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A B S T R A C T   

Study region: The study considers synthetic river catchments representative of Mediterranean 
regions, with high impervious coverage and real rainfall time series. 
Study focus: Stormwater studies often require rapid procedures to estimate which reservoir 
configuration reduces peak discharge to desired levels. Such estimates help identify and evaluate 
potential reservoir sites or assess the efficiency of existing ones. This paper provides simplified 
relationships to quantify the effects of the bottom outlet type and reservoir stage-storage curves 
on peak discharge reduction immediately downstream of a single reservoir. 
New hydrological insight for the region: The proposed relationships fit the numerical results of 
detailed flood-routing simulations for 36 configurations. Results showed that the reduction effect 
could vary by 175% more, depending on the reservoir configuration. The proposed formulae 
allow a rapid evaluation and comparison of the reduction effect offered by different reservoir 
configurations without applying the standard reservoir-routing procedure, which should then 
refine and verify the design.   

1. Introduction 

Flood-mitigation reservoirs reduce peak discharge by retaining a portion of the flood volume until it can be gradually released. 
They are sustainable solutions that can help prevent flood damage and reduce the risk of downstream flooding and erosion. Indeed, 
their bottom outlets can allow the passage of the incoming sediment during floods and minimise the downstream impacts on the river 
environment (Brunner and Naveau, 2023; Sumi et al., 2011). Moreover, flood-mitigation reservoirs can enhance stormwater quality by 
promoting sedimentation, infiltration, and biological uptake (Nogherotto et al., 2022). 

The design of a flood-mitigation reservoir requires the evaluation of several factors, ranging from site selection to technical features 
of the outlet structures and environmental characteristics. After the design has been established, the effect of a reservoir on peak 
discharge reduction is usually examined through hydrological and hydrodynamic simulations (Zhou, 2020). Comprehensive mathe
matical modelling and numerical methods are required to analyse reservoir systems. These yield detailed results at the expense of a 
considerable amount of information and high computational efforts (Cipollini et al., 2023; Del Giudice et al., 2014). 

However, many stormwater studies often require a more rapid and straightforward procedure to estimate the detention storage 
volume needed to reduce flood discharge to desired levels (Abd-el-Kader et al., 2023; Ferrari et al., 2023). Such estimates help identify 
and evaluate potential sites for detention reservoirs. Indeed, it is possible for a reservoir to exacerbate the negative impact of flooding 
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or to have little to no effect on it (Tang et al., 2023; Wang et al., 2023). Thus, preliminary sizing can reduce the time and costs 
connected to the project and study. Moreover, rapid estimates can also be used to evaluate the efficiency of existing reservoirs in 
reducing flood peak discharge (Abd-el-Kader et al., 2023; Ravazzani et al., 2014). For example, after several years of reservoir 
operation, the peak reduction effect can change due to sedimentation processes, reclamation, or land-use changes. Therefore, its 
re-estimation is crucial for strategic risk management (Peng et al., 2006). For this reason, systematic reservoir storage surveys of a 
reservoir are periodically conducted to estimate the peak reduction effect. 

Several approximate and simplified relationships for preliminary reservoir design are already available in the literature (Gioia, 
2016; Sordo-Ward et al., 2013). Most of them express the ratio between the peak outflow, Q*out, and peak inflow, Q*in, as a function of 
the ratio between the flood retained by the reservoir, W* , and the incoming volume, Win, which hereafter are indicated as lamination 
ratio η and flood-storage ratio w, respectively (Eqs. 1 and 2). 

η =
Q∗

out

Q∗
in

(1)  

w =
W∗

Win
(2) 

Marone (1964) was one of the first who derived formulae of this type using geometric approximations for the inflow hydrographs, 
showing that the lamination ratio and flood-storage ratio are related by Eq. 3: 

η = (1 − w)
ξ (3)  

where ξ varies according to the type of outlets. For overflow outlets, ξ = 1, whereas for bottom outlets, ξ = 1.5. However, these 
formulae did not consider the geometry of the reservoirs since they mainly assessed the impact of different types of outlets. Kessler and 
Diskin (1991) evaluated the relationships between the storage volume and the peak reduction ratio in two linear equations. They 
demonstrated that the inflow hydrograph shape did not influence the relationship between η and 1-w. Nevertheless, they only 
considered reservoirs with vertical walls. Along with previous authors, McEnroe (1993) derived approximate relationships from a 
reservoir-routing analysis, demonstrating that the peak-discharge ratios were determined primarily by the type of outlet and, to a 
lesser extent, by the shape factor of the inflow hydrograph. Hong et al. (2006) constructed different combinations of inflow and 
outflow hydrographs and provided equations to calculate the detention storage volume for each. However, they did not investigate the 
effect of the different storage configurations. Sordo-Ward et al. (2013) emphasised the general behaviour of the reduction effect and 
considered a wide range of basin area sizes, hydrologic loads, and reservoir and gate-controlled spillways. However, their results were 
conditioned to some assumptions, such as the initial reservoir water level being set to maximum and the gated spillway discharging the 
entire flow during the flood event. 

The previous authors analysed and compared various aspects of peak reduction phenomena. However, their studies yield widely 
different estimates of the relationships for detention reservoir requirements. Indeed, the existing relationships are valid only for 
specific types and shapes of the inflow hydrographs. Moreover, these do not account for the considerable sensitivity of the peak 
discharge reduction to the geometry of the reservoir. Indeed, the size and shape of the reservoir, and thus the surrounding topography, 
affect the feasibility and cost-effectiveness of construction and the project’s potential environmental and social impacts (Bellu et al., 
2016). Thus, considerations about the geometry should be one of the first when dealing with flood mitigation purposes. Therefore, 
some vital and relevant aspects regarding the impact of geometry still need to be addressed. 

This paper leads to new and simplified formulae for assessing the configuration impact of flood-mitigation reservoirs on peak 
discharge reduction. They represent a simplified approach that considers the features of a reservoir to estimate the peak discharge 
reduction. Indeed, the originality of this study solution lies in the fact that the impact of the geometry is assessed and quantified 
regardless of the actual shape of flow hydrographs. On the one hand, the proposed approach could allow a rapid evaluation of the 
potential reduction effect for reservoirs with a volume of up to 1 million m3 and 36 geometry configurations. On the other hand, the 
regression formulae could estimate which configuration reduces the peak discharge to desired levels. The procedure is a sound basis for 
screening and ranking possible configurations and sites of reservoirs. Once a detention site has been selected and a preliminary design 
has been developed, the standard reservoir-routing procedure refines and verifies the design. 

The remainder of the paper is organised as follows. First, Section 2 describes the traditional flood routing methodology required to 
design a flood mitigation reservoir, and thus, it illustrates the design parameters involved, such as the ones of the Stage-outflow and 
Stage-storage curves. Then, Section 2.2 presents the synthetic case study used for the numerical flood-routing simulations; thus, the 
realistic hydrographs are considered. Section 3 illustrates and organises the results of the numerical simulations in order to derive the 
simplified relationships. To prove the applicability and performance of the formulae under different rainfall patterns and basin pa
rameters, Section 3.3 introduces two other synthetic case studies and evaluates the performance of the formulae. Section 4 analyses the 
obtained relationships, compares them to existing ones and suggests future developments. Finally, Section 5 draws conclusions. 

2. Material and methods 

2.1. Methodology 

The expression reservoir routing denotes the propagation of an inflow hydrograph through a reservoir (Basha, 1995). It involves the 
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solution of a system of three equations: 1) the continuity equation, 2) the energy conservation equation in the form of an outlet 
discharge equation and 3) a relationship describing the configuration of the reservoir as a function of water depth in it (Fiorentini and 
Orlandini, 2013; Cimorelli et al., 2015).  

1) Continuity equation (or mass conservation equation): 

Qin(t) − Qout(t) =
dW(t)

dt
(4)  

where Qin(t) and Qout(t) are the inflow and outflow discharge, respectively, W(t) is the volume of water in the reservoir, and t is the 
time (Fig. 1).  

2) Energy conservation equation: 

Qout = chm (5)  

where Qout is the outflow discharge, h is the water level in the reservoir, measured from an approximate datum, and c and m are 
constant values that vary according to the type and geometry of the outlet. For overflow outlets m = 1.5, and h is measured from the 
crest, whereas for submerged outlets m = 0.5 and h is measured from the centreline of the orifice o pipe.  

3) Stage-storage relationship: 

W = αhβ (6)  

where α and β are constant values that vary according to the type and geometry of the reservoir. In particular, the exponent β ranges 
between 1 and 4.5, where 1 is associated with a prismatic geometry with surrounding vertical walls, and 4.5 is associated with a more 
complex morphology closed by more gentle lateral slopes (Manfreda et al., 2021). The stage-storage relationship can be determined for 
natural retention basins using bathymetric maps or by processing Digital Elevation Models (DEM), and Eq. 6 can fit such functions. 
Several challenges may arise during the process, especially according to the accuracy and resolution of the DEM data, that can 
significantly impact the quality of the stage-storage relationships. However, many studies suggest how to describe stage-storage re
lationships where detailed bathymetry surveys are unavailable or sparse. For example, Nilsson et al. (2008) proposed an analytical 
approach using simple geometric data from geographic information system coverages or field studies. 

The governing storage equations (Eqs. 4–6) are valid when the water surface is horizontal and the outflow is unaffected by tail
water. When combined, they give a nonlinear first-order ordinary differential equation whose solution requires numerical methods 
such as the method of finite differences. The system can be solved once the inflow time series and the parameters of Eqs. 5 and 6 are 
defined. Thus, the outflow hydrograph and the peak outflow Q*out are provided (Fig. 2). For each reservoir routing simulation, the 
ratio between peak outflow Q*out and peak inflow Q*in defines the lamination ratio η. In the same way, the ratio between the maximum 
flood volume retained by the reservoir W* and the flood volume W determines the flood-storage ratio w. 

2.2. Synthetic case study 

The case study considers 36 configurations: six geometries of the reservoirs and six of the outlet structures. First, an ideal river basin 
with a linear and time-invariant hydrologic response is considered (2.1.1). Then, the outlet structures are defined (2.1.2). Finally, the 
reservoir configurations, and thus their geometries, are set up (2.1.3). 

2.2.1. Basin configuration and inflow time series 
The study considers an ideal basin with a linear and time-invariant hydrologic response (Table 1). The hydrographs derive from the 

Instantaneous Unit Hydrograph (IUH) theory, which requires defining the rainfall time series and the response function or IUH (Eq. 7): 

Fig. 1. Sketch of detention basin sections with a basin capacity of Wmax. a) Longitudinal section, where Qin is the inflow discharge, Qout is the 
outflow discharge from gated bottom outlets, W is the storage, h is the water surface elevation, and hmax is the maximum water surface elevation; b) 
frontal section, where A is the height of the bottom outlet cross-section, and B is the width. 
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u(z) =
1
K

e−
z
K

[
1
T

]

(7)  

where u(z) is the IUH ordinate at time z, z is the time, and K is the model’s parameter. This application evaluated K according to VAPI 
Campania formulae (Rossi and Villani, 1995) (Table 1). 

Once the rainfall time series is defined, the IUH theory provides an estimation of the discharges using the convolution integral (Eq. 
8): 

qt =

∫ t

0
u(t − τ)ie(τ)dτ (8)  

where ie is the net rainfall at the time t. Net rainfall is the fraction of precipitation that reaches the basin outlet as surface flow. It was 
obtained by multiplying the rainfall time series with a rational coefficient φ according to VaPi Campania formulae (Rossi and Villani, 
1995) (Table 1). In what follows, for the sake of simplicity, we will refer to the net rainfall as rainfall. This study considers a rainfall 
time series of 19 years registered by a pluviographic station in Southern Italy (Fig. 3), with measurements every 10 min and 0.2 mm 
resolution. The continuous rainfall record is routed through the IUH, obtaining the corresponding streamflow time series (Fig. 3). 

Finally, the hydrographs are extracted from the continuous streamflow record according to Peak-Over-Threshold (POT) and 
Minimum Inter-event Time (MIT) criteria (Pirone et al., 2023). These criteria allow selecting relevant and independent hydrographs 
from the continuous streamflow records (Paquet, 2019). On the one hand, the POT criterium allows focusing on significant flood 
events. Thus, only hydrographs with values higher than 0.5 m3/s are considered. On the other hand, MIT criteria ensure that the 
selected hydrographs are independent. Indeed, one hydrograph must be separated from the previous or following by at least six hours. 
The procedure allows the selection of 1000 independent hydrographs. 

2.2.2. Outlet structures 
Six configurations of rectangular outlet cross-sections were considered (Fig. 4), with characteristics reported in Table 2. The 

outflow discharge curve derives from the physical modelling. For water levels lower than the height of the cross-section (A), a free 
surface behaviour characterises the flow through the bottom outlet with a critical state. As the water level in the reservoir increases 
(higher than A), the transition from free surface to submerged flow occurs – the choking effect. During this stage, the outflow de
creases, and the behaviour follows the submerged outlet equation. However, due to the choking effect, the relationship between the 
outflow Qout and the water level h becomes nonmonotonic. Thus, to avoid numerical problems, this study considers the flow constant 
during the choking effect (see Fiorentini and Orlandini, 2013 for further details). Thus, the flow is constant for water depths higher 
than A and lower than h1. Finally, when the water level is higher than h1, the flow follows the submerged flow equation. The value h1 is 
computed as the intersection between the line Qout constant and the submerged flow equation (Eq. 9). Indeed, according to the proper 
modelling, when the water level reaches the value of h1, the flow increases again. Therefore, this modelling can be derived as follows: 

Qout =

⎧
⎨

⎩

Bh
̅̅̅̅̅
gh

√
0 ≤ h ≤ A

BA
̅̅̅̅̅̅
gA

√
A < h ≤ h1

μσ
̅̅̅̅̅̅̅̅
2gh

√
h > h1

(9)  

where B [m] is the outlet width, h [m] is the water level in the reservoir, g [m2/s] is the gravity acceleration, μ [-] is the coefficient of 
discharge of the bottom outlet, h1 is height under which the outflow is constant, σ [m2] is the area of the outlet cross-section. 

Fig. 2. Example of peak discharge reduction obtained via numerical simulation.  

Table 1 
Main parameters of the river basin.  

Area [km2] φ [-] K [h] 

100  0.70  3.00  
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2.2.3. Geometry of the reservoir 
Six reservoir configurations were considered (Table 3, Fig. 4). Each configuration, thus the geometry of the reservoir, is described 

through the stage-storage curves (Eq. 6). In this study, parameters α and β of Eq. 6 were chosen in order to provide a volume of 1 million 
of m3 with regards to a water level of 15 m. Indeed, in Italy, these values define the limits between dams and large dams, with the latter 
requiring special attention both in the design and management stages. 

Fig. 3. Rainfall time series (i) and Inflow time series (Q).  

Fig. 4. left) Stage-outflow discharge (h–Q) curves obtained with Eq. 9 for six configurations (conf.) of outlet geometries (Table 2); right) Water 
level-storage curves (h–W) obtained from Eq. 6 with the parameters of Table 3. 

Table 2 
Parameters of the rectangular bottom outlet configurations. B is the width; A is the height of the 
cross-section.  

Configuration n. Width B [m] Height A [m] 

1 1 1 
2 2 1 
3 2 2 
4 3 1 
5 3 2 
6 3 3  
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2.3. Scenarios configuration 

A total of 36 scenarios result from combining the six Outlet structure configurations with the six Geometry reservoir configurations 
(Table 4). 

3. Results 

3.1. Numerical results and simplified formulae 

The lamination ratio η versus the flood-storage ratio 1 − w for all 1000 hydrographs and 36 reservoir configurations are graphically 
shown in Fig. 5, where each dot represents a numerical simulation result. In particular, results are grouped according to an n factor 
defined as the ratio between the exponent m of the discharge equation (Eq. 5) and the exponent β of the stage-storage curve (Eq. 6): 

n =
m
β

(10) 

According to the chosen parameters, six values of n are obtained: 0.500, 0.333, 0.200, 0.143, 0.111, and 0.091. 
For each of the six values of n, a cubic expression identifies the best regression curve (Eq. 11). Parameters a0, b0, c0, and d0 of Eq. 11 

are obtained considering the boundary conditions, thus the passage through the points (0,0) and (1,1) of the plane (η, 1-w), and by 
minimising the sum of the Root Mean Square Error (RMSE) between the curve and each dot (Eq. 12). 

η = a0(1 − w)
3
+ b0(1 − w)

2
+ c0(1 − w)+ d0 (11)  

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑N

i=1

(η − η)2

N

√
√
√
√ [ − ] (12)  

where η is the actual value, η is the estimated one, and N is the number of experimental dots, which are 36000 (1000 hydrographs for 
36 configurations). 

To highlight the dependence of the curves from n, the parameters a0, b0, c0, and d0 of Eq. 11 are linked to it. Thus, for every n, 
parameters a0, b0 and c0 are plotted versus n (Fig. 6). Parameter d0 is zero for every configuration due to the passage through the point 
(0,0) of the plane (η, 1-w). 

According to Fig. 6, parameters a0, b0, c0 vary linearly with n. Thus, the following preliminary relationship is derived: 

η = ( − 4.545 • n+ 1.052) • (1 − w)
3
+(4.322 • n − 0.062) • (1 − w)

2
+(0.223 • n+ 0.011) • (1 − w) (13)  

where w is the ratio between the flood retained by the reservoir W* and the flood volume Win. Finally, the proposed formulae are 
graphically shown for different values of n (Fig. 7). 

For a particular value of the lamination ratio η, as n decreases, the flood-storage ratio w decreases (Fig. 7). Indeed, lower values of n 
correspond to higher values of the abscissa axis (1-w), thus to lower values of w. For example, to obtain the same lamination ratio η of 
0.7, a reservoir with n = 0.500 requires a flood-storage ratio w of 0.297, while a reservoir with n = 0.333 requires a flood-storage ratio 
w of 0.210. Moreover, lower values of n correspond to higher values of β (Eq. 10). This means that reservoirs with more gentle lateral 
slopes (β > 1) reduce the peak discharge more than those with surrounding vertical walls (β = 1). 

In contrast, for a particular value of the flood-storage ratio w, curves with higher values of n provide higher values of the lamination 
ratio η. For example, a flood-storage ratio w of 0.3 allows a peak lamination ratio of 0.40, 0.42, 0.44, 0.48, 0.58, 0.70 for a reservoir 
with n = 0.091, 0.111, 0.143, 0.200, 0.333, 0.500, respectively. Subsequentially, depending on the n, thus on the reservoir config
uration, the lamination ratio η can vary from 0.40 to 0.70 (approximately 175% more). 

3.2. Performance evaluation 

The peak reduction ratios estimated with Eq. 13 were compared with the reference values obtained from the flood-routing sim
ulations. The error metrics used were the RMSE (Eq. 12) and the absolute percentage error ε (Eq. 14) expressed as: 

Table 3 
Reservoir configuration. Parameters α and β derive from Eq. 6.  

Configuration n. α [m2] β[-] 

1 66666.67  1.0 
2 17213.26  1.5 
3 1147.55  2.5 
4 76.50  3.5 
5 5.10  4.5 
6 0.34  5.5  
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ε =

⃒
⃒
⃒
η − η

η

⃒
⃒
⃒ • 100[ − ] (14) 

Moreover, the predictive skill of the formulae was assessed with the Nash–Sutcliffe efficiency (NSE) (Eq. 15). This metric ranges 
between -Inf and 1, where "NSE = 1" corresponds to a perfect match. 

NSE = 1 −

∑N

i=1
(η − η)2

∑N

i=1
(η − μη)

2
(15)  

where μη is the mean value of the observed ones, and N is the number of simulations, which are 36,000 (1000 hydrographs for 36 
configurations). 

The average RMSE and percentage error ε between the actual values and those estimated with the proposed approach were 0.0662 
and 12.84%, respectively (Fig. 8). Results were grouped according to the n factor, highlighting that, as n decreases, also the RMSE and 
percentage error ε decrease. 

Finally, the NSE showed a value of 0.8519. 

3.3. Additional results and validation of the formula 

The derived formula was also applied to two other synthetic case studies. These further applications allowed testing the proposed 
formulae’s applicability and performance under different rainfall patterns and basin parameters. In the first case, a different rainfall 
time series registered by another pluviographic station in Southern Italy was considered. The same rainfall time series of Fig. 3 was 
used in the second case but for another ideal river basin with parameters specified in Table 5, thus with an Area of 10 km2. 

In the first case, the average RMSE and percentage error ε between the actual values and those estimated with the proposed re
lationships were 0.0986 and 20.90%, respectively. Finally, the approach achieved a NSE of 0.7161. 

In the second case, the average RMSE and percentage error ε between the actual values and those estimated with the proposed 
approach were 0.0714 and 17.07%, respectively (Fig. 8). Finally, the approach achieved a NSE of 0.8332. 

Moreover, to prove that the formulae do not depend on the input hydrographs obtained from the chosen rainfall time series and the 
rainfall-runoff model, we considered six other synthetic hydrographs of different shapes, peak inflows and durations (Fig. 9, Table 6). 
In particular, we routed the six additional hydrographs according to the 36 configurations (Table 4) to obtain the actual values of the 
lamination ratio η and compare them to the lamination ratio suggested by the proposed relationships (Eq. 13). Results showed an 
average RMSE and percentage error ε of 0.068 and 9.52%, respectively. 

4. Discussions 

The study aimed to assess the configuration impact of flood-mitigation reservoirs on peak discharge reduction to provide simplified 
relationships that can be used during preliminary design. 

4.1. Simplified formulae 

The proposed relationships successfully fit the numerical results and correlate the reservoir geometry with the peak discharge 
reduction (Eq. 13). They describe the impact of different reservoir geometries on the peak discharge reduction thanks to a cubic 
expression through parameter n (Eq. 10). Experimental points in Fig. 5 tend to align along the shape of the stage-storage curves (Fig. 4, 
right). Indeed, as n decreases (thus, exponent β of the stage-storage curve increases), points tend to move away from the first sector 
bisector. This trend confirms that the geometry of the reservoir strongly influences the peak-reduction effect. For example, regarding 
the same flood-storage ratio and depending on parameter n, the relationships show that the lamination ratio η can vary up to 175% 
(Fig. 7). 

Moreover, the performance evaluation showed that this simplified approach can successfully estimate the peak-reduction effect 
(Fig. 8). Indeed, the NSE is close to the optimal value of 1, and the mean RMSE and percentage error (ε) are low. Also, Fig. 8 shows that 

Table 4 
Number of the scenario configurations obtained as a combination of outlet structures configuration (Table 2) and reservoir configuration (Table 3).  

Outlet strucutres configuration Geometry reservoir configuration 

1 2 3 4 5 6 

1 1 7 13 19 25 31 
2 2 8 14 20 26 32 
3 3 9 15 21 27 33 
4 4 10 16 22 28 34 
5 5 11 17 23 29 35 
6 6 12 18 24 30 36  
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Fig. 5. Results of the lamination ratio η versus 1 - the flood-storage ratio (1-w) of the 1000 hydrographs for 36 combinations of reservoir configurations (Table 4), grouped into six graphs according to 
factor n (Eq. 9). Colours follow recommendations of scientifically derived colour maps (Crameri et al., 2020). 
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as n decreases, the error also decreases. This trend is coherent with the shape of the stage-storage curve. Indeed, when n = 0.091, 
β = 5.5, the volume variation of the reservoir is more gradual compared to the volume variation of β = 1 (on the stage-storage curve). 
In contrast, when n = 0.5, β = 1, thus the volume variation is sharper. Therefore, experimental points with higher values of n tend to be 
less dispersive than those characterised by higher values of n. As a result, as n decreases, the error between the actual value and the 
estimated one decreases. 

Additional results from the other two case studies confirm the applicability of the proposed relationships to different hydrographs. 
Indeed, the additional case studies differ from the first in terms of rainfall time series and basin parameters, respectively. These 
supplementary applications enhance the formula’s reliability, demonstrating its effectiveness in addressing varied hydrological 
analysis and water resource management scenarios across the study region. 

The study also proved that the formulae are valid independently of the input hydrographs, thus independently of the chosen rainfall 
time series and the rainfall-runoff model. Indeed, six other synthetic hydrographs of different shapes, peak inflows and durations 
confirmed that the proposed relationships provide coherent results. 

As a result, since the approach does not require the application of the classical reservoir routing equations, it yields rapid and valid 
results with low computational effort. Thus, a preliminary sizing with these formulae supports regional management needs and re
duces the time and costs connected to the project and the study, ensuring that the overall project design is consistent with the ob
jectives and requirements. This consistency is essential for the successful implementation and functionality of the infrastructure. 
Finally, preliminary sizing helps address concerns, garner support, and ensure that the reservoir design aligns with the needs of the 

Fig. 6. Variation of parameters a0, b0, c0 of Eq. 12 as a function of parameter n (Eq. 10). Dots represent values, while dashed lines represent the 
linear fittings. 

Fig. 7. Graphic representation of the relationship (Eq. 13) between the lamination ratio (η, Eq. 1) and 1 – the flood storage ratio (w, Eq. 2) for six 
values of parameter n (Eq. 10). 
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Fig. 8. Boxplots showing the Percentage error and RMSE between the observed data and those obtained with the proposed formula (Eq. 13).  

Table 5 
Main parameters of the river basin used to validate the formulae.  

Area [km2] φ [-] K [h] 

10  0.70  3.00  

Fig. 9. Additional hydrographs considered to validate the formulae with characteristics reported in Table 6.  

Table 6 
Parameters of additional hydrographs considered to validate the formulae.  

Hydrograph ID Type of Shape Qin* [m3/s] Win [m3] 

1 triangular  15.00 162,500 
2 triangular  20.00 323,333 
3 triangular  20.00 323,333 
4 trapezoidal  30.00 646,667 
5 triangular  60.00 970,000 
6 rectangular  60.00 1,939,940  
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people in the region. By carefully planning the reservoir layout and associated infrastructure, it is possible to achieve economic 
efficiency. 

4.2. Comparison with existing formulae 

The relationships are also consistent with reference studies (Marone, 1964; McEnroe, 1993). In the plane (η, 1-w), values tend to 
spread under the first quadrant bisector, and the lamination ratio decreases as the slope of the reservoir walls decreases (Fig. 7). 
However, the previous formulae do not account for the reservoir configuration. For example, according to McEnroe (1993), a 
flood-storage ratio of 0.30 provides a lamination ratio of 0.80. In comparison, the relationships by Marone (1964) suggest a lamination 
ratio of 0.59 with regard to the same flood-storage ratio of 0.30. Such estimates broadly differ between them and the results from the 
simplified relationships obtained in this study. This difference is justified because most previous studies focused on the outlets’ in
fluence on peak discharge reduction. Thus, they did not highlight the influence of different geometries. 

Indeed, the originality of this study solution lies in the fact that the impact of the geometry was assessed and quantified. The 
quantification is crucial because the available site strictly influences the geometry. Therefore, considerations about the geometry 
should be one of the first when dealing with flood mitigation purposes. 

4.3. Future developments 

This study considered reservoir configurations with bottom outlets. However, the definition of parameter n (Eq. 10) considers both 
the exponent of the discharge equation (Eq. 5) and the exponent of the stage-storage curve (Eq. 6). Therefore, this allows future studies 
to consider other outlet configurations. For example, future studies could consider scenarios with only overflow outlets or a combi
nation of bottom and overflow outlets. These further configurations could provide helpful advances in the drought and flood risk field. 
Indeed, there is a recent attempt to consider interactions between these closely linked phenomena that are parts of the same hy
drological cycle (Loon et al., 2021). 

Finally, the relationship can be used for verification purposes. For example, it can estimate the effectiveness of existing reservoirs in 
reducing flood peak discharge. As a result, these estimates can define an order of priority for maintenance operations (Abd-el-Kader 
et al., 2023). 

5. Conclusions 

The proposed formula assesses and quantifies the geometry impact of detention reservoirs on peak discharge reduction. According 
to the performance indicators, the formulae successfully provide rapid and valid results with low computational effort. Indeed, the 
approach does not require the application of the classical reservoir routing equations. Therefore, the regression formulae represent a 
competitive approach for preliminary planning purposes for reservoirs with a volume of up to 1 million m3 and 36 geometry con
figurations. They can be helpful for planners in the placement and sizing of detention reservoirs. Indeed, the formulae suggest which 
reservoir configuration allows reducing peak discharge reduction to desired levels. On the other hand, they also suggest the maximum 
reduction effect existing sites offer. As a result, when technical, time, or budget constraints do not permit a more precise method, the 
presented approach is a valid alternative to the standard reservoir routing equations, which should be later used to refine and verify the 
design. 
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Appendix A. Notation  

A1 
Latin symbols.  

a0, b0, c0 Fitting parameters ofEq. 11. 
A [m] Height of the rectangular bottom outlet,Eq. 9,Table 2. 
B [m] Width of the rectangular bottom outlet,Eq. 9,Table 2. 
c Constant value of the energy conservation equation,Eq. 5. 
h [m] Variable water level in the reservoir. 
K [h] Constant of the IUH,Eq. 7. 
m Exponent of the energy conservation equation,Eq. 5. 
n Ratio between m and β,Eq. 10. 
Qin(t)

[
m3s− 1] Inflow hydrograph,Eq. 4. 

Qout(t)
[
m3s− 1] Outflow hydrograph,Eq. 4. 

Q*in
[
m3s− 1] Peak inflow,Eq. 1. 

Q*out 
[
m3s− 1] Peak outflow,Eq. 1. 

IUH Instantaneous Unit Hydrograph,Eq. 7. 
RMSE [-] Root Mean Square Error,Eq. 12 
W
[
m3] Variable volume of the reservoir. 

Win 
[
m3] Volume of a flood event,Eq. 2. 

W*
[
m3] Maximum volume retained by the reservoir during a flood event,Eq. 2. 

w Ratio between W* and Win,Eq. 2. 
t [s] Time. 
u Instantaneous Unit Hydrograph,Eqs. 7 and 8.   

A2 
Greek symbols.  

α [m2] Constant of stage-volume relationship,Eq. 6. 
β Exponent of stage-volume relationship,Eq. 6. 
η Ratio between the peak outflow Q*out and peak inflow Q*in,Eq. 1. 
φ [-] Rational coefficient φ,Table 1. 
ξ Exponent ofEq. 1. 
τ [s] Time  
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