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Abstract
In the last decades, climatic changes in Mediterranean regions and frequent events of
water resource scarcity in supply systems have required addressing the problem of
increasing the inflows in storage reservoirs by connecting them to diversion dams.
Usually, diversion dams do not have a large storage volume; consequently, these works
are not able to regulate monthly flow, and they can divert to reservoirs only a part of river
flow. In this field of research, this study aims to provide a procedure to evaluate water
volumes withdrawn from diversion dams considering river flows and transfer flows. The
procedure is founded by analysing 36 gauging stations in Sardinia (Italy), where a unique
regional flow duration curve (FDC) can be defined. The effectiveness of regional
evaluation of volume withdrawn, based on a monthly time scale analysis, has been
investigated. The methodology allows finding optimal values of regional FDC parameters
in order to better evaluate water resources withdrawn from diversion dams with respect to
the current estimation used in the Sardinia Region Water Plan (SRWP). The current
SRWP (RAS 2006) uses a fixed and extremely precautionary value of the FDC that
underestimates withdrawal volumes. Moreover, a correlation analysis has been carried
out in order to extend the evaluation of optimal FDC parameters for ungauged basins that
allows to improve application of this procedure. Obtained results could allow to update
the SRWP as highlighted in the final application to a real water system.
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1 Introduction

In recent decades, Mediterranean regions suffered several hard and extended drought periods due to
climate change (Iglesias 2002; WWC 2009; Hewitt 2013; Andreu et al. 2015; Burak and Margat
2016; IPCC 2019). Additionally, as the Mediterranean climate is intrinsically characterised by high
seasonal variability with runoff concentrated in short-duration wet seasons, water supply systems
frequently require reservoirs’water storage for multi-period regulation.Moreover, in order to reduce
the negative impacts of runoff variability in Mediterranean water supply systems, management
strategies for drought forecasting andmitigation at basin scale have beenwidely studied. (Rossi et al.
2003; Cancelliere et al. 2007; Iglesias et al. 2007; Iglesias et al. 2009; Gaivoronski et al. 2010; Sechi
and Sulis 2010; Sechi and Zucca 2015).

To cope with water scarcity in complex multiple-reservoir systems, it is helpful to increase
inflows in reservoirs through inter-basin water transfers by connecting diversion dams to main
storage capacity reservoirs (Ballestero 2004; Gu et al. 2017). Usually, diversion dams do not
have a large storage volume and cannot operate more than a monthly flow regulation:
nevertheless, they could divert all, or a portion, of river flows from its natural course to larger
storage reservoirs. River flows can be diverted from diversion dams by canals or pipelines, and
diverted flows are consequently constrained by transfer capacity.

In water system management, the evaluation of withdrawal volume from a diversion dam is
essential, but frequently not easy to obtain, information. Moreover, water diversion volume
could be conditioned by comparison between water availability and water demand if diversion
occurs directly connecting to final users.

Considering the problem of flow diversion from the natural course of a river to a larger
storage capacity reservoir, the withdrawal volumes could be estimated by looking at the flow
duration curve (FDC) and the transfer capacity. An FDC provides the relationship between the
frequency and magnitude of the streamflows (Fennessey and Vogel 1994; Montanari 2019).
Usually, the FDC is a cumulative frequency curve that depicts the percentage of time during
which a given flow is equaled or exceeded in a given period.

Applications of FDCs are also of interest for many hydrological problems related to
hydropower generation, flood control, river and reservoir sedimentation, water quality man-
agement, water use assessment, water allocation and habitat suitability (Vogel and Fennessey
1995; Niadas and Mentzelopoulos 2008; Liucci et al. 2014).

In gauged rivers with an extended period of observations, flow data allow to use classical
methods for evaluating the FDC that can be estimated using historical flows. For ungauged
basins, to overcome the lack of data, regional approaches are frequently used to estimate the
FDC (Singh 1971; Mimikou and Kaemaki 1985; Fennessey and Vogel 1990; Claps et al.
1996; Claps and Fiorentino 1997; Franchini and Suppo 1996; Yu et al. 2002; Castellarin et al.
2004; Pugliese et al. 2016). The regional procedure requires a preliminary estimation of the so-
called “homogeneous region” where a unique FDC can be assumed by estimating parametric
equations. The related parameters should be evaluated considering gauged sections and flow
values inside the homogenous region, and regression relationships could be then identified,
according to hydrological, morphological and climatic behaviour of the catchment basins.

The present study belongs to this field of research providing a modelling approach to
evaluate potentiality in water volumes withdrawn from diversion dams by considering river
flow estimations and capacity bounds in transferring flows. Furthermore, a calibration proce-
dure for the Sardinia region (Italy) FDC will be illustrated considering hydrological features of
the river and using the Sardinia Region Water Plan (SRWP) as a reference database (RAS
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2006). Therefore, the proposed methodology allows finding optimal values of regional FDC
parameters in order to obtain the evaluation of water resources withdrawn from diversion dams
to larger storage capacity reservoirs.

2 FDC Calibration Methodology

In the first part of this section, a regional estimation procedure of monthly flow duration curves
(as defined by Mimikou and Kaemaki 1985; Castellarin et al. 2004) will be illustrated. A
calibration procedure finding optimal values of monthly FDC parameters is then given for the
Sardinia (Italy) region.

2.1 Regional FDC for Sardinian Basins

A regional statistical model for evaluating flow duration curves at Sardinian ungauged basins
was previously proposed by Saba and Deriu (1998). The authors adopted a negative expo-
nential curve as a unique regional FDC, defined by the following Eq. (1), to represent the
monthly river flow distribution:

q tð Þ ¼ q
e−t=k

k 1−e−1=kð Þ ð1Þ

where, for each month, the time t ∈ [0, T] is the portion of time in which the flow q(t) is equaled or
exceeded; q is themean value ofmonthly river flow; and k is a decay parameter. As shown in Fig. 1,
three scenarios could be possible. The withdrawal volumes (Vw) can be evaluated comparing the
diversion dam maximum transfer capacity (qmax) with the monthly river flow q(t) (Fig. 1).

If qmax is lower than the minimum monthly flow (qT), Vw is equal to the maximum
withdrawal capacity (scenario A); if qmax is greater than the maximum river flow (q0), Vw is

Fig. 1 Withdrawal volume scenarios
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equal to the monthly river flow (scenario C); finally, if qmax is between qT and q0 (scenario B),
Vw can be evaluated by integrating the relation (1) and according to the following Eq. (2):

Vw ¼ q T 1−
1

1−e−1=k
þ k

qmax

q

�
1−ln k

qmax

q
1−e−1=k
� � ! !

ð2Þ

In 2006, the current SRWP (RAS 2006) analysed the regional water supply system in order to
evaluate water availability for transfers. SRWP adopted the aforementioned FDC given by Eq. (1).
Withdrawal volumes were evaluated using a fixed, and extremely precautionary, value of the k-
parameter, which was assigned using a log-normal distribution of probability. The value assigned to
the k-parameter was equal to 0.132, corresponding to a non-exceedance probability of 7% in the
distribution, causing a systematic (even if precautionary) underestimation in withdrawal volumes.

2.2 Calibration Procedure

The development of a calibration procedure to find optimal values of regional FDC parameters
has been performed using the observed daily runoff data from 1922 to 2013 in 36 Sardinian
gauging stations (locations are given in Fig. 2) considered in the regional hydrological
database. After some preliminary analysis, stations with at least 5 years of daily flow records
(excluding years with incomplete flow data) have been considered in evaluating the regional
FDC. For each gauging station, the main features, namely catchment surface, available record,
average daily flow and standard deviation, are given in the first columns of Table 1.

In a planning approach, for each station a virtual diversion infrastructure has been consid-
ered. Different sizes of diversion works have been also hypothesised, assuming five ratios Rw

between the maximum design flow in the diversion work and the average monthly river flow.
The following Rw values have been considered:

Rw ¼ qmax=q ¼ 0:1; 0:3; 1:0; 3:0; 10:0ð Þ ð3Þ
Monthly withdrawal volumes from hypothesised diversion dams in gauging stations, for each
ratio Rw, have been evaluated using two methods:

& Method 1 considers the regional monthly FDC defined by Eq. (1). Vw is defined according
to the occurrence of the three scenarios previously described in Fig. 1.

& Method 2 operates by simulation, and a daily regulation of the diversion dam is considered
evaluating a daily diversion flow as the minimum value between the maximum design
flow (qmax) and the observed daily flow. Then, for a given month, Vw can be evaluated by
adding each daily withdrawal volume.

Optimal values of the decay parameter (kopt) for the 36 gauging stations are then evaluated
comparing monthly withdrawal volumes obtained by the two methods, respectively labeled as
Vw1 and Vw2, and minimising the average percentage error:

kopt→min %errorð Þ ¼ min
Vw1−Vw2

Vw2

*100

 !
%½ � ð4Þ

Obtained results are given in the last columns of Table 1.
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2.3 Correlation Analysis

Starting from kopt values obtained for gauging stations and considering the ratio Rw values in
(3), a correlation analysis has been carried out in order to extend the evaluation of the k-
parameter for ungauged rivers, which represents the usual situation for evaluating potentiality
in water volumes withdrawn from diversion dams in the Sardinia region.

A preliminary investigation has been performed searching for relationships between kopt
and river flow statistical indexes. This analysis showed that the most significant k-parameter
estimations can be obtained linking k-values to the coefficient of variation (CV) of the average
monthly river flow.

Considering seasonal runoff variability in the region, regression models have been also
developed using a seasonally adjusted coefficient of variation: the CV of the dry season (from
June to September) and the CV of the wet season (from October to May) have been considered.

Previously, regression models have been achieved using the whole dataset composed of
records from 36 gauged stations. Then, to improve correlations, river stations have been
separated in two groups according to the related river basin size. The discriminating basin
area was assumed equal to 100 km2.

Therefore, regression models have been performed analysing three different sets, as shown
in Fig. 3, each one evaluated using the five potential values of the diversion withdrawal ratio,
given in (3), and the three different CV estimations (annual, dry and wet seasons).

For each regression model, the relationships between the optimal values of the k-parameter
(kopt) and CV of the average runoff, referring to the year, or to dry and wet seasons, are given in
Figs. 4 and 5. The coefficient of determination (R2) and the trendline equations are also given
in the same figures.

Fig. 2 Sardinian gauging stations locations
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Figures 4 and 5 show that k-parameters of the Sardinia regional FDC decrease with
increasing of CV for observed runoff. Nevertheless, in many cases very low values of
coefficients R2 were obtained. For the whole dataset, R2 values remain under 0.5. Considering
river basin size, better correlations have been obtained only for some Rw values: for small
basins, a significant improvement is observed for Rw ≥ 1; whereas for large basins, the
coefficient R2 shows a considerable increase only for Rw = 0.1.

Table 1 Main features and value estimation of the parameter kopt for Sardinian gauging stations

Sardinia Gauging
Station

Catchment
surface [km2]

Avail.
record

Aver. daily
flow [m3/s]

Std.
Dev.

kopt

Rw

0.1 0.3 1 3 10

Mannu di Cuglieri 51.51 23 0.43 0.95 0.880 0.584 0.517 0.404 0.252
Mannu di Oschiri 351.74 49 3.57 7.98 0.392 0.388 0.399 0.373 0.257
Araxisci 121.42 76 1.41 2.74 0.497 0.476 0.470 0.418 0.304
Badu Crabolu 146.00 30 1.25 3.06 0.278 0.275 0.306 0.334 0.261
Bidighinzu 28.84 24 0.30 0.75 0.291 0.282 0.266 0.263 0.240
Buttule 175.51 47 1.36 4.08 0.337 0.382 0.340 0.273 0.220
Calambru 43.16 37 0.39 1.29 0.417 0.308 0.261 0.225 0.172
Mannu di Berchidda 355.75 62 4.02 12.09 0.348 0.311 0.282 0.257 0.187
Sa Picocca 191.91 40 1.38 4.45 0.388 0.323 0.287 0.238 0.172
Terramaistus 74.00 29 0.55 1.43 0.387 0.515 0.373 0.304 0.197
Vignola 132.00 27 1.18 3.09 0.422 0.364 0.368 0.325 0.200
Tirso 581.07 34 4.42 13.38 0.328 0.351 0.350 0.302 0.205
Fluminimannu 58.23 20 0.62 1.14 0.717 0.605 0.540 0.384 0.195
Mannu di S.Sperate 472.45 11 1.56 4.50 0.434 0.461 0.303 0.252 0.192
Cixerri 530.75 11 3.09 12.05 0.241 0.275 0.289 0.251 0.174
Palmas 438.23 18 2.48 7.10 0.370 0.357 0.325 0.256 0.189
Flumentepido 68.64 17 0.42 2.33 0.966 0.510 0.239 0.138 0.084
Taloro 223.47 31 3.9 8.11 0.486 0.465 0.486 0.405 0.254
Flumineddu (Tirso) 789.43 36 6.56 15.32 0.446 0.433 0.375 0.309 0.229
Temo 174.41 50 2.02 6.37 0.234 0.213 0.204 0.192 0.171
Mannu di Ozieri a P.te

della Legna
335.23 14 2.60 7.49 0.319 0.269 0.247 0.219 0.167

Mannu di Ozieri a
Fraigas

751.56 54 5.59 2.59 0.282 0.310 0.301 0.259 0.186

Liscia 559.37 34 5.80 14.43 0.346 0.391 0.412 0.365 0.231
Cedrino 443.68 41 7.40 20.36 0.694 0.444 0.331 0.269 0.203
Bau ‘e Mela 94.02 12 2.25 6.07 0.367 0.391 0.446 0.311 0.178
Bau ‘e Mandara 22.36 11 0.37 1.47 0.407 0.391 0.451 0.337 0.200
Sicca d’Erba 61.78 12 1.13 4.30 0.515 0.451 0.416 0.264 0.158
Flumendosa a Gadoni 423.65 16 7.71 18.17 0.476 0.406 0.417 0.366 0.219
Flumendosa a

Villanovatulo
550.92 18 9.23 20.84 0.536 0.416 0.426 0.355 0.222

Flumendosa a Monte
Scrocca

1014.47 16 14.08 31.22 0.563 0.440 0.419 0.342 0.215

Flumineddu a Stanali 392.99 17 4.12 11.54 0.504 0.448 0.399 0.282 0.187
Olai 28.49 10 0.42 0.95 0.299 0.363 0.445 0.426 0.264
Mannu di Mores 140.59 7 1.15 2.74 0.623 0.335 0.291 0.268 0.216
Bidda Scema 18.29 8 0.26 0.37 0.301 0.424 0.565 0.449 0.386
Govossai 25.61 5 0.47 1.11 0.322 0.437 0.331 0.288 0.247
M. Nieddu 38.87 7 0.34 1.61 0.323 0.393 0.339 0.252 0.139

Sassu E. et al.1140



Regarding the choice between annual, dry or wet season using CV values, for low
values of Rw (equal to 0.1 and 0.3) the estimation of k is better correlated to the CV of the
dry season. For intermediate Rw values (equal to 1 and 3), better correlations are obtained
considering CV referring to the year. Finally, for Rw = 10 correlations improve with the
CV of the wet season for whole dataset and small basins or using annual CV for large
basins. Further correlation analysis has been also considered taking into account geo-
graphical exposure of basins, classified as western or eastern, and other morphological
features; nevertheless, resulting values of R2 do not have significant improvements.

Certainly, equation fitness is influenced by the reduced database available. Therefore, in the
future correlation analysis, a more extended database should be used.

3 Case Study: Badu Crabolu Diversion Dam

The proposed methodology has been applied to the Badu Crabolu diversion dam,
located in the northwest of Sardinia island (Fig. 6), defining withdrawn potentiality. In

Fig. 3 Correlation sets

Fig. 4 Whole dataset correlations
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the region, water resources mainly come from surface flows regulated by 41 storage
reservoirs, and water transfers come from 25 diversion dams, most of them belonging
to ungauged basins. The average total annual volume withdrawn from diversion dams
to storage reservoirs in the region is equal to more than 60 million cubic metres. On
average, this value represents about 10% of the annual regional water system demand.
Nevertheless, this pertentage could be doubled for emergency transfers in drought
conditions.

One of the 36 Sardinian gauging stations previously listed is located along the
Badu Crabolu River. The connected water system supplies the northwest of the region
for municipal, agricultural and industrial uses. The river flow can be transferred from
a diversion dam through a pumping station and stored in the Alto Temo reservoir
having a total capacity of 81.4 million cubic metres (Fig. 7).

Fig. 5 Small and large basins correlations
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The water system management has been modelled using the WARGI-SIM software
(Sechi and Zuddas 2000; Sechi and Sulis 2009). WARGI-SIM is a user-friendly
decision support system for complex multi-reservoir and multi-user water supply
system simulation, developed at the Department of Civil and Environmental Engi-
neering at the University of Cagliari (Italy). Water allocation in WARGI-SIM is
simulated with a monthly time step using user-defined preferences on resources and
demand priorities. Monthly withdrawal volumes from the diversion dam are evaluated
in WARGI-SIM considering the regional FDC as previously defined using relation
(1). Diversion dam maximum design flow, monthly hydrological inputs to diversion

Fig. 6 The Nord Occidentale water system in Sardinia

Fig. 7 Badu Crabolu diversion dam
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dams and k values can be used in WARGI-SIM simulating the supply system
management, as stated in the previous chapter.

River flow transfers from Badu Crabolu diversion have been simulated in WARGI-
SIM in order to evaluate the transfer amount using different values of the k-parameter.
Therefore, a simplified water system has been defined connecting the diversion dam
directly to a demand centre with a constant water request equal to 40 Mm3 per year.
According to this hypothesis, all the available resources from the river should be
diverted to a virtual macro-user, and the estimated amount of total withdrawal volume
will only depend on the assigned k-parameter.

3.1 Simulation Scenarios

The time horizon in the simulation is equal to 30 years, according to the observed
monthly river flows (Fig. 8). Monthly transferred volumes were calculated as the sum
of daily observed flows available from 1973 to 2013. Average annual flow in the
river is equal to 39.5 million cubic metres; CV referring to annual flows is equal to
1.55; the diversion work design capacity was assumed equal to 3 m3/s, which
corresponds to the withdrawal ratio Rw = 2.4.

To achieve evaluations of water transfer, three scenarios with different value of the k-
parameter have been simulated using WARGI-SIM:

& Scenario 1: Based on the diversion dam withdrawal ratio (Rw = 2.4) and the CV evaluated
considering annual flow values (CVyear = 1.55); the regression equations shown in Fig. 4
and Fig. 5 have been selected to calculate the resulting k-parameters by interpolation
between ratios 1 and 3. As shown in Table 2, the k-parameters have similar values and the
average value, equal to 0.294, has been considered.

& Scenario 2: The unique value of the k-parameter used in the SRWP (RAS 2006), equal to
0.132, has been considered.

& Scenario 3: Using observed data, the kopt parameter value equal to 0.332 was given by the
error minimisation technique described in Section 2.2.
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Fig. 8 Hydrological input to Badu Crabolu diversion dam
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3.2 Simulation Results

A comparison of results obtained from WARGI-SIM montly simulations is summarised in
Fig. 9 and Table 3. Moreover, in Fig. 9 volumes obtained using observed data and a daily
simulation (dotted line) are also given and compared with the monthly withdrawal volume
estimation using the procedure based on FDC estimation. To better highlight the results, also
for shorter periods equal to 5 years and 1 year, the behaviour comparisons are given.

Table 2 k-parameters obtained by regression equations

Correlation set k values

Whole dataset 0.297
Large Basins 0.291
Average 0.294

Fig. 9 Badu Crabolu monthly withdrawal volumes

Calibration Procedure of Regional Flow Duration Curves Evaluating Water... 1145



Figure 9 highlights that during the winter season, all WARGI-SIM simulations using
evaluated k-parameters determine an underestimation of the withdrawal volume with respect
to the real value obtained by the daily regulation procedure, whereas a slight overestimation is
given during spring and autumn seasons. The optimal value of the k-parameter used by
scenario 3 (green line) provides better performance with respect to the other two scenarios.
However, scenario 1 (blue line), characterised by the k-parameter estimated by the correlation
procedure, shows little difference with respect to scenario 3. Scenario 2 (red line), obtained
using the k-parameter as in the SRWP, produces significant underestimation of volumes.

The average of obtained annual withdrawal volumes are given in Table 3: scenario 3
provides the same value as that obtained using observed daily data, whereas scenarios 1 and 2
determine an underestimation equal to 3.8% and 33%, respectively.

By comparison between obtained results, it can be stated that the error minimisation
technique of scenario 3 produces the best results. However, this method requires the avail-
ability of observed daily flows and extended periods of records for calibration.

In case of unavailability of daily flow data, the k-parameter estimated by the correlation
procedure as previously described (scenario 1) still gives satisfactory results. The use of a
unique k-value for the entire region (k = 0.132), as in the SRWP (scenario 2), confirms to be
extremely precautionary and heavily underestimates withdrawal volumes from diversion
dams.

4 Conclusions

The proposed methodology allows to optimise the Sardinia region FDC k-parameters in order
to correctly evaluate the monthly withdrawal volumes from diversion dams. Using the
observed daily runoff data for 36 Sardinian gauging stations, a calibration procedure has been
illustrated finding optimal values of FDC k-parameters. Regression models have been devel-
oped for k-estimation using a seasonally adjusted coefficient of variation of observed river
flows in dry seasons and wet seasons. Then, to improve correlations, observed stations have
been separated and related to river basin sizes.

From an application to a real case, as expected, the error minimisation technique using daily
observed data gives the best performance in the evaluation of withdrawal volumes. However,
to apply this procedure, daily flow data availability was needed in order to define the FDC k-
parameter. Nevertheless, estimation of withdrawal volumes obtained from the real case
application highlights that the k-parameter obtained by regression models, also applicable to
ungauged basins, leads to satisfactory results.

Studies in water system management might benefit from taking into account the regional
FDC for a valuable estimation of withdrawal volumes in reservoirs through inter-basin water

Table 3 Average annual withdrawal volume

Scenario k-parameter Average annual withdrawal volume [Mm3/years]

Daily regulation – 24.1
1 0.294 23.2
2 0.132 16.1
3 0.332 24.1

Sassu E. et al.1146



transfers by connecting diversion dams. At present, the SRWP understimates this transfer
potentiality and could be upgraded using the illustrated procedure.
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