (e.g. WSPRO, QUICK-2, CAW8JEan only operate in steady
flow conditions (that is, no variation in time ioaved: they calculate the situation of a
still instant), while others (e.g. HEC-RAS, DAMBRISWMM, Mike 11 HD) can
calculate in unsteady flow conditions, thus obtagnmore accurate results, especially in
river reaches with floodplains with a great watmrgsg capacity.

Similarly, some simpler models do their calculasiam one dimension only (all flow lines
are perpendicular to the cross-section), while nsmghisticated and accurate ones (e.g.
Iber, Sobek, Mike 21 and FLO-2D) do them in two dimeions (flow lines can be oblique
to the cross-section). The difference in accuragtyvben 1-D and 2-D models increases
in winding stretches, in those in which the watefoeities in the channel and on the
floodplain are very different, and in those were tlow is clearly not unidirectional.

However, the gain in accuracy with the use of wayeflow conditions or 2-D models
comes at a higher effort in input data acquisito, especially, in computation time,
which can even make the use of complex models ictiped in historical floods
reconstruction, because they have to be appliedtiiely. Besides, a high standard of
accuracy in the calculations is not essential @omstructing historical flows, because the
input data have themselves a high degree of umagrt@8ecause of this, and for the sake
of homogeneity between data-rich and data-poos,site systematically use the 1-D
hydraulic model HEC-RAS (version 4.0) in steadywfl@onditions (USACE, 2008),
which gives accurate enough results (Balasch et2@ll0a; Chapter 5 in this thesis).
Nevertheless, we also apply the 2-D model Iberd8lat al., 2012; Ruiz-Villanuevet
al., 2013) in some cases which would otherwise yredexcessive inaccuracy: highly
urbanized or very sinuous reaches or with largedidains.

It must be noted that models calculate hydraulrapeters (water velocities and depths)
from a given peak flow, whereas we need the oppotitcalculate the peak flow from a
given water height. Thus, the hydraulic model lelse applied iteratively, feeding it with
tentative peak flows until the observed water heiglapproached (Fig. 2.5).
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\Digital elevation model (DEM)| \ Soil uses |
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shape longitudinal | |coefficients| | conditions i
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maximum water odelied maximum
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—»| If difference is too big (>1 cm) |

\ Comparison !

L If difference is small enough
(51 cm)

| Accepted peak flow |

Figure 2.5. Iterative procedure used in the hydtaelconstruction of peak flows (modified from Bsda et
al., 2010b)

The input data that the model needs, besides tiatitee peak flow, are the cross sections
geometry and friction against water flow, the forrgeven by the digital elevation model,
and the latter given by Manning roughness coefiitsiefound in tables that relate friction
with type of surface, sinuosity, vegetation, oblesicand cross-section contractions or
expansions (Chow, 1959). Also, a hydraulic modeal teabe given boundary conditions,
which link what happens inside the modelled rivearah with what happens upstream and
downstream.

All these input data have to be adequately adafueoe as close as possible to their
values at the time when the historical flood tad®onstructed took place. Therefore, old
maps and documents are essential in reconstrudgtieg channel and floodplain
morphology at the time of the flood (obstacles, nueas, islands) and in hypothesizing
the roughness coefficients. It must be noted timaesthey are acquired by estimating and
hypothesizing from old documents, the input dataeha high degree of uncertainty.
Again, this process adds a high degree of unceyttorthe input data.

In those rare cases where measured flow data aale, they should be used in
calibrating the hydraulic model in that reach, tigtin estimating more accurately
roughness coefficients and boundary conditions dlLetral., 2004).

As said above, hydraulic reconstruction involvegeat deal of assumptions about input

data; therefore, sensitivity analyses should béopmed to delimit the effect of a given
variation in input data on the results, that isgstimate the error of the results.
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2.6.2. Hydrological reconstruction

The objective of the hydrological reconstructionthe hyetograph of the rainfall that
caused the flood.

A hydrological model summarizes the characteristic¢he catchment that conform its
hydrological response, that is, the way it trans®rainfall into runoff and, eventually,
into river flow. In other words, a model tries taamntify the hydrological processes
occurring between the rain precipitation and théewaxiting the catchment through its
outlet.

There are three main types of hydrological modéls:stochastic ones, the empirical ones
and the physics-based ones. Firstly, the stochastidels use large amounts of paired
rainfall-flow data to calculate non-dimensional graeters that describe the catchment’s
hydrological response; an example is GR4J (Petral.£2003). Secondly, the empirical
models use simplified empirical equations and mash{such as the Curve Number
method; NRCS, 2007). Finally, the physics-basedetsodse complex physics equations
and need a lot of precise field measurements; ampbe is INnHM (VanderKwaak and
Loague, 2001).

Hydrological models can also be classified accaydantheir treatment of space as well:
lumped models calculate processes at the catchanesubcatchment scale (e.g. HEC-
HMS), whereas distributed models do it in smallexaa and afterwards aggregate the
results (e.g. r.water.fea, Vieux et al., 2004).

Due to the scarcity of data typically found outsidEavily instrumented catchments and
for the sake of simplicity, we use HEC-HMS (versi@), an empirical, lumped
hydrological model (USACE, 2010b). HEC-HMS allowsetuser to choose among a
number of different empirical methods for each ohthese three hydrological processes:
runoff generation, transformation of runoff intwet flow, and river flow routing. For
each of these processes we chose, systematicallyrespectively, the SCS Curve
Number, the Synthetic Unit Hydrograph and the Maogkim-Cunge methods, because of
their simplicity of use, their moderate requirenseintinput data and their being generally
accepted and commonly used (NRCS, 2007).

Similarly as in the hydraulic reconstruction, ttedctilation procedure is iterative, because
the result (that is, the hyetograph) is, actualyjnput datum required by the model (Fig.
2.6). Therefore, a tentative hyetograph must bdt lugsing the available historical
information about the rain event, such as, its tuma the affected area (in which
subcatchments it rained and in which it did not)jmalications that can lead to a rough
estimation of the rainfall volume. Besides thistétive hyetograph, the model needs
input data describing the catchment (or subcatcishérydrological characteristics, such
as soil type, land use, antecedent soil moistudelaa stream’s slope.
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Figure 2.6. Iterative procedure used in the hydjicll reconstruction of hyetographs (modified from
Balasch et al., 2010b)

The result of the hydrological model (the peak flow then compared to the one
calculated in the hydraulic reconstruction; if #veo are similar enough, the tentative
hyetograph is provisionally accepted. If this psienal hyetograph agrees with the
meteorological processes found in the meteorolbgieaonstruction, it is definitely
accepted.

The kind of input variables and empirical methodsduihave a great degree of uncertainty
(Willems, 2001), all the more in the case of his@rfloods, because the data have to be
adapted from present-day values to the estimated ahthe time of the studied flood.
Thus, a calibration of the model should be madeneter measured data are available.
For the same reason, a sensitivity analysis shbelgherformed once the hydrological
reconstruction is done in order to estimate theaseunt of uncertainty in the results.
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2.6.3. Meteorological reconstruction

The objective of this reconstruction is the analysithe meteorological processes before
and during the rain event that caused the floods @halysis has two direct applications:
the estimation of the antecedent soil moisture itmmd (an input required in the
hydrological reconstruction) and the classificatia floods according to their
meteorological causes, which can, eventually, becamseful tool in flood forecasting.

The meteorological reconstruction is done in thagkerent levels depending on the data
availability or, more specifically, on the horizahtvertical and temporal resolution of the
available data, which decreases as we move batiké Also, there are three different
periods according to the quality of the availablatag and a different level of

reconstruction is applied to the floods in each oindnem:

1. Events that occurred since ca. 1750 (available: datdace temperature, pressure
and precipitation recorded at several Europeartitots): since the second half of
the 18" century, several observatories in Europe recostiefiice temperature and
pressure. Some of them additionally recorded actated precipitation. Surface
temperature and pressure records are used to arthlysynoptic conditions at a
regional scale and to calculate zonal pressurexexif@iuterbacher et al., 2002).

2. Events that occurred since 1871 (available datd:G#ntury Reanalysis data from
NOAA). Surface and upper-level meteorological chastnce 1871 from the
reanalysis made by the Earth System Research Lliabpraf the National
Oceanic and Atmospheric Administration (NOAA; Kajnet al., 1996) are used
to estimate the synoptic conditions of each epistemperature, atmospheric
circulation at different vertical levels, and pi@tation estimates.

Additionally, the reanalysis data allow us to cédte several parameters related to
the convection intensity, such as the Vertical, SSrand Total Totals indexes
(Miller, 1972), the Kindex (George, 1960), the Humidity index (Litynsétaal .,
1976), the Ko index (Andersson et al., 1989), thted Index (LI; Galway, 1956),
the Integrated Convective Available Potential Ege(CAPE; Mapes, 1993;
Doswell and Rasmussen, 1994), the Vorticity GemegaParameter (Rassmussen
et al., 1998), the difference between the LCL aRe]the wind shear between
surface and 1, 3 and 6 km high, among others. diitiad, the reanalysis data can
be used to obtain information about wind field, store, and column of
precipitable water.

3. Events that occurred since ca. 1960 (available: ditdbal models with larger
resolution and mesoscale numerical simulationsjalli, for more recent events,
version 3.3 of the WRF-ARW mesoscale model (Skaotast al., 2008) is used
at high horizontal resolution (up to approximatélykm) to analyse synoptic,
mesoscale and local conditions during the floodse Tnitial and boundary
conditions to run the model are obtained from tRdVEVF model reanalysis up to
0.25° horizontal resolutions.

44



Chapter 2. The “Prediflood” database of historftmdds in Catalonia

2.7. Concluding remarks

The Prediflood database meets the internationalbe@ted scientific standards. It is,

therefore, a repository of reliable and contrastédrmation that allows accurate flood

analysis. Actually, some of its data have alreaegrbsuccessfully used in several flood
reconstructions; at the same time, the densityhefinformation in both space and time
gives this database a great potential in time samalysis.

The Prediflood database is in a permanent statiataf incorporation. The present-day
information comes from the search of about 5% afudeentary sources with interesting
information in Catalonia. Consequently, the drawioly any kind of conclusion is
premature. First steps are showing that this rekeaith an interdisciplinary framework
is possible in the Spanish context and may befdifuit

This effort is focused not only on quantity of ftbevents detected, but also on qualitative
aspects, putting especial effort into increasing téliability and detail of information
collected to be subjected to hydraulic, hydroloiozeteorological reconstructions, as is
made for climatic reconstruction in recent yeatsisproduces a substantial improvement
of quality and quantity of obtainable results: giyabecause results are more credible;
guantity because spatio-temporal scales covereddmnstructions can be enlarged.

For the future, the most immediate objectives lier Prediflood database are:
— To enlarge the percentage of primary sources usetbbd events reconstruction.

— To explore the archives of presently poorly repnése areas or flood events
interesting that appear interesting but are notknabout well enough.

At present, the Prediflood database is a heteramgsn@amount of information well
catalogued. Its potentialit can be tested immeljiaterge or severe events can be easily
identified and classified. Quantified informatiolloavs basic reconstruction of hydraulic
and hydrological processes involved.

Atmospheric conditions producing strong rainfalleets and floods would be better
analysed with an enlargement of the number of ciasesSE Iberian Peninsula. Detection
and definition of patterns of the synoptic condiBpand comparison between different
flood events will improve understanding of the agpleeric processes producing floods.

When long data series becomes available, afterhtiraogenization needed by the
different demographic and social contexts existorglifferent flood events, an improved
climatic variability analysis related to flood evenwill be possible. Application for

meteorological forecasting services and flood nenagers will be strongly positive.
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Chapter 3. Hydraulic reconstruction of seven fligbds

Abstract

Flash floods in the Ondara River have caused matajittes and damages in the town of
Tarrega in the last 400 years. Unfortunately, ow/ftecords are available.

However, floods can sometimes be reconstructed kthato available historical
information: limnimarks, written accounts and amblagical surveys. Indeed, from these
data and using the retromodelling method on thiéereint scenarios to take into account
morphology changes, the peak flows of the seveatgse floods occurred in Tarrega
since the 17th century were estimated.

The results showed that the heaviest flood’s sjpep#ak flow (10.7 ms* km®) ranks
among the highest ever modelled or measured ifashsized catchments in the Western
Mediterranean region. The results pointed out, a#i, that the changes in channel’s
morphology (mainly, the disappearance of a medidawdge under sediment) caused by
one of the floods increased the hydraulic capaeftya crucial cross section. All this
resulted in modest floods invading less often thent but with much faster and, thus,
more destructive flows.

A preliminary estimation of the results’ uncertgintas 4% for great floods and 18% for
modest floods.

The reconstructed peak flows will be introduced idatabase for a future use in climatic
and hydrological studies.

3.1. Introduction

Flash floods are a common hydrological event instinall and medium-sized catchments
located in the Mediterranean coastal fringe of @ata, in NE Iberian Peninsula (Llasat
et al., 2003; Gaume et al., 2009). Nevertheless tthrential behaviour is also known to
catchments located inland, specifically to thoselased in the Ebro River basin having
their headwaters on the coastal ranges, the watetedbetween the coastal and the
inland catchments. Indeed, in these catchmentsh filmods occur frequentlyusually
caused by autumn convective rainstorms coming fileenMediterranean Seand have
historically caused fatalities and damages.

However, flash floods have not been studied in @heatchments so far. Besides,
historical floods in the Iberian Peninsula havealigubeen used to find climate temporal
trends (Barriendos and Martin-Vide, 1998; Llasatlet2005; Benito et al., 2008) and,
except for floods occurred in large basins (Besit@l., 2003; Thorndycraft et al., 2006;
Ortega and Garzon, 2009), rarely have they beerahiidally reconstructed.

Thus, our research focuses on historical flashdoaeconstruction in 200-500 Km
westward-flowing catchments located in the easteost fringe of the Ebro River basin.

Among them, we have chosen the Ondara River's paoh as the paradigm to study

flood reconstruction because a lot of informatidiowt historical floods can be found
there, both as flood marks, also called limnimags] as documents: written accounts
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found in archives (Salvadd, 1875; Iglésies, 197&gd®ra, 1987; Farré, 2008), press
chronicles and photographs (Coma, 1990).

A reason for this abundance of information mightehbeen the great magnitude of the
damages caused by the floods, due to the Ondaattkroent having historically been a
very populated area, with important towns such @sefa and Cervera (16500 and 9300
inhabitants respectively, in 2009).

Thus, according to written and epigraphic documeéhts Ondara River has flash-flooded
the town of Tarrega at least seven times since daith century: in 1615, 1644, 1783,
1842, 1874, 1930 and 1989, sometimes causing & gueaber of fatalities: more than
300 in 1644 and about 150 in 1874.

Besides specific information about the floods, laydic modelling requires data about the
channel’'s and floodplain’s morphology and roughné&sstunately, a lot of information
about the evolution of these features in the On&awvar is available thanks to the efforts
of local archaeologists and historians.

Despite this abundance of information, it has nelveen used to hydraulically or
hydrologically reconstruct those events; with oreeption: 1874 Santa Tecla’s flood has
only recently been modelled in order to quantify pieak flow and the rainstorm that
caused it (Balascét al., 2010a, 2010b).

Therefore, the objectives of this paper were ta femd process all the available
information in order to calculate 1615, 1644, 178842, 1930 and 1989 floods’ peak
flows and improve the previously calculated 180bd's peak flow.

3.2. Study framework
3.2.1. Catchment

The Ondara River is a left-side tributary of thevdstream stretch of the Segre River,
which is, at its turn, the main tributary of ther&lRiver (Fig. 3.1); however, before
reaching the Segre, the Ondara River's water flom® a large alluvial fan just
downstream Tarrega. When it arrives at Tarrega,baight of 362 m above sea level, the
Ondara has a length of 28.6 km and an average efdh&%.

lts catchment is 150 kimand has an east-west orientation, its headwayerg bn the
Central Catalan Depression’s monoclinal relievesh wthe highest point at Coll de la
Creu del Vent, in Montmaneu Range (804 m). Unitedecereal crops cover 85% of the
catchment’s area, whereas forest and unculturéd®aer 13%, and urban soil, 2%.

Although there has never been any flow gaugingostain the Ondara River, its modest
average flow at the end of the alluvial fan coutd dstimated through water resources
modelling (CHE, 1996): 0.5 frs®. However, the alluvial fan’s flow is greatly inased
by the seepage from irrigated fields; thus, theresltd water coming from the Ondara
must be smaller, a good estimation of its averbmye iih Tarrega being 0.1 frs* or less.
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Figure 3.1. Location of the Ondara River’s catchiveithin the Iberian Peninsula (a) and within Catah

(b), and map of the catchment itself with the larabf the town of Tarrega (c)

Ondara’s hydrological regime, not regulated by agwgraulic structure, shows a high-

water period around May and long low-water periagonsequence of the continental
Mediterranean climate (Képpen Csa) of the catchpvelich has an annual mean rainfall
of 450 mm with a variation coefficient of 20%. Inyacase, autumn overflowing flash

floods are not rare, occurring about three or toues per century, according to the most
complete record compiled by Coma (1990) and Espisaaget al. (1996). Severe flash
floods, caused by great rainstorms, often occurukkameously in Ondara and its

adjoining catchments: Si6 and Corb.

Certainly, severe rainstorms are common; this @apdrtially explained by the regional
relief, which triggers storms in two ways: stoppwegather fronts that come from the
Mediterranean Sea and contributing to the developrokconvective rainstorms during
summer and early autumn. All this results in antweasd rainfall gradient, because
weather fronts come from the east and because ighedt lands, where convective
rainstorms are more likely to form, are in the easpart of the catchment.

3.2.2. Evolution of the town’s and the floodplain’snorphology
The knowledge of the channel’s and the floodplamtphology is essential in hydraulic

modelling (see section 3.3. Methods). However, th@phology can change greatly in
400 years, especially in urban areas (Fig. 3.2).
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Figure 3.2. Tarrega’'s urbanized area evolutionesthe 17th century (a) and detail of Sant Agudtesd
area (b)

Thus, in order to reconstruct as faithfully as pssthe floodplain’s and channel's
morphology at the time of each studied floadcluding the main obstacles to the water
flow, ie. houses, walls, bridges, streets—, manyreas of historical information were
used: archaeological surveys, written accountsvé@al, 1875; Segarra, 1987; Farré,
2008), antique town maps (from the local archivésgell County Archive), the 1668
artistic drawing by lItalian artist Pier Maria Baldnd photographs.

Tarrega was founded in the 11th century, betweemitjint bank of the Ondara River and
the slopes of Sant Eloi’s Hill. Both its populatiand its urbanized area remained more or
less unchanged until the railway opening in 1860sbed the growth of the town, which
rose from 4000 inhabitants up to 8000 inhabitamts1930. This growth continued
throughout the 20th century, but only recently ten has spread onto the river’s left
bank and has reached a population of 16500.

There is proof of at least one major change inflt@dplain’s and channel’s morphology
in the last 400 years: a 3-m-deep sediment lagesported by 1874 flood and discovered
by recent archaeological surveys.

Besides this natural geomorphological change, thegmce or absence of several man-
made features in the immediate vicinity of the riveave greatly modified the
floodplain’s and the channel’s morphology in thstl400 years: Sant Agusti‘'s Convent
and slum on the left bank, Sant Agusti Bridge, tmalls alongside the right bank: a
mediaeval one and a modern one, and the bridgesads C-14 and L-2021 (Fig. 3.3).
More precisely:
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a) Sant Agusti’'s Convent was built on the left bankhaf river in 1322, destroyed by
the 1644 flood and rebuilt immediately afterwarasg definitely destroyed by the
1874 flood. The stones of the ruined monastery wesexl to build Sant Agusti
slum, which is still in place.

b) Sant Agusti Bridge was built circa 1340 and coned¢he eponymous street with
the eponymous convent on the left bank; it was dmudy floods and afterwards
reconstructed in 1615, 1644 and 1842; finally, #swburied in a 3-m-deep
sediment layer deposited by 1874 flood.

c) The mediaeval wall was built in 1360-1370, moreptotect the town against
armed attacks than against floods. It was sevel@iyaged by the 1644 and 1874
floods; finally it was buried in the 3-m-deep sedith layer that covered Sant
Agusti Bridge.

d) The modern wall —known as the Carlist Wall- wadthni 1875 as a defensive
response to the 1874 flood and is still in placéitle bit closer to the river axe
than the mediaeval wall and lying on the 3-m-despirsent layer.

e) C-14 road’s bridge was built in the early 20th ceptand is still in place.

f) LV-2021 road’s bridge was built in the early 208mtury, and still in place.

sl Buried Sant b)
3 Agusti Bridge

C-14 road’s
bridge

Sant Agusti
Convent

3-metre deep K e
sediment layer -

Wall Sant Agusti

Carlist Wall

e T e 1 ) 4

e T > . e
Figure 3.3. Two of the three morphology scenargedun the modelling: scenario A (a) and scenar{b)C
including the 53 cross sections and their main molggy features, illustrated by: Pier Maria Baldi68
drawing (c), a 2007 downstream view from the C-dddrs bridge (d), and a c. 1910 upstream view ef th
Ondara River in Tarrega and the C-14 road’s brigge

In the 1990s, the Ondara River’s floodplain at €gar was channelled by building a wall
along the left bank; this enabled a heavy urbaiwiraif the area behind that new wall.

Moreover, in the early 2000s, the floodplain betmwéee two walls was turned into an
urban park and a footbridge was built just over ttwwvadays buried Sant Agusti’s
Bridge.

53



Chapter 3. Hydraulic reconstruction of seven flisbds

3.2.3. Historical floods

An historical flood is a flooding event not measutgy instruments, but recorded in
different historical information sources: limnimarkwritten accounts, photographs.
Sometimes, there is enough information, both inliguand in quantity, to allow a

reliable hydraulic reconstruction of the historitabds’ peak flows.

The basic piece of information needed in historit@bds’ reconstruction is maximum
water height. This datum can be obtained from ailinark (a commemorative plaque or
a carving on a wall which points out the maximunighe reached by one particular
flood), a written account or a photograph; somesintbe latter two can even inform of
the water height at times other than the peak times allowing the estimation of the
flood’s evolution over time, that is, of its apphwmate hydrograph. Moreover, written
accounts can provide some details required in #wmonstruction of the rainstorm
hyetograph —such as rainstorm’s starting and endimgs and rain occurrence in
previous days.

So far, we have found seven historical floods ie @ndara in Tarrega with enough
information to reconstruct their peak flows: threeximum water heights given by
limnimarks (1644, 1783, and 1874) and four by wntaccounts (1615, 1842, 1930, and
1989).

Two of them stand out due to their magnitude amddhmages they caused: 1644 and
1874, both occurred at night, which explains theagmumber of casualties (more than
300 and 150 respectively). Besides, there is aflotformation about the 1874 flood, and
that is why we chose it as the paradigm to statbhical flood reconstruction in the area,
having so far successfully estimated its hydrogramih hyetograph (Tuset, 2007; Balasch
et al., 2010b).

Summarized information about the seven greatestridal floods found in Tarrega is
gathered in Table 3.1, along with the sources foflmation that report them and the most
conspicuous morphology features at the time of éacl.

3.3. Methods

Depending on the available information, the hydcardconstruction of a historical flood
can have different types of results: from justpleak flow value to the entire hydrograph.

In this case, hydrological and morphological infatman of the seven studied floods (the
only seven known to us that flooded the town siheel7th century), which was gathered
from multiple historical and archaeological souraady allowed peak flow estimations.

We calculated these seven peak flows using the RBES-4.0 (USACE, 2008) hydraulic
modelling software on one-dimensional, graduallyied steady, sub-critical flow.
Actually, this software calculates water heightnira flow value; hence, we applied it
iteratively, trying tentative peak flows until tligfference between the modelled and the
historically observed water heights was smallenthhacm (Fig. 2.5). This method is
known as retromodelling, and its accuracy has lmmutessfully tested by Lang et al.
(2004), Naulet et al. (2005) and Remo and Pinte@T2.
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Table 3.1. Summary of the information about theesestudied floods, their nine historically observed
water height records with their records, and th@nmorphology features present at the time of dhdid

Year 1615 1644 1783 1842 1874 1930 1984
17" 17" 25" ’ 19" 28"
Date 28" July Septembern September | August 23" September October| October
Pobular Sant Sant Sant
nzfme Jaume — — Bartomeu Santa Tecla flood Lluc —
flood flood flood
Fatalities 0 > 300 0 0 150 0 1
Historically
observed | o664 | 368.39 364.91 363.5| 367.26 368/30 36908 43§3.363.3
water height
(ma.s.l.)
Location of
the
. 1 2 3 4 5a 5b 5c 6 7
observation
(Fig. 3.5)
Carving in Marble Marble | Marble
Observa- | ACUR acc;lumna Stone plaqug Salvadé plague plaque | plaque at Local Local
) @ ant at Sant at Sant : ) 4
tion’s record| (1621) . - (1875) | at Font| Piques | pres§’ | pres§
Antoni Agusti Street Agusti Street | Street
Square Street
Limni-
Type of Written | Limnimark | Limnimark | Written mark | Limni- | Limni- | Written | Written
record account| (Fig. 3.4a)| (Fig. 3.4b) | account | (Fig. mark mark | account| account
3.4d)
Other Parets
formation | — (1891)® |  sSalvadé _ Salvad6 (1875) _ _
SOUICes Salvado (1875) Iglésies (1971)
(1875)
Sant Agusti Bridge 3-metre-deep sediment layer
Mediaeval Wall - Carlist Wall
Morpholo- Sant A .
gy features Sant Agusti Convent ant Agustr's
slum
_ C-14 road’s
bridge
_ LV-2021 road’s
bridge

B Found in Segarra (1987) and Farré (2008)

@ Found in Vila (1998)

® Reported by Tarrega’s Regional Museum's direcAsrofiymous, 1930)
@ Castella and Miranda (1989)

We applied the retromodelling method separatelyefach of the seven studied floods
along a 2700 m long reach of the Ondara River leytthwn of Tarrega. In order to do
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that, we first measured and estimated the requimgdt data: the historically observed
maximum water height and the channel’s and fload{ganorphology and roughness.

3.3.1. Historically observed maximum water height

Historically observed maximum water height above legel was acquired either directly

from limnimarks, or indirectly from written accowntWhichever the case, this height was
measured with topographic equipment and its rditgbwas assessed with source

analysis methods (Bayliss and Reed, 2001) and m=atieal techniques.

When a limnimark was available, the maximum wateight reached by the flood was
directly marked either by a line carved on a stookimn (1644 flood mark) or by the
lower edge of a commemorative plaque (1783 and 11884 marks), as Fig. 3.4 shows.

When no limnimark was found, the maximum water heigvas estimated from
information found in contemporary accounts; morecygely:

a) 1615 flood: An indication of maximum water heighas\found in Llibre d’Actes i
Memories: 1603-1621 (ACUR, 1621; Farre, 2008) alssthat the flood reached
the ball playground located in Font Street (apprately 366.0 m a.s.l.).

b) 1842 flood: According to the account written by\&al6 (1875), the water arrived
somewhat further than the main door of the Codiiih the remains of which are
still to be found at Sant Agusti Street. We estedahis maximum water height as
363.5 m a.s.l., that is, the height of the dooeshold.

c) 1930 and 1989 floods: Several journalistic accowarts conserved from these
floods. Cronica Targarina (Anonymous, 1930) andMamguardia (Castella and
Miranda, 1989) describe how the water overflowethatend of the Carlist Wall
and how it flowed back up to the beginning of Sagtsti Street. We estimated
these heights as 363.4 and 363.3 m a.s.l., resphcti

Since an actual line is usually more precisely gdagand, thus, measured) than a
description of that line, the accuracy of the wdtteight estimation is higher when done
from a limnimark than from a written account: 5 nagminst 5 cm (Table 3.1); this gives
an idea of the importance of limnimarks in histafiftood reconstruction.

In total, we found nine documented maximum wategliteobservations, one for each of
the seven floods, except for the 1874 flood, whield three (Fig. 3.5). In that specific
case, one observation was used to model the floddtlze remaining two, to visually
assess the accuracy of the modelled flow.

Each historically observed maximum water height e@spared to the modelled height
at a particular cross section, called the referaross section, which usually was the
closest one to the observation. Actually, four efiéint cross sections had to be used to
properly compare the nine observed water heightisemine modelled ones:
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a)

b)

d)

Piques Street cross section, 1333 m upstream ofjuhetion with the
Cercavins River, for one of the observations of4l8@od (observation 5c in
Fig. 3.5).

Font Street cross section, 1245 m upstream ofuthetipn with the Cercavins
River, for the 1615 flood observation (observatlom Fig. 3.5) and for one of
1874 flood (observation 5b in Fig. 3.5).

Sant Agusti Street cross section (Fig. 3.6), 114dpstream of the junction
with the Cercavins River, for 1644, 1783, 1842 a4®d4 floods’ maximum
water height observations (observation 2, 3, 4%muoh Fig. 3.5).

A cross section 1123 m upstream of the junctiom wie Cercavins River, for
1930 and 1989 floods’ maximum water height obséraat (observations 6
and 7 in Fig. 3.5). In these cases, the observednmuan water heights do not
mark the height of the streamflow at the crossigseavhere they were placed
(Sant Agusti Street’s) but at the spot where the flwods overflowed the

right bank and flowed back along the town-side lo¢ tCarlist Wall; as

explained above, this overflowing spot was the deiveam end of the Carlist
Wall, i.e. 1123 cross section. Actually, both oleer water heights were
lower than the Carlist Wall at Sant Agusti Stremiss section (Fig. 3.6) and,
thus, the right bank was not hydraulically conndatgth the channel in that
spot.

-
r;

NN ASH SN
SINEZes S L A SV IS DR

1 D00
v 4

SIS GAATHONFEAS, A GATASE
ALY

Figure 3.4. Three of the five limnimarks found: ¢ayving on a column at Sant Antoni Square markireg
1644 flood’s maximum water height (observation Fig. 3.5), (b) sandstone plaque at Sant Agustiestr
corresponding to the 1783 flood (observation 3ig B.5), (c) marble plaque (marked by an arrondat
Agusti Street corresponding to the 1874 flood (oleéon 5a in Fig. 3.5) and (d) detail of that plaq
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St. Agusti Street 2 Font Street 4 :
cross-section &8 cross-section 6« % o
Piques Street Fk
cross-section

1123 cross-
section

5>
~ A\ ‘

Figure 3.5. Location of the nine obseved méximuaman/heights of the seven studied floods, obtained
from historical information (a key can be foundTiable 3.1); and the four reference cross-sectisesd u
when comparing observed and modelled water heights
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Sant Agusti Convent
v 1644 ]
368 1874
|
= 288 Carlist Wall
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Figure 3.6. Sant Agusti Street cross section inates A and C as seen from upstream with the sibewv
height historical observations found in Sant Ag@steet. Scenario A includes Sant Agusti Bridge and
Convent and Scenario C, the Carlist Wall, whichigher than 1930 and 1989 floods maximum heigtsts, a

explained in section 3.3.1. (Horizontal axis mahtesdistance from an arbitrary spot on the leftdan
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3.3.2. Channel’s and floodplain’s morphology

Present-day channel’s and floodplain’s morphologs wlefined with 53 cross sections
obtained from a 1:1000 map; moreover, Sant Agustes section was measured with
topographic equipment in order to increase itsipi@a, since it was the reference section
in four of the flood reconstructions. Transitiontwseen two contiguous cross sections
was defined by expansion and contraction coefftsiewhich were chosen among the
HEC-RAS tabulated values.

Afterwards, combinations of the corresponding clegngxplained in section 3.2.2 were
added to present-day morphology and we obtainedethifferent morphologies or
scenarios, which were used in modelling the cooedmg floods:

a) Scenario A (pre-1874 scenario): The river bed \Wwaset metres below the present-
day one, and its longitudinal slope was 0.95% jysitream of Sant Agusti Street
cross section and 0.24% just downstream of it. 8gnsti Bridge was not buried,
the Mediaeval Wall ran along the right bank andtSegusti Convent lay on the
left floodplain. 1615, 1644, 1783, 1842 and 187&bds were modelled in this
scenario.

b) Scenario B (1874 scenario): The river bed was tresgmt-day one, with a
longitudinal slope of 0.15% just upstream of Sagugti Street cross section and
1% just downstream of it. Sant Agusti Bridge and Mediaeval Wall were
completely buried, and Sant Agusti Convent layhanleft floodplain. 1874 flood
was modelled in this scenario, as well as in scerar

c) Scenario C (post-1874 scenario): The river bed thaspresent-day one, as in
scenario B. Sant Agusti Bridge and the Mediaevall Ware completely buried,
the Carlist Wall ran along the right bank, Sant stjiConvent was replaced by
Sant Agusti Slum on the left floodplain, and twavigidges were in place: C-14
road’s and LV-2021 road’s. 1930 and 1989 floodsewaodelled in this scenario.

3.3.3. Channel’s and floodplain’s roughness

Channel's and floodplain’s roughness, which accedat friction against the flow, is
guantified, for use in HEC-RAS software, with Mamgis n, which is estimated from
tables that give its value on different river typesl land uses (Chow, 1959).

Aerial photos and historical maps and documentewsed to determine the different
land uses around the studied reach of the rivéineatime of each flood. Obviously, the
uncertainty of such a determination increases liderdloods. However, we hypothesized
(and we found no evidence of the contrary) thagreat changes occurred between the
17th and 19th centuries.

Actually, each cross section was divided into hoemegpus land use segments, which
were assigned a Manning’'s n value from tabulatddesa as in the example shown in
Table 3.2. This value varied according to the mlauglscenario: for instance, Sant
Agusti Street cross section had a composed Marsmimgf 0.089 in scenario A and 0.070
in both scenario B and C.
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Table 3.2. Land uses identified at Sant Agustiedtceoss section (number 1147) in scenario C agid th
related Manning’s n values

Cross section segment Land use Manning's n

Channel Non-vegetated channel 0.035
Vegetated channel 0.075

Road 0.037

Field 0.040

Bank Meadow 0.065

Urban area 0.100

Riparian forest 0.116

3.3.4. Uncertainty assessment

The input data required in historical flood recoustion are old-time magnitudes.
Unfortunately, estimating old-time magnitudes frbimstorical information can never be
as accurate as measuring present-day ones ol stieley.

In order to assess the influence of the limitedueacy of some input data on the peak
flow results, several sensitivity analyses wereedanSant Agusti Street cross section:

a) The first sensitivity analysis was performed onightpeak flow (1200 rhs?) in
scenario A; it quantified the influence of an enmthe observed maximum water
height on the peak flow value.

b) The second sensitivity analysis was also perfororeda high peak flow (1200
m>.s%) in scenario A; it quantified the influence of amor in Manning’s n on the
peak flow value.

c) The third sensitivity analysis was performed orow peak flow (300 rhs?) in
scenario C; it quantified the influence of an efroManning’s n on the peak flow
value.

Afterwards, the results of the sensitivity analysesse quadratically summed to obtain
the peak flows’ uncertainty, hypothesizing that evateight uncertainty was 5 cm (for
values found in written accounts) or 0.5 cm (foluea found in limnimarks) and that
Manning’s n uncertainty was 25%, estimated from the averaggeravithin a tabulated
category (Chow, 1959).

This uncertainty assessment could be improved bluding a sensitivity analysis on
morphology measurement errors, which is a majoitofaéin hydraulic modelling
(especially, longitudinal slope). Besides, an emare thorough uncertainty assessment
could include other factors, such as backwatercteffand lateral flows (not taken into
account in a one-dimensional modelling softwarep-permanent flow effects (not taken
into account in a steady flow procedure) or theulatibns of the water surface.
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3.4. Results and discussion

3.4.1. Hydraulic modelling

As results in Table 3.3 and Fig. 3.7 show, the rolgpgy scenario strongly determined
the hydraulic behaviour of the modelled flows:

a)

b)

First, in scenario A, the flows of four differenddds’ behave similarly along the
modelled river reach regardless of their peak floagnitude: water longitudinal
profiles are parallel (Fig. 3.7.a); indeed, theg horizontal just upstream of Sant
Agusti Bridge for about 180 m and they all fall @ity downstream of that
bridge. The reason for this is that Sant Agustdéei acts as a dam (because the
bridge’s spans cannot convey all the flow) andsthiie water builds up behind it
and eventually jumps over it like over a weir; ithheér words, the bridge causes a
raise of the water level above the one that coalklbeen observed had not the
bridge been in place. Actually, Sant Agusti Bridgrised a raise of the water
surface of 1 m for 1842 flood’s peak (21G-81) and of 3.4 m for 1644 flood’s
peak (1600 msY), as can be seen in Fig. 3.7.a. This explainsdneentration of
historical flood information at Sant Agusti Streéte over-risen flow easily
flooded that area, causing much damage and, theredogreat impact of the
floods, which were recorded on limnimarks and wntaccounts.

On the other hand, in scenario B, which only ddtefrom A in the 3-m-deep
sediment layer, the water’'s longitudinal profile thie 1874 flood displays an
horizontal segment between 180 m and 300 m upstoé&ant Agusti Bridge and
then a steep slope between the end of that se@ndrihe bridge (Fig. 3.7.b). The
deposition of the 3-m-deep sediment layer expldims behaviour, since it
covered the bridge, thus reducing six times thenciks longitudinal slope just
upstream of that structure and increasing it foues just downstream of it. Thus,
the hydraulic configuration was no longer that afaan but that of a succession of
a slow segment, a faster one and a waterfall. incase, 1874 modelled peak
flow value was the same in either scenario A and B

Finally, in scenario C, in spite of including thense 3-m-deep sediment layer, the
flow behaviour of the 1930 and 1989 floods is diéf& for two reasons: the

modest magnitude of these floods’ peak flows coebdo that of 1874 and the

presence of the LV-2021 road’s bridge, which cre@atedam effect that reached
Sant Agusti Street cross section (Fig. 3.7.c).
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Figure 3.7. Modelled and observed maximum wateghisiof the seven floods: 1615, 1644, 1783 and 1842
floods modelled in scenario A (a); 1874 flood mdektin both scenario A and B, the latter fittingtbethe
three observations recorded in each of the thneeitharks (b); and 1930 and 1989 floods modelled in
scenario C (c). (Horizontal axis marks the distainom the junction with the Cercavins River).
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Table 3.3. Results of the hydraulic modelling & time of the peak flow
Results at reference cross sectign Results at &rb4s section
Refer- | Channel's g Mean
Flood | Scenarience cro| bottom Peak | Specific peak Wgter Wetted water | Froude’'s
) flow flow height | area .
sectiof”] height (m e | (mesikmd) | (m) () velocity | number
a.s.l.) (m-sY)
1615 1245 359.0 790 5.3 7.7 290 2.7 0.39
1644 A 1147 358.2 1600 10.7 9.98 520 3.1 0.39
1783 1147 358.2 490 3.3 6.69 240 2.1 0.38
1842 1147 358.2 210 1.4 5.3 125 1.7 0.36
A 358.2 1190 7.9 8.88 428 2.8 0.39
1874 B 1147 361.5 1190 7.9 5.73 325 4.3 0.63
1930 c 1123 361.0 280 1.9 2.5 65 4.2 1.00
1989 1123 361.0 260 1.7 2.4 65 4.1 1.00

) The reference cross section is the closest otieethistorical water height observation and itsbar is
the distance (in metres) from the cross sectighéodownstream extreme of the reach: the junctfon o
the Ondara with the Cercavins River

The comparison of peak flows and water heightsaat 8gusti cross section between the
1842, 1930 and 1989 floods, and between thoseeol &74 flood in scenarios A and B

points out that, despite the section area reduataused by the deposition of the 3-m-
deep sediment layer and the construction of thdli€tawall, Sant Agusti Street cross

section is hydraulically more efficient in scenari® and C than in A; that is, the same
peak flow is conveyed with a smaller water heidfitis effect is more evident in lower

peak flows (1842, 1930 and 1989 floods) and resultkess flooding due to modest

events.

This hydraulic efficiency increase is due to theederation of the flow caused by, on the
one hand, Manning’s n reduction and, on the otterdhthe absence of Sant Agusti
Bridge, buried by the 1874 flood sediment layerjotacted as a dam in the occurrence
of a heavy flood. Indeed, in the new hydraulic gbads, the flow is much faster —its
velocity more than doubles— and, thus, has a hidestruction capacity.

That sediment layer was deposited during the 18&6Hf not knowing if that happened
before or after the peak flow, that flood was mtatkin both scenarios A and B. The
lucky existence of two additional limnimarks alladvas to decide that scenario B results
fitted better the actual flood (Fig. 3.7.b) ancgréfore, that the sediment was deposited
mainly before the peak flow, that is, during theeasling limb of the hydrograph.

Since the 1644 flood’s peak flow was even highantli874's, a similar sediment
deposition might as well have occurred at that tidewever, 1668 Pier Maria Baldi's
drawing does not show such an accretion and tisene iproof of dredging between the
flood’s and the drawing’s dates. Therefore, thedl8dod’'s sediment deposition might be
related to factors other than the mere peak flolweyasuch as the hydrograph shape, the
flood’s duration or even possible changes in lasgswithin the catchment.

3.4.2. Uncertainty assessment of the hydraulic mollieg
The results of the sensitivity analyses displayedable 3.4 and Figure 3.8 show that the

relationships between the variation of the modifigout magnitude and variation of the
modelled peak flow are linear within the exploradge of input magnitude:
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a) The first sensitivity analysis showed that eachraase (decrease) of 5 cm in
historically observed water height causes an iserédecrease) of 4.5% in a 1200
m>.s* peak flow modelled in scenario A.

b) The second sensitivity analysis showed that eactease (decrease) of 10% in

Manning's n causes a decrease of 1.5% in a 1206'meak flow modelled in

scenario A.

c) The third analysis showed that an increase of 189%/lanning’s n causes a
decrease of 7% in a 300°ma* peak flow modelled in scenario C; whereas a
decrease of up to 50% causes no variation, andraate of a further 10% causes
an increase of 17% in the peak flow. The reasothefstrange shape of this
relationship is that this peak flow is coincidehtdhe critical flow and, in such a
case, the hydraulic modelling software finds theneaesulting flow even if the
input data are modified within a range around thetrcal values.

Table 3.4. Results of the sensitivity analysesgraetéd by varying historically observed maximum wate
height and Manning’'s n

Peak flow variation due to a Peak flow variation due to a
variation of 5 cm in historically variation of 10% in Manning’s
Sensi- Peak| Modified observed water height n
tivity | Scenario| flow input Results | Peak Peak Results Peak Peak
analysis (m*-sY)| magnitude| validity flow flow validity flow flow
rangé” | variation| variation| rangé” | variation| variation
(cm) (%) | (m’-s?) (%0) (%) | (m*s?)
1 A | 1200] War | 5010100 45 54 — — —
height
2 A | 1200 Ma”g'”g - —~ — | -50to80| -15 | -18
Manning’s -65t0-50| -17 -5.1
3 C 300 o - - — [ 50100 0 0
0to 80 -7 -2.1

@ Range of historically observed water height in wahibe relationship between variation of historigall
observed water height and variation of modellekgleav is linear

@ Range of Manning's in which the relationship between the variatiorvznning’sn and the variation
of modelled peak flow is linear

According to these results and to the fact thas ifar more difficult to estimate the
channel’'s roughness than to measure a water hegrining’s n had a much greater
influence in peak flow uncertainty than historigathbserved water height, and that
influence was even greater in low flows.

As a first approach to quantifying the results aacy, we applied the results of the first
and the second analyses to high flows (1644 and 118@ds) and those of the first and
the third ones to low flows (the rest of the flopdsd then quadratically summed the
resulting relative uncertainties, and obtained peastk flow uncertainty was +4% for high
peak flows and (-18%, +4.5%) for low peak flowscept for 1783 flood, which was (-
18%, +0.45%) (Table 3.5 and Fig. 3.9). The asymynetrthe uncertainty intervals for
low peak flows is caused by the strange shapeeothind sensitivity analysis explained
above. This uncertainty is very low when comparethe 50% estimated by Gaume et al.
(2004) in flood reconstruction in the Aude Rivergfce).
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Figure 3.8. Results of the sensitivity analyse$quared by varying historically
observed maximum water height (a) and Mannings)n (

Table 3.5. Peak flow error intervals due to histalty observed water height and Manning’s n. (Rieai
of the historically observed water height was Grbwehen obtained from limnimarks (1640, 1783 and4187
floods) and 5 cm when obtained from other histdigcairces (1615, 1842, 1930 and 1989) and Manning's
n precision was estimated as 25% in all casesrditayy to the sensitivity analyses, the relativeoe of
the peak flow due to a 5 cm error in historicalbserved water height was 4.5%, and that due t&a 10
increase in Manning’s n was -1.5% for high peakfiand -7% for low peak flows and 1.5% and 0%,
respectively, for a 10% decrease in Manning’s QLOT- s* was the limit chosen between high and low

peak flows)
Peak Peak flow relative error | Peak flow absolute error interval
Flood | flow interval (%) (m-sh)
(m*s?) | Negative Positive Negative Positive

1615 790 -18 4.5 -140 40
1644 1600 -4 4 -60 60
1783 490 -18 0.45 -90 2
1842 210 -18 4.5 -40 10
1874 1190 -4 4 -50 50
1930 280 -18 45 -50 10
1989 260 -18 45 -50 10
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Figure 3.9. Modelled peak flows of the major floatsurred in the Ondara River in Tarrega sincelffta
century and their uncertainties

Indeed, our results’ uncertainty is underestimdtedause its assessment did not include
the possible influence of morphological factorstertainties (i.e. longitudinal slope) and
of the use of certain hydraulic modelling optioasofe-dimensional, steady flow) instead
of more realistic ones (a two-dimensional, unstdamly). For example, the reconstructed
peak flow of the 1874 flood in the neighbouring Hiver's catchment decreases 8% if
modelled as an unsteady instead of a steady floobably due to the former taking into
account floodplain storage (Tuset, 2011).

3.4.3. Hydrological analysis of the peak flows

Four out of the seven studied floods (1615, 17&121and 1874) are listed in some
compilations of historical floods in the Iberiannitesula (Barriendos and Rodrigo, 2006;
Barnolas and Llasat, 2007), which classify therhage Catastrophic Events (LCE), that
is, floods that simultaneously affected two or miarge basins.

Oddly enough, and despite its magnitude, 1644 fisatbt collated in these compilations
and neither is there a record of it in neighboumatchments. Therefore, this event was
most probably caused by a very local storm ovearaa of less than 200 Km

It was indeed a heavy flood, because its modeftedific flow (10.7 ni-s* km?), along
with that of the 1874 flood (7.9 %8 km®), were much higher than the highest ever
measured in similar-sized catchments within theoERiver basin: 5.4 fhs'-km* in the
Seco River at Oliete in 1945 and 3.3 gt-km? in the Algars River at Horta de Sant Joan
in 1967 (LOpez-Bustos, 1981).
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In any case, these specific flows are congruertt thié highest modelled in similar-sized
Catalan catchments, which have an enveloping cuaee of 10 - s* km? (Gaume et
al., 2009). Similarly, Delrieu et al. (2005) andyRestre et al. (2005) have modelled
specific flows of this order in neighbouring South&rance.

3.4.4. Temporal trends

The reconstructed peak flows are shown on a tirakeso Fig. 3.9. The floods temporal
distribution is quite regular; the periods betwésem are of 30-60 years, except between
1644 and 1783 (139 years).

All the studied floods that took place within thittle Ice Age (LIA) —that is, between the
15th and 19th centuries (Pfister et al., 1996)€gpkthat of 1644, occurred in periods in
which catastrophic flash floods were more frequanCatalonia: 1580-1620, 1760-1800
and 1830-1870 (Barriendos and Martin-Vide, 19985kt et al., 2005).

However, this higher frequency does not seem toelsed to climate evolution since
there are differences between those periods: teiedind the last of them were especially
cold and wet, whereas the second one, known as adal@homaly, was very dry
(Barriendos and Llasat, 2003). Furthermore, dutirggcoldest period within the LIA in
Central and Northern Europe, the Late Maunder Mumm(1675-1715), no floods were
recorded in the Ondara’s catchment. Thereforeg#tieeme weather that caused the five
pre-1900 flash floods does not seem to be relatedpieriod’s wetness or coldness.

Nevertheless, pre- and post-1900 floods might teaedifferent climatic causes. Indeed,
the five pre-1900 floods occurred between late dnky late September and all of them —
except again the 1644 flood, which was exceptiamahore than one way— did not last

long, a sign of their convective origin. Conversedpst-1900 floods both took place in

the second half of October and were caused by weatints.

3.5. Conclusions

There is no flow gauging data of the Ondara Rinenertheless, the great availability of
historical information about floods and urban eviolu of the town of Tarrega allowed
the hydraulic reconstruction of the major floodswuted since the 17th century.

This reconstructed information will probably impeowvlood prediction in Tarrega,

because of the magnitude of the modelled floods: divthe calculated specific peak
flows are among the highest ever modelled in smsilzed catchments in the Western
Mediterranean basin.

Besides, archaeological surveys uncovered a gredification in the channel’s and
floodplain’s morphology operated by 1874 flood:-sn3leep sediment layer deposition.
Afterwards, our reconstruction proved that thisafon occurred before the peak flow
and, thus, had an influence on the flood’s charesties: it accelerated the flow and,
therefore, it increased its destruction capacityth® same time, this morphology change
caused the modest flows to be less prone to flgpttian previously.
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The sensitivity analyses showed that Manning’s d hre influence in the modelled
peak flow error than water height. Furthermore,reliminary uncertainty assessment
taking only estimated the peak flows’ error in 466 lhigh flows and 18%, for low flows;
this uncertainty may be deemed underestimated bec#uis extremely low when
compared to other estimations found in the litemtand because the assessment only
took into account observed water height and Mariging
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Abstract

A multidisciplinary methodology for historical flos reconstruction was applied to the
1874 Santa Tecla floods occurred in Catalonia (NEair§, using both historical
information and meteorological data from 20th Centeanalysis.

The results confirmed the exceptionality of thergvéhe highest modelled specific peak
flow was around 14.6 fas’-knt in Espluga de Francoli (a 100 kmatchment) and all
the modelled total rainfall values were above 118 m about six hours, with maximum
intensities around 60 mm-minThe peak flows’ return periods were about 260yead
the rainfalls’ periods were between 250 and 500syeBhe meteorological cause of the
rainstorms was the quick ascent of a mass of huwamict low-levels initiated by the
sudden withdrawal of a mass of hot air at mid-Isvel

A sensitivity analysis on the various sources eobreshows that peak flow errors from
hydraulic modelling ranged from 5% to 44%, and fainerrors from hydrological
modelling were about 36%.

Keywords: Historical flash floods, multidisciplinary reconsttion, peak flow, rainfall,
20th Century Reanalysis, uncertainty

4.1. Introduction

Flash floods rank among the most dangerous andudése natural hazards in southern
Europe. Despite this, scientific research about flasds is only recent and mainly
focused on modern events. This is a drawback whyamgtto analyse and classify flash
floods in a climatic change context because importaformation, which old events

would provide, is missing.

Fortunately, data about long-past floods can beiexetd from sedimentary and
dendrogeomorphological evidences and from histbrittcuments. Indeed, historical
archives keep raw datasuch as maximum water depths, rainfall duratiomsnoel
morphologies, atmospheric variabteshich, after proper collecting and processing, can
enlarge present day records of floods. As said @ebitne use of this historical information
in flood analysis and reconstruction is only vesgant and usually restricted to academic
research (Bayliss & Reed, 2001; Benito et al., 2@Bdume et al., 2004; Naulet et al.,
2005; Brazdil et al., 2006; Elleder, 2010), butvitt most probably become more used
because of the EUDirective2007/60/EC (2007) ondldosk assessment.

Nevertheless, and excluding investigations thatyaeeclimate and flood frequency, only
a few studies so far have tried to thoroughly asmlyistorical floods by linking
hydrological and meteorological information (Peter®t al., 1999; Delrieu et al., 2005;
Burger et al., 2006; Thorndycraft et al., 2006;sEle & Reuter, 2012). In this same line,
this study presents an applied example of the disdliplinary methodology
(historiographical, hydraulic, hydrological and emtlogical) of historical floods
reconstruction introduced in Chapter 2.

This methodology was applied on a case study: &7@d Banta Tecla floods. The night of
22-23 September 1874 several flash floods occurredany catchments throughout the
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eastern part of the Ebro River basin, in Catal@Nia Iberian Peninsula, Fig. 4.1). These
floods —known as Santa Tecla floods because this was thedfahat day caused 575
casualties and ravaged an approximate area of 1@b@and are considered, as a whole,
one of the heaviest events in the region overdbe300 years.

Luckily, there is a lot of information about thigeamt, especially, maximum water depths
in many locations. So far, some of this informati@s already been used to calculate the
peak flows of the floods in six sites located ineth catchments (Balasch et al., 2010a).
Here, we enlarged this list with four more sited &amo more catchments. In some cases,
it was also possible to calculate the hyetograpthefrainfall. Besides this hydraulic and
hydrological information, meteorological data oktldays before the floods, available
from NOAA's 20th Century Reanalysis (Compo et 2011), were used to characterise
the meteorological causes of the floods.

The objective of this paper is to use a multidikegry methodology of hydraulic,
hydrological and meteorological reconstruction ftdrical floods on a case study: the
1874 Santa Tecla floods, occurred in NE Iberianiizeia.

Although in this paper only this one flood was mestoucted, our long-term objective is to
use this multidisciplinary methodology to analybe theaviest floods occurred in NE
Iberian Peninsula in the last 500 years. By domgvigh such a thorough reconstruction
methodology, we will be able to classify the higtal floods of the region according to
their meteorological causes and, thus, to impraediption, planning and readiness.

4.2. Study area

The study area is composed of ten sites in fivehraénts located in the southern half of
the Catalan Central Depression. The Catalan CeD&ptession is a succession of high
plateaus between 800 and 1000 metres interspergkder@ded river catchments. The
height of the plateaus diminishes westward, wheeelatalan Central Depression and the
Ebro River Depression meet (Fig. 4.1). The geolmgitibstrates in these catchments are
Cenozoic sediments of the Ebro depression, withesamtcrops of Paleozoic and
Mesozoic materials of the Pre-coastal ranges irsthghernmost of the ten catchments:
Francoli.

The climate in the Catalan Central Depression isliMeanean (Koppen Csa), but with
continental traits that distinguish it from the riacoast: a wider temperature range and
a lower rainfall: less than 600 mm per year, whadcreases as height decreases.
However, heavy rainstorms are frequent in the stli@rea. The complex orography of
this region, with a maximum altitude of around 1000plays a main role in uplifting the
Mediterranean air flows, thus causing severe stqRasnero et al., 1997; Pascual et al.,
2004). Additionally, its location on the westernasb of the Mediterranean basin (Fig.
4.1) favours torrential rainfall, especially at tted of summer and autumn (Llasat et al.,
2005), when the warm Mediterranean Sea providge lamounts of heat and moisture to
the lower layers of the atmosphere. Moreover, mgioclimate models forecast a
decrease in the average yearly precipitation buth@ same time, an increase in the
maximum daily precipitation, that is, an increa$eoorential downpours frequency, over
this region in this next century (Barrera & Cunile2011).
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The complex orography mentioned above, also impiesll catchments (80-300 km
with short, steep streams (15-35 km long and 1-2%lape) and, therefore, with a very
quick hydrological response: their very low averdgevs, less than 1 ths?, can
multiply thousands of times in a matter of hourbeTmain soil use is dry land cereal
farming, whereas the higher areas are covered W#diterranean forest. These
catchments, mostly rural but with some populatechy were the most damaged by 1874
Santa Tecla flash floods, within the 10000%affected area.

The ten sites within the five catchments were theréwlic and hydrological modelling
were performed are located in the northern hathefarea affected by 1874 Santa Tecla
floods and are, from north to south and from westdst: Si6, Ondara, Corb, Vall Major
and Francoli (Fig. 4.1 and Table 4.1). All of théwawve their headwaters either on the
Catalan Central Depression ranges or on the Pr&adaanges, between 700 and 900 m
(Portella, Tallat, Llena, and Prades ranges). Athem but Francoli flow westwards: Si6
and Vall Major into the Segre River, the main ttdny of the Ebro River, and Ondara and
Corb into large alluvial fans. Francoli flows sow#rds into the Mediterranean Sea. All
of them have scarce flows all year round, withghhwvater period around May and long
low-water periods, but, due to irrigation, they eedry up, except Vall Major, which is
usually dry. In any case, autumn overflowing fldkiods are typical, occurring about
three or four times per century (Corominas etl#l85; Novoa, 1987; Coma, 1990).

Table 4.1. Morphological and hydrographical chaggstics of the ten catchments were the hydrauld; a
in some cases, the hydrological reconstructiongwerformed. Own elaboration from various sources

Main Main Mean Mean
Site numbeg . . : : Max/min annua
S River Site Area (k)| stream stream . flow :

in Fig. 4.1 height (m) 3 .1, |rainfall
length (km) slope (%) (m*>s%) (5)

(mm)

1 sid Mont-roig 219 24.2 1.4 745-400 <®Y8| 480

10
2 Agramunt 341 34.9 1.2 745-335  <Bg 479
3 Cervera 86 17.1 1.7 804-46( ®5| 464
Ondara -
4 Tarrega 150 28.6 1.4 804-356 @5 449
5 Vallfogonadg 10.4 18 890-698| <0%| 509
Riucorb

6 Corb Guimera 91 15.0 1.7 890500 <@d 418

7 Ciutadilla 123 19.6 2.2 890-450 <9 459
8 | vall Major lera”yer.‘a de 5 17.0 2.1 670-309| 0 | 410

es Garrigues
9 Esplugade| 5 163 39 | 1050-404 &3 | 537
Francoli | __Francoli
10 Montblanc 344 255 3.0 1050-284 ©.3| 528

) Gauging station: Balaguer (EA182), period: 19652199

@)CHE, Confederacion Hidrografica del Ebro (1996)

® Gauging station: Vilanova de la Barca (EA183) jqur1965-1992

“® Gauging station: Montblanc (28), period: 1945-18@6nta d'Aigiies, 1995)
®)Ninyerola et al. (2005)
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Legend
®  Modeling sites

------ Channelization

Natural channel

|:| Catchments

Coordinate system: ETRS 89 UTM 31 Zone T

Figure 4.1. Location of the study area affected 8y4 flood within Spain (small map), and locatidriie

ten modelling sites and catchments listed in Tékleand of the town of Valls (where convection xete

were calculated) within the affected area (largg)nilaps drawn by José Antonio Martinez-Casasnovas
(University of Lleida)
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4.3. Methods

The reconstruction of a historical flood is thecciddition of the event's characteristics
from indirect information.

The procedure used to reconstruct 1874 Santa Tkads consists of four different
steps: the historiographical research, the hydrambdelling, the hydrological modelling,
and the meteorological analysis (see Chapter 2)

These four steps are linked, because the histaqbgeal research feeds other steps with
data, because the results of the hydraulic modedire the input data of the hydrological
modelling, and because the results of the hydro&gnodelling and the meteorological
analysis should qualitatively agree between thechveith the meteorological information
found in the historiographical research (Fig. 4.2).

It is worth noting the different space scales inedl in the hydraulic, hydrological and
meteorological reconstructions: typically, the haulrc reconstruction takes place along a
river reach (up to a dozen Rnwhereas the hydrological one takes into accdhet
whole catchment or a part of it (from some dozemsthbusands of kA and the
meteorological reconstruction is done, dependingtlen meteorological phenomenon
causing the event, from a local (hundreds of)kim a regional scale (1 million Kn

[Maximum observed water height (flood mark)| | Hydraulic characteristics of the reach |

Hydraulic model (HEC-RAS)

| Peak flow (or hydrograph, when possible) |

HYDRAULIC MODELLING

_,| Historical information about the rain | |Hydrological characteristics
event (duration, area, total volume) of the catchment

Hydrological model (HEC-HMS)

---» Rainfall (hyetograph) |

e |

HYDROLOGICAL MODELLING

------------» HISTORIOGRAPHICAL RESEARCH |

é | 20th Century Reanalysis (NOAA) |
oy
g | Synoptic conditions | | Convectivity indexes |
<!
S 7T Analysis of the meteorological processes |
Agreement

METEOROLOGICAL ANALYSIS

Figure 4.2. Diagram of the multidisciplinary proceel for historical floods reconstruction appliedl&y4
Santa Tecla floods. Modified from Fig. 2.4
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4.3.1. Historiographical research

Historiographical research is the key step in theonstruction of any historical flood:
without correct, reliable information, no corremliable modelling can be done.

Historiographical research is mainly based in arelsicanning, that is, in the systematic
scrutiny of documents in search of any recorddedlto any flood. These documents can
hold all kinds of data about the flood: meteorobtagi(start and end times of the rainfall,
weather in the previous days), hydraulic and hyayalal (time of the peak flow, time of
the overbank flow, maximum height reached by théewadeight of the water at various
times, state of saturation of the catchment's sadlsd human and social (number of
victims, economic loss). Some of these data arenéissin order to reconstruct the flood,
and the nature of these documents is mostly off{ttavn council's minutes, notarized
documents, local authorities official reports tgher levels of the administration), but
they also include contemporary newspapers (Diago Barcelona, 1874), personal
accounts (Salvadd, 1875) and local historians'arebe(Pleyan de Porta, 1945; Iglésies,
1971; Xucla, 1977; Piqué, 1986; Coma, 1990; ViB9Z, Espinagosa et al., 1996; Cots,
2012).

Besides this archive information, flood marks adeoavery important pieces of

information in hydraulic modelling, because theggsely mark the maximum height of
the water, which can be equated (with a small, @etde error) to the height of the water
at the peak of the flood.

Twelve flood marks were used in the hydraulic milglof the ten reconstructed peak
flows. Some of them are plagues whereas othersiangle carvings on the walls and
even others are mere notes found in written doctsr(@able 4.2).

The reliability of these twelve flood marks is geally high, since most of them have
been confirmed by local historians and experts.rdle only a slight suspicion that the
Agramunt mark might have been moved. This one sc@rémoderately reliable) in the
three-degreed classification of reliability by (Bag and Reed, 2001), whereas the other
marks all scored 3 (very reliable). The precisidradlood mark (that is, the maximum
expected difference between the flood mark and atial maximum water height)
depends on its reliability and on its nature. Thiteed marks with a high reliability and a
physical nature (a plaque or an incision) were miaegrecision of +10 cm. The one with
moderate reliability (Agramunt) and the two of atten nature (Cervera and Vallfogona
de Riucorb) were given a precision of £30 cm (TabB.
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Table 4.2. List of the flood marks used in the laydic modelling

nusrgger UTM Coordinates Tvpe of Relia- Preci-
WUMBET River Site Address | (ETRS89, UTM 31T) yp “eUa | sion®
in Fig. mark bility (cm)
4.1 X(m) | Y(m) | Z(m)
1 Mont-roig | MOl A€l | 545 61414 624,073373.18/NCISION O 5 +10
Serra a column
Si6 Mediaeval
10 bridge b
2 Agramunt ge by 341,8984,627,625330.03] Plaque 2 +30
Placa del
Torronaire
3 Cervera | MOlldel | a5g 3504 613,639462.19 WHten | 3 +30
Grau referencé
8-10DiS, | 345 101l4,612,138369.08| Plaque | 3 +10
Ondara Pigues Stregt
4 Tarrega |6, Font Street345,056|4,612,077368.30| Plaque 3 +10
26, Sant it
Aguct Stree345:0034,611,995367.26 - Plague 3 +10
5 Vallfogona | 1, Placa | 55 955l 508 8a4563.40 WEN | 3 +30
de Riucorb Major referenc&
6 | Corb| Guimera 7'5Ft’r'ggtes 348,7334,602,951507.57| Plaque | 3 +10
7 Ciutadilla H?th‘l'e‘:e' 344,0614,603,095464.01] Plaque | 3 +10
. Incision on
g | vall |Granyenad Molidela |z, /04 589 309312.08the norther| 3 +10
Major |les Garriguels Societat
corner
9 Espluga de o wvajor | 341,35854,584,783408.68| Plaque 3 +10
Francoli
Francol Moli de la Plague on
10 Montblanc| 7 "2 |347,8654,580,138205.47) - the SW 3 +10
corner

D Corbella (2003)

@ Xucla (1977)

®) Reliability according to Bayliss and Reed (200d3ls: 1 = unreliable; 2 = reliable; 3 = very relab

@ Precision: maximum expected difference in cm betwthe flood mark and the actual maximum water
height

4.3.2. Hydraulic modelling

The objective of the hydraulic modelling was thé&uakation of the peak flows at the ten
sites. It was done from the maximum water heighiseoved (Table 4.2), because it was
considered (accepting a minimum error) that thesaximum heights occurred
simultaneously with their corresponding peak flows.

The hydraulic model used was the one-dimension&4RAS 4.0 (USACE, 2008) under
gradually varied, steady, mixed regime. Actuallystmodel calculates water height from
a discharge value. Therefore, we applied it iteedyi trying tentative peak flows until the
difference between the modelled water height aedatttual flood mark was smaller than
1 cm (Fig. 2.5).

The HEC-RAS model needs as input data:

77



Chapter 4. Complete recontruction of 1874 Santdalfemods

1) the channel's geometry (cross sections shape amthels longitudinal slope),
given by the cross sections of the digital terramdel,

2)

3)

4)

the Manning roughness coefficients (also known Bgnning's n), that relate
friction with type of surface and are found in &b(Chow, 1959),

the boundary and initial conditions, which tell wha happening upstream and
downstream the modelled river reach,

the aforementioned tentative peak flow.

All these input data are limited to a river reagbuially less than 2 km long, upstream and
downstream the flood mark site. However, the dathtb be adequately adapted to be as
close as possible to their values at the time whanta Tecla floods took place. Old
maps, engravings and written descriptions were ueeteconstruct the channel and
floodplain morphology at the time of the flood (tdades such as human structures,
meanders and islands, and cross sections' contmaair expansions) and to hypothesize
the roughness coefficients. Table 4.3 lists thengha in each of the ten modelled sites.

Table 4.3. Changes in the modelled reaches. Ovimoedtion from historical information

S'.te . . Type of | Changes in cross sections Changes in transversa
(Fig. | River Site .
4.1) reach geometry infrastructures

1 Si6 Mont-roig Rural None None

2 Agramunt Urban Channelization 2 bridges

3 Cervera Rural None None

4 Ondara Tarreqa Urban Deposition of a3 mdeep  Carlist Wall and 3

9 layer (see Chapter 3) | bridges (see Chapter 3

5 Vallfogona Urban Channelization One bridge

6 Corb Guimera Urban Channelization One bridge

7 Ciutadilla Rural None One bridge

8 Va_II Granyena de Rural None None

Major les Garrigues
9 . Espluga Eje Urban None None
Francoli Francoli
10 Montblanc Rural None None

~

Besides, also in Tarrega, the existence of thommlfimarks along the river reach, allowed
choosing the correct river bed morphology betweenpossible ones ((see Chapter 3).

In this same town, the previous reconstructionixfasher historical floods allowed the

calculation of Santa Tecla's peak flow return peerisee Chapter 3). In Montblanc, the
peak flow return period was calculated from a seoiemeasurements in the period 1946-
2014 (Junta d’Aigues, 1995).

The high degree of uncertainty associated withohistl floods input data is inevitably
transferred to the results. In order to estimaie dhcertainty, a sensitivity analysis of the
hydraulic modelling was performed in 5 of the li@si

More specifically, the effects of two input variablon the resulting peak flows were
assessed: maximum water height and the Manninghrass coefficients (or Manning's
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n). This was done by estimating a value of uncetyaor error for those two variables:
the precision values of the flood marks given ibl&€at.2, for the maximum water height;
and +£30% for the Manning roughness coefficientsr@da et al., 1992; Johnson, 1996;
Wohl, 1998) and then separately calculating thatiret error in the peak flow results that
each one of these input errors would cause. Therésulting relative errors were then
guadratically added as follows:

5Q,total = \/65,height + Sé,Manning (4'1)

where dgwai = peak flow total relative error
doneight = peak flow relative error caused by the emanaximum water height
do,manning= peak flow relative error caused by the erravliemning's n

Relative errors have no units and are given insgaet-one. In two of the five sites, only
the relative error caused by maximum water heigig walculated.

4.3.3. Hydrological modelling

The objective of the hydrological reconstructionswhe calculation of the hyetograph of
the rain that caused the flood.

To this end, the hydrological modelling software G#BMS 3.3 (USACE, 2010b) was
used. HEC-HMS is an empirical, lumped rainfall-rtfraodel, which allows the user to
choose among an array of different empirical meshimd three hydrological processes:
runoff generation, transformation of runoff intwet flow, and river flow routing. For

each of these processes we chose, respectivelyS@#& Curve Number, the SCS
Synthetic Unit Hydrograph and the Muskingum-Cungethuds, because of their
simplicity of use, their moderate requirements nput data and their being generally
accepted and commonly used (NRCS, 2007).

Similarly as in the hydraulic reconstruction, ttedcailation procedure is iterative, because
the result (that is, the hyetograph) is, actualtyjnput datum required by the model (Fig.
2.6). Therefore, a tentative hyetograph must bdt lugsing the available historical
information about the rain event, such as its domadnd other indications that can lead to
a rough estimation of the rainfall volume. Hencalyoin those cases when all these
required data were available, the tentative hyefolyrcould be built and the hydrological
modelling, performed; more specifically, this coddd done in five sites: Mont-roig by
the Sio River, Cervera and Tarrega by the OndavarRand Ciutadilla and Guimera by
the Corb River.

Besides this tentative hyetograph, the model neégus data describing the catchment
(and subcatchments) hydrological characteristigsh @s soil type (and its hydrological
characteristics), land use and cover, antecedehtmsmsture condition, and the main
stream’s length, slope, and Manning roughnessicuseff.
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These data had to be adapted, when necessarypfesant-day values to the estimated
ones at the time of the studied flood. Particulaoly the one hand, the antecedent soill
moisture condition was estimated from the histaapgical researérand confirmed with
the meteorological analysis; condition Ill (satedhtsoils) was ultimately chosen.
According to SCS Curve Number model, for conditiinto be chosen, it must have
rained at least 53 mm in the five previous daysti@nother hand, regarding soil uses and
cover, none of the three modelled catchments sdfenajor changes since 1874. They
all are mostly rural, with non-irrigated cereal gsoand small patches of Mediterranean
forest.

The result of the hydrological modelling (the pdikv) was then compared to the one
calculated in the hydraulic modelling; if the twoeng similar enough (less than 1%
apart), the tentative hyetograph was accepted.,Ttherapproximate return period of the
total rainfall was directly obtained from the majsawn by Casas (2005).

As happened in the hydraulic modelling, calibragiai the hydrological models in the

five modelled sites were not possible because mwdrtbe studied catchments has ever
been gauged. However, as said in Section 4.3.2evant occurred in 1989 allowed to

calibrate both the hydraulic and the hydrologicaldels in the town of Tarrega in the

Ondara catchment.

However, in order to estimate the real amount afeutainty in the results, a sensitivity

analysis was done by observing the variation inrdsilts caused by variations in the
input variables: the influence of Curve Number &yaithetic Unit Hydrograph's lag time

on peak flow (which is the actual output of the mipdand the influence of antecedent
soil moisture condition on total rainfall (which, ias part of the hyetograph, our aimed
result). This was done in two of the five sites:#tooig and Tarrega.

The Curve Number value summarizes the runoff prodaof a catchment. Its value is
estimated with tables from soil type, land use &l cover (NRCS, 2007) and it is
therefore somewhat arbitrary. Thus, we assumedran ef £10 units in its estimation,
slightly more conservative than the £10% value sstgd by Hawkins (1975).

Soil moisture also affects the catchment's pernfigabihe Curve Number method treats

this parameter as a qualitative discrete variableed antecedent soil moisture condition,
with three possible values: dry (), intermediali, @nd saturated (lll). In practice, a

change in antecedent soil moisture condition entathange in the Curve Number value.
In this way, we assessed the influence in totaifadi of a change in antecedent soill
moisture condition from Il (saturated) to Il (inteediate), which equates to a reduction
in the Curve Number of around 8 units. Howevergmor in this parameter seems quite
unlikely, given the written accounts that descrbriny week before the floods (Diario

de Barcelona, 1874; Pleyan de Porta, 1945).

Synthetic Unit Hydrograph's lag time is the timawsen the moment when half of the
rain has fallen and the moment of the peak flowg time is indirectly calculated with an
empirical equation that only requires the mainastrs length and slope (NRCS, 2007):

% For example, Pleyan de Porta (1945) states tleasdfs in the Si6, Ondara and Corb catchments afere
field capacity due to a generous rain on 18th Saipée 1874, just five days before Santa Tecla rainst
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0.77

tigg = 0.6+ 0.6 - <L> (4.2)

0.5

where tgis the lag time (in h),
L is the length of the main stream (in km) and
J is the mean slope of the main stream (in patsape).

This indirect way of calculating lag time resulisa high uncertainty. Indeed, Bell and
Om Kar (1969) state that lag time may vary fromwbé0% to 140% of the value found
with Eq. 4.2; besides, they also conclude thatilag for extreme floods is 10% shorter.
Thus, we decided to assess the influence of a #©86 in lag time on peak flow.

As in the hydraulic modelling (see Eq. 4.1), totalative error in peak flow was
calculated quadratically summing the relative exyrmaused by Curve Number and by lag
time.

4.3.4. Meteorological analysis

The objective of the meteorological analysis wasd&termine the meteorological
processes that caused the flood. More precisely:

a) To describe the synoptic conditions (atmosphertaation at several levels)
during 1874 Santa Tecla floods. This meteorologacedlysis allowed, on the one
hand, determining the cause of the floods and,henother hand, validating the
hyetograph found in the hydrological modellingtHé former could be done with
many floods in the region, flood forecasting woh&limproved.

b) To assess the possibility of rainfall in the wedle$ore the floods in order to
estimate the antecedent soil moisture conditiogpicae of information needed in
the hydrological modelling.

This analysis was performed by using the data ftloen20th Century Reanalysis by the
National Oceanic and Atmospheric Administration @AK), available from 1 January

1871 onwards. According to Compo et al. (2011),dbelity of these data is generally
high when compared with independent radiosonde, @eaecially in the extratropical

Northern Hemisphere. This meteorological analysas Wone by directly examining the
maps and also by calculating several indexes tleasore the convection intensity:

a) The Convective Available Potential Energy (CAPE;dds, 1993; Doswell and
Rasmussen, 1994).

b) The Lifted Index LI (Galway, 1956).
c) The K index (George, 1960).
d) Vertical, Cross and Total Totals indexes (Miller2p7

e) The Humidity index (Litynska et al., 1976).

81



Chapter 4. Complete recontruction of 1874 Santdalfemods

f) The difference between the lifted condensationll@€L) and the level of free
convection (LFC).

g) The limit of convection (LOC).
h) The wind shear between surface and 1 km, and betswéace and 3 km.

These convectivity indexes were calculated appreséty over the town of Valfs
located within the Francoli River catchment (Fid.)4

Additionally, three pressure indexes, which meagsheedifference in surface pressure
between two distant locations, were also calculdtedevery day of the month of
September 1874 from contemporary daily measurements

a) The WeMo index, between Cadiz and Padua (Martire\add Lépez-Bustins,
2006).

b) The NAO index, between Cadiz and Reykjavik.

c) A zonal index between Cadiz and Uppsala.

4.4. Results and discussion

The results of the reconstruction of 1874 Santalaléood and their discussion are
presented in several sections corresponding tdiffezent phases of the reconstruction.

4.4.1. Historiographical research
4.4.1.1. Meteorological and hydrological informatio

The summer of 1874 had been particularly hot and eéven when compared to the
generally hot and dry summers in the area, so taditéiranean Sea was very warm and,
thus, there was a high probability of heavy thusttems (Iglésies, 1971).

Intense precipitations occurred in Reus, Vilanovk iGeltrd, and Tarragona on 19
September 1874 (Diario de Barcelona, 1874). Indaeditlantic depression crossed NE
Spain between 17 and 19 September; there are seeobrainfall in Zaragoza on 17 and
18 September, Valencia on 18 (28.6 mm) and Bareetom19 (30 mm). This episode of
rain left the soil very wet (Pleyan de Porta, 1946}, thus, with a reduced ability to
absorb the precipitation that would fall on the d&panta Tecla.

Indeed, after a few days of calm, the night of 32-Qeptember 1874, a strong
thunderstorm driven by SE, SSE and S strong wifféstad the coast and the southern
half of Catalonia; these precipitations causeddom many small catchments throughout
an area of around 10000 kifDiario de Barcelona, 1874) (Fig. 4.3;). In Baoed, from

4 UTM coordinates of Valls: X = 335,500 m; Y = 4,50@0 m; Z = 200 m; UTM 31 T / ETRS89
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the only rainfall measurement found, it rained 68 ron 23 September, almost the
average precipitation of the whole month.

As an example of the quickness of the events, igg§4d971) reports that, in Tarrega (in
the Ondara catchment), the rain, which had staté®:00 p.m. (local time, UTC) on 22

September, grew more intense at around 01:00 aadhlagted two more hours, and that
the peak flow of the flood occurred between 03:00 83:30 a.m.. Almost the same
happened in the Francoli River: the downpour befa@1:00 a.m., and the peak flow
reached Tarragona (the outfall of the catchmentaraund 03:00 a.m. (Diario de

Barcelona, 1874; Iglésies, 1971).

»
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T /v rainstorm
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| O Non-overbank flood
© Non-destructive overbank flood
Ty ® Destructive overbank flood
y 50 km

Figure 4.3. Map of Catalonia highlighting the aneast severely affected by the 1874 floods andites s
where information about them was found. ModifieahfrBarriendos et al. (2013)

The historiographical sources and the contemponanyspapers consulted (Diario de

Barcelona, 1874; Iglésies, 1971; Coma, 1990; Bados and Pomés, 1993; Espinagosa
et al., 1996; Cots, 2012) list fifty-one locationbkere the rain caused floods, thirty-one

of which, destructive (see Fig. 4.3, a articleS)g

This distribution of floods provides informationali the movement of the storm. Indeed,
most of the thirty-one destructive floods clustieng the rivers with headwaters on either
side of the southern Pre-coastal ranges; thatlasgaboth the leeward ones (like Si6,
Ondara, Corb and Vall Major) and the windward oflig&s Francoli and Gaia) (Fig. 6.1).

Therefore, these windward rivers acted as natwaidors for the southeastern wind,
which pushed the stormy air mass up to the tophef Rre-coastal ranges, where it
developed and precipitated. This explanation agwe#ls the meteorological analysis

(Section 4.4.4) and with the rainfall distributiomith higher rainfalls in the catchments'
headwaters (Section 4.4.3).
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Outside this most severely affected area in théhson half of Catalonia, there were two
non-destructive overbank floods along the nortleastoast, which point out that the
turbulent activity also affected that area. In cast, rainfall was scarce on the northern
half of inland Catalonia.

4.4.1.2. Damages

Santa Tecla floods were catastrophic in terms of adfected area (about 10000 ¥m
and degree of destruction. Since the rainstorm ro@gat midnight and affected small,
quick-response catchmentwith lag-times of 4 h or lessthe damages along the rivers
were huge: about 700 collapsed dwellings, and o=tk crops and infrastructures. In
total, 960 structural elements were damaged, 648hach were completely destroyed or
suffered irreparable damage. The most affectedtgoulngell, where 452 elements were
completely destroyed (Fig. 4.4 and Table 4.4),rassed by the Si6, Ondara and Corb
Rivers.

I Minor damages
1 to 10 elements destroyed

I 11 to 30 elements destroyed

I 31 to 90 elements destroyed

I 452 elements destroyed (Urgell county)

Figure 4.4. Map of Catalonia with the number oftd®ged structural elements by county; this includes
dwellings, bridges, canals, mills and all kindsrdfastructures and buildings. Modified from Barims et
al. (2013)

Actually, Santa Tecla floods destruction is compbrdo that of the floods occurred in
1617, known as "The Year of the Deluge", which asg&d 389 buildings, 22 bridges and
17 mills in Catalonia (Thorndycraft et al., 2006).

The cost of the damages of Santa Tecla in onlyadribe two most damaged provinces

has been estimated to be at least 100 million E(updated to the year 2014 values)
(Lladonosa, 1974).
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Besides destroyed buildings and general structdeesages in agriculture were great and
varied: loss of fertile soil and fruit trees, destion of irrigation structures and mills, and
loss of seed, seedlings, and staples (grain, beans, olive oil, and wine) stored in
destroyed warehouses. The economic impact of sactage is difficult to assess, but it
was enormous: agriculture was the basis of the @ugrof the region at the time, and
recovering required many years. The floods causesl & long-lasting impoverishment of
the population. In addition to this, the recondiiarc tasks were hampered by the Third

Carlist War (1872-1876).

Table 4.4. Destroyed and damaged structural elenietdrgell County and in the whole Catalonia. Own
elaboration from various sources (Diario de Bamca)d.874; Salvadé, 1875; Pleyan de Porta, 1945;

Iglésies, 1971; Piqué, 1986; Coma, 1990; Vila, 1¥xpinagosa et al., 1996)

Structural element Urgell County | Catalonia
Destroyed buildings >406 564
Damaged buildings >290 317
Bridges 1 24
Mills 15 32
Roads No data 5
Railroads 2 5
Factories 4 6
Warehouses Several 4
Irrigation infrastructures All 3
Total destroyed elements 452 643

4.4.1.3. Casualties

Adding up the figures found in the historiograph®aurces and contemporary press, 575
people died because of the floods (Diario de Barwel 1874; Iglésies, 1971). The
distribution of victims (Fig. 4.5), is almost idesdl to that of damages, with again the
most affected county being Urgell, traversed by $ine Ondara and Corb rivers. In this

county alone, 293 people died, 205 of them inagsital town Tarrega.

The sudden nature of these flash floods and thettiat they occurred past midnight are
the main reasons for this large number of fatalitie

Santa Tecla floods caused more casualties thafioib@ds occurred in Catalonia in 1907
(29 casualties), 1940 (90 casualties), but less tha highly destructive floods of 1962

(more than 815 casualties).
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1 1 fatality

3 2 to 10 fatalities
Em 11 to 30 fatalities

B 31 to 60 fatalities

EEm 293 fatalities (Urgell county)

On-site fatalities + fatalities

from upstream

Figure 4.5. Map of Catalonia with the number ofuzdses by county. ‘Fatalities from upstream’ refier
people who were washed downstream by the flood.ifiégddirom Barriendos et al. (2013)

4.4.2. Hydraulic modelling

The results of the hydraulic modelling are showrnTable 4.5). In four of the ten sites
(Cervera, Vallfogona de Riucorb, Espluga de Frarmadl Montblanc), the specific peak
flow is extremely high¥9.6 n?-s-kmi?). However, they agree with the highest values in
the Mediterranean area (8 and 15 si-km®) of a recent inventory of extreme floods in
France from 1770 to 2011 (Lang and Coeur, 2014),rank among the highest values of
the flash floods collected by Gaume et al. (200%imilar-sized catchments (between 50
and 350 krf) in the Western Mediterranean area.

Besides, the highest K index of the ten reconsgtdipeak flows, that of Francoli River in

Montblanc, is 5.5 (Table 4.5), and it is, therefdrgher than the K indexes of the highest
measured and reconstructed flows of severe flagid§l in Mediterranean catchments of
Spain and southern France (Fig. 4.6). The K indalGulated with Eq. 4.3, is used to

compare peak flows between catchments of very réiftearea (Francou and Rodier,
1967; Herschy, 2003).

6 — logyo Q)

K=10-<1—
8_10g10A

(4.3)

where K =K index (dimensionless)
Q = flow (n?-sh)

A = catchment’s area (Kin
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Table 4.5. Results of the hydraulic modelling &t tn sites

Site Specific K Tor_rent|aI|ty Water
Peak peak | . index ;
number . . Area index velocit
B River Site > flow flow (peak flow / &
in Fig. (km") 3 <1 3 a | (Eq. rang
41 (m>s?) | (m>s 4.3) mean (m-sY)
' -km?) ' flow™)
1 Si6 Mont-roig 219 1080 4,9 4,8 1350 1.6-3/0
2 Agramunt 314 1016 3,2 4,6 1270 1.0-7.4
3 Ondara Cervera 86 852 9.9 4,9 1704 1.2-4(0
4 Tarrega 150 1190 7.9 5,0 2380 1.6-1.4
5 Vallfogona | ¢ | 54 119 | 49 607 2.2-7.38
Corb de Riucorb
6 Guimera 91 410 4.5 4,4 456 0.4-5/6
7 Ciutadilla 123 580 4.7 4,5 644 0.2-4/5
Vall Granyena de Not
8 Major | les Garrigues 50 153 3.1 3.9 applicablé” 1.9-51
9 | Esplugade | 100 | q470 | 146 | 53 4900 4.4-88
Francoli Francoli
10 Montblanc 344 3289 9.6 5.5 5482 2.9-9.4

Mean flow found in Table 4.1
@ Not applicable because mean flow is D gh
® Minimum and maximum water velocity in the chanaleing the modelled reach

5.5

5.0

K index

4.5

4.0

*

|
T T ]

10

100

Catchment area (km?)

m Francoli River in Montblanc «+ Catchments in Ebro basin

Other Iberian catchments French catchments

1000

Figure 4.6. K index of the reconstructed peak fwvit874 Santa Tecla flood in Francoli River in
Montblanc compared to those of the major floodsrimall Mediterranean catchments (10-1000)kof the
Iberian Peninsula and southern France. Own elabaraith data from Lépez-Bustos (1981), Llasatlet a

(2003), Delrieu et al. (2005), Lang and Coeur (3Gt Nguyen et al. (2014)

The exceptionality of these values is furthermareficmed by the observed return period
of the peak flows in Tarrega and Montblanc: aro@60 years. This return period was

calculated, in the case of Tarrega, with the seofeseconstructed flows of historical

floods shown in Table 4.6 and, in the case of Mlamity with a series of measured peak

flows for the period 1946-2014 (Junta d’Aigues, 309
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Table 4.6. Series of reconstructed flows of
historical floods in Tarrega. Source: Chapter 3

Year Peak flow (rhs?)
1615 790
1644 1600
1783 490
1842 210
1874 1190
1930 280
1989 260

Nevertheless, the torrentiality indexes of the dedi.e. the peak flow divided by the

mean flow) are between 500 and 5500 in the tenhosats; these values are not
extraordinary if compared to the maximum ones (betw5000 and 10000) calculated by
Conacher and Sala (1998) for Mediterranean stredr8pain. However, our torrentiality

indexes may be underestimated since some of tha flezes from which they have been

calculated might be overestimated due to the seepligrigation water.

Water velocities in the channels are very varieith @ome very high values (>7 st
very specific points that explain the magnitudéhef damages and casualties.

The relative errors of the peak flows calculatedha sensitivity analysis are between
+5% and +44% (Table 4.7). These error values fakgw modelling are far better than
50%, the highest value deemed as acceptable iroricat floods reconstruction
(Barriendos et al., 2003) and, if the two calcudat®m the least precise flood marks are
excluded, they are close to those typical in flowasurement, which should be more
precise than flow modelling: £6-19% (Harmel et 2DP6) and +10% (Butts et al., 2004).

Table 4.7. Results of the sensitivity analyseseftiydraulic modelling

Peak flow’s relative error (%)
Peak
. Peak flow's flow’'s
Site . . . Peak relative error| relative Ffegk_
number in River Site flow %) due t o flow’s joint
Fig. 4.1 (m*-sh (%) dueto | error(%) relative
water due to 3 (o
height? Manning’s | €' (%)
n's®
1 Si6 Mont-roig 1120 9 No data +9
2 Agramunt 1005 +17 +11 +20
3 Ondara Cervera 852 +44 No data +44
4 Tarrega 1190 +3 15 +5
6 Corb Guimera 410 15 +11 +12
7 Ciutadilla 580 +13 +11 +18

B Peak flow’s relative error supposing an error iatev height of £30 cm in Agramunt and
Cervera and 10 cm in the other sites (Table 4.2)
) Peak flow's relative error supposing an erro8®% in Manning’s n
®) Quadratic sum (Eq. 4.1) of the relative errore do water height and (when calculated)
Manning’s n

@

It must be noted, however, that our values are ldveeinds for peak flow error, since
they were calculated from water height and rougbmefficients errors and, therefore,
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the error caused by the rest of the input datah(fag channel's shape and slope, or
boundary and initial conditions) have not been mak#o account yet. However, the
objective of this simple sensitivity analysis wasadbtain an estimation of the order of
magnitude of the error. Other reconstruction stdi@se their sensitivity analyses on the
same variables and obtain similar results (Barwsnet al., 2003; Neppel et al., 2010;
Herget et al., 2014).

The peak flow relative error caused by the uncetyan maximum water height varies

from +3% to £13% when flood mark precision is £18 and from +17% to +44% when

flood mark precision is £30 cm. These differences most probably due to the cross
sections' shape: in wider sections, a small ineraaswater height means a greater
increase in water flow than in narrower sections.

Similarly, one of the peak flow relative errors sad by the uncertainty in Manning's n is
also smaller than the rest, that of Tarrega. Thay ime caused, again, by differences in
the geometry of the reach: reaches with high sl@ves high hydraulic radius are less
influenced by changes in Manning's n than reach#stie opposite features.

It must be kept in mind that these estimationslewne boundaries for peak flow error,
which could have been larger due to unknown unicei¢a linked to the flood marks and
to the high difficulty of estimating the hydraulbaracteristics of the modelled reach at
the time of the flood. The best way to reduce thakpflow error is to use, if possible,
more than one flood mark along the modelled reackhat the water profile coincides
with as many of these flood marks as possible.

4.4.3. Hydrological modelling

The results of the hydrological modelling are shawiTables 4.8 and 4.9 and in Figure
4.7. Total rainfall values must be deemed quiteeptional, judging from their
approximate return periods, which were estimatethfregional maps drawn by Casas
(2005). Besides, maximum rainfall intensity valupglify as torrential, according to a
classification by the Spanish Meteorological Ingét(Llasat, 2001).

Table 4.8. Results of the hydrological modellindiag of the ten sites

Total Storm
Site Event's | rainfall's | Maximum .
. : rainfall / Runoff Lag
number . . total estimated| rainfall L )
. River Site . . . mean coefficient | time
in rainfall return intensity annual (%) h)
Fig. 1c (mm) | period” | (mm h? gy 0
rainfall
(years)
1 Si6 Mont-roig 112 250 56 0,23 61 4,0
3 Ondara Cervera 155 > 500 70 0,33 77 215
4 Tarrega 147 > 500 67 0,33 72 3i5
6 Corb Guimera 114 250 61 0,27 57 3.0
7 Ciutadilla 114 250 61 0,25 59 3.b

@ Approximate return periods from maps by Casas%200

@ Mean annual rainfall found in Table 4.1
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Table 4.9. Hyetographs of total and effective iai§i6, Ondara and Corb catchments, with their mean
Curve Number and their antecedent soil moisturelitiom

Si6 River catchment Ondara River catchment CoueRtatchment
Curve
Number 85 85.5 845
Antecedent
soil moisture [l (saturated) Il (saturated) Il (saturated)
condition
. Total rain Effective Total rain Effective Total rain Effective
Local time . . .
(mm) rain (mm) (mm) rain (mm) (mm) rain (mm)
9:00 pm 2.4 0.0 2.9 0.0 0.0 0.0
10:00 pm 33.1 19.5 26.2 14.6 0.0 0.0
11:00 pm 53.2 49.4 68.5 63.7 0.0 0.0
12 midnight 26.0 25.3 43.7 42.9 11.2 1.9
01:00 am 5.9 5.8 9.5 9.3 56.5 46.4
02:00 am 1.7 1.6 2.5 2.4 23.6 225
03:00 am 0.7 0.7 1.0 1.0 9.7 9.3
04:00 am 0.5 0.4 0.0 0.0 7.1 6.9
05:00 am 0.5 0.4 0.0 0.0 5.9 5.7
06:00 am 0.2 0.2 0.0 0.0 0.0 0.0

Similarly, the values of the ratio 'Storm rainfalinean annual rainfall' were greater than
those found for flash-flood-causing rainstormshaf $ame duration (about 6 h) by Marchi
et al. (2010), which are all below 0.2.

In the four catchments with more than one studiég] specific peak flows decrease
downstream, between 20 and 60% (Table 4.5); thikdomean that rainfall was heavier
in the catchments' headwaters, which is consistgéht the conclusions drawn from the
historiographical research and the meteorologicalyais.

The runoff coefficients are very large, especiallyhe Ondara catchment, and are higher
than the highest but one runoff coefficients ogfidlood-causing rainstorms of the same
magnitude (between 110 and 150 mm) in the Meditean region calculated by Marchi
et al. (2010). These high runoff coefficients areamsequence of the selection of the
antecedent soil moisture condition Il (saturatedsscaused, according to the model, by
at least 53 mm of rain in the five previous dayBjis soil moisture condition was
selected to agree with the accounts of the everdridDde Barcelona, 1874; Salvado,
1875; Pleyan de Porta, 1945). Soil saturation lad&d in an increased impermeability of
the catchments and contributed to the magnitudieeofloods.

Lag times range between 2.5 and 4 h, which agrée the torrential nature of these
streams and the suddenness of the floods; theyaasee with the values found by
Marchi et al. (2010) in flash-flood-causing raimsts in similar-sized catchments
(between 50 and 350 Kirin the Mediterranean region.

The sensitivity analysis shows that the hydrologmadelling results are quite sensitive
to changes in input data. Indeed, relative ermorseiak flow caused by errors in two input
data (Curve Number and lag time) calculated in bivthe sites are around +36% (Table
4.10); the Curve Number alone causes an errorak flew of £23% to £28% and the lag

time alone, an error of £23% to +27%. This agreeth wihe findings of Ponce and

Hawkins (2001) for Curve Number influence on result
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Figure 4.7. Hydrographs and hyetographs of Sié Ravéont-roig (a), of Ondara River at Cervera and
Tarrega (b), and Corb River at Guimera and Ciu&dd). Modified from Balasch et al. (2010b)
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Table 4.10. Results of the sensitivity analysithefhydrological modelling

Total Peak flow's relative error (%)
rainfall’s Peak Peak
Site relative error|  flow's flow's Peak flow's
number : . (%) caused relative . o
I River Site relative joint
in Fig. by error (%) .
error (%) relative
4.1 antecedent due to 4)
: ; due to lag | error™ (%)
soil moisture Curve time®
conditiof? | Numbef?
1 Sio Mont-roig No data 128 +23 +36
4 Ondara| Tarrega +30 +23 127 +36

W Total rainfall's relative error if antecedent saihoisture condition had been I
(intermediate) instead of Ill (saturated)

@ peak flow's relative error supposing an error d®-inits in the Curve Number value

®) peak flow's relative error supposing an error 40% in lag time

“® Quadratic sum of the relative errors due to CiNuenber and lag time

The effect of these variables in total rainfalloeris yet to be calculated, but it is probably
of the same order of magnitude. Indeed, the errdotal rainfall caused by an error in
antecedent soil moisture condition (or by the egl@nt decrease of 8 units in the Curve
Number value) is +30%. Therefore, hydrological nithag results should be seen as
merely approximate.

4.4.4. Meteorological reconstruction

According to the maps from NOAA's 20th Century Ragsis (Compo et al., 2011)
shown in Fig. 4.8, on 23 September 1874, a vehlestand deep depression located in the
centre of the Iberian Peninsula had been blowindh&sly winds onto Catalonia for at
least 10 days. These winds brought warm, moighairaccumulated in the low levels of
the troposphere due to the presence over Catadbaia African ridge (a mass of hot air)
at mid-levels (at a height between 850 hPa andhb@0or, approximately, between 1500
m and 5500 m), which prevented vertical movemeimdeed, those warm and moist
winds had not been able to move to upper leveld 2BtSeptember, when the African
ridge withdrew. Only then, the warm, moist air massild rapidly rise forming thick
clouds and, eventually, thunderstorms; this rises Vvilarthermore enhanced by the
presence of the Pre-coastal mountain ranges, whitlparallel to the coast about 30 km
inland.
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 September 21t 1874, 0:00z September 22" 1874, 0:002: September 23 1874, 0:00z
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Figure 4.8. Synoptic conditions 48, 24, and 0 lokeSanta Tecla storm, occurred around midnight 23
September 1874. Upper maps: pressure at sea ie\rd); middle maps: air temperature (in K) at iglhie
of 850 hPa (approx. 1500 m); bottom maps: air teatpee (in K) at a height of 500 hPa (approx. 5600

Source: NOAA's 20th Century Reanalysis

This succession of events, which we have named tidaggering effect (Mazon et al.,
2014), is the same process that caused the eqiedlyuctive 1962 floods in a nearby
area (Vallés) (Ruiz-Bellet et al., 2013). Due te #uddenness, this process is very
difficult to forecast (Maddox et al., 1979).

This interpretation of the synoptic maps is backgdhe convectivity indexes calculated
from the same NOAA's 20th Century Reanalysis dat#eed, all these indexes but one
(wind shear 1 km) have values related to sevenadiémstorm weather around the time of
the storm, that is, 23 September 1874 at midnigable 4.11). These values are also
extreme when compared to the values of the othatden heaviest floods in Catalonia
since 1871, indeed, Santa Tecla indexes are alimdie top three (Mazon et al., 2014).
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Table 4.11. Some convective indexes over the tdWwratls (Fig. 4.1) during the rainstorm occurred on
September 23 1874, at 00 UTC. Own elaboration flata from NCAA 20th Century Reanalysis and
Grieser (2012)

Convection index _Convec'uon Meaning of the index value (Grieser, 2012
index value
Convective Available
Potential Energy, CAPH 2546 CAPE > 2500 J Kg=> strong instability
(J kg")
Lifted Index, LI (K) -11 LI< -6 K-> severe thunderstorms likely
- 0,
K index, KI (K) 33 31<KI<35-> 60 8_O_A) thunderstorm
probability
Vertical T(()lz?l index, VT 28 VT > 26 K-> thunderstorm prone weather
Cross T(Z:?)l index, CT 23.1 CT> 20 K-> thunderstorm prone weather
Total Tozil)lndex, T 51.9 TT> 50 K-> severe thunderstorms possibl
Humidity index, HI (K) 16.5 HK 30 - thunderstorm prone weather

ght

Lifted condensation A good approximation of the cloud base hei
500 '
level, LCL (m) in case of forced ascend
Level of free convection 500 LFC < 3000 m> thunderstorms are more
LFC (m) likely to be initiated and maintained
AL, = LCL - LFC 0 AL;small> sud%ir;l:jreep convection can
Height at which convection stops; clouds
Limit of convection, 9500 extend from LCL to LOC; in this case 9 km
LOC (m) high clouds, which mean a high probability
rainstorms
Wmd(:qhzgr 1 km 1 Wind shear > 8 m’s> supercell tornadoes
. _1 .
Wind shear 3 km (m-3 6 Wind sheak 6 m s large and long-lasting

convection

Besides, the three pressure indexes (WeMo, NAO, Gadiz-Uppsala) show a sharp
drop-off between 18 and 22 September at noon, edlyeldAO and Cadiz-Uppsala (Fig.

4.9). This means that an area of low pressure ddcaver the Iberian Peninsula grew
deeper over that period, with a minimum betweera2@ 23 September, thus creating a

great vertical instability.

In conclusion, three different methods (synoptigmaonvectivity indexes, and pressure

indexes) agree with the possibility of an extraoady thunderstorm having the high
rainfall values calculated in the hydrological mitidg and the destructive effects
described by the historical sources.

On the other hand, the synoptic conditions for &dt&mber 1874, five days before the
floods (Fig. 4.10), also agree with the possibibfyan abundant rain that saturated the
soils, as described by Pleyan de Porta (1945),wleid to the selection of an antecedent
soil moisture condition of Il (saturated soils sad, according to the model, by at least

53 mm of rain in the five previous days) in the ofdgical modelling.
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PCédiz'PPadua, Reykjavik, Uppsala (hPa)

-+ il 10 13 6 19 25

-10 Date (day of September 1874)
.~ —WeMo Index (Padua) —NAO Index (Reykjavik) ——Zonal Index (Uppsala) }

Figure 4.9. Pressure indexes (surface pressueretiffes between two locations): WeMo (between Cadiz
and Padua); NAO (between Céadiz and Reykjavik);aamdnal index (between Cadiz and Uppsala). Note:
measurements taken approximately at noon local diailg

4.4 5. General discussion

To the best of our knowledge, this study is onethaf first examples of a complete
reconstruction of a flash flood from historical onination: historiographical, hydraulic,
hydrological and meteorological. Indeed, althougdtdnical floods reconstructions have
increased in number in the last two decades, miogtese limit to hydraulic modelling
and only a few attempt some sort of hydrometeoroddgeconstruction (Benito et al.,
2003; Delrieu et al., 2005; Burger et al., 2006¢cidaq et al., 2008; Millan et al., 2014).

Besides, these combined hydraulic, hydrological araleorological reconstructions of
the event was not limited to one single locatiart,was done in ten different sites located
in five catchments, in order to have an idea ofsfhtial distribution of the event.

The 1874 Santa Tecla floods, which previously wesomewhat unknown and ignored
set of records in regional historical flood compdas (Llasat et al., 2005; Barriendos and
Rodrigo, 2006), reveal as a first order hydrologarad meteorological event, with both
great peak flows and destruction, which affectedraa of 10000 kfm
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Figure 4.10. Synoptic conditions around midnightSeptember 1874, five days before Santa Tecla $lood
Upper map: pressure at sea level (in Pa); middie: miatemperature (in K) at a height of 850 hRap(ax.
1500 m); bottom map: air temperature (in K) at @lhieof 500 hPa (approx. 5500 m). Source: NOAA's
20th Century Reanalysis
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4.5. Conclusions

The innovative interdisciplinary methodology usetbvaed us to achieve, from the
historical information available, a complete redamgion and, thus, a thorough
understanding of 1874 Santa Tecla floods.

These floods seem to be exceptional according ¢o résults of the hydraulic and
hydrological modeling and were indeed exceptiondkerms of destruction. Although the
return period is an improper concept for highly 1sbationary variables as flood and
rainfall frequency over long periods of time, weeus here to give an approximate,
imperfect measure of the excepcionality of the 18vént. Indeed, the peak flows and the
rainfalls have all long return periods: around 3@@rs the former, and between 250 and
500 years the latter. This means that, acceptRpayear return period, the probability of
having an event of the same magnitude at least ionttee next 50 years is 18% and in
the next 100 years, 33%. Besides, floodplain ocioipaand, thus, exposition to floods,
has greatly increased since 1874; therefore, dasn@fg®anta Tecla floods could be much
greater nowadays.

The exceptionality of the floods seems to be moreoasequence of a reduction of
permeability of the catchment caused by soil situradue to rainfalls in the five
previous days than of the magnitude of the rairddneof the floods.

The information generated can be used to calculetiern periods in the ungauged
catchments to improve the hazard assessment opteal flood events. Indeed, since
the synoptic situation and the ensuing meteoroddgcocesses that caused these floods
have been determined, alert protocols could beapeepto early warn civil protection
services in the occurrence of similar synoptic agdrological circumstances. If these
prevention measures were to be undertaken, the ewaibvictims could be very much
diminished if Santa Tecla floods occurred again.

The peak flow estimation obtained in the hydrauhodelling was quite accurate. In
contrast, the uncertainty of the hydrological médgl results was somewhat higher.
Nevertheless, these results are still useful ietaks approximations. However, in both
cases, the error values found were only lower boesttmations and further research
must be done to improve error calculation with otheurces of error (other input data)
and in different types of catchment.
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Chapter 5. Uncertainty of the peak flow reconstarcof 1907 flood

Abstract

There is no clear, unified and accepted methodstionate the uncertainty of hydraulic
modelling results. In historical floods reconstraot due to the lower precision of input
data, the magnitude of this uncertainty could readtigh value. With the objectives of
giving an estimate of the peak flow error of a tgbihistorical flood reconstruction with
the model HEC-RAS and of providing a quick, simpieertainty assessment that an end
user could easily apply, the uncertainty of thenstructed peak flow of a major flood in
the Ebro River (NE Iberian Peninsula) was calcdlateth a set of local sensitivity
analyses on six input variables. The peak flowlteteor was estimated at +31% and
water height was found to be the most influentiatiable on peak flow, followed by
Manning’'s n. However, the latter, due to its laugeertainty, was the greatest contributor
to peak flow total error. Besides, the HEC-RAS lasy peak flow was compared to the
ones obtained with the 2D model Iber and with Magis equation; all three methods
gave similar peak flows. Manning’s equation gaveadt the same result than HEC-RAS.
The main conclusion is that, to ensure the lowestkpflow error, the reliability and
precision of the flood mark should be thoroughlyessed.

Keywords: error; sensitivity analysis; Manning’s roughnessftioient; DEM resolution;
historical hydrology; hydraulic modelling; HEC-RABer

5.1. Introduction

Information about long-past floods, either in therni of paleostage indicators
(sedimentary evidence) or historical documents,ihdhle last few decades begun to be
used to reconstruct peak flow values. This approaceals fruitful because the longer the
time period considered, the greater the probabitdy include floods of extreme
magnitude, which greatly enrich the information teamed within the flood data series.

This relatively new branch of hydrology, subdivided paleohydrology and historical

hydrology (depending on the type of informationdiggaleostage indicators or historical
documents) has suffered a great advance in thed&side (Bayliss and Reed, 2001;
Benito et al., 2004; Gaume et al., 2004; Nauletlet2005; Brazdil et al., 2006; Elleder,
2010; Benito et al., 2015).

Different aspects of paleo- and historical hydrgldgave been investigated so far: the
improvement and systematization of historical infation data bases, the use of
dendrogeomorphic evidences (Ruiz-Villanueva et &Q10), the Ilink between
meteorological, hydrological and hydraulic proceséirger et al., 2006; Pino et al.,
2015), or flood frequency analysis (Francés, 26G0rastre et al., 2011; Machado et al.,
2015).

However, although one such important issue as shieation of the uncertainty of the
results of the hydraulic modelling has been deapiglysed (Pappenberger et al., 2005;
Pappenberger et al., 2006; Lang et al., 2010; Negiz., 2010), no clear methodological
procedures as to its determination have been fatedl As a consequence, only a few
historical flood reconstructions try to give animsttion of the uncertainty of the results
(Naulet et al., 2005; Remo & Pinter, 2007; Herge¥i&urs, 2010).
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And yet, uncertainty is an essential part of treulte an attribute of information (Zadeh,
2005). As Johnson (1996) points out, if uncertagttannot be determined, the results are
inaccurate. Similarly, Beven (2006) thinks that teoestimate the uncertainty of a model
prediction is “simply indefensible (or unscientjficbecause hydrology is a highly
uncertain science.

Actually, uncertainty in flow data is not negligih(Di Baldassarre & Montanari, 2009).
Indeed, flow measurements with a current meter hawers between 5 and 20%
(Pelletier, 1987; Léonard et al., 2000; Schmid)20 Pappenberger et al. (2006) find
that rating curve uncertainties cause an unceytaihtl8-25% in peak flow. Moreover,
Lang et al. (2010) state that extreme flows una#its are larger than those of average
flows. Thus, one should expect even larger uncdrga in historical hydrology
reconstructions, where one has to model long-pesérae floods from a scarce set of
data of sometimes unknown reliability, estimatetieathan measured.

Refsgaard et al. (2006) and Gotzinger & Bardos©§982 identify three main sources of
uncertainty in hydraulic modelling results:

— Uncertainties in the observations measurement. Sdrihem are:
— Accuracy of the flood marks (Wohl, 1998).

— Channel geometry and stream slope (Jarret, 198@ni¢a et al. 1998;
Pappenberger et al. 2005; Merwade et al., 2008).

— Viscosity of the fluid, affected by the amount @&dsment load (Jarret,
1987).

— Changes in the river bed morphology, either duthng flood or between
the flood and the date of the study due to erosind sedimentation
(Jarret, 1987; Wohl, 1998; Lang et al., 2010).

— Representation of hydraulic structures such asgbsd culverts, and
embankments (Merwade et al., 2008), their hydradibaviour and their
being frequently blocked by debris and vegetatlan( et al., 2010).

— Uncertainties in the parameters estimation, fongla:

— Accuracy of the Manning’s n roughness coefficie@@arret, 1987; Wohl,
1998).

— Changes in the downstream boundary condition daektack-water effect
or to a hydraulic jump (Lang et al., 2010).

— Expansion and contraction losses (Jarret, 1987).

— Uncertainty caused by end user's decisions, theemsttucture (equations,
hypotheses and assumptions), and the numericabaetised. Some of them are:
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— Number of cross sections, that is, spacing betveeess sections (Jarret,
1987; Merwade et al., 2008).

— Steady or unsteady flow (Jarret, 1987).
— One-dimensional or two-dimensional modelling (CeBl&dé, 2008).

Montanari (2007) distinguishes four types of tegess for assessing the uncertainty of
hydrological modelling results; they can be alsedus hydraulic modelling:

— Approximate analytical methods: e.qg. first-orddratality method (FORM).

— Technigues based on the statistical analysis of eedrors: e.g. Bayesian
Forecasting System (BFS).

— Approximate numerical methods, that is, sensitiaitplyses: e.g. the Generalised
Likelihood Uncertainty Estimation (GLUE) methodologf (Beven & Binley,
1992).

— Non-probabilistic methods: e.g. fuzzy set theory.

In ungauged or scarcely gauged catchments (a fnéqciecumstance in historical

hydrology), sensitivity analysis provides good utaaty estimations (Montanari, 2007).
Sensitivity is defined as a measure of the infleeat the input variables on the result
(McCuen, 1973). The existing types of sensitivihalgsis have been reviewed by Van
Griensven et al. (2006): the simplest of them Bs lthcal sensitivity analysis, in which

each input variable of the model is separately fregtliat a time; another widely used
type is the aforementioned GLUE methodology (Beaed Binley, 1992).

Despite this profusion of methods and technigueeretis no unified procedure to guide
hydrological and hydraulic modelling end users tasily quantify uncertainty
(Pappenberger & Beven, 2006; Montanari, 2007; Mdevat al, 2008). Beven (2006)
even wonders if these methods do not overestinmatertainty.

The main objective of this article was to calculdte uncertainty of the resulting peak
flow of a typical historical flood reconstructionittv a simple and quick procedure of
uncertainty estimation, one that an end user ceaflly apply. The secondary objective
was to identify the input variables that influencéte result the most and their
contribution to peak flow total error. The ultimageal behind this secondary objective
was to formulate some recommendations as to theedegf accuracy that each input
variable should have in order to minimize resultscertainty.

In order to achieve these objectives, the unceapahl907 flood of the Ebro River in the
town of Xerta (NE Iberian Peninsula) was calculatgth a series of local sensitivity
analyses of the main variables affecting the rasulpeak flow; it must be noted that
uncertainties stemming from model structure or mirakresolution methods were not
analysed in this study. Besides, in order to seghat degree the result depended on the
chosen model, the HEC-RAS resulting peak flow wasgared to the ones obtained with
the 2D model Iber and with Manning’s equation.
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5.2. Study area and study flood

The town of Xerta (1250 inhabitants in 2014) isaled about 60 km upstream from the
mouth of the Ebro River (Fig. 5.1). The Ebro Riigeone of the main rivers in the Iberian
Peninsula. It drains into the Mediterranean Searaa of 85,000 kf including almost
completely the southern face of the Pyrenees. leammflow in Tortosa (13 km
downstream Xerta) is 428°ns' (Gallart & Llorens, 2004); since the average ahnua
rainfall in the basin is 622 mm (period 1920-2080) the basin area in Tortosa is 84,230
km?, the runoff coefficient in that location is 25.8%.

The climate within the basin is varied, rangingniravet Oceanic (Képpen Cfb) in some
Pyrenean valleys to dry Mediterranean (Koppen @s#)e centre of the basin. Floods in
the Ebro River, with peak flows as high as ten srttee mean flow in Tortosa, are more
frequent in autumn and are usually caused by tleentain tributaries Cinca and Segre,
with headwaters in the Pyrenees.

a) B 5 3 b)_

1 (W]

500 km ™| [\ Ebro River basin | 100 km

Figure 5.1. Location of the Ebro basin within Euedp) and the Iberian Peninsula (b), and of thentofv

Xerta within the Ebro basin (c). In (c), blue limepresent rivers and black lines represent sulmdias

watersheds. Maps (a) and (b) modified from a mapy@ght © 2009 National Geographic Society,
Washington, D.C.; map (c) drawn by Damia Vericat8-University of Lleida).

By Xerta, on the Ebro River has a meandering pattéth an ample floodplain in the
inner side; opposite Xerta, lies the town of Tiverifig. 5.2). The Ebro basin in Xerta is
82,972 kni or 97.6% of its total catchment surface. The retagauging station is that of
Tortosa, operative since 1952; the highest instemtas flow measured is 458G, in
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1961 (MAGRAMA, 2015). Xerta is a remarkable town historical hydrology terms
because it possesses a flood scale containingmajer floods since 1617 (Fig. 5.3),
which have been hydraulically reconstructed by 8an¢2007).

The second highest of these floods, that of 21-2®lkaer 1907, was selected to perform
the uncertainty calculation for this study. Thisdtl was caused by a rainfall episode that
lasted three days and mainly affected the cengadrfean area. The moderate rain depth
fell on already saturated soils, because only &ys defore (12-13 October), an almost
equally destructive (albeit somewhat smaller) flobdd occurred in the Pyrenean
tributaries of the Ebro (Balasch et al., 2007). 24e23 October flood was the largest one
in the Ebro basin in the 2aCentury and ravaged many towns; previous estinudtpeak
flows and descriptions of the impacts caused bg/ftbod caused are shown in Table 5.1.

Figure 5.2. The towns of Xerta and Tivenys on eidides of a meander of the Ebro River. Adaptethfro
an aerial photograph of June 2014 (ICGC, 2015).

Table 5.1. Previous estimates of peak flows of 1883 and descriptions of the damages that it edis
different locations (see Fig. 5.1).

Estimated peak flow Casualties and damages
Town River (r\? I;Jg Source Count Source
. Balasch et al., | Bridge, embankment and 300- Balasch et al.,

Lleida Segre 5258 2007 400 dwellings destroyed 2007

Mora | epro | 112067 | Abella, 2013 | MorethanS0buildings |0, o607
d’Ebre destroyed

)
Benifallet | Ebro 138832) Mérida, 2014 5 buildings destroyed Curto, 2007

Xerta Ebro 10506 | Sanchez, 2007 2 buildings destroyed Curto, 2007

Tivenys Ebro 23 buildings destroyed
Lépez-Bustos, | 3 casualties and 7 buildings Miravall, 1997;

Tortosa Ebro 12000 1972 destroyed Curto, 2007

Y Calculated with the HEC-RAS model (one-dimensipnal

@ Calculated with the Iber model (two-dimensional).

® Recalculated in Section 5.4.1.

@ Estimated with unspecified methods.

105



Chapter 5. Uncertainty of the peak flow reconstamcof 1907 flood

This flood was selected because it is a good dasly sf a major flood in the Ebro basin
on which to explore different types of uncertaistessociated to large floods hydraulic
modelling. Besides, within the historical period®0Y is a relatively recent year and,
therefore, the input data required can be morerataly estimated. The 1907 flood is one
of the floods with more flood marks along the theener Ebro; it has been hydraulically
modelled in different locations by Balasch et @0Q7), Sanchez (2007), Abella (2013)
and Mérida (2014). Besides, Pino et al. (2015) hiaetuded it in a comprehensive
hydrometeorological analysis of 23 floods.

Figure 5.3. Flood scale on the facade of the AssiemChurch at 1, Major Square in Xerta
(Photo by Alberto Sanchez)

5.3. Methods

The process followed in this study had two partg.(6.4): On the one hand, the peak
flow of 1907 flood in Xerta was estimated with trprocedures: HEC-RAS (USACE,

2010a), Iber (Bladé et al., 2012), and Manning'siatipn. On the other hand, the
uncertainty of the peak flow obtained with HEC-RA¥s assessed with sensitivity
analyses. These analyses allowed us to determengethk flow total error, the individual

contribution of each tested input variable on taor and their individual influence on

the peak flow value.
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5.3.1. Peak flow reconstruction of 1907 flood
5.3.1.1. HEC-RAS

The peak flow of 1907 flood was reconstructed imtXdrom the historical information
available with the methodology of hydraulic modaili explained in Chapter 2 and
summarised in Fig. 2.5. It is important to notetttiee actual output of the hydraulic
model used is water height, whereas the searclsdt mwas peak flow; therefore, the
model was run iteratively with tentative peak flowstil the observed water height was
obtained. In any case, water height will be comgiden input variable hereinafter.

Nowadays, there is a variety of hydraulic modellprggrammes that can operate under
different circumstances: either in steady or urtbieffow, and either in one dimension
(that is, all flow lines are supposed perpendicutarthe cross sections) or in two
dimensions (flow lines are allowed to cross thessreection not perpendicularly). In this
study, for the sake of simplicity, all calculationgere performed with the widespread
one-dimensional hydraulic modelling programme HERSR version 4.1 (USACE,
2010a). In steady, gradually varied flow, HEC-RASesl the one-dimensional energy
equation.

The data used to model 1907 flood peak flow aravehio Table 5.2. Water height was

obtained from the mark on the flood scale at 1,dvi§quare (Fig. 5.3); a secondary mark
of the same 1907 flood located at 1, Major Stré6tretres far from the first) was used
to assess the accuracy of the hydraulic modelksglts.

1907 flood historical| |Calibration with | Input variables variation ranges
information 1961 flood
v v
| Input variables initial values |7
v A
Peak flow reconstruction of 1907 Uncertainty assessment
flood (Sensitivity analyses)
v
| Hydraulic modelling | | Hydraulic modelling |
v v v
Manning’s Iber HEC-RAS | HEC-RAS (1-D) |
equation (2D) (1D) v v
(Eq. 5.1) Individual Individual
uncertainties [ | sensitivity indexes
(Eq.5.2a and 5.2b) (Eqg. 5.5)
‘ R I ELLLD CLLERRELLLLP
S —— e Boak flow fotal
 [Peak flow]  [Peak flow] } [Peak flow]: & uncertainty | :
................................. l‘ .....................i.......................... (Eq' 5'3) E
Comparison of peak flow Individual relative contribution [¢ |Individual influence
results to peak flow error (Eq. 5.4) over peak flow

Figure 5.4. Overview of the methodological procedur
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The roughness coefficients (Manning's n hereinaftdr nine different soil uses were
calibrated with the 1961 (4 January) flood, of whibere are a flood mark in Xerta’s
flood scale and a peak flow official measuremetispeak flow value was 4580°ms*

in Tortosa (MAGRAMA, 2015) and was accepted for tdedue to the short distance
between both towns (13 km) and to the small diffeesin catchment area (1.5%). Soill
uses were determined from aerial photographs of7 1d&8GC, 2015) and were
considered unchanged between 1907 and 1961 (Big.lbdeed, an aerial photograph of
1927 (not used because of its low resolution) shiome changes between that date and
1957.

The modelled reach consisted of 45 cross sectiomg 690 m, that is, with an average
distance between cross sections of 170 m. Howeker,distance was much smaller
around the flood scale cross section (Fig. 5.6 §eometry of the channel and the
floodplain was obtained from a Digital Elevation &b (DEM) with a horizontal
resolution of 5x5 developed from LIiDAR informatioof 2009 (IGN, 2015). The
geometry, thus, was that of 2009; it was not meditio represent those of 1907 and 1961
because it was deemed stable and, therefore, vintilmad changes throughout the period.

Table 5.2. Values of the input variables used énghak flow reconstruction of 1907 flood with HE@QR

Input variable Value
€]
1907 flood mark from flood scale at 1, Major X(l) 288,655
Square, Xerta Y 4,531,394
quare, Z(masl) 15.175
x® 288,714
1907 flood mark at 1, Major Street, Xerta y® 4,531,407
z(m g.s.l.) 15.325
1961 flood mark from flood scale at 1, Main X(l) 288,655
Y 4,531,394
Square, Xerta Z(masl) 12.171
1961 peak flow (M s?); source MAGRAMA (2015) 4580
Manning’s n Calibrated with 1961 flood (Se¢
9 Table 5.5)
Length of the modelled reach (m) 7690
Number of cross sections 45
DEM resolution (m); source IGN (2015) 5x5
HE c(:acﬁefﬁzs Boundary conditions Upstream Critical depth
parpameters y Downstream Normal degth 0.905 m- krit
Contraction/expansion coefficiehts 0.1/0.3
Type of flow Steady mixed

@'UTM coordinates: reference frame ETRS89, zone 31T

@ When “Normal depth” is chosen as the downstreaombary condition in the HEC-RAS, a water surface
slope is asked; for the sake of simplicity, we ddeed the water surface parallel to the channel’s
bottom: 0.0905 m- this the slope of the channel.

® Default values used by HEC-RAS.
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" Channel

Il Canals

Bare
floodplain

[ Shrubs
Il Forest

- Crops

Olive and
almond trees

Roads

| Urban

Figure 5.5. Soil uses determined from aerial phatplys of 1957. (Source: ICGC,
2015)

Figure 5.6. Modelled eac with the cross sect(en lines), flow pahs (blue lines) and the
towns (red areas) of Xerta (left) and Tivenys (fighver an orthophotograph of ICGC (2015).
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5.3.1.2. Iber

In a one-dimensional model such as HEC-RAS, the fls always assumed to be
perpendicular to each cross section. However, aod$é over large floodplains, this
assumption is no longer true: eddies, lateral gredream flows, and backwater areas are
common. One way to take this into account is tavditae cross sections with angulated
segments (Fig. 5.6) instead of with a single shfailine, in order that they be as
perpendicular to the flow in each segment as plesditbwever, this does not completely
solve the problem of modelling floodplain flow witime-dimensional models.

Thus, in the reconstruction of large floods thaindate wide floodplains with many
obstacles such as buildings, 2D models, which aftmwhe horizontal component of the
velocity vector, should provide a better estimatdnhe flow than 1D models (Paquier &
Mignot, 2003; Cea & Bladé, 2008).

The 2D model Iber version 2.3.1 (Bladé et al., 30&as used to obtain an alternative
peak flow value, so as to quantify the differencel anprovement obtained over a 1D
model such as HEC-RAS. In order to enable the cosgabetween the results, the input
data used were the same as for the modelling wEEBHRAS, including the Manning’s n
calibrated with HEC-RAS on 1961 flood, but excluglitme specific parameters required
in the 1D model (Table 5.2), and including othgreddfic to Iber, such as the hydrograph
shown in Table 5.3. Iber solves the 2D Saint Veraqiations with the finite-volume
method in unsteady flow.

Table 5.3. Hydrograph used in the hydraulic modgllvith Iber

Time (s) Flow (m-s?)
0 2000
7200 12500
14400 8000
28800 6000

5.3.1.3. Manning'’s equation

Hydraulic models, one- or two-dimensional, requgeme training and many data
(namely, a Digital Elevation Model). Conversely, iing’s equation is a much simpler
method to obtain the peak flow from a water heigalue. Thus, it was considered
interesting to compare the results of the two pmmesiy presented computer-based
hydraulic models with the result of the Manningtgiation (Eq. 5.1) applied at the flood
scale cross section.

Q=A -%-R2/3 sz (5.1)

Where Q (m-sh): peak flow
A (m®): wet area of the cross section at the momertiepeak flow
n: Manning’s coefficient, related to the roughnekthe cross section
R (m): hydraulic ratio of the cross section (wetaadivided by wet perimeter) at
the moment of the peak flow
S (m-m): longitudinal slope of the channel at the crasstisn
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Actually, the flood scale cross section was dividethree different ways and Manning’s
equation was individually applied to each sectoeath of the three methods of division;
then, the peak flows of the individual sectors waided up. The three different resulting
peak flows were averaged and compared to the dmasmed with HEC-RAS and lber.
The three ways in which the cross section was divigere:

— Division according to hydraulically homogeneoustgex this resulted in five
sectors (Fig. 5.7). Their characteristics, requiedalculate Manning’'s equation,
are shown in Table 5.4.

— Division according to soil use, using the same geé map as in HEC-RAS and
Iber modelling: this resulted in 17 sectors (Figl)5Their individual hydraulic
characteristics are not showed.

— Division according to HEC-Geo-RAS, a programme tlaks a Geographical
Information System (GIS) programme with HEC-RAS.GiE5e0-RAS described
the cross section with the coordinates of 277 goi@sulting in 276 sectors (Fig.
5.7); their individual hydraulic characteristice arot showed.

.03 .05/.1
.05 .05 ‘ .048 ‘.06‘ 0.041 H .05 ‘1|| H A | .05 |1‘ .05

-
(0]

-
N

(00}

Altitude above sea level (m)

4 . Right floodplain R
Left floodplain ‘Channel’ Not urban‘ Urban ‘ Not urban
0 — .
0 200 400 600 800 1000 1200

Horizontal distance (m)

Figure 5.7. The flood scale cross section, withtkinee methods of dividing it: the five hydrauligal
homogeneous sectors (labelled near the horizoxis); ahe 17 sectors into which it was divided adiag
to the soil use, each one with its Manning’s n gglabove the cross section); the 276 sectors ihtohw
HEC-Geo-RAS divided the cross section (limited twy 277 black rectangular dots over the line that
outlines the cross section).
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Table 5.4. The five hydraulically homogeneous sacitato which the flood scale cross section wasddisy
in one of the three methods of division in ordeapply the Manning’s equation, with their charaistigs.

Position in the| Wetted Wetted Average -
R . N Longitudinal
Sector x axis in Fig. area perimeter Manning'’s slope (m-krit)
5.7 (m) (m?) (m) n® P
Left floodplain 4-412 2059 413 0.051 1
Channel 412-545 1386 135 0.041 1
Not 545-707 736 132 0.047 1
Right urban
floodplain Urban 707-1003 913 287 0.092 1
Not 1003-1232 | 419 218 0.058 1
urban
Total 4-1232 5504 1212 0.060 ---

W Average Manning’s n weighted by wetted perimetereaéh soil use in the flood scale cross section.
Manning’s n values calibrated with 1961 flood (T&@bl5).

5.3.2. Uncertainty assessment of HEC-RAS results

The uncertainty assessment of the peak flow okdaiith HEC-RAS was done with a set

of sensitivity analyses, technically called locehsitivity analyses, because they were
performed separately on each selected input variall these analyses each input
variable was varied within a range that was chosiéimer because it was considered
adequate or because it was found in the literatarany case, with the objective to obtain
an upper boundary of peak flow uncertainty, thegesnof variation were chosen rather
large. The hydraulic model was then run with thedified value of the input variable in

order to obtain a new peak flow output. This newkpftfow value was used to calculate
the individual uncertainty of that input variabtbat is, the variation of the peak flow

caused by the individually modified input variabkgh Eq. 5.2a when the variation was
one-sided (i.e. only x+a or x-a) and with Eq. 5v#ien the variation was symmetrical
(i.e. xxa). Then, these individual uncertaintiesavadded with a quadratic sum in order
to obtain the peak flow total error (Eq. 5.3). Tetative contribution of each variable to

the peak flow total error was quantified with Eq.5

6, =F, —F If variation of the (5.2a)
variable is one-sided
(only x+a or x-a)

P F-F)+F-F)| |h-F If variation of the (5.2b)
x =+ 2 — S 2 variable is
symmetrical (x+a)
(5.3)
5y (5.4)
Cy, = R 100
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Where x: modified input variable in each individsahsitivity analysis

n: number of modified input variables (or totahsiivity analyses)

8x(m*-s%): individual uncertainty: variation of the pealovi caused by a
variation in input variable x

St (M*-%): total uncertainty of the peak flow

F (n-sY): peak flow obtained with the initial values oktmput variable x

F; (m®s%): peak flow obtained with the modified value oétmput variable x:
x+a

F, (m®-s%): peak flow obtained with the opposite modifiedueaof the input
variable x, when a symmetrical variation (xta) wlase: x-a

Cx (%): contribution of variable x to the total uniznty of the peak flow

Besides, the results of the sensitivity analysesevadso used to calculate a sensitivity
index k for each varied input variable in order to deterento what degree each one
affected the resulting peak flow (Eg. 5.5; adaptexin Lenhart et al. 2002). This
dimensionless parameter allows the identificatidntlee most influential variables,
regardless of the range within they are varied (laehet al. 2002). According to the
value of |, Lenhart et al. (2002) arbitrarily classify thdluence of the input variable
over the results as small or negligiblg|€0.05), medium (0.G5]lx|< 0.02), high (0.0
[Ix]<1) or very high (}|>1).

F - F
F12
L= =% (5.5)

X12

Where |: sensitivity index of input variable x (dimensiess§)

F. (m*- sY): resulting peak flow when input variable x equaléc+a)

> (m*-sh): resulting peak flow when input variable x equaléx-a)

F12(m® s%): resulting peak flow when input variable x equals

X12: mean of xand »

Note: when the opposite modification of the inpariable was not done (i.e.
only x+a, instead of xxa), then#0, %=0 and X is the initial value of
variable x

The input variables upon which the sensitivity geas were done were chosen from the
list of the main factors affecting the uncertaiofyhydraulic modelling results given in
Section 5.1; these variables were: water heightpnriay’'s n, downstream boundary
condition, number of cross sections, directionhaf low paths, and horizontal resolution
of the DEM. In total, 6 input variables were moediresulting in 14 different sensitivity
analyses. Details of these 14 analyses, along thighr results, can be found in the
paragraphs below and in Table 5.8. Other variathlas could have had an influence on
the peak flow results, such as variations of thenokel’s geometry, the model structure or
the numerical resolution methods, were not analysiede the objective of the study was
to perform a quick, simple uncertainty assessmeiawever, it must be noted that
Refsgaard et al. (2006) argue that model strugsitbe main source of uncertainty in
model predictions, especially when extrapolating.
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Flood marks provide the maximum height that theewatached during a flood. Many
sources of error can contribute to the inaccurdd® mark: the oscillating nature of the
water surface of a flood, the time elapsed betwhkerflood and the making of the mark,
or even the capillary ascension of the water atbegwall. In this study, water height was
subject to three levels of symmetrical modification the sensitivity analyses: £10 cm,
+30 cm, +100 cm, in order to represent three degoéauncertainty. Uncertainty of the
maximum water height obtained from a flood mark dam subdivided into two
components: precision and reliability. Precisiorithie accuracy of the measurement and
reliability is the degree of truth that the floodark has. Lang et al. (2010) estimate a
precision of £5 cm in water height measurementdiaBiéty can be affected by trivial
but not so uncommon events such as inadvertergtgllimg the flood mark plaque at a
wrong height, either in a first moment, either afeme restoration works (Benito et al.,
2015); therefore, reliability must be assessed Wwidtoriographical methods that try to
ascertain who, when, why and how marked the floegyht (Bayliss & Reed, 2001;
Barriendos & Coeur, 2004; Barnolas & Llasat, 200i)other cases, the flood mark has
no physical entity: it is not a plaque or a nickawall, but a written reference of a water
height given in relation to a pre-existing objestich as a distinctive element in a bridge
or a windowsill on a building’s facade; in theseses it is precision that is affected,
because it is an indirect measurement and, thss alecurate than the direct one given by
a physical flood mark. In this study, it was deddbat uncertainties greater than £1 m
would be related to extremely unreliable or impsechistorical sources and, therefore,
not used in flood hydraulic reconstruction.

Marcus et al. (1992) found very high uncertainties Manning’'s n: they found that
Chow’s (Chow, 1959) and Cowan’s (Cowan, 1956) Misothods underestimated
Manning’'s n from 28% up to 291% (141% in average) ftom 21% up to 170% (100%
in average), respectively. However, they testeddhmethods in conditions of extreme
roughness: a steep glacier stream over coarsema®adiment. Therefore, we chose a
smaller range of variation for Manning's n (z30%hich is in the upper region of the
range of typical uncertainty estimated for thisialle by Johnson (1996): +8-35%, and
similar to the sensitivity analyses performed byhNV(1998) and Casas et al. (2004):
+25%, Di Baldassarre & Montanari (2009): +33%, aigher than those of De Roo et al.
(1996) and Naulet et al. (2005): £20%.

Besides this modification of Manning’'s n (x30%), vaéso tested the accuracy of a
simpler, more straightforward estimation of thegloness coefficients versus the highly
elaborate and time consuming calibration done WA61 flood and a detailed soil use
map. Thus, a sensitivity analysis was performedhich the Manning’s n of the channel
was 0.045 and that of the floodplain was 0.056 néigas of the soil uses. These values
were chosen because they are, in the case of #mneh the half-way point of the range
given by Chow (1959) for this kind of river channéh the case of the floodplain,
Maaning'’s n is the average of the ranges of thepgrmewailing soil uses (Fig. 5.5), namely
crops and orchards, and vegetated floodplain (shr(itable 5.5). This average was not
weighted by area, since it is supposed to be oddainom a perfunctory soil use
determination.

Lang et al. (2004) suggest testing the influencethten peak flow result of different
downstream boundary conditions and different hydaplgs (under unsteady flow
conditions), but they give no further instructiosis study was conducted with the
normal depth chosen as the downstream boundaryitmomdbecause it is our usual
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procedure when no water depth and no flow are kndewmnstream the modelled reach.
When normal depth is selected, HEC-RAS asks the aiseater surface slope. For the
sake of simplicity, we considered the water surfpeeallel to the channel’'s bottom;
therefore, 0.905 m-ki the longitudinal slope of the channel downstreahsmodelled
reach, was introduced as the water surface slopdl€T5.2). The influence of the
downstream boundary condition was assessed bynegttyis slope £15%.

With regards to decisions that depend on the medelexpertise, Paquier & Mignot
(2003) stress the importance of correctly choo#iegflow paths direction. Therefore, the
influence of the drawing of the flow paths that HRBS needs to operate, an arbitrary
decision that depends on the expertise of the masb#| was assessed. An initial, deemed
more hydraulically correct, drawing located thenflpaths over the floodplain in a more
or less straight trajectory (Fig. 5.8a). A seconawdng located the flow paths along the
banks, following the meanders (Fig. 5.8b).

The influence on peak flow of two more input vatesbwas also assessed: the number of
cross section (also a decision that depends omdtueller's expertise) and the horizontal
resolution of the Digital Elevation Model (DEM). Tap so, the model was run, on the
one hand, with half the initial number of crosstees (22) by simply erasing every
second cross section upstream and downstreamabe $icale cross section, and on the
other hand, with a much coarser DEM: with an hariabresolution of 25x25 m (IGN,
2015) instead of 5x5 m.

"'&\ 5 N ‘\‘

EC-RAS programme: (a) straiglt an

5 «» A ) A A R AR
Figure 5.8. Two ways of drawing the flow path limeguired in the H
(b) meandering
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5.4. Results and discussion
5.4.1. Manning'’s n calibration with the 1961 flood

The calibrated Manning’s n were within the range®ig by Chow (1959) and, except for
two soil uses (vegetated floodplains and urban)atbay were quite similar to those
calibrated by Sanchez (2007) with the same floodhan same reach (Table 5.5). The
greater difference with Sanchez was in the urbaea:ahe high value we used accounts
for the zigzagging trajectories that water hasaiow when flowing through the town
streets, which slow it down. These discrepanciétboagh important, fall within the
range of uncertainties given by Marcus et al. (3982 Manning’'s n determination with
Chow'’s visual method (28-291%). Nonetheless, tHagtrate the difficulty to objectively
estimate the roughness coefficients, even when taeybe calibrated with the same
known flow. In any case, the positive differencasindividual soil uses compensated
almost completely the negative ones, as shown dyetative difference in the Manning’s
n averaged by the area of each soil use withirflttoeled part of the modelled reach: -
20%.

The channel's Manning’s n found is considerablyhkigthan the ones calibrated in the
same Ebro River with the same 1961 flood by Méri@al4) in Benifallet (12 km
upstream) and Abella (2013) in Méra d’Ebre (40 kpstoeam Xerta): 0.024 and 0.028.
Our higher value, as well as the one found by Sém¢RB007), can be explained by the
extra roughness provided by the double meanderhochwXerta lies (Fig. 8).

Table 5.5. Manning’s n values calibrated with 186ad for the soil uses identified in Fig. 5.5, qoaned
to those calibrated by Sanchez (2007) with the stond and to the general values given by Chow £)95
and Martin-Vide (2002)

- Manning’s n value calibrated with 1961
Area within the -
Manning’s n flood
Soil use fltcf)]c;dﬁ]%g;:(tegf general values Sanchez Relative
reach (krf) (Chow, 1959) | This study (2007) dlffe(roz?cé
Channel 1.28 0.031-0.100 0.041 0.038, 0.040 +3, +8
Canals 0.18 0.030 0.030 No datal
Bare floodplain 0.30 0.030-0.050 0.048 No data
Vegetated
floodplain 0.46 0.045-0.100 0.060 0.100 -50
(shrubs)
Riparian forest 0.01 0.080-0.160 0.085 0.100 -16
Crops and 2.60 0.030-0.050 0.050 No data
orchards
Olive ?rg‘is'mond 0.05 0.050-0.080 0.065 0.060 +8
Roads 0.06 0.016 0.050 No datal ---
Urban area 0.12 0.160 0.100 0.030 +108
Total 5.06 0.049 0.060°* -20

@ Relative difference (Rd) calculated &t = w2 - 100, where R is the Manning’s n used in this study

2
and n is the one used by Sanchez (2007).
@ Martin-Vide (2002); Chow (1959) provided no vafoe urban areas
@ Average Manning’s n weighted by area of eachsssl within the flooded part of the modelled reach.
4 Urban area (streets) not taken into account becemrssidered hydraulically ineffective.
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5.4.2. Peak flow reconstruction
5.4.2.1. HEC-RAS

The reconstructed peak flow of 1907 flood in Xenas 11500 rhs®, which gave a
modelled water height only 0.5 cm below the markhe flood scale (Table 5.6). The
goodness of this result is furthermore confirmed thg small difference between
modelled water height and observed water heigiaor Street’s flood mark: 0.5 cm.
Besides, the resulting peak flow is close to (@hds, coherent with) the ones calculated
with HEC-RAS in Méra d’Ebre (40 km upstream) by Ad€2013) and in Benifallet (12
km upstream) by Mérida (2014): 11200 and 11500sm and to the one estimated by
Lépez-Bustos (1972) in Tortosa (13 km downstreat@p00 ni-s* (Table 5.1); relative
differences with our result are less than 3%, 0% 40 , respectively.

The difference with the peak flow calculated by @&z (2007) with HEC-RAS in Xerta
(10500 ni-s?) is a little bit greater: 9%. In any case, thisoamt of difference is
acceptable in historical hydrology and smaller than peak flow total error presented in
Section 5.4.3 (£31%). Probably, the different p#lalws are due, on the one hand, to the
20% difference in Manning's n (Table 5.5) and, ba tther hand, to the smaller cross
section that Sanchez used in the town, causedsbyduision to consider the whole urban
area (not only the buildings, but also the strebtgjraulically ineffective, that is, to
consider that water did not flow across that pathe section. This decision results in his
effective cross section at the flood scale bein Bdnaller than ours (4675*@mnd 5504
m?, respectively). These differences illustrate tledative insensitivity of hydraulic
modelling results: the combined effect of a 20%rease in Manning’s and a 16%
reduction in cross section area was only a 9% temluin peak flow. Most likely, this
insensitivity is caused by the fact that the renctof cross section area affected a
section were the flow was low, due to the low watage and the high friction.

Table 5.6. Results of the hydraulic reconstructb®907 flood in Xerta
Modelled with a
Variable Observed peak flow of Difference (cm)
11500 ni-s*

15.175 15.17 -0.5

Water height at Major Square’s
flood scale (m)

Water height at Major Street’s
flood mark (m)

15.325 15.33 +0.5

5.4.2.2. Iber

The value of the peak flow reconstructed with the-tlimensional hydraulic model Iber
was 12000 ms?, that is, 4% higher than the one reconstructet thié one-dimensional

model HEC-RAS. This small difference, much smallean the total error presented in
Section 5.4.3, confirms the validity of the reconsted peak flow.

This coincidence of results contrasts with what iBer(2014) finds in a similar
comparison of the two models for the same 1907dflooBenifallet (12 km upstream
Xerta): 11300 ms* with HEC-RAS and 10000 #rs® with Iber, or a difference of 12%.
He also finds that Iber is much less sensitive BnMng’s n; however, he suspects that
the low sensitivity of Iber’s results is due to tiaet that the rating curve, required as a
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boundary condition in Iber, is left unchanged. @aimciding results also contrast with
the accepted fact that 2D are more accurate thamadbels, especially in floods over
large floodplains (Paquier & Mignot, 2003; Cea &aBé&, 2008).

In any case, two-dimensional models will only yiettbre accurate results than one-
dimensional ones if they are fed very detailed indata (Merwade et al., 2008).

Certainly, Lang et al. (2004) obtain a larger p#aw error (40%) with a 2D model than

with a 1D model in the Onyar River in Girona be@ysrameter calibration is more
difficult. Moreover, under conditions of abundano& data to perform a complete

calibration, Horritt & Bates (2002) find that HECAR results are as good as the 2D
model TELEMAC-2D in a 60 km reach of the Severn éRivTherefore, no clear

conclusions about the superiority of 2D models wé$pect to 1D ones can be drawn.

5.4.2.3. Manning'’s equation

The three resulting peak flows using Manning’'s @iguain the three divisions on the
flood scale cross section were: 11172, 11534 aii&4 7. s* (Table 5.7). Their average
was 11488 ms! and their standard deviation, +296-8t (+3%). This result coincides
with the peak flow we calculated with HEC-RAS: tela differences are, respectively
3%, 0% and 2%.

Table 5.7. Results of the use of Manning's equatibtine flood scale cross section, depending on the
number of sectors into which the cross sectiondided

Method (Number. of sectors jnto which the cross Sector Peak flow (fhs?)
section was divided)
Left floodplain 3744
Channel 5056
. Not urban 1353
> roS:jgpr;;in Urban 677
Not urban 342
Total 11172
17 11534
276 11759

In conclusion, the calculation of the peak flow1&07 flood in Xerta with Manning’'s
eguation seems to produce acceptable results witdasier method than computer-based
hydraulic models. However, the lack of a peak fewor makes it impossible to compare
the accuracy of the three methods used: HEC-RAS8; #nd Manning’s equation.
Certainly, if the total error of the peak flow calated with Manning’s equation were too
large, there would be no advantage in using thahode

In any case, Harmel et al. (2006) report unceilizsnin peak flow estimation with

Manning’s equation from £15%, in stable, uniformanhels with an accurately estimated
n, up to £35%, in unstable, irregular channelshvgiborly estimated n; these are totally
acceptable peak flow errors. Herget et al. (20B4ehreconstructed 15 peak flows in six
locations with Manning’s equation, with resultsttbaderestimate the referential gauged
values from 4% to 9% in ten cases and from 16% 8% 2n the other five. This

systematic underestimation of peak flow with Mamgsnrequation with respect to gauged
values in large river floods contrasts with thegfrent overestimation that Lumbroso &
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Gaume (2012) observe, although, in their casdashffloods; they also find much larger
peak flow errors in flash floods hydraulic reconostion (x50%), which they consider
caused almost solely by errors in Manning’s n eatiom when done by visual methods.

Although a sensitivity analysis of Manning’s eqoatiwas not done, the three slightly
different peak flows obtained with the three method dividing the cross section are a
sign of the sensitivity of the results using Mamnequation. For example, Herget &
Meurs (2010) and Herget et al. (2015) find sengytiindexes of the roughness
coefficient between -0.9 and -1.1, slightly abokwe ones found with HEC-RAS in other
studies (Table 5.10).

5.4.3. Uncertainty assessment of HEC-RAS results

Table 5.8 shows the results of the 14 sensitivitslyses performed. According to the
sensitivity indexes obtained, water height is thestmnfluential input variable over peak
flow. Manning’s n comes next, followed by the numbm# cross sections and the
dostream boundary condition; the other two varigl{fow paths direction and DEM
resolution) have much less or no influence on gleak results.

Peak flow total error was calculated with Eq. 8tually, it was calculated combining
different water height uncertainties with the fa€tttaking or not taking into account the
error caused by the reduction of the number ofsceestions (Table 5.9). In fact, it is
very rare for a modeller to use too few cross easti since there are clear
recommendations about that and the HEC-RAS modglalis alerts when this occurs;
therefore, and considering that the flood scale/esy precise and reliable, the total
relative error of the reconstructed peak flow o®0Z9lood in Xerta was 31%. But even if
the flood mark were a lot less precise, the totedrewould not increase excessively:
+39%.

These errors are comparable to that obtained foerme floods by Naulet et al. (2005) in
the Ardeche River: +40%, and to those that we edéthin Chapter 4 in six flash flood
reconstructions: +5-44%, and totally acceptablkigtorical hydrology. Indeed, Neppel et
al. (2010) estimate that the uncertainty of thekpgaws of extreme floods calculated
with rating curves lies in the range of 10-100% &wuhg and Xu (1987) consider that
information about large floods is useful even wattmors up to 60%. For comparison,
Pelletier (1988) estimates the error of a good floeasurement at 5%.
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Table 5.8. The 14 sensitivity analyses performaditarir results

Sensitivity analyses Influence on the peak flow
Modification | Resultin Absolute | Relative | Sensi-
Modified input " L 9 individual | individual tivity
Number ; Initial value | of the initial | peak flow .
variable 3 1 error error index
value (m®sh (m®-s) (%) ()
1 +10 cm 11750
> 10 cm 11200 +275 +2.4 +3.6
3 . , 130cm 12325
2 Water height| 15.175 m a.stk: 30 om 10650 +838 +7.3 +3.7
5 +100 cm 14430
3 100 cm 8825 +2803 +24.4 +3.7
; fgg’ 185992255 +3500 | +30.4 | -1.0
A different on Al
for each cross Channel: 0.04
M . section, | (+3(%|’)
anning’s n . Floodplain:
according to sg
9 Lsos (soe Tablc0056 (+7%)| 10225 | 1275 | 11 | 14
5.5) Average'™:
' 0.055
(+8%)
Downstream
10 boundary | 4 905 m.krit | 1% 11880 | 1455 | x40 | +03
condition:
11 |normal heigHf -15% 10970
12 [Number of cros 45 22 14330 +2830 +25 +0.9
sections
Flow paths
13 | direction (Fig.|  Straight Meandering 11500 0 0 A
5.8)
14 DEM resolution 5x5 25x25 11475 -25 -0.2 +0.01L

@

( ) Average Manning's n weighted by area of eachusssl in the flooded part of the modelled reach.
2

) When “Normal height” is chosen as the downstreaundary condition in the HEC-RAS, a water
surface slope is asked; for the sake of simplicity, considered the water surface parallel to the
channel’s bottom: 0.0905 m-his the slope of the channel downstream the madiediach.

® NA: not applicable, because “straight” and “meaint# cannot be expressed in numbers to calculate

Eqg. 5.5.

Table 5.9. Peak flow total error (relative and ) and the relative contribution to it of thedivariables
with a sensitivity index above zero, dependingl@water height uncertainty considered and on the
inclusion in the calculation or not of the errousad by the reduction of the number of cross sestio

Water Relative contribution to the peak flow total erfor
Error caused : Peak flow| Peak flow o
height (%)
by the UNCer- total total DoWn-
reduction of . absolute | relative - Number | DEM
tainty @ @ | Water | Manning's| stream
the number ¢ . error error . of cross | reso-
.1 considered 3 .1 height n boundary . .
cross sections (m*-sY) (%) o sections | lution
(cm) condition
110 +3540 31 6 82 11 NA <1
Not included]  +30 +3627 +32 17 73 9 NA <1
+100 +4507 +39 41 52 7 NA <1
110 +4532 +39 4 49 6 40 <1
Included +30 +4601 +40 11 46 6 37 <]
+100 +5322 +46 29 36 5 29 <1

@ Calculations do not take into account the errontbin sensitivity analysis 9, because it is inctliitethe
error found in sensitivity analysis 8 (see Sectoh3.2).

) NA: Not applicable, because the error caused eyehluction of the number of cross section is alké
into account
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5.4.3.1. Water height

Water height uncertainty is the most influentigbuh variable over peak flow results; in

fact, it is 3.6 times more influential than Mannmg (Table 5.8). This agrees with Lang

et al. (2010), who find that a variation of a fezen centimetres in water stage in a
wide river (10-50 m) cause large uncertaintiehmestimated flow.

In the case of 1907 flood in Xerta, the relatiopshetween water height uncertainty and
peak flow relative error is very lineal: each £10 of uncertainty in water height causes a
relative error of £2.4% in peak flow (Fig. 5.9). @hapter 4, we found slightly higher
relationships between peak flow errors and wateghtauncertainty: between 3% and
+14% for each +10 cm, in six hydraulic reconstroics of flash floods in streams with
small basins (between 56 and 314°km

It must be noted that, although water height is st influential input variable over
peak flow results, it is not the major contributompeak flow total error: Manning’'s n and,
when included in the calculations, the number afssrsections contribute more to the
peak flow total error (Table 5.9). In fact, thisntwbution depends, on the one hand, on
the influence of the variable (measured by its @ity index) and, on the other hand, on
the magnitude of its own uncertainty. Manning’smith its +30% uncertainty, is a much
bigger contributor to total error in spite of beisgmewhat less influential. This analysis
permits to visualise the magnitude, of a £30% uiadety in Manning’s n: it is a great
uncertainty, even greater than 100 cm in wateghtein terms of contribution to peak
flow total error. However, as explained in Secti®r8.2, this great uncertainty is a
reasonable value, due to the fact that it is a déficult variable to determine in absence
of water height and flow measurements. The samson#@g can be done with the
number of cross sections: its sensitivity indexigthits influence over the result) is lower
than that of water height, but its modificationatls, its uncertainty) is greater: from 45
to 22 cross sections or a reduction of 50%; howewethe cross section case, unlike in
the Manning’s n, this extreme variation seems ldssy to occur in the practical
application of a model and was only tested for tbgcal purposes.

30 -
—~ 20 - //
X | e
3 10 - —
< I
3
[o R T T T T T 9/ T T T T T T T T T l
£-100 -50 0 50 100
5 " 0 |
S / | Biotal (%) = 0.24+8 05, (cM) + 0.26
> ////
T _— -20 - R?=0.9983
g ~

-30 -

Water height uncertainty (cm)

Figure 5.9. Relative error in the modelled peakvftif 1907 flood in Xerta, caused by
the six water height uncertainties tested
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5.4.3.2. Manning’s n

Manning’'s n is the second most influential varialoleer peak flow results, with a

sensitivity index of -1.0, classified as very higynLenhart et al. (2002); in any case, it is
similar or slightly higher than others found in titerature (Table 5.10). Manning’s n is,

as said in Section 5.4.3.1., a major contributope¢ak flow total error due to its high

uncertainty. Certainly, an error of £30% in detering Manning’s n, which is a relatively

high but not uncommon value (as specified in Sach®.2), caused an error of +30.4%
in 1907 flood’s peak flow in Xerta.

In our sensitivity analysis, we modified the Marngigin of all the soil uses in all the cross
sections exactly in the same amount and sign: reitt3®% or -30%. This kind of
systematic error seems quite improbable. Rathennitg’'s n would be underestimated
in some cross sections and overestimated in othigngn the modelled river reach, thus
ones compensating others. Therefore, and takirggiate account that £30% is quite a
relatively generous uncertainty for Manning’s nr @stimation seems to be an upper
boundary of the uncertainty in the resulting pdatwfcaused by that input variable.

Wohl (1998) concludes that the influence of Manisnyis greater in steep, narrow, and
highly rough channels, than in flatter, wider, sth@o ones. Wohl's conclusion is in

contradiction with Dawdy and Motayed (1979) and @@or and Webb (1988), who

find that the Manning’s n has a small influencepeak flow results when using HEC-2, a
precursor of HEC-RAS, in deep, narrow channels.

Similarly, Chow (1959) states that Manning’s n uafhce is greater in low flows than in

high flows; this concurs with the findings of Nauét al. (2005): in their modelled reach

of the Ardéche River, a change of +20% in Manning'sesults in a change of +20% in

the peak flow of medium floods and of £10% in lafpeds, this being explained by the

reduced effect of roughness in flows with high déieptThis conclusion also agrees with
what we found in Chapter 3: for low flows, a deseaf 50% in Manning’s n causes no
variation in peak flow, but a 10% increase in nsesua 7% decrease in peak flow, which
is larger than the 1.5% caused by the same variafio in high flows.

Hall et al. (2005) find that the channel Manning’ss the factor that influences the most
the model's results in a reach of the River Thammethe United Kingdom, but that
floodplain Manning’s n gains importance in the wigearts of their modelled reach,
where there is more out-of-bank flow. Similarly,eAlseged & Rientjes (2007) find that
channel’'s Manning’s n values affect more the résglpeak flow than floodplain values
and Schumann et al. (2008) find that floodplain Nag's n has no influence on
hydraulic modelling results when varied betweem@Ad 0.1 in their modelled flood. In
this study, the separate effects on the peak flbthe roughness of the channel and the
floodplain were not assessed. However, when cdiityyahe Manning’s n with 1961
flood, channel’'s roughness coefficient seemed tanbee influential than those of the
floodplain. Nevertheless, there was much less @rdelilow in 1961 than in 1907 and,
therefore, no conclusion can be drawn about whedpment's roughness (channel or
floodplain) affects the most the peak flow of atreme flood such as that of 1907.

Casas et al. (2004) find that Manning’s n has atgranfluence on the modelling results

as the resolution of the DEM increases; in otherd&pa hydraulic model run on a coarse
DEM is less sensible to uncertainties in Manningthan when run on a finer one. This
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kind of interaction between input variables ovealpow results was not analysed in this
study.

Table 5.10. Comparison of Manning’s n sensitivitgléxes from different studies

An On Sensitivity
Source hf/grr]iglt?(?nn Pree?:tif\llzw index Model used Observations
(%) error (%) (1=0r/Ar)
De(l?liggeit al. +20 +15 -0.8 LISEM Erosion model
In canyon rivers with a
Wohl (1998) +25 +20 -0.8 HEC-2 | longitudinal slope smaller
than 0.01 m-m
Naulet et al. In large floods in the
(2005) *20 *10 05 MAGE Ardéche River
. In a range of high flows
Di Baldassarre
& Montanari +33 7 02 HEC-RAs | Pelween 10000 and 12040
(2009) m°- S~ in the Po River in
Pontelagoscuro
Herget & Manning's | In 1374 flood in the River
Meurs, 2010 25 21 09 equation Rhine in Collogne
- In 1342 flood in the Main
Herget etal. +9 and +26| +9 and +27 -1.0and Manmr_lg N River in Wirzburg (2
(2015) -1.1 equation : -
hydraulic scenarios)
In four hydraulic
Chapter 4 +30 +5 10 +11 -0.2 to HEC-RAS reconstructions in streams
-0.4 with small catchments
(150-314 krf)
Chapter 5 £30 +30 1.0 HEC-RAg '™ 1907 flood in Ebro
River in Xerta

In this study, Manning’'s n were determined, as ax@d in Section 5.3, with a lengthy
procedure involving soil use mapping from old deptaotographs and a calibration with
1961 flood. However, despite its complexity, it gavor some soil uses, very different
estimations than the same method applied by San@@¥s) to the same reach and
calibrated with the same flood (Table 5.4). It wiasrefore thought interesting to test the
accuracy of a more straightforward determinatiorthef roughness coefficients. In this
determination, the channel was assigned a Manning$ 0.045 and the rest of the
flooded area, 0.056. This resulted in a Manning’auweraged by area, of 0.053, that is, an
increase of 8% with respect the initial average Miag's n: 0.049. This reduction is
contained within the previous +30% variation; tHiere, the individual error on peak
flow that it caused was not included in the caltataof the total error (Table 5.9).

This increase of 8% in the average Manning’s n pced a decrease of 11% in the peak
flow (10225 ni-s?) and, thus, a sensitivity index ef..4 (sensitivity analysis 9 in Table
5.8), only slightly higher than the one found witie variation of +30% (sensitivity
analysis 9 in Table 5.8).

In any case, a perfunctory determination of Manisimgresulted in an average value only
8% larger than the one obtained after a long, @etguirocedure. This error in Manning’s
n is smaller than the one considered in the uniogytassessment (x30%). Therefore, it
seems, at least in this case, that an extremelyratecdetermination of Manning’s n is
not cost-effective. This is contradictory with theevious statement that Manning’s n is
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the second most influential variable over the rssuf it is so influential, it should be
accurately determined. Actually, if in a peak flamcertainty assessment, the assigned
uncertainty to Manning’s n is large (as it is adbie to do due to the difficulty in
determining it), there is no need to accuratelineste it. A parallel with water height can
help to explain this idea: to measure an unrelifibled mark to the um would be a loss
of time, because its uncertainty can be up to €60

5.4.3.3. Downstream boundary condition

Peak flow results are moderately sensitive to #iana of the boundary condition set
2700 m downstream (sensitivity index of +0.3; Tah#). This contrasts with Alemseged
& Rientjes (2007), who conclude that the effects tbé boundary conditions are
significant only near the downstream end of themrreach. However, Naulet et al. (2005)
find, in a reach of the Ardéche River with a slapdess than 2.5 m-Kkinmodelled with
the MAGE hydraulic model, that a variation of +1imthe downstream condition has
effects in the peak flow as far as 12 km upstream.

5.4.3.4. Number of cross sections

When running the model with half the initial numlmércross sections (22), the resulting
peak flow was 25% higher than with all 45 crosgises. This variable has a relatively
high sensitivity index (0.5). Due to the wide rangfevariation of its local sensitivity

analysis (-50%), the number of cross sections hagla contribution to the peak flow

total error (between 29% and 40%) if included ie ttalculation, which, as said in
Section 5.4.3, does not seem necessary, becaustEtbeRAS model has an automatic
warning system that alerts when too few cross @estare being used.

Alemseged & Rientjes (2007) find that differentssaection spacing (2 to 20 m) results
in different water surface profiles, only near th@vnstream end of the modelled river
stretch. Cea & Bladé (2008) suggest placing thescsections in representative spots
within the modelled reach, spaced between 1 anthéstthe reach’s width. They warn
against an excessive number of cross sectionsg #igcould cause errors in the model’s
iterative calculation process. The effect of anemstve number of cross sections and of
their exact location along the reach has not beatysed in this study.

5.4.3.5. Flow paths

The results show that, in the case of 1907 flooderta, the direction and location of the
flow paths has no influence on the peak flow result

5.4.3.6. DEM horizontal resolution

To use a lower resolution DEM (25x25 m instead x% ) resulted in a practically no
change of the initially modelled peak flow: a retioic of 0.2%. Certainly, the influence

of this variable on peak flow is very small: itss#ivity index is 0.01; and its relative
contribution to total peak flow error is also reddcless than 1%. These results seem to
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agree with Horritt & Bates (2001), who find thathen modelling a flood of the River
Severn with the 1D model LISFLOOD-FP and its NCIeSsion, a resolution of 500x500
m is adequate enough and resolutions finer thax@ m do not further improve the
results. However, our results are in contradictigin various studies, which have shown
that small errors in the topography can have sianit effects on model results (Bates et
al., 1997; Nicholas and Walling, 1998; Wilson, 2P@d with other studies that even
conclude that the representation of the channehgéy seems to be the most influencing
aspect of hydraulic modelling (Aronica et al. 1988ppenberger et al. 2005; Merwade et
al., 2008). Similarly, Casas et al. (2004) concltit® a HEC-RAS model run on coarse-
resolution DEM produces lower peak flows than wham on finer DEM, and that this
difference is greater for low flows than for highvs. Alemseged & Rientjes (2007) also
find, although in a two-dimensional model, thatueidg the DEM resolution causes a
reduction of water velocity (and, therefore, of p8aw).

5.4.3.7. Input variables not analysed

The peak flow total errors shown in Table 5.9 idewariables the error of which can be
easily reduced, such as the drawing of flow pattes,number of cross sections and the
resolution of the DEM. One could think that thisre&g an upper bound of the total

uncertainty of the modelled peak flow. However, $eé of sensitivity analyses performed
is far from being exhaustive and other input vddabnot taken into account could

increase that total error.

The influence of those input variables was not ¢tied in this study because their
analyses were deemed too difficult to be includedaibasic uncertainty assessment
intended for an end user, which was the main olgdf this article. In any case, a short
discussion of other studies’ findings is providedioov.

a) Channel’s erosion and accretion

The erosion and accretion of the channel, eithenduhe reconstructed flood or between
the date of the flood and that of its reconstrutgtican cause significant changes in the
geometry than can ultimately translate into ermeithe hydraulic modelling results.

According to Kirby (1987), erosion is of extremepaontance in modelling. Actually,
Sauer & Meyer (1992) find that a mobile, unstal#d ban cause an error of 10% in water
stage measurement. Similarly, Naulet et al. (20@%], in a modelled reach of the
Ardeche River, that variations of -4/+2 m in theeri bed height result in a variation of
+7% in peak flow for medium floods and of £10% fextreme floods. However, in
Chapter 3, we obtained the same peak flow when hnoglea flash flood with two
different channel geometries.

b) Sediment transport
Sediment transport, a factor rarely taken into antocan alter the hydraulic modelling

results. In fact, according to Quick (1991), indilts with an important sediment transport,
one third of the hydraulic energy is consumed inveying the sediment and the other
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two thirds in moving the water. Therefore, not tekinto account sediment load tends to
overestimate peak flow.

But this overestimation can be even greater whepemhgoncentrated flows occur,
because then the fluid ceases to be Newtoniantee@duations used by the model no
longer apply. Although this is an infrequent ciratamce in river flows such as 1907 in
Xerta, it is not uncommon in flash floods in scdyoeegetated catchments: for example,
Balasch et al. (2010a), report a sediment volum&286 in one historical flood, which
would qualify as a hyper-concentrated flow.

c) Steady and unsteady flow

One of these non-analysed input variables is thmcehbetween steady and unsteady
flow. In this study, the steady flow was used beea needs less information or, in the
lack of it, less assumptions. However, steady flewthought to overestimate the peak
flow, since it does not allow for water storage rothee floodplain. Actually, Naulet et al.
(2005) find that the steady flow condition overesties extreme floods’ peak flows by
2%, in a modelled reach of the Ardeche River; simyjl Tuset (2011) finds an
overestimation of 8% in the reconstruction of aslillood in a 220 k@ catchment.
Besides, Bales & Wagner (2009) state that the etfieadhe results of modelling with a
steady flow is greater for high flows than for Idws because water storage over the
floodplain is greater. Nevertheless, this effectliminished in floods with a prolonged,
stable peak flow (that it, with a flat-summited hygraph), virtually equivalent to a
steady flow.

In any case, choosing the unsteady flow optionha HEC-RAS model does not
automatically reduce the uncertainty of the resultsleed, the unsteady flow choice
requires a hydrograph and Alemseged & Rientjes {R@0aim that the shape of that
hydrograph affects the hydraulic modelling reswdtdyough not significantly.

5.5. Conclusions

The peak flow of 1907 flood in the Ebro River inrie reconstructed with HEC-RAS,
was 11500 rhs® and its total error was +31-39%. However, actoglterror could be
greater because the uncertainty assessment didchade other possible sources of error,
such as geometry modifications of the channel dwerdsion and sedimentation or model
structure. Anyway, the assessment procedure use@grito be a quick, simple one that
obtained a rough but reliable estimate of peak feover, similar to the values found in
the literature.

The most influential input variable over peak flogsults was water height; however, the
one that contributed the most to peak flow erros Wnning’s n, because its uncertainty
was far greater than water height's. The drasticicgon of the number of cross sections
resulted in a great variation of peak flow; howewance there are clear recommendations
regarding the minimal number of cross sections e@ad a modelled reach, such an
extreme scenario seems improbable to occur. Ther othree analysed variables
(downstream boundary condition, flow paths directi®EM resolution) had far less
influence on both the peak flow and its uncertainty
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A simple, straightforward method of determining Marg's n provided roughness
coefficients similar to the ones obtained with arenconvoluted method that included a
detailed soil uses mapping and a calibration wikin@vn peak flow.

In view of all this, it would be advisable, wheneapting the hydraulic reconstruction of

a historical flood, to soundly verify the relialyiof the flood marks and, afterwards, to

precisely measure them, since water height isrtpativariable that most influences the
results. Conversely, Manning’'s n estimation dodsweed to be extremely accurate, since
the methods to do so are often subject to strormgrtainties; in other words, thorough

estimations are not necessarily closer to the hctumghness coefficients values than
more cursory ones. The quantification of the otiested variables does not need to be
extremely precise either, since they have evenitdlsence over the modelling results.

In order to reduce the inherent uncertainty of draylic reconstruction, several sensible
steps should also be taken when possible:

1) To use more than one flood mark along the modeileat reach in order to obtain
a more accurate water profile.

2) To assess the evolution of the river's channel #oaod plain morphology, in
order to reduce the uncertainty contributed by fiisor.

3) To calibrate the hydraulic model with measured #8osf more modern extreme
floods.

4) To reconstruct the flood in several locations tiglmout the basin in order to
validate the results reciprocally through dischargetinuity along the river.

As said above, the uncertainty assessment didnotide all the variables that could
affect the peak flow error. An improved uncertaimtysessment with the objective of
calculating the upper bound of the actual peak ftowal error should include all the
possible sources of error, as well as interactlmetsveen them (that is, the influence of
simultaneous modifications of different variabléB)ese interactions need to be analysed
with a global sensitivity analysis instead of wétltollection of local ones. In order to do
so, and also in order to apply other uncertaingessment procedures such as the GLUE
(Beven & Binley, 1992), the introduction of inpuanables into the model should be
automated, due to the high number of simulatiorsied.

Nonetheless, a totally complete quantification @falp flow uncertainty seems very
difficult. Indeed, the use of a hydraulic model irap a great number of small decisions
that depend on the modeller's expertise or, inrotv@rds, that convey a small amount of
subjectivity. These decisions cannot be all takato iaccount in an uncertainty
assessment, but can cause great differences bettheenesults of two different

modellers.

Furthermore, a thorough comparison between 1D &hd@dels could be done in order

to determine if the more complex to operate twodatisional programmes are actually
more accurate while still being cost-effective whealculating peak flow in wide
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floodplains with many obstacles to flow. Besidegrenresearch is needed to ascertain if
the channel’s Manning’s n is more influential ormkb&ow than the floodplain’s.

The simple method of applying Manning’'s equatioraatingle cross section seems to
yield acceptable results, very similar to the otamed with the HEC-RAS model.
However, an uncertainty assessment is needed ar toccompare their accuracy to that
of computer-based methods.

This study was limited to peak flow uncertaintibgewever, the uncertainties of other
relevant hydraulic modelling results of interestfiomod risk management, such as the
flooded surface or the floodwave travel time, coalkb be assessed.
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Chapter 6. Flood frequency analysis with historiofdrmation

Abstract

The use of historical information is acknowledged improve frequency analysis.

However, it is not well known if the degree of thimprovement depends on the
characteristics of both the catchment and the slat@s. In order to address this issue,
frequency analyses with historical and systematita dvere performed in three very
different catchments: the Ondara River in Tarrdbe, Ebro River in Zaragoza and the
Ebro River in Tortosa. Besides differences in thplrysical characteristics, these
catchments differed also in their data series:rtloeerall lengths and those of the
historical and systematic periods.

The results show that frequency analysis with hisabinformation is extremely useful in
ungauged catchments such as the Ondara River iregearbecause the alternative
(rainfall-runoff modelling) gives less accurate imsttion of expected peak flows.
However, in gauged catchments (Ebro River in Zazagd Ebro River in Tortosa), the
degree of modification of peak flow estimates dughe use of historical data depends on
the length of the historical period relative to #ystematic record.

Keywords: Systematic data, historical floods, peaks overstmo#l, series stationarity

6.1. Introduction

Flood frequency analysis is an essential issu@anstudy of flood hazards and planning
as well as in civil engineering. Due to the lowgiuency of extreme floods and to the high
return periods, the flood data sets from gaugedrdscshould be long enough to obtain
reliable results. Ideally, a series should be moolyer than the return periods calculated
from it (Klemes, 1986).

Unfortunately, measured data series (also knowinsisimental or systematic) are often
less than 100 years long and they usually contdormation gaps due to discontinuous
measurements (e.g. during wars or gauge destruayidlmods). In the worst cases, some
river catchments may even lack any systematic dscand, therefore, flood frequency is
estimated by means of rainfall-runoff models whvaithout gauging stations cannot be
calibrated and validated leading to great uncestamthe results.

However, flow data series can be lengthened ornsgoacted, in the case of ungauged
catchments, with historical data. In terms of statal analysis, Stedinger and Cohn
(1986) indicated that 50 years of historical flodata provide as much information for
frequency analysis as 10 to 30 years of systerdate.

Unlike systematic data, historical flood data ao¢ ftow measurements. Actually, there
are two types of historical flood information: {@nomial data describing the occurrence
of a flood above a certain threshold or not in\&egiyear, and (2) estimated discharge
data based on subsequent calculations with hydrautidels from the maximum water
height reached by the flood recorded in documenta epigraphic marks (Benito et al.,
2004; Balasch et al.,, 2010a; Macdonald and Bla®q,02 Due to its non-continuous
nature (only the years with flows above a threslaolincluded) a historical data series is
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what is known as a non-systematic series, in cehtvéah a systematic series of measured
data.

In the last decade, there has been an effort wevet pre-instrumental hydrological
information, both historical (from documents) arebisnentary evidence. As a result,
several special issues have been published abeudtibject (Benito et al., 2005; Gregory
et al., 2006; Bradzil and Kundzewicz, 2006). Indesalvadays, long flood chronologies
have been restored in Europe (Glaser et al., 2Bazil et al., 2006, 2012; Luterbacher
et al., 2012) and in the Iberian Peninsula (Badao=snet al., 2003; Llasat et al., 2005;
Barriendos and Rodrigo, 2006).

However, the calculation of the peak flows for #hebronologies is still scarce due to its
complexity and to frequent changes in river chartopbgraphy since flood occurrence
(Herget et al., 2014). In any case, there are sostances of peak flow reconstruction in
long series of historical floods (over 400 yeansglp either referred to a single location
(Thorndycratft et al., 2006; Balasch et al., 200@le@da et al., 2009; Elleder et al., 2013,
2010), or to several locations in the same catchymdnch allow a spatial analysis of the
flood dynamics (Benito et al., 2003; Naulet et 2005; Herget and Meurs, 2010; Balasch
et al., 2010a; Roggenkamp and Herget, 2014).

The use of historical data in flood frequency as@lyequires a different treatment than
other analyses based only on systematic, instriahetdta. In fact, the special

characteristics of this kind of information (beibmpomial or calculated, non-continuous,
and sometimes less reliable and accurate) invavaggher number of steps for flood

frequency analysis, including a test to check tihenticity and reliability of data, a test
of stationarity and outliers, and selection of restion methods and the distribution
functions (Lang et al., 1999; Bayliss and Reed,120Barriendos and Coeur, 2004,
Francés, 2004; Renard et al., 2013).

Another type of frequency analysis, with or withohitstorical information can be

implemented: the regional frequency analysis, whisks data from several locations
within the same catchment (Hosking and Wallis, 1997allis et al.,, 2007). More

recently, this technique has been improved with th&usion in the analysis of

extraordinary flash floods reported in ungaugedchmaents within the same basin
(Gaume et al., 2010; Nguyen et al., 2014).

Despite the general agreement on the value ofrlaatanformation for flood frequency
analysis (Hosking and Wallis, 1986b; Stedinger awhn, 1986; Sutcliffe, 1987,
Macdonald, 2004, 2013; Naulet et al., 2005; Paygastal., 2011), the gain of using such
non-systematic information needs to be analysedteinms of the influence of
characteristics of the catchment size and hydroddgegime and of the flow data series
(length, maximum measured flow). The question tewar is: do catchment and data
series characteristics play a role in the degrd®enéfit obtained with the use of historical
floods? Indeed, if the improvement provided by dmstl information depends on
catchment and flood series characteristics, suggastould be made in terms of where
this extra effort would pay off and where it mosbipably would not be worth it.

This paper aims (1) to quantify the improvementaotgd in flood frequency estimation
with the use of historical information in differeceittchments found within the Ebro River
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basin (NE Spain), and (2) to assess if this imprmmt depends on the catchment
characteristics and type of flow series (historicadtrumental or both).

6.2. Study area

The Ebro River is 930 km long and drains the nedhktern part of the Iberian Peninsula,
which includes most of the southern side of theeRges Range, into the Mediterranean
Sea (Figure 1.a and 1.b). The Ebro River basinGgm@ozoic foreland basin with a NW-
SE orientation and a triangular shape coveringrea af 85,000 kf The basin is limited
by the Pyrenees to the north, the Iberian Randkdawouth, and the Catalan Pre-coastal
Ranges to the south-east. The flood frequency sisalyas carried out in three sites
within the Ebro River basin: Ondara River in Tagggbro River in Zaragoza, and Ebro
River in Tortosa (Fig. 6.1.c).

The annual average rainfall within the basin is 628 (period 1920-2000), with a strong
altitudinal gradient: from over 2000 mm in the Rges to less than 350 mm in the centre
of the basin. Soil use changes and water use isesdaave severely reduced the annual
runoff volume in Tortosa, near the mouth of theifasom 18,500 hmyr’ in the 1960s
decade, to present values of 13,500 it or 428 ni-s* (Gallart and Llorens, 2004).
During the 28 century, about 190 large reservoirs were constdjcmainly on the
Pyrenean tributaries and on the lower Ebro Rivée fieservoir runoff index (calculated
as reservoir capacity divided by mean annual rgnefpresently 57%, which causes a
reduction of 25% in the expected peak flows of metperiod between 10 and 25 years
(Batalla and Vericat, 2011).

The Ebro River basin can be divided into three nsain-basins (Fig. 6.1.c):

— Upper Ebro: Encompasses the occidental area dfasia, from the headwaters to
the city of Zaragoza. Its high flows are causedspying thaw and winter and
spring rainfalls linked to Atlantic fronts (Davy915).

— Segre-Cinca sub-basin: The southern face of thereaand central Pyrenees is
drained by the two main tributaries of the Ebr@ 8egre and Cinca Rivers. High
flows are caused either by spring thaw or by heawtumn rainstorms lasting
several days.

— Medium and lower Ebro: from Zaragoza to the Medi#irean Sea. With the
meagre runoff of streams from the eastern parthef Iberian Range and the
southern part of the Catalan Pre-Coastal Rangé®gneg floods in this section of
the Ebro River usually originate in the other twb-$asins.

The main characteristics of the three study siEsmagoza, Tortosa, and Tarrega) are
shown in Table 6.1. According to the aforementioi#ulo Basin division, Zaragoza is
the outfall of the upper Ebro sub-basin, Tortoséo@ated in the lower Ebro sub-basin,
only 40 km upstream the basin’s mouth in the Mediteean, the area of the basin above
this point being 99% of the total Ebro basin a#agoza and Tortosa both have annual
maximum instantaneous flow series that cover, sy, the periods 1946-2012 and
1952-2012.
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a) e 3 7 |b)

— ’
500 km |/~ Ebro RiVﬁr ‘basin | 100 km

Nl Pyrenees

N

i

c) 100 km

Figure 6.1. Location of the Ebro River basin witkiarope (a), and within the Iberian Peninsula @by
location, within the Ebro basin (c), of the outfallf the three studied catchments: Tarrega by tidata
River, Zaragoza by the Ebro River and Tortosa ByEhro River. In (c), blue lines represent rivard a
black lines represent sub-basins’ watersheds. Ngpsnd (b) modified from a map Copyright © 2009
National Geographic Society, Washington, D.C.; f@pmrawn by Damia Vericat (RIUS-University of

Lleida)
Table 6.1. Basic characteristics of the three stlidatchments and their series of peak flows
Systematic series of peak floWs Non-systematic information
o
Catchmen Areza stream GaugmgPerioc Length Mean peak flow|Period Length Number_of
(km?) | length | station (years) flow (m°-s) (years) floods with
(km) | code y (m?-sh) Y information
(year of
occurrence)
Ondarainl 155 | 56| N |NA?| NA® | 059 | NA@ [16157 398 7
Tarrega 2012
Ebro in 1946- 4,150 [1643-
Zaragoza 40,400 550 | 9011 2012 67 230 (1961) | 1913 271 9
Ebro in 1952- 4,580 [1617- 4 )
Tortosa 84,200 890 | 9027 2012 61 428 (1961) [1951 335 8

D Available at MAGRAMA (n.d.)

@ NA: not applicable, because Ondara in Tarrega isrgjauged catchment
® Modelled by CHE (1996) downstream Tarrega
“® Non-systematic series of Xerta, 13 km upstreanoBar
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The third site is Tarrega, on the Ondara Rivegfadide tributary of the lower reach of
the Segre River (Figure 1.c). The Ondara Riverly rain-fed and, with a continental
Mediterranean and an annual mean rainfall of 45Q thenmean annual flow estimated is
0.5 nt-s* (CHE, 1996), although most of it is seepage frgmicaltural irrigation. Floods
in this catchment are typically flash floods caudeygl highly convective, autumn
rainstorms. Unfortunately, there are no systemiitiy measurements at Tarrega and
historical data are the only source of information.

For the study sites, systematic data series canobglemented with historical flood
information (or non-systematic series). There fenmation on seven floods since 1615 at
Tarrega, on nine floods since 1643 at Zaragozaparelght floods since 1617 at Tortosa.
It must be noted that historical floods informat@nTortosa is that of the town of Xerta,
located 13 km upstream.

6.3. Methods

The methodological procedure followed is schemdting-ig. 6.2.

Ondara River in Tarrega
Ebro River in Zaragoza
Ebro River in Tortosa

Original systematic series
(Qci) retrieved from
MAGRAMA website

v

Fill-up of series’ gaps
using Qc-Qci
relationships

v

Enlarged systematic

series (Qci)

I

Hydraulic reconstruction E
with HEC-RAS model i
(USACE 2008) |

Non-systematic series of
peak flows (Qci)

SECTION 3.1 SECTION 3.2
i Systematic Combined systematic and Peaks over- i
!| series only non-systematic series threshold series| !
| v
i| Frequency analysis | | Frequency analysis Frequency |
with AFINS with AFINS analysis i
| LH Comparison < ;

Figure 6.2. Methodological procedure, with refeetwthe subsections that describe each part
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Two kinds of peak flow series were used:

1) Systematic series, made up of continuous recordsarofual maxima of
instantaneous flow measurements (Qci).

2) Non-systematic series, with two types of data:

a) Annual maxima of instantaneous flow measurements) (€rresponding
to isolated years (thus not being part of the cmaus systematic series)
which exceed a certain threshold (only in the cdSeortosa).

b) Reconstructed peak flows of extreme historical dgoeither calculated
with a hydraulic model from flood marks as explaina Chapter 3, or
found in the literature: 1906 and 1907 floods imagmza, reconstructed by
Lépez-Bustos (1972).

The difference between a systematic and a nonsegsie series is the kind of data they
contain: a systematic series is a continuous figears, each with the value of the annual
maximum instantaneous flow (Qci). A non-systemaédes consists of peak flow values
that exceeded a certain threshold that made theimeable enough to be recorded,
namely above a censoring threshold.

The Ondara River in Tarrega has only non-systenddi@, since it is an ungauged
catchment, whereas the sites on the Ebro Rivearagbza and Tortosa have a systematic
and a non-systematic series.

The flood frequency analyses were performed oretle@mbinations of the systematic
and non-systematic series: (a) systematic serigs () combined series of systematic
and non-systematic data; and (c) peaks over-thigsieoies, containing all the data of the
combined series that exceeded a certain threshditch was chosen to match the
censoring threshold of the non-systematic series.

6.3.1. Systematic series

The systematic series of annual maximum instantadéows (Qci) of the Ebro River
contain 67 years for the Zaragoza gauge (1946-28@)61 years for the Tortosa gauge
(1952-2012).

However, in the case of Zaragoza, the record wéenderd between 1914 to 1945 from
the series of annual maximum daily flows (Qc). Fiesrelationship between Qci and Qc
was obtained with a linear regression between pdidata (Qc, Qci) for those years with
both kinds of data occurring in the same day. Thbe, equation found with the

regression was used to calculate the Qci of theaesywith only Qc available.

This method was also applied to the Qc series ofofa for the years 1913 to 1935.
However, since in this case the Qc series has a fgag between 1936 and 1951, the
obtained Qci, corresponding to the period 1913-198%uld not be added to the

systematic series. Nevertheless, the data thatededethe censoring threshold were
added to the non-systematic series.
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6.3.2. Non-systematic series

The non-systematic series consisted of discharges-tbreshold data from both
measurements done in isolated years (and thusnnobntinuity with the systematic
series; only in the case of Tortosa) and peak flestsmated from flood marks and
historical documents.

On the one hand, Tortosa’s peak flow measuremdntolated years were obtained by
applying the Qc-Qci method described in Sectiond®ithe Qc series for the years 1913
to 1935. The obtained Qci exceeding the censotimgshold were added to the non-
systematic series. On the other hand, the recansttipeak flows were calculated from
the list of flood marks shown in Table 6.2.

The reliability of all the flood marks is the higiteof the three-degree scale by Bayliss
and Reed (2001) because all the floods they rébasee well known. The precision of a
flood mark (the maximum expected difference betwten flood mark and the actual
maximum water height) is determined by its natun@ iés reliability; since in this case all
marks are very reliable, precision depends solalyt® nature: physical marks (plaques,
incisions and flood scales) and accuracy of writteouments. These descriptions may be
very detailed if they refer to particular elemefsisch as the iron ring on the first pillar of
Bridge “Puente de Piedra” in Zaragoza) or newspgapetographs, or, in other instances,
they may be less accurate if they refer to geredeathents (e.g. streets or buildings, Figs.
3.4 and 5.3).

The flood marks were used to reconstruct their @ased peak flows with the procedure
summarized in Fig. 2.5 and described in detail @cti®n 2.6.1. The modelling software
used was the one-dimensional hydraulic HEC-RASWYS3ACE, 2010a), under gradually
varied, steady, mixed flow. The input data usedsaevn in Table 6.3.

The hydraulic model of Tarrega was calibrated ia tways:

a) By comparing 1989 flood modelled peak flow with fheak flow calculated with
a hydrological model (HEGIMS 4.0; USACE, 2013) from rainfall data.

b) By adjusting the water line to the three differéiobd marks available for the
1874 flood.

The hydraulic models of Zaragoza and Tortosa weil balibrated by comparing the
1961 flood modelled peak flow with the actual measent from the systematic series.
Reconstructed peak flow uncertainties were caledlatith a sensitivity analysis in which
flood mark heights were modified within their rasgef precision (Table 6.2); other
sources of error, such as roughness coefficiertsr@geometry of the channel, were not
included in the calculation of peak flow uncertgint

137



Chapter 6. Flood frequency analysis with historinédrmation

Table 6.2. List of flood marks used in peak flowamstruction

Flood mark characteristics
Flood UTM coordinates . Preci-
Catchmert year | Location (ETRS89) T%F;erl? f gﬁ“%—) siorf?
Zone | X(m)| Y(m)| Z(m y (cm)
1615/ 3, Font Street 345,0444,612,001366.0 WHen 5 +30
referenc€
Incision on i
1644 > S2Nt ANor 344,9784,612,05868.39  column 3 +10
q (Fig. 3.4a)
13, Sant Plaque
1783| » 1eti Stree 345,0004,612,01864.91 - *3 | 3 +10
32, Sant Written
Ondara i +842 Agusti Street - 345,0114,611,979363.5) oo rancl) 3 *30
Tarrega 8-10 bis, 345,1014,612,13869.08 Plaque 3 +10
Piques Street
1874 | 6, Font Street 345,0564,612,071368.30 Plaque 3 +10
26, Sant 4 Plagque
Agusti Stree 345,00%,611,99%867.26 - 3 ;| 3 +10
1930 , 2> Sant 345,018,611,973363.4| Vrtten | 5 +30
Agusti Stree referenc€
1089 2% Sant 345,02,311,968363.3| Vritten 1 3 +30
Agusti Stree referenc&
1643 | SOMVEN0 A8 75 764 614,00p109.33 Wrten | 450
Predicadores referenc€
1775| Puertade 98.95 Written 3 +50
1787| Sancho 675,5214,614,008 5515 referencl 3 +50
Ebroin 4 Written
Zaragozg 1871 Puente de 30T 195.93 o ferencl ) 3 *10
1874 | Piedra (first ) 95.15 . 3 10
1878 |pillar from the 676,86%.,613, 79894 5¢ re\]f\érrgtﬁcn@ 3 +10
1888 | right bank) 193.84 3 +10
1961+ 195.58 Plard™ 3 +10
1617 13.83 3 +10
1787 16.15 3 +10
1853 lood lei 14.23 3 +10
Ebroin 1866 FOOXeSrf;eI 14.03 Flood scal 3 *10
1871 ! 31T [288,658,531,39412.58 . 3 +10
Tortosa (1, Major (Fig. 5.3)
1884| Soiare) 13.41 3 +10
1907 15.17 3 +10
1937 14.67 3 +10
1961+ 12.17 3 +10
(1) Reliability according to a scale by Bayliss and R¢2001): 1 = unreliable, 2 = reliable, 3 = very

(2)

(3)
(4)
()
(6)
(7)
(8)
(9)

reliable

Precision: maximum expected difference in cm betwbe flood mark and the actual maximum water
height. Physical flood marks (plaques, incisioigpd scales) were given a precision of +10 cm,
whereas written references were given a precisiari@, +30 or 50 cm depending on the possibility
to precisely pinpoint the described object or plased as a reference of water height

ACUR (1621)

Salvadé (1875)

Anonymous (1930)

Castella and Miranda (1989)

Marcuello and Marcuello (1999)

Affidavit found in the City Archive of Zaragoza

Blasco-ljazo (1959)

(10) Galvan et al. (2013)
(11) Flood mark used to calibrate the hydraulic model
(12) Plan of the bridge found in the archives of theadgpent of urban planning of Zaragoza City Council
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Table 6.3. Input data used in peak flow reconsimnabf historical floods

Length of the Number of Channel's Mean
Catchment modelled Cross-sections longitudinal roughness
reach (km) slope (m ki) coefficients
Ondara in 0.089"
Tarrega 2.1 23 45 0.070?
Ebro in 10.5 142 0.5 0.044
Zaragoza
Ebro in 4.0 65 0.24 0.053
Tortosa

W valid for floods before 1874
@ valid for floods since 1874, due to a drastic cteimgchannel morphology caused by
significant deposition of sediments during 1874fdsee Chapter 3)

It must be noted that the non-systematic serieBoofosa was built from flood marks of
the near town of Xerta, located 13 km upstream.kF&av values in Xerta were
considered equal to those in Tortosa assuming &mim error due to the closeness of
the two sites (the catchment in Tortosa is only8%llarger than in Xerta); in other
words, Xerta peak flows were not routed downstréafortosa. Two reconstructed peak
flows found in Lopez-Bustos (1972) could have besided to complete the non-
systematic series in Zaragoza: the 1906 flood (3636%) and 1907 flood (1700 frs™);
however, both floods didn't exceed the censoringgholds and they weren't finally
added.

6.3.3 Peaks over-threshold series

Once the non-systematic series were obtained, peaks over-threshold” series per
catchment was built. These series contained alldte (whether systematic or non-
systematic) with a value above a certain threshbihé thresholds chosen correspond to
the overbank flow that produces damage: (1) Tarréga ni-s’; (2) zaragoza: 3500
m?.s; (3) Tortosa: 4500 fhs™.

These “peaks over-threshold” series were testedt&dionarity with the test proposed by
Lang et al. (1999). This test plots the confideimterval that marks the frontiers between
stationarity and non-stationarity. This confidenoterval depends on the Type | error
(the risk of not accepting as stationary a statiprilbod series), on the length of the
tested period of the series, and on the numbdoofl$ that exceeded a certain threshold
in that period. The Type | error (or alpha) quaesifthe percentage of a set of randomly
generated stationary flood series that would faitsmle the limits of the confidence
interval; then, the higher the Type | error, therenstrict the test is, and the more sure one
can be of the stationarity of a series. In our casechose a Type | error of 5%.

6.3.4. Frequency analysis
The objective of flood frequency analysis is tameate the annual exceedance probability

of a certain flow, that is, the probability thatstilow value be exceeded in a given year;
the inverse of this probability is the return pdr{iexpressed in years).

139



Chapter 6. Flood frequency analysis with historinédrmation

Different frequency analyses were performed witle¢htypes of peak flow series:
a) The systematic series (where available, that iy, iornZaragoza and Tortosa).

b) The combined systematic and non-systematic sevidsall the data (again, only
in Zaragoza and Tortosa).

c) The peaks over-threshold series, with the systenaail non-systematic data that
exceeded a threshold (in Tarrega, Zaragoza andsgjrt

The first two types of series were analysed withIM& 2.0 (GIMHA, 2014), a
programme that allows calculations with systemadiod combined series. Three
probability functions were fitted to these two di#nt kinds of series with the maximum
likelihood method; these functions were: Gumbel.(&4; Gumbel, 1941), TCEV (Two
Component Extreme Value) (Eq. 6.2; Rossi et al84)9and SQRT-ETmax (Eq. 6.3;
Etoh et al., 1986; Zorraquino 2004)).

P(Q> Q") =1—el™ ™ 61

[—6;-6(-710)_g, ¢ (-12:Q")] (6.2)

P(Q>Q")=1-el

P> ) = 1 el @@ 63

where P(Q>Q*) = annual exceedance probabilityp@nts per one) of a certain peak
flow (Q%)
Q* = peak flow (ni-sY)
a, A, A1, Az, 81, B,, andk are parameters to be estimated.

These functions were fitted separately to the syatie data only, on the one hand, and to
all the data, including the non-systematic, ondtteer. The censoring thresholds (3500
m®-s’ and 4500 ms' for Zaragoza and Tortosa respectively) were intoed in the
programme as upper bounds for the non-systematiodoeThis kind of frequency
analysis was not possible for Tarrega data, bectessoftware used can't work with
only non-systematic data.

The third type of seriesthe peaks over-threshold seriewas analysed by fitting (with
the least squares method) an exponential equdEipng(4) to pairs of peak flow data and
their observed annual exceedance probabilities.

P(Q>Q*) = b-exp (a-Q*) (6.4)

where P(Q>Q*) = annual exceedance probabilityp@nts per one) of a certain peak

flow (Q*)
Q* = peak flow (ni-s?)
a and b are parameters to be estimated.
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The quality of fit of all functions was assessedhree ways:

a) Visually with a graph, in which the observed anneteteedance probabilities of
the data were calculated with Eq. 6.5 for overghadd data and with Eq. 6.6 for
under-threshold data (Bayliss and Reed, 2001).

b) With the Kolmogorov-Smirnov test, which compares tigreatest residual
(difference in absolute value between observedesiargce probabilities and those
estimated by the function) with a threshold valat imarks the acceptance of the
fit (Table 6.4). When only the systematic series waed to fit the functions, the
observed annual exceedance probabilities to be instdds test were calculated
with Eq. 5.7.

c) With the calculation of the mean square residuals.

i—a k
- i 6.5
Pok+1-2a'n (6-5)
k n-k i—-k—«a
=_ . 6.6
P * n s—e+l-2a (6.6)
__J~«a
P s+1-2a (6.7)

where p = observed annual exceedance probabilitya(its per one)

i = position of the flow value in a decreasingurangement of the combined
series (between 1 and s+e’)

j = position of the flow value in a decreasingrrangement of the systematic
series (between 1 and s)

a = constant: in our case 0.44 (Cunnane, 1978)

k = number of over-threshold flows in the series

e’ = number of non-systematic data over threshold

e = number of systematic data over threshold

n = length of the combined series (years)

s = length of the systematic series (years)

Finally, the best fitting functions to the thre@ég of series were compared among them
in order to assess whether the inclusion of notesyatic data improves the frequency
analyses.

Table 6.4. Threshold value not to be exceedederkthimogorov-Smirnov test for goodness of fit, for
number of data (n) greater than 35 and severaésadti Type | error (or alpha); the greater the Typeor,
the more strict the test is. Source: Sachs (1984)

Type | error &) Threshold value
0.20 1.075-f*
0.15 1.138-fi*
0.10 1.224-1*
0.05 1.358-1i*
0.01 1.628-1i*
0.001 1.949-1"
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6.4. Results
6.4.1. Systematic series

The systematic series in Zaragoza was lengthenetth wie annual maximum

instantaneous flow (Qci) of the years 1914-19421418nd 1945, which were calculated
from the annual maximum daily flow (Qc) and the Qct relationship of that gauge.

This Qc-Qci relationship was calculated with fifigirs of data of the period 1946-2012
(Fig. 6.3.a).

The discharge of the 1943 flood could not be egeohdrom this relationship because
only one month of Qc measurements was availablén@mecord. In order not to leave a
blank year and to obtain a continuous systematiesean arbitrary annual maximum
was assigned to this year. This arbitrary value thasaverage of the Qci measurements
between 1946 and 2012 (1834.s1). This value is obviously untrue, but it served ou
purpose to have a continuous systematic seriegh®rfrequency analysis with the
advantage that it didn’t significantly distort theal results.

Both Qc-Qci relationships obtained in Zaragoza dmdtosa had a high correlation
coefficient (98% and 97%; Fig. 6.3).

6.4.2. Non-systematic series

The reconstructed peak flows of Tarrega (see Ch&)teZaragoza (Monserrate, 2013)
and Tortosa (Sanchez, 2007) are shown in Table B&. Qc-Qci relationship was

calculated with forty-four pairs of data of the ijpelr 1952-2012 (Fig. 6.3.b) and allowed
the calculation of 22 Qci values of the period 19885 in Tortosa. Only two (1916 and
1921) of these 22 calculated Qci exceeded the cegsthireshold and could therefore be
included in the non-systematic series of Tortosangside the reconstructed peak flows
of historically documented floods (Table 6.5).

The 1617 flood in Tortosa was excluded from the-spstematic series with which to
perform the frequency analysis because the inatusib this flood made the over-
threshold series non-stationary (see section 6.4S3ilarly, two of the seven
reconstructed peak flows in Zaragoza were not atlnléd non-systematic series because
they were below the censoring threshold: the floafdgears 1878 and 1888. For the same
reason, the peak flows reconstructed by Lopez-Bugt®72) in Zaragoza years 1906
(3030 nf) and 1907 (1700 s') were not added either. Thus, of the total nimeds
since 1643 in Zaragoza, only five were selectedifemon-systematic series to be used in
the frequency analysis.

The K index is used to compare peak flows betwedohements of very different area
(Francou and Rodier, 1967; Herschy, 2003; Eqg. 318&. highest reconstructed peak flow
in the Ondara River in Tarrega has a K index of Sitilar to those of the highest
measured flows of severe flash floods in Meditezean catchments of the Iberian
Peninsula and southern France (Fig. 6.4). Similang highest peak flow reconstructed
for the Ebro River in Tortosa has a K index of 3ahich is at the same level of the
highest measured flows in similar-sized catchmangurope. Nevertheless, the K index
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of the highest reconstructed peak flow for the BRinger in Zaragoza is somewhat lower:
3.3 (Fig. 6.5).

3500 |
3000 a) Ebro in Zaragoza L
2500 _y 1
2000 s
g 0,"/ )
5 1500 .4 Qci=1.0692-Qc- 25168
@) 0//,,,/"' R2 = 0.9797
1000 o«
«*
500
0
0 500 1000 1500 2000 2500 3000 3500
Qc (m3®s™)
5000
b) Ebro in Tortosa //’
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G- .»*" Qci=1.0227-Qc + 60.944
0‘(/“ Rz =0.9893
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Qc (m3 s™)

Figure 6.3. Relationship between annual maximuny dlaw (Qc) and annual maximum instantaneous
flow (Qci) for fifty data pairs between 1946 andl2M®f the flow gauge 9011 in Zaragoza (a) and dotyf
four data pairs between 1952 and 2012 of the flaugg 9027 in Tortosa (b). Data source: MAGRAMA
(n.d.)
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Table 6.5. Non-systematic series of each of theetikatchments, made up with peak flows reconsttucte
from flood marks and historical documents and \@tt data calculated with a Qc-Qci relationship from
measured Qc

Ondara in Tarrega Ebro in Zaragoza Ebro in Tortosa
(censoring threshold: |  (censoring threshold: (censoring threshold:
Peak flow value 210 mi-sh) 3500 ni-s? 4500 ni-s?)
characteristics Year| Peak |Relativel Year| Peak | Relative| Year| Peak |Relative
of the|flow, Qci| errof?) |of thel flow, Qci| errof? |of the| flow, Qci| errof?
flood| (m*s) | (%) |[flood| (m>sY) | (%) |flood| (m*s!) | (%)
1615/ 790 +9 | 1643 5560 +5 | 1617 75007 +4
1644 1600 +3 177% 5180 5 1787 12900 5
1783 490 +3 1787 4600 5 1853 8250 5
Rﬁgﬁ‘gz‘;‘e Over- [1842] 210 +9 | 1871 4844 +4 | 1866 7750 +6
marks and threshold| 1874| 1190 +3 1874 3624 +6 1871 5000 5
historical 1930 280 +9 - --- 1884 65003 +7
documents 1989 260 +9 --- | 1907 10500 | +3
--- --- --- 1937 9250 4
Under | --- --- | 1878 2805" +7
threshold| --- - | 1888 19659 | =+10
Calculated - | 1916] 4663
from Over- —
measured O threshold| --- - 11921 5686

@D Peak flow’s relative error caused by flood mark’s uncertainty; it does not include other sources of error

@ Not used in the flood frequency analysis

® In this chapter we used this peak flow insteachefdne calculated in Chapter 5 (1150031, in order
that it be calculated with the same model (geometnyghness coefficients, boundary conditions) than
the other reconstructed peak flows of the histbsesies. In any case, as said in Chapter 5, thk p
flow value is correct, too.

6.4.3. Peaks over-threshold series

In Tarrega, the non-systematic series and the paaksthreshold series were the same.
In Zaragoza, the over-threshold series was compasfedive out of the seven
reconstructed peak flows plus two systematic dB880 (3500 ms*) and 1961 (4130
m®-sh). In Tortosa, the over-threshold series was matlevith all the non-systematic
data plus one systematic data: 1961 (458G

The data needed to perform the stationarity testshe three over-threshold series are
gathered in Table 6.6 and the results are showiguare 8. Tarrega and Zaragoza series
can be deemed stationary with a Type | error of &% with the thresholds given in
Table 6.6, whereas Tortosa series is not statiodowever, it is stationary in the 1787-
2012 period (i.e., leaving out 1617 flood): its fidence interval given by the green lines
in Fig. 6.6.c.
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Figure 6.4. K index of the highest reconstructealkgffow in Tarrega and those of the highest meakure
flows of flash floods in Mediterranean catchmerftthe Iberian Peninsula and southern France betd@en
K indexand 1000 ki (Own elaboration with data from Lépez-Bustos, I.98asat, et al. 2003; Delrieu et
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Table 6.6. Data required to perform the statiogdests
Series Number of floods over threshold in the perigd
Threshold . Of the Of the non-
Catchment 3 Period length . .
(m* s Total systematic systematic
(years) . .
series series
Ondarain| 51 1617-2012 | 396 7 NA 7
Tarrega
Ebroin | 3500 | 16432012 370 7 2 5
Zaragoza
Ebro in 4500 1617-201% | 396 11 1 10
Tortosa 1787-201% 226 10 1 9

(€]

NA: not applicable, because Ondara in Tarrega is an ungauged catchment
@

Two different periods were tested
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Figure 6.6. Stationarity tests (Lang et al. 19@®)the over-threshold series of Tarrega (a), Zazadb)
and Tortosa (c). Solid lines are the number ofdkover threshold in the series and dashed lirees ar
the 95% confidence interval (i.e. 5% of randomipegmated stationary flood sequences would fall
outside the confidence interval); grey dotted lime$ortosa are the same confidence interval but fo
a shorter period: 1787-2012 instead of 1617-2012
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A reason for the non-stationarity of the Tortosaesemay be the fact that the peak flows
of the four floods that occurred between 1643 ad@5lcould not be reconstructed
because they were not recorded as flood marksthekfore, could not be added to the
over-threshold series. If only one flood exceed 4680 ni-s* threshold in that period
(1617-1787), the whole series would qualify asictary. As a result, Tarrega and
Zaragoza over-threshold series were valid for feeqy analysis and Tortosa series was
valid only if taken from 1787 onwards.

6.4.4. Frequency analysis

Flood frequency analyses were performed on difteseibsets of the data gathered in
(Tables Al, A2 and A3, see Appendix A). The resoltdhese frequency analyses are
shown in Table 6.7 and Figs. 6.7 and 6.8.

In Tarrega, the absence of systematic data preveheeuse of the AFINS software for
frequency analysis. In this case, only a simpleoeeptial function could be fitted to the
over-threshold non-systematic data. The fit wasetiogless very good, both visually (Fig.
6.8.a) and numerically: R= 0.9738 and maximum residual much smaller than th
Kolmogorov-Smirnov threshold value for 20% of Tylperror. The results obtained with
the exponential function are far greater that tlmeeso calculated by the hydraulic
administration (ACA, 2007) from rainfall data anchgdrological model (Fig. 6.8.a). In
fact, the expected peak flow doubles for the 10&-yeturn period (Table 6.8) and triples
for the 500-year return period (Table 6.9).

In the case of Zaragoza, the functions which fitbes$t the systematic and combined
series were Gumbel and TCEV, which almost overldpf@ble 6.7 and Fig. 6.8.a). In
this case, the inclusion of over-threshold nonaysttic data corresponding to historical
floods did not improve the results: there was al$% decrease in the expected peak
flows of 100 and 500-year return periods. These fivetions also overlapped with the
official calculations (Fig. 6.8.b).

Anyhow, the function with the best fit on the high8ow values (over a return period of
50 years) was an exponential equation fitted tor-tlweeshold data only, both visually
(Fig. 6.8.b) and numerically (Table 6.7); i.e. sl@stl maximum residual and smallest
mean square error. This equation coincided withoffieial estimations for the 100-year
expected peak flow (Table 6.8); however, its edtinud the 500-year expected peak flow
was 8.7% higher than the official one (Table 6.9).

In Tortosa, a sharp change occurred in the TCE\tian when the non-systematic data
were included in the analysis (Fig. 6.7.b). Thisswhe function best fitted to the
combined series among Gumbel, TCEV and SQRT-ETrabklé 6.7 and Fig. 6.7.b).
However, the exponential equation was again in ¢hise the best fitted of all to over-
threshold data (with return periods from 20 yeamy. the maximum residual and the
mean square error were much smaller than thoskeobther functions (Table 6.7 and
Fig. 6.8.c). In Tortosa, the official calculationeslaps the exponential equation for return
periods over 100 years; however, it seems to otisrate the peak flows below a return
period of 100 years.
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Table 6.7. Parameters of the functions fitted &ottiree types of series and goodness of fit through

Kolmogorov-Smirnov test (with Type | error or alph20%) and mean square error

pr

Kolmogorov-Smirnov test  Mean square err
Catchment  Series Function Parameters Maximum Threshold Over-
. value for Total | threshold
residual _
0=0.2 data
Peaks over a=-0.002
Tarrega | o 010 | Exponential | b =0.0206 0.013 0.247 10 10*
R?=0.9738
a=14.1125 . 1)
Gumbel X = 0.00166 0.043 0.108 5.16 NA
0, = 10.8762
. 8, =3.71636 ) @
Systematic| TCEV X, = 0.00165 0.049 0.108 516 | NA
A,=0.00182
SQRT- K = 61.3994 _ @
ETmax o= 0.02397 0.067 0.108 1.5-10| NA
o =15.1436 4
Zaragoza Gumbel X = 0.00175 0.081 0.105 1.3-10| 4-10
0, =11.1633
. 8,= 3.79247 4
Combined TCEV X = 0.00172 0.081 0.105 1.3-10| 4-10
A,=0.00182
SQRT- K=76.1622
ETmax o= 0.02735 0.134 0.105 55-10| 1.4-10°
Peaks over . a=-0.001 5
threshold Exponential | b =0.8209 0.007 0.247 19 10
R?=0.8768
a=7.18641 . 1)
Gumbel X = 0.00135 0.074 0.138 9.-16 NA
8, = 7.72230
. 8, = 8.05031 _ @
Systematic| TCEV X, = 0.00138 0.070 0.138 1.1-170| NA
A, =5.33320
SQRT- K = 19.4249 _ @
ETmax o = 0.01601 0.108 0.138 1.9-10| NA
o =4.81202
Tortosa Gumbel X = 0.00101 0.095 0.128 1.8-10| 1.2-10°
0, = 7.92679
. 8,=0.10973 4
Combined TCEV X = 0.00147 0.087 0.128 1.2.10| 10
A, = 0.00025
SQRT- K =14.2186 . 4
ETmax o= 001319 0.089 0.128 18 8-10
Peaks over a =-0.0003
Exponential | b =0.1831 0.008 0.215 210 | 2-10°
threshold R?= 0974

) NA: not applicable
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Figure 6.7. Frequency analyses in Zaragoza (a)lanmsa (b). Probability functions (Gumbel, TCEWan
SQRT-ETmax) fitted either to systematic or to atal
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Table 6.8. Relative difference (in %) in the expelgbeak flow of 100-year return period when caleda
from the series displayed at the left of the rostéad of the series displayed at the top of thenanl Over-
threshold series used to fit an exponential eqoatind systematic and combined series used torfiEV

function
Catchment Tarrega Zaragoza Tortosa
. Over- |Official jSystemr- . Over- | Official | System . Over- | Official
Series thresholg @ atic | COMPINed esholy @ atic [ COMPINeHecholy ©
Expected
peak flow] 461 224 4318 4201 4244 424p 4799 9571 9154 9277
(m*sh)
Non- | 461 — | 1w08] -
Tarrega | Systematic
Official® 224 -51
Systematiq 4318 2.8 1.7 1.7
Combined 4201 - -2.7] -1.1 -1.]
Zaragoza Over-
threshold 4246 -1.7 11 0.0
Official® | 4246 -1.7 1.1 0.0
Systematiq 4799 -50 -48 -48
Combined| 9571 99 4.6 2.
Tortosa Over-
threshold 9154 91 4.4 -1.3
Official® | 9277 93 3.1 1.3

W Official expected peak flow calculated by the hydiaadministration with rainfall-runoff modelling

(ACA 2007)
@ Official expected peak flow calculated by the hydi@ administration with systematic data
(MAGRAMAnN.d.)
Official expected peak flow calculated by the hydi@ administration with systematic and non-
systematic data (MAGRAMA n.d.)

The observed probabilities of the data plotted igsF6.7 and 6.8 and used in the
assessment of the quality of fit of the functiorerevcalculated with Egs. 6.5, 6.6 and 6.7
and with the data gathered in Table 6.10.

6.5. Discussion

In the Iberian Peninsula, the use of historicaln(sgstematic) information in flood
frequency analysis is recommended by the Water Amnation (Jiménez-Alvarez et al.,
2012). Indeed, the lack of historical informati@nccause a severe underestimation of the
expected peak flows of high return period. In gahethe estimates of the 500-year
expected peak flow using only systematic data ate 30 times smaller than when
historical information is included (Jiménez-Alvaretzal., 2012; Kjieldsen et al., 2014).

In this study, the differences were not so gredi:tines in Tortosa and no difference in
Zaragoza. But even in the case of Zaragoza, tHasion of historical information may
have the beneficial effect of reducing the uncatiaof expected peak flow estimates, as
Neppel et al. (2010) point out. In the case ofuhgauged catchment of Ondara River in
Tarrega, flood frequency analysis with historigaflormation was very much improved
because present-day calculation based on rainfiadff modelling seems to
underestimate the expected peak flows.
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Table 6.9. Relative difference (in %) in the expelgbeak flow of 500-year return period when caleda

from the series displayed at the left of the rostéad of the series displayed at the top of thenanl Over-

threshold series used to fit an exponential eqoatind systematic and combined series used torfiEV

function
Catchment Tarrega Zaragoza Tortosa
. Over- |Official jSystemr- . Over- | Official | System . Over- | Official
Series threshold @ atic | COMbINedy osholl @ atic [COMPINedy ocholg ©
Expected
peak flow] 1448 461 5281 5130 5596 514B 5964 16026 14115 14
(m’-s?)
Non- | 4448 214
Tarrega | Systematic
Official @ 461 -68
Systematiq 5281 2.9 -5.6 2.6
Combined 5130 --- -2.9 -8.3 -0.3
Zaragoza Over-
threshold 5596 6.0 9.1 8.7
Official® | 5148 25 0.4 -8.0
Systematiq 5964 -63 -58 -58
Combined 16026 169 14 21
Tortosa Over-
threshold 14115 137 -12 -1.7
Official® | 14359 141 -10 1.7

@

(ACA 2007)

(MAGRAMA n.d.)

systematic data (MAGRAMA n.d.)

Table 6.10. Values of the parameters used in E§s5% and 5.7

k, number | €', number | e, number | n,lengthof| s, length of
of over- of non- of the the
threshold systematic | systematic | combined | systematic
flows inthe | data over data over series series
series threshold threshold (years) (years)
Tarrega 7 7 NA) 398 NAD
Zaragoza 7 5 2 370 99
Tortosa 10 9 1 226 61

) NA: Not applicable because Tarrega has no systeseates

Official expected peak flow calculated by the hydi@administration with rainfall-runoff modelling

359

Official expected peak flow calculated by the hydi@ administration with systematic data

Official expected peak flow calculated by the hydi@ administration with systematic and non-

The Spanish water administration has found that @&&heralized Extreme Value), with
the probability weighted moments method (PWM), he function that best fits both
systematic and non-systematic series in most ostilndied Iberian catchments (Jiménez-
Alvarez et al., 2012). However, in small, steepckatents with severe convective
rainstorms, such as the Mediterranean ones of realiterian Peninsula, these same
authors find that the function that best fits is TCEV (Two-Component Extreme Value)
with the maximum likelihood method (ML). We founlat this function also fits to data
of a larger, less reactive catchment such as Elver ih Tortosa, this meaning that the
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series has two groups of data, each one fittednleyod the two components of the TCEV
function.

Indeed, in Tortosa, unlike in Zaragoza, it seenas the flow series is divided into two
different populations: that of the higher peak fto(@ver the censoring threshold and over
a return period of around 20 years) and that ofldweer peak flows. This “dog leg”
effect, pointed out by Potter (1958), Matalas (1)9@Bd Francés (1998), leads to the
better fit of the TCEV, which was especially degidrfor this circumstance and is more
recommended in the Western Mediterranean areadtinen functions, traditionally used
in frequency analysis, that can't fit to two-pogida series, such as Gumbel and Log-
Pearson Ill (Rossi et al., 1984; Franceés, 2004).

In the western Mediterranean region, the frequergtence of two different populations
of peak flows within the same series has been tirtkethe type of rainstorm causing the
flood. The frequent, low peak flows might be causgdrainfall from frontal systems,
whereas infrequent, high peak flows might be causetlighly convective summer and
autumn storms (Rossi et al., 1984). However, tlyisothesis was not analysed in this
paper and nothing can be said about it for the beieg.

Nonetheless, the presence of a “dog leg” effectartosa and its absence in Zaragoza
might be explained by differences in the data sefiWWhereas the Zaragoza series is
longer in the overall and in the historical andtegsatic periods (Table 6.10), both series
have the same historical/systematic ratio: 2.7ohistl data per 1 systematic datum. On
the other hand, they are very different when it esrto peaks over threshold per century
(Table 6.6): this variable remains unchanged inagara (1.9 peaks/century in the
historical period and 2.0 peaks/century in theeysitic one), but shows a great decrease
in Tortosa (5.5 peaks/century in the historicaligubrand 1.6 peaks/century in the
systematic one). Besides peaks over threshold drexyy there are differences in peak
flow values: indeed, whereas in Zaragoza the higbesk flow is only 1.6 times higher
than the threshold, in Tortosa the highest peak #02.9 times higher than the threshold
and there are two more peak flows more than dotiide threshold (Table 6.11).
Similarly, in Zaragoza, the highest non-systempéak flow is 1.3 times larger than the
highest systematic peak flow, while in Tortosas tfaitio is 2.8.

Table 6.11. Peak flow/threshold ratio of the oveeshold flows in Zaragoza and Tortosa

Zaragoza (Threshold: 3500°rg") Tortosa (Threshold: 4500°hs™)
Peak flow Peak Peak flow Peak
Year (m*sY | flowsthreshold| Y& (m*-sY flow/threshold
1643 5560 1.6 1787 12900 2.9
1775 5180 15 1907 10500 2.3
1871 4844 14 1937 9250 2.1
1787 4600 1.3 1853 8250 1.8
1961 4130 1.2 1866 7750 1.7
1874 3624 1.0 1884 6500 1.4
1930 3537 1.0 1921 5686 1.3
--- --- --- 1871 5000 1.1
=== === === 1916 4663 1.0
--- --- --- 1961 4580 1.0
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However, the reason for these differences in bodlguency and magnitude of over
threshold peak flows is still unclear and more aesle is needed: it could have a climatic
reason (if Zaragoza is more affected by floods fitgrdown from the Atlantic part of the
catchment and Tortosa is more affected by floodsvifig down the Pyrenees), an
anthropogenic cause (changes in the catchment,asutdnd use or dam construction) or
even other reasons uncertain so far.

6.6. Conclusions

In the ungauged basins, such as the Ondara Riv&anmega, flood frequency analysis
with historical information was extremely usefulchase it seemingly gives better
expected peak flow estimates than rainfall-runadidelling.

In the case of the Ebro River in Tortosa, the isidn of historical information into
systematic series resulted in a combined serids wid populations of data that follow
two different probability functions. In these casksquency analysis is greatly modified
and improved with the use of historical informatitmdeed, in Tortosa, the expected peak
flow estimates of 100 and 500-year return periodbew and 2.5 times higher,
respectively, when including non-systematic datnttvhen using only systematic data.
This difference was not observed in Ebro River aragoza, the series of which being
composed of only one population of data.

The existence of one population of data in Zaragmza of two in Tortosa may have
different explanations and more research is netml@dcertain whicluis the correct one.
In any case, this difference causes a differentedsn Zaragoza and Tortosa in terms of
the benefits produced by the inclusion of histdricBbrmation in frequency analysis.

Therefore, although the use of historical informatialways pays off in terms of
uncertainty reduction, the actual change in exgeptak flow estimates might depend on
the series characteristics, namely, the existeh¢&m populations of peak flows, which
ultimately depends on the hydrological and climatiaracteristics of the catchment.

Finally, although both in Zaragoza and Tortosa, ékponential equation fitted to the
over-threshold series showed a better fit for refpgriods higher than 50 years than the
functions fitted to the combined series (made upalbfdata, systematic and non-
systematic), more research is needed to argueishal only over-threshold data can lead
to more accurate expected peak flow estimates.

For further research, these frequency analysesl dmutone including other types of data
besides exact peak flows: values exceeding a thicksbr values within a range.
Moreover, peak flow errors, such as the one caledlan Chapter 5, should be included
in the analyses. Finally, other probability funasoof the GEV and GP families should
also be used.
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Appendix A. Systematic and non-systematic series eg

Table A.1. Non-systematic series used for frequemajysis in Ondara River in Tarrega

vear | Pk flowy” vear | PeaK flowy vear | Peak flowy vear | Peak flowy?
(m3' S—l) (m3' S—l) (m3' S—l) (m3' S—l)

1615 790 1783 490 1874 1190 198P 260

1644 1600 1842 210 1930 280 --- ---

@ Annual maximum instantaneous flow (Qci)

Table A.2: Systematic and non-systematic serieg fmdrequency analysis in Ebro River in Zaragoza

Peak flow" Peak flow" Peak flow" Peak flow"
Year (m*-sY) Year ) Year (m*-sY) Year (m*-sY)
1643 5566 1935 3108 1961 4130 1987 1208
1775 5186 1936 258¢ 1962 2576 1988 1869’
1787 4608 1937 1789 1963 2396 1989 697
1871 484%) 1938 3029 1964 1978 1990 1009
1874 3628 1939 3269 1965 2395 1991 1548
1914 1704 1940 2749 1966 2266 1992 1258
1915 2029 1941 3365 1967 3159 1993 2309
1916 1878 1942 2119 1968 249%) 1994 2148
1917 1949 1943 1834) 1969 1495 1995 1659
1918 173% 1944 1289 1970 2039 1996 1278
1919 2096 1945 1904 1971 1449 1997 20048
1920 2029 1946 1565’ 1972 164% 1998 1469
1921 93% 1947 2186 1973 1946’ 1999 845
1922 1369 1948 2199 1974 1429 2000 76
1923 2118 1949 14758 1975 2108 2001 1575
1924 1558 1950 1825 1976 1318 2002 57§
1925 1515 1951 1979 1977 2439 2003 2839
1926 1878 1952 3266 1978 315% 2004 1148
1927 2029 1953 1365 1979 2589 2005 799
1928 1874 1954 2476 1980 1886 2006 1479
1929 1639 1955 1488 1981 2948 2007 228%)
1930 3539 1956 274% 1982 1395 2008 1569
1931 32509 1957 12289 1983 1918 2009 1619
1932 1439 1958 2008 1984 1668 2010 1579
1933 2159 1959 2239 1985 1356 2011 1008
1934 1608 1960 2796 1986 959 2012 628

@ Annual maximum instantaneous flow (Qci)
@ Non-systematic series: reconstructed peak flowd318874)

@) sSystematic series: restored Qci with Qc value andQi relationship (1914-1942, 1944 and 1945).

Years begin on®1October of the previous year and end ofi 3&@ptember of the nominal year

@ Systematic series: mean Qci of the period 1946-2AB23). Years begin on*1October of the

previous year and end on"38eptember of the nominal year

®)  Systematic series: actual measurements from MAGRARNIA.) website’s series (1946-2012). Years

begin on 1 October of the previous year and end ofi 38ptember of the nominal year
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Table A.3: Systematic and non-systematic seried fmerequency analysis in Ebro River in Tortosa

Vear Peak flow" Vear Peak flow" Vear Peak flow" Vear Peak flowi"
(m3' S—l) (m3' S—l) (m3' S—l) (m3' S—l)
1787 12906 1961 45860 1979 299 1997 2704)
1853 8256 1962 295 1980 1199 1998 2429
1866 7758 1963 2159 1981 806" 1999 528
1871 50067 1964 1778 1982 897" 2000 o5&
1884 6508 1965 1748 1983 378t 2001 248%)
1907 10506 1966 192% 1984 1736 2002 541
1916 4668 1967 1979 1985 1404 2003 2429
1921 5686 1968 2409 1986 9off 2004 120%
1937 9250 1969 2604 1987 92¢Y 2005 679
1952 349 1970 2457 1988 1939 2006 1285)
1953 2028 1971 3238 1989 460 2007 1718
1954 2608 1972 2287 1990 73% 2008 1758
1955 228t 1973 1408 1991 1319 2009 1199
1956 2958 1974 2669 1992 858 2010 1338
1957 1778 1975 2094’ 1993 1808’ 2011 105%
1958 2034 1976 92&) 1994 1399 2012 738
1959 2047 1977 243% 1995 1504’
1960 4108 1978 2816 1996 1579

@ Annual maximum instantaneous flow (Qci)

@) Non-systematic series: reconstructed peak flow8741907 and 1937)

@ Non-systematic series: restored Qci with Qc vaha @c-Qci relationship (1916 and 1921)

@ Systematic series: actual measurements from MAGRARNIA.) website’s series (1952-2012). Years
begin on 1 October of the previous year and end ofi 38ptember of the nominal year
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Chapter 7. Conclusions

7.1. Main conclusions and secondary objectives

The main objective of this thesis, which was toestgate the huge possibilities of
guantitative historical hydrology applying it toseastudies in Catalonia and the Ebro
River basin, was met; in this thesis different a&tlons of historical hydrology are used
with novel approaches. More specifically, the faliog goals, which were the secondary
objectives of the thesis, were achieved:

1) The creation of a database intended to contaimeberds of all the major floods
occurred in Catalonia since 1500.

2) The reconstruction of a 400-year-long peak-oveeghold flow series for the
ungauged Ondara River catchment in Tarrega, by sneihydraulic modelling.
This series allowed, afterwards, the flood freqyeanalysis of this ungauged
catchment, with results very much different frome tbnes of the previous
frequency analysis, which was based on rainfalbfumodelling.

3) The complete reconstruction of 1874 Santa Teclahfldloods: historical
(casualties and damages), hydraulic (peak flows hgmbtographs), hydrological
(hyetographs) and meteorological (synoptic situmatmd processes that caused
the rainstorm).

4) The estimation of the error of a reconstructed gkak an estimation that wanted
to be as comprehensive as possible. This erroegtamated at about +31%.

5) The identification of the most influential inputnables on hydraulic modelling
results.

6) The flood frequency analysis in two locations witltihe Ebro River basin and the
different effects that the inclusion of historigaformation has on them, and a
flood frequency analysis in an ungauged catchmsimigureconstructed historical
floods only.

These goals helped obtain the specific concludioie found at the end of Chapters 2 to
6 and answer the research questions asked in 6dc80

In the view of these results, the working hypotbesiated in Section 1.2 has been
successfully proved: historical floods informatisra useful source of reliable knowledge
with direct applications in flood risk management.

7.2. Answers to the research questions

1) What characteristics and what kind of informatiblo@dd a database have in order to
be successfully used in historical flood recongtamn®

An exhaustive database with reliable and detaitgdriation is the solid base on
which support quantitative historical hydrology ander to obtain solid, credible
results. Therefore, a historical flood databaseughbe as complete and exhaustive
as possible in a given territory, so as to endumé o major floods and only a small
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2)

3)
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percentage of second and third order floods arsingsin order to do this, it should
be public and accessible in the Internet, so gsetmit other researchers furnish it
with newly found data. Besides, this public accssalso essential to facilitate the
use of historical hydrology to end users.

A useful database should identify each record sto asasily retrieve it in different

types of query: by catchment, by degree of destmgctby event. It should

completely identify the source of the informationdaclassify this source into
primary, secondary or tertiary, depending on thelmer of intermediaries between it
and the actual flood event. It should, as wellomporate and clearly identify the
clerical errors found in the sources of informatisa that this error is not introduced
again in the database as a correct record.

What can the most immediate applications of hydcardconstruction of historical
floods be? What is the best method to reconstrymak flow? What are the main
obstacles for hydraulic reconstruction to becomedespread tool among end users?

Hydraulic reconstruction of historical floods canprove flood frequency analyses in
ungauged catchments or in gauged catchments wiyhaoshort series of measured
flows. This improvement is more dramatic in ungalgatchments, where flood
frequency assessments are done with informatiomirsdd from rainfall-runoff
modelling from a short series of rainfall data atiais, far less accurate and more
subject to uncertainties. Other results of the aytlic reconstruction, such as water
velocity and flooded area, can be used in impro¥imgd protection plans.

The hydraulic reconstruction of a historical flooglk flow is usually done by means
of a hydraulic model. Nowadays, the use of one-dsimal models is more
widespread than the use of the allegedly more ateutwo-dimensional ones.
However, the latter are more costly in terms ofadabhd modeller training time,
because they are more complex. Conversely, thecapiph of the simple Manning’s
eguation at a single cross section seems to yaldlly accurate results. In any case,
more research is required before determining tipersority on one method over the
others.

The main obstacle for an end user to apply histbritydrology, once the water
height signalled by flood mark has been measuredhe scarcity of information
about the hydraulic characteristics of the modeltedch, namely channel and
floodplain geometry and roughness, at the timéefftood. However, these pieces of
information can always be approximately estimassdlong as the consequent error
in the results is assumed (see answers to Res@aedtions 4 and 5 below).

What usefulness does a complete reconstructiorhisterical flood have?

A flood and the damages that it causes are theuptaaf the complex interaction of
various processes (meteorological, hydrologicabraylic and even economic and
social) that evolve in different environments (agploere, catchment, stream, and
town) with different space and time scales. Theeefin order to fully analyse a
flood and to ultimately understand its causes,rapiete reconstruction is essential.
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4)

5)

This kind of reconstruction, composed of historaggrical analysis of casualties and
damages, hydraulic and hydrological modelling aneteorological analysis, is a
complex, lengthy endeavour that requires the coetbskills of a multidisciplinary
team of historians, hydraulic modellers, hydroltgyend meteorologists. A complete
reconstruction is not, therefore, a tool with dirapplication possibilities for end
users. However, it is a very interesting approachasic research, since it can help
gain insight into the different hydrological proses and meteorological patterns that
most frequently cause extreme floods. This detdilealvledge can be then used in
classifying floods according to their causes, whiebuld be extremely useful in
early warnings against floods, since it can imprfiwed forecasting. It can also be
used in climate change research and in studieb@m\volution of the hydrological
response of a catchment and on the social perceptitbood risk.

How much uncertainty does a historical flood retamded peak flow have? Is it
acceptable? Does this uncertainty make this reaaistl peak flow useless?

Many sources of error affect a hydraulically moeelpeak flow, let alone if it is the
peak flow of a historical flood, the hydraulic cheieristics of which have to be
inferred and estimated from present day values.d¥ew our estimation of the peak
flow error of the hydraulic reconstruction of onktbe greatest floods of the Ebro
River in the last 400 years, an estimation thatrided to take into account as many
error sources as possible, found an uncertainyamind +35%. This amount of error
is perfectly acceptable in a highly uncertain sceersuch as hydrology (Beven,
2006); actually, Cong and Xu (1987) sustain th&rimation about large floods is
useful even with errors up to 60%.

What input variables influence the most the peatftesult in hydraulic modelling?
And what input variables influence the most the kpdlaw uncertainty? What
recommendations could be made with the objective reducing peak flow
uncertainty?

In the hydraulic reconstruction of 1907 flood ofr&lRiver in Xerta with the HEC-

RAS model presented in Chapter 5, water heightfaasd to be the input variable
with the highest influence on the peak flow reswtowever, the roughness
coefficient (or Manning’s n), due to its higher enainty, had a greater contribution
to the peak flow total error. This is equivalentstay that water height is the input
variable that influences the most peak flow accuratiereas Manning’'s n is the
input variable that influences the most peak flowcgsion. Here, we must recall the
difference between accuracy and precision: accuiadye distance between the
actual value targeted and the modelled value; gi@tis the range of dispersion of
the modelled value or, in other words, its errts uincertainty (Fig. 7.1).

Ideally, a hydraulic reconstruction should aim &or accurate and precise peak flow;
this objective should be normally obtained withwaete and precise determinations
of the input variables. Unfortunately, as said ahydkie precision of the reconstructed
peak flow of a historical flood is much limited liye low precision of some input
variables, namely Manning’'s n, due to their appreate methods of estimation.
Oddly enough, when precision is low, accuracy dossneed to be extremely high,
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because the actual value is more likely to be odlin the wide range that a low
precision means even when the modelled value iseomirate (Fig. 7.2). Therefore,
since precision cannot be improved beyond a cepaint, an extreme accuracy of
peak flow is not required either. Moreover, accyrean in some cases be improved
by the compensation between different input vaesiincertainties.

Precise Imprecise
ot
Accurate || |
\\ ‘\\ \77// //" /"‘:
LSy
/ ‘/‘ \\‘ \“
Inaccurate ) /)|
\ \\ - / g /

. o P

Figure 7.1. Graphical definitions of accuracy angkcjsion.

Therefore, a first recommendation would be notubggreat effort in an extremely
accurate and precise determination of input vaeggbAn exception to this would be
extremely influential variables such as water heayid Manning’s n. Indeed, a great
effort should be put in verifying the flood marksliability via historiographical
research, as well as in precisely measuring themfaight signalled by the flood
marks. Besides, it is highly recommendable to ssenany flood marks as possible
of the same event in the same location in ordeetdy the results.

In the case of Manning’s n, precision is always leecause the methods to estimate
this input variable are approximate; and this miea is even lower when the
Manning’s n to be estimated are those of severatuces ago. Therefore, any
attempt of an accurate determination of Manning’asfor example, with detailed
soil use mapping and calibrations with known flowss,usually a futile exercise,
because, even if it is an accurate estimationillistill be imprecise.
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Figure 7.2. Graphical example of why accuracy $s lienportant in imprecise results: the slightly
inaccurate but very imprecise result includes titaa value just as the equally imprecise but more
accurate result. Conversely, accuracy is more itapbfor the more precise results.

In any case, the best recommendation would be to always estimate the uncertainty of
a model result, because, as Beven (2006) claims, not to do it is “simply indefensible
(or unscientific)”. Indeed, we should keep in mind that numerical models cannot
perfectly represent natural processes (Oreskes et al., 1994) and that their results will
always be subject to a non-negligible uncertainty.

6) In what measure does reconstructed historical imébion improve flood frequency
analysis?

As said in Research Question 2, flood frequencyyaisacan be very much improved
with the addition of historical floods. This impmawent is total and undeniable in
ungauged catchments, which are usually affectedidgiyly destructive flash floods;
in gauged catchments, it depends on the lengthhefsystematic series (the one
composed of measured flow values) and on how eiffethe systematic and non-
systematic data are (see Section 6.5). But evem whe inclusion of historical
information produces no differences in the quanti&imates, it can always help
reduce the uncertainty of those quantiles.

7.3. Other remarkable results

Historical information about large floods in Catain and the Ebro river basin is adequate
in both quantity and quality, since many floods Idobe reconstructed in the making of
this thesis.

Some of these reconstructed floods are first omlants. Indeed, four of the ten
reconstructed peak flows of 1874 Santa Tecla fl@vdswhen expressed as specific peak
flow or as K index, among the highest ever modetlecheasured in small catchments in
the Western Mediterranean basin. This fact classiSanta Tecla floods as one of the
heaviest events in the last five centuries in tte@.aThe same can be said of 1644 flash

163



Chapter 7. Conclusions

flood of the Ondara River in Tarrega. Similarlyt louanother spatial scale, 1787 flood in
the Ebro River is of the same order of magnitudettihhe greatest floods ever measured
in the Danube or the Rhone, in spite of lackingdheat contribution of snow thaw that
the two great Alpine-born rivers have.

The peak flows of the reconstructed historical dein the Ebro River basin are far larger
than the measured flows included in the systenssites, opposite to what happens in
most countries in Central Europe, where measuamtifl of the 20th century are greater
than the reconstructed historical ones. This mehat in the case of the Ebro River
basin, research in historical hydrology can pay infterms of improvement of flood
frequency analysis, especially for the rarest glemnt

Flood frequency analyses in two locations of thegoERiver gave insight into the
different hydrological behaviours regarding floaefshe two main subcatchments of the
basin. The hydrological regime of the western loélthe basin is dominated by gentler
floods coming from the areas closer to the Atla@iegzan and the eastern half is affected
by more violent floods coming down from the Pyrenee

7.4. Other contributions

This thesis is among the first applications of ditative historical hydrology (that is,
historical hydrology based on hydraulic reconsinrcof peak flows) in Catalonia and in
the Ebro River basin, as well as in the westernrpastof the Mediterranean basin.

It is an innovative thesis because it applies hisib hydrology techniques in a creative
manner:

— It introduces a novel interdisciplinary methodolofyy perform a complete
reconstruction of a flood and the first applicatiohthis methodology to 1874
Santa Tecla floods in an area of around 10008 Rimis methodology includes an
original procedure of reconstructing a hyetograghhydrological modelling. The
obtained hyetographs corresponded to perfectlyspgidai rainstorms and were
furthermore confirmed by the meteorological analysiased on the maps
reconstructed by the $0Century Reanalysis project (Compo et al., 201 hjictv
permitted to establish the synoptic situation a time of the flood and the
processes (prevailing winds, air moisture build symjden vertical instability) that
caused the rainstorm that ultimately caused thed8o The meteorological
analysis also provided an insight into the spatistribution of the event, which
could be then compared to the spatial variabilityhe reconstructed peak flows
in ten sites within five different catchments.

— It applies hydraulic reconstruction to both flakbotls and river floods, which are
processes that occur in different space and timlesc

— It compares three methods of peak flow estimatithe simple Manning’s
equation, the one-dimensional model HEC-RAS, amdtwo-dimensional model
Iber.
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— It presents the first example known to us of adlé®quency analysis with a flow
series composed solely of reconstructed histopeak floods, which, moreover,
were flash floods. This flood frequency analysissvedso innovative because it
fitted, with adequate results, a simple exponeritiaction to the reconstructed
data.

7.5. Limitations and future research

The major limitations of the research presentetthimthesis were:

— The lack of use of two-dimensional hydraulic modelhich are thought to give
more accurate results.

— Absence of some important input variables (namehlgnnel and floodplain
geometry, and model structure and assumptiong)druhcertainty assessment of
the hydraulic reconstruction.

— Absence of uncertainty assessment of the hydrabgéconstruction.

— Not having taken into account non-stationarityloo@l frequency analysis.

Therefore, the future endeavours of our researcpgrboth in the short- and in the
medium-term, are:

— Implementation of a flood marks database, whicksisential in order to, on the
one hand, guarantees the conservation of thisriuatderitage and, on the other
hand, to facilitate future historical hydrologistsrk.

— Re-calculation with a two-dimensional hydraulic mabdof some of the
reconstructed peak flows.

— Improvement and refinement of the procedure of blgdyical reconstruction of
hyetographs.

— Improvement of the uncertainty assessment of tloeawyic reconstruction, taking
into account as many input variables as possildengetry, model structure. This
uncertainty assessment should be extended to od#selts of the hydraulic
reconstruction, such as water velocity or the wingiérograph.

— Uncertainty assessment of the hydrological recanstn, that is, the estimation
of the error of the reconstructed hyetographs.

— Flood frequency analysis with methods that allokirtg into account the non-
stationarity of historical floods data.

— Propagation of hydraulic reconstruction uncertamto flood frequency analysis.
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— Classification of major floods depending on the @neblogical processes that
caused them.

— Exploration of relationships between periods offestént flood frequency and
climate variables.

— Thorough analysis of the hydrological behavioutthe# Ebro River basin and its
subcatchments during the major floods of the |86t years.

— Analysis of modern flash floods in order to quantteir sediment load and, thus,
the viscosity of the flow with the objective to iestite these variables in past flash
floods in the same catchments.

7.6. Final remark
| would like to end this dissertation with a quatieits supervisor J. Carles Balasch: “In

order to understand the hydrology of the future,sitessential to reconstruct and
understand the hydrology of the past”.
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