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Abstract

Floods are the most frequent natural disasters in Europe, causing significant socioeconomic losses.
There is a general concern that climate and environmental change may affect the magnitude and
frequency of floods. As a consequence, hydraulic structures and flood defences, whose design did
not account for those changes, may become inadequate to provide the required protection level
over time. Several local and regional trend detection studies have provided evidence of past flood
regime changes in Europe. These studies have typically analysed changes in the mean annual
flood discharge, while trends in floods associated with large return periods, such as the 100-year
flood, have not been studied. Also, their underlying causes have not been explained yet in a
quantitative and formally consistent way. The aim of this thesis is to understand whether trends
in flood discharges also occurred for larger return periods and to attribute them to their drivers.
For this purpose, this thesis proposes new data-based attribution approaches.

In Chapter 2, regional trends in flood quantiles, in particular the median and the 100-year flood,
are assessed across Europe with a non-stationary regional flood frequency approach. The flood
data analysed in this research consist of a unique pan-European database of annual maximum
discharges from 2370 hydrometric stations, covering five decades (i.e. 1960-2010). Results
show that in northwestern Europe the trends in flood magnitude are generally positive. In
small catchments, the 100-year flood increases more than the median flood, while the opposite is
observed in medium and large catchments. In southern Europe flood trends are generally negative.
The 100-year flood decreases less than the median flood and, in the small catchments, the median
flood decreases less compared to the large catchments. In eastern Europe the regional trends are
negative and do not depend on the return period, but catchment area plays a substantial role:
the larger the catchment, the more negative the trend.

A data-based attribution approach is proposed in Chapter 3 for selecting which driver best
explains variations in time of the flood frequency curve. This approach considers three groups
of potential drivers (i.e. atmospheric, catchment and rivers system drivers) and consists of
comparing and selecting alternative driver-informed models at the catchment scale, based on an
information criterion. This approach is applied to a case study, consisting of 96 gauges in Upper
Austria, where flooding has become more intense during the last 50 years. This allowed us to
identify changes in extreme daily precipitation as the most probable cause of flood change, as
well as to exclude the influence of human intervention on landscape or rivers.

In Chapter 4 we extend the approach of Chapter 3 to estimating the relative contributions
of potential drivers to the flood changes across Europe (those detected in Chapter 2) as a
function of return period, through a regional non-stationary flood frequency analysis. Extreme
precipitation, antecedent soil moisture and snowmelt are the potential drivers considered in this
chapter. Results show that, in northwestern Europe, extreme precipitation mainly contributes
to changes in both the median and 100-year flood, while the contributions of antecedent soil
moisture are of secondary importance. In southern Europe, both antecedent soil moisture and
extreme precipitation contribute to flood changes, and their relative importance depends on the
return period. Antecedent soil moisture is the main contributor to changes in the median flood,
while the contribution of the two drivers to changes in larger floods are comparable. In eastern
Europe, snowmelt drives changes in both the median and the 100-year flood.
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This thesis contributes to flood change research in two ways: methodologically and factually.
It proposes new approaches for the formal attribution of flood changes, which may be relevant
in other regions, and it provides continental-scale detection and attribution results for flood
changes that improve our understanding of observed flood regime changes across Europe. The
understanding of past flood changes is important for better informed flood management strategies.
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Kurzfassung

Hochwiésser sind die haufigste Naturkatastrophe in Europa und verursachen erhebliche sozio-
O0konomische Schiaden. Verdnderungen des Klimas und der Umwelt beeinflussen die Grofie und
die Haufigkeit von Hochwissern. Infolgedessen kann die Bemessung von Wasserbauten und
Mafinahmen fiir den Hochwasserschutz nicht mehr ausreichen, um das erforderliche Schutzniveau
aufrecht zu erhalten. Wissenschaftliche Arbeiten zu lokalen und regionalen statistischen Trends
haben Hinweise auf Anderungen des Hochwasserregimes in Europa geliefert. In diesen Studien
wurden in der Regel Anderungen des mittleren jahrlichen Hochwasserabflusses analysiert, wihrend
Trends von Hochwassern mit grofier Wiederkehrperiode/Jahrlichkeit, wie z. B. einem 100-jahrigen
Hochwasser, nicht untersucht wurden. Ferner wurden die zugrunde liegenden Ursachen fiir die
beobachteten statistischen Trends nicht quantitativ und formal konsistent ausgearbeitet. Ziel
dieser Arbeit ist es zu verstehen, ob Trends in Hochwasserdurchfliissen auch bei gréofleren Wieder-
kehrperioden aufgetreten sind, und diesen ihre Treibern zuzuordnen. Zu diesem Zweck werden in
dieser Arbeit neue datenbasierte Attributionsansétze entwickelt.

In Kapitel 2 werden regionale Trends in Hochwasserquantilen, insbesondere dem Median
und dem 100-jahrigen Hochwasser, europaweit mit einem instationédren, regionalen Hochwas-
serhdufigkeitsansatz geschétzt. Die in dieser Studie analysierten Hochwasserdaten bestehen aus
einer einzigartigen europaweiten Datenbank. Es handelt sich um Beobachtungen von jahrlichen
Maximaldurchfliissen von 2370 hydrometrischen Stationen, die fiinf Jahrzehnte abdecken (d. h.
1960-2010). Die Ergebnisse zeigen, dass in Nordwesteuropa Trends in Hochwasserdurchfliissen im
Allgemeinen positiv sind. In kleinen Einzugsgebieten nimmt das 100-jdhrige Hochwasser stéirker
zu als das mittlere Hochwasser, wihrend in mittleren und grofien Einzugsgebieten das Gegenteil
beobachtet wird. In Stideuropa sind die Trends in Hochwasserdurchfliissen im Allgemeinen negativ.
Das 100-jahrige Hochwasser nimmt weniger ab als das mittlere Hochwasser, und in den kleinen
Einzugsgebieten nimmt das mittlere Hochwasser im Vergleich zu grofien Einzugsgebieten weniger
ab. In Osteuropa sind regionale Trends in Hochwasserquantilen negativ und héngen nicht von
der Wiederkehrperiode ab, aber die Einzugsgebietsgrofie spielt eine wesentliche Rolle: Je grofler
das Einzugsgebiet, desto negativer ist der beobachtete Trend.

In Kapitel 3 wird ein datenbasierter Attributionsansatz vorgestellt, um zu quantifizieren welche
Treiber die zeitlichen Schwankungen der Hochwasserhéufigkeitskurve am besten erklédren. Der
Ansatz verwendet drei Gruppen potenzieller Treiber (d. h. atmosphérische, einzugsgebietsbezogene
und flusssystembezogene Treiber). Alternative, durch Treiber informierte, Modelle werdenauf
der Einzugsgebietsskala anhand eines Informationskriteriums verglichen. Dieser Ansatz wird
in einer Fallstudie angewendet, die aus 96 Hochwasserzeitreihen in Oberdsterreich besteht,
wo Hochwasserdurchfliissse in den letzten 50 Jahren zugenommen haben. Dies erlaubt uns
Anderungen des extremen téglichen Niederschlags als wahrscheinlichste Ursache fiir beobachtete
Hochwasserverdanderungen zu identifizieren und den Einfluss menschlicher Eingriffe auf Landschaft
und Fliisse als dominante Treiber auszuschlieflen.

In Kapitel 4 erweitern wir den Ansatz aus Kapitel 3 auf die Schitzung der relativen Beitrige
potenzieller Treiber zu Hochwasserianderungen in ganz Europa (welche in Kapitel 2 detektiert
wurden) als Funktion der Wiederkehrperiode im Kontext einer regionalen instationdren Hoch-
wasserhdufigkeitsanalyse. Extreme Niederschlége, Bodenfeuchtigkeit und Schneeschmelze sind
die potenziellen Treiber, die in diesem Kapitel beriicksichtigt werden. Die Ergebnisse zeigen, dass
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in Nordwesteuropa hauptsichlich extreme Niederschldge zu Verdnderungen sowohl des mittleren
als auch des 100-jahrigen Hochwassers beitragen, wihrend Beitridge der Bodenfeuchtigkeit von
geringerer Bedeutung sind. In Stdeuropa tragen sowohl Bodenfeuchtigkeit als auch extreme
Niederschldge zu Hochwasserdanderungen bei, und ihre relative Bedeutung hingt von der Wieder-
kehrperiode ab. Bodenfeuchtigkeit trigt hauptsichlich zu Anderungen der mittleren Hochwasser
bei, wihrend der Beitrag der beiden Treiber zu Anderungen gréfierer Hochwasser vergleichbar ist.
In Osteuropa fithrt Schneeschmelze zu Verdnderungen sowohl im Median als auch im 100-jdhrigen
Hochwasser.

Diese Arbeit tragt auf zwei Weisen zur Erforschung der Verdnderungen von Hochwassern
bei: methodisch und sachlich. Es werden neue Ansétze fiir die quantitative Attribution von
Hochwasseranderungen vorgestellt, die in anderen Regionen relevant sein kénnen. Und es werden
Ergebnisse zu Detektion und Attribution von Hochwasserdnderungen auf kontinentaler Ebene
erarbeitet, die unser Verstéindnis von beobachteten Anderungen des Hochwasserregimes in Europa
verbessern. Damit kéonnen Mafinahmen des Hochwassermanagement noch sicherer und effizienter
gestaltet werden.
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Chapter 1
Introduction

Increasing flood hazard in Europe has become a major concern as a consequence of severe flood
events experienced in the last decades, as, for instance, the extreme floods occurred in central
Europe in 2002 (Ulbrich et al., 2003) and 2013 (Bloschl et al., 2013a), and the winter floods in
northwest England in 2009 (Miller et al., 2013) and 2015-16 (Barker et al., 2016). As a result,
past flood regime changes in Europe have been investigated by several local and regional trend
detection studies. These studies typically analysed catchments individually and investigated
whether spatial clusters or coherent regional patterns of flood trends could be observed (e.g.
Petrow and Merz, 2009; Prosdocimi et al., 2014; Mangini et al., 2018). The main limitation of
most at-site studies is the limited flood data locally available, which results in high uncertainties in
the detected trends. In order to overcome the limitation of at-site studies, regional non-stationary
flood frequency methods were proposed (e.g., Renard et al., 2006b; Leclerc and Ouarda, 2007),
where flood data are pooled across multiple sites within homogeneous regions (Dalrymple, 1960;
Hosking and Wallis, 1997) and the regional estimate depend on time (e.g. Cunderlik and Burn,
2003; Renard et al., 2006a; Leclerc and Ouarda, 2007; Hanel et al., 2009) or on time-varying
climatic or anthropogenic covariates (e.g. Lima and Lall, 2010; Renard and Lall, 2014; Prosdocimi
et al., 2015). Other approaches analysed coherent regional change by testing for the presence of
trends in regional variables, such as the number of annual floods in the region (e.g. Hannaford
et al., 2013), or with regional tests (e.g. Douglas et al., 2000; Renard et al., 2008).

The above studies are heterogeneous with respect to flood data types, period of records,
detection approaches and spatial coverage (Hall et al., 2014). In recent years, thanks to the
release of pan-European and global flood databases (Hall et al., 2015; GRDC, 2016), European-
wide trend detection studies have been published (Bloschl et al., 2017; Bloschl et al., 2019;
Mangini et al., 2018). They revealed evidence of positive trends in the magnitude of the mean
annual flood in north-western Europe and negative trends in southern and eastern Europe.
However, few examples exist where observed trends in different flood quantiles (e.g. the 100-year
flood) are analysed, as changes in the mean annual (or median) flood are typically investigated.

While a wide body of literature on the detection of flood changes is available, proper methods
for the identification of their underlying causes (i.e. flood change attribution) have not been
proposed yet. According to Pinter et al. (2006), Merz et al. (2012) and Hall et al. (2014),
potential drivers of change in flood regimes can be clustered into three groups: atmospheric,
catchment and river system drivers. Atmospheric drivers are changes in climate variables,
such as total precipitation, precipitation intensity/duration, temperature, and radiation. These
changes typically occur consistently over large regions, resulting in gradual changes in time in
the mean or variance of peak discharges. Catchment drivers are changes in runoff generation and
concentration processes (e.g. changed infiltration and storage characteristics) caused, for instance,
by land-use changes. These processes, such as urbanization or deforestation, are more likely to
occur gradually in time and at small scales, with decreasing effects on floods with catchment size.
River system drivers are changes in processes affecting flood wave propagation, such as river
training, the construction of hydraulic structures, modification of river morphology, roughness or
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14 1 Introduction

storage. They typically produce step changes in flood peak discharges with increasing effects
with catchment size.

The way attribution is approached in flood trend studies is mainly through qualitative reasoning,
attempting to explain the change in flood regime with some climate variables (e.g. precipitation
and circulation patterns) or with anthropogenic effects (e.g. river training, dam construction or
land use change), and citing literature as support for the hypothesised attribution statements
(Merz et al., 2012). In other cases, the detected flood changes are quantitatively related to
potential drivers and two different approaches have been used in literature: data-based and
simulation-based approaches. The data-based approach, usually, tries to statistically correlate
the mean or extreme characteristics of the flood time series to climate drivers. Climate indices or
other atmospheric variables (usually precipitation) are used as covariates of the flood frequency
distribution parameters, in order to allow a better fit to the data (e.g., Sraj et al., 2016; Silva,
et al., 2017; Steirou et al., 2019). On the other hand, simulation-based methods, try to reproduce
the observed flood changes by introducing, in a hydrological model, changes in a potential driver
and by observing their effects on the simulated hydrograph characteristics (e.g., Renard et al.,
2008; Vorogushyn and Merz, 2013; Skublics et al., 2016). Rarely more than one driver is taken
into consideration and catchments are often analysed individually. One exception is Viglione
et al. (2016), who proposed a framework for the estimation of the regional relative contribution
to flood trends of each of the three drivers, exploiting the scaling with catchment area.

The aim of this thesis is to contribute to recent research on flood regime changes in Europe
through the assessment of trends in flood quantiles (e.g. the median and the 100-year flood)
across Europe and their attribution to potential drivers. In particular, this thesis addresses the
following research questions:

1. Are changes in small and big floods different?

2. Is it possible to identify the main driver of flood change using a data-based attribution
approach?

3. Do small and large floods have the same drivers of change?

Each chapter of this thesis corresponds to a scientific paper (published or in preparation). Chapter
2 investigates and compares trends in small versus big flood events (i.e. the median and the
100-year flood) in the period 1960-2010 across Europe, through a regional non-stationary flood
frequency approach. Chapter 3 proposes a local data-based attribution approach, which is applied
investigate whether atmospheric, catchment and river drivers determined the river flood changes
in Upper Austria. Chapter 4 analyses the relative contribution of three climatic drivers (i.e.
extreme precipitation, antecedent soil moisture and snow melt) across Europe on flood changes
as a function of the return period. Finally, Chapter 5 presents an overview of the results and the
overall conclusion of the thesis.
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Chapter 2

Flood trends in Europe: are changes in small
and big floods different?

The present chapter corresponds to the following scientific publication in its original form:

Bertola M., Viglione A., Lun D., Hall J. and Bléschl G. (2020). "Flood trends in Europe: are
changes in small and big floods different?". Hydrology and Earth System Sciences, 24(4), pp.
1805-1822. doi: 10.5194/hess-24-1805-2020.

Abstract

Recent studies have revealed evidence of trends in the median or mean flood discharge in Europe
over the last five decades, with clear and coherent regional patterns. The aim of this study is to
assess whether trends in flood discharges also occurred for larger return periods, accounting for the
effect of catchment scale. We analyze 2370 flood discharge records, selected from a newly-available
pan-European flood database, with record length of at least 40 years over the period 1960-2010
and with contributing catchment area ranging from 5 to 100000 km?. To estimate regional
flood trends, we use a non-stationary regional flood frequency approach consisting of a regional
Gumbel distribution, whose median and growth factor can vary in time with different strengths
for different catchment sizes. A Bayesian Markov chain Monte Carlo (MCMC) approach is used
for parameter estimation. We quantify regional trends (and the related sample uncertainties), for
floods of selected return periods and for selected catchment areas, across Europe and for three
regions where coherent flood trends have been identified in previous studies. Results show that in
northwestern Europe the trends in flood magnitude are generally positive. In small catchments
(up to 100 km?), the 100-year flood increases more than the median flood, while the opposite is
observed in medium and large catchments, where even some negative trends appear, especially in
northwestern France. In southern Europe flood trends are generally negative. The 100-year flood
decreases less than the median flood and, in the small catchments, the median flood decreases
less compared to the large catchments. In eastern Furope the regional trends are negative and
do not depend on the return period, but catchment area plays a substantial role: the larger the
catchment, the more negative the trend.

2.1 Introduction

Increasing flood hazard in Europe has become a major concern as a consequence of severe flood
events experienced in the last decades, as, for instance, the extreme floods occurred in central
Europe in 2002 (e.g. Ulbrich et al., 2003) and 2013 (e.g. Bloschl et al., 2013a), and the winter
floods in northwest England in 2009 (e.g. Miller et al., 2013) and 2015-16 (e.g. Barker et al., 2016).
Hence a growing number of flood trend detection studies has been published in recent years.
These studies typically analyse a large set of time series of flood peaks in a region and test them
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16 2 Flood trends in Europe

for the presence of significant gradual or abrupt changes in flood magnitude or frequency. For
example, Petrow and Merz (2009) analysed eight flood indicators, from 145 gauges in Germany
over the period 1951-2002, and detected mainly positive trends in the magnitude and frequency of
floods. Villarini et al. (2011) tested flood time series of 55 stations in central Europe, with at least
75 years of data, for abrupt or gradual changes and found mostly abrupt changes associated with
anthropogenic intervention (such as the construction of dams and reservoirs and river training).
Mediero et al. (2014) detected a general decreasing trend in the magnitude and frequency of
floods in Spain, with the exception of the north-west. Prosdocimi et al. (2014) investigated the
presence of trends in annual and seasonal maxima of peak flows in the UK and found clusters of
increasing trends for winter peaks in northern England and Scotland, and decreasing trends for
summer peaks in southern England. These studies are highly heterogeneous in terms of flood data
types, period of records and detection approaches and it is therefore not trivial to deduce regional
patterns of flood regime change at the larger continental scale. Despite this fragmentation, Hall
et al. (2014) summarized the findings of previous studies in a map of increasing, decreasing and
not detectable flood changes for Europe, and showed the existence of consistent regional patterns.
In particular, in central and western Furope flood magnitude appeared to increase with time,
while it seemed to decrease in the Mediterranean catchments and in eastern Europe.

More recently, thanks to the availability of European and global high spatial resolution
databases, large-scale investigation studies across Europe have been published. Mangini et al.
(2018) extracted 629 flood records from the Global Runoff Data Center database (GRDC, 2016)
and compared the detected trends in magnitude and frequency of floods from different approaches
(annual maximum flood and peak over threshold) for the period 1965-2005. Bléschl et al. (2019)
analysed 2370 flood records from a newly available pan-Furopean flood database consisting of
more than 7000 observational hydrometric stations and covering the last five decades (Hall et al.,
2015) and revealed consistent spatial patterns of trends in the magnitude of the annual maximum
flood, with clear positive trends in northwestern Europe and decreasing trends in southern and
eastern Europe.

Existing studies typically analyse catchments individually and investigate whether spatial
clusters or coherent regional patterns of flood trends can be observed (e.g. Petrow and Merz,
2009; Prosdocimi et al., 2014; Mangini et al., 2018). Based on predefined regions or obtained
change patterns, some studies aggregate flood records and local test results in order to assess their
field significance (e.g. Douglas et al., 2000; Mediero et al., 2014; Renard et al., 2008). The main
limitation of most at-site studies is the short length of the flood peak records locally available for
the detection of trends, resulting in low signal-to-noise ratio and hence high uncertainties in the
detected trend. Increasing the signal-to-noise ratio can be achieved by pooling flood data from
multiple sites within homogeneous regions, as in regional frequency analyses (Dalrymple, 1960;
Hosking and Wallis, 1997). Several studies propose non-stationary regional frequency analyses
for changes in precipitation extremes and flood trends, that consider the dependency of regional
estimates on time (e.g. Cunderlik and Burn, 2003; Renard et al., 2006a; Leclerc and Ouarda,
2007; Hanel et al., 2009; Roth et al., 2012) or on climatic and anthropogenic covariates (e.g.
Lima and Lall, 2010; Tramblay et al., 2013; Renard and Lall, 2014; Sun et al., 2014; Prosdocimi
et al., 2015; Viglione et al., 2016). Other approaches analyse coherent regional change by testing
for the presence of trends in regional variables, as the number of annual floods in the region (e.g.
Hannaford et al., 2013), or with regional tests (e.g. Douglas et al., 2000; Renard et al., 2008).

However, most of the cited studies investigate changes in the mean annual (or median) flood
only, and few examples exist where observed trends in different flood quantiles are analysed.
Typically, flood quantiles obtained with stationary and non-stationary flood frequency approaches
are compared (see e.g. Machado et al., 2015; Sraj et al., 2016; Silva et al., 2017). The detection of
changes in the magnitude of flood quantiles is much more common for precipitation (e.g. Hanel
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et al., 2009) or in flood projection studies (e.g. Prudhomme et al., 2003; Leander et al., 2008;
Rojas et al., 2012; Alfieri et al., 2015).

To address this research gap, the aim of this study is to assess the changes in small vs. big
flood events (corresponding to selected flood quantiles) across Europe over five decades (i.e.
1960-2010), and to determine whether these changes have been subject to different degrees of
modification in time. Moreover, given that the impacts of different drivers of change on floods
are expected to be strongly dependent on spatial scales (Bloschl et al., 2007; Hall et al., 2014), it
is also of interest to assess the effect of catchment area, by comparing changes of flood quantiles
for catchments of different sizes. Since the length of at-site flood records is often not sufficient to
enable the reliable estimation of flood quantiles associated with high return periods (i.e. low
probability of exceedance, e.g. the 100-year flood), in this study we adopt a (non-stationary)
regional flood frequency approach, which pools flood data of multiple sites in order to increase
the robustness of the estimated regional flood frequency curve and its changes over time. The
methods and the flood database are described in detail in Sect. 2.2. The results are presented in
Sect. 2.3, where we show the estimation of the flood quantiles and their trends in one example
region (Sect. 2.3.1), the patterns of flood regime changes emerging from a spatial moving window
analysis across Europe (Sect. 2.3.2) and the flood regime changes in three relevant macro-regions
(Sect. 2.3.3).

2.2 Methods

2.2.1 Regional flood change model

In order to quantify the changes in time in flood quantiles corresponding to different return
periods for catchments of different size, we propose a regional flood change model that is more
robust than local (at-site) trend analysis, in particular regarding trends associated to large
quantiles of the flood frequency curve. We assume annual maximum flood peak discharges
to follow the Gumbel distribution (i.e. Extreme Value distribution type I), whose cumulative
distribution is defined as:

-8

Fx(z) =p = exp (— exp (— >> = exp (—exp (—y)),

where £ and o are the location and scale parameter and

y=""5 = (- mp),
o

is the Gumbel reduced variate. The corresponding quantile function, i.e., the inverse of the
cumulative distribution function, is:

q(p) =& —oln(~Inp) = £ + oy,

In this chapter we consider two alternative parameters which better relate to the literature
on regional frequency analysis, especially to the Index-Flood method of Dalrymple (1960) and
Hosking and Wallis (1997). The alternative parameters are: (1) the 2-year quantile or median
g2 (which corresponds to the index-flood), and (2) the 100-year growth factor x’,, which gives
the 100-year quantile as gioo = ¢2(1 + 2)) in a similar fashion to the modified quantiles in
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18 2 Flood trends in Europe

Coles and Tawn (1996) and Renard et al. (2006b). The relationships linking these alternative
parameters to the Gumbel location and scale parameters are:

@2 =&+ oyo
oo = (Y100 — y2)/ (€ + oY)

where y2 = —In(—1In(0.5)) and (y100 — y2) = —In(—1n(0.99)) + In(—1In(0.5)). The quantile
function, with the alternative parametrisation, is here expressed as a function of the return
period T'=1/(1 — p) as:

ar = q2 (1 + arig) , (2.1)

where ar = (yr — v2)/(y100 — y2) and yr = —In(—In(1 — 1/7")). In particular, ap=0 for T'=2
and ar=1 for T=100.

In the following we estimate the parameters of the Gumbel distribution both locally and
regionally. For the local case, we allow the parameters to change with time according to the
following log-linear relationships:

Ingy =Inag, +an, -t (2.2)
Inalgy =Inag, +ag -t '

For the regional case we introduce the scaling of g2 and z/, with catchment area S, according
to the following relationships:

Ings = Inag, +72,In5 + (g, + 72, InS) -t +¢
In@igg = Inag, + 74 In S+ (g, +75 InS) -t (2.3)
e~N(0,0)

where the o and 7 terms are parameters to be estimated (the 7 terms control the scaling with
area) and the e term accounts for the fact that additional local variability, on top of the one
explained by time and catchment area, is affecting the index flood but not the growth curve.
In our model, a homogeneous region is thus formed by sites whose growth curve depends on
catchment area and time only, and whose index flood also depends on other factors which
determine an additional noise (here assumed normal).

We investigate changes in flood quantiles associated with fixed annual exceedance probability
1 — p, or, equivalently, with fixed return period 7'= 1/(1 — p). The relative change in time of the
generic flood quantile ¢p is thus derived, for the local case, from Eq. 2.1 and Eq. 2.2:

1 dqr g,
—— = 2.4
qr dt a2, + agl 1 4 ar’ g ( )
and, for the regional case, from Eq. 2.1 and Eq. 2.3 :
1 dgpr Qg + Vg, In S
—— = InS - & - 9L 2.5
qr dt Qg + g, + (721 +791) n 1+ aTx,lOO ( )

The model parameters, the quantiles and their local and regional relative trends are estimated
by fitting the local and regional models to flood data with Bayesian inference through a Markov
chain Monte Carlo (MCMC) approach. One of the advantages of the Bayesian MCMC approach
is that the credible bounds of the distribution parameters (and other estimated quantities) can
be directly obtained from their posterior distribution, without any additional assumption. The
MCMC inference is performed using the R package rStan (Carpenter et al., 2017). It generates
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samples with a Hamiltonian Monte Carlo algorithm, that uses the derivatives of the density
function being sampled to generate efficient transitions spanning the posterior (Stan Development
Team, 2018). For each inference, 4 chains, with 100000 simulations each, are generated with
different initial values of the parameters and checked for their convergence. An improper uniform
prior distribution over the entire real line is set for the parameters, with the exception of ap,
and ay, for which we use an improper uniform prior distribution over the entire positive real
line. When fitting the regional model we make the assumption of regional homogeneity with
regards to the distribution of flood peaks, allowing local variability of the median value and its
changes in time.

Spatial cross-correlation between flood time series at different sites is not accounted for in
this model (i.e. it assumes independence of flood time series in space), however, it is possible to
quantify its effects in first approximation in a Bayesian framework through an approach based on
a magnitude adjustment to the likelihood (Ribatet et al., 2012). This approach consists in scaling
the likelihood with a proper constant exponent to be estimated between 0 and 1, that results
in inflating the posterior variance of the parameters and consequent increase of the width of
parameter uncertainty intervals, reflecting the overall effect of spatial dependence in the data (see
Appendix B). In the case of spatial independence the magnitude adjustment factor is 1, whereas
values of the magnitude adjustment factor close to 0 indicate strong inter-site correlation of
floods and substantially larger sample uncertainties resulting from the adjusted model compared
to the model where spatial cross-correlation is not accounted for. For further details about the
method and its application to hydrological data, see Smith (1990), Ribatet et al. (2012) and
Sharkey and Winter (2019). We apply this method to an example region in central Europe, in
order to quantify the magnitude of the uncertainty underestimation associated with the model
assumption of spatial independence in flood data.

2.2.2 European flood database

In this study, we analyse annual maximum discharge series from a newly available pan-European
flood database, consisting of more than 7000 observational hydrometric stations and covering
five decades (Hall et al., 2015). Their contributing catchment areas range from 5 to 100000 km?
and several nested catchments are included in the database.

For comparability with Bloschl et al. (2019), only the stations satisfying the following selection
criteria, based on record length and even spatial distribution, are considered for the estimation
of the regional trends. We select stations with at least 40 years of data in the period 1960-
2010, with record starting in 1968 or earlier, and ending in 2002 or later. Additionally, in
order to ensure a more even spatial distribution across Europe, in Austria, Germany and
Switzerland (countries with highest density of stations in the database) the minimum record
length accepted is 49 years; in Cyprus, Italy and Turkey 30 years are accepted, and in Spain 40
years without restrictions to the start and end of the record. Figure 2.1 shows the locations of
the 2370 station satisfying the above selection criteria. The flood discharge data are accessible at
https://github.com/tuwhydro/europe_floods.

2.2.3 Experimental design for the regional analyses

In this study, the regional flood change model of Sect. 2.2.1 is initially fitted to flood data of
multiple sites that are pooled within spatial windows of size 600x600 km, with an overlapping
length of 200 km in both directions. The size and overlapping length of the windows are chosen,
after several preliminary tests, in order to ensure a sufficient number of gauges within each
window and an appropriate spatial resolution at which to present the regional trends at the



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

20 2 Flood trends in Europe

continental scale. Significant differences in spatial change pattern are not observed when changing
the window size (not shown). The rationale behind the homogeneity assumption is that the
spatial windows, given their size, are characterized by comparatively homogeneous climatic
conditions (and hence flood generation processes) and processes driving flood changes. Figure 2.1
shows the resulting 200x200 km grid cells. Each of the 600x600 km windows considered in this
analysis is composed of 9 neighbouring cells as represented, for example, by the black rectangular
region, whose regional trend estimates are shown in detail in Sect. 2.3.1. The example region is
selected in central Europe because of the number of available gauges with different ranges of
contributing catchment areas. In each window we estimate the regional relative trend in time of
q2 and q100, as defined in Eq. 2.5, for small and big catchment sizes (i.e. assuming S=100 and
10000 km? in the model). Note that this analysis intends to show the estimated flood trends
in hypothetical catchments with a specific size, which may not be represented in the database
or may not exist everywhere across Europe, based on fitting the model to existing catchments.
The idea is here to compare between trends in small vs large catchments, therefore the trends
are shown also for regions where they represent an extrapolation for the hypothetical catchment
areas. We plot the resulting trends on a map by assigning their values to the respective central
200x200 km cell (e.g. the light red area in Fig. 2.1). The number of stations within each of the
considered 600x600 km windows is shown in Fig. A.1 for several ranges of catchment size.

Figure 2.1 shows three macro-regions (numbers 1-3) located in northwestern Europe, southern
Europe and eastern Europe, respectively. These regions were identified in Bloschl et al. (2019) by
visual inspection of the flood trend and flood seasonality patterns and represent large homogeneous
regions in terms of changes in the mean annual flood discharges. According to Képpen-Geiger
climate classification (K6ppen, 1884), northwestern Europe (region 1) corresponds approximately
to the temperate oceanic climate zone, in southern Europe (regions 2) the hot and warm summer
Mediterranean climate zones prevail, and eastern Europe (region3) is dominated by warm summer
humid continental climate. Table 2.1 shows some related regional summary statistics. In this
study, the same regions are analysed in terms of changes in flood quantiles, to allow a more
detailed assessment of existing research and to allow for ready comparability of the results. The
regional change model is consequently fitted to the pooled flood data of the sites within each of
the three regions and trends in small and big floods for small to large catchments are analysed
(Sect. 2.3.3).

In summary, the following regional analyses are carried out:

e In Sect. 2.3.1 regional flood regime changes in central Europe are investigated. As an
example, the regional model is fitted to the black rectangular region of Fig. 2.1, which
contains 601 hydrometric stations. For this example region, the regional model flood
quantiles and their trends in time are shown as a function of catchment area and of return
period (as defined in Eq. 2.1 and Eq. 2.5, respectively). The regional trends in g2 and gi0o
are compared for five hypothetical catchment sizes (S=10, 100, 1000, 10000 and 100 000
km?) and local trend estimates (as in Eq. 2.4) are shown together with the regional trends.
In this example region we also investigate the overall effect of spatial dependence in flood
data on the width of the estimated credible bounds, with the approach based on the
magnitude adjustment to the likelihood.

e In Sect. 2.3.2 regional flood regime changes across Europe are investigated. The regional
model is fitted to overlapping windows across Europe, of size 600x600 km, and the regional
trends in g2 and ¢jg9 are estimated for small and big hypothetical catchments (S=100 and
10000 km?, respectively). Maps of the estimated trends are shown, where the trend values
are plotted in the respective central 200x200 km cell of each region. Differences among the
estimated trends across Europe are calculated for further comparison.
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o In Sect. 2.3.3 regional flood regime changes are investigated in three macro-regions, i.e. (1)
northwestern Europe, (2) southern Europe and (3) eastern Europe. The regional model is
fitted to these regions and the regional trends in ¢ and ¢1g9 are estimated and compared
for five hypothetical catchment sizes (S=10, 100, 1000, 10000 and 100 000 km?).

Fig. 2.1: Location of the selected 2370 hydrometric stations in Europe and regions considered in
this study. The size of the circles is representative for the contributing catchment area.
The size of the grid cells is 200x200 km. The black rectangle shows the size of the
spatial moving windows analysed in Sect. 2.3.2. It consists of 9 cells, corresponding
to 600x600 km. The three ellipses (numbers 1-3) mark homogeneous macro-regions,
analysed in Sect. 2.3.3, and consist of (1) northwestern Europe, (2) southern Europe
and (3) eastern Europe, respectively.
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Region No. of Mean Mean outlet Mean record

stations catchment elevation (m length
area (km?) a.s.l.) (years)

1. North- 895 1300.0 274.4 49.6

western

Europe

2. Southern 458 2900.2 3279 45.7

Europe

3. Eastern 282 4959.4 101.5 49.7

Europe

Europe 2370 2472.3 286.0 48.8

Tab. 2.1: Regional summary statistics (number of stations, mean catchment area, mean outlet
elevation, mean record length) of the flood database for the considered macro-regions
(1-3 in Fig. 2.1) and for Europe.

2.3 Results

2.3.1 Regional flood regime changes in central Europe

In this section, we show a detailed example of the (local and) regional model estimates for the
black rectangular 600x600 km window of Fig. 2.1, located in central Europe and containing
601 hydrometric stations. The annual maximum discharge series of these stations are shown in
Fig. 2.2 (with thin lines and box-plots in panels a and b, respectively). In the same figure, the
regional flood quantiles g2 (panels a and b) and gj00 (panel b), estimated with Eq. 2.1, are shown
(thick lines and shaded areas) as a function of time for five selected catchment areas (S=10, 100,
1000, 10000 and 100 000 km?, indicated by different colours), in panel a, and as a function of
catchment area for 1985 (i.e. the median year of the analyses period), in panel b. In both panels,
the 90% credible bounds (shaded areas) are shown together with the median (thick lines) of the
posterior distribution of the regional flood quantiles. In general, both g2 and ¢19p (not shown)
increase with time and their trend is larger for smaller catchment areas. The uncertainties in the
quantile estimates also vary with catchment area: for very small (e.g. 10 km?) and very large
(e.g. 100000 km?) catchments the credible bounds get larger, reflecting the scarcity of samples
with these (extremely small and extremely large) sizes in the considered region (see Fig. 2.2b).
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Fig. 2.2: Fitting the regional model to flood data of 601 hydrometric stations in central Europe.
In panel a, annual maximum discharge series are shown with thin lines, with colours
referring to catchment area. The thick lines and the shaded areas represent respectively
the median and the 90% credible intervals of the posterior distribution of the 2-year
flood, for five hypothetical catchment areas (S=10, 100, 1000, 10000 and 100 000
km?, indicated by different colours). In panel b, the box-plots represent flood data
as a function of catchment area. The thick lines and the shaded areas represent
respectively the median and the 90% credible intervals of the posterior distribution of
flood quantiles, corresponding to return periods of 2 and 100 years. The curves are
shown for 1985, i.e. the median year of the period analysed.

The two panels of Fig. 2.3 show the relative change in time, in % per decade, of the regional
flood quantile estimates ¢p (as defined in Eq. 2.5) as a function of catchment area and of the
return period, respectively. The curves are shown for 1985, the median year of the analysed
period. The trends in gr are mostly positive and their values tend to decrease with increasing
catchment area, approaching zero and moving towards negative values for higher return periods
and for very large catchment areas (S=100000 km?). For small catchment areas (S<100 km?)
the trend tends to be bigger for floods with large return periods (gi0p) than for small return
periods (g2). The opposite is observed for larger catchments. As in Fig. 2.2, we observe larger
90% credible bounds of the quantile estimates for very small and very large catchment areas. In
this case, the overall effect of spatial cross-correlation between flood time series at different sites
is investigated through the magnitude adjustment to the likelihood. The credible bounds for the
regional trends obtained with the likelihood adjustment (dashed lines in Fig. 2.3) are 17.6 to
23.8% larger compared to the case where spatial cross-correlation is not accounted for (estimated
magnitude adjustment factor 0.669).
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Fig. 2.3: Estimates of the regional relative trend of ¢ in %/decade as a function of catchment
area and return period in central Europe. The thick solid lines and the shaded areas
represent respectively the median and the 90% credible intervals of the posterior
distribution of the regional trends. Panel a shows the trend as a function of catchment
area for selected values of the return period (T=2 and 100 years). Panel b shows the
trend as a function of return period and for five hypothetical catchment areas (S=10,
100, 1000, 10000 and 100000 km?). The curves are shown for the median year of
the period analysed (i.e. 1985). The credible bounds obtained with the magnitude
adjustment to the likelihood are shown with dashed lines.

Figure 2.4 summarizes the relative flood trends in the considered region for big (gip9) vs. small
floods (g2) and for small (10 km?) to large catchment areas (100000 km?). Panel a shows a
scatter plot (light transparent dots) of the local relative trends in gigp vs. g2, as defined in Eq.
2.4, with the respective 90% credible intervals (error bars) for 1985. On top of the local trend
estimates, the regional relative trends, calculated with Eq. 2.5, are plotted (dark solid dots).
Again colours refer to catchment area for both the local and regional estimates. Regional flood
trends are generally positive in the considered region (Fig. 2.4b), with the exception of big floods
(T=100) in the hypothesized very large catchments (S=100000 km?). For both big and small
events, the trend is generally larger in smaller catchments and it diminishes with increasing
catchment area, approaching zero, for small floods (¢2), and moving towards negative values
for big floods (g100, according to the credible intervals, we cannot determine if its trend for big
catchments is different from zero). The credible bounds obtained with the likelihood adjustment
(dashed lines in Fig. 2.4b) result slightly wider (about 20%) compared to the case where spatial
cross-correlation is not accounted for.
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Fig. 2.4: Local and regional relative trend in %/decade in large (q109) vs. small floods (g2) in
central Europe. Panel a shows the median of the posterior distribution of the local
trends in g0 vs. g2 (light transparent dots in the background), with the respective
90% credible intervals (error bars). On top of them, the estimated regional trends
(dark solid dots) are shown. Panel b shows the median of the posterior distribution of
the regional trends in g vs. g2 (dark solid dots), with the respective 90% credible
intervals (error bars with solid lines). Colours refer to catchment area in both panels
and for both the local and regional estimates. The figure is obtained for 1985, i.e. the
median year of the analyses period. The credible bounds obtained with the magnitude
adjustment to the likelihood are shown with dashed lines.

2.3.2 Regional flood regime changes across Europe

Figure 2.5 shows the results of the regional trend analysis with moving windows across Europe.
It is obtained by fitting the regional model to overlapping 600x600 km windows and by plotting
the estimated trend values in the respective central 200x200 km cell. Panels a and b show the
percentage change of the median flood (i.e. T=2 years) and panels ¢ and d of the 100-year
flood. Panels a and c refer to small (i.e. 100 km?) catchment area and panels b and d to big
catchment area (i.e. 10000 km?). The white circles represent a measure of the uncertainty in the
estimation of the regional relative trend, with their dimension being proportional to the width of
the respective 90% credible intervals. The larger the circle, the larger the uncertainty associated
with the value of flood trend provided in the map.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

26 2 Flood trends in Europe

Fig. 2.5: Flood trends in Europe: small vs big floods. The panels show the median of the
posterior distribution of the regional relative trends of flood quantiles in time (i.e. the
percentage change in %/decade). Positive trends in the magnitude of flood quantiles
are shown in blue and negative trends in red. Circle size is proportional to the width
of the 90% credible intervals. Results are shown for the median flood (i.e. T=2 years),
in panel a and b, and for the 100-year flood, in panel ¢ and d. Flood trends refer to
small (i.e. 100 km?) in panel a and c and to large catchment area (i.e. 10000 km?) in
panels b and d.

When analysing the panels of Fig. 2.5, regional patterns of flood change appear: flood
magnitudes increase in general in the British-Irish Isles and in central Europe, whereas they
decrease in the Iberian Peninsula, in the Balkans, in eastern Europe and in most of Scandinavian
countries. The larger uncertainties associated with the regional trends are evident in eastern
Furope, Turkey, Iceland and the countries surrounding the Mediterranean, where the density
of the hydrometric stations in the flood database is low. In the British-Irish Isles, the positive
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trends in small catchments (up to 10-12% per decade, Fig. 2.5a and ¢) appear to be larger for
bigger return periods (Fig. 2.5¢), whereas for larger catchments the trends are smaller in absolute
value (up to 5% per decade) and, in some cases, they disappear or even tend to become negative.
In central Europe, the magnitude of positive trends (2-5% per decade) tends to decrease for large
catchments and large return periods where, in most cases, the regional trends are between 0 and
2% per decade (Fig. 2.5b and d). Positive flood trends are also observed in northern Russia,
especially in large catchments (Fig. 2.5b and d). These positive trends are however accompanied
by strong uncertainties in the case of small catchments (Fig. 2.5a and ¢). In the Iberian Peninsula,
southwestern France, Italy and in the Balkans, negative trends appear and they are particularly
consistent for the median floods (i.e. return period T=2 years), where the regional flood trends
are mostly between -5 and -12% per decade (Fig. 2.5a and b). Trends in the magnitude of the
big flood events (T=100 years) are less negative and some isolated positive trends do appear.
The lower number of large catchments in this areas is generally reflected in larger uncertainties
(Fig. 2.5b and d). In eastern Europe strong negative trends in flood peak magnitude are detected
for small and big floods and small and large catchments. In eastern Europe, contrary to the
Mediterranean countries, the dataset contains mostly big catchments, hence the uncertainties
are larger for small catchments (Fig. 2.5a and c). In Scandinavia the regional trends are, in
general, neither clearly positive nor negative, with spatial patterns changing with return period
and catchment area. However, in Finland negative trends are prevalent (mostly between -5 and
-12% per decade) and they become less negative (0-5% per decade) for big catchments and small
return periods (Fig. 2.5b). Overall, in more than half of the cases the 90% credible bounds do
not include 0 (i.e. 68.9%, 59.2%, 58.5% and 50.2% respectively in panel a, b, ¢ and d). Positive
(negative) trends occur in 26.3 to 34.95% (65 to 76%) of the cases and their credible bounds do
not include zero in 4.9 to 20.8% (39.5 to 48.1%) of the total cells. These percentages depend on
the assumptions made, such as regional homogeneity and no spatial cross-correlation, and may,
therefore, be overestimated.

For further comparison, we estimate the differences between the regional relative trends in the
panels of Fig. 2.5. In particular, Fig. 2.6a and 2.6b show the difference between the trend in
q100 and the trend in ¢o, for a hypothetically big (i.e. 10000 km?) and small catchment areas
(i.e. 100 km?) respectively. Figure 2.6¢c and 2.6d show the difference between the trend in large
and the trend in small catchments, for small (T=2 years) and big (T=100 years) return periods
respectively. Positive differences are shown in blue and negative ones in red. The circle size is
proportional to the width of their 90% credible intervals.
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28 2 Flood trends in Europe

Fig. 2.6: Differences between flood trends of big vs small floods (i.e. T=100 and 2 years,
respectively) and in large vs small catchments (i.e. S=10000 and 100 km?, respectively).
The panels show the differences (in % per decade) between the trends of Fig. 2.5.
Positive differences are shown in blue and negative in red. Circle size is proportional to
the width of the 90% credible intervals. The panels in the first row show the difference
between the trend in g19p and the trend in gy for small (a) and big catchment area (b).
The panels in the second row show the difference between the trend in large and the
trend in small catchments for small (c) and big (d) return periods.

In small catchments (Fig. 2.6a) positive differences between the trend in gi9p and in go prevail
in the British-Irish Isles, the Iberian Peninsula and southern France, the Balkans, eastern Europe
and northern Russia. This indicates that, in the small catchments of these regions, the trend of
the extreme flooding events is more positive (or less negative) than the median flood. Negative
differences appear in central Europe, Baltic countries, southern Scandinavia and Turkey. The
magnitude of this difference varies in a narrow range (-2 to +2% per decade) in most parts of
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Europe and it gets larger (up to -12 to +12% per decade) in several regions in southern and
eastern Europe.

In the case of big catchments (Fig. 2.6b), negative differences between the trend in ¢9p and
in ¢» are more widespread across Europe, compared to those in smaller catchments. In the
British-Irish Isles, southern France, northwestern Italy, eastern Europe and northern Russia the
difference becomes in fact negative. This suggests that, in the big catchments of these regions,
the trend of the extreme flooding events is less positive (or more negative) than the median flood.
Positive values of this difference appear mostly in southern Europe and Russia. The magnitude
of these differences, in the case of big catchments, varies in a wider range (generally from -5 to
+5% per decade) with larger differences in few regions in southern and eastern Europe.

The patterns appear more fragmented when analysing the differences between trends in
catchments with big and small catchment areas (Fig. 2.6¢ and d) and their magnitude is generally
larger (mostly from -12 to 412 % per decade). Negative differences between trends in large and
trends in small catchments prevail in western and central Europe (with the exception of France),
for both the median and the 100-year flood, and they extend towards eastern countries, in the
case of the 100-year flood (Fig. 2.6d). This indicates that trends in large catchments are more
negative (or less positive) than those in small catchments. Positive differences appear in central
and southern France, in the Balkans, Baltic countries and northern Russia, for both T=2 and
100 years (Fig. 2.6c and d), and in Finland and eastern Europe, for T=100 years (Fig. 2.6d).

2.3.3 Regional flood regime changes in northwestern, southern and and eastern
Europe

The regional trends shown in Sect. 2.3.2 highlight the presence of predominantly positive trends
in northwestern Europe and negative trends in southern and eastern Europe. In this section we
fit the regional model of Sect. 2.2.1 by pooling flood data over each of these three regions and
we estimate the regional relative trends for five hypothetical catchment areas (S=10, 100, 1000,
10000 and 100000 km?) and for two selected values of return period (T=2 and 100 years). The
resulting trends are shown together with their 90% credible intervals in Fig. 2.7.

Fig. 2.7: Regional relative trend in large (gi00) vs. small floods (¢2) in (a) northwestern Europe,
(b) southern Europe and (c) eastern Europe for five hypothetical catchment areas (S).
The figure shows the median (solid dots) and the 90% credible intervals (error bars)
of the posterior distribution of the regional trends. Catchment area is shown with
different colours. The figure is obtained for 1985, i.e. the median year of the period
analysed.

In northwestern Europe (Fig. 2.7a) the trends in flood magnitudes are predominantly positive,
with the exception of very large catchment