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Abstract 
 
The issue of water resources management requires more and more approaches in which multiple skills and capacities 
are nested together (Integrated water resources management process), especially when critical situations are taken into 
account, such as climate change scenarios. The various disciplines involved can be climatology, meteorology, 
hydrology, ecology, environmental science, agricultural science, water resources engineering, socioeconomics, law and 
public policy. I n this context, Decision Support Systems (DSS), applied to the management of water resources, play an 
essential role since they must allow the different stakeholders and competencies involved to summarize results and 
produce decisions on a common and shared basis. The RIVER software is a DSS for water resource allocation and 
management which portraits the hydraulic situation in the catchment area with a simple intuitive "node-arc" sketch, at 
the same time uses simulation algorithms to allow the user to take into consideration many different scenarios of  water 
use according to the principle of "priority-balanced" criteria shared by all stakeholders involved. The case study for the 
Montedoglio reservoir in the Tiber River Basin, highlights how these principles can be applied for a proactive 
management of critical scenarios in periods of drought due to climate change hypothesis. In particular, time series of 
hydrological flow, modulated with drought and climate trends, have been simulated and, as output of the system, 
indications for preventive interventions to be planned for a correct use of water for irrigation, civil and environmental 
use have been obtained. 
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INTRODUCTION  
 
The management of surface water resources 
can be studied by means of simulation models 
to sketch hydrographic network in terms of 
nodes and arcs in a graph, which are combined 
with mathematical algorithms to simulate water 
management. By adopting this method, con-
figurations typical of the majority of the river 
systems can be described in a more or less 
synthetic way, but at the same time extremely 
effective. In literature there are some 
interesting applications of this methodology, 
the most relevant are: "Aquarius" (Diaz et al., 
1997), "REALM" (Resource Allocation Model, 
AA.VV., 2001) and "wargi" (Water Resources 
system optimization aided by Graphical 
Interface, Sechi and Sulis, 2009). 
In this bibliographic context, the River 
software, used in this study, has been 

developed and expanded by the authors 
(Pierleoni et al., 2008) in order to operate in a 
territorial scope of the river basin, in the 
presence of a multiple use of water resources, 
with the aim of representing an instrument to 
support the decisions that are often also subject 
to territorial and administrative constraints. 
The main features of River can be identified as 
follows: 
- weekly time-step simulation of the time 
series, with the possibility to work at a monthly 
scale; 
- Adoption of an algorithm for the management 
of water resources under deficit conditions that 
uses a policy called "primary balance"; 
- Possibility of using hydrological input data in 
the form of time series, the year type or both; 
- Extremely flexible data output for reservoirs, 
generic use and control of the flow in both a 
graphical and numerical way, with a particular 
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attention to the use of the model in terms of 
management in the short term together with 
probabilistic assessments. 
 
 MATERIALS AND METHODS 
 
The algorithm that manages the distribution of 
water from the reservoir node is certainly one 
of the features that characterize this 
mathematical model the most, in this particular 
case study, for the upper valley of the Tiber 
River. In fact, in this basin, there is the artificial 
reservoir of Montedoglio (maximum available 
volume 142.5 Mm3). The hydrological study of 
the reservoir dates back to the '60s, so the 
management of the reservoir must take into 
account the changing needs of users and the 
new hydrological framework, also according to 
the hypothesis of climate change. 
The algorithm is based on an equation of 
balance between the available volume present 
in the reservoir and the total need required by 
the various user nodes which should be 
supplied from the reservoir. The distribution 
and number of uses can be easily changed by 
editing the topology of the network, allowing 
the use the model both during management of 
existing works, and in the programming phase 
of the works of adduction to be built. 
The balance equation is centered on the calcu-
lation of the Total Available Volume (TAV) in 
the reservoir node (S) and the Total Required 
Volume (TRV) of the user nodes, resulting in a 
ratio for the generic time step i 

)(
)(

)(
iTRV
iTAV

i S
rid  

 
The parameter  is the management index, as it 
returns the ratio by which the requests FA of 
the n users managed must be reduced, therefore 
defining the actual Available Volume 

n

j
jrid iFAiiAV

1

* )()()(  

 
The issue of managing the water needs during 
periods of deficits can be studied in terms of 
optimization between the various users 
(Georgiou et al., 2006), or though the simula-
tion of hypothetical scenarios (Strzepek et al., 
1989). In this model, the logic of optimization 
has been made more flexible in terms of 

operational management, to obtain an 
instrument that can be adapted to the political 
and economic issues related to the various uses 
and in the territorial features. 
This was achieved by adopting, during deficit 
periods, an allocation rule called "priority-
balanced." In this, the term "priority" means 
that it is necessary to set priorities among the 
various uses served, while with the term 
"balanced" we mean that it deviates from the 
strict logic of distributing the resource starting 
from the higher priorities, or putting first the 
most economically advantageous uses, but each 
use is reduced by a certain amount, which 
varies from use to use, from the latest one in 
order of priority, recalculating the water budget 
until rid> 1 (Beauty et al., 2004). 
This procedure, basically allows the user to 
distribute the deficit between many different 
uses, according to different tolerance levels that 
can be properly studied and commonly shared 
among water managers or production activities. 
The model can simulate and manage river 
deficits with an input represented by 
hydrological time series of average flow rate 
(weekly or monthly). Obviously, this input can 
be represented by series of real or simulated 
time series based on assumptions like climate 
changes, allowing a quick comparison between 
the results of various simulations. 
In this study management scenarios have been 
simulated using as input, time series containing 
the climatic forcing. In particular, an increase 
in the average temperature expected in 60 years 
by about 0.75 °C, a linear trend for rainfalls (-
8% and -3%), a cyclic variation (15 years) for 
the winter and fall period and a linear trend 
(3%-10%) for the spring and summer seasons 
have been adopted. Such hypotheses on rains 
and temperatures have been used in a Model 
Hydrological Lumped continuous type, called 
MILC, which allows to simulate the continuous 
rainfall-runoff (Brocca et al., 2008), producing 
the flow rates to be used as inputs to the 
simulation model River. 
 
RESULTS AND DISCUSSIONS 
 
The topological scheme of the system on which 
they develop simulations (Figure 1) takes into 
account all the uses currently foreseen in the 
plans, together with the monitoring of releases 
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Figure 2. Water volume incoming in Montedoglio Reservoir 

 
 

Table 1. Irrigation demand foreseen for 2023 and 2040 
Years  2023   2040  

 Area  Vol. Area  Vol. 
Node Ha m3/ha Mm3/y Ha m3/ha Mm3/y 

Valdichiana 36965 1800 66.54 36965 1800 66.54 
Trasimeno 12471 2100 26.19 16047 2100 33.70 
Chiusi 
Montepulciano 833 

 
1800 

 
1.50 833 

 
1800 1.50 

CdC sud 3615 1800 6.51 3615 1800 6.51 
CdC nord 5661 1900 10.76 5661 1900 10.76 

Total 59545  111.49 63121  119.00 

 
Table 2. Domestic demand foreseen for 2023 and 2040 

Years 2023 2040 
 Vol. Vol. 

node Mm3/y Mm3/y 
ATO4 Capolona 1.45 1.56 
ATO4 Arezzo 13.79 14.84 
ATO4  Arezzo sud 7.79 8.39 
ATO4 Cortona 2.9 3.13 
ATO4 Montepulciano 3.67 3.95 
ATO4 Monterchi 0.33 0.36 
ATO4 S. Sepolcro 1.27 1.37 
ATO6 Ombrone 6.3 6.78 
SAT 9.63 9.97 
SPT 1.57 1.57 
SPT.SMT 1.57 1.57 

Total 50.27 53.49 

 
For the irrigation uses the increase in demand 
in the two horizons is more pronounced and yet 
only involves the Trasimeno node, while for 
domestic use the modest increase depends on 
all uses equally. 

Simulations are run at a weekly time step, so 
the annual needs must be distributed over the 
52 weeks in a typical year. For domestic use 
that distribution is almost uniform, with a slight 
increase in the weeks between the 27 and 35 
(Figure 3). In the case of crops instead, the 
demand is distributed in a restricted period 
between weeks 22 and 43, according to a law 
of use which reproduces the most unfavorable 
trend (Figure 4). 
 

 
Figure 3. Typical year for domestic use 

 

The first result to be examined in the 
simulation concerns the behavior of the 
reservoir in regard to the increasing demand for 
water for various uses, together with the trend 
for the hydrological input. 
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Figure 4. Typical year for irrigation use 

There is always a heavy water demand from the 
Montedoglio reservoir (Figure 5) with evident 
oscillations in the volume, and consequently in 
the levels, even in rather short periods of time, 
with a relative irrelevance of climate trends that 
still influences the trend of the volume stored. 
  
 

 
Figure 5. Trend of the volumes, in the simulated time series (2040), for the Montedoglio reservoir

The trend of the available volumes for the 
various uses, as well as the relative deficits, can 
be analyzed in terms of time series of weekly 
data, in order to better understand the 
frequency in relation to seasonal periods, or it 
can be cumulated in annual values, or even 
analyzed in terms of weekly or yearly extreme 
values. In any case, the approach investigated 
more in-depth the links between the uses and 
the reservoir, showing in a graph the trend of 
the annual deficit per use as a function of the 
reservoir volume in one week, which can be 
freely chosen. Figure 6 shows an example of 
this representation for one irrigation node, 
taking as a reference the volume stored in 
Montedoglio, for example, at the 22th week. As 
can be seen, there are many years with a deficit, 
as could be expected given the lower priority of 

irrigation use and especially the high-stress 
situation of the Montedoglio reservoir; 
however, the most interesting point is that once 
a critical deficit threshold has been set (e.g. 
10%), it is possible to read the value of the 
reservoir volume at the 22th week (approx. 120 
Mm3) below which it is probable that this 
threshold is exceeded, with increases in the 
deficit more or less linear with the decrease in 
the available volume at the 22th week. 
This result can be used both in the planning of 
stages for evaluating the degree to which the 
various uses suffer in the overall context of the 
network with the hypothetical priorities 
assigned, and in the management stage as a 
decision support system, especially in possible 
negative trend due to climate change. 
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