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Abstract

Identification of flood prone areas is instrumental for a large number of applications, ranging
from engineering to climate change studies, and provides essential information for planning
effective emergency responses. In this work we describe an-integrated-a combined hydrologi-
cal and hydraulic modeling approach for the assessment of flood-prone areas in Italy and we
present the first results obtained over the Po river (Northern Italy) at a resolution of 98m90
m. River discharges are obtained through the hydrological model CHyM driven by GRIPHO,
a newly-developed high resolution hourly precipitation dataset. Runoff data is then used to
obtain Synthetic Design Hydrographs (SBHsSpy) for different return periods along the river
network. Flood hydrographs are subsequently processed by a parallelized-parallel version
of the CA2D hydraulic model to calculate the flow over an ad hoc re-shaped HydroSHEDS
digital elevation model which includes information about the channel geometry. Modeled hy-
drographs and SPHs-Spy are compared with those obtained from observed data for a choice
of gauging stations, showing an overall good performance of the CHyM model. The flood
hazard maps for return periods of 50, 100, 500 years are validated by comparison with the
official flood hazard maps produced by the River Po Authority (Adbpo) and with the Joint
Research Centre’s (JRC) pan-European maps. The results show a good agreement with the
available official national flood maps for high return periods. For lower return periods the
results and-are less satisfactory but overall the application suggests a strong potential of the
proposed approach for future applications.

Keywords: Flood hazard; Flood mapping; CHyM hydrelegie-hydrological model; CA2D
hydraulic model.



» 1 Introduction

13 The last few decades have seen increased interest towards the study of floods, their con-
u  sequences and-on society and natural ecosystems and the development of measures to re-

55 duce their impact. Flood hazard maps are amongst the most important tools for flood
s risk management. According to the definition given by the European Floods Directive
s (European Commission, 2007), flood hazard maps are designed to indicate the probability

1 and/or magnitude of inundations-different flood scenarios over a given area and are used as a#n
3 impertant-a decision making tool for multiple purposes, ranging from infrastructure develop-
s ment to dlsaster response planning. Thﬁrsels&eﬁéerseérby%hel%&reﬁeaﬂkﬁmeﬁ%qeeé%}sk
a N
@ E%WM&QM&WM@M
43 W@p@@rwﬂood hazard mapsfer—expeseé%erﬂ%eﬂeb—shewrﬂg—m&pe’ﬁeﬁmal
a4 o 9 2e o 3 ia
15 fer—%eehﬂre&l—ﬁﬂaﬂeh}}eﬂéﬁpehﬁe%deemerﬁegardﬁrg—%h& w&@@ﬁw@ggm
s be most appropriate. Italy is frequently affected by severe inundation events caused by inland
« water bodies (Istituto di Ricerca per la Protezione Idrologica and Consiglio Nazionale delle Ricerche, 201¢
s . and this has led to the development of flood hazard maps already in the early 2000s
s under the responsibility of the local river basin authorities. The resulting national catalogue
s comprises flood maps developed with a considerable diversity of modelling approaches, data
s sets and coverage (ISPRA, 2017). In addition, the information on data and methods used

52 is often difﬁcult to retrieve and compare. As such, having a dataset at national scale
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medehﬂg—ﬂuﬂa%%ydf&uhes—w%Con&derable ortlons of ﬂood hazard maps in Italy were
W@@None dimensional ﬁﬁﬁe{hﬁefeﬂeeﬁehmeﬂsef—%he—&ﬂ%%t—%ﬂaﬂ%ﬂequ%eﬁs

models Autorlta di bacino del ﬁume Po . 2012), mainly because of the limitations in topographic
data and com utatlonal ower. Today, two- dlmenswnaldietﬂbﬂbedrfﬁede}s—have—bee&develeped

{S%b}%d_due—teﬂ%e—feeeﬂ%%dv&ﬂeemeﬂ% 2D models based on reduced com lex1t

equations (i.e. where full flow equations are conveniently simplified; Bates et al. (2010
can provide an adequate representation of flooding processes, generally outperformin

one-dimensional models under a wide range of conditions (Horritt and Bates, 2002; Di Baldassarre et al., 2
. Moreover, due to huge advancements in parallel computing techniques, these models can

be apphed over large areas at hlgh resolutlon%eeeﬂt—ye&fb—a—ﬂew—&ppfe&eh%deve}eped

%Mm%%gm%m
even global scale (Sampson et al., 2015; Dottori et al., 2016d; Wing et al., 2017). Nevertheless,
models based on_global datasets still have important drawbacks, such as the inability to
accurately represent river bed geometry due to the lack of global datasets of channel bathymetry
(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
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examining specific limited areas of interest (Di Salvo et al.. 2017; Marchesini et al.

articular past events (Amadio et al., 2013; Marchi et al., 2010; Masoero et al., 2013; Norbiato et al., 2
or flood risk rather than hazard (Albano et al., 2017; Salvati et al., 2010). In this study we
describe an-integrated-a combined hydrological and hydraulic modelling approach which uses
the Cetemps Hydrological Model (CHyM, Coppola et al. (2007)) and a modified version of
the CA2D hydraulic model hereinafter—(Dottori and Todini, 2011), hereafter referred to
as CA2D,,,. CA2D,,, 1ncludes a parallel algorlthm with the physms of the CAQD model

allows the model to be run on rnultr le processors. Furthermore to better represent river
flow and flooding processes, we produced a re—shaped dlgltal elevatlon model which includes

1nformat10n about the channel geometry -based on a
“di agssumption stating that discharges associated to return perrods of 1.5 years pro-
duce no ﬂoodsk as they represent the conveyance capacity of the river channel. This-medel

has-been—used-The method we describe aims at finding a universal way to account for river
channel geometry, also in regions where there is no available information about river natural
banks. The use of a_combined hydrological and hydraulic approach to calculate discharge
Bardossy, 2007; Khan et al., 2011) has considerable advantages, such as the applicabilit

over ungauged regions and the possibility of assessing the impact of changes in climate and/or
land cover on floods. The proposed methodology has been applied over the entire Italian terri-

tory—ta-the-present-work-, however, for illustrative purposes, here we focus on the results ob-
tained over the Po river ;-which-istheriverswith-the-basin. The Po River exhibits the largest

average daily discharge in the Italian peninsulasnd-in-whese-basin-, and 40% of the gross do-
mestic product of Italy is produced {Mentanari;2042)—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 documented and available for use (Autorita di bacino del fiume Po . 2012

thus providing a valuable benchmark for the procedure. In Section 2 we will-describe the
observational and medeHed-data—and-simulation data along with the method applied for

flood hazard assessment of the Western basin of the river Po. Section 3 will-present-presents
the results, i s—a-including the validation of

the Synthetic Design H dro raphs and the sunulated ICTP?H flood hazard maps against
observations and against-existing flood hazard maps.

2 Data and methods

The approach proposed herein—assumes—that—large—seale—here assumes that flood hazard
maps over a large domain can be derived from an ensemble of small sealesimulations

sub-simulations of flood processes, arranged to cover the entire river network —as-previoushy
demonstrated-in-titerature—( Alfieri et al., 2013, 2014; Dottori et al., 2016d). The procedure
is composed by—of the following steps: 1) the-hydrological simulations are setup and cali-
brated for the production of a long-term discharge time series; 2) the-designed hydrographs
are derived for different selected return periods; 3) the-floodplain hydraulic simulations are

2016; Morelli et al., 20:
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performed and the flood maps for each return period are produced. These three different
steps—will-be-steps are described in detail in the following subsections.

2.1 The oebservationalobservation data and the hydrological model
CHyM

Hydrological simulations are performed using the CETEMPS Hydrological Model (CHyM)

(Coppola et al., 2007), the-a distributed hydrological model developed by the CEFEMPS

Center of Excellence at the University of L’Aquila. CHyM uses information from a Digital

Elevation Model (DEM) and preduees-a—employs an eight flow direction (D8eonneetedriver

network) approach (Tribe, 1992; Jenson and Domingue, 1988; Martz and Garbrecht, 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 grid-
ded precipitation from observations and models. Discharge is routed through each grid cell
using continuity and momentum equations based on the kinematic shallow water approx-
imation of Lighthill and Whitham (1955). Potential evapotranspiration is computed as a

function of the reference evapotranspiration, which is the evapotranspiration in saturated soil
conditions. For details about the computation of the reference evapotranspiration we refer to
Todini (1996) and Thornthwaite et al. (1957). CHyM is specifically designed for Italian river

catchments and has been widely tested for a variety of regions across Italy, and in particular
for the Po basin (Coppola et al., 2014; Verdecchia et al., 2009; Tomassetti et al., 2005b)—Fer

domains-are-matehine—the-, the largest of the peninsula. The domain chosen for this stud
consists of the upper part of this catchment, and matches one of the nine operational domains
simulated by CETEMPS to forecast potential floods over the Italian territory using stress

indexes (Tomassettl et al., 2005a Verdecchla et al. 2008)—%%—%@?%@—%%1&@1—%@86}%}%

itioned-Horhydrelogies "-Q@WMMMW@MMN
W@M&%ﬁm
over flood hazard for the Italian territory. For details regarding the tuning and calibration of
the model, we refer to the aforementioned thesis and to previous studies performed over this
area (Coppola et al., 2014; Verdecchia et al., 2009; Tomassetti et al., 2005b), whose tuning
parameters were used as a basis for the calibration of our simulations. In particular, a spatial
resolution of 900 m, a spin-up time of 6 months and a timestep of 1.2 minutes for the solution
of the prognostic continuity equation are employed. Testing with higher spatial 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 crucial to ensure a correct river

routing, especially in large, flat areas such as the Po plain. Qur simulations are based on the
HydroSHEDS Digital Elevation Model (Lehner et al., 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 et al., 2020; Fantini, 2019), which includes quality-controlled data
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from 3712 precipitation stations covering at-efJtalythe Italian territory interpolated on a
12 km resolution grid. MM5 weather forecasts (Grell et al., 1994), operationally 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 simulations used for this study, including validation
against discharge observations, can be found in Fantini (2019, chapters 4 and 5).

2.2 Processing the hydrological inputs: the Synthetic Designed

Hydrographs{SDHs)
The statistical procedure applied in this study is based on the work of Maione et al. (2003),
who performed a Flood Frequency Analysis {FFA}-starting from observational data for the
Po river basin. The aim is to obtain curves describing the typical discharge timeseries
time series of the event at that—a river point for the given Return Period. These Qxrp{#)
Qr,(t) curves will be called Synthetic Design Hydrographs (SBHsSpy) and they represent
the discharge (Q) of a typical extreme event as a function of the Return Period (R£}-and-the
Rp) and time (t). SBHs-Spy are estimated and used as input data for the hydraulic model
in order to prediet—calculate the corresponding maximum flood inundation extent and depth
(see subsection 2.3). Simulations were-performed—using—observational-are performed using
observed data described in subsection 2.1 and processed to derive synthetic flood hydrographs
throughout a statistical analysis of the Flow Duration Frequency (FDF) reduction curves

O RPYQp(Rp) (Maione et al., 2003) . These curves represent the typical discharge with
Return Period R#&Naveraged over any duration D areund-thefloodpeakranging from

the instantaneous discharge) to a value D large enough for the basin. For each station
along the river network @p{RP}-Qp(Rp) can be calculated from statistical analyses of

hlstorlcal hydrographs Similarly to the work of Maione et al. (2003) we used the empirical

‘ . When performlng the
calculation of the FDF around each hlstorlcal flood peak, the centre of the duration window
of width D is chosen as to maximise the average computed discharge @) p:

t+D
FDF =Qp = %max/Jr Q(7)dr, (1)

where ¢ and 7 represent time. The shape of the final synthetic hydrograph will-be-is de-
termined by the peak-duration ratio rpthat—is—, i.e. the ratio of the time before the peak
and the total duration D of the averagmg window. Sﬂheﬂﬂalie%%h&An example of data

sampling of @p and rp 5
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rising—{falling)limbs—of the-hydregraphfrom historical hydrographs is presented in Figure
1 of Maione et al. (2003). Centring on t = 0 the peak flood timing, the two limbs of the

hydrograph can be described as:

Q)= rDQp(RPRy) @
and (riD
/ Q(r) = (1 - r0)DQp(RPRy), 3)

where %ERP—}QQ@)D%DS the typical FDF curve for the Return Period RP—Theeconstruetion

WMMMMM
represent the areas of two rectangles, before and after the peak. respectively (see Figure 1 in
Maione et al., 2003)). The smaller the rp, the more skewed the hydrograph towards steeper
rising limbs of the hydrograph and vice-versa for the falling limbs. The Spy is obtained dif-
ferentiating with respect to the duration D, following Maione et al. (2003), obtaining for the
falling limb:

SDHSpy = QuRPRp) = Y410~ r0)DQp(RP)llp-piy 4/dDI1 — 1) D@n(Fr) o=t

2 7L P12 et L P
(4)

where t = (1 —7p)D, 0 <t < (1 —rp)D, and for the rising limb:

d/dD[rpDQp(Rp)lIp=p()
d/dD[(rpD)|p=p)

Spr = Qi(Rp) = (5)

where t = —rpD. —rpD <t <0.
Similarly to the work of Maione et al. (2003) we used the empirical relationship proposed

by NERC (1975) to define the reduction ratio (¢p), i.e. the ratio of the FDF and the peak
flood discharge R as follows:

ep(Rp) = (6)

Here we assume that ep is independent of the return period, a valid assumption for medium-large
catchments, as done by Maione et al. (2003) and Alfieri et al. (2014). Based on this assumption,

Rp) can be expressed through Qn(Rp). The maximum flood discharge @u{R+L-Q0(Rp)
for any given Return Period RP-must-thenbe-Rp is then calculated by fitting an appropriate

7



22 extreme distribution. Following Alfieri et al. (2015) and Maione et al. (2003), we chose the
23 Gumbel distribution, so that:

244 QO(@@):u—aln[—ln (1—1i>], (7)

s where the parameters v and a are estimated from the fit, performed by means of the
26 maximum likelihood estimation (MLE), and are used for the differentiation of the equa-
27 tion 5. The eguationequations, representing the falling hmb-efthe-SDH —alloews-and the
25 rising limbs of the Spy, allow us to calculate a typical flood event discharge timeseries-time
20 series for any location and Return Period, starting only from the timeseries-time series of
0 yearly maximum discharges. Further details about the procedure and its implementation
251 can be found in Fantini{2649)—Maione et al. (2003) and in Fantini (2019). As an example
22 application of this procedure, Figure 1 shows SBHsfersevenReturnPeriods-Spy for seven
253 return periods obtained applying the procedure described in section 2.2 fer-a-using data from
24 the Farigliano station on the Tanaro river ;a-tributary-of-the Po-river—in the South-Western
255 part of the study area, whose data are taken from the European Water Archive (EWA, 2014

256

A

Synthetic Design Hydrograph
EWA dataset station 9308007 - FARIGLIANO - TANARO river (IT)

Latitude: 44.51
745 Longitude: 7.9 @
Elevation [m]: 450
686 Drained area [km2]: NA
Years of data: 10

626

Discharge [m3 s-1]

B==ElEt
oHo}
ERtS

20 40 60 80 100 120 140 160
Time [h]

Figure 1: Example Synthetic Design Hydrograph computed following the procedure de-
scribed 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.

» 2.3 Modelling the flood inundation: the hydraulic model

»s  Floodplain hydraulic simulations are performed with a modified version of the 2D hydraulic

x0  eelularautomatamodel CA2D —Fhemodeldeseribedand-validatedinDeottori-and-Fodini 2011

8
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meée}—}frﬂiﬂ—ﬂﬁﬁg—t—h&Dottorl and Tod1m 2011 We use as startm oint_the mode

version proposed by Dottori et al. (2016d), which adopts a raster computation grid with

an 8-direction link network (Moore neigchbourhood rule, Parsons and Fonstad (2007)) and
the semi-inertial formulation of the memeﬂ%uﬁkequ&aeﬂ—éB&%e&et—&l—@Q}@ﬂ,—Wknekk&Hews

momentum e uatlon Bates et al. (2010)). Note that the model uses the same flow

mm
using the message passing interface (MPI) communications. In this new version, hereinafter
referred to as C'/A2 Dy, the physics is unchanged with respect to the original version but the
code was translated info a more recent fortran standard (Fortran90), with a number of new
subroutines. 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 number
of cores are reported in Figure 2. The domain used for the scalability tests has a spatial
extension of 0.3 by 0.3 degrees with a resolution of 90 meters. 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 number of cores used for the tests span from 12 to 120 with
a step of 12. The parallelization of the code increases as expected the performance of the
model whieh-is-by a factor of up to 7.5 times faster-with respect to the original model, even

with a limited number of cores{ig—. The speed increases with the number of cores up to
60 _cores, when the best performance is reached (Figure 2)




4000
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2000

Wall Clock Time [s]
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0 T T T T T
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Figure 2: Wall-clock time (s) variation with the number of cores achieved with the paral-
lelization of the CA2D model.

10



301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

Crrently the

2.4 The production of the ICTP2H flood maps.

2.4.1 The Digital Elevation Model
Currently, the Shuttle Radar Topography Mission (SRTM) digital elevation model (Farr

et al., 2007; Rabus et al., 2003) is considered as one of the best openly available data—set
datasets for flood modeling effering-with near-global eenverage-coverage (Hirt et al., 2010;
Jing et al., 2014). The void-filled HydroSHEDS variant of SRTM was used in this work with
3 arc sec resolution (Lehner et al., 2006, 2008).

2.4.2 The “digging method”
As described in Neal et al. (2012) and Sampson et al. (2015) the inclusion of a river chan-

nel network is necessary to guarantee acceptable results in the simulation of flood depths
and extent. River widths and depths are however difficult parameters to estimate as—it
is—net—pessibleto—measure—themremeotely—onlargeseales—remotely for larger domains
Yamazaki et al., 2014). In particular, direct or indirect measures of channel depth and
section are not yet available. Natural and artificial river defenses are also challenging to
incorporate as their features are smaller than the model grid resolution (Sampson et al.,
2015). Moreover their spatial distribution on large scales is not availableas-tterature-about
. as the literature on fluvial flood defenses generally refers to individual sites (e.g. Brandi-
marte and Di Baldassarre, 2012; Te Linde et al., 2011). Available remotely sensed data were
recently used to generate regional to global estimates of river widths and depths (Andreadis
et al., 2013; Gleason and Smith, 2014) by coupling river network data to web based imagery
services such as Google maps or Bing maps.

In this—study—we—have—used—order to_estimate the channel conveyance, here we use the
near-global database of bankfull depths, based on hydraulic geometry equations and the Hy-
droSHEDS hydrography data-set-dataset described in Andreadis et al. (2013);te-estimate-the
channel-eonveyanee—The-. The novel idea is to link the channel geometry to the discharge re-
turn period, as it guarantees that channels, properly sized, are able to contain the simulated

flowsand-—meoreovermitigates—against—. The method also mitigates the problem of missing
information abeut—+he-on river banks We-haveused-theriver-bankfull-depthsinformation

—In order to 1nelude information about the geometry of the river %heﬂ&mra}eﬂécﬁiae-rﬁaée
banks;—we-used-we use the bankfull depths to artificially “dig” the HydroSHEDS DEMuntil

we-obtained-ano-Hood-map-correspoendent-to-the-. We assign to each river segment of depth
d, given by Andreadis et al. (2013) a new depth d, proportional to the original depth d

according to:_
dy, = kado (®)

where k, is the digging coefficient parameter chosen to minimize the flood extent correspondin

to the return period of 1.5 years, which represents the conveyance capacity of the river chan-

nel —(Leopold, 1994: Harman et al., 2008; Andreadis et al., 2013; Sampson et al., 2015; Neal et al.. 2012

11
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. This new depth is then subtracted to the HydroSHEDS digital elevation model. Diggin
the channel is applied to include the river bed permanently covered by water, which is not
represented in the DEM. Conversely, representing embankments would require to “raise”

DEM pixels corresponding to river banks in order to reproduce the blockage effect (as done
by Wing et al. (2017)). The same could be done over the Po River where the level of flood
protection is known, but this is not the case in a majority of river basins in Italy and Europe.
Given that our goal is to develop a methodology applicable everywhere, we opted for not
using local information for the model setup.

2.4.3 The “virtual stations”

As stated in 2.1 a 15-years continuous discharge time series with talian-eoverage-coverage of
the Italian territory is generated using the CHyM hydrological model from January 2001 to
December 2016. Floodpeaks with 50, 100, 500 year return period are derived for each river
point in the model and downscaled to the river network at 3 arc sec resolution. Design flood
hydrographs are then used to perform small scale floodplain hydraulic simulatien-simulations
on points which will be hereafter referred to as “virtual stations” (see ¥ig—3)Figure 3).
These are located every 10 km along the river network —for rivers with drainage areas larger
than A=5 km?, using the hydraulic model CA2D,,,. For each virtual station the simulation
was-is run over a sub-domain, 0.3°x 0.3°, chosen to optimise the computational effort, as the
simulation time is strongly affected by the size of the domain. For each return period, a total
of 474 simulations were performed and merged to produce a Western Po river flood hazard

map (Fig—4)—Figure 4), taking the maximum depth value where more maps overlap. In each

computation domain, roughness values for the hydraulic simulations are derived from the
Corine Land Cover map (Copernicus Land Monitoring Service). 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 the values used

in (Alfieri et al., 2015). In all the simulations a free flow boundary condition is assumed at
the edge of each 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 convevance is exceeded.

3 Results

3.1 Validation of the SDHs:Synthetic Design Hydrographs
Tuning-and-testing-of the-method-wereperformed-The method was tested on the upper Po

basin +due to previous experience with the hydrological model en-in this domain (Coppola
et al., 2014) +-and the availability of reliable observed discharge data andtack-oftarge-water

management—straetures(Fantini, 2019). Due to the relatively small size of the simulated

demains;—domain, 0.3°x 0.3°, the duration of all flood simulations was set to 240 h. The

SPHs-were-validated-using-data—{fromthe-CHyM-medel-and-Spy were first produced usin
observations from 31 gauge stations along the Po river provided by CETEMPS, and therefore

compared with those obtained using the CHyM model at the same statlon Flgure 5 shows
the results of the comparison between 3 At '

12
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Figure 3: Virtual stations selected for drainage areas larger than A=5 km? and regularly
spaced every 10 km along the high-resolution river network of the analyzed domain (blue
box on the left). Black square boxes show the flooded area analyzed in subsection 3.2.
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Figure 4: Western Po river flood hazard map for the Return Periods of 500, 100 and 50 years
obtained using the CHyM hydrological model and the CA2D,,, hydraulic model combined.
The black box indicates the area analyzed for comparison in subsection 3.3.
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obtained—with-modelled—data—The-SPDHs—observed and simulated S values. The S

are generally closely appreximated-reproduced by the model, both in the-peaks-and-inthe
area—of-terms of peaks and area under the curves. The coefficient of determination (R?)

between observed and simulated data is 0.85 for the SBHs-Spy areas and 0.92 for the SBHs

peakswhich are the same values 9 eaks, which are similar values to those reported in
Rojas et al. (2011) for a hydrological model ef-for Europe without bias correction of climate

data and in Papretay-et-al—2017)7.
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Figure 5: Comparison of simulated (CHyM) and observed (Obs) SBHs-Spy areas (a) and
discharges peaks (b) for 31 gauge stations along the Po river, for three return periods.

3.2 Comparison against observations: a case study

Validation of flood hazard models is achieved treugh-through the evaluation of the model
accuracy in estimating the probability of flood occurrence and the—evaluation—of relevant
hazard variables ef-for an 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 analysis. Various methods were suggested by
previous studies. One consists in comparing the predueed-simulated maps with previous
maps based on the statistical estimation of peak discharges (Pappenberger et al., 2012);
another method performs a qualitative assessment of the flood events against satellite flood
images (Rudari et al., 2015).

In order to perform—afirst—validation—efthe-provide a quick evaluation of our flood hazard
mapping methodology we con51der a case study of a flood recently occurred in Northern

Italys —with—ret ars, Fven though such exercise
is not _a formal Vahdatlon as_in Sectlon 3. 3 it is presented to provide an evaluation of
our methodology against a real flood event. November 2016 was characterized by a heavy
rainfallsrainfall event involving the territory of North West of Italy, in particular the Regions

14



I rermanent water

Flooded water

Q) | B rermanent woter

Flooded water

b) d)' I =100 years
44.910 45.030 -
44.880 | I
o 45.000 -
S 44850 3 ] A
2 = ]
T 44.820 8 44970 B
44.790 |
44.760 44.940 7 i
7.40 7.50 7.60 7.70 T
) 8560 8600 8640 8680 8720 8.760
longitude longitude
C T T T s
0 100 200 300 400

(meters)

Figure 6: Case studiesstudy in November 2016, used for the validation of the method: panels
above show floods as acquired by the satellite COSMO-SkyMed (COSMO-SkyMed Image
(©ASI (2016). All rights reserved). Panels below show floods as modelled by the integrated
combined CHyM-CA2D,,, method. Panels (a) and (b) show flooded areas in the south of
Turin. Panels (¢) and (d) show flooded areas in the area of Alessandria.
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of Piemonte and Liguria. The bad weather conditions and the persistence of preeipitations
intense precipitation caused the increase of hydrometric levels of all the rivers in these regions,

and in particular in the Po river basin. According to local reports, the discharge recorded
during the event may have reached a return period of 100 years.

Figures 6 (a) and (c) show the imagesfrempermanent and flooded water for a 36x20 km
area South of Turin and a 20x15km area North of Alessandria, along the Po and the Tanaro

rivers (the areas are indicated with the black squares in Figure 3). The images are provided
by the satellite COSMO-SkyMed (CSK) (Covello et al., 2010), a four-satellite constellation

which gives the possibility of acquiring X -band Synthetlc Aperture Radar (SAR) data during
day and night, regardless of weather conditionsand-is—fully—eperational-sinee-the 2008—. It
provides radar data characterized by short revisit time and therefore useful for flood mapping
evaluation. Unfortunately, the data necessary for reproducing these images and assessing a
first order performance of the methods using quantitative metrics are not currently available

as the COSMO-SkyMed only provides these images in graphical format. The lower panels

show the ICTP2H flood maps corresponding te—two—different—return—periods{TF=500-and
F=the a return period of 100 years}. We can see that the observed event —asseeiated—to—a

fehﬁﬂjeeﬂeéref%ggﬁze&fs,—ﬁ%aﬁ%geeehs falrl well represented by the model (Fig—Figure
6 (b) and (d))as inehide—the 5-0bs —,.as the simulated maps
include this particular observed event.

3.3 Comparison against existing flood hazard maps

Another approach for the validation is-te-perferm—an-evaluation-against-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 evaluation of simulated ICTP2H flood
maps against reference maps is performed using the-indexes proposed in literature (Dottori
et al., 2016d; Bates and De Roo, 2000; Alfieri et al., 2014). The Hit Ratio index (HRHpg),
defined as:

HRHz = (Fn (VF,)/(F) )

evaluates the agreement of medelled-CA2D flood maps (F},) with existing maps (F,). This
index does not take into account the overprediction and-or underprediction of the flooded
area, therefore two other measures are calculated to account for this: the False Alarm index
(FAF,), defined as

LA&:[Fm_<anFO)]/(Fo) (10)

where F,, — (F,, N F,) is the flooded area wrongly predicted by the model, and the Critical
Success index (€SCy), defined as:

@%:(meFo)/(FmUFo)- (11)

The predueed-simulated ICTP2H flood hazard maps, hereinafter-hereafter referred to as

“CA2D-ICTP2H maps”, are tested against the official hazard AdbPo flood maps{http://www-adbpo-gov-it)
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Figure 7: Adbpo;dREGICTP2H and GA2D-JRC flood hazard maps for the 50 years return
period (upper panels), 100 years return period (central panels) and 500 years return period

(lower panels)
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a1 produced by the RiverPe—-Autherity,—whe—elassifiesthefloed—Po river basin Authority.
w2 According to the available technical documentation (Autorita di bacino del fiume Po . 2012)
ws the flood hazard maps related to the main river networks were calculated using 1D hydraulic
aa models, integrated by 2D simulations in specific areas of interest (e.g. near bridges or
s hydraulic structures). All simulations were based on surveyed topography and river bathymetry.
s The delineation of flood-prone areas outside of river embankments were derived using GIS

w7 interpolation and considering terrain altimetry and geomorphologic features. The AdpPo
as maps classify the flood plain of the Po river into three levels corresponding to return peri-

w9 ods of 20-50 years (high frequency), 100-200 years (medium frequency) and 500 years (low
w0 frequency).

i1 In addition, we compare the CA2D-ICTP2H maps with the flood hazard maps produced by
ss2 the Joint Research Centre of the European Commission (JRC)- - _which
3 are freely available online and are based on streamflow data from the European Flood
s Awareness System (EFAS (Demeritt et al., 2013) and-—also—caleulated—with—at_a spatial
w5 resolution of 3”7 (Dottori et al., 2016a,b,c). A detailed description of the JRC modelling
6 framework is reported by (Alfieri et al., 2014) and (Alfieri et al., 2015). While the JRC and
s our framework share a number of methods (e.g. to determine flood hydrographs and calculate
sss flood maps), they use different models and datasets and diverge in other modelling solutions.
s For instance, the conveyance of the river channel is derived here using the “digging method”

w0 (described in Subsection 2.4.2), while the JRC flood maps account for this effect by removin
w1 2-year return period discharge. To perform the indexes-index calculations, we havefoeused

w2 focus our analysis on a smaller portion of the domain, centred on the main river, remov-
w3 ing flooded areas originating from river sections with an upstream area smaller than 500
we km?, since they are not simulated and therefore not included in the JRC maps. TheJRC

465 ivie

w6 Neither the JRC nor ICTP2H maps consider the embankment system, since they are not
w67 represented in the DEMs used in the two studies. According to the available information

ws  (Autorita di bacino del fiume Po , 2012), the embankment system of the Po river is designed

w0 to allow flooding only in a limited portion of the river floodplain (i.e. the berms) for

a0 discharges with return periods up to 200 years. For this reason we only calculate the per-
s formance indices (Eq. (9), (10) and (11)) for the 500 years return period, reported in Table

a2 1, since by construction any statistical evaluation for return periods calculation below RP
a3 500y has no significance. Indices are calculated for the CA2B-ICTP2H and JRC maps (F},)
s against the Adbpo maps (Fy).

475

are As can be seen, the CA2D-ICTP2H maps provide fairly good results for the 500 years return
ar period, with a HR-Hp of 0.76, a ©€5-Cg index of 0.67 and a very low false alarm value (0.12),
ars - while results are less satisfactory for lower return periods, with considerable underestimation
wo of flood extent with respect to the effieatl-official maps (see Fig—Figure 7). The JRC maps
a0 also show fair results for the 500 years return period, with a HR-Hp of 0.83, a &5-Cg of

s 0.73 and FA-F4 of 0.15, and are similar to GA2D-maps—{(Fig—the ICTP2H maps (Figure

w2 8), but they systematically overestimate the flood extent for the lower return periods (see
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Hit Rate | False Alarm | Critical Success

JRC 0.83 0.15 0.73

ICTP2H 0.76 0.12 0.67

Table 1: Evaluation of the CA2D-ICTP2H and JRC flooded extent against official flood
hazard maps (Adbpo) for thre-three return period of 500 years.

Fig—Figure 7). The differences between meodeled-simulated and official maps are partly
due to the topography of the Po floodplain, which is not reproduced in the SFRF-SRTM
used by both JRG-and-CA2D-the JRC and ICTP2H maps. Indeed, the area enclosed by
the main levees has a complex system of minor embankments, which are designed for lower
flood return periods than the main levees (Castellarin et al., 2011a). This explains why the
AdBPo maps are quite similar for return periods of 20-50 years and 100-200 years (see Figure
7).

The narrow extent of flooded areas for return periods of 50 and 100 years in sectors of the river
network suggests that the channel conveyance may be overestimated in GA2D-the ICTP2H
maps. However also our reference AdBPo maps show very similar flood extents for return
periods of 20-50 and 100-200 yearsas-explained-abeove, therefore the CA2D-underestimation
underestimation ICTP2H can not be quantified. Future work will anyway-be needed to refine
the methodology of channel “digging™“digging”. This is indeed an open research question,
due to the absence of large-scale methods or datasets to estimate river channel depth (Dottori
et al., 2016d). Nevertheless, it is worth noting that the method presented here improves the

sensitivity te—return—period-of-of the flood extent maps to the return period. Conversely,
the JRC maps Calculated for d1fferent return peried-periods have limited differences, dueto

se -atlsprobably due to lack of flood defences in the model.
These results conﬁrm that the 1nelus1on of a river channel network is necessary to guarantee

acceptable results in the simulation of flood depths and extent for all return periods (Neal
et al., 2012).

4 Conclusions

In this paper we investigate the feasibility of producing high-resolution flood maps us-
mg an 1nn0vat1ve approach Wthh reshapes the digital elevation models by simating—a

hat-a “di rocedure that assumes that no floods take place for dis-
charges assoc1ated to the return per10d of 1.5 years, thus representing the conveyance capacity

of the river channel. The-Although we are aware that for example most of the river networks

in Furope have an average protection level of 100y RP (Rojas et al., 2013; Paprotny et al., 2017

._the main purpose of this method development-is-is i) to be able to apply it also in those re-
gions where there are-is no available information about river natural and-man-made-banks:
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Figure 8: GA2DB-ICTP2H and JRC flood hazard maps for the 500 years return period

A-banks; and ii) to be able to use the method in a climate projection mode, estimatin
ossible changes of any return period for each rivers segment. To this aim a 2-dimensional
hydraulic model is used to simulate the propagation of the-hydregraphs-water across the Hy-

droSHEDSwveid-filled-DEM, which was processed to yleld an estimate of bankfull dlscharge
The evaluation of
ebee%veéﬁeeekeﬁe&&s&teﬂﬁe&&b&—&ﬁdﬁhfeﬂgeeeﬂ%mgﬂood maps ever—%heeﬁﬁfeéem&rfk
showing-produced with this method was carried out_through existing official flood maps
from the Po river basin authority (Adbpo) over a portion of the domain. We also compared
our results with on additional dataset of flood maps produced at the JRC using a previous
version of the hydraulic model. By construction, the assessment against Adbpo flood maps
%@M@%@MM& good spatial agreement with

between the ICTPQH and Adb 0 ﬂood area_extent. Moreover we showed how the DEM—
reshaping method 1mproves the sensitivity %e%e%uf&peﬂed—ef—gw flood extent

&@&WM&MMM@WM
combined use of observed data of the river bed depthand-, width and discharge (Yamazaki
et al., 2014). The validation-of-the-method-in-aregion-where-all-thereason for the choice of
N@Wwwmm
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 available on the protection
levels. Future work entail the application of our method to larger regions using information
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may change in future scenarios, information that will be crucial for adaptation and mitigation
strategy development such as, for example, the construction of new river bank protection.
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