GFZ

Helmholtz-Zentrum
PorTspam

Originally published as:

Domeneghetti, A., Vorogushyn, S., Castellarin, A., Merz, B., Brath, A. (2013): Probabilistic
flood hazard mapping: effects of uncertain boundary conditions. - Hydrology and Earth
System Sciences, 17, 8, 3127-3140

DOI: 10.5194/hess-17-3127-2013



Hydrol. Earth Syst. Sci., 17, 312334Q 2013 Hydrology and 9
www.hydrol-earth-syst-sci.net/17/3127/2013/ S
doi:10.5194/hess-17-3127-2013 Earth System >
© Author(s) 2013. CC Attribution 3.0 License. Sciences &

Probabilistic flood hazard mapping: effects of uncertain
boundary conditions

A. Domeneghettt, S. Vorogushyrf, A. Castellarin®, B. Merz2, and A. Brath!

1School of Civil Engineering, Department DICAM, University of Bologna, Bologna, Italy
2GFZ German Research Centre for Geosciences, Section 5.4: Hydrology, Potsdam, Germany

Correspondence tA. Domeneghetti (alessio.domeneghetti@unibo.it)

Received: 25 July 2012 — Published in Hydrol. Earth Syst. Sci. Discuss.: 29 August 2012
Revised: 24 June 2013 — Accepted: 3 July 2013 — Published: 5 August 2013

Abstract. Comprehensive flood risk assessment studiesl Introduction

should quantify the global uncertainty in flood hazard es-

timation, for instance by mapping inundation extents to-

gether with their confidence intervals. This appears of parMany studies in the literature highlight how inundation haz-
ticular importance in the case of flood hazard assessmenf'd and risk assessments are affected by several sources
along dike-protected reaches, where the possibility of oc-Of uncertainties which limit their reliability (e.dvierz and
currence of dike failures may considerably enhance the unThieken 2005 Apel et al, 2004 2008 Most and Wehrung
certainty. We present a methodology to derive probabilistic2005 Hall and Solomating2008. In this context, there is a
flood maps in dike-protected flood prone areas, where sevCONSensus in the scientific community that a proper risk anal-
eral sources of uncertainty are taken into account. In particu¥Sis should provide an indication of uncertainty, emphasising
lar, this paper focuses on a 50 km reach of River Po (|ta|y)how the identification of the optimal flood risk management
and three major sources of uncertainty in hydraulic mod-Strategy can be pursued only if all major sources of uncer-
elling and flood mapping: uncertainties in the (i) upstreamtainty are adequately taken into consideration and a quantifi-
and (i) downstream boundary conditions, and (iii) uncer- cation of theirimpacts is providetVSACE, 1992.

tainties in dike failures. Uncertainties in the definition of ~ Uncertainty has always been inherent in flood assessment
upstream boundary conditions (i.e. design-hydrographs) ar@nd considered in flood defence engineering by means for
assessed through a copula-based bivariate analysis of flogkample of adoption of an adequate freeboatiall( and
peaks and volumes. Uncertainties in the definition of down-Solomating2008. The unavoidable presence of uncertainty
stream boundary conditions are characterised by uncertaint§an be attributed to the fact that flood risk evaluations are
in the rating curve with confidence intervals which reflect Usually carried out for extreme events that are seldom ob-
discharge measurement and interpolation errors. The effectgerved, which makes the calibration of flood risk assessment
of uncertainties in boundary conditions and randomness offodels difficult, if not impossibleApel et al, 2004. Un-

dike failures are assessed by means of the Inundation HazAer such circumstances, the evaluation of uncertainty sources
ard Assessment Model (IHAM), a recently proposed hybrid is a pragmatic extension to conventional validation. Further-
probabilistic-deterministic model that considers three differ-more, Hall and Solomating2008 and Apel et al. (2008

ent dike failure mechanisms: overtopping, piping and micro-€mphasise this need, highlighting how the quantification of
instability due to seepage. The results of the study show thathe uncertainty could help to judge the consistency and the
the IHAM-based analysis enables probabilistic flood hazardeliability of hydraulic risk assessment as well as to pro-
mapping and provides decision-makers with a fundamentayide useful advices for future data collection or research
piece of information for devising and implementing flood activities in order to yield more reliable results. In a con-

risk mitigation strategies in the presence of various source$€xt where model calibration and validation is difficult due
of uncertainty. to consideration of extreme events or lack of d&tall and

Anderson(2002 andHall (2003 suggest a transparent and
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3128 A. Domeneghetti et al.: Effects of uncertain boundary conditions

comprehensive description of the cause-effect relationshipge.g. 1-D model instead of 2-D, constant or distributed rough-
adopted in the methodology and implemented in mathematness coefficients etc.).
ical formulations. This is particularly relevant in the case of Many previous studies analysed the effect of uncer-
dike failure analysis, where the uniqueness of breaches retainty associated with roughness parametrizations of hy-
duces or even eliminates the possibility to calibrate and val-draulic models Aronica et al, 2002 Bates et al. 2004
idate deterministic numerical models. Evaluation of possiblePappenberger et aR005. Additionally, Pappenberger et al.
scenarios could only be handled by means of causal modf2006 analysed the uncertainty in upstream and downstream
els considering uncertainties in dike breach proceddal,( boundary conditions when applied to flood inundation pre-
2003 Vorogushyn et a).2010. dictions with a 1-D flow model. Other authors considered
In practical applications, the assessment of inundation aradditional uncertainties in flood hazard and risk chain, in-
eas is usually carried out in a deterministic fashion by meanluding extreme value statisticagel et al, 2008 Merz and
of hydraulic models. Those are first calibrated relative to Thieken 2009, dike breach processes, e.g. breach locations
a specific historical flood event, and then used to estimatand dimensionApel et al, 2004 Vorogushyn et a).201Q
flood extents relative to different (and typically higher) event 2011) as well as flood damage estimatioApél et al, 2008
magnitudes. This procedure, even when physically based anilerz and Thieken2009 de Moel et al. 2011, Vorogushyn
numerically complex models are considered (e.g. fully 2-D et al, 2012. They concluded that currently uncertainties in
model, etc.), relies on some fundamental assumptions thadlamage estimations and in extreme value statistics dominate
may be summarised as follows: (i) capability of the model the uncertainties in risk estimates, although this conclusion
to correctly reproduce the hydraulic behaviour of the river remains site-specific.
and inundated floodplains; (ii) time stationarity of model pa- The effects of uncertain (upstream and downstream)
rameters, i.e. the roughness coefficients calibrated for a spéoundary conditions on flood hazard assessment is still
cific event are considered suitable for a range of floodingpoorly understood, and the literature on this topic is sparse.
scenarios that could differ significantly from the calibration Our analysis focuses in particular on the uncertainty associ-
event; (iii) all hydraulic information (i.e. flow hydrographs, ated with rating curves used as downstream boundary condi-
rating curves) are error-free. tions, while the aleatory uncertainty related to the selection
In a context characterised by these sources of unceref a design hydrograph is taken into account, referring to dif-
tainty, the definition of probabilistic flood hazard and flood ferent flood hydrographs estimated with a bivariate flood fre-
risk maps appear the most reasonable way to proceed. Djuency analysis.
Baldassarre (2012) argues that there are at least three main The effect of the downstream boundary condition on the
reasons why probabilistic flood hazard maps should be prearea of interest is reduced, if not completely removed, by ex-
ferred to deterministic ones: (1) hydrological and hydraulic tending the hydraulic model far downstream of the area of
analysis are always affected by uncertainty, which often caninterest. However, this expedient may be costly and time con-
not be neglected; (2) a fair presentation of the results of anysuming to implement, or difficult due to a lack of data. To ad-
analysis should also quantify and illustrate the associated undress these issues the modeller needs to consider if and how
certainty, and this can be accomplished only in a probabilisthe uncertainty in the downstream boundary condition im-
tic framework; (3) stakeholders and decision-makers shoulgacts her/his computations. Since the effects of rating-curve
be provided by hydrologists with probabilistic inundation uncertainty on flood hazard mapping is the main goal of our
maps to guide and support the definition of flood mitiga- investigation, we deliberately referred to a case in which we
tion strategies; when deterministic maps are produced it imset the boundary condition at the downstream end of the con-
plies that a decision has already been made by hydrologistsidered river reach.
who are hence no longer behaving like scientists, but rather Even though the literature reports several studies high-
as decision-makers themselves. As a result, the deterministiighting the global uncertainty affecting discharge mea-
estimation of flood extension may involve inexact and dan-surements and rating-curve construction (Bgmeneghetti
gerous consequences, especially if it is used for planning andt al, 2012 Di Baldassarre and Clap2011; Di Baldassarre
development purpose in the flood-prone area. In flood riskand Montanati2009, the literature on the effects of rating-
research, a number of studies have already considered aralirves uncertainty of flood hazard and flood risk assessments
classified various uncertainty sources based on the distinds still sparse. Moreover, institutions and agencies in charge
tion between two types of uncertainty: (i) natural or aleatory of hydroclimatic monitoring usually do not provide prac-
uncertainty, associated with the natural variability of the phe-titioners and users with indications of uncertainty associ-
nomena of interest and (ii) epistemic uncertainty, resultingated with rating curves. Conversely, rating curves are usually
from imperfect knowledge of the system (e4ypel et al, utilised in a deterministic way although their sampling vari-
2004 Hall and Solomating2008 Merz and Thieken2005 ability may be significant and may play a dominant role in
Most and Wehrung2005), or from simplifications associated practical applicationslfomeneghetti et §12012).
with the selected modelling approach and parametrizations Our study makes use of the outcomes of a previous analy-
sis on rating-curve uncertainty performed for the same river
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Fig. 1. Study area. Upper left panel: Po River basin and study area (box); lower left panel: river cross-sections (grey lines) and levee system
discretization for the left (green dots) and right (red dots) side; right panel: 2-D raster-based model extension (grey box) and floodplain area
(yellow).

reach Pomeneghetti et gl2012), in order to explore theim- model (1-D model) for river channel and area between dikes,
pact of this uncertainty on probabilistic flood hazard map-a probabilistic dike breach model, which evaluates dike sys-
ping. Our investigation was performed by setting up a hybridtem stability under hydraulic load conditions, and a 2-D
probabilistic-deterministic flood hazard assessment modetaster-based diffusive wave model (2-D raster-based model;
for the flood-prone areas located along a diked reach of théMerz, 1996 for the simulation of floodplain flow in the case
lower portion of the Po River. We discuss how the considera-of dike failures (see Fig2). All three modules are contin-
tion of this uncertainty may impact flood management deci-uously coupled at runtime. The 1-D model routes a flood
sions compared to a deterministic specification of boundarywave in the river channel and over floodplains between dikes.
conditions. It computes the hydraulic load on flood protection dikes in
terms of water level and impoundment duration. During the
simulation, each discretised dike section is evaluated for fail-
2 Methodology ure due to overtopping, piping and slope instability due to
seepage flow through the embankment (micro-instability; see
Chains of models that describe fluvial inundation processeﬁ/orogushyn et 312009 In the case of dike failure, the out-
and flood damages are typically applied for flood hazard angjow volume through the breach into the flood-prone area is
risk assessment. In this approach, each modelling step agomputed and used as a boundary condition in the 2-D stor-
chain link exhibits a number of inherent uncertainties tr\atage cell model. The simulation of water exchange between
are summarised in Tablk starting from a triggering event  river channel and floodplain, including the reverse flow, is in-
to the final inundation pattern. Referring to some natural an%orporated by means of a continuous data exchange between
epistemic sources of uncertainty (sources listed in italic inmodules. A distinctive characteristic of the IHAM model is
Table 1), the study aims at quantifying the contribution of the coupled modelling chain of channel flow, dike failure and
different terms of Uncertainty, evaluating the feaS|b|||ty and inundation processes without a priori assumption on the lo-
the amount of uncertainty reduction that can be achieved by:ation, time and characteristics of the dike failure. Those are

adopting additional information or different procedure. We determined during the simulation based on the current hy-
analyse the role of uncertain boundary conditions on floodgraulic load and dike propensity to failure.

hazard statements by means of the Inundation Hazard As- The schematic structure of the IHAM model is shown

sessment Model (IHAM)\orogushyn et a.2010. in Fig. 2, which highlights the model core system (three
IHAM model |sahybr|d probabllIstlc-determlnlstlc mode! Coup|ed modu]es), and the pre- (|nput) and post- (output)

developed for flood hazard assessment along protected rivgfrocessor phases. The modelling system is run in a Monte

reaches considering dike failures. The model is comprised ot arlo framework (MC) to address the considered sources of
three main modules: an unsteady one-dimensional hydraulic
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Table 1. Sources of uncertainty in flood hazard mapping grouped into natural and epistemic uncertainty (adaptadétanal, 2004);
sources in italic are directly considered into the presented analysis.

Modules Natural uncertainty

Epistemic uncertainty

(1) Hydrological analysis ~ — annual maximum discharge;

—flow hydrograph shape

— measurement error;

— limited time series length;
— statistical inference;

— parameter estimation

— peak discharge estimation;

— flow hydrograph wave form;

(2) Rating-curve -variation of river geometry in time;

—discharge measurement errors;

— mathematical expression for rating-curve estimation;
— number of pair used for rating-curve estimation;

—methodology for rating-curve estimation;

— interpolation/extrapolation errors;

(3) Flood routing —variation of river geometry over time;

— error in model selection;
— numerical simplification;
— parameter calibration;

—geometrical variation over space;
(4) Dike stability

— variation of geotechnical parameters in space;
— final width and development time of levee breaches;

— measurements errors of levee geometry;

— variability estimations of levee parameters
(permeability, turf quality, material cohesion, etc.);

— formalisation of dike breach processes;

(5) Flood dynamics — variability of surface roughness in

space and time due to variable land use;

— error in model selection;
— numerical simplification;
— DEM inaccuracy;

— parameter estimation;

s Hydrological -
5 analysis Flow hydrographs Rating-curves
~ Flood wave
propagation — 1D Model
£
(o =
o g
Q q 3
B
5 Flood hazard
2 040 §zar | Probabilistichazard map |
g estimation

Fig. 2. Schematic structure of the IHAM model adopted for flood
hazard estimation under uncertainty conditions.

curves (see e.@Gayers et al]2002 defined for each dike sec-
tion for three failure mechanisms: overtopping, piping and
micro-instability Apel et al, 2004 Vorogushyn et a)2009.

In the case of single or multiple dike collapses, the de-
velopment time and the final dimension of each breach
are stochastically generated based on probability distribu-
tion functions fitted to historical observations ($gevi and
Turitto, 200Q and Sect3.2).

Limited knowledge about flow dynamics, errors on flow-
rates measurements and inaccuracy related to the applied
methodology for rating-curve estimation (epistemic uncer-
tainties) are considered in an MC simulation. As a result,
the IHAM model computes dike failure probabilities for the
whole embankment system and provides probabilistic flood
hazard maps for a flood prone area indicating the uncertainty
bounds of spatial inundation characteristics. A more detailed
description of the IHAM modelling system is provided by

uncertainty (e.g. upstream and downstream boundary condivorogushyn et al(2010.

tions) and the stochasticity of dike breaching processes.

IHAM model considers the uncertainty related to dike sys-

In this paper, the IHAM model has been extended to anal-
yse the effect of the uncertainty related to flood waveform

tem stability implementing the “Dike breach module” (see and to downstream boundary conditions (rating curves) on

Fig. 2 and Sect3.2). It evaluates the probability of dike fail-

ures upon hydraulic loading computed by the 1-D model.
Each section of the dike system with a length of approxi-

dike and flood hazard mapping. It was set up for the study
area of a 50 km reach of the Po River between the gauges at
Piacenza and Cremona (see Hij.

mately 1.2 km is tested for dike stability based on the current

load during the whole simulation. The probability of fail-
ure for a given hydraulic load is estimated through fragility

Hydrol. Earth Syst. Sci., 17, 3127314Q 2013
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Fig. 3. Rating curves estimated at the Cremona cross-section: normal rating curve (blue line), median rating curve (red dashed line), and
corresponding 90 % confidence intervals (black lines) for Traditional (left panel) and Constrained (right panel) appB@okeesdhetti
etal, 2012.

2.1 Uncertainty in upstream boundary conditions In particular, the quasi-2-D model was calibrated for a spe-
cific flood event and then used for reproducing the hydraulic
Several studies in the literature highlight how flood fre- conditions at the Cremona cross-section for 10 historical
quency analysis plays a dominant role in the overall floodflood events. The compound of discharge-level pairs simu-
hazard uncertainty (see e.gpel et al, 2008 Merz and lated at the Cremona gauge (grey dots in B)gwere then
Thieken 2009. In particular, an appropriate estimation of used to mimic several synthetic field-measurements cam-
peak discharge and flood volume associated with a specifipaigns (each one of which were made up of 15 discharge-
return period is important when flood hazard is related tostage pairs, for details sé@omeneghetti et al2012. The
dike stability orogushyn et aJ2009. For piping and slope-  Traditional approach constructs a rating curve by fitting a
instability, the peak water level and also the duration of dikeseries of stage-discharge values observed within the range
impoundment, which is related to flood volume, are decisive.of measurable streamflows (i.e. 6008sn! at Cremona,
The shape of the flood event and the duration of high wa-EU ISO EN Rule 1100-2:201@01Q I1SO1100-2:10), while
ter levels in the river could strongly influence dike-breachingthe Constrained approach refers to one additional stage-
mechanisms, activating piping or micro-instability phenom- discharge pair computed by means of a simple 1-D steady-
ena which may not be observed for a high peak and low vol-state model that also uses Cremona as an internal cross-
ume event. Furthermore, even in the case of a dike breacbection. The 1-D model is first calibrated referring to the
due to overtopping, the shape of the flood event and its overmaximum measured pair of each synthetic campaign and
all flood volume could influence the overflow volume, and then used to estimate the maximum discharge capacity at the
consequently the inundated area. In light of these considera€remona section. The Constrained rating curve is finally es-
tions, the uncertainty in flood event estimation consideringtimated by fitting measured discharge and water-level pairs
both flood peak and volume is addressed adopting differand by concurrently forcing the curve to honour the esti-
ent flow hydrographs as upstream boundary conditions in anated maximum discharge capacity of the Cremona cross-

Monte Carlo framework (see Se@t4). section Pomeneghetti et al2012). The reduction in extrap-
olation errors ensured by the Constrained approach, which is

2.2 Uncertainty in downstream boundary condition visible in Fig.3, results in reduced bias and variability of the
estimated rating curves.

Domeneghetti et al(2012 proposed a general numeri-  Repeating the procedure for several synthetic field-

cal procedure for quantifying global uncertainty of stage- measurement campaigns, (sé@omeneghetti et a1.2012
discharge relationships by using numerical hydrodynamicfor details) the median (red dashed line in F&y.and the
models. Referring to the Cremona river cross-section (se®0 % confidence interval (thin black lines in F&).for both

Fig. 1) and considering errors affecting river flow measure- methodologies were estimated. In particular, left and right
ments UNI EN Rule 748:19971997 1SO748:97), the au- panels of Fig.3 report the “true” or reference normal rat-
thors applied two different procedures for rating-curve esti-ing curve (blue thick line) obtained at Cremona river cross-
mation, which they termed Traditional and Constrained ap-section from the compound of unsteady stage-discharge pairs
proach, and they quantified the global uncertainty for both(grey dots). Also, the left panel of Fi@.reports the global
(Fig. 3). Grey dots in Fig3 represent stage-discharge points uncertainty relative to the Traditional approach. In this case,
simulated by means of a quasi-2-D model of the River Po thathe extrapolation error associated with the utilisation of
has Cremona as an internal cross-section (the downstreaghe curve beyond the range of observed data introduces a
boundary condition in this model is set 300 km downstream).

www.hydrol-earth-syst-sci.net/17/3127/2013/ Hydrol. Earth Syst. Sci., 17, 312314Q 2013
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significant deviation with respect to the reference normal rat-reproduces the hydraulic behaviour of the study reach in case
ing curve, as it is clearly illustrated by the width of 90% of extreme floods because all floodplains protected by the
confidence interval and bias of the Traditional rating curve system of minor dikes were flooded during the event. The 1-
in Fig. 3. The right panel of Fig3 reports the median rating D model is calibrated by manually adjusting the roughness
curve (red dashed line) and 90 % confidence interval relativecoefficients to match the maximum water levels that were
to the Constrained approach. provided by the wrack marks along the reach. The model
Our study analyses the impacts of rating-curve uncer-calibration is performed twice: (1) adopting the Traditional
tainty on flood hazard mapping and highlight the differencesmedian rating curve (Fi@, red dashed line of the left panel)
between Traditional and Constrained approaches to ratingand (2) using the Constrained median relation (red dashed
curve construction, comparing them with the results that ondine on the right panel of FigB).
would obtain by using a single deterministic median rating The high water marks of October 2000 flood are accu-
curve. rately reproduced by the model, with a mean squared error
(MSE) of 0.22 and 0.28 m for the Constrained and the Tradi-
tional case, respectively. MSE values are not negligible, but
3 Study area and model implementation they may be regarded as satisfactory due to the magnitude
of the simulated flood event and simplifications adopted in
Our study considers a 50 km reach of the middle-lower por-the geometrical description of the riverbed (pure-1-D model
tion of the Po River (Figl), which spans from Piacenza (up- and single roughness coefficient for main channel and lateral
stream gauge) to Cremona (downstream gauge). The readipodplains).
can be characterised as a unicursal river, having a width vary- Calibrated Manning’s values mainly vary between 0.04
ing between 200 and 500 m and a wide floodplain area. Thénd 0.05, and therefore they are in good agreement with
floodplain inside the major river embankments is partly cul- those estimated by previous studies on the same reach (see
tivated and plots are additionally protected by a system ofe.g.Castellarin et aJ.2009 2011, Domeneghetti et 312012
minor dikes Castellarin et a).2011). Di Baldassarre and Montanaz009.

3.1 1-D Model 3.2 Dike breach module

The hydrodynamic simulation of the flood wave propaga-The main embankment system was discretised into several
tion along the study reach is carried out using a 1-D modelsections, each one with a length of about 1.2 km resulting in
based on the full Saint-Venant equations humerically solved28 and 32 sections, respectively, for the right and left side
with the classical implicit four-point finite difference scheme of the embankment system (Fidy, lower left panel). Dur-
(Wilson Engineering2003. The channel geometry is char- ing the simulation, each section is tested for dike stability us-
acterised by 29 cross-sections (Fig.derived from a 2m  ing fragility functions, which provide the probability of dike-
DTM recently provided by AdB-Po (2005), which combine section failure upon hydraulic loading simulated by the 1-
information collected by means of LIDAR (data collected D hydrodynamic model. Fragility functions for each breach
using two different laser scanners: 3033 Optech ALTM andmechanism (overtopping, piping and micro-instability) were
Toposys Falcon Il), multi-beam sonar survey for the naviga-developed for each dike section based on the geotechnical
ble portion of the river and data retrieved by means of tradi-and geophysical characteristics of the embankment system,
tional ground survey of river cross-sections. which were compiled by the River Po Basin AuthorifdB-

The cross-sections are extracted from the DTM follow- Po-GEOQVIT, 2004 AdB-Po-DISEG 2001) or derived from
ing the rules for optimal cross-section spacigagtellarin  the literature and summarised Wgrogushyn et al(2010.
et al, 2009. The unsteady 1-D model is driven by a flow hy-  In the case of dike failure, breach widtBy) is stochasti-
drograph and conditioned through a rating curve as a downeally sampled through a Monte Carlo procedure from a trun-
stream boundary. The representation of tributaries is limitedcated log-normal probability density function fitted to a se-
to the River Adda, which is the biggest along the consideredies of historical observations in the Po river system (see
reach of the Po River. The Adda contribution is modelled as & ig. 4, Table 2 and Coratza 2009. The truncated distri-
lateral inflow hydrograph as the tributary may appreciably al-bution is constrained by the minimum and maximum val-
ter the Po streamflow downstream of its mouth. Consideringues of (B,,) observed in the Po River system (see Ta)le
their negligible contributions during the major floods events This probabilistic approach was adopted as an alternative to
experienced along the study reach in the 1994 and 2000 thphysically based morphodynamic modelling in order to ad-
Nure and Chiavenna streams are not considered as tributariesess the uncertainty associated with the estimation of ul-
during flood simulations. timate breach widths. Breach width morphodynamic mod-

The 1-D model is calibrated for a flood event with an esti- elling remains highly uncertainAahl, 2001) and no simple
mated return period of approximately 50 yr, which occurredand robust relationships between ultimate breach widths and
in the Po River in October 2000. The October 2000 eventhydrologic and morphologic parameters of floodplain areas

Hydrol. Earth Syst. Sci., 17, 3127314Q 2013 www.hydrol-earth-syst-sci.net/17/3127/2013/
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-3 Table 2. Width of dike breachesBy: statistics observed along the

10
30 : ; ; f ; ; § : 4 Po River in the period 1800-1951 (data fr@oratza 2005
* By statistics for
= the Po River Obs. value
Q
§ 2 Number of historical breaches
ﬁ % with observedByy
2 ¥ Mean By [m] 240
8 £ Median By [m] 180
f’ S Min By [m] 27
5 S Max By [m] 1200
(7} o
o
£
=
=z
3.4 Development of flood scenarios and model
simulations
0 0 200 400 600 800 1000 1200 1400 0 .
Breach width B, [m] In order to account for the flood volume, which can

be relevant for the stability of flood protection structures
Fig. 4. Empirical frequency distribution of breach widthg, ob- (Vorogushyn et a).2009 Klein et al, 2010, we applied a
served along the Po River in the period 1800-1951 (bars) and fitte¢opula-based bivariate flood frequency analysis.
probability density distribution (blue line; Iog-normal). The annual maximum peak dischar@ and the corre-

sponding flood volumeu) observed in a time window of 30

days around the flood peak (10 days before the peak, rising
that control the breach throughflow have been developed Sfimb, and 20 days after the peak, recession limb) were ex-
far. . . tracted from the mean daily flow series in the period from

The breach development timé.() was adopted in the 1951 15 2008 at gauge Piacenza. The adopted time span of

range 0.5-4h and assumed to follow a normal distributionq 4y entirely embraces the flood waves that occurred at
with mean of 2 and _standard deviation of 1.&_') h. The resulting,o study reach: it is evidently site-specific and should be re-
values for breach times are comparable with those adopted,sijered in other case studies. The dependence structure of
in other studies conducted for the same or comparable_ riverg,q couple of variables, V) was described using a copula
(e.g. Apel et al, 2004 Alkema and Middelkoop2005 Di  555164ch. Among several fitted copulas, the Gumbel copula
Baldassarre et 32009 Vorogushyn et a).2010 Han etal.  rovided the best fit to the empirical relationship betwekn
1998. and V according to the selected criteria (i.e. RMSE, AIC,
33 2-D model Kolmogorov—Smirnov test and tests based on the empirical
' copula and on Kendall's transforns€nest et al.2009 Fer-

In the case of a dike failure, the flood propagation over theManian 2003. . R
dike-protected floodplains is simulated by a 2-D raster-based 'ndicated asFo(g) and Fy(v) the marginal distribution
model run on a 50 mx 50 m resolution grid. The topograph- functions of@ andV (a GEV and a log-normal distribution,
ical information for the whole study area (Fig. 1; global ex- 'eSPectively), the relationship between the uniformly dis-
tension 890krR) were retrieved from the ASTER GDEM (ributed variables = Fo(q) andv = Fy (v) can be expressed
(Advanced Spaceborne Thermal Emission and Reflectiorfy means of the Gumbel copulz)(

Radiometer — Global Digital Elevation Modelww.gdem.
aster.ersdac.or)@nd rescaled to the coarser grid resolution Ce (#,v) =e

in order to reduce the computational load. h S1isad d . d h
Considering the absence of detailed information on inun-" ere¢ > 11s a dependence parameter estimated over the

dation extents experienced in the area of interest and to the®t _Of obser_vatlon§(alvador| and De Miche]e2007. .
unigueness of breach event, the calibration of the 2-D raster- _Flgqre 5 illustrates th? selected flop_d events qssouated
based model appeared to be a difficult task. Consequentl)y,‘”_th d|f_fere_nt return periods, Tr. A critical event is d?ter‘
spatially distributed Manning’s roughness coefficients wereMmined if either@ or V exceeds given thresholds defined

assigned to each cell based on literature valGEmg, 1959 through _the copula function associated with an exce.edance
for land use classes retrieved from CORINE land use classiprOb"’lbIIIty (‘OR’-case). We focused on a return period of

fications (COoRdination of Information on the Environment 200yr (hereafter also rgferred to as Tr200), which is th.e r(_ef-
— Land Cover, 2006). erence recurrence period adopted by AdB-Po for designing

and verifying the main embankment system of the Po River.
Red dots of Fig5a indicate the(, v) pairs used to discretise
the Tr200 contour line in our study, by means of which we

(O 611/6
[(—Inw)?+(nv)"] , (1)
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Fig. 5. Bivariate analysis(a) level curves for the Gumbel copula for different return periods (black lines) @nd) (pairs adopted for the
200 yr event (red dots)b) flow hydrographs corresponding to copula-based¥) pairs.

took into account the natural variability of flood hydrographs. — MedianT subset; flow hydrographs were randomly se-
These events are not equivalent in terms of flood volume and  lected as upstream boundary conditions, whereas the
peak discharges and they also differ in terms of their prob- median rating curve for Traditional approach (red
ability of occurrence \olpi and Fiori 2012. We assigned dashed lines on left panel of Fig) was used as down-

to each one of the five selectég, v) pairs (or scenarios) a stream boundary conditions.

probability of occurrence estimated as follows: we computed
the joint probability density function (joint pdf) along the
contour line based on marginal probabilities (see eadpi
and Fiori 2012; the contour line has been discretised into
five stretches, which were identified by halving the curvilin-  _ RandomTsubset; both upstream (i.e. flow hydrographs)
ear distance between two scenarios; finally, the relative fre- and downstream (i.e. Traditional rating curves) bound-
quency of occurrence of each scenario was estimated as the  ary conditions are stochastically sampled. In particular,
integral of the joint pdf over each stretch and standardised by referring to the left panel of Figg, the rating curve is
the integral of the joint pdf over the entire level curve (see sampled between the 90% confidence interval (black
legend of Fig5b). lines in the Figure) during each Monte Carlo simula-
We retrieved the shape of the synthetic flow hydrographs tion.
analysing the series of historical flood events recorded at Pia- S
cenza. Estimated base flow was first subtracted from each ob- — RandomCsubset; same as before by considering Con-
served hydrograph, which was then divided by the maximum  Strained rating curves.
discharge, obtaining a dimensionless hydrograph with unit
peak flow. We then computed the mean of all dimensionless, ragits
flood hydrographs and rescaled the resulting mean hydro-
graph to match peak discharges and flood volumes estimategigure 6 reports results provided by the 1-D model for the
through the bivariate analysis for the five Tr200 events (redrRandomT subset. The upper panel of the figure reports the
dots in Fig.5a). FigureSb reports the five synthetic hydro- minimum levee-crest elevation (red dashed line) for the study
graphs obtained in the study and their corresponding empirreach of the Po River and compares it with the median (black
ical relative prObabl“ty of occurrence. IHAM was driven by |ine) and the range of Var|ab|||ty (grey dashed |ines) of wa-
the developed flood hydrographs, taking into account the relter surface simulated for the Tr200 event. In the lower panel
ative probability of each. To investigate the effect of rating- of Fig. 6, the water depth variability simulated for RandomT
curve uncertainty on flood hazard estimation, flood scenaryplack line) is compared with the one obtained from the Ran-
ios were simulated, adopting different downstream boundaryjomc subset (dashed line). The lower panel of Bigearly
conditions defined for the Cremona gauge. Approximatelyshows the impact of rating-curve uncertainty in terms of wa-
8000 Monte Carlo simulations were run in total to propagateter levels along the downstream end of the studied Po River
the uncertainty in upstream and downstream boundary conreach (RandomT and RandomC subsets). The variability in-
ditions to flood hazard estimations. In particular, subsets ofroduced by the downstream boundary condition influences
~ 2000 runs were used to explore the effects of uncertaintthe water levels simulated upstream through a backwater ef-
on flood hazard mapping: fect for a remarkable distance (i.e. 25-35 km in this case).

— MedianCsubset; same as before but adopting the Con-
strained median rating curve as downstream boundary
condition.
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Fig. 6. Monte Carlo simulations; upper panel: range of variation (grey dashed line) and median (black line) water elevation profiles simulated

for the RandomT subset along the Po River, compared with the minimum dike-crest elevation (red dashed line). Lower panel: water depth
variability simulated along the Po River for RandomT (black line) and RandomC (dashed line) subsets.

Panel (a) of Fig.7 reports the probabilistic flood hazard MedianC and RandomC subsets 2000 Monte Carlo runs
map related to a specific return period of 200 yr and obtainedeach).
for the MedianT subset{ 2000 runs); the probability of in- The map reported in Fig8b does not highlight tangible
undation of each cell in the flood prone area is indicatedvariations in the probability of flooding for the area outside
through a blue colour scale. Such a measure is calculatethe main embankments due to the rating-curve uncertainty.
as the ratio between the number of simulations in which thePatchy variations (shown in Figb) seem to be caused by
cell is wet (i.e. water deptlk 0 cm) and the total number of the stochastic definition of breach dimension and develop-
Monte Carlo runs. ment time. Concerning the rating-curve uncertainty, relative

High probabilities of inundation in Fig7a are symp- tothe unbiased rating curve constructed with the Constrained
tomatic of the presence of critical river stretches (e.g. higherapproach, Fig8 clearly shows the importance of the variabil-
probability of overtopping). Although the flooding probabil- ity of the rating curve, i.e. confidence interval width (lower
ities for the majority of the areas are quite small ranging be-panel of Fig.6). In this case, the reduced uncertainty, i.e.
tween 20-30 %, results highlight a critical condition in the the narrow confidence interval and small extrapolation errors
embankment stretch located downstream of Torrente Chi{right panel of Fig.3), results in a limited effect on flood es-
avenna tributary. In this case, a local depression on the dikéimation and inundation assessment.
crest results in a high probability of overtopping, leadingtoa Figure9 compares probabilistic flood hazard maps com-
remarkable probability of inundation for the flood-prone areaputed on the basis of the RandomT, panel (a), and Ran-
opposite to the tributary mouth (dark blue colour in FHg). domC, panel (b), subsets-2000 Monte Carlo runs each).

The probabilistic map in Fig7b reports the difference Areas highlighted in the figure emphasise the difference be-
in probability of inundation arising from the consideration tween the two subsets. Even though the uncertainty in down-
of the uncertainty bounds around the median Traditionalstream boundary conditions is considered in both scenarios,
rating curve, that is the difference between the inundationthe highlighted area appears to be inundated only when the
probability obtained for the MedianT and RandomT sub- Traditional approach is considered. This result could have
sets. FigureBa shows the probabilistic inundation map ob- been expected in light of the evident extrapolation error af-
tained for the MedianC subset 2000 Monte Carlo runs), fecting rating curves constructed with the Traditional ap-
while Fig. 8b provides the difference in inundation proba- proach, which results in a worsening of the overtopping phe-
bility between probability inundation maps obtained for the nomenon.
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In all considered scenarios, overtopping was the onlyhazard assessment, and in particular on dike breaching and
breach mechanism responsible for dike failure. None of thenundation probability. The variability of rating curves pro-
dike sections failed due to piping and micro-instability, even duces a significant uncertainty in flood probability estima-
though the bivariate approach ensured a significant variabiltion. Figure7b shows for our case study that the determinis-
ity of the flood volume for the 200 yr flood event (see Y. tic (i.e. neglecting uncertainty, MedianT subset) utilisation of
a rating curve constructed using a traditional approach (i.e.
fitting the available discharge-water level observations) re-
sults in a significant underestimation of flooding probability.

It is worth emphasising here that, when assessing the rooc@‘S a general remark, it is worth noting here that the flood-

hazard conditions along a river reach dominated by subN9 probability could be underestimated or overestimated in

critical flow conditions, extending the modelling domain far other study areas depending on local conditions, yet we want

enough downstream the stretch of interest may limit (or com-to underline the significant bias that may affect the flood in-
pletely remove) the possible negative effects of uncertainundation. gstimate;. The bias sign depends on the specific lo-
downstream boundary conditions. Nevertheless, we deem thcéal conditions, which may produce systematic underestima-

. tion, or overestimation, of the water levels in the downstream
assessment of the effects of uncertainty from downstream

o . end of the considered river reach, affecting the overtopping
boundary conditions on flood hazard mapping to be very o :
) . . ; probabilities of the main embankments.
important for two main reasons. First, the extension of the

. ) . The limited variability of rating curves obtained by means
modelling domain could be costly, or hampered by various . . e
i e . of Constrained approach entails a reduced variability in terms
practical limitations (lack of topographical data, computa-

tional burden, time constraints, etc.). Second, the backwate?fwaterelevatlon along the river and this results in a more re-

length that is needed for identifying the optimal location of liable evaluation of dike stability and likelihood of flooding.

the downstream boundary condition is generally estimateda‘lthom‘:Jh we are aware that this result could also be partly

L . associated with our case-study, the analysis reveals how the
through simplified computational schemes and, hence, thé . ;

. . feduction of the extrapolation error could be a good strat-
backwater length is rather uncertain too.

For instance, for subcritical flow conditions with a Froude egy in order to reduce bias and uncertainty on flood hazard

S estimation when the uncertainty of the rating curve cannot
number significantly lower than on&amuels(1989 sug- . : L .
: . be considered (i.e. deterministic interpretation of the curve)
gests computing the distance where the backwater upstream .
of a control (as well as other disturbances) decays to less tha‘%nc.i has to bg negle.cte.d during flood hazard a;sessme!’lts for
0.1 of the original valueax, as various pract!cal I|m|tat|pns (e.g. when performing real-time
flood inundation modelling).
Ax ~0.2D/s, ) The two maps in Fig9 emphasise the effects on inunda-
tion probability estimates of bias on water levels that might
whereD is the bankfull depth of flow andis the surface (or be associated with a Traditional approach to rating-curve
main channel) slope. For the considered river reach, with aonstruction relative to the Constrained approach (see also
bankfull depthD of ~ 16 m and an average channel slape Fig. 3). The comparison of these maps highlights a possible
of 0.25 %o, Eq. B) returns~ 13km. Using a 1-D hydraulic misinterpretation of hazard estimation due to extrapolation
model of the study reach to calculate the steady-state waerrors associated with the curve fitting exercise (i.e. rating-
ter surface profile relative to a discharge of 12 56, curve construction). The highlighted cells (red ellipse) ap-
and setting the water depth 1.5m above the normal deptipear flooded only in the case of the application of the Tra-
at the downstream end to mimic the uncertainty associ-ditional approach (Fig9a), and this is a consequence of
ated with Traditional rating curve (see left panel of F3y,. the better reproduction of the hydraulic behaviour of the Po
one may easily verify thatx (defined above) results equal River at Cremona cross-section ensured by the Constrained
to ~ 18 km. It should be noted that both estimates are signif-rating curve (see Fi@).
icantly lower than 25-35 km, that is the distance at which the Concerning the scientific debate on probabilistic versus
variability introduced by the downstream boundary condition deterministic inundation maps, some considerations may be
influences the simulated inundation probabilities through araised from Fig8b which illustrates the difference in terms
backwater effect. This result, obtained from a MC simu- of inundation probability between RandomC and MedianC
lation experiment and the cascade of numerical hydrodysubsets. Both subsets refer to the Constrained approach for
namic models, clearly highlights that simplified modelling constructing rating curves, therefore the most accurate of all
approaches, as those briefly recalled above, may significantigonsidered cases both in terms of possible extrapolation er-
underestimate the effects of the uncertainty in downstreanmrors (i.e. limited bias) and global rating-curve uncertainty
boundary conditions. (i.e. limited confidence interval). The comparison between
Results presented in the previous section clearly highthe two maps enables one to understand the difference in
light the remarkable impact of the methodology applied for terms of flood probability that originates from the uncer-
rating-curve construction and associated uncertainty on floodainty in the downstream boundary condition. Differences,

5 Discussion
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although limited in terms of inundation probability, are 1:2 or 1: 3; average landside slope &-1: 6). This result
present over wide regions (see for instance the green area in agreement with what has been observed along the study
in Fig. 8b) and, more importantly, they are located quite far reach of the Po River during the October 2000 flood event
from the gauged river cross-section where the boundary confCoratza 2005. However, evidences of sandboils along the
dition is set ¢~ 25—-35 km upstream of the downstream end). study reach during recent flood events in 1994 (magnitude
Furthermore, it should be emphasised that even though thessmilar to the October 2000 event) and 2000 suggest a start-
differences in terms of flooding probability are modest they ing retrogressive erosion and the presence of a non-negligible
may result in a non-negligible variation in terms of overall danger of piping Coratza 2005. Therefore, breach mecha-
flood risk, e.g. due to the interactions of hazard (probability) nisms other than overtopping should not be excluded from
with exposure and vulnerability of the area, especially whenthe analysis a priori.
a wider spectrum of return periods is considered (as opposed
to Tr=200 yr selected in this study).

Similar results in terms of overall extension of the flood- 6 Conclusions
able area may also be obtained from deterministic inundation
maps, however, the added value of probabilistic inundationThe debate relative to the deterministic and probabilistic ap-
mapping relies on its capability to represent the uncertaintyproach for flood hazard estimation is still ongoing in the
of the output in a very effective way. The representation of scientific community Di Baldassarre2012 Di Baldassarre
the uncertainty associated with the output facilitates the in-et al, 2019 Montanarj 2007). Providing flood probability
teraction between scientists and decision-makers, who maynaps for the flood prone areas appears to be an efficient way
or may not have a strong background in numerical-hydraulicto visualise the likelihood of flooding and it also offers addi-
modelling. tional information concerning the reliability of its estimation.

To promote the utilisation of probabilistic maps, scientists The scientific community is well aware of all risks asso-
should provide decision-makers with information on their ciated with deterministic statements (i.e. binary, yes or no
meaning and stress the distinction between the overall inkind of statements) when the system under study is uncertain.
undation probabilities and those related to a specific returrNevertheless, the output of numerical simulations as well as
period. Inundation probabilities represented in this work (seehydraulic and hydrological input data are often used in prac-
e.g. Sect4 and Figs.7 and 9) refer to a 200yr return pe- tice and applied regardless of their uncertainty. Probabilis-
riod and are therefore specific to a particular set of syn-tic inundation maps are still scarcely adopted as additional
thetic flood events. The overall probability of inundation for assets by decision-makers called to define flood protection
a given point within the flood-prone area of the River Po strategies. This should mainly be attributed to a lack of spe-
could be different if all possible flood return periods and re- cific guidelines as well as to a limited ability of the scientific
spective scenarios were considered. However, since the Pcommunity to communicate the meaningfulness and effec-
River Basin Authority grounds the flood risk assessment.tiveness of this kind of spatial representation of flood haz-
management and mitigation by considering a specific re-ard. We investigated the effects of the uncertainty in the def-
turn period, i.e. 200yr, the probability of inundation asso- inition of the downstream boundary condition given by the
ciated with 200yr floods is a meaningful representation ofrating curve on the flood probability estimation for a diked
the flood hazard for the decision-making process. Once adereach of the Po River. The evaluation was carried out with the
quately informed, the decision-maker will decide how best tolHAM model, which enables the evaluation of failure prob-
deal with this uncertainty (e.g. by including highlighted ar- abilities of the dike system under variable hydraulic condi-
eas of Fig9b among the restricted areas in the spatial plan-tions and for different breaching mechanisms. The intrinsic
ning acts) and weight her/his decision by the probability of uncertainty in flood hydrographs was considered through a
flooding. On the other hand, if the decision on the appropriatebivariate approach by modelling the correlation structure of
protection level is required based on the overall flood risk aspeak streamflow and flood volume by means of a copula ap-
sessment, the entire spectrum of the return periods should bgroach.
taken into account with their respective uncertainty estima- Results of the analysis highlight how rating curves’ un-
tions. This is also feasible with the presented methodology. certainty significantly affects flood mapping assessment and,

Finally, concerning our particular case study, the analy-in particular, probabilistic flood mapping, when the curves
sis pointed out that dike stability is strongly controlled by themselves are used as downstream boundary conditions.
peak discharges rather than by flood volumes. Although theThis aspect appears particularly relevant when the range of
variability of flood volume was explicitly considered in the uncertainty for high flow rates becomes wide due to the
flood hydrograph scenarios (Fi§), the embankment sys- extrapolation error introduced during rating-curve construc-
tem was in fact found to be sensitive to overtopping fail- tion. In this context, the methodology used for rating-curve
ures only. Failures due to piping or micro-instability did not construction plays a fundamental role in the model chain
occur in the Monte Carlo runs due to the remarkable thick-for flood hazard assessment. We investigated the effects in
ness of the main river embankments (average riverside slopterms of dike breaching and inundation probability of two

Hydrol. Earth Syst. Sci., 17, 3127314Q 2013 www.hydrol-earth-syst-sci.net/17/3127/2013/



A. Domeneghetti et al.: Effects of uncertain boundary conditions 3139

methodologies for rating-curve construction, referred to in References

the study as Traditional and Constrained approaches (see also

structed by means of a typical approach (e.g. Traditional ap- pione degli argini maestri del fiume Po attraverso prospezioni
proach) the analysis shows through a series of Monte Carlo geofisiche da eseguirsi mediante metodi sismici ed elettrici, ST1-
. . . . . 12, \Vol. 12, 2001 (in Italian).

2?:;2@:%?;2%‘8??:;3 r;ht?r:gnsl?rl\?gtmg;r;:agrlgerr]'?glhnlt;/ir?SAdB_Po_GEOVIT: Definizione delle indagini di campo necessarie

k - ) a definire la vulnerabili del sistema arginale ai fenomeni di si-
accurate, and therefore dangerous, inundation mapping. In tonamento, Rapporto ST 1-22, Parma, 2004 (in Italian).

this context, the study clearly points out how taking into ac- Alkema, D. and Middelkoop, H.: The Influence of Floodplain Com-
count the rating-curve uncertainty through a probabilistic ap- partmentalization on Flood Risk within the Rhine-Meuse Delta,
proach significantly enhances the reliability of the flood haz- Geo-Information Science, 125-145, 2005.

ard mapping. Also, the results of our analysis pointed outApel, H., Thieken, A. H., Merz, B., and Bschl, G.: Flood risk
that limiting the extrapolation error while constructing em-  assessment and associated uncertainty, Nat. Hazards Earth Syst.
pirical rating curves (for instance by adopting an approach SCi-, 4, 295-308, ddl0.5194/nhess-4-295-2002004. .
similar to the so-call Constrained approach illustrated in”APel: H.,Merz, B., and Thieken, A. H.: Quantification of uncertain-
Domeneghetti et gl2012) significantly reduces the effect of tl'gz 'gglggd risk assessments, J. River Basin Manage., 6, 149-
uncgrtain bqgndary conditions. on the f.IOOd Iikelihpod esti- Aronic’a, G, .Bates, P. D., and Horritt, M. S.: Assessing the uncer-
mation. Addlt_lonally, the reduction 9f rat.lng-curve .blas leaqs tainty in distributed model predictions using observed binary pat-
to a more reliable flood hazard estimation, reducing the risk e information within GLUE, Hydrol. Process., 16, 2001-2016,
of unfounded estimation of floodable areas. This is animpor-  §oi:10.1002/hyp.3982002.

tant aspect when practical constraints (i.e. lack of data, availBates, P. D., Horritt, M. S., Aronica, G., and Beven, K.: Bayesian
able time, money, etc.) prevent the modeller from extending updating of flood inundation likelihoods conditioned on flood ex-
the study domain downstream, i.e. locating the downstream tent data, Hydrol. Process., 18, 3347-3370, 2004.

boundary conditions sufficiently far enough away from the Castellarin, A., Di Baldassarre, G., Bates, P. D., and Brath,
area of interest, which could evidently reduce, or completely A1 Optimal Cross-Sectional Spacing in Preissmann Scheme

remove, the effect of rating-curve uncertainty on model re- 3[}_1Hyfroci)//rfmicé M7ode|s£,12J. 2Hydralul. _'25“9" 135, 96-105,
sults. A probabilistic statement of flood hazard, which in- _001-10-1061/(ASCE)0733-9429(2009)135:2(3B009.

corporates a quantification of the uncertainty affectin theCasteIIarin, A., Di Baldassarre, G., and Brath, A.: Floodplain man-
P q y 9 agement strategies for flood attenuation in the river Po, River

output of.numerigzal hydra_lulic model!iqg, represents a funda- g Appl., 27, 1037-1047, do.1002/rra. 14052011,

mental piece of information for decision-makers, when, for choy, v. T.: Open-Channel Hydraulics, New York, USA, 1959.
instance, they are called to define spatial development plangoratza, L.: Aggiornamento del catasto delle arginature maestre di
for a given area, or when they need to identify priorities inthe  Po, Parma, 2005 (in Italian).

organisation of civil protection actions during a flood event. de Moel, H., Aerts, J. C., and Koomen, E.. Development
Probabilistic flood inundation maps are the most natural and of flood exposure in the Netherlands during the 20th
straightforward graphical representation of such a statement, and 21st century, Global Environ. Change, 21, 620-627,

and should always be preferred to deterministic inundation d0i:10.1016/j.gloenvcha.2010.12.0@911. _
maps. Di Baldassarre, G.: Flood trends and population dynamics, EGU

Medal Lecture: HS Outstanding Young Scientist Award, EGU
General Assembly 2012, Wien, 2012.

Di Baldassarre, G. and Claps, P.: A hydraulic study on the ap-
plicability of flood rating curves, Hydrol. Res., 42, 10-19,
doi:10.2166/nh.2010.092011.

Di Baldassarre, G. and Montanari, A.: Uncertainty in river discharge
observations: a quantitative analysis, Hydrol. Earth Syst. Sci., 13,
913-921, doit0.5194/hess-13-913-2002009.

Di Baldassarre, G., Castellarin, A., Montanari, A., and Brath, A.:
Probability-weighted hazard maps for comparing different flood
Edited by: T.Bogaard risk mapagement strategies: a case study, Nat. Hazards, 50, 479—

496, doi10.1007/s11069-009-9355-B009.

Di Baldassarre, G., Schumann, G., Bates, P. D., Freer, J. E., and
Beven, K. J.: Flood-plain mapping: a critical discussion of deter-
ministic and probabilistic approaches, Hydrol. Sci. J., 55, 364—
376, doi10.1080/02626661003683389)10.

Domeneghetti, A., Castellarin, A., and Brath, A.: Assessing rating-
curve uncertainty and its effects on hydraulic model calibration,
Hydrol. Earth Syst. Sci., 16, 1191-1202, d€i:5194/hess-16-
1191-20122012.

AcknowledgementsThe authors are extremely grateful to the
Interregional Agency for the Po River (Agenzia Interregionale per
il Filume Po, AIPO, Italy) and Po River Basin Authority (Autdridli
Bacino del Fiume Po, Italy) allowing access to their high-resolution
DTM of River Po. We are also grateful to an anonymous reviewer,
to Micha Werner and to the Editor, Thom Bogaard, for their
thorough and constructive reviews.

www.hydrol-earth-syst-sci.net/17/3127/2013/ Hydrol. Earth Syst. Sci., 17, 312314Q 2013


http://dx.doi.org/10.5194/nhess-4-295-2004
http://dx.doi.org/10.1002/hyp.398
http://dx.doi.org/10.1061/(ASCE)0733-9429(2009)135:2(96)
http://dx.doi.org/10.1002/rra.1405
http://dx.doi.org/10.1016/j.gloenvcha.2010.12.005
http://dx.doi.org/10.2166/nh.2010.098
http://dx.doi.org/10.5194/hess-13-913-2009
http://dx.doi.org/10.1007/s11069-009-9355-6
http://dx.doi.org/10.1080/02626661003683389
http://dx.doi.org/10.5194/hess-16-1191-2012
http://dx.doi.org/10.5194/hess-16-1191-2012

3140 A. Domeneghetti et al.: Effects of uncertain boundary conditions

EU ISO EN Rule 1100-2:2010: Hydrometry — Measurement of Pappenberger, F., Matgen, P., Beven, K. J., Henry, J.-B., Pfister, L.,
liquid flow in open channels — Part 2: Determination of the  and de Fraipont, P.: Influence of uncertain boundary conditions
stage-discharge relationship, International Standard Organiza- and model structure on flood inundation predictions, Adv. Water

tion, 2010. Resour., 29, 1430-1449, db0.1016/j.advwatres.2005.11.012
Fermanian, J.-D.:  Goodness-of-fit tests for copu- 2006.

las, Journal of Multivariate Analysis, 95, 119-152, Salvadori, G. and De Michele, C.: On the use of copulas in hy-

doi:10.1016/j.jmva.2004.07.002005. drology: theory and practice, J. Hydrol. Eng., 12, 369-380,

Genest, C., Bmillard, B., and Beaudoin, D.. Goodness- doi:10.1061/(ASCE)1084-0699(2007)12:4(362007.
of-fit tests for copulas: A review and a power study, Samuels, P. G.: Backwater lengths in rivers, Proc. Inst. Civ. Engrs.,
Insurance: Mathematics and Economics, 44, 199-213, Pt2,87,571-582,1989.
doi:10.1016/j.insmatheco.2007.10.0@R09. Sayers, P., Hall, J., Dawson, R., Rosu, C., Chatterton, J., and
Govi, M. and Turitto, O.: Casistica storica sui processi d’'iterazione Deakin, R.: Risk assessment of flood and coastal defences for
delle correnti di piena del Po con arginature e con elementi mor- strategic planning (RASP) — A high level methodology, in: Con-
fotopografici del territorio adiacente, in: Istituto Lombardo Ac-  ference of Coastal and River Engineers, Dep. for Environ., Food

cademia di Scienza e Lettere, Milano, 2000 (in Italian). and Rural Affairs, January 2002, 1-14, Keele, UK, 2002.
Hall, J. W.: Handling uncertainty in the hydroinformatic process, J. UNI EN Rule 748:1997: Measurement of liquid flow in open chan-
Hydroinform., 5, 215-232, 2003. nel — Velocity-area methods, International Standard, 1997.

Hall, J. and Anderson, M.: Handling uncertainty in ex- USACE: Guidelines for risk and uncertainty analysis in water re-
treme or unrepeatable hydrological processes — the need for sources planning, Fort Belvoir, VA, 1992.
an alternative paradigm, Hydrol. Process., 16, 1867-1870Molpi, E. and Fiori, A.: Design event selection in bivariate hy-
doi:10.1002/hyp.50262002. drological frequency analysis, Hydrol. Sci. J., 57, 1506-1515,
Hall, J. and Solomatine, D.: A framework for uncertainty analysis  doi:10.1080/02626667.2012.7263%2012.
in flood risk management decisions, J. River Basin Manage., 6 orogushyn, S., Merz, B., and Apel, H.: Development of
85-98, 2008. dike fragility curves for piping and micro-instability breach
Han, K. Y., Lee, J. T., and Park, J. H.: Flood inundation analysis mechanisms, Nat. Hazards Earth Syst. Sci., 9, 1383-1401,
resulting from Levee-break, J. Hydraul. Res., 36, 747-759, 1998. do0i:10.5194/nhess-9-1383-2002009.
Klein, B., Schumann, M. P. Y., and Hundecha, A.: Probability Vorogushyn, S., Merz, B., Lindenschmidt, K.-E., and Apel,
analysis of hydrological loads for the design of flood con- H.: A new methodology for flood hazard assessment con-
trol system using copulas, J. Hydraul. Eng., 15, 360-369, sidering dike breaches, Water Resour. Res., 46, 1-17,

doi:10.1061/(ASCE)HE.1943-5584.00002@010. doi:10.1029/2009WR008472010.

Merz, B.: Modellierung des Niederschlag-Abflu3-Vorgangs in Vorogushyn, S., Apel, H., and Merz, B.. The impact of
kleinen Einzugsgebieten unter Beksichtigung der nétlichen the uncertainty of dike breach development time on flood
Variabilitat, Ph.D. Thesis, Univ. Karlsruhe, Karlsruhe, Germany, hazard, Phys. Chem. Earth, Parts A/B/C, 36, 319-323,
1996. doi:10.1016/j.pce.2011.01.008011.

Merz, B. and Thieken, A. H.: Separating natural and epistemic un-Vorogushyn, S., Lindenschmidt, K. E., Kreibich, H., Apel, H., and
certainty in flood frequency analysis, J. Hydrol., 309, 114-132, Merz, B.: Analysis of a detention basin impact on dike failure
doi:10.1016/j.jhydrol.2004.11.012005. probabilities and flood risk for a channel-dike-floodplain system

Merz, B. and Thieken, A. H.: Flood risk curves and uncertainty  along the river Elbe, Germany, J. Hydrol., 436-437, 120-131,
bounds, Nat. Hazards, 51, 437-458, #6i1007/s11069-009- doi:10.1016/j.jhydrol.2012.03.00€012.

9452-6 2009. Wahl, T. L.: The uncertainty of embankment dam breach parameter

Montanari, A.: What do we mean by “uncertainty”? The need for  predictions based on dam failure case studies, in: USDA/FEMA
a consistent wording about uncertainty assessment in hydrology, Workshop on Issues, Resolutions, and Research Needs Related to
Hydrol. Process., 845, 841-845, ddl:1002/hyp.66232007. Dam Failure Analysis, 1-16, 26-28 June, 2001, Oklahoma City,

Most, H. V. and Wehrung, M.: Dealing with Uncertainty in Flood OK, 2001.

Risk Assessment of Dike Rings in the Netherlands, Nat. HazardsWilson Engineering: EPDRiv1-A dynamic one-dimensional model
36, 191-206, 2005. of hydrodynamics and water quality, Twin Oaks, Missouri, avail-

Pappenberger, F., Beven, K., Horritt, M., and Blazkova, S.: Un- able atwww.wileng.com Tech. Rep., 2003.
certainty in the calibration of effective roughness parameters in
HEC-RAS using inundation and downstream level observations,

J. Hydrol., 302, 46—69, ddi0.1016/j.jhydrol.2004.06.03@005.

Hydrol. Earth Syst. Sci., 17, 3127314Q 2013 www.hydrol-earth-syst-sci.net/17/3127/2013/


http://dx.doi.org/10.1016/j.jmva.2004.07.004
http://dx.doi.org/10.1016/j.insmatheco.2007.10.005
http://dx.doi.org/10.1002/hyp.5026
http://dx.doi.org/10.1061/(ASCE)HE.1943-5584.0000204
http://dx.doi.org/10.1016/j.jhydrol.2004.11.015
http://dx.doi.org/10.1007/s11069-009-9452-6
http://dx.doi.org/10.1007/s11069-009-9452-6
http://dx.doi.org/10.1002/hyp.6623
http://dx.doi.org/10.1016/j.jhydrol.2004.06.036
http://dx.doi.org/10.1016/j.advwatres.2005.11.012
http://dx.doi.org/10.1061/(ASCE)1084-0699(2007)12:4(369)
http://dx.doi.org/10.1080/02626667.2012.726357
http://dx.doi.org/10.5194/nhess-9-1383-2009
http://dx.doi.org/10.1029/2009WR008475
http://dx.doi.org/10.1016/j.pce.2011.01.005
http://dx.doi.org/10.1016/j.jhydrol.2012.03.006
www.wileng.com

