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A B S T R A C T   

The procedure for the determination of Synthetic Design Hydrographs (SDHs), proposed in previous works, is 
validated by comparing the peak discharges obtained by routing a long series of historical floods and the syn
thetic floods at different stations along a complex river system. 

At this aim, the 60 km long terminal stretch of the Dora Baltea river (Northern Italy) has been modelled 
according to fully 2D high resolution hydrodynamic approach. The fluvial branch is of considerable complexity 
due to a strong contraction induced by the presence of a narrow Roman bridge, which, during the most important 
flood events, causes the reactivation of a paleochannel and the flooding of a part of the city of Ivrea. The hy
draulic model has been calibrated on the basis of the main historical floods. Then, all the historical floods over a 
period of more than 80 years (1939–2020) and the SDHs derived by the same series have been routed. Historical 
and synthetic peak discharges at two downstream stations have been then compared in probability plots. The 
results show that the peak discharge distributions derived by routing the historical floods and the SDHs compare 
well. This suggests that SDHs construction procedure is reliable and has statistical significance.   

1. Introduction 

The design of many flood protection measures in rivers and the 
optimization of flood plain management in view of risk mitigation often 
requires not only the estimation of the peak discharge, but also the 
volume and shape of the flood hydrograph (i.e. the distribution of flood 
volume over time) (Serinaldi and Grimaldi, 2011; Mediero et al., 2010; 
Rosbjerg et al., 2013; Alfieri et al., 2016; Brunner et al., 2016). 

Indeed, a flood hydrograph can significantly modify its shape along a 
river reach by the effects due to water volumes temporarily stored in the 
main channel and in the flood plains, by the waters sometime diverted 
from the main riverbed or by flooding in the nearby campaigns. The 
amount of modification depends on a combination of hydrological in
puts (peak discharge, volume and shape of the flood hydrograph) and on 
the characteristics of the river reach itself (main channel section ge
ometry, flood plains extension, bottom slope, roughness, etc.). Hence, 
flood hydrographs with the same peak discharge, but different volumes 
and shapes, modify along the same reach in different ways. 

There is then an interest to investigate if a design flood is capable to 
reasonably catch these effects, possibly together with a statistical 

characterization of the event rarity (Yue et al., 2002; Brunner et al., 
2018a,b). In the absence of direct historical observations of water stages 
and reliable stage-discharge relationships, the estimation of design 
floods is often accomplished starting from design storms through hy
drological models describing the most important catchment processes, 
namely the space–time precipitation field, the antecedent soil moisture 
conditions, the hydrological losses and the rainfall-runoff trans
formation. Approaches that simulate in an integrated way the rainfall- 
runoff transformation at the watershed scale and the hydrodynamics 
on the main streams with fully 2D-SWE distributed models have 
garnered great interest in the recent literature (Buttinger-Kreuzhuber 
et al., 2022; Barbero et al., 2022; Schubert et al., 2022). The speedup 
obtainable thanks to the implementation on GPU allows to execute 
many simulations with acceptable calculation times (Aureli et al., 2020). 
Several uncertainties however arise in the attribution of the return 
period to the resulting flood which is, for sake of simplicity, often 
considered the same as the input rainfall (Chapman and Maxwell, 1996; 
Viglione et al., 2009) even if this assumption is not always valid (Van
gelis et al., 2022). Alternatively, rainfall-runoff continuous simulations 
or Monte Carlo procedures with stochastically generated input rainfall 
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can be adopted to generate a long flood record to be analyzed through a 
probabilistic approach (Kottegoda et al., 2014). This procedure is not 
always feasible or convenient due to the inadequacy of the available 
data necessary to run or calibrate the model and is often time consuming 
if the simulation-based model is computationally intensive (Zhang, 
2020). 

When direct historical observations of water levels and stage- 
discharge relationships are available, bivariate or multivariate flood 
frequency analyses have been considered for the definition of synthetic 
design floods (Sackl and Bergmann, 1987; Bergmann and Sackl, 1989; 
Goel et al., 1998; Yue, 1999; Shiau et al., 2006; Requena et al., 2013; 
Fischer and Schumann, 2021). The problem has been faced more 
recently by means of copula functions (Salvadori and De Michele, 2004; 
Wang et al., 2009; Chen et al., 2012; Huang et al., 2018; Kao & Chang, 
2012; Peng et al., 2017; Brunner et al., 2017). The possible different 
return period approaches and formulations in a multivariate framework 
have been discussed by many authors (Yue et al., 1999; Yue, 2000, 
2001a,b; Yue and Rasmussen, 2002; Gräler et al., 2013; Zhou et al. 
2021). Indeed, in a multivariate framework the definition of an event 
with a given return period is not unique and must be determined by the 
problem at hand (Salvadori et al., 2011). In general, more than one 
couple peak discharge-flood volume must be considered for each return 
period, even if in some cases of application it might be desirable to have 
just one design realization for a specified return period (Brunner et al., 
2016). Moreover, the shape of the hydrograph (i.e. the volume distri
bution around the peak) must be assumed a-posteriori, based on 
reasonable hypotheses on the response characteristics of the river basin. 

Synthetic Design Hydrographs (SDHs) procedures (Tomirotti and 
Mignosa, 2017) can represent a possible alternative to derive design 
floods, especially when a sufficiently long time-series of historical 
hydrographs is available, as sometime occurs in rivers of some impor
tance. Derived from the behaviour of the Flow Duration Frequency 
(FDF) reduction curves and of the Peak-Duration (PD) curve, the SDHs 
can account, in a very compact way, for the variability of the shapes of 
the observed hydrographs and synthesize the main features of the his
torical floods in a unique hydrograph. It is also evident that, given the 
versatility and ease of application, the procedure will receive a further 
boost from the enhancement of regional estimation techniques of the 
few parameters involved in SDHs definition (Hosking and Wallis, 1997; 
Zhang et al., 2008; Maione et al., 2003; Wagener and Montanari, 2011). 
Specific questions related to the most appropriate regionalization 
method for transferring SDHs from gauged to ungauged catchments and 
to which catchment characteristics are most important for the prediction 
of SDHs in the absence of direct observations were recently subject of 
research (Westerberg et al., 2016; Brunner et al, 2018b; Ganora et al., 
2022). 

In the context previously outlined, it is fundamental that the statis
tical significance of SDHs is duly tested. If definitively validated, SDHs 
will constitute a very useful and easily applicable tool, capable of 
avoiding more burdensome and time consuming procedures. With the 
aim of verifying whether the adoption of the SDHs could allow synthe
sizing the results obtainable from the routing of a long historical series, 
also in rivers characterized by complex flow dynamics, a fully 2D high- 
resolution hydrodynamic model of an Italian watercourse was set up and 
a long series of historical floods and of the derived SDHs were routed. 
The results were then compared at some stations along the river, in order 
to evaluate the statistical significance of the SDHs. The procedure 
required a long preparatory work both concerning the hydrological 
analysis and from the hydraulic modelling point of view, also given the 
extension of the involved domain and the characteristics of the river 
system considered. 

The paper is structured as follows. In Section 2, the study area is 
presented and the historical discharge hydrographs available are intro
duced, statistically analyzed and elaborated to obtain the SDHs. In the 
same section, the high resolution fully 2D hydrodynamic model adopted 
for routing of historical hydrographs and SDHs is described. In Section 3, 

the results of the simulation of the historical hydrographs and of the 
SDHs are compared in terms of frequency distributions through proba
bility plots and performance metrics at two river stations of interest. 
Section 4 discusses the statistical significance of the routed SDHs peak 
discharges together with their advantages, drawbacks and uncertainties, 
while the last Section 5 draws the conclusions. 

2. Materials and methods 

2.1. Study area 

The Dora Baltea River originates in the Valle d’Aosta region 
(Northern Italy) at the foot of Mont Blanc, the highest peak in Italy 
(about 4800 m a.s.L.). The river flows for about 100 km in a west-east 
direction and then bends to the southeast and continues for about 60 
km within the Piedmont region, to end into the Po, the most important 
Italian river. Object of the present analysis is the 60 km long river reach 
between the historical gauging station of Tavagnasco (Station A here
inafter) and the confluence into the Po River (Fig. 1). Since the estab
lishment of the European Flood Directive 2007/60 (European Council, 
2007), this stretch of the river is counted among the Italian Areas of 
Potential Significant Flood Risk (APSFR). In the considered stretch 
(Fig. 1b) the river crosses the city of Ivrea (24000 inhabitants), which is 
located inside a morainic amphitheatre just where a substrate bedrock 
emerges and causes a significant constriction of the riverbed (Fig. 1c). In 
case of medium–high flowing discharges, the narrowest river cross- 
section, where is located an ancient Roman bridge (Fig. 1d) (Catalogo 
generale dei Beni Culturali, 2014), acts as a hydraulic control section. 
On the occasion of the most severe flood events, the water levels up
stream the constriction increase enough to activate a paleochannel on 
the right side, and a significant fraction of the discharge coming from 
upstream inundates part of the city centre. In almost two hundred and 
seventy years this dynamic has been documented at least four times 
(Laio and Revelli, 2003), the last of which, in the recent years 1993 and 
2000, caused extensive flooding with considerable damage and high
lighted the extreme sensitivity of that territory to flood events. Down
stream the city of Ivrea, the paleochannel reconnects with the present 
Dora Baltea riverbed and the diverted discharges come back to the main 
course. From there on the river flows in a relatively flat area that, 
especially close to the confluence with the Po River, is characterized by 
the presence of a marked terrace edge (Fig. 1b). Although the charac
teristics of the territory in this stretch are such as to configure limited 
hazard of flooding for the neighbouring areas, some storage depots for 
solid and liquid radioactive waste inside the terrace and close to the 
riverbed make anyway this area at very high risk. 

2.2. Hydrological analysis 

2.2.1. Database of historical floods 
A 82 years long historical series of floods recorded at the Tavagnasco 

gauging station (drainage area 3313 km2), located 10 km upstream the 
town of Ivrea (Fig. 1b), was collected. From 2002 to today, a continuous 
time-series of half-hourly water levels is available, whereas the older 
flood events, dating back to 1939, come from preventive operations of 
selecting, scanning, examining, cleaning and integrating the data 
recorded on paper through water level gauges. Water stages were then 
converted into discharges through the official stage-discharge relation
ships (Laio and Revelli, 2003; ARPAP, 2022; Claps et al., 2020). The 
selected data include the most important flood events in terms of both 
peak discharges and volumes from 1939 to 2020. From the 85 selected 
events, the peak Q0 and maximum averaged discharges QD: 

QD = max
(

1
D

∫ t

t− D
Q(τ)dτ

)

(1)  

for durations D from 3 h up to Df = 96 h have been sampled, being Df 
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long enough to encompass the maximum historical total duration of 
flood events for the considered station. Together with each maximum 
average discharge, also the ratio rD (0 ≤ rD ≤ 1) between the time prior 
to the peak and the selected duration D has been extracted (Fig. 2). The 
resulting values are reported in Table 1 of the supplementary data. 

2.2.2. Peak discharge probability distribution 
Firstly, from the selected events the 82 AM peak discharge sample 

was extracted and tested for stationarity. MK (Mann, 1945; Kendall, 
1975) and Pettitt (Pettitt, 1979) tests with significance level α = 0.05 
highlighted that, despite the length of the historical series, no gradual 
trends nor abrupt changes can be detected. 

Hence, some probability distributions (Table 1), commonly adopted 
in the frequency analysis of extreme events, have been considered in 
order to derive the quantiles of the AM discharges Q0(T). Parameters 
estimation was based on the Method of L-moments (Hosking and Wallis, 
1997). Plotting L-skeweness and L-kurtosis on the Hosking and Wallis L- 
moment ratio diagram (Fig. 3a) suggests that the best candidate models 
are the GEV and GLO distributions. Fig. 3b shows, on Gumbel proba
bility chart, the data sample together with these two distributions. Both 

Akaike (AICc) and Bayesian (BIC) Information criteria (Akaike, 1973; 
Schwartz, 1978) confirm that the GLO distribution is preferable (mini
mum AICc and BIC) and GEV and Log Pearson III acceptable (ΔAICc and 
ΔBIC less than 2 with respect to GLO, Table 1) (Burnham & Anderson, 
2002; Fabozzi et al., 2014). The GLO distribution was also recom
mended for use with UK flood data in the Flood Estimation Handbook 
(Institute of Hydrology, 1999). Even if a definitive judgment has not 
been expressed regarding the criterion that should actually be adopted 
in practical applications, especially in the case of small sample size or 
highly asymmetric distributions (Laio et al., 2009), the concordance of 
the two criteria and the relatively large sample size (n = 82) suggest that 
the GLO probability distribution is preferable and therefore the peak 
discharge quantiles Q0(T) were evaluated according to the expression: 

Q(P) = ξ+
α
k

[

1 −

(
1 − P

P

)k
]

k ∕= 0 (2)  

with ξ (location), α (scale) and k (shape) parameters equal to 665.3 m3/ 
s, 180.0 m3/s and − 0.320, respectively. 

Peak discharges above 2500 and 3000 m3s− 1 are respectively 

Fig. 1. a) Study site: Po river basin and Dora Baltea river in Italy; b) Study area: rivers system and river Stations of interest (A…F); c) Detail of Ivrea city centre and 
river constriction in the cross section of the Roman bridge; d) Roman bridge during a recent flood. 
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evaluated for return periods of 100 and 200 years, the standard for flood 
defence design in Italy. These high flow rates are such as to involve a 
very high hydraulic risk for the area under investigation as occurred, for 
example, for the flood events of the August 1993 and October 2000 
which dramatically marked the Ivrea town and the surrounding areas. 

2.3. Derivation of Synthetic Design Hydrographs 

The procedure for the determination of SDHs (Tomirotti and 
Mignosa, 2017) is based on the estimation of the Flow Duration Fre
quency (FDF) reduction curves and of the Peak-Duration (PD) curve. The 
estimation of the FDF can be obtained (NERC, 1975) relating the 
quantiles QD(T) to Q0(T) by means of the reduction ratio εD(T): 

εD(T) =
QD(T)
Q0(T)

(3) 

The reduction ratio εD(T) is in general a function of duration D and 
return period T, but in many practical cases it can be assumed inde
pendent of the latter. For a three-parameter distribution, like the GEV or 
the GLO, if the sample L-CV and L-skewness are constant with the 
duration D, εD becomes independent of T and reduces to the ratio of the 
averages of QD and Q0: 

εD =
μ(QD)

μ(Q0)
(4) 

In the case here considered this condition is reasonably verified 
(Fig. 4), hence all the FDF curves can be deducted by a unique reduction 
ratio εD multiplied by the peak discharge quantiles Q0(T). 

The expression of εD through a continuous and differentiable 

function of D, even if not mandatory, can be advantageous for the sub
sequent derivation of SDHs. Based on the crossing properties of a given 
threshold value from continuous Gaussian stationary stochastic pro
cesses, Bacchi et al. (1992) derived the following formulation: 

εD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
θ

2D

[

2 + e− 4D
θ −

3θ
4D

(
1 − e− 4D

θ
)
]√

(5) 

Besides the advantages coming from its theoretical basis and from 
the presence of a unique parameter θ (dimensionally homogeneous with 
D), Equation (5) is particularly suitable to fit the empirical reduction 
ratios of large catchments. Moreover, Franchini and Galeati (2000) 
showed that θ can be correlated to the time of concentration of the 
catchment. For medium-size catchments (Ballarin et al., 2001), like the 

Fig. 2. Data sampling of QD and rD from a historical hydrograph.  

Table 1 
Considered models, number of parameters, AICc and BIC difference with respect 
to the best model, Akaike weights based on AICc.  

Model Npar ΔAICc ΔBIC wi AICc 

Gumbel 2  8.3  5.9  0.008 
Log Normal 3 parameters (LN3) 3  6.2  6.2  0.022 
Generalized Logistic (GLO) 3  0.0  0.0  0.486 
Generalized Extreme Value (GEV) 3  1.3  1.3  0.252 
Log Pearson III (LP3) 3  1.5  1.5  0.233  

Fig. 3. a) L-skeweness (τ3) and L-kurtosis (τ4) ratio diagram; b) Q0 data sample 
together with GEV and GLO probability distributions on a Gumbel chart. 

Fig. 4. L-CV and L-skewness as a function of the duration D.  
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one here considered, Equation (5) (here θ = 18.49 h) does not always 
accurately fit the empirical reduction ratio (Fig. 5a). Following previous 
works (Aureli et al., 2021) it was therefore adopted the following more 
general form: 

εD =

[
θ

2D

[

2 + e− 4D
θ −

3θ
4D

(
1 − e− 4D

θ

)] ]β

(6) 

The higher flexibility given by the two parameters (θ and β) allows to 
better fit the sample values (here β = 0.338 and θ = 10.06 h) (Fig. 5a). It 
is worth noting that other commonly adopted two-parameter functions, 
like that suggested by the UK National Environmental Research Council 
(NERC, 1975): 

εD = (1 + bD)
− c (7)  

where b and c are positive parameters, could be used to fit empirical data 
as well (Ganora et al., 2022). Equation (7) is much more easy to manage 
but it has no inflection points and provides dεD/dD|D=0 = − cb ∕= 0, 
contrary to Equations (5) and (6) for which lim

D→0
dεD/dD = 0. Hence, 

Equation (7) causes the SDHs to have a discontinuous derivative at the 
peak location (see section 2.3.2), which is rather unrealistic. 

To obtain the Peak-Duration (PD) curve, which gives the average 
position rD of the peak discharge in each duration D, the sampled rD 
values were averaged for each duration D and interpolated with a two 
parameters asymptotic expression: 

rD = r∞ +(0.5 − r∞)e− D/ϑ (8)  

with r∞ = 0.297 (-) and ϑ = 10.9 (hours) (Fig. 5b). 

2.3.1. SDHs for the Dora Baltea a Tavagnasco 
Once the FDF and PD curves have been estimated, the SDHs follow 

immediately through analytical derivation (Tomirotti and Mignosa, 
2017) by imposing that the maximum average discharge in each dura
tion coincides with the one predicted by the reduction curve. The shape 
of the hydrographs is then determined by the PD ratio expression. The 
synthetic hydrograph is therefore defined by the two conditions: 
∫ 0

− rDD
Q(τ;T)dτ = rDDQD(T) ;

∫ (1− rD)D

0
Q(τ;T)dτ = (1 − rD)DQD(T)

(9)  

before and after the peak, respectively. The rising and falling limbs Q(t,
T) are obtained by differentiating Equations (9) with respect to duration 
D, once the expression QD(T) = εDQ0(T) is introduced: 

Q(t,T) = Q0(T)
d

dD[rDDεD]D=D(t)
d

dD[rDD]D=D(t)
, t = − rDD

(
− rDf Df ⩽t⩽0

)
(10a)  

Q(t, T) = Q0(T)
d

dD[(1 − rD)DεD ]D=D(t)
d

dD[(1 − rD)D ]D=D(t)
, t

= (1 − rD)D
[
0⩽t⩽

(
1 − rDf

)
Df

]
(10b) 

Fig. 6 shows the SDHs obtained through the proposed procedure. 
Even if, strictly, a T-year hydrograph does not exist and a frequency can 
only be ascribed to a particular aspect of a hydrograph (Brunner et al., 
2016), the same return period of the peak discharge, ranging from 2 to 
500 years, was attributed to the SDHs as a whole. The discharge 
hydrographs recorded at Tavagnasco gauging station (Station A) for the 
August 1993 and October 2000 flood events are superimposed to the 
SDHs in Fig. 6 where, to facilitate the comparison, the time of peak of the 
historical hydrographs is set coincident with that of the SDHs. 

2.4. Hydrodynamic modelling 

A fully 2D hydrodynamic modelling was carried out with the aim of 
verifying whether the routing of the SDHs in a complex river system can 
actually be statistically representative of the propagation of a long series 
of historical floods. The availability of recent surveys and terrain models 
allows for the faithful simulation of the actual flood dynamics for more 
recent events, whereas flood events of several decades ago cannot be 
reproduced with the utmost historical fidelity, due to the changes in the 
river and territorial protection structures occurred in the intervening 
years. However, this is not a problem as the comparison between the 
results of the routing of historical floods and SDHs necessarily requires 
the same river description and hydrodynamic model to draw conclu
sions on the statistical validity of the SDHs. 

The simulations were performed using the PARFLOOD code 
(Vacondio et al., 2014; Vacondio et al., 2016; Vacondio et al., 2017), 
developed at Parma University. The numerical model is based on an 
explicit finite volume discretization of the fully 2D Shallow Water 
Equations (SWEs) (Toro, 2001), expressed using the well-balanced 
formulation proposed by Liang and Marche (2009). The model is 
second-order accurate in both time and space, thanks to the adoption of 
the second-order Runge-Kutta method and of a depth-positive MUSCL 
extrapolation; the fluxes are evaluated using the HLLC approximate 
Riemann solver (Toro, 2001). The model is compatible with both Car
tesian grids and structured non-uniform grids (Block Uniform Quadtree, 
BUQ), as detailed in Vacondio et al. (2017). The adoption of an unevenly 
distributed spatial resolution is useful for reducing the number of 
computational cells in the domain, and consequently the computational 
burden, while ensuring high accuracy in the areas of greatest interest (e. 
g., rivers, channels, buildings, hydraulic structures, embankments, etc.). 
The code is developed in the CUDA (Compute Unified Device Archi
tecture) environment, which enables parallel computing on NVIDIA™ 
Graphics Processing Units (GPUs), leading to a drastic reduction in 

Fig. 5. a) Historical εD values and interpolating functions (Equations (5), (6)); b) Historical and interpolated peak position ratio (Equation (8)).  
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runtimes (of about two orders of magnitude) compared to serial codes, 
even for domains of several million cells (Vacondio et al., 2014). The 
good performances of the PARFLOOD model in both simulations of 
theoretical cases and practical applications over complex bathymetries 
are well documented in previous works to which the reader is referred 
for further details (Vacondio et al., 2016; Mignosa et al., 2018; Dazzi 
et al., 2019; Ferrari et al., 2020; Aureli et al., 2020; Dazzi et al., 2021). 
Among the approaches available for inclusion of bridges and other hy
draulic structures in 2D numerical models, internal boundary conditions 
(IBC) were favoured in PARFLOOD thanks not only to their applicability 
to different flow conditions and structure types, but also to their suit
ability to predict the field-scale backwater effects induced by the fluid/ 
structure interaction in case of high flows. The IBC implementation is 
described in detail by Dazzi et al. (2020a). An example of application of 
IBCs to bridges in urban flood modelling is reported in Dazzi et al. 
(2020b). 

2.4.1. 2D discretization of the domain 
A recent LiDAR survey provided a Digital Terrain Model (DTM) of 

the study area with 1 m × 1 m resolution, which was downsampled to 4 
m × 4 m, considered adequate for this case. In the grid coarsening 
process, particular attention was paid to preserve the elevation of 
retaining structures along the streams and other thin linear topographic 
features in the domain (Sofia et al, 2014). A further pre-processing of the 
DTM was necessary to restore the embankment crest elevations that 
were not correctly described due to the removal of the bank vegetation 
cover from the raw LiDAR data, and to integrate in the DTM the 
bathymetric portion of the riverbed not detected due to the presence of 
water at the time of the survey. Ten bridges were introduced in the 
hydrodynamic model. 

Starting from the DTM at 4 m × 4 m, a BUQ multiresolution grid with 
cells of variable size, from a minimum value of 4 m to the maximum of 
16 m, was built. In order to model the flood propagation accurately, the 
main riverbed, the paleochannel and the urban areas were described 
with the highest resolution. Elsewhere, the spatial resolution was 
automatically relaxed by the pre-processing algorithm, as described in 
Vacondio et al. (2017). The calculation grid thus identified is made up of 
4.3 million cells. 

2.4.2. 2D Model calibration 
The calibration of the model was carried out by simulating three 

important historical events (in order of importance 2000, 1993 and 
1978), together with some recent flood events for which water levels at a 
downstream gauging station (Station C) were available. Historically, the 
first two flood events (Q0 = 3100 and 2260 m3/s at Station A, respec
tively) caused the diversion of part of the discharge into the paleo
channel upstream of the Ivrea bottleneck, while the third (Q0 = 1810 
m3/s at Station A) did not trigger it. On the basis of previous studies 
(Hydrodata, 2002), the computational domain was divided into active 
riverbeds (Manning n = 0.037 m1/3s− 1), floodplain areas (n = 0.091 m1/ 

3s− 1) and floodable external areas (n = 0.067 m1/3s− 1). 
It is worth noting that the triggering of the paleochannel is scarcely 

influenced by the bed roughness upstream the cross-section of the 
Roman bridge: since this section acts as a hydraulic control, the up
stream levels, which are responsible for the entry into operation of the 
diversion, are essentially governed by the geometry of the narrower 
sections. This circumstance makes it difficult to calibrate the roughness 
in this area. Notwithstanding this, once the geometry is well described, 
the model has proved capable of correctly reproducing the three main 
historical flood events, with the triggering of the paleochannel only in 
the first two. Moreover, the simulation of two recent flood events 
(Fig. 7), even if not among the most severe ones (the first is generated by 
the superimposition of snowmelt and rainfall) confirms the satisfactorily 
reproduction of the observed and simulated water levels and timing in 
the gauged Station C, located almost at the end of the modelled reach. 

2.4.3. Boundary and Initial Conditions 
The series of selected historical floods and the derived SDHs were 

adopted as upstream boundary conditions (BC) at the inflow section of 
Tavagnasco (Station A, Fig. 1b). In the three years where comparable 
historical floods occurred, two events were considered in order to be 
sure to correctly reproduce the AM peak discharge series also at the 
intermediate (B) and downstream (C) stations of the river. For compa
rable events belonging to the same year, it could in fact take place the 
swap between maximum upstream and downstream peak discharge, the 
latter depending also on the shape and volume of the inflow hydrograph 
and not only on its peak discharge. Considering only the events with AM 
peak discharges at the inflow Station A could then lead to an incorrect 
evaluation of the sample of AM peak discharges at the intermediate and 
downstream stations assumed as reference for the results comparison. 

As downstream BC, it was preferred to avoid the adoption of a not 
completely realistic one-to-one stage-discharge relationship at the end 

Fig. 6. SDHs for the Dora Baltea River at Tavagnasco gauging station (Station A) with the August 1993 and October 2000 flood hydrographs superimposed.  
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of the considered reach, where the flow is always subcritical and might 
be affected by backwater from the Po River. Instead, a sufficiently long 
stretch of this major river was also added to the model, imposing a stage- 
discharge relationship as downstream BC at Station F, and a constant 
medium–high discharge value as upstream BC at Station E (Fig. 1b). A 
sensitivity analysis carried on changing the value of the discharge at the 
upstream BC showed no influence on the hydrodynamic conditions even 
at the most downstream gauging station of interest on the Dora Baltea 
River (Station C). 

Initial conditions were obtained through preliminary simulations in 
steady state conditions in correspondence of the initial value of each 
inflow discharge hydrographs considered. 

3. Results 

Fig. 8 shows for the August 1978 (Fig. 8a) and October 2000 (Fig. 8b) 
historical events: i) the inflow hydrograph at Station A; ii) the simulated 
discharge hydrograph in a river station between the diversion and the 
return of the waters in the main riverbed (Station B, see Fig. 1b for the 
location); iii) the simulated discharge hydrograph in a cross-section 
located almost at the end of the modelled river stretch (Station C). 

Fig. 8b shows also the diverted flood hydrograph at Station D along the 
paleochannel (see Fig. 1b for the location of Station D). The August 1978 
flood event did not trigger the operation of the paleochannel, so the 
reduction of the peak discharge along the reach is exclusively due to the 
routing effect. The October 2000 event, on the contrary, caused the 
diversion of a significant portion of the flood into the paleochannel, so 
that the discharge and volume reduction at the intermediate Station B is 
due to the combined effect of routing and diversion. Most of the diverted 
waters then returns to the main riverbed upstream Station C, conse
quently there the peak discharge and the volume of the flood are 
decidedly higher than those at the intermediate Station B. 

Fig. 9 shows the inflow (Station A) and routed SDHs (Stations B, C 
and D) at the same selected Stations. Recalling that each SDH has been 
assigned, till now in a somewhat arbitrary manner, a unique return 
period, no diversion occurs in the paleochannel up to T = 20 years, 
therefore a null discharge flows at Station D. From T = 50 years on, an 
increasing part of the volume of the synthetic flood is unable to pass 
through the narrow cross-section of the Roman bridge and the upstream 
levels rise enough to trigger the diversion into the paleochannel. For T =
500 years the peak discharges in the river and in the paleochannel are 
almost the same. 

Fig. 7. Observed and modelled water levels at station C for the historical events of a) June 2013 and b) June 2019.  

Fig. 8. Observed flood hydrographs at Station A and simulated flood hydrographs at Stations B (intermediate) and C (downstream) for a) the August 1978 and b) 
October 2000 historical events. For the August 2000 flood event the diverted flood hydrograph at Station D is also shown. 
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It is also worth noting that the peak flow attenuation in the river 
reach from Station A to Station C increases significantly with the return 
period T, spanning from 14% for T = 2 years to 35% for T = 500 years. 
This is a consequence of the temporary storage of flood volumes up
stream of the Roman bridge constriction and in the wide floodplains in 
the middle stretch of the river, together with the different flood propa
gation times in the main riverbed and in the paleochannel. 

Fig. 10 shows a detail of the flooded area and the maximum water 
depths (not simultaneous) close to the city of Ivrea for the simulation of 
the 200 years SDH. Upstream of the constriction, where the Roman 
bridge is located, maximum water depths reach 17 m and the water 
levels exceed the local ground levels which causes the triggering of the 
paleochannel. This is empirically consistent with what happened his
torically during the October 2000 flood event, despite some changes 
occurred to the morphology of the area, which however did not involve 
the modification of the invert level of the rocky sill beyond which the 
overflow toward the paleochannel begins. 

Fig. 11a,b summarize the more significant results of the comparison 
between historical events and SDHs. In a Gumbel probability chart, 
Fig. 11a shows:  

1. the frequency distribution of the sample of historical AM of peak 
inflow discharges at Station A (the same reported in Fig. 3b);  

2. the probability distribution (GLO) fitted to 1) (the same reported in 
Fig. 3b); 

3. the frequency distribution of the sample of simulated AM peak dis
charges derived by the routing of the historical events at the Station 
B downstream the diversion;  

4. the probability distribution fitted to 3); the same model selection 
criteria (AICc and BIC) suggest in this case the choice of a Gumbel 
probability distribution, not a heavy tailed distribution like the GLO. 

This change is justified by the amount of the diverted waters, 
increasing with the return period of the event considered.  

5. the peak discharges derived by the routing of the SDHs at Station B; 
as plotting position, the same return period attached to each inflow 
SDH was also attributed to the corresponding outflow peak discharge 
obtained after the routing. 

Fig. 11b shows the same data 1), 2), whereas 3), 4) and 5) refer to 
Station C at the end of the simulated river reach. For this station, as for 
Station A, the selected probability distribution fitted to 3) was a GLO. 

Table 2 shows the peak discharge quantiles (T = 2…500 years) ob
tained by the probability distribution fitted to the sample of the routed 
AM historical events (Qdistr.) and the peak discharges obtained by routing 
the SDHs (QSDH) at Stations B and C to which the same return period of 
each inflow SDH was attributed. The Percentage Error PE(Q) =

100(Qdist. − QSDH)/Qdist. maintains small also for high return periods in 
both Stations, without any evident trend. The same holds for the RMSE 
of Q 

RMSE(Q) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
m

∑
(Qdist.(T) − QSDH(T))2

√

(11)  

which assumes the values of 49 m3/s and 43 m3/s for Stations B and C, 
respectively (m = 8 is the number of selected return periods). 

The results obtained at the intermediate Station B at the downstream 
Station C confirm that SDHs are capable to synthesize and reproduce the 
main characteristics of the historical flood events, also in complex river 
system such as the one here considered. This was not trivial, given the 
significant modification observed among the inflow (Station A), the 
outflow (Station C) and, above all, the intermediate (Station B) peak 
discharge values. 

Fig. 9. Inflow (Station A) and routed SDHs at Stations B-C-D for return periods T equal to 2, 5, 10, 20, 50, 100, 200 and 500 years.  
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4. Discussion 

The proposed procedure has a twofold advantage. Firstly, even when 
a historical series of floods is available (and this is not always the case), 
it allows evaluating the distribution of peak discharges at a downstream 
section simply routing very few synthetic floods instead of a long series 
of historical ones. While this may not be a problem when 1D models are 
adequate to describe the routing effects along the river reach, this is very 
beneficial (if not even necessary) when a high-resolution 2D model is 

required, like in the case here considered of a complex river reach with 
constrictions, wide floodplains and even diversions into a paleochannel. 
The PARFLOOD model adopted in the present work boasts a very high 
computational efficiency, thanks to its implementation on GPUs, which, 
other conditions being equal, guarantees speedups of two orders of 
magnitude with respect to serial CPU codes. In the specific case, where 
the terrain model has been described with 4.3 million of cells, the 
smallest of which are 4 × 4 m, the ratio between physical and compu
tational time is of the order of 11–25 on a GPU NVIDIA Ampere® A100, 

Fig. 10. Flooded area and maximum water depths (not simultaneous) close to the city of Ivrea for the simulation of the 200 years SDH (color map was saturated over 
5 m). 
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depending on the event considered and the area actually flooded. This 
means that the simulation of a synthetic hydrograph lasting 96 h 
(physical time) requires a computational time of 4–10 h. The simulation 
of eight SDHs (from T = 2 to T = 500 years) requires a total computa
tional time of about 60 h to be completed. By simulating only the most 
significant events for the design of defence works or for the definition of 
flood maps (50–500 years), as required for example by the EU flood 
directive 2007/60, then the calculation times can also be halved. The 
simulation of the entire historical series (85 events in the case here 
considered) instead requires an order of magnitude higher simulation 
time. The same holds if more than one bivariate design hyetograph for 

each return period or many Monte Carlo simulations have to be carried 
on. Of course, it is also possible to run the simulations in parallel, but it is 
not so common to have many GPUs of equal power available. 

A further advantage of the SDHs is that they can be regionalized. In 
the present work we have used a river section with a very long historical 
series, which is quite rare in Italy but also in the rest of the world, in 
order to make the comparison more reliable for return periods compa
rable with those usually adopted in the river flood management 
(100–200 years in Italy). However, the procedure can also be applied to 
river sections where shorter time series are available or even in the 
absence of local records. In these cases the regionalization of SDHs re
quires three steps: 1) the estimation of the quantiles Q0(T), for which 
many different approaches are available in literature (Hosking & Wallis, 
1997, Rosbjerg et al, 2013, Castellarin et al., 2012, De Michele and 
Rosso, 2001; De Michele and Rosso, 2002; Laio et al., 2011); 2) the es
timate of the FDF reduction curves. If Equation (4) holds, this evaluation 
boils down to the estimate of the parameter/s (one or two, depending on 
the expression used) of the reduction coefficient εD which can in turn be 
based on the ratios between the averages of μ(QD) and μ (Q0), for which 
even a relatively short period of observation can be adequate. In the 
total absence of observations, the parameters of the functional depen
dence of εD from D (Equations (5), 6, 7 or others) can be estimated using 
a set of watershed attributes derived from terrain analysis, land use 
features and climatic indexes through different regionalization methods 
(multiple linear regression techniques, canonical correlation analysis, 
spatial methods, methods based on the formation of homogeneous re
gions, among others) (Maione et al. 2003, Brunner et al., 2018b, Ganora 
et al., 2022); 3) the estimation of Peak-Duration (PD) curve through 
Equation (8) or other similar equations. Once again, in the total absence 
of local observations it is necessary to rely on regional estimates. This 
aspect has been little addressed in the literature, but it is worth noting 
that the definition of the synthetic hydrograph is not so sensitive to the 
choice of the PD curve, so that some authors (Ganora et al., 2022) as
sume a unique constant value of rD for all D; the same approach is used 
for example in the derivation of the Chicago Design Storm (Keifer and 
Chu, 1957). Maione et al. (2003) addressed this problem for the 
regionalization of SDHs along the Po River (Northern Italy) by inter
polation of the empirical patterns available at the gauging stations, after 
standardisation of the duration D by the local value of the temporal 
parameter θ of Equation (5). The writers have an advanced study in 
progress on this topic concerning many northern Italian rivers. 

As all the models based on statistical analysis, the results obtained 
are inherently uncertain, and some assessment of the magnitude of un
certainty should be made in order to exploit the results with maximum 
confidence. As the main goal of the entire procedure is the estimation of 
the water levels of assigned exceedance probability along a river reach, 
the overall uncertainty depends on:  

1) the estimation of the peak discharge quantiles at the upstream BC 
(inflow section). To this end, once verified the stationarity of the 
historical series, the longer the data set the better. In the specific case 
here considered, the data spans a period of 82 years, which is quite 
uncommon. However, since the design of river defences and the 
management of residual flood risk require considering rather rare 
events (T = 100–500 years), an estimate of the uncertainty of the 
estimated quantiles is necessary. For this purpose, confidence in
tervals (CIs) of estimated quantiles through 104 Monte Carlo simu
lations (Hosking & Wallis, 1997, Talbot, 2023) have been evaluated 
for a confidence level of 80% (Fig. 12). The CIs noticeably widen for 
T = 100 and especially for T = 200 and T = 500 years. Luckily, the 
relation between discharges and water levels in open sections is less 
than linear, so that differences in discharge are dampened in terms of 
water levels. It is worth noting, however, that a peak discharge of 
6000 m3/s, as indicated by the upper bound of the confidence curve 
for T = 500 years, could not even reach Station A due to a series of 
bottlenecks present in the upstream river reach which would give 

Fig. 11. AM frequency and probability distributions at a) the intermediate 
Station B and at b) the downstream Station C. 

Table 2 
Peak discharge quantiles Q(T) (m3/s) derived from GLO (Stations A and C) and 
Gumbel (Station B) distributions, routed SDHs peak values at Stations B and C 
and Percentage Errors.   

Station A Station B Station C 

T Qdistr. Qdistr. QSDH PE(Q) Qdistr. QSDH PE(Q) 

2 665 661 647  2.1 557 569  − 2.2 
5 980 908 909  − 0.1 753 733  2.7 
10 1239 1071 1094  − 2.1 916 901  1.6 
20 1547 1228 1301  − 5.9 1112 1099  1.2 
50 2059 1430 1507  − 5.4 1441 1402  2.7 
100 2553 1582 1649  − 4.2 1761 1734  1.5 
200 3167 1733 1777  − 2.5 2163 2161  0.1 
500 4216 1933 1904  1.5 2856 2747  3.8  
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origin to extensive flooding and consequent peak discharge attenu
ation. In these situations, integrated hydrological-hydraulic models 
based on 2D-SWE equations can usefully complement purely statis
tical evaluations, narrowing the bandwidth of the confidence in
tervals, especially for high return periods.  

2) the validity of Equation (4), which requires that the same parent 
distribution can be assumed for all the samples of QD and, if a three 
parameter distribution is selected, that L-CV and L-skewness are 
reasonably constant with the duration D. This last condition is not 
always verified, especially for small watersheds. In this latter case εD 
is no more independent from T and then FDF(T) reduction curves 
should be evaluated through the statistical analysis of the whole set 
of QD samples;  

3) if Equation (4) holds, the estimation of the reduction coefficients and 
their fitting with a one- (Equation (5) or two- (Equations (6), 7) 
parameter equation. To evaluate a confidence interval of εD, a 
bootstrap technique (5000 random samples with replacements) was 
applied (Efron & Tibshirani, 1994). Fig. 13 shows the historical 
values of εD (the same reported in Fig. 5a) together with the 95% 
confidence intervals. For the duration D = 96 h the confidence in
terval spans in the quite narrow range 0.416–0.487, roughly ± 8% of 
the historical value (0.451). 

As regards the uncertainty related to the interpolation of εD, it is 

worth noting that this is not a mandatory step, as SDH can be numeri
cally evaluated using the estimated εD values directly (linearly inter
polating between them). However, as previously recalled, interpolation 
with a one or two-parameters equation is necessary for regionalization 
purposes. As an example, Fig. 14a shows the comparison between the 
non-dimensional SDHs derived by fitting the two-parameter Equation 
(6) and the more parsimonious one-parameter Equation (5) to the εD 
values. Shape differences are appreciable not only in the tails, but also 
around the peak. The overall volumes of the SDHs are also significantly 
different (V(Eq.6)/V(Eq.5) = 1.089) since for the maximum duration Df 
= 96 h the interpolated reduction coefficients are equal to 0.460 and 
0.423 (Fig. 5a) adopting Equation (6) and Equation (5) respectively 
(whereas the historical value is 0.451). 

Fig. 14b compares in a Q - Q plot the routed peak discharges at 
Stations B and C obtained imposing the two SDH shapes as upstream BC 
in the hydrodynamic model. Even if the overall volume of the hydro
graph derived with Equation (5) is smaller, slightly increased values of 
Qpeak are obtained with this SDH at Station C. This is due to the greater 
volumes contained in the flood hydrograph around the peak, which 
causes less attenuation along the river reach and highlights the impor
tance of defining not only the peak discharge and the overall volume of 
the hydrograph, but also the distribution of the volumes around the 
peak. The choice of the shape of the hydrograph, often considered sec
ondary also in a bivariate framework, has actually proved to be funda
mental in many other circumstances (Tomirotti and Mignosa, 2017). 

To the aforementioned hydrological uncertainties must be added 
those inherent in:  

4) the hydrodynamic model adopted. Fully 2D, shock capturing models 
are mandatory in complex river networks, as the one here consid
ered, where flow transitions frequently occur. As an example, Fig. 15 
shows the map of computed Froude numbers close to the Roman 
bridge at the passage of the peak flood during the October 2000 flood 
event. Transitions between sub- and supercritical flows and vice 
versa (hydraulic jumps) are recognizable. Simplified models (based 
on diffusive or local-inertial approximations equations), are not able 
to catch this behaviour at all (Costabile et al. 2020; Mignosa et al., 
2018).  

5) the adequate geometric description of the river and of the floodable 
areas. Since Lidar-based DTMs have become widespread and rela
tively cheap, numerous studies have been performed to analyze the 
sensitivity of hydrodynamic models with respect to spatial resolution 
(Cook and Merwade, 2009; Papaioannou et al., 2016; Jiang et al., 
2022). In the case study here considered, the availability of a high 
resolution DTM integrated with terrestrial topographic data proved 
necessary to describe the narrower part of the river bed which con
trols the hydrodynamics close to the Roman bridge and the triggering 
of the paleochannel. 

6) the evaluation (calibration) of the roughness. Depending on avail
able data, different automatic procedures can be used for calibration 
(Aricò et al., 2009; Ferrari et al., 2022); in their absence, land use 
maps, literature and expert knowledge may guide in selecting the 
Manning parameters. In the present case, few level data were 
available just in the downstream section (Station C) and this prevents 
from an accurate and distributed calibration of roughness, since 
equifinality of model parameterisation can occur (Fabio et al., 2010). 
Having to simulate a long series of historical events, the roughness of 
the watercourse has certainly changed over time. Actually, river 
modifications concerned not only the roughness, but also the 
morphological changes occurred over almost a century, which are 
known only qualitatively on the basis of historical maps. The lack of 
knowledge of the geometry of the past and the absence of water level 
measurements (except at the historical station of Tavagnasco) 
therefore do not allow validating the correct reproduction of each 
historical event. However, this was not the aim of the work, which 
was instead that of comparing two hydrological boundary conditions 

Fig. 12. Q0 sample frequency distribution, fitted GLO probability distribution 
and 10% − 90% confidence level (Tavagnasco gauging station - Station A). 

Fig. 13. Historical values of εD together with the 95% confidence interval.  
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(a long historical series and few synthetic hydrographs) with other 
conditions being equal, i.e. as if all the events occurred in the same 
river configuration (the current one). By keeping the geometry (and 
roughness) of the watercourse constant and by varying only the 
boundary conditions, it is in fact possible to appreciate whether the 
synthetic hydrographs are capable of reproducing well the propa
gation phenomena that occur along the river. On the other hand, the 
same assumption is usually introduced in the hydrologic/hydraulic 
simulations aimed at the design of flood management measures. 

It is worth noting, however, that the model uncertainties 4), 5) and 6) 
previously highlighted are also typical of all the other hydrological ap
proaches too. 

5. Conclusions 

The procedure for the determination of Synthetic Design Hydro
graphs (SDHs), proposed in previous works, was validated by comparing 
the peak discharges at different stations along a complex river system, 
obtained by routing a long series of historical floods and the synthetic 
floods in a fully 2D hydrodynamic approach. The comparison confirms 
that the SDHs are actually capable of reproducing the significant mod
ifications induced by the system on the propagated historical peak flows. 
This satisfactory result, following those obtained applying the same 
approach to the routing in a natural lake, in a flood retention reservoir 
(Tomirotti & Mignosa, 2017) or in seepage problems in river embank
ments (Butera et al., 2020) suggests that the procedure of derivation of 
the SDHs is reliable and that the return periods attached to them, at first 

in a somehow arbitrary way, have some statistical significance. SDHs 
can then be applied, also together with other approaches, to similar river 
flood management problems, both in the availability of direct observa
tions and for ungauged sites, due to the possibility of a regional esti
mation of the SDHs main characteristics. 
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Viglione, A., Merz, R., Blöschl, G., 2009. On the role of the runoff coefficient in the 
mapping of rainfall to flood return periods. Hydrol. Earth Syst. Sci. 13, 577–593. 
https://doi.org/10.5194/hess-13-577-2009. 

Wagener, T., Montanari, A., 2011. Convergence of approaches toward reducing 
uncertainty in predictions in ungauged basins. Water Resour. Res. 47, 6301. https:// 
doi.org/10.1029/2010WR009469. 

Wang, C., Chang, N.B., Yeh, G.T., 2009. Copula-based flood frequency (COFF) analysis at 
the confluences of river systems. Hydrol. Processes: International Journal 23 (10), 
1471–1486. https://doi.org/10.1002/hyp.7273. 

Westerberg, I.K., Wagener, T., Coxon, G., McMillan, H.K., Castellarin, A., Montanari, A., 
Freer, J., 2016. Uncertainty in hydrological signatures for gauged and ungauged 
catchments. Water Resour. Res. 52, 1847–1865. https://doi.org/10.1002/ 
2015WR017635. 

Yue, S., 1999. Applying bivariate normal distribution to flood frequency analysis. Water 
Int. 24 (3), 248–252. https://doi.org/10.1080/02508069908692168. 

Yue, S., 2000. The bivariate lognormal distribution to model a multivariate flood 
episode. Hydrol. Process. 14, 2575–2588. https://onlinelibrary.wiley. 
com/doi/10.1002/1099-1085(20001015)14:14%3C2575::AID-HYP115%3E3.0. 
CO;2-L. 

Yue, S., 2001a. The Gumbel logistic model for representing a multivariate storm event. 
Adv. Water Resour. 24, 179–185. https://doi.org/10.1016/S0309-1708(00)00039- 
7. 

Yue, S., 2001b. A bivariate gamma distribution for use in multivariate flood frequency 
analysis. Hydrol. Process. 15 (6), 1033–1045. https://doi.org/10.1002/hyp.259. 

Yue, S., Ouarda, T., Bobée, B., Legendre, P., Bruneau, P., 1999. The Gumbel mixed model 
for flood frequency analysis. J. Hydrol. 226 (1–2), 88–100. https://doi.org/10.1016/ 
S0022-1694(99)00168-7. 

Yue, S., Rasmussen, P., 2002. Bivariate frequency analysis: discussion of some useful 
concepts in hydrological application. Hydrol. Process. 16, 2881–2898. https://doi. 
org/10.1002/hyp.1185. 

Yue, S., Ouarda, T., Bobée, B., Legendre, P., Bruneau, P., 2002. Approach for describing 
statistical properties of flood hydrograph. J. Hydrol. Eng. 7 (2), 147–153. https:// 
doi.org/10.1061/(ASCE)1084-0699(2002) 7:2(147). 

Zhang, J., 2020. Modern Monte Carlo methods for efficient uncertainty quantification 
and propagation: A survey. WIREs Comput. Stat. 2021 (13), e1539. 

Zhang, Z., Wagener, T., Reed, P., Bhushan, R., 2008. Reducing uncertainty in predictions 
in ungauged basins by combining hydrologic indices regionalization and 
multiobjective optimization. Water Resour. Res. 44 https://doi.org/10.1029/ 
2008WR006833. 

Zhou, Y., Zhang, D., Zhou, P., Wang, Z., Yang, P., Jin, J., Cui, Y., Ning, S., 2021. Copula- 
Based Bivariate Return Period Analysis and Its Implication to Hydrological Design 
Event. JAWRA 1–13. https://doi.org/10.1111/1752-1688.12943. 

F. Aureli et al.                                                                                                                                                                                                                                   

https://doi.org/10.1007/s11069-016-2382-1
https://doi.org/10.1061/(asce)he.1943-5584.0001526
https://doi.org/10.2307/2346729
https://doi.org/10.5194/hess-17-3023-2013
https://doi.org/10.5194/hess-17-3023-2013
http://refhub.elsevier.com/S0022-1694(23)00669-8/h0320
http://refhub.elsevier.com/S0022-1694(23)00669-8/h0320
http://refhub.elsevier.com/S0022-1694(23)00669-8/h0320
http://refhub.elsevier.com/S0022-1694(23)00669-8/h0320
http://refhub.elsevier.com/S0022-1694(23)00669-8/h0320
http://refhub.elsevier.com/S0022-1694(23)00669-8/h0320
http://refhub.elsevier.com/S0022-1694(23)00669-8/h0325
http://refhub.elsevier.com/S0022-1694(23)00669-8/h0325
https://doi.org/10.1029/2004WR003133
https://doi.org/10.5194/hess-15-3293-2011
https://doi.org/10.5194/hess-15-3293-2011
https://doi.org/10.1029/2021WR031279
https://doi.org/10.1214/aos/1176344136
https://doi.org/10.1214/aos/1176344136
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000339
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000339
https://doi.org/10.1111/j.1752-1688.2006.tb06020.x
https://doi.org/10.1111/j.1752-1688.2006.tb06020.x
https://doi.org/10.1002/hyp.9727
https://doi.org/10.1016/j.jhydrol.2017.10.036
https://doi.org/10.1016/j.jhydrol.2017.10.036
http://refhub.elsevier.com/S0022-1694(23)00669-8/h0375
http://refhub.elsevier.com/S0022-1694(23)00669-8/h0375
https://doi.org/10.1016/j.envsoft.2014.02.003
https://doi.org/10.1007/s11069-015-1959-4
https://doi.org/10.1007/s11069-015-1959-4
https://doi.org/10.1016/j.envsoft.2016.11.012
https://doi.org/10.1016/j.envsoft.2016.11.012
https://doi.org/10.3390/w14223618
https://doi.org/10.5194/hess-13-577-2009
https://doi.org/10.1029/2010WR009469
https://doi.org/10.1029/2010WR009469
https://doi.org/10.1002/hyp.7273
https://doi.org/10.1002/2015WR017635
https://doi.org/10.1002/2015WR017635
https://doi.org/10.1080/02508069908692168
https://onlinelibrary.wiley.com/doi/10.1002/1099-1085(20001015)14%3a14%253C2575%3a%3aAID-HYP115%253E3.0.CO%3b2-L
https://onlinelibrary.wiley.com/doi/10.1002/1099-1085(20001015)14%3a14%253C2575%3a%3aAID-HYP115%253E3.0.CO%3b2-L
https://onlinelibrary.wiley.com/doi/10.1002/1099-1085(20001015)14%3a14%253C2575%3a%3aAID-HYP115%253E3.0.CO%3b2-L
https://doi.org/10.1016/S0309-1708(00)00039-7
https://doi.org/10.1016/S0309-1708(00)00039-7
https://doi.org/10.1002/hyp.259
https://doi.org/10.1016/S0022-1694(99)00168-7
https://doi.org/10.1016/S0022-1694(99)00168-7
https://doi.org/10.1002/hyp.1185
https://doi.org/10.1002/hyp.1185
https://doi.org/10.1061/(ASCE)1084-0699(2002) 7:2(147)
https://doi.org/10.1061/(ASCE)1084-0699(2002) 7:2(147)
http://refhub.elsevier.com/S0022-1694(23)00669-8/h0455
http://refhub.elsevier.com/S0022-1694(23)00669-8/h0455
https://doi.org/10.1029/2008WR006833
https://doi.org/10.1029/2008WR006833
https://doi.org/10.1111/1752-1688.12943

	Validation of Synthetic Design Hydrographs through 2D hydrodynamic modelling
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Hydrological analysis
	2.2.1 Database of historical floods
	2.2.2 Peak discharge probability distribution

	2.3 Derivation of Synthetic Design Hydrographs
	2.3.1 SDHs for the Dora Baltea a Tavagnasco

	2.4 Hydrodynamic modelling
	2.4.1 2D discretization of the domain
	2.4.2 2D Model calibration
	2.4.3 Boundary and Initial Conditions


	3 Results
	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


