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Abstract

:

Problems in the sustainable exploitation of water resources are mainly due to the spatial distribution of uses and are worsened by uncontrolled withdrawals by different activities. In this context, in order to evaluate and manage the available water resources, a decision support system has been developed to support the decision-making processes. This system was implemented on a web platform, in order to manage spatial data and to analyze information on water resources. The system also integrates a WEB-GIS engine for the elaboration and regionalization of data over the river network. The web architecture also makes these tools widely accessible and easily shareable by all stakeholders. The Web-based application was tested successfully in the Tiber River Basin (Central Italy) and focuses on the building of a hydrological database together with an evaluation model for surface water resources. The results provide synthetic information on the sustainability of water allocation scenarios, with particular regard to the feasibility of allowing new dissipative water withdrawal, such as dissipative water use in agricultural production for precision irrigation. The software technology of this project relies on open source code and can also be applied in other fields for the sustainable management of environmental resources.
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1. Introduction


The increase in water demand from different uses, in many cases one competing against the other, seems to influence the very concept of the sustainable use of water resources [1]. There have been several papers in support of the positive aspects of the new technologies in water resources management. Choi et al. [2] presented a web-based spatial decision support systems (SDSS) framework in terms of system components and data, and Sridhar et al. [3] have deepened the use of the information technology for water resources management. All these papers are oriented to the web use as a new challenge in water resources management, in particular to synthesize access to data that are held in a myriad of independently agencies [4]. The need for a shared information between all the stakeholders, supported by hydroinformatics tools, has been presented by Hewett et al. [5], with particular attention to an integrated river basin management.



Very interesting applications are presented in different area of water resources management. For example, Salewicz amd Nakayama [6] presented Web-based decision support systems developed for a large international river, where the main goal is the conflict resolution in water resource management. The management of multipurpose water use issue between different stakeholders can be approached by means of decision support systems, for example in a system of reservoirs [7,8,9], or for managing surface water combined with groundwater [10]. In the field of decision support systems (DSS) related to groundwater management, Laraichi et al. [11] showed the importance of spatiotemporal data warehouse as effective solution for data integration from different sources, and it is also a possible support in the study process for groundwater remediation [12]. Other important experiences adopted decision support systems in surface water resources quality [13,14] and groundwater resources quality [15,16] management, and in agricultural water management practices [17,18,19]. Finally, Kumar et al. [20] presented an environmental decision support system, where the goal is that stakeholders can use the models without direct expert modeler’s involvement.



This paper presents a SDSS to deal with problems in water resources management, focusing on the natural integration of the evaluation and management steps of the available water resources. Particular attention is given to the widespread distribution of water withdrawals over the river network, which represents a factor of medium-high uncertainty in the global assessment of water resources availability [21].



Bonamente et al. [22] said that Italy, for example, is one of the most water-demanding country in Europe, but not much can be said about the sustainability of water use from a local perspective. The socio-economic data presented by the Italian Committee for Irrigation and Drainage [23], show that the size of the average farm is generally very small, particularly in Central, Southern and Insular regions, where there is a higher percentage of rural inhabitants. The management of irrigation water on these farms is generally autonomous, resulting in a large number of uncontrolled water withdrawals.



In the past this has produced situations of water scarcity at the basin scale, particularly for surface water. More recent legislation underlines the importance of the environmental aspects [24] and the need for an integrated approach that collectively encompasses the hydrological, socio-economic and governance components of freshwater systems [25,26,27,28]. This is a critical goal for all water-related stakeholders. The present study promotes the use of cooperative instruments among participants in the assessment and decision-making process in the water resources management field.



In this context, the most common problems in the approach to water resources management can be data scarcity, available data not well organized in databases, governance actions not planned at the basin scale, governance actions not easily shared among stakeholders, Decision Support System (DSS) outputs not made public, and DSS scenarios not sufficiently dynamic over a space/time scale.



Some of these problems could be easily solved with a governance plan and structural works, such as the expansion of monitoring networks, technological updating of the measuring stations, and new data collection methodologies. Data management could be solved with a set of tools providing better access to the data collected, so that information and knowledge can be widely shared, such as the interoperability of databases according to The Water Information System for Europe [29]. Finally, water governance often involves cooperation among different local institutions in the river basin district. However, it is sometimes very difficult to reach a common approach toward the sustainable management of the water resource and of complex environmental problems [30]. A Web-Based DSS may help all these actions, and bridge the gap between different local institutions and stakeholders in the river basin district [31].



The aim of this paper is to introduce the main aspects of the project called “Water Resources Management and Evaluation” (WRME), which offers an innovative and integrated solution to the issues previously mentioned. WRME is an online virtual desktop where researchers, administrators, and users can see or enter data, and update processing, depending on their skills. The ultimate goal is to verify the sustainability of the use and management of surface water resources. This result can easily be displayed on the river network, providing information on possible criticalities on surface water balance. Therefore, WRME can be an open development platform for researchers and technicians, with ease of consultation for administrators and users. These features distinguish this project from other similar WEB-GISs [cited at the top of this section and [32,33,34], where the hydrologic approach is developed, but is not compared with water withdrawals to identify a possible situation of imbalance and unsustainability. This work was carried out in WRME according to many aspects of the 2000/60/EC Directive [35], for example: to guarantee sustainable water usage by individuals and businesses and to analyze the features of each river basin, including the impact of human activity.



The next section describes the methodology, focusing on the architecture of the system, data collection and sharing, analysis and modeling processes. Then the methodology was applied to the case study of the Tiber River Basin, showing how it is possible to analyze data and plan a proactive approach to the problems. Remarks about the sustainability of water withdrawals and conclusions about goals and future developments of this project are presented in the last section.




2. Materials and Methods


The methodology adopted in the current study involves the integration of different activities and expertise: information technology structure with interoperability and the communicative evolution of the system (Section 2.1 and Section 2.2); hydrological data collection and modeling (Section 2.3 and Section 2.4); finally, a WEB-GIS support, particularly for evaluating the sustainability of water withdrawals (Section 2.5).



2.1. Information Technology Structure


The structure of the WRME system was studied in order to integrate the features and capabilities of tools such as a database, a GIS engine and a series of models and algorithms for evaluating and managing water resources (Figure 1). All these functions are integrated in a web platform that not only displays, but is also an information and communication tool for the stakeholders. In terms of hardware structure, the system is based on cloud architecture where three virtual machines (namely Sattar, Aref, WEB Server) are entrusted with the services of GIS, cartographic and hydrological data elaborations and data storage. In particular Sattar itself hosts four other virtual machines, bridged together (namely Mercatore 1, 2, 3, 4), that run the Map Server so that heavy cartographic requests can be split on up to four parallel processes.



All these machines are linked one to another in a virtual network, where the hydrological data are stored on Sattar and are managed in a Postgres database. The hydrological modeling and subsequent management steps are assigned to a server named Aref. The operation of the system requires extensive interaction between the AREF and SATTAR servers, because the GIS running on SATTAR provides cartographic elaborations for the procedures installed on AREF. In this case the virtual network architecture provides high performances on data transfer and on reproducing all outputs, numerical and graphical, on screen.




2.2. Interoperability and Communicative Evolution of the System


Water resources management and the related decision-making process require a coordinated effort between the stakeholders, who represent different socio-economical groups, and government sections. The SDSS should facilitate interaction and communication among information systems of agencies in the basin. However, competing application programming platforms (i.e., Java, Visual Basic, FORTRAN, etc.), different operating systems (i.e., Window, Unix, Linux, etc.) and DSS (i.e., Oracle 9i, MS SQL Server, MySQL, etc.) make communication very difficult at times. Many technical and economic problems prevent standardization of the systems, so a possible solution is a centralized system that makes the databases and tools for decision making available at the basin level [36]. This also implies an agreement between all the stakeholders, both for updating the system and for the financial support.



The WRME project is oriented towards this goal. Hence, an open source software was adopted in compliance with standards defined by the Open Geospatial Consortium, granting compatibility with the most common instruments dealing with geospatial data [37,38,39]. A standardized interface that runs independent of the programming language and platform was used when developing integrated SDSS so that it can encourage widespread interoperability and rapid development [40].



Under this approach, the platform itself becomes a “discussion panel” for stakeholders, who can share in real time data, numerical evaluations, assessments and simulations, and, most importantly, the outcomes. To achieve this goal better, the web portal was developed in close synergy with the two main institutional entities that hold the data and are interested in the results: the Umbria Region and Tiber River Basin Authority. The feedback was very positive both in terms of data access service and in terms of processing and results. Further analysis will be possible through the dissemination of the web portal. The numbers of accesses to the web portal and the spontaneous collection of new hydrological data will be an index of the good communication of the system.




2.3. Data Collection and Sharing


The main premise of this project is that the data collected can be widely shared, according to the need for a web-based environment that hydrologists and stakeholders can use to share their data [41,42]. This feature is also extended to the modeling possibilities of the simulation engine, its parameter settings, and the results of the analysis, so that the decision-making process can be followed at all stages in a participatory approach, involving researchers, policy-makers, planners and users at all levels [43].



The first step is the creation of a shared database at the basin scale with user-friendly procedures for the continuous updating of data in order to avoid a progressive loss of interest in the system, in particular for water withdrawal data.



Keeping an up-to-date database is fundamental but two obstacles must be faced: on the one hand all the users of the system should be highly motivated to upload their latest data, while on the other, it is not so easy to implement uploading procedures that can fit all the different formats and archive structures used by the many users. For these reasons, the best procedure for users should easily identify the matches between their database fields and those in the WRME database by selecting the information to be transferred. This avoids automatic transfer of data that can be a source of numerous errors or complex post validation procedures, particularly for the water withdrawals database where some information fields need to be carefully evaluated (e.g., Qmax and Qavg, activation date and authorization date). This approach can be seen as trivial from an informatic point of view, but it is robust from a practical and application point of view.



So, in this project, it was decided to offer an effective update tool, which step-by-step, provides the possibility of setting a correspondence between the fields of two databases. In the case of data stored on spreadsheets or text files, ad hoc uploading procedures are required.




2.4. Data Analysis and Modeling Processes


The computational side of data analysis requires statistical evaluations, and in the hydraulic field there is a wide range of possibilities that can be enhanced by the WEB-GIS platform. In the WRME project, it was decided to focus on two particular aspects of water resources management, which are the basis for sustainability: the assessment of available water resources and the management of water withdrawals.



The main procedures implemented are aimed at defining some hydrological indices for the base flow value (BFI, Base Flow Index) [44] and low-flow discharges (Qn,m, minimum average flow of n consecutive days with return period of m years), to correctly assess the water resources (i.e., the available amount in a section of a network), either in order to issue/renew a water withdrawal or to study the status of the watercourse conditions. In order to complete the hydrological scenario, it is very useful to use flow duration curves (FDCs) for analyzing total flows.



Finally, a WEB-GIS tool was developed to analyze the water withdrawals at the basin or sub-basin scale. This is a very powerful instrument, the use of which can be extended to other spatial information sources, such as sewage plant output, small reservoirs and mini-hydro plants, all situations which are very interesting in a sustainable river basin management plan.



This data analysis and modeling process is innovative because all numerical methods and models used for calculating and estimating the indices are transferred and developed inside the web system offering shared access in real-time to all stakeholders. Many of these stakeholders would not be able to process these analyses independently, even if the necessary data were provided. The WRME portal, on the other hand, allows processing to be handled with extreme flexibility both in choosing input data and in evaluating the corresponding results.



2.4.1. BFI Calculation and Estimation


Separation of the base flow from the time series of total daily flow is often used to identify contributions from springs and groundwater [45]. In this context it is now clear that there is a close relationship between the geology of the basin, the base flow and low flow indices [46,47]. Hydrological drought duration is also determined by BFI, which reflects storage properties of the catchments [48].



In this study, to calculate the BFI value, the traditional technique by L’vovich [49] and then updated by Casadei [50] was implemented. This approach was preferred to other techniques, but it is necessary to adopt a homogeneous method in the whole study area, as shown by the good correlation between the BFI values calculated with different methods [51].



The L’vovich method is parameterized as a function of the number of days of the non-overlapping period in which the time series is divided, usually five days, but the software can assume values ranging from 3 to 10. By means of the website tool, it is possible to compare the effect of the increase in this parameter on the BFI value. The result is to flatten the base flow polyline, reduce the number of points taken into account and thus lower the accuracy in the calculation of BFI; in fact a polyline with few vertices is more likely to intersect with the initial hydrograph, resulting in a discrepancy in volume values, from a physical point of view (Figure 2).



With the same tool, it is also easy to compare the BFI values calculated on the entire time series of data or portions of it, in order to evaluate the effect of anthropic interventions in the hydrographic basin landscape, which influence the natural flow regime (land use variation, new reservoirs and water withdrawals).



However, the usefulness of this index is related to the possibility of finding relationships for evaluating the index starting from territorial parameters easily obtainable, thus extending the BFI value to all possible sections of the basin, even in the absence of monitoring stations. As mentioned, BFI is closely related to the nature of the hydrogeological formations in the basin. Indeed the occurrence of permeable formations in the basin is directly proportional to the index calculated on the basis of observed data.



The BFI of the basin is thus obtained using a weighted average method, compared to areas and BFI typical of single formations, assuming that every formation has a specific value of BFI with a sufficiently small range of variation:


     BFI   est , j   =     ∑   i = 1  n   (   A  j , i       BFI   frm , i    )     A  tot , j       



(1)




where:




	
BFIest,j = estimated BFI in the jth basin;



	
Aj,i = superficial extension of the ith hydrogeological formation in the jth basin;



	
BFIfrm,i = BFI associated to the ith hydrogeological formation;



	
Atot,j = total basin area.








In Equation (1) the BFIfrm assumes a prime role. For its calculation, the study can be better conducted in the presence of a large number of gauging sections and upstream basins that are homogeneous in terms of geological features and that have a minor anthropic influence. These conditions are not always found on a river basin of large and medium size, however, experiments conducted in the main basins of Central Italy, the Tiber and Arno Rivers [44,52], have shown the feasibility of achieving good results in estimating the BFI, even with non-homogeneous data in terms of geology and human activity.




2.4.2. Qn,m Calculation and Estimation


Qn,m is a low flow index of the river, represented by the time series of annual minimum flow averaged over an interval of n consecutive days with a return time of m years. This is a method implemented by various US environmental protection agencies and research centers [53]. In Italy it was used for the first time in the Tiber River Basin with the value of Q7,10 [54,55].



According to Singh and Stall [56], this index is mainly influenced by the physiography and hydrology of the basin. However the dams existing along the network and withdrawals management, like other human factors, play an important role in Qn,m evaluation.



The estimate of Qn,m from a historical time series of daily flow is a numerical-statistical procedure that has a few sensitive passages. The first step is the calculation of the minimum average daily flow over n days for each year of the time series. From these values, the average and variance are calculated in order to evaluate the parameters of the Weibull–Gumbel distribution


   P  ( x )  = 1 − e x p  [  −    (    x − ε   θ − ε    )     1 λ     ]    



(2)




where:




	
ԑ = lower limit of the distribution;



	
θ = scale parameter with the same size as the random variable x;



	
λ = shape parameter, non-dimensional parameter.








In order to produce estimates of the distribution parameters a more sophisticated procedure was implemented [57,58], especially for estimating the parameter λ, from which the parameter ε also derives, essential for locating the minimum value of the distribution itself.



The final step is the choice of the return period m associated to our time series of a minimum of n days. In the WRME portal, the values of both parameters n and m can be freely chosen.



Also, for this index a regionalization process is studied. It is based on the regression equations between the calculated data and the hydrogeological parameters of the basin or sub-basin studied. In the case of Q7,10, from a methodological point of view, the regionalization process makes use of one or more relationships like the following:


    Q  7 , 10   =  a 0  +  a 1    BFI + … +  a k     BFI k    



(3)




where the constants are taken from the interpolation procedure conducted starting from the values of calculated Q7,10, possibly on natural and naturalized flow values (i.e., not influenced by human factors), and the methodological approach does not vary with the change of the characteristics of the index in terms of n and m. It should be noted that the polynomial estimate does not exceed in any case the third order (k = 3).




2.4.3. Flow Duration Curves


Daily streamflows are often represented by flow duration curves (FDCs) [59]. This approach has been widely applied to analyze changes in the intra-annual distribution of streamflow in many fields and applications, e.g., in order to identify the best water management practices, in particular in ungauged basins [60], to evaluate flow data quality control [61,62] and to design hydropower plants [63,64,65].



Therefore, a model that evaluates the available water in terms of duration curves was also implemented in the platform.



The use of FDC for assessing available water resources is focused on three main procedures:




	
reconstruction of the natural flows time series;



	
approximation of the duration curves with a three-parameter Log-Normal frequency distribution;



	
regionalization of duration curves using characteristic parameters of the basin.








For each hydrometric station, the reconstruction of natural flows was achieved by combining, in chronological order, the flows measured at the station with the water withdrawals carried out upstream, by means of the following steps:




	-

	
georeferencing of the gauging stations and of all water withdrawals within the hydrographic network upstream from the gauging station. In the case of a return section different from the withdrawal section, the position of the return with regard to the gauging station must also be verified;




	-

	
checking the year of the flow data processing against the year of activation and expiration of the water withdrawal data, thus checking whether the withdrawal is currently taking place, or if it must be evaluated only in the period of activity;




	-

	
checking the usage situation for the water withdrawals, expired or without an expiration date, considering active those in amnesty, inquiry and renewal conditions, or with specific indications for the single case;




	-

	
checking the dissipative efficiency coefficient (E), which quantifies the consumption of water (1 = max, 0 = null);




	-

	
application of the “law of use” attributed to each water withdrawal as a function of the characteristic use, when the withdrawal is not subject to monitoring.









The natural flows are thus determined by means of the equation


    Q N  =  Q M  +   Δ V   Δ t   + E    Q u  + E   α    Q  m a x     



(4)




where:




	
QN = natural flow;



	
QM = observed flow;



	
ΔV/Δt = daily reservoir variation, if there is a dam;



	
QU = daily flow derived from the river or from the reservoir, if monitored;



	
Qmax = maximum authorized flow, if withdrawal is not subject to monitoring;



	
α = dimensionless coefficient that describes the daily variability of the flows withdrawn in an average year;



	
E = dissipative efficiency.








If the water management rule provides an inflow in the basin, Equation (4) becomes:


    Q N  =  Q M  −  (  1 − E  )     Q u  −  (  1 − E  )    α    Q  m a x     



(5)







The time series of the natural flows are used to construct the relative FDC. To compare the FDCs of different sized basins, the flow is expressed as a percentage in relation to the average flow of the time series (ADF, Average Daily Flow). These values can be regularized with a log-normal type probability distribution [66]; the result obtained is:


   Q = ADF    (    10     −  (  z + b  )   a    +  q o   )  / 100   



(6)




where:




	
z = reduced variable, related to duration;



	
a = “shape” parameter, functions of the moments of the first and second order;



	
b = “height” parameter functions of the moments of the first and second order;



	
qo = Qo/ADF = lower limit of the distribution.








The preceding expressions allow the entire duration curve in each gauging section of interest to be constructed and the FDC estimation in the ungauged sections to be studied.



Parameters a and b can be considered to be reasonably dependent on the hydrogeological characteristics of the basin. For example, in basins that are permeable, with important aquifer formations, the flows and relative duration curves are quite regular and high. Quite the opposite can be observed for impermeable basins, where flows are very irregular, as they are subject to the same variability of precipitation. Thus there is a significant correlation between the parameters a and b with the hydrogeological characteristics of the basin, which in turn can be represented by the Base Flow Index.



To complete the definition of a duration curve by means of a log-normal distribution, the lower limit of the distribution qo, or the absolute low flow, is also an important parameter. For significant perennial streams, it cannot be said that the minimum flow is absolutely zero, because this would lead to systematically underestimating the smallest flows. It is also clear that with the same values of AREA, qo is greatly influenced by the hydrogeological characteristics of the basin and therefore, for the aforesaid reasons, also by the BFI.



Lastly the ADF, in an area with uniform rainfall, can be assumed to be dependent on the AREA and on the BFI, in particular ADF/AREA = f(BFI).



In short, a good parameter (p) estimation of the log normal distribution is possible by means of the equation:


   p =  p o  +  p 1    BFI +  p 2     BFI 2  +  p  3      BFI 3    



(7)







Once the various estimates of the parameters have been made explicit, it is possible to evaluate the entire duration curve in linearized form and annualized form, respectively (Figure 3).



The combination of these procedures makes it possible to estimate the superficial water resources available in the basin through a set of FDCs (natural, measurable and residual). This implies a thorough knowledge of the time series of the observed data, of the water withdrawals active in the basin and its geomorphology. This is possible thanks to the full integration between the hydrological database, the calculation engine and the GIS system. The main river network can be divided into sections for which it is possible to know all the relevant information that influences the availability of water, such as AREA and hydrogeological formations in the basin. With these data, through the regionalization procedure, the natural FDC for each section can be determined. However, this information cannot be considered enough for managing the resource at the level of the section concerned. In fact, the possibility of using the resource evaluated for dissipative uses, such as that of irrigation, is not only bound to the availability of water in the section concerned, but also to the fact that all the uses downstream must be provided with an amount of water that meets their demand according to the acquired rights. This appears obvious from an administrative and legal point of view, but it is also much more difficult to model with computational tools, especially when applied to complex river networks.



A possible solution to this problem is to overlay the hydrological and hydrogeological information that quantifies the available natural resources with the information about all the water withdrawal data. Once this last database is filled with the information about water withdrawals, it is possible to calculate the measurable duration curve starting from the natural one (obtained with a regionalization procedure), by subtracting all the water withdrawals of the upstream basins, so it is possible to calculate the duration curve of the residual flows taking into account all the existing water withdrawals of the downstream basins. The measurable FDC can be carried out by evaluating the yearly trend of water use, so that each of the uses can be expressed with a duration curve, which is subtracted from the natural duration curve of all the sections downstream [67]. For each evaluated duration, the residual FDC is the minimum of the flows with the same duration calculated on all the measurable FDCs of the downstream sections.



The results of this methodology can be obtained for each section of the hydraulic network. Moreover, the natural (Nat), measurable (Meas), and residual (Res) FDCs and the minimum instream flow (MIF) can be visualized with graphics and exported in a numerical table (see next section). This output provides an important description of the hydraulic regime for each river section and of the water withdrawals status in its upstream basin. Finally, it is possible to evaluate the water resource still available for dissipative uses by means of residual FDC.





2.5. WEB-GIS and Management of Withdrawals


Steven et al. [68] have highlighted that water withdrawals are predicted to increase by 50% in developing countries and by 18% in developed countries by 2025. This increased water demand will lead to a freshwater shortage of 40% by 2030, which can be increased by climate change impacts [69]. In this study, an extension of the database with the information about water withdrawals was designed, and some specific tools were developed for managing water withdrawals.



Water withdrawals data involve different uses, administrations and authorities and generally their databases are highly nonhomogeneous and incomplete. The solution to this problem requires a basin-scale approach through the creation of a unified database of water withdrawals. This database should also be shared via a WEB portal where each administration can access, modify, update old data and insert new data. A unified and up-to-date database of water withdrawals is critical because each user can then see all the upstream data of each river section in the basin of interest, regardless of the administrative boundaries for issuing water withdrawals. This goal is crucial for the Basin Authority, which needs to have an updated view of the situation of water withdrawals of the entire basin or in sub-basins subject to specific planning projects.



For this reason, the WRME system develops a significant section of the portal, making it possible for the database of water withdrawals to be analyzed by cartography. In this section the user can easily analyze the spatial distribution of georeferenced water withdrawals, even at the sub-basin scale. This result is very significant in the reconstruction of natural flows, as emphasized in the previous section.



A new tool has been developed in the system which makes it possible to compare the hydrogeological features and low flow indices of the sub-basins. This information, which is particularly important especially during drought periods, can be compared and evaluated in term of the sustainability of different water uses or different water efficiency in irrigation practices.



From a practical viewpoint, any change or new entry in water withdrawals must be assessed carefully, taking into account the existing withdrawals and hydrological situation of the basin concerned. For the definition of the condition of the river, hydrological indices (such as BFI, Q7,10, FDCs) were calculated from the hydrological database. For the existing water withdrawals, an analysis procedure was developed, which starting from the point selected directly by clicking on the map, finds the upstream basin and, by means of overlay procedures, identifies the water uses in the basin. In order to obtain a more detailed assessment, a search tool was developed so that water withdrawals can be retrieved on the basis of the type of use, the amount of water allowed, and the administrative status, and all these data can also be exported in a csv file.



The result of this methodology is the possibility of comparing the available water and the water required for different hydrological conditions, as shown in the next section.





3. Results and Discussion


The case study clearly shows the results of this project and highlights the main aspects to be discussed in order to co-develop the methodology. The process described in the previous paragraphs was applied to the Tiber River Basin located in central Italy, occupying an area of 17,462 km2 (Figure 4).



Throughout the basin the multipurpose use of the water resource and the need for correct evaluation and management policies is a very common issue, according to the aim and key points of the Directive 2000/60/EC of the European Parliament [35]. Moreover, the data from the water withdrawals database show that about 70 percent of all the freshwater withdrawals go towards irrigation use, with a peak of 80 percent in the Upper Tiber River Basin.



This aspect is highly relevant, not only from an administrative point of view, but also from a technical one, because irrigation use is concentrated in a four-month period (June–September), which is also a critical period for drought and hot weather; hence, there may be limitations on volume and time of day use.



In order to have a proactive approach in the management of the surface water resource during the drought period, a web site (http://hydrogate.unipg.it/wrme/) was designed, which is now in its beta version. In this portal all the methodologies described above are operative and accessible in a user-friendly version.



The hydrological database of the Tiber River Basin is now accessible online, with different levels of access according to the typology of user and the kind of information required. At the present time the database is made up of about 11,800 years of hydro-meteorological data and about 10,500 records regarding water withdrawals.



The data can be viewed in both numeric and graphic format and if needed, can be easily exported in various file formats. Different tools are available to calculate the BFI and Qn,m indices.



The BFI calculation tool allows the user to quickly and easily process very interesting values of this index. For example, the BFI calculation for the S. Lucia hydrometric station on the Tiber River can be elaborated for the entire time series (Figure 5), obtaining a BFI = 43.87. Selecting more and more recent time series, the BFI increases: 1949–2004 BFI = 45.76, 1970–2004 BFI = 49.64; 1995–2004 BFI = 56.36; 2000–2004 BFI = 61.47.



Increase in the index value is more evident with recent time series, demonstrating a clear influence on base flow due to anthropogenic causes, in this case the Montedoglio reservoir. In recent years, the base flow in this part of the river has been artificially increased by the water released from the dam, allowing the water course to have better quality and quantity, and supporting direct use (water withdrawals, especially irrigation) and indirect use (social activities and habitat) of the water resource. Such analysis is of utmost importance for the assessment and management of water resources in combination with climatic changes that increase the probability of drought periods.



It is also possible to generate maps of the indices at the basin scale such as those shown in Figure 6a, where the potential of the basin, in terms of hydrogeology, is clearly visualized. In fact, the map shows a very clear view of the basin, highlighting the Nera-Velino complex (in the east central) that has higher values primarily due to carbonate formations, inducing a very high BFI value (about 90%). Increase in the base flow is also clear along the main stream of the Tiber River, from north to south due to the progressive addition of some tributaries, in particular the Chiascio River, Nera River and Aniene River.



As for Q7,10 (Figure 6b) the situation is somewhat similar to that of BFI, but in this case, it should be kept in mind that this index weighs the extension of the upstream basin, while BFI is a percentage index, Q7,10 is expressed in m3/s. This explains the progressive increase in the value of the index on the main stream of the Tiber River from upstream to downstream.



The indices represented in Figure 6a,b are the result of the regionalization process in a “natural” basin scenario. The influence of withdrawals over the water resources may noticeably change the natural scenario, especially in large basins.



Therefore, it is very interesting to analyze this issue in terms of flow duration curves, by means of the natural, measurable and residual FDCs (see Section 2.4.3). The residual FDC makes it possible to evaluate the water resource still available for dissipative use. In Figure 7 the graph calculated for a section of the Upper Tiber River shows this result. It is possible to observe how the measurable curve decreases rapidly at the duration 350 days. This duration is highly correlated to the irrigation period, indicating the presence of excessive water withdrawals upstream. The residual duration curve falls to zero at an even lower duration value (275 days), thus highlighting a critical situation for new dissipative uses in this section according to the existing water withdrawals in the downstream basin.



Regarding this, it must be said that they indicate a possible imbalance between flows and water withdrawals already issued. Actually, there are measures to preserve the ecological status of the river and the threshold of minimum instream flow (MIF) is adopted. In a critical period, it is also possible to evaluate the temporary suspension of dissipative water uses.



In this regard, it is very clear that the system of water withdrawals must be reorganized in this area of the basin. The WEB-GIS of water withdrawals will be the main instrument to implement this reorganization, because for each sub-basin it is possible to highlight imbalances between water withdrawals and low flows.



Figure 8 shows an example of this analysis, where it is possible to point out the data of each use and identify unbalanced situation, so as to introduce a proactive correction in water resource management of the sub-basin.



The application of this methodology to the Upper Tiber River Basin shows that, during the last 30 years, this region has been stressed by severe water crisis. In the past, drought periods brought this issue directly to the attention of the public awareness, now it is possible to plan proactive approaches to the problems by an accurate data analysis.




4. Conclusions


During these last years the situation highlighted in the Tiber River Basin has been quite common among other Italian and even European river basins, especially in the Mediterranean area. The methodology described in this paper provides a practical approach to evaluate this problem of imbalance between water resources and demand. The web-based DSS approach is indeed effective and helpful in producing feasible and sustainable scenarios, for example to help the agricultural sector in water crisis periods.



The case study was very useful for validating both the methodology and the procedures. The open software tools can support water resource evaluation and management policies at the basin level, providing multiple datasets from several sources, all within a single user-friendly web portal. Hence, this project has been a unique opportunity to collect, cross reference and consolidate very important data, that is usually not made available or that is difficult to retrieve. The results of the evaluation of the available water resource highlight the importance of a sustainable approach to water management, especially when large multipurpose uses are present in the basin. In this case, a review of water withdrawals scenarios can be evaluated with the geoprocessing tool at every point of a river network.



Future developments are oriented towards improvement of hydrological database, with groundwater data, and evaluation of water quality. In fact, the fulfillment of the “good ecological status” objectives set by the Water Framework Directive, with a deadline of 2027, will be an additional difficult task for water managers. The implementation of the Water Framework Directive is also based on information and consultation when river basin management plans are established. WRME can be an open access platform to promote this activity, to develop the exchange of information and to share problems and solutions.



For this reason, WRME offers an innovative solution to the issues mentioned, however, future developments cannot only be limited to academic efforts concerning techno-scientific investigations. They will need the participation of institutions and of all the stakeholders taking part in the testing process of this methodology. This means that water management requires a holistic approach, through the integration of several components and subcomponents due to the interrelationship and interactions in water demand and availability. Only a real and complete sharing of the decision support tools and systems, such as that described here, amongst all participants in the managing process will lead to further development in the study. This could produce relevant and appropriate outcomes for the implementation of sustainable policy in water resources management.
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Figure 1. Schematic diagram of the web-based Spatial Decision Support System structure. 
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Figure 2. Base Flow Index (BFI) analysis. Red line initial hydrograph, blue polyline 5 (A) or 10 (B) days of non-overlapping period, yellow BFI polyline. 
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Figure 3. Tiber River—Ponte Felcino. (A) linear form z = alog(q − qo) + b; (B) annual flow duration curves (FDC). 
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Figure 4. The Tiber River Basin and the main river network. 
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Figure 5. Tiber River, S. Lucia station, BFI calculation across all the time series, BFI = 43.87 (image from WRME web site). 
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Figure 6. BFI (A) and Q7,10 (B) variability maps in the Tiber River Basin. 
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Figure 7. Example of applet view for natural, measurable and residual FDCs. 
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Figure 8. Graphic output of the geoprocessing tool that compares the water withdrawals and low flow indices in a selected basin or sub-basin. 
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