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Using the FullSWOF results, interpolating laws for the peak discharge and the critical 
rainfall duration as function of the three basin parameters have been also derived.

4.1  The parametric hydrograph

The outflow hydrographs show common features:

�s��Sigmoid-shaped rising limb

•�sPeak flow at the end of rainfall (no lag time)

�s��Exponential-shaped falling limb

Hence the following mathematical function representing the hydrograph has been 
chosen:
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where

•�sQ is the flow rate

•�s td is rainfall duration

�s��a, b, c and d are four coefficients function of the hydraulic conductivity, the average slope 
of the area, the standard deviation of ground elevation and the rainfall duration.

Rising limb and falling limb are separately interpolated using the MATLAB Curve Fitting 
Tool, in order to find the four coefficients for each simulation:

4.2  The HI criterion

Once the hydrograph coefficients have been defined, the hydraulic invariance has been 
evaluated following three steps:

1.	 Computing the maximum outflow from the area in ante-operam conditions using the hy-
draulic conductivity, mean basin slope and std dev of ground elevation interpolating laws

Figure 1: Hydrograph interpolation.
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2.	 Defining the post-operam parametric hydrograph
3.	 Flood routing with post-operam hydrographs to find the maximum volume exceeding 

ante-operam peak discharge.

5  TEST area: fiumicino
The previous approach has been applied to the territory of the municipality of Fiumicino. 
A one-hectare area has been considered for the numerical simulations. Constant hyetographs 
from a 50 years return time IDF curve have been used. The constant hyetograph has been 
considered in order to have a better comparison with the conceptual models based HI meth-
ods. The 50 years return time is derived by most of the regional and river basin authority laws.

The range of hydraulic conductivity has been defined on the base of Fiumicino soil 
types, using pedological data provided by CREA, the Council for Agricultural Research 
and Economics.

In order to establish a relationship between the hydraulic conductivity and the parameters 
required by FullSWOF, the mean Green Ampt parameters provided by Rawls and Brakensiek 
[10] were used and the approach proposed by Brevnova [11] was followed. Moreover, an ini-
tially fully saturated soil has been assumed. The basin slope range was between 0.05% and 
0.15%, typical of a mainly flat area, such as that of Fiumicino. Flat areas are usually more 
affected by intensive urban development compared to hilly and mountainous ones where the 
land cover permeability reduction is less relevant for infiltration losses. The standard deviation 
of ground elevation well describes the initial abstraction of the area. Here three values of std dev 
have been considered: 0.0, 0.01, 0.1. The parameters used in the simulation are listed in Table 1:

Figure 2: Flood routing-based HI method.

Table 1: Parameters used in the simulations.

Permeability K Mean slope I Std Dev σ

m/s % -

1 × 10-7 0.05 0.00
1 × 10-6 0.10 0.01
5 × 10-6 0.15 0.10
1 × 10-5 - -
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6  Simulations results
Each FullSWOF simulation has produced the hydrograph outgoing the area. A time step of 
5 minutes has been used to find the maximum peak discharge for each K, i and σ combination 
(Fig. 3).

In Fig. 4 the dependence of peak discharge with the hydraulic conductivity at different area 
slope is represented considering a null value of std dev. In Fig. 5 the same dependence is 
obtained for std dev equal to 0.1. We can notice that in the second case the curves are very 
similar to each other. This means that in highly irregular surface, the mean slope has not a 
significant role in determining the peak flow.

A further comparison has been made between the peak discharge obtained from FullS-
WOF and that one from the rational equation. At this aim the time of concentration in the 
rational equation has been derived using different formulations. The runoff coefficient in the 
rational equation has been taken from literature according to the hydraulic conductivity of the 
soil. Figure 6 shows great differences especially for pervious soils, that is for hydraulic con-
ductivity larger than 10-5 m/s: in particular in this range the rational equation seems to 
overestimate the peak discharge. If this value were used as the goal to guarantee HI, the result 
would be an underestimation of the compensatory measure to implement.

Figure 3: Hydrograph for several rainfall duration K = 10-6 m/s i = 0.05% σ = 0.

Figure 4: Q-K graph for different slope and constant Std Dev = 0.
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7  interpolating results
Unlike what is described in literature, where the concentration time is mainly correlated with 
the extension of drainage area, here an interpolating law for the critical rainfall duration has 
been derived as a function of permeability, slope, and ground standard deviation. At this aim 
a multiple regression has been carried out using an Excel worksheet. A good fit with coeffi-
cient of determination R2 = 0.9 has been obtained with the following equation:

	 d b m K m m K m K m m icr n n n n n n n= + + + + + +1 2 3
2

4 5
2

6σ σ σ .	 (8)

Variables in eqns (8) are z-score normalized using mean and standard deviation.
Also, the interpolating law for peak discharge has been derived:

	 Q b m K m i mmax = + + +1 10 2 3log .σ 	 (9)

The coefficient of determination in this case was R2 = 0.92. In order to evaluate the weight 
of each variable in eqn (9) the T-test method was applied. The results are showed in Fig. 7.

Figure 6: Differences (%) between the Q value from FullSWOF and rational equation.

Figure 5: Q-K graph for different slope and constant Std Dev = 0.1.
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The equations of the four coefficients of the hydrograph in eqn (3) have been derived:

	 a b c d f K i tr, , , , , , .= ( )σ 	 (10)

where tr is the difference between the rainfall duration and the critical rainfall duration com-
puted with eqn (8). Using eqns (10), valid within the Fiumicino area, the parametric 
hydrograph has been obtained. In terms of outflow volume, errors between parametric hydro-
graphs and FullSWOF computed hydrographs are always less than 10%.

Finally, an example comparing the water storage volume computed with the proposed 
method and the volume from not physically based approaches is shown in the follow. The 
ante operam and post operam conditions are listed below:

1.	 Initial condition: hydraulic conductivity K = 10-5 m/s, mean slope i = 0.05% standard 
deviation of ground elevation σ = 0.

2.	 Final condition: hydraulic conductivity K = 10-7 m/s, mean slope i = 0.05% standard 
deviation of ground elevation σ = 0.

The storage volume has been computed as the integral of the hydrograph exceeding the 
ante-operam peak flow. It depends on the rainfall duration, a function of the hydrograph coef-
ficients a, b, c, d, which maximizes the previously mentioned volume. The volume computed 
with the proposed methodology is v = 438.46 m3/ha and the corresponding rainfall duration 
is d = 1.475 hours (Fig. 8). The differences between this value and the results from not physi-
cally based approaches are shown in Fig. 9.

In conceptual model based HI methods, ante-operam peak flow has been computed with 
different formulation for the time of concentration. Runoff coefficient values both from lit-
erature and from FullSWOF simulations have been considered with the only exception of 
Pistocchi formula, which has been applied following Romagna basins’ Authority indications, 
that is the weighted average between 0.9 for impervious areas and 0.2 for permeable areas. 
The comparison shows differences higher than 100%. It is not possible to predict whether the 
literature methods are conservative or not.

It Fig. 10 and in Fig. 11 are shown the values of the volume required to obtain HI as a func-
tion of the maximum udometric coefficient allowed downstream comparing the results 

Figure 7: Weight percent of basin parameters on peak discharge formula.
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Figure 8: Dimensioning of water storage volume.

Figure 9:	Differences (%) between the volume obtained with the method proposed and not 
physically based approaches.

Figure 10: Comparison with Linear Reservoir Method K = 10-6 m/s i = 0.05% σ = 0.1.
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obtained from the proposed method with those from the linear reservoir method, in which the 
runoff coefficient has been derived both from literature and FullSWOF simulations.

We can notice that in some cases the linear reservoir method gives for each udometric coef-
ficient and for each runoff coefficient, the largest volume (Fig. 10). In other cases, for example 
considering runoff coefficient from literature, this method can significantly underestimate the 
volume for HI (Fig. 11).

8  conclusions
In Italy the need to introduce measures of hydraulic invariance in urban planning has been 
felt due to the frequency of flash flooding events and to the high anthropization of the terri-
tory. In most of the regional laws or river basin authorities regulations, these measures consist 
in dimensioning appropriate storage volume, but they are still based on simple and not physi-
cally based methods. In order to fill this gap, in this paper a physically based approach to 
evaluate HI has been proposed. This consists in a storage routing method applied on a para-
metric hydrograph, defined by interpolating the results from a large number of hydraulic 
simulations carried out using the software FullSWOF.

Firstly, a comparison between the peak flow values obtained with FullSWOF simulations 
and with rational equation has been done. The differences were considerable, especially for 
pervious land cover, for which rational equation seems to overestimate the peak discharge. If 
this value were used as the goal to guarantee HI, this could result in an underestimation of the 
compensatory volume.

The simulations results have been also used to determine interpolating expressions for 
peak flow, for critical rainfall duration and for the four coefficients of the parametric hydro-
graph, valid within homogeneous sample area.

The storage routing of the parametric hydrographs have been carried out to calculate the 
volume requested by HI constraint. These volumes have been compared with the volumes 
obtained with the methods currently in use in Italy. The comparison has highlighted large 
differences, underlining how the results from the simplified approaches are strongly condi-
tioned by the choice of the runoff coefficient.
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Figure 11: Comparison with Linear Reservoir Method K = 10-7 m/s i = 0.05% σ = 0.0.
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dataset comes from the survey that CREA has carried out in cooperation with ARSIAL, the 
regional agency for agricultural development, with the purpose to draw up the soil map of 
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