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Abstract

The identification of flood prone areas is essential for a range of engineering,

risk reduction and research applications. Here, we describe a combined hydro-

logical and hydraulic modelling approach for the assessment of flood-prone

areas and we present the results obtained over the Po river (Northern Italy).

Runoff and river discharges are calculated through the hydrological model

CHyM driven by GRIPHO, a new precipitation dataset for Italy. River flow

data are used to obtain flood hydrographs for the CA2D hydraulic model,

which calculates flood hazard maps at a resolution of 90 m. Flood simulations

are run over a re-shaped HydroSHEDS digital elevation model that includes

information of the channel geometry. Modeled flood hydrographs are com-

pared with observed data for a choice of gauging stations, showing a good per-

formance of the CHyM model. We validate the flood hazard maps against

observed flood events and official hazard maps. For high return periods, mod-

elled maps can correctly identify up to 67% of the flood extent, both on the Po

River and on smaller tributaries, while performances are more variable for

lower return periods. Overall, the proposed approach suggests a strong poten-

tial for further applications, such as flood hazard assessment under future cli-

mate scenarios.
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1 | INTRODUCTION

The last few decades have seen increased interest towards
the study of floods, their consequences on society and
natural ecosystems and the development of measures to
reduce their impact. Flood hazard maps are among the
most important tools for flood risk management.
According to the definition given by the European Floods

Directive (European Commission, 2007), flood hazard
maps are designed to indicate the probability and/or
magnitude of different flood scenarios over a given area
and are used as a decision making tool for multiple pur-
poses, ranging from infrastructure development to disas-
ter response planning. Following the requirements of the
Floods Directive, all the member states of the European
Union have developed river flood hazard maps, using the
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approach deemed to be most appropriate. Italy is fre-
quently affected by severe inundation events caused by
inland water bodies (Istituto di Ricerca per la Protezione
Idrologica and Consiglio Nazionale delle Ricerche, 2018),
and this has led to the development of flood hazard maps
already in the early 2000s under the responsibility of the
local river basin authorities. The resulting national cata-
logue comprises flood maps developed with a consider-
able diversity of modelling approaches, data sets and
coverage (ISPRA, 2017). In addition, the information on
data and methods used is often difficult to retrieve and
compare. As such, having a dataset at national scale
developed with a uniform, consistent approach would
allow a better comparison of flood hazard across different
areas, thereby improving national-scale analyses.

Considerable portions of flood hazard maps in Italy
were produced with one-dimensional hydraulic models
(Autorità di bacino del fiume Po, 2012), mainly because
of the limitations in topographic data and computational
power. Today, two-dimensional (2D) models based on
reduced complexity equations (i.e. where full flow equa-
tions are conveniently simplified; Bates, Horritt, &
Fewtrell, 2010) can provide an adequate representation of
flooding processes, generally outperforming one-
dimensional models under a wide range of conditions
(Castellarin, Domeneghetti, & Brath, 2011; di Bal-
dassarre, Schumann, & Bates, 2009; Horritt &
Bates, 2002). Moreover, due to huge advancements in
parallel computing techniques, these models can be
applied over large areas at high resolution, thus making
simulations possible at continental and even global scale
(Dottori et al., 2016; Sampson et al., 2015; Wing
et al., 2017).

Nevertheless, models based on global datasets still
have important drawbacks, such as the inability to accu-
rately represent river bed geometry due to the lack of
global channel bathymetry data (Yamazaki et al., 2019).
Such limitations can be overtaken when focusing on
data-rich areas, however, recent scientific studies on
flood hazard estimation in Italy have mostly focused on
examining specific limited areas of interest (Di Salvo,
Ciotoli, Pennica, & Cavinato, 2017; Marchesini
et al., 2016; Morelli, Battistini, & Catani, 2014; Sole,
Giosa, Nol'e, Medina, & Bateman, 2008), particular past
events (Amadio, Mysiak, Pecora, & Agnetti, 2013; March-
i, Borga, Preciso, & Gaume, 2010; Masoero, Claps,
Asselman, Mosselman, & Di Baldassarre, 2013; Norbiato,
Borga, Sangati, & Zanon, 2007; Santo, Di Crescenzo, Del
Prete, & Di Iorio, 2012) or flood risk rather than hazard
(Albano, Mancusi, & Abbate, 2017; Salvati, Bianchi,
Rossi, & Guzzetti, 2010). In this study, we describe a com-
bined hydrological and hydraulic modelling approach
which uses the Cetemps Hydrological Model (CHyM,

Coppola, Tomassetti, Mariotti, Verdecchia, and
Visconti (2007)) and a modified version of the CA2D
hydraulic model (Dottori & Todini, 2011), hereafter
referred to as CA2Dpar.The use of a combined hydrolog-
ical and hydraulic approach to calculate discharge
(B�ardossy, 2007; Khan et al., 2011) has considerable
advantages, such as the applicability over ungauged
regions and the possibility of assessing the impact of
changes in climate and/or land cover on floods. While
such modelling approach has been applied in previous
works to map flood hazard at the European scale
(Alfieri et al., 2014; Dottori, Alfieri, Bianchi, Skoien, &
Salamon, 2021), here we use different data and models
with some relevant advances. First, our modified
CA2Dpar has been upgraded to use a parallel algorithm
which allows the model to be run on multiple proces-
sors, thus increasing considerably its computational
efficiency. Furthermore, to better represent river flow
and flooding processes, we produced a re-shaped digital
elevation model including information of river chan-
nels, which is obtained by adjusting channel bed eleva-
tion in a way that discharges associated to return
periods of 1.5 years produce no floods, as they represent
the conveyance capacity of the river channel. The
method we describe aims at finding a general way to
account for river channel geometry also in regions
where there is no available information on river natural
banks. Finally, the modelling framework takes advan-
tage of national meteorological datasets which provide
accurate input data for hydrological and flood simula-
tions. In particular, the use of these datasets allows sim-
ulating flood extent on minor rivers, which were not
included in previous continental maps.

The proposed methodology has been applied over
the entire Italian territory, however, for illustrative pur-
poses, here we focus on the results obtained over the Po
river basin. The Po River exhibits the largest average
daily discharge in the Italian peninsula, and 40% of the
gross domestic product of Italy is produced in its river
basin (Montanari, 2012). The Po River Basin Authority
(AdbPo, www.adbpo.gov.it) provides flood hazard maps
for the entire Po basin for three return periods (20–50,
100–200 and 500 years). These are relatively well docu-
mented and available for use (Autorità di bacino del
fiume Po, 2012), thus providing a valuable benchmark
for our modelling procedure. In Section 2, we describe
the observational and simulation data along with the
method applied for flood hazard assessment over the
western basin of the river Po. Section 3 presents the
results, including the validation of the flood hydro-
graphs and the simulated flood hazard maps, hereafter
referred to as ‘ICTP2H’ maps, against observations and
other existing maps.
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2 | DATA AND METHODS

The approach proposed here assumes that flood hazard
maps over a large domain can be derived from an ensem-
ble of small sub-simulations of flood processes arranged
to cover the entire river network (Alfieri et al., 2013,
2014; Dottori, Salamon, et al., 2016). The procedure is
composed of the following steps: (1) hydrological simula-
tions are setup and calibrated for the production of long-
term discharge time series; (2) flood hydrographs are
derived for different selected return periods; (3) floodplain
hydraulic simulations are performed and the flood maps
for each return period are produced. These three steps,
illustrated in Figure 1 are described in the following
subsections.

2.1 | The observation data and the
hydrological model CHyM

Hydrological simulations are performed using the
CETEMPS Hydrological Model (CHyM) (Coppola
et al., 2007), a distributed hydrological model developed
by the Centre of Excellence at the University of L'Aquila.
CHyM uses information from a Digital Elevation Model

(DEM) and employs an eight flow direction
(D8) approach (Jenson & Domingue, 1988; Martz &
Garbrecht, 1992; Tribe, 1992), using cellular automata
algorithms to resolve local singularities and no-flow
points (Coppola et al., 2007). Input precipitation from
various sources can be assimilated, including gridded pre-
cipitation from observations and models. Discharge is
routed through each grid cell using continuity and
momentum equations based on the kinematic shallow
water approximation of Lighthill and Whitham (1955).
Potential evapotranspiration is computed as a function of
the reference evapotranspiration, that is the evapotrans-
piration in saturated soil conditions. For details about the
computation of the reference evapotranspiration we refer
to Todini (1996) and Thornthwaite et al. (Thornthwaite
& Mather, 1957).

CHyM is specifically designed for Italian river catch-
ments and has been widely tested for a variety of regions
across Italy, and in particular for the Po basin (Coppola
et al., 2014; Tomassetti, Coppola, Verdecchia, &
Visconti, 2005a; Verdecchia, Coppola, Tomassetti, &
Visconti, 2009), the largest of the peninsula. The domain
chosen for this study consists of the upper part of this
catchment, and matches one of the nine operational
domains simulated by CETEMPS to forecast potential

FIGURE 1 Schematic view of the approach used in this study
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floods over the Italian territory using stress indices
(Tomassetti, Coppola, Verdecchia, & Visconti, 2005a;
Verdecchia et al., 2008). The simulations performed for
this study are part of a study (Fantini, 2019) focused on
the impact of climate change on flood hazard for the Ital-
ian territory. The calibration of the model is based on
previous studies (Coppola et al., 2014; Tomassetti
et al., 2005a; Verdecchia et al., 2009). In particular, the
model output is calibrated against observed discharge sta-
tions available along the river path with the model forced
using observed precipitation and temperature over a
10 years period for which the observations are available
(2001–2010). The evapotranspiration and the return flow
parameters are calibrated to implicitly take into account
the loss of water due to human activities, whereas the
infiltration parameters are calibrated to account for the
soil characteristics. The performance of the hydrological
model was evaluated using two different datasets of river
discharge observations: a daily discharge datasets from
the standard European Water Archive (EWA, 2014) and
three hourly discharge datasets provided by CETEMPS.
Due to the poor station availability the validation was
performed only over two CHyM domains, one covering
the largest italian river basin (the Po river) and the other
over central Italy (including the second largest river basin
in Italy, the Tevere). The used metrics showed good
agreement with observations for most of the stations cov-
ered by the two domains except for the northernmost sta-
tions of the Po domain and the easternmost stations of
the Central Italy domain. The index of agreement is
found >0.6 for most of the stations over Po and Tevere
basins. Similar results are shown using other metrics as
the Kling-Gupta efficiency and the Pearson correlation
coefficient. The model is able to reproduce the whole
range of discharge events, though with a slight over-
estimation of high flow discharge events and frequency
of low flow discharge events. In general, as expected, the
model tends to show better performances in simulating
larger basins.

A spatial resolution of 900 m, a spin-up time of 6 months
and a timestep of 1.2 min for the solution of the prognostic
continuity equation are employed. Testing with higher spa-
tial and temporal resolutions did not result in an improved
representation of river discharges when compared with
observed data (Fantini, 2019). The choice of the DEM is cru-
cial to ensure a correct river routing, especially in large, flat
areas such as the Po plain. Our simulations are based on the
HydroSHEDS DEM (Lehner, Verdin, & Jarvis, 2013), which
is specifically conditioned for use in hydrology applications
and offers very high resolution (around 90 m). The simula-
tions span the period 2001–2016 and are driven by the newly
developed hourly precipitation dataset GRIPHO
(Fantini, 2019; Fantini, Di Sante, Coppola, Verdecchia, &

Giuliani, 2021), which includes quality-controlled data from
3712 precipitation stations covering the Italian territory
interpolated on a 12 km resolution grid. MM5 weather fore-
casts (Grell et al., Grell, Dudhia, & Stauffer, 1994) operation-
ally in use at CETEMPS for more than 20 years (see
e.g. Bianco et al., 2006) are employed to fill data gaps in
GRIPHO. Further information on the hydrological simula-
tions used for this study, including validation against dis-
charge observations, can be found in Fantini (2019).

2.2 | Processing the hydrological inputs:
The flood hydrographs

The procedure applied here to construct flood hydro-
graphs is based on the work of Maione, Mignosa, and
Tomirotti (2003), who performed a Flood Frequency
Analysis for the Po river basin. We thus refer to that
paper and to Fantini (2019) for a detailed description of
it. For each river segment the main quantity relevant for
the estimation of the flood extent is the maximum dis-
charge that can lead to flood. A way to estimate a feasible
range of values for this quantity is a statistical-
probabilistic analysis on the basis of observed
(or modelled) data to derive the frequency of occurrences.
The aim of this analysis is the determination of the rela-
tionship between discharge and return period of flooding
by constructing a flood hydrograph (Hf), as done in
Maione et al. (2003). We used a simulated discharge time
series to collect the annual maximum discharges, which
are then statistically fitted to an extreme value distribu-
tion (here the Gumbel distribution) to be able to extend
the simulation of extreme events to any return period.
When performing the analysis for each historical flood
peak, the centre of the duration window of width D is
chosen to maximize the average computed discharge QD:

QD ¼
1
D
max

ð tþD

t
Q Tð ÞdT, ð1Þ

where t and τ represent time. These curves, called Flow
Duration Frequency reduction curve (FDF) represent the
typical discharge for each value of the return period RP
averaged over any duration D ranging from 0 (the instan-
taneous discharge, for which FDF represents the peak
flood discharge) to a value D large enough for the basin.
Since we hypothesized the Gumbel distribution as statis-
tical distribution of the annual maximum discharges, the
equation for the explicit calculation of the FDF curves is:

QD RPð Þ¼ u�αln �ln 1� 1
RP

� �� �
ð2Þ
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where the parameters u and α are estimated from the fit,
by applying the maximum likelihood method. A Flow
Duration Frequency reduction curve is therefore com-
puted at each grid point in the river network. The flood
hydrographs Hf are then calculated by imposing that the
maximum average discharge for each duration coincides
with the value obtained from the FDF curves in a given
duration D for each value of the RP. The shape of the final
design synthetic hydrograph is determined by the peak-
duration ratio rD, that is the ratio of the time before the
peak and the total duration D of the averaging window.
An example of data sampling of QD and rD from historical
hydrographs is presented in figure 1 of Maione
et al. (2003). We assume symmetry of the hydrograph,
meaning that the flood peak is always in the centre of the
two hydrograph limbs, which is a valid assumption for
medium large catchments as done in Alfieri et al. (2014).

These curves allow us to calculate a typical flood
event discharge time series for any location and return
period, starting only from the time series of yearly maxi-
mum discharges. Once the Hf are estimated, they are
used as input data for the hydraulic model in order to cal-
culate the corresponding maximum flood inundation
extent and depth (see Section 2.3). As an example appli-
cation of this procedure, Figure 2 shows Hf for seven

return periods using data from the Farigliano station on
the Tanaro river in the South-Western part of the study
area, whose data are taken from the European Water
Archive (EWA, 2014).

2.3 | Modelling the flood inundation:
The hydraulic model

Floodplain hydraulic simulations are performed using a
modified version of the 2D hydraulic model CA2D orig-
inally developed by Dottori and Todini (2011). We use
as starting point the model version proposed by Dottori,
Salamon, et al. (2016), which adopts a raster computa-
tion grid with an 8-direction link network (Moore
neighbourhood rule, Parsons and Fonstad (2007)) and
the semi-inertial formulation of the momentum equa-
tion (Bates et al. (2010)). Note that the model uses the
same flow equations for both the channel flow and
floodplain flow. In this new version, hereafter referred
to as CA2Dpar, the physics is unchanged with respect to
the original version but the code is translated into a
more recent fortran standard (Fortran90) and is para-
llelized using the message passing interface (MPI)
communication.

FIGURE 2 Example flood

hydrographs computed following the

procedure described in Section 2.2 for a

station on the Tanaro River, tributary of

the Po river. Seven return periods (1.5,

10, 50, 100, 250, 500, and 1000 years) are

shown
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To evaluate the performance and scalability of the
model, a set of 11 different simulations were carried out
and the wall clock times in seconds as a function of num-
ber of cores are reported in Figure 3. The domain used
for the scalability tests has a spatial extension of 0.3 by
0.3� with a resolution of 90 m, and the tests were run on
the ICTP HPC cluster (Argo http://argo.ictp.it/) with
36 nodes each having 12 Sandybridge Cores and 32 GB
per node. The parallelization of the code increases the
performance of the model by a factor of up to 7.5 times
with respect to the original model, even with a limited
number of cores. The speed increases with the number of
cores up to 60 cores, when the best performance is
reached (Figure 3).

2.4 | The production of the ICTP2H
flood maps

2.4.1 | The digital elevation model

Currently, the Shuttle Radar Topography Mission
(SRTM) DEM (Farr et al., 2007; Rabus, Eineder, Roth, &
Bamler, 2003) is considered as one of the best openly
available datasets for flood modelling with near-global
coverage (Hirt, Filmer, & Featherstone, 2010; Jing,
Shortridge, Lin, & Wu, 2014). The void-filled
HydroSHEDS variant of SRTM was used in this work
with 3 arc sec resolution (Lehner, Verdin, &
Jarvis, 2006, 2008).

2.4.2 | The ‘digging method’

As described in Neal, Schumann, and Bates (2012) and
Sampson et al. (2015), representing river channels in sim-
ulations is necessary to guarantee acceptable results in
terms of flood depths and extent. While river channel
widths can be estimated remotely at near-global scale
(Yamazaki et al., 2014), direct or indirect measures of
channel bathymetry are not yet available, and channel
geometry is usually estimated with empirical hydraulic
geometry functions (Andreadis, Schumann, &
Pavelsky, 2013; Sampson et al., 2015). Natural and artifi-
cial river defenses are also challenging to incorporate in
large-scale models, as they are not detected by global
DEMs (Dottori, Salamon, et al., 2016). Moreover, ground-
based information on river flood defenses generally refers
only to limited areas (e.g. Brandimarte & Di
Baldassarre, 2012; Te Linde, Bubeck, Dekkers, De Moel, &
Aerts, 2011), therefore continental and global datasets
have to rely on modelled data (Scussolini et al., 2016).

In order to estimate the channel conveyance, here we
use the near-global database of bankfull depths, based on
hydraulic geometry equations and the HydroSHEDS
hydrography dataset described in Andreadis et al. (2013).
The novel idea is to link the channel geometry to the dis-
charge return period, as it guarantees that channels,
properly sized, are able to contain the simulated flows.
The method also mitigates the problem of missing infor-
mation on river banks. In order to include information
on the geometry of the river we use the bankfull depths
to artificially ‘dig’ the HydroSHEDS DEM. We assign to
each river segment of depth do given by Andreadis
et al. (2013) a new depth dn proportional to the estimated
depth do according to:

dn ¼ kdo ð3Þ

where k is the digging coefficient parameter, spatially
uniform along the river and its tributaries. This coeffi-
cient is chosen considering that the 1.5 year return period
is assumed as the conveyance capacity of the river chan-
nel (Andreadis et al., 2013; Harman, Stewardson, &
DeRose, 2008; Leopold, 1994; Neal et al., 2012; Sampson
et al., 2015), that is the 1.5 year return period corresponds
to zero flooded areas. This new depth is then subtracted
from the HydroSHEDS DEM. It is important to note that
digging the channel is applied to include the river bed
permanently covered by water, which is not represented
in the DEM, and that no assumptions are made for the
rivers' widths. It is not meant to mimic the effect of flood
protection structures, such as river dykes, which requires
a separate treatment. Indeed, where floodplains are
protected by a dyke system, overflowing may be allowed

FIGURE 3 Wall-clock time (s) variation with the number of

cores achieved with the parallelization of the CA2D model
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in a limited portion of floodplain between the river bed
and the main river dykes in order to reduce flood peaks.
For instance this is what happens along the main stem of
the Po River (Castellarin et al., 2011), as described in Sec-
tion 3.3. Therefore, representing dykes would require to
‘raise’ DEM pixels corresponding to river banks in order
to reproduce the blockage effect (as done by Wing
et al., 2017). Such approach could be done over the Po
River where the level of flood protection is known, but
this is not the case for the majority of river basins in Italy
and Europe. Given that our goal is to develop a method-
ology applicable everywhere, we opted to not use local
information for the model setup.

2.4.3 | The ‘virtual stations’ and flood
simulations

As stated in Section 2.1, a 15-year continuous discharge
time series covering the Italian territory is generated
using the CHyM hydrological model from January 2001
to December 2016. Flood peaks with 50, 100, 500 year
return periods are derived for each river point in the
model and downscaled to the river network at 3 arc sec
resolution. Flood hydrographs are then used to perform
small scale floodplain hydraulic simulations on points
which will be hereafter referred to as ‘virtual stations’.
These are located every 10 km along the river network
for rivers with drainage areas larger than A = 5 km2

using the hydraulic model CA2Dpar (see red dots in
Figure 4). For each virtual station the simulation is run
over a sub-domain of 0.3

� � 0.3
�
size (�30 � 30km at this

latitude), chosen to optimize the computational effi-
ciency, as the simulation time is strongly affected by the
size of the domain.

Due to the relatively small size of each simulated sub-
domain, the duration of all flood simulations was set to
240 h, a value based on the maximum time of

concentration over the Po River (Alfieri et al., 2014),
which allows us to reproduce flood wave dynamics
throughout the entire river network. For each return
period, a total of 474 simulations were performed and
merged to produce a Western Po river flood hazard map,
taking the maximum depth value where more maps over-
lap. In each computation domain, Manning's roughness
values for the hydraulic simulations are derived from the
Corine Land Cover map (Copernicus Land Monitoring
Service, 2020). Note that we did not perform a specific
calibration of roughness values, but we used values taken
from previous studies (Alfieri et al., 2014; Alfieri, Burek,
Feyen, & Forzieri, 2015) that applied similar 2D model
codes over comparable grid resolutions. The range of
values goes from 0.2 m

1/3 s for forest areas to 0.04 m
1/3 s for

river channels, following Alfieri et al. (2015).
In all the simulations a free flow boundary condition

is assumed at the edge of the domain, while the initial
water level for the sea and internal water bodies is given
by the local DEM value. We do not include levees in the
model domain, as the information on their geometry is
not available from remotely sensed datasets, therefore we
assume that overflow occurs when channel conveyance is
exceeded. The flood maps for the Western Po obtained
for return periods of 50, 100 and 500 years are shown in
Figure 5, where smaller return period floods are overlaid
to larger ones.

2.5 | Maps validation

Validation of flood hazard models is achieved through
the evaluation of the model accuracy in estimating the
probability of flood occurrence and of relevant hazard
variables of the flood event (e.g. flood extent and depth,
flow velocity). Unfortunately the evaluation is strongly
limited by the scarce availability of reference flood maps
and flood observations, and is a key topic in flood risk

FIGURE 4 Virtual stations selected

for drainage areas larger than A = 5 km2

and regularly spaced every 10 km along

the high-resolution river network of the

analysed domain (blue box on the left).

Black square boxes show the flooded

area analysed in Section 3.2
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analysis. Various methods were suggested by previous
studies. One consists in comparing the simulated maps
with other reference maps based on the statistical estima-
tion of peak discharges (Pappenberger, Dutra,
Wetterhall, & Cloke, 2012); another method consists of
comparing the simulated flood event maps against obser-
vations of flood extent for events of comparable magni-
tude, using satellite flood images, aerial surveys or
ground surveys (Rudari et al., 2015). A further approach
consists of comparing the simulated flood maps against
reference hazard maps prepared by national or local
authorities (Alfieri et al., 2014).

The validation of simulated ICTP2H flood maps
against observations (Section 3.2), and against reference
maps (Section 3.3) is performed using indices proposed in
the literature (Alfieri et al., 2014; Bates & de Roo, 2000;
Dottori, Salamon, et al., 2016). The Hit Ratio index (HR),
defined as:

HR ¼ Fm \ Foð Þ= Foð Þ ð4Þ

measures the agreement of ICTP2H flood maps (Fm) with
existing maps (Fo). This index does not take into account
the overprediction or underprediction of the flooded area,
therefore two other measures are calculated to account
for this: the False Alarm index (FA), defined as:

FA ¼ Fm� Fm \ Foð Þ½ �= Foð Þ ð5Þ

where Fm � (Fm \ Fo) is the flooded area wrongly
predicted by the model, and the Critical Success index
(CS), defined as:

CS ¼ Fm \ Foð Þ= Fm[Foð Þ: ð6Þ

3 | RESULTS AND DISCUSSION

The method was tested over the upper Po basin due to
previous experience with the hydrological model in this
domain (Coppola et al., 2014) and the availability of reli-
able observed discharge data (Fantini, 2019). Results are
organized as follows: first, we compare the flood hydro-
graphs reproduced by the hydrological model with those
obtained using observational data (Section 3.1); then, we
evaluate the simulated flood extent maps against observa-
tions for two case studies of real flood events (Section 3.2)
and against official flood maps produced by the River Po
Authority (Adbpo) along with simulated pan-European
maps produced by the Joint Research Center's (JRC) for
return periods of 50, 100 and 500 years (Section 3.3).

3.1 | Validation of the flood hydrographs

The flood hydrographs Hf were first produced using
observations from 31 gauge stations along the Po river
provided by CETEMPS, covering on average a period of
15 years, and then compared with those obtained using
the CHyM model at the same stations. Figure 6 shows
the results of the comparison. The Hf are generally
closely reproduced by the model, both in terms of peaks
(Figure 6a) and flood volume (Figure 6b) with slightly
higher biases for the low values of flood peaks and vol-
ume. The coefficient of determination (R2) between
observed and simulated data averaged over all the station
and the return periods is 0.85 for the Hf volumes and 0.92
for the Hf peaks, which are similar values to those
reported in Rojas, Feyen, Dosio, and Bavera (2011) for a
hydrological model for Europe without bias correction of
climate data and in Paprotny and Morales-
N�apoles (2017).

3.2 | Comparison against observations:
Two case studies

In order to provide the evaluation of our flood hazard
mapping methodology we consider two case studies of
real flood events occurred in Northern Italy: the first
event took place along the Tanaro river, a Po tributary, in
November 1994, while the second event occurred along
the Po river in November 2016. The November 1994 flood
hit the Italian provinces of Cuneo, Torino and Alessan-
dria causing 70 deaths and the displacement of 2.226

FIGURE 5 Western Po river flood hazard map for the return

periods of 500, 100, and 50 years obtained using the CHyM

hydrological model and the CA2Dpar hydraulic model combined.

The black boxes indicate the areas analysed for comparison in

Section 3.3
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people. According to the regional Arpa agency the dis-
charge recorded during the event may have reached a
return period of ‘more than 100 years’ (Arpa Piemonte).
November 2016 was characterized by a heavy rainfall
event involving the territory of North west Italy, in partic-
ular the Regions of Piemonte and Liguria. The bad
weather conditions and the persistence of intense precipi-
tation caused the increase of hydrometric levels of all the
rivers in these regions, and in particular in the Po river
basin. Figure 7a,b show in green the flooded area for a
20 � 13 km region south of Alessandria and a
36 � 20 km area south of Turin along the Po and the

Tanaro rivers (the areas are indicated with the black
squares in Figure 4). The images are provided by aerial
photographs taken by the Arpa Piemonte region for the
event shown in panel (a). The observed flood in panel
(b) was detected by the satellite COSMO-SkyMed (CSK)
(Covello et al., 2010), a four-satellite constellation which
gives the possibility of acquiring X-band Synthetic Aper-
ture Radar (SAR) data during day and night, regardless
of weather conditions. It provides radar data character-
ized by short revisit time and therefore useful for flood
mapping evaluation, however with the well-known limi-
tations due to the specular reflection and the double

FIGURE 6 Comparison of

simulated (CHyM) and observed

(Obs) Hf volume (a) and

discharges peaks (b) for 31 gauge

stations along the Po river, for

three return periods

FIGURE 7 Case studies used for the validation of the method: (a) shows the flood occurred in November 1994 in the region of

Piemonte acquired by the Piemonte region through aerial photography, compared with the flood as modelled by the combined CHyM-

CA2Dpar method associated to a return period of 100 yr, (b) shows the flood of November 2016 in the south of Turin acquired by the satellite

COSMO-SkyMed (COSMO-SkyMed image ©ASI [2016]. All rights reserved) compared with the flood associated to a return period of 100 yr

as modelled by the combined CHyM-CA2Dpar method

NOGHEROTTO ET AL. 9 of 17
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bounce backscattering (Balz & Stilla, 2009; Pulvirenti,
Pierdicca, & Chini, 2010).

In violet, we show the ICTP2H flood maps
corresponding to a return period of 100 years while in
orange the intersection between simulated and observed
floods. Table 1 shows the performance indices
(Equations 4–6) calculated for the ICTP2H flood (Fm)
against the observed ones (Fo). We can see that the model
reproduces fairly well the event occurred on the tributary of
the Po river, the Tanaro river, shown in Figure 7a with a Hit
Rate of 0.82 and a False alarm of 0.31. According to avail-
able reports, in this area the embankments were overflown
or broke at different locations, implying that the floodplain
was almost entirely flooded (Arpa Piemonte). As such, the
flood extent in Figure 7a is likely shaped by the morphology
of the river floodplains, rather than by embankments.

Indices indicate lower skills for the event in
Figure 7b, with a lower hit rate and a high ratio of false
alarms. This result can be attributed to the low quality of
SRTM elevations in this area, which produces
chequerboard patterns for the simulated maps
(i.e. alternation of flooded and dry pixels, caused by unre-
alistic elevation differences between adjacent pixels), but
also to errors in the flood extent detected from satellite
images. Moreover, the presence of several isolated small
flooded areas in the detected flood maps suggests that the
image might have been taken after the flood peak, thus
underestimating the maximum flood extent. Finally, the
presence of embankments not simulated by the model
may contribute to reduce the overall skill.

3.3 | Comparison against official flood
hazard maps

3.3.1 | Comparison of the 500 years return
period

Another approach for the validation of our method is to
carry out a comparison with existing high-resolution
flood hazard maps (Alfieri et al., 2013; Sampson
et al., 2015; Winsemius et al., 2016). The simulated
ICTP2H flood hazard maps, hereafter referred to as
‘ICTP2H maps’, are tested against the official hazard
AdbPo flood maps produced by the Po river basin

authority. According to the available technical documen-
tation (Autorità di bacino del fiume Po, 2012), the flood
hazard maps related to the main river networks were cal-
culated using 1D hydraulic models, integrated by 2D sim-
ulations in specific areas of interest (e.g. near bridges or
hydraulic structures). All simulations were based on sur-
veyed topography and river bathymetry. The delineation
of flood-prone areas outside of main river embankments
were derived using GIS interpolation and considering ter-
rain altimetry and geomorphologic features.

In addition, we compare the ICTP2H maps with the
flood hazard maps produced by the Joint Research Cen-
tre of the European Commission (JRC), which are freely
available online and are based on streamflow data from
the European Flood Awareness System (EFAS, Demeritt,
Nobert, Cloke, & Pappenberger, 2013) at a spatial resolu-
tion of 3'' (Dottori et al., 2016a, 2016b, 2016c). A detailed
description of the JRC modelling framework is reported
by Alfieri et al. (2014) and Alfieri et al. (2015). While the
JRC and our framework share a number of methods
(e.g. the construction of flood hydrographs and flood
maps), they use different models and datasets and diverge
in other modelling solutions. For instance, the convey-
ance of the river channel is derived here using the ‘dig-
ging method’ (described in Section 2.4.2), while the JRC
flood maps account for this effect by removing the 2-year
return period discharge.

To calculate the indices, we focus on two smaller por-
tions of the domain, shown in Figure 5: Box 1 centred on
the main river, and Box 2 centred on a tributary region.
In Box 1, we removed flooded areas originating from
river sections with an upstream area smaller than
500 km2, since they are not simulated and therefore not
included in the JRC maps. Box 2 was left unmodified to
evaluate the ability of the new approach in modelling
floods originated by smaller rivers with upstream areas
smaller than 500 km2.

The comparison against official hazard maps must
take into consideration the complex configuration of the
Po floodplain. The main stem of the Po River is
characterised by a stable main channel and a floodplain
(overall width varying between 200 m and 5 km) con-
fined by two continuous main embankments, designed to
protect the rest of the Po floodplain for flood events with
return periods up to 200 years. In addition, some areas
within the river channel and main embankment are
protected against frequent flooding by a system of minor
dykes with different design standards. As such, the simu-
lation of flood dynamics for events with RP equal or
below 200 years would require a detailed representation
of the embankment system (Wing et al., 2019). However,
neither the JRC nor ICTP2H maps consider the embank-
ment system, since they are not represented in the DEMs

TABLE 1 Evaluation of the ICTP2H flooded extent against

observation for the case studies shown in Figure 7

Hit rate False alarm Critical success

Case (a) 0.82 0.31 0.62

Case (b) 0.55 0.65 0.28

10 of 17 NOGHEROTTO ET AL.
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used in the two studies. For this reason, we decided to
limit the numerical comparison only against the AdBPo
maps for the 500-year return period (Fo) shown in
Figure 8. Indices (Equations 4–6) were calculated for the
two boxes both for the ICTP2H and JRC maps (Fm) and
are reported in Table 2.

As can be seen, in Box 1 the ICTP2H maps provide
fairly good results for the 500 years return period, with a
HR of 0.76, a CS index of 0.67 and a very low false alarm
value (0.12). The JRC maps have slightly higher scores,
with a HR of 0.83, a CS of 0.73 but also higher false alarm
FA of 0.15. Notably, the performances of both models are
above the CS threshold of 0.65 proposed by Fleischmann,

Paiva, and Collischonn (2019) to identify large-scale
maps with local relevance (e.g. comparable to local-scale
detailed studies). The different skills of the two
approaches may originate from a difference in overall
flood volumes (smaller in ICTP2H simulations, larger in
JRC simulations). This would be consistent with the
higher HR and FAR rates of the JRC maps, which indi-
cate a larger flood extent. The difference in flood volumes
might derive from the different hydrological models and
climatological data used to prepare input hydrographs. In
addition, the channel digging approach might produce a
higher conveyance capacity with respect to the JRC simu-
lations (where overall flood discharge is reduced by the

FIGURE 8 ICTP2H and JRC flood hazard maps for the 500 years return period compared to AdbPo flood hazard maps. Box 1 (2) results

are shown in the upper (lower) panels

TABLE 2 Evaluation of the ICTP2H and JRC flooded extent against official flood hazard maps (Adbpo) for the return period of

500 years for the two boxes illustrated in Figure 5

Hit rate False alarm Critical success

Box 1 JRC 0.83 0.15 0.73

ICTP2H 0.76 0.12 0.67

Box 2 JRC 0.62 0.08 0.57

ICTP2H 0.69 0.04 0.63

NOGHEROTTO ET AL. 11 of 17
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1-in-2-year discharge value), thus resulting in lower
floodwater volumes. Finally, the different DEMs may
generate further differences between the JRC and
ICTP2H flood extent.

In Box 2, the ICTP2H maps show a better perfor-
mance compared to the JRC and they present higher HR

and CS (0.69 and 0.63 against 0.62 and 0.57, respectively)
and a lower FA index (0.04 respect to 0.08). These results
highlight two aspects of the new approach. The first
being the ability of the method to be applicable to any
catchment independently from the size and therefore in
this case to be able to simulate floods generated by rivers
with an upstream area smaller than 500 km2. The second
being that by not having any constraints on the basin res-
olution it can be portable in any domain where there are
for example only small catchments and at any resolution.

3.3.2 | Comparison of the smaller return
periods

All the cases considered so far include flood events with
high return periods, where the contribution of the

estimated channel depths to the flood maps is difficult to
separate from other model components. In order to better
investigate the behaviour of the channel digging method,
here we analyse the results of a comparison of the
ICTP2H and JRC maps against official maps for flood
events with return periods of 20–50 years, and 100–
200 years (Box 1 in Figure 9 and Box 2 in Figure 10). As
mentioned in Section 3.3.1, in both official maps the
flood extent is limited to a small area enclosed by the
main embankments of the Po river main stem and major
tributaries, with some differences between the 20–50 and
100–200 maps due to the minor dikes. Given that neither
the main embankments nor the minor dykes are
included in ICTP2H and JRC flood models, the skill of
both simulated maps is low (CS scores are below 0.4 for
the Box 1 and around 0.5 for the Box 2), but some of the
observed differences are worth mentioning.

In both Box 1 and Box 2, the JRC maps overestimate
the flood extent for return periods lower than 200 years,
as the input elevation data of the DEM are not altered.
Overestimation also occurs in the ICTP2H maps over
some parts of the main river, as visible in the two real
case studies described in Section 3.2. In the tributary

FIGURE 9 Box 1 ICTP2H and JRC flood hazard maps for the 50 and 100 years return period compared to AdbPo flood hazard maps for

20–50 and 100–200 years return periods
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region (Figure 10), the ICTP2H maps are well able to
simulate smaller river floods also for return periods
below 200 years, with reduced false alarm areas. These
results confirm that the channel digging method
increases the sensitivity of the flood extent maps to the
return period.

However, underestimation occurs in a few reaches
such as some sections of the Po main stem protected by
minor dykes. This is probably an effect of the noise in the
SRTM elevation values, which produces a river longitudi-
nal profile with spikes and pits. Since the digging proce-
dure is designed to iteratively lower the elevation of all
river bed pixels until overflowing is prevented in nearby
sections, this may produce considerable river bed depths
where river bed pixels already have a low elevation. This
result suggests that additional work is needed to refine
the methodology.

A possible solution to reduce the elevation noise
could be the use of recent elevation datasets such as
MERIT HYDRO (Yamazaki et al., 2019), where eleva-
tions of river beds are smoothed to better reproduce the
drainage network and river hydrology. In addition, hav-
ing information on river bed conveyance capacity
(or possibly flood extent data for low-return period flood

events) would allow us to evaluate the digging method,
however such information is currently not publicly avail-
able for the Po river basins or in other river basins in
Italy. Overall, these results confirm that the inclusion of
a river channel network is necessary to guarantee accept-
able results in the simulation of flood depths and extent
for all return periods (Neal et al., 2012).

4 | CONCLUSIONS

In this article, we investigate the feasibility of producing
high-resolution flood maps for Italy using a combined
hydrological-hydraulic modelling framework, showing
the illustrative example of the Po river basin and taking
advantage of the most updated meteorological and hydro-
logical measurements and surface elevation data. To
improve the modelling of flood processes we use an inno-
vative approach which reshapes the digital elevation
models by a ‘digging’ procedure that assumes that floods
should never occur for discharges associated with a
return period of 1.5 years, as it represents the conveyance
capacity of the river channel. Although we are aware that
for example most of the river networks in Europe have

FIGURE 10 Box 2 ICTP2H and JRC flood hazard maps for the 50 and 100 years return period compared to AdbPo flood hazard maps

for 20–50 and 100–200 years return periods
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an average protection level of 100y RP (Paprotny,
Morales-N�apoles, & Jonkman, 2017; Rojas, Feyen, &
Watkiss, 2013), the main purpose of this method is: (i) to
allow application also in those regions where there is no
available information about river natural banks; and
(ii) to be of use in a climate projection mode, estimating
possible changes of any flood return period for each river
segment.

To this aim a 2-dimensional hydraulic model is used
to simulate the propagation of water across the
HydroSHEDS DEM, which was processed to yield an esti-
mate of bankfull discharge. The evaluation of flood maps
produced with this method was carried out on two real
case flood images and through existing official flood
maps from the Po river basin authority (Adbpo) over two
portions of the domain centred, respectively, on the main
river and on a tributary region. We also compared our
results with an additional dataset of European flood maps
produced at the JRC using a previous version of the
hydraulic model. Given the complex embankment system
protecting the Po river floodplains, the assessment
against Adbpo flood maps was carried out only for the
500y RP and this showed a good spatial agreement
between the ICTP2H and Adbpo flood area extent. More-
over, the new developed method is shown to have an
added value compared to the JRC method particularly
evident on small basins (draineed are <500 km2); being
this a quite important characteristic when higher resolu-
tions of any area drained by small basins wants to be
explored.

For this reason, the ICTP2H flood maps include a
larger extent of the river network compared to the JRC
maps thanks to the use of more accurate national-scale
datasets which allows us to model the flow regime of
minor river networks We also showed how the DEM-
reshaping method improves the sensitivity of the ICTP2H
flood extent maps to the return period compared to the
JRC maps, although some underestimating occurs in few
reaches. This aspect will be further investigated by means
of a combined use of observed data of river bed depth
and width (Andreadis et al., 2013; Yamazaki et al., 2014),
and which will constitute a more realistic representation
of the geometry of the river channel. In addition the use
of the more recent DEM MERIT HYDRO (Yamazaki
et al., 2019), will allow a better representation of the ele-
vation. The reason for the choice of the upper Po river
basin in our study was due to the relatively high density
of data available, however the method was developed for
application to larger domains, such as the Italian or
European regions. In fact, the method can be especially
useful for regions around the world where most of the
basins are ungauged and there is no information avail-
able on the protection levels.

Future study entails the application of our method to
larger regions using information from regional climate
model downscaled scenario simulations as input to the
hydrological and hydraulic models. This will provide useful
information for stakeholders and policy makers on how
the present day flood return period may change in future
climate scenarios, information that will be crucial for adap-
tation and mitigation strategy development such as, for
example, the construction of new river bank protection.
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