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In the engineering practice routing reservoir sizing is commonly performed by using the design storm
method, although its effectiveness has been debated for a long time. Conversely, continuous simulations
and direct statistical analyses of recorded hydrographs are considered more reliable and comprehensive,
but are indeed complex or seldom practicable. In this paper a handier tool is provided by the analytical-
probabilistic approach to construct probability functions of peak discharges issuing from natural water-
sheds or routed through on-line and off-line reservoirs. A simplified routing scheme and a rainfall-runoff
model based on a few essential hydrological parameters were implemented. To validate the proposed
design methodology, on-line and off-line routing reservoirs were firstly sized by means of a conventional
design storm method for a test watershed located in northern Italy. Their routing efficiencies were then
estimated by both analytical-probabilistic models and benchmarking continuous simulations. Bearing in
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mind practical design purposes, adopted models evidenced a satisfactory consistency.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The flood routing practice presently involves a very wide range
of application frameworks [49]. The most conventional one is the
river flood control, in which extensive reservoirs must operate on
a watershed scale. On the other hand, small storages supplied to
perform on-site control have progressively gained a greater
importance in sewer system planning, in order to mitigate the
urbanization growth impact on the water cycle [6,48,50]. The
range of possible design return periods therefore includes low
values of 5:10 years, for the urban application scale, and higher
values of 100:200 years, normally adopted for the watershed one
[25].

Regardless of the demand of great versatility, the most popular
sizing methods are still based on the traditional design storm
approach [5,48,52], which had previously been developed for the
design of drainage canals. The possibility of effectively extending
this straightforward methodology to the routing reservoir sizing
has however undergone several critics so far [1,38]. In fact, such
an approach is inevitably affected by conceptual deficiencies,
which often lead to the device undersizing. Leaving apart concerns
strictly related to catchment hydrological modelling, the most cru-
cial ones are: (i) the inflow hydrograph return period equal to the
depth-duration-frequency (ddf) curve one, (ii) the storage capacity
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completely empty at the flood occurrence, (iii) device perfor-
mances evaluated with respect to a single return period.

The first topic refers to a general hypothesis, whose formulation
is questionable independently of the application type. The runoff
discharge is a precipitation driven process and depends on a mul-
tiparametric non-linear and non-stationary system. Indeed, hydro-
graphs of various patterns can be derived from the same ddf curve
or, conversely, lower return period ddf curves might produce more
severe floods, when modelling arbitrary choices are changed [1]. In
particular, the catchment initial condition strongly influences the
runoff volume [35], so that several authors argue that it represents
the most important factor in the routing reservoir sizing [20,47].
Additionally, a hydrograph features a number of characteristics:
in this case the peak discharge, the flood volume and the flood
duration should be accounted for [28,34,54]. Although moderately
or strongly associated [21,33], these quantities commonly show
different return periods within the same event. As a consequence,
estimates derived by means of the design storm method are always
biased.

The assumption of initially empty reservoir has been largely
implemented in the construction of routing reservoir design meth-
ods [32]. Unfortunately, this is very restrictive for those devices
with characteristic emptying times comparable to, or greater than,
the catchment time of concentration. Some studies conducted in
Mediterranean climates highlighted its relevance in the systematic
undersizing of routing reservoir capacities [29,37,42] and stressed
the need to evaluate the performance detriment due to the interac-
tion with antecedent floods.
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Finally, the convenience of using multiple return periods, rather
than a single return period, has already been underlined by Akan
[4]: when a routing reservoir is sized according to a large return
period, it generally performs poorly with respect to minor floods.
On the contrary, if a small return period is employed, the device
is ineffective during extreme events. Nonetheless, efficient routing
reservoirs are expected to reduce peak discharges of floods having
various sizes, temporal patterns and antecedent dry weather peri-
ods. This argument is directly connected to the environmental sus-
tainability objectives introduced in the urban drainage system
planning, by which any change in the natural hydrologic regime
must be completely compensated [52].

On the other hand, the direct statistical analysis of extended
flow discharge time series, in theory the most reliable approach,
is possible only in very few cases, while indirect statistical meth-
ods, such as regional analyses, cannot be effectively exploited in
small scale catchments. Deriving complete frequency distributions
of the key hydrological variables certainly remains the most
feasible manner to cope with design problems [2,38]. To this aim,
continuous approaches, namely long term simulations and analyt-
ical-probabilistic methods, have been strongly advocated [3]. In
particular, the analytical probabilistic approach appeared to be
appealing to construct practical sizing methods: in fact, if the
hydrological processes are represented by suitable functions, the
derived probability distributions can be expressed by analytical
relationships, as in the simplest design storm methods. With refer-
ence to the deficiencies previously examined, three advantages can
be pointed out.

Firstly, although the involved physical phenomena are repre-
sented by using simple models, the derivation procedure is concep-
tually correct and the consequent estimation of the return period is
more precise. The simplifying hypotheses regarding the precipita-
tion process are however less restrictive than those of the design
storm approach. Secondly, the performance estimation is sensitive
to the real storm temporal sequence, since the antecedent dry
weather period is involved in the rainfall statistical analysis. Thus,
the flood overlapping probability can be properly evaluated, other-
wise the initial emptying condition can be guaranteed on average
through a suitable setting of the stochastic rainfall model parame-
ters. Thirdly, the distribution of the rainfall variables are fitted
according to the complete set of the observed events and the pre-
cipitation model is representative of a variety of storms changing
in volume, duration and antecedent dry weather period.

In this work, probability distributions of catchment peak inflow
discharges and peak outflow discharges, routed both by on-line
and off-line routing reservoirs, were firstly developed. In Section 2
approximate models for the hydrological processes were imple-
mented to achieve closed analytical forms for the derived distribu-
tions. Since the majority of the developed analytical-probabilistic
models were employed to face urban drainage problems
[7,10,30,31,43], the possibility of extending the proposed method-
ology on a wider hydrological scale was herein tested. On-line and
off-line routing reservoirs were sized in Section 3.1 for a small-
medium size natural catchment, located upstream the city of Bre-
scia (Lombardy, North Italy). The main hydrological characteristics
and an extended time series of rainfall data were known but no
discharge record was available. Long-term continuous simulations
were thus adopted as a benchmark. Discrepancies among perfor-
mances assessed in Sections 3.2 and 3.3 were finally critically dis-
cussed in Section 3.4.

2. The analytical-probabilistic method

In the analytical-probabilistic method herein proposed, the de-
sign procedure is based on the derivation of the peak discharge

cumulative distribution function (cdf) featuring the outflow of a
routing reservoir. In accordance with the derived distribution the-
ory, probability functions are constructed by assuming that the
runoff variables depend on constituent rainfall variables through
analytical relationships [3].

Their joint distribution functions are assessed with respect to
samples of individual rainfalls, or storms, which are detected by
separating the continuous time series of observed data into inde-
pendent events. Although there is no definitive strategy [13], such
a preliminary discretization plays a crucial role in ensuring the
overall method reliability, because if the independence prerequi-
site is not met, the derived models could lead to unacceptable esti-
mation errors [9].

This is an outcome of the strong sensitivity that the statistical
properties of the input random variables show towards this proce-
dure. As underlined by Dunkerley [23], a reviewer of a certain
number of recent studies that exploited event based statistics,
the applied discretization criterion must be reported to provide
comprehensive information on the performed analysis. Hence, be-
fore deriving peak discharge cdfs, the identification of independent
storms is discussed along with the precipitation probabilistic mod-
el and some adopted simplifications are justified.

2.1. Identification of independent storms

Various criteria have been established so far to identify inde-
pendent storms. They can be classified into two basic categories:
those exclusively focusing on the rainfall process and those match-
ing the rainfall characteristics to the hydrological and hydraulic
conditions of the catchment-device system [13]. Owing to its bet-
ter potential to attain practical design objectives, a discretization
procedure belonging to the second group was utilized in this study.
Two discretization parameters were considered: an interevent
time definition (IETD) and a rainfall volume threshold. Both of
the values were chosen according to key hydrological properties
of the catchment-device system.

The first quantity was introduced in hydrology by the funda-
mental paper by Restrepo-Posada and Eagleson [45] as the mini-
mum rainless time between storms that is necessary to achieve a
prescribed degree of independence. This time interval is directly
applied to the continuous series: if two successive hyetographs
are separated by a dry weather period shorter than the IETD, they
are considered to be dependent. Therefore, they are merged into a
single event, whose duration extends from the beginning of the
previous one to the end of the following one, and whose volume
amounts to the volume sum. On the contrary, they are identified
as independent storms and maintained separated. Any isolated
event is defined by three quantities: the rainfall volume, the wet
weather duration and the antecedent dry weather period.

The event sample is then filtered by deleting those storms hav-
ing a volume lower than the second threshold. When this occurs,
the corresponding wet weather duration is interpreted as a dry
weather period and joined to the adjacent ones. The reason for this
additional parameter is to eliminate the negligible rainfalls that do
not affect the estimation of the derived variable cdfs.

An operative manner to assess the IETD arises from recognizing
a storm as independent if its effects on the considered hydrological
phenomenon do not interfere with those due to any other storm.
When dealing with wet weather discharges, this general criterion
may be translated into a search for the minimum dry weather per-
iod that avoids the overlap of flood hydrographs. Consequently, the
IETD value can be computed as the maximum travel time that is
required for the runoff to reach the system outlet. This definition
corresponds to that of the catchment time of concentration, which
is supposed to account also for the emptying time of eventual stor-
age capacities.



M. Balistrocchi et al. / Advances in Water Resources 62 (2013) 37-46 39

The main attraction of this choice consists in the possibility of
effectively coping with the troublesome problem of the system ini-
tial condition. The hypothesis that the drainage network and the
routing reservoir are empty at the flood discharge onset is still
herein adopted and actually holds. This significantly simplifies
the derivation of the design variable distributions, because the in-
put precipitation probabilistic model may only express the storm
volume-wet weather duration joint distribution omitting that of
the antecedent dry weather period.

Moreover, in this framework actual events are those that pro-
duce runoff, while very small rainfalls affect neither the flood fre-
quency, nor the estimation of the routing reservoir efficiency.
When these insignificant events are purged out of the rainfall time
series, the probability of the runoff null event is zero. Conversely, if
maintained, they would complicate the next derivation steps, which
should include an atom of probability in the origin of the runoff vol-
ume cdf. Bearing in mind the CN-SCS model of the hydrological
losses [51], the rainfall volume threshold was identified with the
initial abstraction (IA), that is the first portion of the total rainfall
completely lost at the beginning of the event, and estimated accord-
ing to average soil and land cover characteristics of the watershed.

As noticed in various climates [7,23], the means of the three
rainfall event variables show a sensibly linear increasing trend
when IETD rises over 1:3 h. Analogous proportional behaviours
are evidenced according to IA, if it is larger than a few millimetres
[9]. Standard deviations also exhibit linear increasing behaviours
with respect to both the discretization parameters.

In general, none of these sensitivities can be neglected because
of the size of their variation ranges, which deeply affect the rainfall
distribution calibration. The greater the discretization parameters,
the larger the rainfall volumes and the longer the antecedent dry
weather and the wet weather periods are. Consistently, the average
annual event number diminishes. This explains the previously
mentioned possibility to adapt the rainfall probabilistic model to
the specific hydraulic application.

2.2. Precipitation probabilistic model

The joint probability function of the rainfall variables is herein
set by using two key hypotheses: (i) the rainfall event variables
are independent of each other, (ii) the marginal distributions are
approximated by exponential functions. Such hypotheses are often
adopted in order to achieve an analytical integration of the derived
distributions, even if they are seldom supported by the empirical
evidence. In fact, the storm volume and the wet weather duration
usually show a significant concordant association and more com-
plex functions than the exponential one are needed to suit the ob-
served marginal distributions.

The joint probability density function py{,t) is therefore writ-
ten in Eq. (1), as the product of the exponential marginal densities
pW(v) and pr(t) of the storm volume » and the wet weather duration
t, respectively.

Prroy = {va)Prm =Lexp [—<§+V*—“‘>} forv>1IA; t>0
o=
v 0 elsewhere

(1)

In this equation ¢ and A indicate the scale parameters that rule
the distributions of » and t, while the initial abstraction IA is intro-
duced as the lower boundary of the runoff volume distribution,
consistently with the discretization criterion.

2.3. Peak inflow discharge distribution

A considerable improvement in the analytical-probabilistic rep-
resentation of flood frequencies has recently been achieved by Guo

and Adams [30]. In spite of rainfall-runoff routing models previ-
ously employed [19,22,24], these authors implemented in the der-
ivation procedure the schematization of the discharge hydrographs
suggested by Wycoff and Singh [53]. Owing to this solution, dis-
charge characteristics, such as runoff peak discharge or volume,
are related to the constituent precipitation variables by algebraic
expressions. Closed-form analytical distributions were obtained
both for the peak inflow discharge to a detention reservoir and
for the outflow one [31].

In this derivation, the runoff volumes are estimated by applying
a runoff coefficient ® to the rainfall volume exceeding the initial
abstraction IA. As demonstrated in previous works for urban catch-
ments [10], although the model is extremely simple, it is able to
mimic the natural decrease in the hydrological losses during a rain-
fall event. The runoff volume #; is then calculated by expression
(2).
v, =O(v—1A) (2)

The inflow hydrograph shape is then approximated to the trian-
gle represented in Fig. 1: the height corresponds to the specific
peak inflow discharge qp; and the base is given by the sum of the
wet weather duration t and the catchment time of concentration
t., assumed to be a characteristic watershed constant parameter.
This is indeed an additional simplifying hypothesis introduced in
the derivation procedure. Nevertheless, investigating the effects
of utilizing a variable time of concentration in analytical-probabi-
listic urban stormwater modelling rather than a constant one,
Quader and Guo [43] concluded that the accuracy enhancement
is trivial. In Fig. 1, the area bounded by the inflow hydrograph tri-
angle represents the runoff volume (2), so that the gq,; peak dis-
charge is expressed with respect to the constituent rainfall
variables as follows.

20, 20(v-1A)
BT

The peak inflow discharge cdf Pq,; may therefore be derived by
using the non-exceedance probability (4).

20(v — IA)
Papitq,) = PTOb{# < pi}

3)

_ Prob{v < qpi% + IA} and v>IA )

By intersecting the region defined by the inequality in (4) with the
domain of definition of the probability density function (1), the do-
main of integration for applying the derived distribution theory is
set. As illustrated in Fig. 2(a), this is a semi-infinite subset in ran-
dom variable space contoured by linear boundaries, whose trape-
zoidal shape is almost identical for all possible choices of the
hydrological model parameters. The non-exceedance probability
(4) is accordingly computed by the integral (5).

9 Inflow
Qpi |———— —-— Outflow
S
Qpol- (RS ,
~ .
~N
L t+te Time

Fig. 1. Simplified hydrographs associated with the routing process: qp; peak inflow
discharge, qp, peak outflow discharge, t. time of concentration, t wet weather
duration (adapted from Wycoff and Singh [53]).
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tite

Apigg-+1A
Poyig,y) / / l exp [ C _ [A)} dvdt (5)
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The analytical cdf of the peak inflow discharge rates is finally
established by the relationship (6).

20¢ te
T g+ 200 P {* <2TDC q”")} (©)

Since the exceedance probability of the null event Pq,;(0) is zero, the
average annual storm number 05 corresponds exactly to the flood
one 0.

Poyi(g,) =

2.4. Peak outflow discharge distribution for on-line reservoirs

Dealing with an on-line routing reservoir, Fig. 3(a), the outflow
discharge hydrograph may still be represented as a triangular hyd-
rograph (Fig. 1), having height gp,. The stored volume Sgp0), Which
produces the routing of the runoff peak from gp; to gp,, must satisfy
the relationship (7).

1
S(Qpa) = i(qpi - qpo)(t + tC) (7)

The derived distribution theory provides the definition of the non-
exceedance probability function Pgp, as shown in (8), in which
expressions (2) and (7) are implemented.

(1)(7/7 [A) *S( o)
Popo(g,) = Pmb{quP < po}

s
:Prob{ qpot;qff ($”)+[A} (8)

The stored volume S, is itself a random variable depending on the
event characteristics. Assuming its constancy is very restrictive and
leads to overestimations of the routing efficiencies. This especially
holds for major devices whose storage capacity is completely uti-
lized only during extreme events. In general, the more severe the
flood is, the greater the stored volume and the downstream peak
discharge. Such a relationship is herein represented by using the
conceptual model of the linear reservoir (9), in which S, is pro-
portional to the outlet discharge g, through a storage constant ks
[18].

S (gpo) ksqpa (9)

This constant can be assessed with regard to the routing reservoir
hydraulic characteristics and has the important advantage of rely-
ing on both the storage and the outlet conveyance capacities. Con-
sistently with the inequality in (8), expression (9) and the domain of
definition in (1), the domain of integration of the peak routed dis-
charge cdf is delimitated by the trapezoidal region illustrated in

t+t.+2kKs
20

vi(a) V=qp,t+t°+IA 4 (b) +IA

Y

0 t O t

Fig. 2. Integration domain (grey filling) for deriving the peak inflow discharge
distribution (a) and the peak outflow discharge distribution for on-line reservoirs

(b).

Fig. 2(b). The integral that analytically defines the non-exceedance
probability (8) is written in terms of Eq. (10).
+IA 1

po T
o [ [ el

The outflow peak discharge cdf Py, is hence expressed by the prob-
ability distribution (11), which maintains the same structure of the
inflow one (6), except for the insertion of the storage constant ks of
the routing reservoir. Similar to the linear reservoir model, such a
time may be interpreted as the average residence time of the runoff
discharge into the routing reservoir. In this formulation, the charac-
teristic time of the natural catchment-routing reservoir system is
therefore given by the sum of the catchment time of concentration
and double of the storage constant, approximating the maximum
residence time of the runoff.

20¢ te + 2ks
i+ 200 P {*< 207 o (1)

2.5. Peak outflow discharge distribution for off-line reservoirs

t\tc 2ks

VIAﬂdvd‘c (10)

Papo(q,y) =

When the storage capacity is supplied off-line as shown in
Fig. 3(b), the routing scheme in Fig. 1 does not suit the real facility
behaviour, because the inflow discharge is not routed until
the diversion of the flood towards the routing reservoir begins.
The threshold discharge of the weir q; must be accounted for in
the probabilistic model.

Floods with peak discharges less than gs are not attenuated at
all and the same cdf of the inflow discharge (6) must be employed
for the routed one. Conversely, the incoming flow is split in the di-
verted flow, routed by the off-line routing reservoirs, and in the
continuation flow. For practical purposes the weir hydraulics can
be simplified by assuming that the continuation discharge is equal
to the threshold discharge g and the diverted discharge is equal to
the exceeding part. That is, the diverted peak discharge (g, — gs)
attenuates down to (gp, — gs) and sums the threshold discharge
qs downstream the device outlet. Likening the routing process of
the diverted discharge to that of the total inflow in the on-line sys-
tem, the expression of distribution (11) can be exploited for the
distribution of the peak (qp, — gs) released through the reservoir
outlet.

Since the cdf of (gp, — g5) does not exist for total routed dis-
charges q,, less than g, its behaviour formally matches a censored
random variable cdf. In this case, the probability that the random
variable is included in the censored range equals the non-exceed-
ance probability of the threshold discharge qs, which is easily esti-
mated by the peak inflow discharge cdf (6), as shown in (12).

2d¢ te
“ar | ()| 12
The peak outflow discharge cdf Py, is thus summarized in the dis-
tribution (13), in which the formulation of cdf (6) is exploited to

represent the non-exceedance probability of the non-routed portion
of the total discharge.

P ‘{1 i meexp |- ()
Qo(gp,) = PQs

a- PQS){l - <q,,rq:1§+2¢:e)(p[

Pos = Popig,) =

if gy, <4

tet 2k5

5 (G~ 00)| | i 0o >0,
(13)

3. Case study
In order to test the possibility of applying the analytical-proba-

bilistic methodology to spatial scales greater than those of urban
catchments, the upstream Garza watershed was selected as a case
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Fig. 3. Connection scheme of the storage volume to the stream riverbed (a) on-line (b) off-line.

study. This is a natural reach whose catchment area belongs to the
southern edge of the central Alpine foothills (Lombardy, Italy)
(lower-right box in Fig. 4).

After an upstream stretch with very steep slopes, the stream en-
ters the higher Padan Plain where it immediately crosses the
strongly urbanized northern outskirts of the city of Brescia. Here
its river bed is often constrained into culverts or narrow canals
with insufficient conveyance capacity, while original floodplains
are now covered by industrial and residential settlements. A rout-
ing reservoir could therefore be a viable solution to mitigate the
unacceptably high flooding risk, since a suitable location can be
identified in the valley bottom a few kilometres upstream the ur-
ban area. The selected outlet delimitates a mainly natural catch-
ment (Fig. 4), whose morphometric parameters, assessed through
a terrain analysis of a 20 m resolution DEM, are listed in Table 1.

As proposed by Giandotti [27], who analysed a number of nat-
ural floods in Italy, the time of concentration t. (h) can be esti-
mated by the empirical relationship (14) as a function of the
catchment area A (km?), the main reach length L (km) and the
elevation drop, expressed as the difference between the average
elevation Hgy (m a.s.l.) and the minimum elevation Hp,;; (m a.s.L.).

4VA+15L

fe=
¢ 0~8\/Ha1/e *Hmin

(14)

The infiltration capacity is moderately low and soils can be aver-
agely classified in hydrologic group C, according to the CN-SCS
method [51]. The land cover consists in woods in the upstream
catchment which are progressively substituted by agricultural fields
surrounded by residential and industrial areas in the valley bottom.

The CN value is reported in Table 1, along with the soil moisture
deficit at the time runoff begins S and the initial abstraction IA.
Their values were evaluated by using standard CN-SCS criteria
for the average moisture condition AMC II.

The watershed precipitation regime is sub-alpine with two
maxima, spring and autumn, and two minima, winter and summer,
while the annual average rainfall volume is about 1000 mm. Dur-
ing summer, short duration and high intensity storms separated
by long dry weather periods occur. On the contrary, longer but less
intense precipitations feature the wet seasons.

The meteorological input to the different procedures was repre-
sented by a 45 year long time series of rainfall observations re-
corded every 30 min at the ITAS Pastori raingauge (1949-1993),
located in Brescia, a few kilometres south of the watershed.

] WATERSHED DIVIDE
—— DRAINAGE NETWORK
| ELEVATION [m a.s.l.]

Fig. 4. Digital Elevation Model of the Garza stream catchment and outlet location.

3.1. Reservoir sizing by the design storm method

The design storm method was firstly based on a lumped hydro-
logical model to derive inflow hydrographs for varying return peri-
ods. In the Italian hydrologic practice, ddf curves are usually
expressed as simple monomial relationships (15), whose parame-
ters a (mm/h") and n generally depend on the return period T

(years).
Ve = A(r) t"m (15)

When the rainfall volume variability shows empirical scaling prop-
erties [14] and is suitably represented by Gumbel distributions for
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Table 1

Main hydrological characteristics of the Garza watershed.
A L Have Hinin te CN S IA
[km?] [km] [mas.l] [ma.s.l] [h] [mm]  [mm]
44.6 15.5 619.9 195.0 3.00 75 84 17

any of the durations, as in this case, Eq. (15) can be written in the
terms of Eq. (16) [44].

(9% T .

In this formulation exponent n is the time scale parameter and coef-
ficient a is directly expressed as a function of the return period T by
two sample statistics: CV is the mean variation coefficient of the
maximum annual rainfall volume samples recorded for different
durations t (h) (usually in Italy observations refer to 1 h, 3 h, 6 h,
12 h and 24 h), while v, (mm) is the mean maximum annual hourly
rainfall volume. Ddf parameter values estimated for the Brescia
raingauge are: n=0.33, CV = 0.36 and »; = 28.3 mm.

The point precipitation was converted into areal precipitation
by the areal reduction factor r (17) proposed by Moisello and Papiri
[40] for storms that occur in the North of Italy, when the catch-
ment area A (km?) ranges between 5 and 800 km? and the duration
t between 0.15 and 12 h.

Fan =1— exp {72.472/\70,242to_sfexp(70.643A“35)] (17)

The design rainfall pattern was then developed according to the
Chicago method [5], by setting the wet weather duration equal to
twice the catchment time of concentration. This choice was in-
tended to match two opposite design targets: on one hand, to have
a significant flood volume, on the other hand, to maintain high
peak discharges. Since the area reduction factor (17) depends on
the wet weather duration and the intensity varies during the event,
rainfall volumes for partial durations were deduced from the areal
ddf curve, given by the product of (16) and (17), so that higher
intensities were reduced more than the lower ones.

Hydrological losses were computed by means of the CN-SCS
procedure under average antecedent moisture conditions (AMC
Il), since the other conditions AMC I and AMC III are considered
to yield unreasonably large, or low, runoff volumes when applied
within a design storm procedure. Such arbitrary choices are driven
by the practical experience gained in several designs and re-
searches carried out in the climatic-hydrological context of the Pa-
dan Plain by some authors [12,15,26,36].

The rainfall excess was finally routed by a Nash conceptual
scheme [41] consisting of two linear reservoirs to obtain the outlet
discharge. The storage constant ky was assessed through Eq. (18),
that originates from a similitude between the instantaneous uni-
tary hydrograph peak of the Nash method and that of the kine-
matic method, if a triangular shape is assumed [8]. In such an
equation, n; is the number of reservoirs, I'(.) the complete gamma
function and t. the catchment time of concentration given by Eq.
(14).

(ni— 1) Te-tuD

k= 2T (ny)

te (18)

According to Akan [4], various design hydrographs related to re-
turn periods rising from 5 years to 100 years were derived and uti-
lized as inflow to simulate the reservoir behaviour. To do so,
hydraulic models of the routing reservoirs were developed for
the connection scheme illustrated in Fig. 3(a), for the on-line case,
and in Fig. 3(b), for the off-line one.

In the former, an embankment crossing the stream bed and di-
rectly intercepting the natural flow is employed to delimitate an
open pond. Outlet orifices and a spillway were set to provide an
increasing discharge capacity with the water stage. In the latter,
the stream flow is diverted into an analogous open pond by a side
weir combined with a gate. The captured runoff is discharged to-
wards the downstream reach by orifices, a spillway and a pump
system, to facilitate the emptying process for very low stages. Stor-
age capacities and outlet discharge curves were defined by a trial
process in which they were changed step by step to obtain a de-
sired routing efficiency, defined as in expression (19). In consider-
ation of the different levels of effectiveness achievable by on-line
and off-line solutions, target values were set to about 20% and
30%, respectively.
n= qp1 qpo (19)

qpi

The storage capacity was finally evaluated in 400,000 m® for
both the connection types, the threshold discharge gs in 45 m3/s,
and the reservoir storage constants ks were established in 1.1 h,
for the on-line reservoir, and in 3.1 h, for the off-line one. Storage
constants were estimated as the ratio between the storage capacity
and the outlet discharge corresponding to the filling condition.
With reference to the previously defined variables, Table 2 reports
a synthesis of the hydrologic balances and the routing efficiencies
assessed for the analysed return periods. As can be seen, target effi-
ciencies are fairly uniform for return periods of practical interest,
in the on-line case, and for peak rates significantly larger than
threshold gs, in the off-line one.

3.2. Performance assessment by continuous simulations

Continuous simulations of the rainfall-runoff transformation
and routing processes occurring in the catchment-reservoir system
were performed by means of the previously described model, in
which the observed precipitation time series was employed as
meteorological input. Some adaptations were however necessary
to pass from the event based analysis to the continuous simulation.

Firstly, the reduction of the point precipitation to the area was
obtained through variable factors inside the same storm by consid-
ering greater durations centred on the peak intensities. Secondly,
the CN-SCS method can be implemented in this kind of modelling
if the AMC variability and the catchment moisture decay during
antecedent dry weather periods are properly accounted for [39].
Hence, during such periods, CN values were updated with regard
to the conventional antecedent precipitation index API5; and sea-
sonal AMC thresholds, while the residual moisture at the rainfall
end was completely depleted within five days by an exponential
function.

The three simulation outputs were statistically analysed
through individual event statistics (IES), that is, the continuous ser-
ies were separated in independent floods, detecting their peak flow
rates and counting their average annual number 0. In order to en-
sure the consistency with the analytical-probabilistic model, min-
imum times between floods utilized for separating the discharge
series were equal to IETDs adopted for fitting the corresponding
probability functions. Thus, the experimental return period T was
estimated by the relationship (20), where Fg, is the Weibull plot-
ting position of the peak discharges.

1

"0 20

The more conventional formulation based on the maximum annual
statistics actually gives matching results when the return period is
greater than 10:20 years. However, this estimate is conceptually
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Table 2
Main hydrologic characteristics of the design storm events employed to size the on-
line" and the off-line* reservoirs.

T v 1A [ qpi qu? ’7' Qpa* ’1*
[years] [mm] [mm] m’fs]  [m’fs] (%] [(m’s] (%]
2 41.5 17 0.23 16.7 13.7 179 16.7 -

5 55.6 17 0.31 37.7 28.5 244 37.7 -
10 64.9 17 0.36 55.6 43.4 220 46.1 171
20 73.8 17 0.40 75.3 60.1 20.1 51.6 315
50 853 17 045 103.6 823 20.6 70.6 319

100 93.9 17 048 126.6 103.8 18.0 894 29.4

more correct and should be more reliable for the lower return
periods.

3.3. Performance assessment by the analytical-probabilistic model

The precipitation time series was separated into independent
events by the discretization thresholds IETD and IA. Because of
the physical meaning herein attributed, IETDs of 3 h, 4h and 6 h
were taken into consideration for the inflow discharge, the outflow
routed by an on-line reservoir and the outflow routed by an off-line
reservoir, respectively. The first value was assumed equal to the
catchment time of concentration t., while the others were com-
puted as the sum of this quantity and the storage constant ks, con-
sidered to be the index of the average residence time of the stored
runoff. By this choice, the initial condition of a totally empty stor-
age capacity, implicit in the routing scheme of Wycoff and Singh
[53] implemented in the derivation procedure, is mostly satisfied
when an independent event occurs.

In this formulation the volume threshold of the discretization
procedure must be equal to the initial abstraction of the simplified
hydrologic loss model (2). In addition, the analytical-probabilistic
approach must operate in average conditions. Therefore, the
threshold IA was set equal to 17 mm, corresponding to AMC II, Ta-
ble 1. Indeed, because of its large value, the latter parameter dem-
onstrated to be dominating in the calibration of the derived cdfs, so
that variations in the IETD setting were not particularly relevant.

The scale parameters of the joint probability density function
pvr (1) were then assessed through the maximum likelihood crite-
rion from the independent event samples, obtaining 16.8 mm for {
and 19.8 h for /. The average annual number of storms 0s, required
to convert non-exceedance probabilities (6), (11), and (13) in re-
turn periods by equations analogous to (19), was estimated as well.

However, as expected, the parameter with respect to which all
derived distributions proved to be more sensitive was the average
runoff coefficient ® of Eq. (2). Since the main objective of this work
was to evaluate the discrepancies between continuous approaches,
their maximum consistency had to be ensured. Thus, the average
runoff coefficient was computed through hydrological simulations:
for every individual event the actual losses due to the initial
abstraction and to the following infiltration were distinguished
and the corresponding runoff volumes were determined. By invert-
ing Eq. (2) and knowing the rainfall volumes, individual event run-
off coefficients were calculated and an average value of 0.32 was
obtained.

3.4. Result and discussion

The initial evaluation was aimed at verifying if the average an-
nual number of floods 0 and storms 0; are equal. In fact, because of
the adopted discretization criterion, all independent storms are
runoff producing and consequently cause a flood. As auspicated,
matching outcomes were obtained: a number of 4:6 floods per
years were deduced for the defined IETD range. Such values were

considered to be reasonable for the flow regime of this kind of nat-
ural catchment.

The frequency distributions of the peak inflow discharge gp;
developed through continuous approaches are represented in
Fig. 5(a), along with the peak discharges derived by the design
storm method. An overall satisfactory agreement is evidenced be-
tween the analytical-probabilistic curve and the continuous simu-
lation statistics, especially when the return period T is more than
2 years. In the interval 1:2 years, which is of little concern even
for the smallest spatial scales of urban applications, discrepancies
consist in an overestimation of the peak discharges.

The observation of the distribution graphs in Fig. 5(b) and (c)
yield analogous considerations for the peak outflow discharges
routed through the on-line and the off-line reservoirs. The effec-
tiveness both of the derived model formulation and of the cali-
bration criteria is therefore sustained. In particular, (i) the
implementation of a variable stored volume in spite of a con-
stant storage capacity proved to be extremely important to avoid
performance overestimations of the on-line reservoir when the
return period ranged between 5:20 years, (ii) the introduction
of the non-exceedance probability Py constrain is crucial to fit
the general behaviour of the off-line reservoir over discharge gs.

In view of various simplifications introduced in the analytical-
probabilistic model derivation, some aspects deserve to be
detailed:

e In Mediterranean precipitation regimes, samples of individual
event volume and duration exhibit probability distributions
different from the exponential one, herein adopted. The expo-
nential distribution may be interpreted as a particular case of
the Weibull distribution, when the shape parameter is set to
one. In the selected case study, the shape parameter is esti-
mated in 0.92:0.98 and 1.20:1.40 for volume and duration,
respectively. Even if such values are quite close to unity,
the exponential assumption is rejected if confidence boundary
tests are performed even adopting low significance levels;
this is a common occurrence for the majority of the discreti-
zation parameter sets (in this respect a broader discussion
can be found in [11]). Discrepancies mainly involve low vol-
ume-events: in this case the non-exceedance probability of
the event volume is underestimated, while the non-exceed-
ance probability of the event duration is overestimated. More-
over, neglecting the association between volume and duration
should generally lead to improper increases in the estimates
of the mean and the variance of the dependent variables.
However, owing to the upper tail dependence property shown
by observed sample data, the variation between the empirical
copula and the independence one is expected to be larger for
extreme storms. In fact, volume and duration demonstrate to
be more strongly associated in this situation than in the
ordinary one. The employed precipitation model is therefore
meaningful only with reference to this kind of approach,
where the dependent variable is issued from a ratio of the
independent variables and a compensation of separate errors
evidently occurs. Conversely, it does not have a general valid-
ity when dealing with the rainfall point process.

The runoff coefficient is assumed constant in the derivation pro-
cedure, even if there is evidence that it shows an increasing
trend according to the return period, both in natural and in
urban catchments. In this formulation it is however applied to
the rainfall volume exceeding an initial abstraction, whose rel-
ative importance decreases with the total event volume and the
return period. The overall runoff volume-rainfall volume ratio
is therefore greater for extreme storms. Nonetheless, when a
very large range of return periods is examined, accounting for
this dependency could be necessary.
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Fig. 5. Distributions of the peak inflow discharge (a), the peak outflow discharge for
on line reservoirs (b) and the peak outflow discharge for off line reservoirs (c) (CS
IES: continuous simulation individual event statistics, DSM: design storm method;
APM: analytical-probabilistic method).

e Discrepancies between frequency distributions derived by con-
tinuous approaches for 1-2 year return periods may be partly
explained by the incapability of a triangular hydrograph to suit
the real flood patterns for very low flows, leading to a peak
magnification. Deficiencies of exponential functions to repre-
sent rainfall variable distributions for minor events must play
a role, as well.

o The definition of the storage constant introduces a linearization
of the reservoir behaviour. This hypothesis holds in the ana-
lysed routing reservoirs because of the particular combination
of the storage function, increasing according to a cubic relation-
ship of the water stage, and of the discharge function, given by
the combination of orifice and weir discharges. The relationship
between volume and discharge is thus properly interpolated by
a straight line, bearing a small overestimation of the discharged
flow rate for medium-low water stages and a small underesti-
mation for the largest ones. Evidently, polynomial relationships
of higher order should be implemented in the model derivation
when the real function is significantly non-linear.

o The weir hydraulics is not accounted for by the analytical-prob-
abilistic model in the off-line reservoir situation. Assuming that
the downstream discharge is equal to the threshold one, an
overestimation of the spillway efficiency and, consequently, of
the overall facility is expected. In the analysed case study such
an error is however fairly small, thanks to the presence of a gate
crossing the stream bed and a long weir, that ensure an effi-
ciency improvement. Taking into account the maximum inflow
peak discharge obtained from continuous simulations, that is
102 m?/s for a return period of 46 years, the real downstream
discharge is greater than the threshold one by less than 12%.
Dealing with simple spillways, for which the efficiency is more
rapidly changing, the choice of the threshold discharge value
should be more carefully handled.

Finally, in all three cases, peak discharges derived by the design
storm method prove to be realistic as well and, for a 2 year return
period, they match continuous simulations better than the analyt-
ical-probabilistic curves do. Nevertheless, continuous simulations
evidenced that AMC II, which was assumed for the hydrologic loss
computation, is satisfied by only 20% of storms, while about 70% of
them show dry condition AMC I and the remaining 10% wet condi-
tion AMC III. For more frequent rainfalls, the design storm method
hence would generate runoff volumes larger than the real ones. On
the other hand, actual wet weather durations are expected to be
shorter than the wet weather duration of the design storm, set
twice the time of concentration. Hence, mean intensities lower
than those of observed storms are employed. These conflicting
aspects evidently compensate each other.

4. Conclusions

Although relevant simplifications in the representation of the
probabilistic precipitation structure and of the hydrological pro-
cesses were exploited, effective analytical-probabilistic methods
devoted to sizing on-line and off-line flood routing reservoirs were
herein constructed. The study shows that their performance
assessments are in satisfactory agreement with those of bench-
marking continuous simulations for return periods greater than
5:10 years, so that the derived analytical functions represent valid
alternatives to other approaches both for the on-line and for the
off-line case.

It is important to underline that the model goodness was
achieved through some significant improvements in the schemati-
zation of the hydraulic device behaviour, when the storage capac-
ity is supplied either on-line or off-line. Moreover, since the model
was tested with respect to a small-medium size natural watershed,
the possibility of employing analytical-probabilistic methodologies
is supported for hydrologic applications regarding fairly large spa-
tial scales, in which a uniform spatial distribution of the precipita-
tion may be a reasonable assumption.

When the discretization thresholds for the rainfall event identi-
fication are chosen according to parameters featuring the
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considered hydrologic-hydraulic phenomena, the proposed strat-
egy appears to be efficacious in keeping the derived model as sim-
ple as possible and in isolating events that are actually
independent. On one hand, the value of the initial abstraction IA al-
lowed to generate floods having significant runoff volumes. On the
other hand, the value of the interevent time definition IETD, equal
to the catchment-reservoir response time, leads to a small proba-
bility of flood overlapping and, in practice, implies that the reser-
voir is empty for any floods. Nonetheless, the proposed model
deserves further validation with respect to different climates and
hydrological characteristics, especially in order to investigate both
the performance assessment sensitivity with respect to other pre-
cipitation regimes and the opportunity to implement in the deriva-
tion procedure different rainfall-runoff transformation schemes
suitable for various hydrological loss potentials. In this perspective,
the comparison with observed long-term discharge series would
definitely provide the best confirmation.

Further developments in the methodology would certainly derive
byincorporatingthe observed dependence structurerelatingtoinput
rainfall random variables and more suitable marginal distribution
functions, such as the Weibull or the generalized Pareto [46] distribu-
tions. Unfortunately this would impose anumerical integration of the
derived distribution functions, thereby losing the analytical formula-
tionwhichisone ofthe mainattractions for practical design purposes.
It would however be interesting to quantify the eventual improve-
ment in the effectiveness with respect to the present formulation.

Despite its pathologies, the design storm method surprisingly
yielded outcomes matching the continuous simulation ones as
well. For larger return periods (50:100 years and more), this could
be due to the natural trend of extreme events to satisfy the ap-
proach assumptions. The frequency of occurrence of flood vari-
ables, such as runoff volume and peak discharge, tends to equal
the ddf curve one, while other aspects, such as initial moisture con-
ditions, wet weather durations and spatial patterns, are likely to be
less determinant. Conversely, the goodness of the design storm
method assessments for very low return periods (2:5 years) is
more difficult to explain. This behaviour can be justified only as a
compensation of errors, due to a favourable combination of arbi-
trary choices.

It could be argued that the same occurs in the analytical-prob-
abilistic procedure herein discussed. Unlike the design storm
method, in which the parameterization is guided by heuristic eval-
uations supported by design experience and liable to important
site specific and application scale adaptations, in the analytical-
probabilistic procedure such choices rely on objective hydrologi-
cal-hydraulic characteristics of the catchment-reservoir system.

According to other authors [16,31], even though realistic perfor-
mance assessments can be achieved by means of the design storm
approach, the exploitation of analytical-probabilistic methodolo-
gies should be preferred. They may be recommended in the engi-
neering practice to face hydraulic design problems on various
watershed scales, not only when quality issues are involved
[17,38], but also for purely quantitative runoff management.
Unfortunately the real world application of analytical-probabilistic
methodologies is generally made difficult by the lack of rainfall
probability distribution parameters. Their extensive mapping, as
already carried out in some countries [6], would be crucial in order
to skip the discretization procedure, greatly enhancing the applica-
bility and the attractiveness of these methodologies.
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