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Preface 
The Hydrographic and Mareographic Office of the Apulia Region, the Regional Basin 
Authority and the Apulian Aqueducts Company (AQP), together with other minor Regional 
and Provincial Offices, are the main managing authorities in charge of the water resources 
within the Candelaro Watershed and generally in the Apulian Region. Their mission is to 
serve the public by organizing, overseeing and accrediting management and structural 
projects related to the water resources quality and quantity. Through these actions, their goals 
are to provide a safe and sustainable system guaranteeing water quality and quantity for the 
benefit of the community. 
The infrastructure of the AQP includes a number of wells while the Hydrographic and 
Mareographic Office holds meteorological and hydrological stations that help them 
monitoring environmental parameters in some of the major watersheds of the Italian Region. 
The AQP and the Regional Offices collaborates closely with the Water Research Institute 
(IRSA) of the Italian National Research Council (CNR) in common areas of interest. This 
way we can use IRSA’s research and scientific expertise so as to incorporate state of the art 
methodologies in our projects. 
During the European Project “HarmoniRiB”, IRSA was mainly assisted by the Hydrographic 
and Mareographic Office of the Apulia Region which provided most of the data and 
information required for the development of the Candelaro Case Study. The results of this 
study will help them get a better understanding of the uncertainty issues related with the 
decision-making. 
Hopefully this attempt to establish an uncertainty framework can be standardized and 
expanded so that the same techniques and methodologies can be applied to other watersheds 
in Apulia. In this case, the results can be incorporated in the decision making process for the 
whole Region and assist them towards the implementation of the European Water Framework 
Directive. 
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Executive summary 
The main objective of the Candelaro Case study was to collect, organise and provide a well 
documented dataset, suitable for studying the influence of uncertainty on management 
decisions and to apply it in the development of an integrated water management plan. 
In order to process this dataset, which is now publicly available, IRSA applied the 
methodology and tools provided by HarmoniRiB. This way, the uncertainty originating from 
data and models used in decision making processes was assessed and described in order to be 
integrated into a decision support concept applicable for implementation of the WFD. 
IRSA applied the conceptual model for data management produced by HarmoniRiB in order 
to evaluate its ability to handle uncertain data. The Candelaro Case Study is focused on the 
severe groundwater resources availability problems faced in the semi-arid watershed of 
Candelaro stream in Apulia Region, Italy.  
Providing a set of deliverables including this Case study report, IRSA assisted HarmoniRiB in 
its attempt to improve the understanding and assessment of uncertainty for the purpose of 
providing more robust integrated water management plans under the implementation of the 
WFD. 
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Scientific summary 
Candelaro basin in Apulia, Italy, faces a severe groundwater resources problem due to the 
over-exploitation of the aquifer, mainly for the irrigation of the about 54.000ha of agricultural 
land located in the Tavoliere delle Puglie. This situation has led to Tavoliere being threatened 
by desertification. This environmental issue calls for an immediate application of measures 
that will aim at both deterring the adverse effects of human activities but also have a positive 
environmental impact for the faster restoration of the ecosystem. In order to demonstrate the 
role of uncertainty in the decision making process an uncertainty analysis was undertaken for 
all measurements and models used in this study. The dataset from the study area was provided 
to the HarmoniRiB Data Centre with the related uncertainty. Following the data collection, a 
water balance model was applied to describe the temporal and spatial variability of the water 
resources in the basin. The models were calibrated with the existing data and a proper 
uncertainty analysis was undertaken in order to examine the propagation of the uncertainty 
through models. A measure aiming to remediate the groundwater problem faced in the basin 
was established. Following that, a socio-economic analysis was conducted in order to evaluate 
the effectiveness of each measure. The results of the analysis show that a combination of 
measures can deal with the problem of groundwater over-exploitation. Specific effects on 
groundwater level by the year 2015 when the WFD is due to be implemented are presented. 
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1 Introduction 

1.1 General 

1.1.1 The Water Framework Directive  
In 2000 the European Parliament and Council passed the ambitious directive 2000/60/EC 
establishing a framework for Community action in the field of water policy, known as the 
Water Framework Directive (WFD). The key objective of the directive is to achieve ‘good 
ecological status of Europe’s water resources by 2015’, including groundwater (article 1-d, 
purpose of the directive: “ensures the progressive reduction of pollution of groundwater and 
prevents its further pollution”).  
To achieve this objective a number of activities need to be carried out, leading to an 
Integrated River Basin Management Plan (RBMP) in 2009 (figure below). The river basin 
management and planning process prescribed in the WFD focuses on integrated management, 
involving all physical domains in water management, sectors of water use, socio-economics 
and stakeholder participation. As such, the WFD poses new challenges to water resources 
managers. The traditional physical domain specific and sectoral approaches need to be 
combined and extended to fulfil the WFD requirements. A major part of such a RBMP will be 
the programme of measures that needs to be implemented to achieve the objectives. 
Though the WFD’s focus lies on achieving ‘good ecological status’ of Europe’s water 
resources, it more broadly aims at sustainable water use, covering issues such as droughts and 
floods (article 1-e, purpose of the directive: “contributes to mitigating the effects of floods and 
droughts”). Two other relevant directives are currently in preparation: The Groundwater 
(WFD-Daughter) Directive and the Flood-directive. In addition to the measures required 
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Figure 1:  Visualisation of the time line of the WFD and its required activities and 

deliverables (CIS, 2003). 
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under the Water Framework Directive, the proposed Groundwater Directive introduces 
measures for protecting groundwater from indirect pollution (discharges of pollutants into 
groundwater after percolation through the ground or subsoil).  
In practise, the implementation of the WFD depends very much on our interpretation and 
knowledge of e.g. ‘good ecological status’, processes, cause-effect relationships, costs, etc. 
This knowledge is general is incomplete and uncertain: Hence, when making decisions this 
need to be acknowledged and taken into account. Developing new methods and tools to 
handle uncertainties in data and models is the primary objective of the HarmoniRiB project.  
 

1.1.2 The HarmoniRiB project  
HarmoniRiB is a Research and Development project carried out under, and sponsored by, the 
European Commission’s “Energy, Environment and Sustainable Development” programme, 
Key Action 1 “Sustainable Management and Quality of Water”, 1.1 Integrated management 
and sustainable use of water resources at catchment river basin or sub-basin scale, 1.1.1 
Strategic planning and integrated management methodologies and tools at catchment/river 
basin scale. 
As can be concluded from chapter “1.1.1 The Water Framework Directive” there is a clear 
and urgent need for developing new methodologies and tools that can be used to assist in 
implementing the WFD. The HarmoniRiB project aims to deliver some of these new tools, 
focussing on issues of uncertainties. 
The overall goal of HarmoniRiB is to develop methodologies for quantifying uncertainty and 
its propagation from the raw data to concise management information. The four specific 
project objectives are: 
• To establish a practical methodology and a set of tools for assessing and describing 

uncertainty originating from data and models used in decision making processes for the 
production of integrated water management plans. It will include a methodology for 
integrating uncertainties on basic data and models and socio-economic uncertainties into a 
decision support concept applicable for implementation of the WFD;  

• To provide a conceptual model for data management that can handle uncertain data and 
implement it for a network of representative river basins.  

• To provide well-documented datasets, suitable for studying the influence of uncertainty on 
management decisions for a network of representative river basins and to provide 
examples of their use in the development of integrated water management plans.  

• To disseminate intermediate and final results among researchers and end-users across 
Europe and obtain and incorporate feedback on the methodologies, tools and the datasets. 

Thus, the HarmoniRiB project aims to support the WFD implementation, by addressing issues 
of uncertainty in data en modelling, and by developing a ‘virtual laboratory for modelling 
studies’. This virtual laboratory will comprise of a set of river basins, of which data relevant 
to modelling and the WFD, are readily available for the scientific community. The data can be 
used for comparison and demonstration of methodologies and models relevant to the WFD. 
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1.2 The Candelaro basin - A summary description 

1.2.1 Geographical area 

 

Figure 1-1: The Candelaro River Basin 
 
The Candelaro River Basin Data Report is a part of Italy’s contribution to the testing of a 
number of EU guidance documents relating to implementation of the Water Framework 
Directive (WFD). All relevant information in this respect is described in the report ‘A 
preliminary assessment of the groundwater environmental state in the shallow aquifer of the 
“Tavoliere di Puglia”’ (2005) a pdf file of this report will be soon available. For further 
information refer to section 1.4 on previous studies. 
Within the HarmoniRiB project a conceptual model (database) is developed for storing river 
basin data which can record uncertainty and can subsequently be used for extracting data for 
modelling studies. The aim of the present report is to show how taking in account the 
uncertainty in modelling could influence management decisions. 
A metadata description is provided for the data uploaded to the database system for the 
Candelaro river basin and the uncertainties connected to these data. 

1.2.2 Brief description of problems 
The Tavoliere delle Puglie, partially located in the Candelaro basin is threatened with 
desertification. A dramatic drop, sometimes ranging from 15m to 20m (Polemio and Dragone, 
1999), in the mean annual groundwater level during the last 20 years of the last century, 
reduced the available water due to uncontrolled use and created tension amongst the users. 
The groundwater level dropdown started with the introduction of pumping of groundwater 
resources for drip-irrigation of the main crops: grapes and vegetables. Following that, 
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pumping became uncontrolled with farmers making an unknown number of unregistered 
wells. Illegal use of groundwater water is difficult to be policed. 
Presently, it is common practice for most municipalities not to share the water amongst them, 
even if they belong to the same basin. An allegedly oversized dam has been constructed and is 
currently filled up, aiming to fulfil the irrigation water needs in the basin. These methods of 
management lay far from being characterised as effective but are currently common practice. 
There are also concerns on the water quality, but these are beyond the scope of this study. 

1.3 Objectives  
The main objective of the study is to establish an effective policy for decreasing groundwater 
abstraction and losses in order to reach the Good Ecological Status (GES) in the Candelaro 
catchment. The Water Framework Directive (WFD) requires reaching such status 
simultaneously for all catchment aspects (morphology of surface water, chemical status of 
ground water, biological status of surface water etc.), nevertheless, this case study mainly 
focuses on quantitative aspects. From a qualitative standpoint, even recognizing that the most 
important problem comes from diffuse pollution due agricultural practices, data and 
information available need to be increased to improve the comprehension of such phenomena 
and establish effective strategies for reducing diffuse pollution. 
 

 
Figure 1-2: Map of the investigated area showing the position of monitoring points. Legend: a) wells for 

piezometric head measurements; b) wells for piezometric head measurements and water sampling; c) zone 1; d) 
zone 2; e) zone 3; f) zone 4. 

 
A water balance model was applied for a detailed assessment of the groundwater level even 
considering its connection with surface water, abstractions, natural recharge and irrigation. 
The model allows different scenarios of water use patterns to be assessed, with respect to their 
impact on the water availability within the catchment. 
Nevertheless, since the inputs of any environmental model are uncertain, predictions are also 
uncertain, as uncertainties propagate through a model. Other sources of uncertainty in model 
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predictions include the structure, parameters and solution methods used. Together, these 
uncertainties can adversely affect policy or management decisions because the accuracy and 
precision of the model predictions is insufficient or poorly quantified. The present case study 
report describes the effects of parameter and modelling uncertainty on the water resources 
management practices on Candelaro river basin, which is located in the northern part of the 
Apulian Region (South Italy) and focuses in understanding the role of uncertainty, by 
applying uncertainty methodologies through the actual water budget estimation.  

1.4 Relevance for Water Framework Directive Implementation  
The Water Framework Directive requires that all bodies should be reached GES by 2015. For 
the water bodies which have been identified ‘on risk’, measures should be put in place in 
order that GES will be achieved in the future through River Basin Management Plans.  
The Water Resources Protection Plan (Piano di Tutela delle Acque), a regional management 
plan, has been carried out and adopted by the Regional Administration since 2005 to support 
the WFD implementation. This plan was based on a number of studies on the main Regional 
water resources. 

1.5 Reading guide 
The Case Study report is divided in five chapters. Chapter 1 provides an introduction to the 
HarmoniRiB project. It also includes a summary description of the geographical area and the 
problems of the case study area and presents the objectives of the study and the relevance 
with the WFD. Chapter 2 presents a detailed description of the Candelaro basin including data 
availability and data uncertainties. It also provides an overview of the models used in the case 
study. A physical impact analysis of the possible measure is explained in Chapter 3. Starting 
from the conceptualisation of the analysis, the effects of uncertainty on data and models are 
illustrated. This is followed by a prediction of the effect of alternative agricultural scenario on 
the groundwater level. HarmoniRiB products are being evaluated in relation to the present 
case study in Chapter 4 and finally, Chapter 5 presents the conclusions of this report. 
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2 The Candelaro basin 

2.1 General overview 

2.1.1 General 
Candelaro catchment (almost 2000 km²) is mainly located on the typical geomorphologic 
environment of the Apulian plain.  
The Tavoliere di Puglia, located in the northern part of the Apulian region, is the largest 
alluvial plain in southern Italy. It is delimited by the Apennine Chain and the Mesozoic 
carbonate platform (Apulian foreland) that crops out of the Gargano Promontory and Murgia 
Plateau. The Tavoliere is characterized by a calcareous and calcareous-dolomitic framework 
dislocated by faults which produce graben-type morphology. The Plio-Pleistocene basin-
filling sediments (Bradanic cycle), essentially consist of clays (indicated with the generic term 
of “ grey-blue clays”), interembedded with thin sandy and silty-sandy lenses, which evolve to 
sand, sandy gravel and gravel in the upper part of sequence. The regressive sequence is 
overlaid by quaternary deposits referring to different marine sedimentary cycles and 
continental alluvial phases (Caldara & Pennetta, 1993). More specifically, different units can 
be distinguished: Middle-Upper Pleistocene terraced marine deposits and terraced alluvial 
deposits, in the western part of the area; and Holocene-Pleistocene alluvial-plain deposits, in 
the eastern part (Maggiore et al., 2005). The geological setting described above provides 
conditions for groundwater circulation inside the quaternary alluvial and marine deposits 
(shallow porous aquifer) and, at greater depths, inside the thin sandy lenses interembedded 
with grey-blue clays (deep porous aquifer) as well as inside the carbonate framework (deep 
karst-fractured aquifer) (Maggiore et al., 1996). The shallow porous aquifer, whose thickness 
increases proceeding towards the coast, consists of a complicated alternation of soils having 
different relative permeabilities: sand and gravel (aquifer) with interembedded clay silts and 
subordinately sandy silts (aquitard). The result is a multi-layered aquifer-aquitard system. 
Nevertheless, the different aquifer levels are hydraulically connected and form a wide, single 
groundwater system. Generally, the more permeable layers prevail in the upper part of the 
plain (recharge zones), where groundwater occurs under phreatic conditions, while the less 
permeable layers prevail in the lower part of plain towards the sea. Here the aquifer becomes 
locally confined and groundwater occurs under pressure conditions (Cotecchia, 1956). The 
aquifer is recharged principally by rain, though a secondary source is represented by the 
streams crossing the plain of the Tavoliere (Colacicco, 1953; Cotecchia, 1956; Maggiore et 
al., 1996). Due to its size, the area investigated has been divided into four zones (Figure 1-2), 
shown in: 
♦ zone 1, corresponding to the terraced marine deposits; 
♦ zone 2, corresponding to the terraced alluvial deposits; 
♦ zone 3, corresponding to the northern part of the alluvial-plain, between the river Fortore 

and the Vulgano stream; 
♦ zone 4, corresponding to the southern part of the alluvial-plain, between the Vulgano and 

Cervaro streams. 
The main economic activity is agriculture, and the irrigated area has been increasing year by 
year because of the widespread conversion from traditional extensive grain farming to a 
highly water demanding horticultural farming. This process led to a massive use of water 
coming from as aquifers as surface water body.  
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2.1.2 Description of problems 

2.1.2.1 General 
Broadly speaking, the problems in the catchment relate to: 
- a water shortage with reference to the needs;  
- a hydrographic frame (is frame the right term?) characterized by a torrential regime, with 

very small or zero discharges during the summer (temporary rivers) This problem is very 
important with regard to the application of the WFD, which neglects such hydrological 
conditions; 

- the rainfall rate decreased of about 30% during the last 40 years; this produced a 
progressive increase of the areas under risk of desertification; 

- the phenomenon of pollution is not particularly worrisome, but special care must be 
addressed to: 

o nutrients produced by intensive agricultural practices in the area (diffuse 
pollution), 

o physical and chemical changes of the soils, and in particular to the reduction of 
organic matter (risk of desertification), 

o microbiological risk for water. 
Consequently, within the basin there are areas which are : 
- influenced by a typical Mediterranean climate; 
- characterized by scarcity of water resources; 
- subject to intensive agricultural exploitation. 

2.1.2.2 Description of problem 
The WFD established a framework for the protection of groundwater, which promotes 
‘‘sustainable water use based on a long-term protection of available water resources’’. 
Furthermore, Member States are required to ‘‘ensure a balance between abstraction and 
recharge of groundwater’’, with the aim of achieving good groundwater quality and quantity 
within at most 15 years.  
From a quantitative point of view, an assessment of piezometric head variations, that is to say 
the difference between the measured values in the two years referred to the average sea level 
(a.s.l.), was carried out, comparing the piezometric measurements made in 2002 and those 
made in 1987. A significant and general decreasing of piezometric surface resulted, and some 
of the monitoring wells become dried. The main causes of the assessed quantitative 
degradation lie on the increasing water demand and a long drought period, which lasted for 
several years before the monitoring activity of 2002. Figure 1-2 shows the piezometric head 
variations from 1987 to 2002 and from 2002 to 2003.  
With regard to the first period 1987–2002 (Figure 2-1a), it results that in zones 1 and 2, the 
variations were smaller than those in the remaining two. Concerning zone 2, this can be 
partially explained by the great permeability and the limited extension of the water-bearing 
layers that are therefore recharged in a short time. It can also due to a highest rain 
contribution, since in this area, located on the edge of the Apennine Mountains, the average 
rainfall rate is more abundant and frequent than the rest of the study area. Conversely, with 
regard to zone 1, the difference is probably due to a smaller water requirement for irrigation 
(De Girolamo et al., 2002). The difference between the measured piezometric levels in the 
two observation periods is more evident for zones 3 and 4, where the drop was greater, as 
shown by the median values in Figure 2-1. Over-exploitation of groundwater, mainly due to a 
large extension of irrigated areas in these zones, is one of the most likely causes. 
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Figure 2-1: Box-plot showing the piezometric head variations between (a) 2002 measurements and 1987 

measurements; (b) 2003 measurements and 2002 measurements.  
 
In accordance with the statements of DLgs 152/99, groundwater quality (chemical state) has 
been classified in five classes. Attributing a quality class was based on the worst 
concentration value among seven measured chemical base parameters. Water samples were 
taken in 46 wells in 2002 and 40 wells in 2003. A consistent presence of ammonium and 
nitrates was found, probably caused by sewage pollution (when related to significant values of 
organic carbon and nitrogen) or agricultural pollution. In the study case, ammonium was 
found in a few monitoring wells and the values, though elevated, were not generally 
confirmed in the second monitoring phase; this evidence allows us to explain such an 
observation as a local and instantaneous phenomenon. On the contrary, extremely variable 
values of nitrate concentrations were found in all the analysed samples, which, in nearly 50% 
of cases, exceeded the maximum acceptable value of 50 mg/L stated by DLgs 152/99. 
Organic nitrogen and carbon associated to nitrates, when found, were relatively negligible. 
Concluding, nitrate pollution in groundwater can be reasonably accounted for the use of 
nitrogen-based fertilisers in local agriculture, rather than municipal wastewater discharge. 
Studies carried out so far with regard quantitative and qualitative degradation of the shallow 
porous aquifer of the Tavoliere, highlighted a poor groundwater state. In fact, a significant 
and general decreasing of the piezometric head in the monitoring wells was observed even 
revealing that some well got dry from 1987 to 2002. On the contrary, concerning the period 
2002-2003, a general rising of the piezometric head was observed as a result of an 
exceptionally rainy period. The hydro-structural set up of the shallow porous aquifer was also 
defined in general lines, recognizing low groundwater levels in the South-East area 
characterized by the slowest recharge. Groundwater availability in the Candelaro and 
Tavoliere basins has been assessed even using suitable water balance models (Portoghese et 
al., 2005). The WFD demands to reach simultaneously the good status for all the parameters 
(surface water morphology, groundwater chemical status, biological status of surface water 
etc.). On the basis of what experienced in the previous studies related to the area of Candelaro 
and Tavoliere, seems that important correction on agricultural practices in these area need to 
be accomplished, mainly aimed to shorten water requirements and consumption. 
The implementation of the WFD in Italy has not been completed so far, but the DLgs 152/99 
compels Regional Environmental Authorities to develop the Water Protection Plans where a 
programme of managerial measures is defined to reach the WFD targets. Various measures 
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for reducing groundwater overexploitation in the Candelaro basin have been discussed with 
Regional Authorities and have been used as work basis for this case study. 

2.1.2.3 Preliminary list of potential measures 
As stated above, a primary objective to restore a good ecological status of the groundwater 
system consists in re-establishing groundwater equilibrium from a quantitative standpoint. An 
obvious solution to this problem consists in reducing withdrawals from the aquifer. 
Unfortunately, such a measure would have serious impacts on the socio-economical structure 
of the interested area; in particular, agriculture strongly depends on water availability. So that, 
suitable strategies, matching with the socio-economic factors of the area, have to be chosen in 
order to safeguard this economical sector. Different climate and managerial scenarios have 
been simulated in order to evaluate them with regard to the aimed reduction of abstractions 
within the catchment and, in general, to increase the volume of water availability. 
Reduction of water needs can be carried out by: 

• modifying crop types over the area moving to crops characterized by a lower water 
demand;  

• reducing agricultural areas;  
• reducing loss of water in the water distribution network; 

On the other side, an increment of the water availability can be reached by: 
• reusing water,  
• building new water reservoirs ,dams and advection/distribution networks. 

The case study is actually based only on the first listed measure. 

2.2 Data availability overview 
Most data was provided to IRSA in the form of hardcopy entry books where observers note 
observations in roughly fixed time intervals. Observation time intervals vary according to the 
observed variable as well as the punctuality and fidelity of the observer. Observers in our case 
are mainly experienced technical personnel and in some case assigned farmers. 
Data includes weather, groundwater and other parameters as described in Appendix E6 of the 
Description of Work document (Refsgaard and Nilsson, 2003). Depending on the data provider 
the data refers to the time interval 1970–2001 and 1997–2000. There is also data that dating 
back to 1950. The authority in charge of a large part of data collection and archiving is the 
Hydrographic and Mareographic Office of the Apulia Region. Another part is collected by the 
Irrigation Consortium of Capitanata, a private consortium located in the area of the Candelaro 
basin which is the End User of the Candelaro case study. Access to the spatial information has 
been granted to IRSA by the Regional authority of Apulia for the needs of the HarmoniRiB 
project. This spatial data has resulted from an earlier study commissioned by the Region. 
Table 2-1 and reports general information on meteorological and hydrological variables. 
 
Table 2-1: General information on meteorological data (Data Provider A= Hydrographic and Mareographic 
Office of the Apulia Region, data provider B= Irrigation Consortium of Capitanata  
Variable Number of 

Stations 
Time resolution Period of time 

series 
Data Provider 

16 Day (total) 1970-2001 A Precipitation 
11 Day (total) 1997-2000 B 
6 Month (min, max) 1950-1996 A Temperature 

11 Day (min, mean, 
max) 

1997-2000 B 

Relative Humidity 2 Day (min, mean, 
max) 

1997-1999 A 
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11 Day (min, mean, 
max) 

1997-2000 B 

Wind speed 11 Day 1997-2000 B 
Wind direction 11 Day 1997-2000 B 
Atmospheric 
pressure 

1 Day 
 

1997-1999 A 

Solar radiation 11 Day 1997-2000 B 
Evaporation 
potential 

11 Day 1997-2000 B 

 
According to Van Loon et. al., the classification of uncertainty related to the meteorological 
measurements can be seen in Table 2-3. Summarizing, all meteorological data was classified 
as P1, D1 and M1. Also, depending on the various conditions taking place at each station, the 
adequacy of technical devices and funding etc, the uncertainty depending on the instruments, 
sampling and overall method (indices I, S, O) were estimated to be between classes 1 and 3 
with most measurements classifying as 2. 
 
Table 2-2: General information on hydrological data (Data Provider A= Hydrographic and Mareographic Office 
of the Apulia Region 
Variable Number of 

Stations 
Time resolution Period of time 

series 
Data Provider 

River flow 9 Day 1956-1995 A 
DEM - - - - 
 
Table 2-3: Uncertainty in meteorological measurements 
Uncertainty type Description Classification 
Positional Uncertainty Single point P1 
Attribute Uncertainty Varies in time and in space D1 
Empirical Uncertainty Probability distribution or bounds M1 
Methodological Quality Description Classification 
Instrument quality Instrument well suited for the field situation and mostly 

calibrated 
I3 

Sampling strategy Mostly historical field data, mostly uncontrolled or just 
small samples 

S2 

Overall method Reliable or acceptable method depending on the station O2 or O3 
depending on the 
station 

 
Finally a summary of uncertainty sources and their types in meteorological and hydrological 
variables are given in Table 2-5 and Table 2-6 respectively. 
 
Table 2-4: Data categories for guiding the application of uncertainty models 

Attribute scale Space-time 
variability Continuous 

numerical 
Discrete 

numerical Categorical Narrative 

Constant in 
space and time A1 A2 A3 

Varies in time, 
not in space B1 B2 B3 

Varies in space, 
not in time C1 C2 C3 

Varies in space 
and time D1 D2 D3 

4 
 

 

10 



Table 2-5: Summary of uncertainty sources and their types in meteorological variables 
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PDF parameters 

Precipitation. 1 day D1 M1 I3, S2, O3 L2 GAUSS μ = x, σ = 10% 

Temperature 1 day 
1 month D1 M1 I3, S2, O3 L2 GAUSS μ = x, σ = 0.015°C 

Relative humidity 1 day D1 M1 I3, S2, O3 L2 GAUSS μ = x, σ = 3% 

Wind speed 1 day D1 M1 I3, S2, O3 L2 GAUSS μ = x, σ = 5% 

Solar radiation 1 day D1 M1 I3, S2, O3 L2 GAUSS μ = x, σ = 4% 

Evaporation Potential 1 day D1 M1   GAUSS μ = x, σ = 10% 

 
Table 2-6: Summary of uncertainty sources and their types in hydrological variables 
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PDF parameters 

River flow 1 day D1 M1 I3, S2, O3 L2 GAUSS μ = x, σ = 10% 

DEM - C1 M1 I3, S2, O3 L2 - − 

 

2.3 Model use overview 
The model that is applied under uncertainty in this study, calculates a groundwater balance by 
means of a classical mass-balance model. To take into account the spatial variability of 
climate and landscape features it has been chosen a distributed approach. The model is 
implemented on a GIS platform. Apart the groundwater balance, the model is able to evaluate, 
as secondary output, the agricultural water demand under different climatic and management 
scenarios. 

2.4 Uncertainty issues overview 
The model of the water balance consists of an algebraic expression involving a set of physical 
variables and constants. The values of all the quantities involved are intrinsically very 
uncertain because they are often measured in a very indirect way. In spite of that the 
evaluation of the groundwater recharge did not account for uncertainties. The main reason is 
that the value expressed by the model has to be considered an order of magnitude useful for 
the technicians to assess the stress level of the groundwater system and not an accurate value 
of recharge. So, this is the very first time that the model uncertainty is evaluated. 
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3 Physical Impact analysis 
Recharge through both the saturated and unsaturated soil is controlled by topographic, 
geologic, vegetation and climatic factors. The surface hydrologic fluxes (evaporation and run-
off) are enhanced in the areas surrounding the drainage network (Kim et al., 1999), which 
represent the wetter portion of catchments. Elsewhere, smoothed or flat topography 
corresponds to negligible runoff and enhanced rainfall infiltration. Therefore, variable 
infiltration capacity over complex landscapes results in a variable depth of the water table 
(Izbicki, 2002). Our study was aimed at developing tools for groundwater balance estimation 
in arid and semi-arid environments, particularly in flat landscapes in which hydrologic fluxes 
through the soil surface and the unsaturated zone are mostly vertical, and the water table has 
negligible interaction with the surface water bodies (limited to the drainage network itself). In 
fact, in such environments, the water table usually lies far below the soil surface and the 
regional groundwater flow, if any, is sustained by the hydraulic gradient between the aquifer 
and the final receptor (corresponding to sea or lake shoreline). Only during local and episodic 
flood events the interaction between groundwater and drainage network might be extended 
beyond the drainage network. From a physical point of view, the hydrogeological water 
balance evaluates the water volume in the aquifer according to the following steps: 
(a) indirect estimation of groundwater recharge, 
(b) evaluation of groundwater withdrawals for agricultural, drinking and industrial uses 
through indirect estimation or data collection, 
(c) estimation of aquifer inflow and outflow rates related to the surrounding water bodies. 
According to the drainage mechanism described above, rainfall infiltration perching below the 
vegetation root depth is considered to take part in the aquifer recharge, even if with a time 
delay as a result of percolation through the unsaturated zone. Hence, aquifer recharge as a 
whole is evaluated as the element-by-element sum of the downward output from the soil 
water balance model over the aquifer domain. 
Neglecting time delays in recharge due to percolation through the unsaturated zone would 
affect any attempt to model within-year water table fluctuation, but could be a reasonable 
assumption for aquifer water balance on a yearly basis. Because of the variability in space of 
properties and parameters describing the hydrological processes, we applied the soil water 
balance model with a fully distributed approach (Bras, 1999). The calculation was based on a 
simple single bucket water balance model in which the parameters were estimated a priori 
from available data, thus eliminating the dependence upon calibration. The model was used to 
observe and predict annual and intra-annual soil water balance behaviour and variability 
(Farmer et al., 2003). Although the surface infiltration process requires a distributed approach, 
it is also true that water resources management usually deals with lumped information 
especially in the case when flow and accumulation values are affected by uncertainty. For 
these reasons, the groundwater balance model was developed as a two step model, in which a 
distributed approach was used for the soil water balance while the aquifer water balance was 
based on a lumped approach covering the entire aquifer, thus providing useful results for 
management applications. Implementing the proposed methodology has provided significant 
insights into the relative influence of local climate and landscape characteristics, including 
their temporal and spatial variability. To estimate groundwater recharge, the whole surface–
subsurface system was considered as two connected subsystems. Each was modelled 
separately (soil water balance and groundwater balance), allowing the possibility of water 
exchange from soil to groundwater (infiltration below the root zone) and from groundwater to 
soil (irrigation supplied by groundwater withdrawals). The soil water balance was represented 
by the following equation: 
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in which P is the total rainfall (L/T), E is the actual evapotranspiration (L/T), R is the surface 
runoff (L/T), Rss is the sub-surface runoff (L/T), N is the natural recharge given by the vertical 
infiltration below the root zone (L/T), I is the irrigation water both from surface and 
groundwater resources (L/T) and dw/dt is the variation over time in soil moisture content 
(L/T). The application of the soil water balance model with a distributed approach was made 
possible by the availability of a considerable quantity of climate and landscape data for the 
test case. The calculation was performed with a 1km2 cell size grid. The monthly time step 
was considered for the hydrologic modelling with the rainfall contribution equally distributed 
during the entire month (Thornthwaite, 1948). As the methodology was developed for a semi-
arid climate the delayed contribution from snowmelt was neglected. In order to apply the 
model, knowledge of the total monthly rainfall and the evapotranspiration rates over the 
simulated watershed is required. In this work geostatistic techniques were applied to infer 
values at locations where samples were not collected using nearby recorded values. This 
process produced reliable grid data sets, which were suitable for the application of a 
distributed model. As meteorological data show typical deterministic trends across the area, 
the universal kriging technique was used. Modelling spatial dependence in sampled data was 
necessary before kriging and it was accomplished with experimental variograms (Isaaks and 
Srivastava, 1989). The separation of total monthly rainfall into net infiltrating rainfall and 
surface runoff was obtained adopting a model developed by the US Department of 
Agriculture—Soil Conservation Service based on the Curve Number approach (USS oil 
Conservation Service, 1972, Chapter 10, Section 4). The runoff generation model was based 
on the concept of effective contributing source area (Dunne and Black, 1970). The effective 
contributing source areas were determined through the definition of an average contributing 
hill slope length across the river network and along shorelines. The hill slope length (from 
both sides of the streams) ranged from 1 to 2km according to geologic and morphologic 
information (Montgomery and Dietrich, 1989) and was defined within the model as a runoff 
contributing zone across the drainage network. This method allowed the separation of 
portions of territory with negligible runoff contribution from effective contributing areas (see 
application for details). In the runoff contributing areas the separation of total rainfall into 
surface runoff and net infiltration was operated before calculating the soil water balance. The 
infiltration below the root zone was then further partitioned into recharge and hypodermic 
runoff according to the geologic permeability at the bottom of the soil layer. Runoff non 
contributing areas, in which total rainfall equals net rainfall infiltration, are characterised by 
the highest potential recharge rates. The actual evapotranspiration E is the other main factor 
representing the atmospheric role in water cycle dynamics. It is defined as the water flux to 
the atmosphere through soil evaporation and plant transpiration and it is usually determined 
through the potential evapotranspiration (evapotranspiration referred to a standard reference 
crop in no-water-stress conditions), using correction factors accounting for the particular 
vegetation, the current soil water availability and phenologic phase (Allen et al., 1998; 
Doorembos and Pruitt,1975).The potential evapotranspiration rates were evaluated in each 
climate gauge station with the Penman–Monteith equation and then interpolated using 
universal kriging. The actual evapotranspiration maps for each month of the year were 
obtained using the monthly crop coefficients derived from land agricultural use maps (Joint 
Research Centre, 1985). Furthermore, in order to take into account the effect of the current 
soil water content on the actual evapotranspiration, a soil water extraction function was 
introduced. The equation used for the actual evapotranspiration rate was written for each 
month in the following form (Reed et al., 1997): in which Et0 is the potential 
evapotranspiration (L), Kc is the monthly crop coefficient (dimensionless), fi is the soil water 
extraction function (dimensionless), calculated for each month as the ratio between the current 
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soil water content (ranging between field capacity W and wilting point Wwp) and the field 
capacity, according to Mintz and Walker (1993) equation. The distributed application of the 
soil water balance equation required the availability of digital soil maps with soil hydrologic 
properties. Once all the input data were defined, the model executed a cascade of queries and 
algorithms as displayed in the flowchart for a 2 generic 1km cell element of the calculation 
grid, presented in Figure 3-1 (De Girolamo et al., 2001). 

3.1 Purpose & conditions 
One of the main objectives of this case study is to test the reliability of the value of monthly 
groundwater recharge by assessing the related uncertainty. The natural method to estimate the 
uncertainty is through a simulation process. Two of the quantities involved in the evaluation 
of the groundwater recharge can be derived from the sampled data contained in the 
HarmoniRiB database: the mean monthly total rainfall and the mean monthly actual 
evapotranspiration. Some conditions are imposed only with the aim of simplifying the overall 
calculation but they are able to highlight the transition of the uncertainty from the input to the 
output of the model. 
The conditions are the following: 

- The value of groundwater recharge estimated is related to the average year estimated 
for the measured values of the period 1961-1990 and the predicted values of the period 
1991-2015; 

- We will consider only the uncertainty, derived from the instrumental precision, 
whereas the bias is completely neglected. 

- All the remaining groundwater balance terms taken into account by the model, are 
considered “certain”. 

3.2 Layout of the section 
Models: the simulation model used is the classical Monte Carlo method. First, values of 
the mean monthly total rainfall and actual evapotranspiration with the associated 
uncertainties, have been obtained processing the daily data contained in the HarmoniRiB 
database. Successively, a set of 200 realizations have been generated. The results obtained 
become the input of the groundwater recharge model providing a set of results that gives 
place to an empirical distribution (histogram) from which it is possible to derive a value of 
uncertainty. 
Uncertainties: the mean monthly total rainfall data uncertainty has been assessed 
applying the Central Limit Theorem to daily total rainfall data uncertainty parameters. 

3.3 Model setup 

3.3.1 Description of models, inputs, and linkages 
The model (Portoghese et al., 2003) provides quick estimations of runoff and recharge depths 
and groundwater withdrawals for irrigation demands, avoiding the hydrogeological 
parameterisation required by groundwater flow models. It evaluates the hydrogeological water 
balance through a mass-balance approach applied to surface and subsurface systems. The tool 
is targeted to managers responsible for groundwater resources planning in water shortage 
conditions.  
The natural groundwater recharge is evaluated through the application of the soil water 
balance equation, evaluated as the difference between the inflows (rainfall, irrigation) and the 
outflows (plants evapotranspiration, surface runoff). To account for the spatial variability of 
climate and landscape features the soil water balance equation is applied with a distributed 
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approach. In order to calculate the groundwater balance at watershed or at hydrogeological 
unit scale, a lumped approach is employed in which the withdrawals for agricultural uses are 
estimated.  
The model uses monthly time steps, which makes it suitable for long period calculation (say 
seasons or years), although such a large time step does not allow for estimation at storm event 
time-scale. Furthermore the monthly time step used in the hydrologic distributed model 
prevents from crucial hydrologic uncertainty connected to the spatial-temporal rainfall 
patterns, thus providing more reliable estimation of groundwater balance. 
Several examples in the literature show that regional and continental scale simulations can be 
performed based on simple lumped storage representations of water balance. From these 
studies (Reed et al., 1997; Milly and Dunne, 1994), it can be concluded that relatively simple 
approaches could be used to correctly evaluate the water balance, especially at large scales, 
provided they take into account the fundamental variables of precipitation, potential 
evapotranspiration (Allen et al.,1998) and soil storage capacity.  
 

Ri 
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RUNOFF NON-
CONTRIBUTING AREAS 
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Figure 3-1: Model data flow description. 

 
The input consists of the following data: 

• Monthly rainfall and potential evapotranspiration (raster maps); 
• Land use maps including the percentage of pervious/impervious surfaces (raster or 

polygon maps), vegetation maps including irrigation information and monthly crop 
coefficients,  

 15



 

• Kg is the geological coefficient of permeability (raster or polygon maps); 
• Kc (raster or polygon maps), soil maps including thickness information and soil 

hydrologic features (raster or polygon maps),  
• Effective contributing source area maps (raster or polygon maps),  
• Inflows and outflows from water bodies surrounding the area of interest (annual total 

values referred to the entire aquifer domain). 
The output variables saved as numerical grids are: 

• Soil water balance,  
• Runoff,  
• Irrigation water demand, 
• Soil moisture maps (saved in the monthly mode).  

3.4 Calibration / Validation 
A number of steps is needed to get the uncertainty of the variables contained in the 
groundwater balance model.  
We extract from the HarmoniRiB database the daily total rainfall and evapotranspiration time 
series; each term of that time series has to be considered a random variable with its own 
probability distribution and related parameters. In particular, we state that each term of the 
daily time series has a gaussian probability distribution with central value equal to the 
observed value and standard deviation (uncertainty) equal to 10% of the observed value as 
derived from the metadata associated to the variable and taking into account for the 
wind-induced error, in simple notation: 

( , 0.1ijz ijz ijz )N m xσ =  
Where i=day of the month, j= month in the year; z= year (obviously  corresponds to the 
observed rainfall value at the monitored point) : 

ijzm

Daily data were not used for simulation for two main reasons: 
• The actual values requested by the model are average monthly values; 
• Simulating daily values means to manage a too huge quantity of data, depending on 

the length of the data series, the number of monitoring stations and, finally, the 
number of simulations. Using only the 12 average areal monthly values on the area is 
surely more feasible and it is possible to increase the number of simulations. 

The next simple step to carry out is to transform by means of an upscaling process the daily 
total time series in monthly total time series, intuitively, the total monthly rainfall is the sum 
of the every daily total rainfall so this will be the central value of the new random variable, to 
evaluate the associated uncertainty, it will be derived from the uncertainties of the daily total 
rainfall according to the standard error analysis procedures. 
In more rigorous terms, it needs to assess the probability distribution of the uncertainty 
associated to each term of this new time series, fortunately, there are theorems about the sums 
of gaussian random variables assuring us that the probability distribution of the upscaled time 
series is still gaussian with the following parameters: 

- the central value is jz ijz
i

m = ∑m  for j,z fixed representing the current month and 

year;the standard deviation is: 2
jz ijz

i
σ σ= ∑  for j, z fixed representing the current 

month and year (Taylor, 1982). 
The standard deviation formula does not contain covariance terms because the statistical 
analysis of the daily data shows a negligible daily autocorrelation. 
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The next step is to evaluate the uncertainty related to the mean monthly total time series, 
again we can say that the probability distribution is gaussian (based on the central limit 
theorem), so that, if N is the number of the years of data available, the parameters come from 
the following relations: 

- the central value is 
jz

z
j

m
m

N
=

∑
 for j fixed representing the current month; 

- the standard deviation is: 

2
jz

z
j N

σ
σ =

∑
 for j fixed representing the current month. 

It is possible to obtain the mean monthly potential evapotranspiration following the same 
procedure described for rainfall. The advantage in using the potential evapotranspiration stays 
in the fact that it is practically uncorrelated with the rainfall. 
Starting from the distribution parameters it is possible to generate a set of realizations, whose 
mean and standard deviation obey to the given distribution, by means of suitable software. In 
the concerning case the number of simulation is 200.  
The uncertainty associated to the physical and geological parameters and to the raster maps 
present in the model is actually neglected as .the source of that data gave us no information 
about the associated uncertainty and metadata. 
The core of the groundwater balance model is the following algebraic expression: 

_ i i i i iTot Rech Pn Etr Run Src Wtdrwl= − − − − i  
that is to say that the total surplus (deficit) of the groundwater system in the average month, is 
given by the monthly rainfall subtracting the monthly potential evapotranspiration, surface 
runoff, sea spring outlets and, finally, withdrawals. 
 
If the result of the above algebraic expression is positive, it represents the actual groundwater 
recharge volume otherwise, it represents the deficit of water suffered by the system. 
A set of realizations of rainfall and evapotranspiration values were provided to the model of 
groundwater total recharge, whose simulations provided a set of realizations of monthly water 
surplus/deficit. From these realizations we evaluated the monthly means and standard 
deviations. 

3.5 Effects of uncertainty 
The uncertainty associated to the average monthly value of the estimated soil water balance 
over the period from 1961 to 1990 is shown in Figure 3-2. In particular, it is noteworthy that 
uncertainty values significantly increase during summer when the natural recharge rate 
decreases. 
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Figure 3-2: Representation of the soil water balance for the Period 1961 -1990 calculated in millions m3. The 
coloured band represents the uncertainty around the central value. 
 
In percent, the uncertainty values range from about 16% in December to 90% in August 
while, in absolute terms, as clearly shown in the figure, uncertainty is larger in June. The 
average annual value of natural groundwater Recharge is 341 Mm3 with an associated 
uncertainty of about 40%. 

3.6 Climate changes in the Mediterranean Region 
The Mediterranean region is defined as countries bordering the Mediterranean Sea (plus 
Portugal) between about 27° to 47°N and 10°W to 37°E. The Mediterranean, which literally 
means the “sea between lands”, offers favourable environmental conditions, such as climate, 
biological diversity and natural resources. Since earliest times, different people from faraway 
lands have chosen its shores to settle and it is the birthplace of some of the oldest, most 
deeply rooted cultures and civilisations of our planet (Egyptian, Greek, Roman and Arab), and 
of three of the most influential global religions: Christianity, Islam and Judaism. 
The Mediterranean Sea is the largest of the semi-enclosed European seas. It is surrounded by 
18 countries and has shores on three continents (Europe, Africa and Asia) with a combined 
population of 129 million people in the catchment draining into sea, and sharing a coastline of 
46 000 km. It is one of the leading tourist areas in the world, hosting 100 million visitors 
every year. This influx of people increases the waste discharges from domestic and industrial 
sources. 
The Mediterranean Sea has an average depth of 1.5 km, though more than 20 per cent of the 
total area is covered by water less than 200 m deep. The sea consists of two major basins, the 
eastern and the western. There are also smaller regional seas within the Mediterranean: the 
Ligurian, Tyrrhenian, Adriatic and Aegean seas. It is linked to the Atlantic by the Strait of 
Gibraltar, with the Black Sea and Sea of Azov by the Dardanelles, the Sea of Marmara and 
the Bosporus, and with the Red Sea by the Suez Canal. The Mediterranean Sea is 
characterised by low precipitation, high evaporation, high salinity, low tidal action and 
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relatively low nutrient concentrations outside the inner coastal zone and parts of some 
regional seas.  
The coasts of the northwestern Mediterranean are the most affected by pollution because of 
the concentration of urban populations, industrial activities and discharges of major rivers 
including the Ebro and the Rhone. The Adriatic receives the discharge of the River Po. The 
North African coast, in contrast, is for most part arid with little urbanisation or 
industrialisation. Pressures on the marine environment therefore vary widely depending on the 
local or regional situation.  
The Mediterranean is also a sea of communication and trade, as well as cradle of democracy, 
the welfare state and the most important periods of freedom that humanity has ever enjoyed. 
Its climate is characterised by mild, wet winters and hot, dry summers. Speciality crops of the 
region include olives, citrus fruits, grapes, and cork. However, tourism is a major source of 
income for many of the countries bordering the Mediterranean. 
The region includes the Northern countries such as: Albania, Bosnia-Hergovina, Croatia, 
France, Greece, Italy, Malta, Monaco, Serbia-Montenegro, Slovenia, Spain; and the South-
Eastern Countries such as: Algeria, Cyprus, Egypt, Israel, Lebanon, Morocco, Libya, 
Palestinian Authority, Syria, Tunisia, and Turkey. 
The countries of the Mediterranean region cover 8,759 million km2 and presently hold 427 
million people. The population of the northern-rim nations will grow from 192 million in 
2000 to 196 million in 2025; the population of the southern- and eastern-rim nations will 
grow from 235 million to 327 million.  

3.6.1 Climatic Changes 
The climate change issue has emerged as the major environmental challenge. The current and 
future levels of energy use from burning of fossil fuels and clearing of forests for cultivation 
can have profound effects on the global environment, and on key economic sectors in the 
present century. Global warming presents a challenge to understand what is at stake and to 
manage future development in a sustainable way. 
Several Global Circulation Models (GCMs) have been developed by atmospheric scientists in 
various research groups and have been used to project the effects of greenhouse gas increases.  
The main problem faced when using GCMs is the spatial resolution, which is too coarse 
(about 5°x5°) to work out impacts analysis at a regional scale, especially over such complex 
areas as the Mediterranean region. As a consequence, downscaling techniques have to be 
applied to GCM results in order to get higher resolution results. This can be achieved using a 
statistical model based upon regression techniques. 
Results from these simulations show a mean global warming in the range of 1.5 to 4.5°C by 
the end of the next century. When the effects of sulphate aerosols are included in the 
projections, the best estimate for 2100 is a temperature increase in the range of 1.0 to 3.5°C. 
These projections are somewhat cooler since sulphate aerosols from industrial pollution tend 
to cool the earth’s atmosphere. GCMs also predict that an increase in mean global 
precipitation ranging from about 5 to 15%. GCMs further predict that:  

• The high latitudes are likely to experience greater warming than the global mean and 
warming, especially in winter.  

• The hydrological cycle is likely to intensify, bringing more floods and more droughts. 
Sea-level rise is one of the major impacts projected under global warming. Other factors that 
are directly affected by climate include river flow, runoff, soil characteristics (including 
salinization), erosion and water quality.  
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3.6.1.1 Observed climatic changes in Mediterranean 
The analysis of the studies, which have dealt with the climatic changes in Mediterranean and 
especially in Italy, shows poor agreement even conflicts among the results. Even thought the 
observed trend of climatic elements could be attributed to human activities, the extent of the 
variations is such that probably falls in the range of the natural climatic variability. However, 
specific findings are summarised below: 

3.6.1.2 Temperature 
Detection of climate change on this scale is extremely difficult as the high variability in local 
climates masks trends in the 'noise' of natural fluctuations. Moreover, the short period of 
observations makes the identification of clear trends difficult and creates uncertainty over the 
scale of natural variability. The analysis of the surface air temperature averaged all over the 
basin, indicates an evolution similar to that one recorded either on the global or the 
hemispheric scale; namely a cooling during the period 1955-1975 and a strong warming 
during the 1980s and the first half of the 1990s. However, the east-west Mediterranean 
difference in air and sea surface temperature trends is distinctive. 
Sea surface temperature records for the Mediterranean region, especially the eastern 
Mediterranean, show a rapid cooling in 1970s while warming was resumed in the late 1970s. 
The cooling in the east of the region during the 1970s was much more marked than in the 
west. 
Most of the results of the studies concerning air temperature in Mediterranean agree that there 
has been a positive trend in west Mediterranean and a negative trend in east Mediterranean for 
the periods 1950-1990 and 1975-1990. Wintertime appears to contribute mostly in this 
observed cooling of the east Mediterranean. 
Air temperature in east Mediterranean presents a negative trend from the 1960s to the 
minimum of the 1970s; ever since the temperature is rising. The year 1999 was considerably 
warm for east Mediterranean with regard to the 1961-90 average, similarly to the global scale. 
This is due to the high summer and autumn temperatures. 
The mean temperature in the central-west Mediterranean for the 20th century shows an 
increase of about 0.8°C/100 year. 

3.6.1.3 Precipitation 
Since 1900, precipitation decreased by over 5% over much of the land bordering the 
Mediterranean Sea, with the exception of the stretch from Tunisia through to Libya where it 
increased slightly. 
In particular, a negative trend is likely to be present from early 1960s to 1990; ever since this 
trend is turning over. 
A general drying is evident over most of southeastern Mediterranean and Greece up to the 
early 1990s. However, it should be noticed the increased precipitation during the recent years. 
A precipitation decrease has been observed as well during the last 50 years in the central-west 
Mediterranean. 

3.6.2 Future changes of climatic parameters in Mediterranean 
Confidence in local and regional climate predictions, as in the case of Mediterranean and 
Greece, is lower due to the weakness of models in predicting the regional and local effects of 
climate change. Projections vary widely depending on the model and the test area. In order to 
estimate climatic changes on this scale, a better knowledge of many complex processes is 
required. 
Global temperatures are expected to increase about 0.2°C/decade and climb by between 1.7 
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and 4°C by the year 2100. A number of models indicate that precipitation will increase in mid 
and high latitudes, especially in winter, and decrease in subtropical zone. 
All model simulations for Europe agree that on the average the range of temperature rise is 
expected to be higher in North Europe in comparison to the Mediterranean areas. Despite that 
the prediction of the temperature change varies widely, most of the models suggest that the 
winter temperature will increase more over North Europe while in summer the increase will 
be higher over South Europe. Moreover, the winter temperature increase over North Europe 
will be higher than the increase in summer whereas the summer temperature increase over 
South Europe will be slightly higher than the increase in winter. 
Concerning precipitation, most of the models agree in winter increase over North Europe and 
give some indications for increase in summer precipitation. These results could be positively 
correlated with the observed general increase over North Europe in 20th century. On the 
contrary, all models suggest that the summer temperature over South Europe will be declined 
whereas there are only some indications for an increase in the summer precipitation. 
Models offer conflicting evidence over how climate may change on average over the 
Mediterranean region and particularly over Greece; thus it is very difficult to distinguish 
possible future climatic changes on this scale. All model simulations, however, have one 
common feature: temperature will increase considerably during the next decades. 
Specific findings are summarised below:  

3.6.2.1 Temperature 
Temperatures over Mediterranean may increase to as high as 3.5°C by the year 2050 
assuming a doubling of the CO2 concentration. The estimation of warming range over 
Mediterranean presents a considerably high variation (2.0 to 6.0°C by the year 2100). A lower 
temperature increase is expected over the sea and the coastal regions compared to the inland 
Mediterranean areas. The regions presenting the maximum temperature increase and 
sensibility are over the southern part of the Mediterranean. 

Summer temperature increase over Mediterranean is substantially higher than the one over 
North Europe. Concerning the seasonal differences, warming over Mediterranean in winter is 
of the same order (or it is slightly lower) with the corresponding warming in summer. 

3.6.2.2 Precipitation 
Most projections point to significantly less precipitation in summer over the region as a 
whole. On the contrary, several models suggest an overall increase in winter precipitation 
mainly over the north part of the Mediterranean region; this increase however is quite less 
than the one in North Europe. 

In general, the prospects for precipitation over the Mediterranean region in a warmer world 
are still highly uncertain due to the general weakness of general circulation models (GCMs) in 
predicting regional precipitation. Most models offer conflicting evidence over how 
precipitation may change on average over the Mediterranean region. A common feature, 
however, of many projections is that the increase of annual precipitation over much of the 
Mediterranean region north of 40 or 45° N is more likely, whereas to the south of this 
projections point to less precipitation. 

3.6.2.3 Extreme weather events 
Despite the uncertainties over exactly how climate variability and extremes will change in the 
Mediterranean region, the overall picture does suggest an increase in the frequency of extreme 
events and, in particular, of droughts in the western Mediterranean. In general, warmer 
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conditions over the Mediterranean region should lead to an increase in the occurrence of 
extremely high temperatures and a decrease in extremely low temperature events. In areas 
experiencing a general decrease in precipitation, droughts are likely to become more frequent 
as the probability of dry days and the length of dry spells increases. 
The climate system consists of a series of fluxes and transformations of energy (radiation, 
heat, and momentum), as well as transports and changes in the state of matter (e.g., air, water, 
and aerosols). Received solar radiation is the major energy source that powers the entire 
system. The flows and transports occur between and within the main components of the 
system: the atmosphere, oceans, land, biota, and cryosphere (the domain of ice and snow). 
The system varies regularly due to the shape of the earth’s orbit, its angle, and daily rotation, 
but also irregularly because the atmosphere and the oceans are both fluids subject to internal 
movements associated with random turbulence, as energy is transported and transformed 
through the climate system. These latter variations result in climate extremes. 
Climate is defined as the prevalent pattern of the weather observed over a prolonged period of 
time. Climate variables (e.g., temperature, precipitation, wind speed) can be time-average on a 
daily, monthly, yearly, or longer basis. Associated with the average states of climate variables 
are indications of their oscillations or variations about their mean values. The term climate 
change refers to an overall alteration of mean climate conditions, whereas climate variability 
refers to fluctuations about the mean. The changing climate will bring changes in climate 
variability, and may already be doing so. 
Through burning fossil fuels and eradication of forests, human activity has caused the carbon 
dioxide (CO2) concentration of the atmosphere to increase by some 25% since the industrial 
revolution, and that increase continues. Measurements made on Mauna Loa in Hawaii since 
1956 reveal the recent CO2 trend.  
CO2 plays an important role in inhibiting the escape of the heat radiated by the earth. The sun 
beams short-wave radiation to the earth, which sends long-wave radiation back to space. 
Greenhouse gases in the earth’s atmosphere (carbon dioxide, water vapour, methane, nitrous 
oxide, and the chlorofluorocarbons) absorb the outgoing radiation, thereby holding heat near 
our planet. This process occurs naturally: without the natural greenhouse effect, our planet 
would be near freezing. Instead, this process warms the earth to its current mean temperature 
of about 15°C. 

3.6.3 Climate Change and Agriculture 
While agriculture is a complex sector, the system is still dependent on climate, because heat, 
light, and water are the main drivers of crop growth. Plant diseases and pest infestations, as 
well as the supply of and demand for irrigation water are also dependent on climate. There is 
now concern that the effects of climate variability on food production and costs will be 
exacerbated due to global warming with its potential for affecting the climatic regimes of 
entire regions. Furthermore, such shifts in climate in different nations may have different 
effects on agricultural productivity and costs.  
World food production varies by several per cent from year to year, largely as a result of 
weather conditions such as the inter-annual climatic variability in the Mediterranean and 
Sahel regions. But agriculture in some regions is more sensitive than in others. Typically, 
sensitivity to weather is greatest firstly in developing countries, where technological buffering 
to droughts and floods is less advanced, and secondly in those regions where the main 
physical factors affecting production (soils, terrain and climate) are less suited to farming. A 
key task facing those concerned with conducting climate impact assessments is to identify 
those regions likely to be most vulnerable to climate change, so that impacts can be avoided 
(or at least reduced) through implementation of appropriate measures of adaptation. The key 
questions for vulnerability/adaptation assessment are likely to be:  
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• Will climate change significantly affect domestic agricultural production?  
• Will climate change cause food shortages and lead to an increase in hunger?  
• Will climate change threaten exports?  
• Will climate change affect key government policies such as agricultural pricing, 

support, research and development?  
• Will climate change increase food prices to consumers?  
• Will climate change, acting through agriculture, place greater stress on natural 

resources or contribute to environmental degradation (e.g., through land-use change, 
soil degradation, changes in water supply and water quality, pesticide use, etc.)? 

While for the national policy maker the primary questions are likely to include:  
• What components of the farming system are particularly vulnerable, and may thus 

require special attention?  
• Can the water/irrigation systems meet the stress of changes in water supply/demand?  
• What policies and programmes exist to protect populations from hunger/financial  
• distress and how will they operate under climate change?  
• Is the agricultural research/extension system capable of providing adaptation advice to 

farmers? What technological options should be investigated? Does the country have 
access to potentially useful options developed in other countries?  

• Should domestic agricultural policies be reformed?  
• Are the natural resource management programmes adequate?  
• If domestic production is threatened, will the country be able to import food, and (if 

so) at what cost?  
A well structured framework to analyse the impact of climate change to Italian agricultural 
sector and water resources is reflected in the various research themes of the CLIMAGRI 
project (http://www.fao.org/sd/climagrimed/c_2_02.html). 

3.6.4 Climatic Scenarios 
Following the uncertainty assessment and calibration phase, the model was used to predict 
future groundwater balances according to the effect of the measures applied. The predictions 
were referred to the period 2010-2030 considering that the goals of the WFD have to be 
reached in 2015. In this section the intention is not to provide an exhaustive assessment of all 
possible measures, but simply illustrate the type of predictions that can be made according to 
the needs of this case study. The most important factor that has to be taken into account, at 
least for the scope of this research, is the variation in the average monthly precipitation until 
the considered period. 
The Hadley Centre for Climate Prediction and Research publishes a range of climate 
scenarios that cover the Apulia Region. Some of these are based on the impact of greenhouse 
gasses alone. The scenarios predict the impact on future rainfall as a percentage of the current 
long-term average calculated for the period 1961-1990. The predictions are presented as a 
monthly percentage change. 
In Southern Italy most rainfall and, therefore, most aquifer recharge, takes place in the winter 
months between October and March. The Hadley Centre scenarios predict a significant 
increase of rainfall at this time, probably lost as surface runoff to the Adriatic Sea, and a 
dramatic shortage during the summer when the rainfall rate is already low, even if the total 
annual rainfall rate remains almost unchanged (~2.25%). Concerning the temperature the 
Hadley scenario reports a generalized increase (~1.5°C) in average during the year. This 
increment, take the actual temperature to relatively high values during the whole year and 
probably will affect the evapotranspiration. The expected total change in the water balance in 
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the Candelaro area consists in a significant, further decrease of groundwater availability, 
which is the most important source of water in the area. 
The scenario chosen for the Candelaro case study include the effects of greenhouse gasses 
alone and Table 3-1 reports monthly mean, minimum and maximum values of temperature 
and the monthly mean total rainfall, referred to the period from 1961 to 1990. 

Table 3-1: Monthly mean, minimum and maximum values of temperature and monthly mean total rainfall, 
referred to the period from 1961 to 1990. 

Temperature 
Mean Min Max Rainfall 

 
Month 

°C °C °C mm 
Jan 7.50 3.00 12.00 47.00 
Feb 8.00 3.00 13.00 46.00 
Mar 10.00 5.00 15.00 49.00 
Apr 13.00 7.00 19.00 41.00 
May 17.50 11.00 24.00 42.00 
Jun 21.50 15.00 28.00 41.00 
Jul 25.00 18.00 32.00 29.00 

Ago 24.50 18.00 31.00 30.00 
Set 21.50 15.00 28.00 52.00 
Oct 16.50 11.00 22.00 60.00 
Nov 12.00 7.00 17.00 60.00 
Dec 8.50 4.00 13.00 64.00 

Total    497.00 
 
Predicted changes and values for the period 2010-2030 are presented in Table 3-2 and Table 
3-3. Values of Table 3-1 and Table 3-3 are shown also in Figure 3-3. 
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Table 3-2: Changes (values and percent) in monthly mean, minimum and maximum values of temperature and 
monthly mean total rainfall, from the Hadley centre. 

Temperature 
Mean Min Max Mean Min Max Rainfall 

 
Month 

°C °C °C % % % mm % 
Jan 1.59 1.63 1.53 16.93 20.55 14.39 0.25 20.00 
Feb 1.93 2.08 1.81 21.20 54.33 12.75 -0.14 18.45 
Mar 1.11 1.11 1.11 24.13 69.33 13.92 0.06 -9.56 
Apr 1.15 1.09 1.18 11.10 22.20 7.40 0.00 4.33 
May 1.13 1.15 1.11 8.85 15.57 6.21 0.03 0.00 
Jun 1.11 1.11 1.13 6.46 10.45 4.63 0.13 2.51 
Jul 0.92 0.99 0.88 5.16 7.40 4.04 0.02 10.83 

Ago 1.74 1.76 1.71 3.68 5.50 2.75 -0.14 2.38 
Set 2.39 2.32 2.41 7.10 9.78 5.52 -0.45 -16.07 
Oct 1.82 1.79 1.84 11.12 15.47 8.61 0.02 -29.35 
Nov 1.46 1.45 1.47 11.03 16.27 8.36 0.09 1.17 
Dec 1.62 1.57 1.66 12.17 20.71 8.65 0.48 5.09 

 

Table 3-3: Monthly mean, minimum and maximum values of temperature and the monthly mean total rainfall, 
referred to the period from 2010 to 2039, from the Hadley centre. 

Temperature 
Mean Min Max Rainfall 

 
Month 

°C °C °C mm 
Jan 9.09 4.63 13.53 54.75 
Feb 9.93 5.08 14.81 42.08 
Mar 11.11 6.11 16.11 50.86 
Apr 14.15 8.09 20.18 41.00 
Maj 18.63 12.15 25.11 42.93 
Jun 22.61 16.11 29.13 44.90 
Jul 25.92 18.99 32.88 29.62 

Ago 26.24 19.76 32.71 25.66 
Set 23.89 17.32 30.41 38.50 
Ott 18.32 12.79 23.84 60.62 
Nov 13.46 8.45 18.47 62.70 
Dic 10.12 5.57 14.66 78.88 

Total    508.50 
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Figure 3-3: Referring values (1961-1990) and predicted values (2010-2039) of monthly mean values of 
temperature and monthly mean total rainfall. 

 

3.6.5 Impacts of climatic change 
Two different climatic scenarios were considered in the present case study. The first scenario 
comes from the period of observations 1961 - 1990, the second from the projection made by 
the Hadley Centre Associated for the period 1991 - 2015, that is to say the period indicated by 
the WFD to reach the good ecological status through well suited interventions.  
Figure 3-4 shows the estimated monthly mean soil water balance for both the observation 
periods. , In terms of balance it is evidently worsening from July and October. 
Aggregating these terms over the mean year, the total amount of soil water balance decreases 
from 341Mm3 to 301Mm3 as reported in Table 3-5. Considering even spring outlets and 
withdrawals it results a deficit in the water resource availability, of 53Mm3 and 89Mm3 
respectively during the period 1961-1990 and 2010-2030. 
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Figure 3-4: Comparison between the mean monthly estimated soil water balance for periods 1961-1990 and 
2010-2039. 
 

3.6.5.1 Crop change  
Among several possible measures able to reduce the groundwater deficit, one was chosen for 
this case study to be tested, namely the “crop change”.  
The measure consists in encouraging some farmers, providing them subsidies to sustain the 
cost of crop changing and gain losses, to change a portion of the whole agricultural area from 
water consuming crops to some other in order to reduce the water demand. Table 3-4 and 
Figure 3-5 report the proposed changes in the cultivated areas, which consist, in practice, in 
enlarging the areas cultivated with wheat, tomato and artichoke and reducing olive trees and 
grape plants. 
Figure 3-6 shows the estimated monthly mean soil water balance related to the period 2010-
2030 with and without the proposed changes in the cultivated areas. It is evident the 
improvement of the available water amount. Figure 3-6 even shows the values referred to the 
period 1961-1990.  
 

Table 3-4: Measure “Crop Change”. Proposed changes cultivated area. 
 Cultivated area 
Scenario  Crop change 
Crop km2 % km2 % 
Wheat 2 350 65 2 721 75 
Artichoke  82 2 109 3 
Grape plant 443 12 290 8 
Olive tree 550 15 254 7 
Tomato 203 6 254 7 
Total 3 628 100 3 628 100 
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Aggregating these monthly terms over the mean year, the total soil balance increases from 
301Mm3 to 385Mm3 as reported in Table 3-5. Considering even spring outlets and withdrawals, 
it results that the estimated deficit for the period from 2010-2030 decreases from 89Mm3 to 
5Mm3. Figure 3-7 shows the groundwater deficit estimated for the referring period and for 
period 2010-2030, with and without crop change measures. 
 

(a)

Wheat
65%Artichoke 

2%

Grape plant
12%

Olive tree
15%

Tomato
6%

(b)

Wheat
75%

Artichoke 
3%

Grape plant
8%

Olive tree
7%

Tomato
7%

 
Figure 3-5: Measure “Crop Change”. Proposed changes cultivated area. Figure (a): Climate change scenario; 
Figure (b) climate change and crop change coupled scenarios. 
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Figure 3-6: Comparison between the mean monthly estimated water soil balance for periods 2010-2039 with 
and without crop change measure. 
 

Table 3-5: Terms for the water balance for periods 1961-1990 and 2010-2030. 
Period 1961-1990 2010-2030 2010-2030 

Scenario  Climate change Climate change 
Crop change 

Cultivated area 3 628 3 628 3 628 
    
Yearly mean rainfall 2 034 2 081 2 081 
Yearly mean evapotranspiration 1 123 1 197 1 113 
Yearly runoff 569 583 583 
Yearly mean water balance 341 301 385 
Spring outlets 49 44 44 
Withdrawals 346 346 346 
Deficit -53 -89 -5 
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Figure 3-7: Groundwater deficit estimated for the referring period and for period 2010-2030 with and without 
crop change measures.  
 

3.6.5.2 Effects of uncertainty 
Figure 3-8 and Figure 3-9 show the uncertainty associated to the average monthly value of the 
estimated soil water balance over the period from 2010 to 2030, both for the climate change 
scenario and the coupled climate change and crop change scenarios. As for the chart in Figure 
3-2 it is remarkable that uncertainty values significantly increase during summer, when the 
natural recharge rate decreases.  
In percent, in the first case, the uncertainty values range from about 16% in December to 81% 
in April while, in the second, they range again from about 16% in December to 93%, but this 
time in August. In absolute terms, as clearly shown in the figures, uncertainty is larger in June 
for both the cases. The average annual values of soil balance is respectively 301Mm3 and 385 
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Mm3 for the two cases, with an evident improvement of the water availability, with associated 
uncertainties of about 46% and 36%. 
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Figure 3-8: Representation of the monthly mean soil water balance for the period 2010-2030. The coloured band 
represents the uncertainty around the central value. 
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Figure 3-9: Representation of the monthly mean soil water balance for the period 2010-2030 considering the 
crop change measure. The coloured band represents the uncertainty around the central value. 
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3.6.5.3 Cost calculation 
The cost depends on many factors and for that reason the uncertainty included in the 
calculation is large. More specifically, among the most important “global” factors involved in 
the cost calculation are the following: 

• The financial instability of Italy after the monetary union with the rest of the European 
Community that has caused all services and products prices to rise and 

• The instability of international markets due to the uncertainty following the price of 
fuels that directly influences local markets of services and products. 

More “local” factors can be: 
• Different water providers with different price policies; 
• Difficulties to take the product to important market or industrial places do to the 

location of the study area, which is peripheral with respect North Italy and Central 
Europe. 

3.6.5.3.1 Simulated scenario – Change crop (actor related) 
The total cost of this measure can be determined as the change (reduction) in the total gross 
standard income in the area. Table 3-6 summarizes the evaluation of this reduction. For both 
the defined scenarios and for each of the crops used in this study, the first column of the table 
reports the crops cultivated area. As already reported above the crop change measure 
substantially consists in encouraging some farmers, providing them subsidies to sustain the 
cost of crop changing and gain loss, to change a portion of the whole agricultural area from 
water consuming crops to some other in order to reduce the water demand. These changes, in 
practice, consist in enlarging wheat, tomato and artichoke cultivated areas and reducing olive 
trees and grape plants. The last column of the table below shows the gross standard income 
per crop over the whole area. 
Table 3-6 finally proves that the total gross standard income decreases of 6.40 millions euros.  
On the other side, considering that the average price of the water for irrigation is 0.10 euros 
per cubic meter and the reduction in the total water balance is 84 Mm3 (Table 3-5) the value in 
euros of such a measure can be estimated in 8.4 millions of euros. This takes the economical 
balance of the crop change scenario to a positive value of about 2.5 millions euros. 

Table 3-6: Evaluation of the costs of the proposed measure in terms of reduction of the total gross standard 
income in the study area. 

Cultivated area Gross standard income  Crop type 
ha (€/ha) (€)

Scenario: Climate change  
Wheat 235 000  €  584   €  137,249,400 
Artichoke  8 200  €  5 431   €   44,530,428 
Grape plant 44 320  €  1 630   €   72,250,242 
Olive tree 55 000  €  1 541   €   84,755,000 
Tomato 20 250  €  5 431   €  109,968,435 
Total 362 770   €  448,753,505 
Scenario: Climate change and crop change  
Wheat 272 078  €   584   €  158,904,143 
Artichoke  10 883  €  5 431   €   59,101,110 
Grape plant 29 022  €  1 630   €   47,310,867 
Olive tree 25 394  €  1 541   €   39,132,000 
Tomato 25 394  €  5 431   €  137,902,590 
Total 362 770   €  442,350,710 
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Consider Figure 3-7 , the water deficit obtained from the water balance model in the first 
scenario is 89 Mm3 , while in the second scenario is 5 Mm3; by means of the carried out 
simulations and recalculating the water balance for each simulation, it is possible to associate 
to the first scenario deficit an uncertainty of 46% and to the second scenario deficit an 
uncertainty 36% . Now it is possible to define a new quantity: the GDP cutback as the 
difference of the two deficits multiplied by the water cost (0.1€/m3 , value stated by the Italian 
law). Assuming that this new random variable is gaussian distributed and following the usual 
techniques of the error analysis (Taylor, 1982), it is possible to say that the cutback is affected 
by an uncertainty of about 48% with a central value of 8.4 M€, which means that it ranges 
from 4.3 to 12.5 millions euros with a probability of 96%. On the basis of such information it 
can be derived that the probability that the saving be is less than the total gross standard 
income decrease (6.40 M€) is around 31% which allows the water manager to take his own 
decision. 
The conclusion is that if the water manager succeeds in convincing farmers to change their 
crops is very likely, considering the probability distribution of the water cost saving 
uncertainty, that the water saving costs will be higher than the loss of income suffered by the 
farmers, so the manager could provide a part of the saved costs to refund their income loss 
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Figure 3-10: Uncertainty distribution associated to money saving deriving from coupled climate change and 
crop change scenario. 

4 Evaluation of HarmoniRiB products 
HarmoniRiB has provided the Candelaro Case Study with the methodology and tools to 
incorporate uncertainty in decision making for local water resources remediation purposes. 
Throughout the duration of the HarmoniRiB project, all Work Package products have assisted 
in the successful understanding or implementation of the required procedure. 

4.1.1.1 Framework - Coordination 
Work Packages 1 and 9 assisted in the overall coordination and communication between 
partners, from requirements and guidelines, communication through meetings and 
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information exchange to intermediate and final reports. The internal website that supported 
HarmoniRiB served its purpose well by being a dynamic repository of past and current shared 
documents. It also acted as a virtual space of exchanging ideas and keeping track of progress 
among Case Studies and project partners  

4.1.1.2 Methodology 
Work Package 2 provided the methodology for uncertainty assessment. The reports on data 
and model uncertainty were a practical set of guidelines that helped define uncertainty 
information about common variables such as meteorological and hydrogeological data as well 
as modelling concepts. Even though most uncertainty information in the Candelaro was site 
specific and the approach quite generic, this product gave an explanatory first outline on how 
approach the subject of data uncertainty. Also, DUE, the software that was developed for the 
purposes of HarmoniRiB was an indispensable pre-processing tool that solved many issues of 
managing storing data uncertainty. 
The role of Work Packages 3 was to integrate socio-economic approaches to decision making 
and provide guidelines for multi-criteria analysis leading the optimum solution. Here WP3 
products supported the Candelaro Case Study report by providing insight on issues that lay 
beyond the research scope of engineering. 

4.1.1.3 Database 
Work Package 4 which was in charge of database design did not offer direct assistance to the 
Case Study but database documentation was sufficient for an overall understanding of the 
principals behind the organization of the uploaded data. On the other hand, training on data 
uploading and general database use, which was provided by Work Package 5, was very 
important for the task of providing publicly available datasets. Far from the workshops help 
during HarmoniRiB meeting, Work Packages 5 and 6 also gave support and solutions for the 
uploading and storing processes as well as the data sharing and downloading from the end 
users. 

4.1.1.4 Application 
This Case Study is part of the application of the methodologies and tools provided by 
HarmoniRiB. Work Package 7 which includes it, together with 7 more Case Studies has 
assisted in the integrated presentation and overall presentation of the results. At this point the 
product of this WP are difficult to evaluate but the expectation is that they will provide a good 
example and a strong argument for the point the HarmoniRiB project is attempting to 
demonstrate on the role of uncertainty on decision making. 

4.1.1.5 Dissemination 
Finally, HarmoniRiB results are being disseminated under the supervision of Work Package 
8. Its products have to be evaluated by the end users and the public. 
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5 Conclusions  
The Candelaro Case Study is focused on the severe groundwater resources availability 
problems faced in the semiarid watershed of Candelaro stream in the Apulia Region, Italy.  
In the frame of the HarmoniRiB project a well documented dataset have been collected, 
organized and stored in the HarmoniRiB’s database. Uncertainty information has been 
assessed in every uploaded dataset, which are now publicly available. In order to attach the 
uncertainty information, tools and methodologies provided by HarmoniRiB has been applied.  
In order to deal with the groundwater resources problem in the Tavoliere Valley, this study 
proposes the implementation of a measure: the crop change policy in the Tavoliere Valley. 
This measure was evaluated according to specific criteria as their predicted effect on the 
groundwater level, their cost and their acceptance. A Water balance model was setup and 
calibrated and later run using time series that include uncertainty. The propagation of 
uncertainty was studied, as well as the effect of the uncertain modelling parameters. 
Successively, the models was used to simulate the recharge rate in the Candelaro groundwater 
system for the period 2006-2015 and the results of this simulation were used in the decision 
matrix. These values also include uncertainty information and are suitable for studying the 
influence of uncertainty on management decisions in order for them to be applied in the 
development of an integrated water management plan. This procedure took place for a 
Climatic Scenario of reduced precipitation. 
In order to cope with the groundwater resources problem of the Candelaro basin, an integrated 
water resources management approach is needed so that the decision process is more realistic. 
The Water Research Institute through the present case study attempted to improve the 
understanding of the effect of uncertainty in the water management decisions for the sole 
purpose to provide robust integrated water management plans towards the implementation of 
the WFD. 
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