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Abstract: The functional relationship between detention dam inflows and outflows was derived in a
closed form in a recent work, which led to a theoretically derived probability distribution (TDD) of
the peak outflows from in-line detention dams. This TDD is tested using the generalized extreme
value (GEV) as a reference distribution for floods.
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1. Introduction

During the last decades, the growing number of extreme rainfall events has risen the
flood risk perception at the global scale [1,2]. It is recognized that hydrology has been
profoundly altered by several factors, such as climate change and anthropization. Therefore,
there is an urgent need to identify new methods and approaches able to take into account
the non-stationarity of the hydrological forcings, the increase in impervious areas, as well
as the presence of hydraulic infrastructures along rivers. In particular, artificial lakes can
significantly modify the downstream dynamics of river systems both during low- and
high-flow conditions.

Nowadays, most of the existing river basins contain one or more reservoirs that can
produce an attenuation of floods (e.g., [3,4]). Such a process is influenced by hydrologic
and hydraulic factors, such as flood wave shape and duration, as well as by the storage
capacity and geometric characteristics of the detention basin. Therefore, it is crucial to build
a mathematical scheme able to interpret the functional relationships, even in a simplified
form, between inflows and expected outflows in order to revise the expected impact of
floods downstream a given dam [5].

With this aim, Manfreda et al. [6] introduced a theoretically derived probability dis-
tribution (TDD) of detention basins peak outflows, which was obtained assuming the
incoming flood peaks to be randomly distributed and characterized by rectangular hydro-
graphs of fixed duration (see, for example, [7]). The undisturbed flood peak distribution
can be any distribution model commonly used in flood frequency analysis, to be exploited
within the mathematical formulation provided in the original manuscript. This characteris-
tic makes the methodology adaptable to several study cases to support the design of flood
control systems. Here, we tested the proposed mathematical formulation assuming the
generalized extreme value (GEV) distribution as the reference model for the inflow peaks,
confirming the flexibility of the method and highlighting its potential to support flood risk
analyses.
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2. The Theoretically Derived Probability Distribution of Peak Outflows of a Dam

Theoretically derived probability distributions have been widely adopted for flood
maxima [8–10]; soil moisture [11,12]; scour process [7], and, recently, outflows of a detention
dam [6].

Outflows of a detention dam for a given hydrograph are controlled by the characteris-
tics of the spillways. In particular, the presence of detention dams, like those schematically
represented in Figure 1, would not significantly influence the outflow as long as the lower
opening is not submerged; thereafter, there will be a phase of reservoir filling during which
the outflow is almost constant (especially if the dam has a relatively small elevation), and
only when the dam is filled up to the level of the spillway the equation [1] can be applied.
Therefore, the final TDD should take into account the three possible configurations of the
detention dams: (1) undisturbed flow; (2) accumulation of water in the reservoir; and
(3) activation of the crest spillway. Based on these assumptions, the probability density
function (pdf) of the outflow assumes the flowing form:

p
(
Qp,out

)
=


pQmax

(
Qp,out

)
, Qp,out < Qc∫ Wmax

tp +Qc

Qc
pQmax

(
Qp,out

)
dq, Qp,out = Qc

TDD3, Qp,out > Qc

(1)

Equation (1) describes the general form of the probability distribution of the outflow
from a detention dam, where the first component coincides with the distribution of the
incoming flow as long as it is below the control discharge of the lower opening (Qp,out < Qc).
In this phase, the probability distribution of outflows can be assumed to be identical to
the one of the inflows (pQmax

(
Qp,out

)
). Assuming that the lower opening can control the

outflow around Qc after submergence, there is a mass probability in Qc depending on
the storage volume of the reservoir (Qp,out = Qc). After these two phases, the outflow is
affected by the lamination due to the water volume accumulation above the crest level
(Qp,out > Qc). In this last phase, the probability density function can be derived once the
relationship between the peak discharge, Qmax (m3/s), incoming in the detention basin
with the peak outflow, Qp,out (m3/s), is defined.

The relationship can be derived under the hypothesis that the dam is filled up to the
level of the crest spillway. The inverse function assumes the following form [6]:

Qmax = g−1(Qp,out) =
(Wmax(2Qctp + Wmax)− keqQc(Qctp + Wmax))e

Wmaxtp
keq(Qctp+Wmax) + keq(Qctp + Wmax)Q(p,out)e

tp
keq

keq(Qctp + Wmax)e
tp
keq + (tpWmax − keq(Qctp + Wmax))e

Wmaxtp
keq(Qctp+Wmax)

, (2)

where tp (s) is the equivalent event duration of the incoming flood hydrograph reaching the
detention dam; keq (s) is the equivalent delay constant of the conceptual reservoir associated
with the outflow; Wmax (m3) is the volume of water accumulated in the dam at the crest
level, hs (m) (height of the spillway crest); and Qc (m3/s) is the control value of discharge
that is computed using the discharge equation of the submerged opening assuming h = hs.

In order to take into account the shape of flood hydrographs, Manfreda et al. [6]
introduced an equivalent duration, tp (s), based on the synthetic exponential hydrographs
proposed by Fiorentino [13], since the assumed rectangular hydrographs would overesti-
mate the overall volume associated with the flood. Therefore, it is necessary to assign to
such a simplified hydrograph an equivalent duration expressed as follows:

tp = 0.632 ω (3)

where ω is a function of the lag time, tr(s), of the river basin upstream the detention dam.
It can be estimated as follows:

ω = 1.027 tr e2.277 n′ (4)

where n′ is the exponent of the intensity duration curve of rainfall.
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Equation [2] can be used to analytically compute the TDD3 of the peak outflow from
an in-line detention dam when the water level is at the crest of the spillway. Given the
monotonic nature of the above expression, any probability distribution of the undisturbed
flood peaks can be adopted. The expression of the TDD3 will be as follows [14]:

fy(y) =
∣∣∣∣dg−1(y)

dy

∣∣∣∣ fx

(
g−1(y)

)
, (5)

where the derivative of g−1(Qp,out
)

assumes the following form:

dg−1(Qp,out
)

dQp,out
=

keq
(
Qctp + Wmax

)
e

tp
keq

keq
(
Qctp + Wmax

)
e

tp
keq +

(
tpWmax − keq

(
Qctp + Wmax

))
e

Wmax tp
keq (Qctp+Wmax )

. (6)

Finally, the TDD3 of the outflow when Qp,out > Qc assumes the following form:

p
(
Qp,out

)
=

∣∣∣∣∣dg−1(Qp,out
)

dQp,out

∣∣∣∣∣ fQp,out

(
g−1(Qp,out

))
. (7)
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Figure 1. Example of a detention dam composed of a low-level opening (b × d), a crest spillway of 
length L and height hs, and with a capacity equal to Wmax. The figure provides the longitudinal (A) 
and the frontal sections (B).  

3. Application 
The results reported in Manfreda et al. [6] highlighted the ability of the TDD to 

properly interpret the impact of a detention dam on the final outflow. The proposed 
framework can be adapted to any probability distribution of floods, making it applicable 
to several case studies. In this context, we tested three different probability distributions 
of the incoming flood peaks (i.e., the families of the GEV distributions) and compared 
theoretical distributions with the results obtained from a numerical simulation.  

In Figure 2, the TDD of the three considered distribution models and the empirical 
pdfs obtained via numerical hydraulic simulations (red dots for inflows, blue dots for 
outflows) are depicted. The three graphs were obtained by modifying the shape 
parameter, ξ, of the GEV distribution, which is equal to 0 for the Gumbel distribution (A), 
0.5 for the Fréchet distribution (B), and −0.5 for the Weibull distribution (C). Looking at 
the results, it can be noted that a very good agreement between the obtained TDDs and 
the numerical simulations was achieved in all three families of distribution models. 

Figure 1. Example of a detention dam composed of a low-level opening (b × d), a crest spillway of
length L and height hs, and with a capacity equal to Wmax. The figure provides the longitudinal (A)
and the frontal sections (B).

3. Application

The results reported in Manfreda et al. [6] highlighted the ability of the TDD to properly
interpret the impact of a detention dam on the final outflow. The proposed framework
can be adapted to any probability distribution of floods, making it applicable to several
case studies. In this context, we tested three different probability distributions of the
incoming flood peaks (i.e., the families of the GEV distributions) and compared theoretical
distributions with the results obtained from a numerical simulation.

In Figure 2, the TDD of the three considered distribution models and the empirical
pdfs obtained via numerical hydraulic simulations (red dots for inflows, blue dots for
outflows) are depicted. The three graphs were obtained by modifying the shape parameter,
ξ, of the GEV distribution, which is equal to 0 for the Gumbel distribution (A), 0.5 for the
Fréchet distribution (B), and −0.5 for the Weibull distribution (C). Looking at the results, it
can be noted that a very good agreement between the obtained TDDs and the numerical
simulations was achieved in all three families of distribution models.
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Figure 2. Comparison between three different derived pdfs of the peak outflows obtained using 
three different flood peak distributions and the empirical pdfs derived via numerical hydraulic 
simulation (red dots for inflows, blue dots for outflows). The three graphs were obtained by 
modifying the shape parameter, ξ, of the GEV distribution, which is equal to 0 for Gumbel 
distribution (A), 0.5 for Fréchet distribution (B), and −0.5 for Weibull distribution (C). Remaining 
parameters are as follows: the scale parameter of the GEV distribution α = 30 m3/s; the location 
parameter of the GEV distribution β = 120 m3/s; w1 = 5000; hs = 4 m; b = 1 m; d = 1 m; n = 1.9; hf = d/2; 
μf = 0.85; μs = 0.385; L = 3 m; tp = 1 h. 

4. Conclusions 
The present manuscript reviewed the recent formulation to quantify the impact of 

detention dams on the probability distribution of floods. Despite the necessary 
simplifications of the method, it can be extremely useful in properly addressing the 
impacts of the presence of water infrastructures on floods. The methodology is flexible 
and can efficiently be used for the projects and design of small detention dams. For 
instance, this method has been recently applied to identify optimal solutions in flood 
control systems and quantify the impact of hydraulic structures on flood risk [15]. 
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Figure 2. Comparison between three different derived pdfs of the peak outflows obtained using three
different flood peak distributions and the empirical pdfs derived via numerical hydraulic simulation
(red dots for inflows, blue dots for outflows). The three graphs were obtained by modifying the shape
parameter, ξ, of the GEV distribution, which is equal to 0 for Gumbel distribution (A), 0.5 for Fréchet
distribution (B), and −0.5 for Weibull distribution (C). Remaining parameters are as follows: the
scale parameter of the GEV distribution α = 30 m3/s; the location parameter of the GEV distribution
β = 120 m3/s; w1 = 5000; hs = 4 m; b = 1 m; d = 1 m; n = 1.9; hf = d/2; µf = 0.85; µs = 0.385; L = 3 m;
tp = 1 h.

4. Conclusions

The present manuscript reviewed the recent formulation to quantify the impact of
detention dams on the probability distribution of floods. Despite the necessary simplifica-
tions of the method, it can be extremely useful in properly addressing the impacts of the
presence of water infrastructures on floods. The methodology is flexible and can efficiently
be used for the projects and design of small detention dams. For instance, this method has
been recently applied to identify optimal solutions in flood control systems and quantify
the impact of hydraulic structures on flood risk [15].

Author Contributions: Conceptualization: S.M. and D.M.; methodology: S.M. and D.M.; validation:
D.M., S.M. and C.A.; writing—review and editing: C.A., D.M. and S.M. All authors have read and
agreed to the published version of the manuscript.
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entitled “Hydraulic risk mitigation in coastal basins with in-line expansion tanks: an integrated sizing
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a-detention-basin (Manfreda, 2021) (accessed on 1 Febuary 2023).
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Notations
α (-) Scale parameter of the GEV distribution
β (-) Location parameter of the GEV distribution
ξ (-) Shape parameter of the GEV distribution
µf (-) Coefficient of discharge of the submerged low-level opening
µs (-) Coefficient of discharge of the crest spillway
b (m) Width of the low-level opening rectangular section
d (m) Height of the low-level opening
h (m) Variable water level within the detention basin
hs (m) Height of the spillway crest
hf (m) Height of the barycenter of the low-level opening
keq (s) Equivalent delay constant of the conceptual reservoir associated with the outflow
L (m) Effected crest length
n (-) Exponent of the stage-storage capacity curve
n' (-) Exponent of the rainfall intensity duration function
p(Q) (-) Probability density function of outflows
Qc (m3/s) Design outflow from the low-level opening
Qp,out
(m3/s)

Peak outflow from the detention basin

Qmax
(m3/s)

Peak flow incoming in the detention basin

tp (s) Equivalent flood duration
tr (s) Basin lag time
Wmax (m3) Water storage capacity at the crest level
w1 (m3−n) Parameter of the stage-storage capacity curve
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