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Abstract

The world’s fresh water resources are unequally distributed both in time and in space. Until recently water resource management focused on reallocating water to when and where it was required, a supply-side or fragmented approach. Nowadays there are signs that water resource availability is dwindling – due to both population growth and increased per capita water use – and ecosystems are being damaged. To face this challenge a new holistic approach is needed. This approach includes the integrated or conjunctive use of surface and groundwater resources and takes account of social, economic and environmental factors. Moreover, it recognizes the importance of water quality issues.

In this context, the paper examines the main aspects and problems concerned with the planning, design, construction and management of conjunctive use of surface and subsurface water resources, along with its environmental impacts and constraints to sustainable development. The importance and role of research thrust, technology transfer, institutional strengthening, effective partnerships between governments and stakeholders, and sound financial frameworks are also examined. Finally, the challenges and benchmarks for future actions that the scientific community and planners have to face and deal with, are briefly outlined.
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1 – Introduction
Water resource management should preserve or enhance the environment’s buffering capacity to withstand unexpected stress or negative long-term trends. As the environment’s carrying capacity is put under increasing pressure, due to the growing needs of the population and improper use of its resources, environmental vulnerability increases too. In this context, mismanagement of water resources, paying only lip service to the environment, has led to water scarcity and water pollution which threaten security and the quality of human life. Giving proper regard to this unsustainable trend, the Second World Water Forum acknowledged the pivotal role that integrated water resource management plays in the process of sustainable development. The term “integrated” embraces the planning and management of water resources, both conventional and non-conventional, and of land. It takes account of social, economic and environmental factors and comprehends surface water, groundwater and the ecosystems through which they flow. Moreover, it recognizes the importance of water quality issues (De Wrachien & Fassò, 2002).
Integrated water resource management depends on co-operation and partnerships at all levels, from individual to governmental and non-governmental, national and international organizations sharing a common political, scientific and ethical commitment to the need for water security and for optimizing water resources use and planning. To achieve this goal, there is a need for coherent national, regional or interregional policies to overcome fragmentation, and for transparent and accountable institutions at all levels. To this end, targets should be established and suitable strategies should be devised to meet the challenges inherent in the sustainable use and development of water resources. These resources should be managed at both the river basin and aquifer levels. The management framework should envisage a high level of autonomy for the body responsible for water use and planning, allow for stakeholder participation in decision-making and generate and disseminate information. Where appropriate, specific river basin, catchment and groundwater authorities should be set up, and their capacities enhanced. Where water is shared, actions should be taken to build confidence among riparian states, enabling them to accept some form of restricted sovereignty regarding their common resource, based on both equitable utilization and regional cooperation. Besides institutional strengthening, sound and fair financial management, based on the “user pays” principle is needed to improve the efficiency of services, provide additional resources for investment, encourage demand management, and promote pollution control and prevention.

Research must be directed towards solving water use and planning problems, gaining a better understanding of the hydrodynamic and hydrochemical processes involved and enhancing water productivity. Action research should cover field and laboratory evaluation, assessment and monitoring, development and implementation of suitable water management strategies. This process requires enhanced basic and applied research and a large variety of tools ranging from field techniques to advanced technology for water control and regulation such as models, Remote Sensing, Geographic Information Systems, Decision Support Systems and Spatial Analysis Procedures. All these tools have to be considered under a broad and integrated approach for addressing the use, planning, conservation and protection of both surface and subsurface water resources, that takes proper account of the environmental impacts and socio-economic effects of development.

2. Conjunctive Use of Surface and Groundwater
2.1 The Concept of Conjunctive Use

As broadly outlined above, a critical problem that mankind has to face and cope with is how to manage the intensifying competition for water among the expanding urban centres, the agricultural sector and instream water uses dictated by environmental concerns. Confronted with the prospect of heightened competition for available water and the increased difficulties in constructing new large-scale water plants, water planners must depend more and more on better management of existing projects through basin-wide strategies that include integrated utilization of surface and groundwater. Todd (1959) defined this process as conjunctive use. Lettenmaier & Burges (1982) distinguished conjunctive use, which deals with short-term use, from the long-term discharging and recharging process known as cycle storage.

Until the late fifties, planning for management and development of surface and groundwater were dealt with separately, as if they were unrelated systems. Although the adverse effects have long been evident, it is only in recent years that conjunctive use is being considered as an important water management practice.

In general terms, conjunctive use implies the planned and coordinated management of surface and groundwater, so as to maximize the efficient use of total water resources. Because of the interrelationship existing between surface and subsurface water, it is possible to store during critical periods the surplus of one to tide over the deficit of the other. Thus groundwater may be used to supplement surface water supplies, to cope with peak demands for municipal and irrigation purposes, or to meet deficits in years of low rainfall. On the other hand, surplus surface water may be used in overdraft areas to increase the groundwater storage by artificial recharge. Moreover, surface water, groundwater or both, depending on the surplus available, can be moved from water-plentiful to water-deficit areas through canals and other distribution systems. On the whole the integrated system, correctly managed, will yield more water at more economic rates than separately managed surface and groundwater systems.

2.2 Water Storage

In conjunctive use, the two most important issues that planners have to face concern the storage of surplus water and the optimal allocation of water withdrawals.

With regard to the first problem, a question that needs to be answered is where to store water and which reservoirs to develop: surface or subsurface?

2.2.1 Subsurface water storage

The advantages of subsurface over surface reservoirs are:

· surface reservoirs are lost forever once they are silted up, while underground storage capacity remains practically unaffected by development;

· yields from groundwater storage, less affected by evaporation and leakage, are more dependable than yields from surface reservoirs;

· groundwater is less prone to pollution than surface water, and if polluted, pollutants can be diluted during underground movement;

· subsurface storage is achievable without loss of water-spread areas suitable for cultivation or other beneficial land uses;

· groundwater can be put to use where and when it is required, with less risk of seepage or evaporation losses during storage and transmission;

· there is less ecological hazard compared to surface storage projects;

· groundwater storage is less liable to deterioration than surface water;

· the cost of storing groundwater is less than that of surface storage.

In spite of the many advantages mentioned above, there are some constraints that hinder groundwater storage, such as:

· wells interfere adversely when large supplies are required;

· groundwater storage withdrawal is a highly energy intensive process, while surface water is often available by gravity flow;

· surface reservoirs are more suitable for multiple uses, including energy production and recreation;

· mineralization is generally lower in surface water storage.

The current trend in aquifer management focuses on determining the maximum and minimum water levels, in order to regulate storage capacity. As a matter of fact, uncontrolled overexploitation causing progressive drawdown below the minimum permissible piezometric levels, will lead to increased pumping costs, land subsidence, infiltration of poor quality water, drying up of springs and shallow wells, decreased river flows. Moreover, in coastal aquifers the prolonged reduction of freshwater flow towards the sea reduces the equilibrium gradient, inducing saltwater intrusion and the inland movement of the freshwater – saltwater interface. Combining so many aspects requires analytical methods that systematically integrate them in such a way that within the planning process alternative solutions can be defined, tested and chosen.

Normally artificial groundwater recharge is accomplished by means of infiltration basins or injection wells. Other techniques for augmenting subsurface supplies include vegetation management, runoff inducement and increasing seepage from streams by widening the wetted perimeter of channel sections or lowering the groundwater table in the flood plain.

Water quality aspects play a major role in this process. They mainly concern the quality of recharge water and its effects on groundwater quality. One striking example is the "Water Factory 21" plant in Orange County (California), where wastewater undergoes an advanced treatment process before being injected into deep wells to create a barrier against seawater intrusion (Cline, 1983).

Generally speaking, numerous issues need to be addressed before suitable recharge systems can be chosen, designed and managed for optimum environmental and economic performance. One problem is proper site selection, which requires field surveys and infiltration/soil hydraulic conductivity measurements to predict seepage rates. More research is also needed on optimum management of storage systems, including flooding and drying schedules for infiltration basins, as well as pre-treatment (sediment removal) of water.

To address the above-mentioned groundwater management problems, the following steps or phases should be considered and carried out:

· general groundwater surveys and identification of the sites that require in-depth studies; these studies provide estimates of water quality and quantity, corroborated up by reliable data;

· geohydrological investigations aimed at determining more accurately groundwater availability and quality in terms of time and space, using mathematical analysis in order to establish aquifer conditions and behavior;

· integration of the physical characteristics and conditions previously collected and analyzed, with economic and social parameters to formulate suitable strategies and policies for subsurface water use, planning and management.

2.2.2 Surface water storage

For surface reservoir management the critical elements to be considered are minimum pool elevation and storage losses due to sedimentation. Generally, minimum pool elevation is not defined solely by hydraulic limitations of the outlet or diversion works; more severe constraints may be imposed by recreational interests, habitat values in the reservoirs or by the adverse water-quality effects if the pool is drawn too low. Loss of storage due to silting is normally significant only if based on projections of 50 or 100 years, so regular sediment surveys (at least once every 10 years) are important aspects of the process.

To account for these factors, generally, a two-step design process is adopted (McMahon, 1992). In the first step, a number of potential reservoir sites are examined, not only for construction requirements, but also in terms of hydrologic patterns in order to establish capacity-yield relationships. This procedure leads to the “preliminary design” framework. In this phase simplifying assumptions are normally made: reservoir releases are assumed constant, evaporation is ignored in temperate and humid regions, seasonal flows may not be taken into account, and so on. In the second step, leading to the "final design", procedures must account for all factors affecting the project design, including fluctuations of inflows and release by season, release restriction during periods of low storage, evaporation losses, minimum pool requirements and supply failure probability.

Uncertainty is a major element of concern in the design process. It not only affects flow records, where temporal and spatial variability is significant, but also the generation of demand forecasts.

2.3 – Allocation of Water Releases

Linked to storage is the optimal allocation of water releases. Heightened competition for withdrawals, increasing in-stream flow regulations, compelling groundwater quality issues, along with environmental concerns, lead to the formulation of permitting programs and the establishment of regulatory agencies aimed at coordinating and controlling water resource allocations. The first task in this process is to determine and explicitly formulate the overall goal of the permitting systems and to establish permitting rules that reflect those objectives, such as: maintenance of in-stream flows, economic development, water rights and protection of surface and groundwater bodies.

A great variety of mathematical techniques has been proposed to solve problems of optimal allocation of water withdrawals. Eheart & Lyon (1983) identified and compared alternative designs of marketable water permitting systems. Their work examined the trade-offs among multiple objectives including economic efficiency, equity, ease of implementation and administration, along with environmental concerns. Tisdell & Harrison (1992) proposed a water market procedure using game theory. Their goal was to understand how regulatory agencies could allocate water to promote its equitable distribution. More recently, Winter (1995) provided a review of recent literature addressing the optimal and conjunctive allocation of ground – and surface –water resources. 

2.4 Conjunctive Use and Irrigation Development

With regard to irrigation water, the implementation of sound conjunctive use projects involves a thorough inventory of soil and water resources and proper zoning of areas suitable for irrigation by surface or groundwater, or where one source can supplement the other. All this requires field surveys and investigations aiming at evaluating hydrometeorological, hydrological and hydrogeological conditions, seepage and soil infiltration rates, crop water requirements and crop patterns, water quality, hydrodynamic parameters and behavior of aquifers, well yields, canal flows and stream discharges, along with the assessment of energy costs to sustain both surface and groundwater development projects.
The beneficial effects of conjunctive water use in canal commands can be summarized as follows (Karanth, 1987):

· use of groundwater helps cope with peak demands for irrigation and hence reduce size of canals and consequently construction costs;

· supplemental supplies from groundwater bodies ensure proper irrigation scheduling, even if rainfall fails or is delayed;

· groundwater withdrawals lower the water table thus reducing the risk of water-logging, soil salinization and consequent wastage of water for leaching the soils;

· surface and subsurface outflows are minimized, causing reduction in peak runoff;

· when conjunctive use is integrated with artificial recharge the need for lining canals is reduced, as seepage from canals replenishes groundwater;

· conjunctive use allows the utilization of saline or brackish ground – or surface – water resources, either by mixing them with freshwater, or by using alternate water resources for irrigation. 

However, there are some constraints that may impair the efficiency of conjunctive use projects, such as:

· increased energy consumption for pumping from wells and for coping with reduction in pump efficiency, due to large fluctuations of water levels;

· administrative difficulties in defining acceptable and equitable groundwater rates, when surface water is available.

3. Research Thrust and Development
Research needs to be focused more effectively than in the past on planning and management problems of conjunctive use of surface and groundwater. This is the main way to provide planners and decision makers with suitable and well-tested technologies for targeted measures designed to enhance conjunctive use efficiency, while protecting the environment. The lack of research, application of research findings and access to new and advanced technology, is seen as one of the main reasons for the problems plaguing the sector: low efficiency, environmental degradation, high costs and lack of beneficiary responsiveness to. Successful research thrust on sustainable integrated water resource management should include the following actions:

· Data Base Improvement

· Modeling Technology

· Sustainability Criteria

· Spatial Analysis Procedures

· Decision Support Systems

3.1 Data Base Improvement

Availability of reliable data on hydro-climatic patterns, water demands, spatial and temporal characteristics of surface and subsurface water bodies is an essential prerequisite for sustainable water resource development. As long as adequate and reliable data are lacking, planning, design and management of water use projects will remain guesswork, water use irrational and wasteful and development unsustainable. Many projects were conceived and designed on a medium- to long-term basis, on the assumption that future climatic conditions would not change. This might not be so in the years to come, due to global warming and the greenhouse effect. Therefore, water planners and managers should begin to systematically re-examine engineering design criteria, operating rules, contingency plans and water storage and allocation policies. Demand management and adaptation are essential components for enhancing project flexibility to deal with uncertainties of climate change. In the main, water use planning programs can only be soundly formulated on the basis of adequate data on soil and its productivity, potentially available water resources, water demands, performance of existing water use projects and other related factors.

3.2 Modeling Technology

There is no question that modeling technology is already one of the most important and widely used tools for solving long-term environmental problems and will become even more so in the future. Modeling allows to formalize scientific understanding and to integrate the various components and processes involved in the surface/subsurface water system. It also acts a bridge for knowledge transfer between scientists and policy makers (or the public), as a basis for testing different scenarios and allows to integrate sound planning and management strategies with economic development by means of cost-benefit analyses and finding optimal solutions. Moreover, without modeling technology it would be difficult, if not impossible, to predict the anticipated impacts of any proposed plan and management policy. In the main, the planning, design, management and operation of complex water resource systems depend on modeling technology and its continual development and improvement.

Generally, these include simulation and/or optimization models. Since the models embody physical parameters for describing hydrologic systems, bounds on decision and state variables to account for management goals, their reliability depends on the quantity and quality of available data.

3.2.1 Simulation models

Simulation models are essential for analyzing complex processes of surface and subsurface flow and transport, because they provide a quantitative framework for synthesizing and handling the large set of characteristics that describe the variability of the phenomena, as well as the spatial and temporal trends of hydrologic parameters and stresses, and historical rainfall, flow rate, water level and solute concentration records.

For surface hydrology the most widely used simulation models can be grouped into the following classes (De Vries & Hromadka, 1992), according to the types of hydrologic problems they are intended to deal with: 

· single event rainfall – runoff models; 

· continuous – stream flow models, accounting in time for precipitation and water movement through the catchment;

· flood hydraulics;

· water quality.

With regard to groundwater hydrology, the two kinds of models most commonly used for solving flow and transport equations are based on finite difference or finite element techniques. The choice between a finite difference and a finite element model depends on the problem to be solved and on user preference. Anderson et al. (1992) provided an exhaustive and still topical literature review on this subject.

Model data requirements vary considerably. In many design studies of surface hydrology, rainfall distribution and volumes are applied to catchments, for which runoff response is characterized by synthetic unit hydrograph and generalized loss-rate functions. For physically based distributed-parameter models, a great deal of data is required for calibration purposes. In groundwater hydrology, knowledge of spatial and temporal characteristics of the aquifers, distribution of piezometric heads, recharge and discharge rates and mass concentrations, along with flow-path information, play a crucial role in testing and validating predictive simulations.

The usefulness of forecasting simulations obtained by models is often hampered by the inability to identify the uncertainties and quantify the reliability of model results. Uncertainty in model predictions primarily stems from a number of errors related to the model formulation, such as:

· inadequate concept and description of processes and interactions;

· inadequate description of spatial and temporal variability;

· inadequate description of the state of the system (geometry, initial and boundary conditions, system stresses);

· incorrect parameter identification and improper specification of their error bounds.

As a result, in most cases, the efficiency of a model decreases rather than increases as more and more variables and processes are added. So, one of the greatest challenges for future modeling technology is the development of means by which models can explicitly account for the degree of uncertainty introduced by aggregating the different components. The idea of transparency appears critically important to the ultimate success and acceptance of models as reliable scientific tools. The main issue concerns how to keep models transparent enough so they remain comprehensible to decision-makers as well as to the scientific community. Therefore there is a critical need for models to set clear goals and to focus only on the minimum set of fundamental processes that are needed to reach the stated goals.
3.2.2 Optimization models

One of the major advances in water resource engineering over the last three or four decades, is the development and adoption of optimization techniques for planning, design and management of complex water resource systems. The analysis of these systems may involve thousands of decision variables and constraints. To overcome problems of dimensionality various schemes have been devised, providing decision alternatives which are optimal in some defined sense and which can be used by water managers to assist their decision making.

An extensive literature review of the subject reveals that no general algorithm exists. The choice of method depends on the characteristics of the water system concerned, on the availability of data and on the objectives and constraints specified. Yeh (1985) presented the state of the art and discussed in detail various techniques, mainly for reservoir operations, including linear programming (LP), dynamic programming (DP), non-linear programming (NLP). Historically, the deterministic nature of LP and NLP hindered its application to water resources planning, due to the fact that such models cannot account for the natural stochastic variability of the phenomena involved. Later on, methodologies such a stochastic LP models and chance-constrained LPs introduced statistical constraints to LPs and NLPs that account for random variables. Chance-constrained LP or NLP approaches ,linked with simple hydrological tools such as the cumulative probabilistic distribution (CPD) of surface and subsurface flows and the flow duration curve (FDC) ,are nowadays widely used for allocating consumptive water uses that reflect the goals (objectives) established by permitting systems and the natural limitations (constraints) dictated by the sustainability criteria.

Combinations of the above methods, along with in-depth analyses, and the merits and limitations of each of them, are also been reported in the literature.

When problems of optimal water resource management include objectives that are difficult to describe due to subjectivity or uncertainty, the principles of fuzzy logic offer a viable approach. The concepts and operational algorithms are available in literature (Zadeh & Kacprzyk, 1992; Parent & Duckstein, 1993; Russel & Campbell, 1996). 

More recently neural network approaches (NNAs) have been proposed for solving conjunctive use problems. This technique has been shown to be a powerful tool for both forecasting and optimization purposes, especially when the underlying data – generating processes are uncertain or unknown. Neural network approaches have been used by French et al. (1992) for rainfall forecasting, and by Karunanithi et al (1994) for river flow prediction. Rizzo & Dougherty (1994) used a neural kriging network to characterize aquifer properties, and more recently Raman & Chandramouli (1996) proposed a neural network model for reservoir operating policies.

3.3 Sustainability Criteria
Often conjunctive water use projects involve environmental, economic and social factors that have no numerical scale for assessing their relative importance. Thus scientists and planners have devised various approaches, including weighting, constraints and trade-offs, whereby the above factors may be given assumed values or weights, perhaps based on the findings of opinion polls (Simonovic, 1998). Commonly the issue is comprised under the terms “sustainability” and “sustainable development”. These terms are sometimes used interchangeably, but there is a subtle difference between the two. One useful approach is that sustainable development is the process by which we achieve sustainability. According to the Brundtland Commission’s Report (WCED, 1987), development is sustainable if it meets the needs of the present without jeopardizing the ability of future generations to meet their own needs. The concept is inherently holistic: it implies long-term perspective for planning and integrated policies for implementation and improvement. This improvement over time cannot be achieved without rational management of water resource systems: systems able to meet, now and in the future and to the fullest possible extent, society’s demands for water and the multiple purposes it serves. The demands will include not only the traditional uses of water flows and storage volumes, that depend on the hydrological pattern of the region, but also the preservation and enhancement of the social, cultural and ecological systems. Considering the above definitions and perspectives, sustainable water resources systems are those designed and managed to fully contribute to the objectives of society, now and in the future, while maintaining their ecological, environmental and hydrological integrity (Loucks & Gladwell, 1999).

This definition completes the one given by the Brundtland Commission, since it links: i) the present needs with society's objectives, ii) the needs of future generations with 

environmental integrity.

Furthermore at river-basin or regional levels, it may not be possible to meet the needs or demands of even the present generation, let alone future ones, if these needs or demands are greater than what the basin or the region can afford. Moreover, degrading the water resource systems will reduce their capacity to meet future needs, whatever those needs will be. So, demand management and degradation prevention play a role of paramount importance in this new concept of sustainable development.

While it may never be possible to determine with certainty whether a water resource development project is sustainable or not, it is possible to devise some procedures that allow to compare performances of alternative options with respect to sustainability. Work conducted on sustainability evaluation has two main emphases (Dorcey, 1992; Duckstein & Parent, 1994, Kroeger & Simonovic, 1997). The first defines sustainability indicators, as conditions strictly associated with sustainable development, so that their presence is indicative of its existence. The second develops criteria for measuring sustainability such as fairness, reversibility, risk and consensus. Sustainability indicators and/or criteria should be included in the evaluation of water resources engineering projects. The inclusion of such parameters will lead to extending the decision-making process beyond the consideration of purely economic factors alone, toward the development of an evaluation procedure that reflects the new paradigm of sustainability. The ultimate implementation of such a decision-making framework will require a multi-objective approach to conjunctive use project selection, which must consider the trade-offs between traditional environmental and economic factors and the sustainability parameters. The development of a comprehensive multi-objective decision-making approach that integrates and appropriately considers all these issues, within the water resources project selection process, warrants further research.

3.4 Spatial Analysis Procedures
An integrated approach to developing and testing modeling technology requires different spatial analysis procedures such as: geostatistic methods, Remote Sensing (RS) and Geographic Information Systems (GIS).

Geostatistics, a set of statistical estimation techniques involving quantities which vary over space and time, has found wide application in surface and subsurface hydrology (Matheron, 1971; De Wrachien, 1976; de Marsily, 1986; Kitanidis, 1992). Uncertainty often exists regarding the definition of standards for parameter and data identification for surface and/or groundwater simulation models. This uncertainty often stems from an inadequate understanding of fundamental physical processes, scaling up estimates, methods for integrating and aggregating data in space and time and the spatial and temporal interrelationships of datasets. Geostatistic procedures can help define these standards and provide flexibility for the creation, validation, testing and evaluation of data sets that have distinct temporal and spatial components.

Remote Sensing applications to hydrology are relatively new but are rapidly becoming an important information source for water resources planners and managers (D’Souza & Barret, 1988; Engman, 1992). RS and its continuing advances offer a broad range of techniques for landscape rendering or identifying landscape features, or, in some cases, for actually measuring hydrologic state variables and processes.

Geographic Information Systems are computer systems capable of assembling, storing, 

manipulating, and displaying geographically referenced information (Dodson, 1992; van Dijk & Bos, 2001). GIS technology appears particularly suitable for dealing with data and modeling issues associated with environments involving multi-scale processes, within a complex and heterogeneous domain. 
Advanced coupled quality quantity groundwater models require detailed spatial data, which provide an opportunity for innovative thematic mapping and error analyses with GIS. To this end, GIS can contribute to spatial data issues and help in understanding complex physical phenomena. Frequently there is uncertainty in how to define requirements for parameter and input identification for advanced surface and groundwater models. Such uncertainty often stems from incomplete knowledge about fundamental processes, scaling from small to large area estimates, methods for integrating and aggregating data in space and time, and the interrelationship of data sets in space and time. GIS can help meet these requirements and provide the flexibility for the development, validation, testing and evaluation of such data sets that have distinct temporal components. Capabilities are needed to convert existing data sets into derivative data sets with provisions for flexible scaling, multiple parameterizations and classifications, grid cell resolutions, of spatial aggregation and integration.
Most surface and groundwater simulation models are based on finite difference or finite element approximation techniques composed of numerous grid cells. With GIS, distributed model parameters can be regionalized, represented in a digital map and referenced to the modeling grid. Nowadays, GIS appear to be used mainly as pre-processors for organizing spatially distributed parameters and input data, and as post-processors for displaying and possibly analyzing model results, while GIS-embedded modeling approaches appear to be less common. It is reasonable to hope that with more powerful and affordable computer technology, the integration of GIS with hydrologic models will proceed at a faster pace in the future.

3.5 Decision Support Systems

The repeated use of simulation models, linked with spatial analysis procedures, under different hypotheses, whether for system design or operation and management purposes, is generally called Decision Support System (DSS). Decision support systems are interactive computer-based information providers.  Like their underlying models and data management components, they do not make decisions. They merely provide information to those who need it or to potential beneficiaries. DSSs for water resource planning and management provide means of examining the different alternatives involved in the design and management of complex water resource systems. These alternatives regard the extent to which water resource systems can effectively and equitably contribute to the welfare of their users while protecting the environment and increasing the ecosystems’ carrying capacity. DSSs can also aid in real-time, adaptive planning and management, where the decisions to be taken, as well as the procedures involved, are continually updated and improved over time.

DSSs are not only analytical tools, but also serve as a means of communication, training, forecasting and experimentation. They can act as links between practitioners and decision-makers by providing different scenarios or alternative future environments against which decisions have to be tested. The goal is not to predict the future but rather to learn to live with uncertainty, to factor it into the decision process and to improve the quality of thinking among decision-makers.

In the main Decision Support Systems are suitable for:

· linking simulation and optimization models to determine the values of decision variables or system performance indicators;

· combined use with GIS and other graphic procedures that permit statistical analyses and map displays of spatial data;

· combined use with neural networks able to learn to reproduce results of complex physical and chemical processes and hence provide “black boxes” for the above processes.

All these tools, linked together and used in a coordinated manner, represent a powerful integrated system approach to the sustainable development of surface and subsurface water resources. As previously underlined ,the role of this approach is to enhance a decision-maker’s understanding of present and alternative future environments against which decisions have to be tested and undertaken. .

Advocating such an approach in no way reduces the value of modeling. On the contrary, the complexity of the real world is such that without some assistance in organizing this complexity policy makers are increasingly helpless and are forced to make decisions without any real idea of the consequences. The distinction, however, is that the models must be judged not by the criterion of how accurately they can reveal actual future trajectories; rather, they should be judged by how useful they are in enhancing the decision maker’s and scientific community’s knowledge and understanding by exploring the dynamic consequences of some of the complex assumptions. 
4. Frameworks for Implementation of Conjunctive Use R & D
Institutional strengthening and proper economic analysis are essential tools for the rational planning, design and management of water resource systems. On the one hand, without a sound institutional framework at the watershed or regional level, it will not be possible to promote and ensure efficient integrated water resource management. On the other, economic constraints are equally important. The costs of system improvements are normally tremendous and governments, in this era of transition from state to market, will no longer be in a position to finance water planning, design and management activities. This new philosophy is based on the user pays principle. So, research thrust and sustainable development, as defined earlier, should meet two basic requirements, namely institutional strengthening and economic viability. To this end, appropriate institutional and financial analysis in all phases of water planning projects, is a prerequisite for the sustainable and conjunctive use of surface and groundwater.

4.1 Institutional Issues
In many countries the close of the twentieth century was marked by the change in the global economy from state ownership to a market oriented economy. The immediate outcome has been the move from subsidized towards privatized projects in the water sector.

On the one hand, privatization implies reduced government financing in water projects, on the other the move towards a market economy calls for improvements in both services and goods supplied by the projects. Added to this is the increasing public  awareness of environmental issues. As a result water resources development in the twenty-first century will be obliged to:

· rely to a lesser extent on government funding;

· provide a higher level of service and better quality;

· abate soil, air and water pollution.

In this context, operation, management and maintenance of water resource systems should also be improved.  Governments will cease subsidizing water resources use and planning with the result that, the main beneficiaries, i.e. the users, will ultimately take over the government role of providing basic services. As individuals they can do little, but as water users’ groups and associations, they will probably be able to do a better job. than bureaucratic frameworks. Obviously, the transition from state owned enterprises to a market oriented economy will be a lengthy and slow process in which each party will try its best to defend its ideas and interests. Moreover, the laws and rules regulating different aspects of water use and related subjects are outdated and often obsolete. If legislation and regulations are not sufficiently dynamic to accommodate the rapid changes taking place in society, they become obsolete and are no longer able to reflect the changing socio-economic conditions of groups and individuals. Consequently, one of the most important issues to be addressed is the conceptualization of the form of institutional and financial interrelationships in water resources management so as to clarify stakeholders’ responsibilities and avoid conflicts. In the strive to face these challenges, research and expertise should focus on:

· the role of governmental institutions and the private sector in maintaining effectiveness of water use and planning projects;

· the processes by which the level of services should be redefined and specified;

· how the costs of redevelopment and of future operation and maintenance, should be determined, recovered or shared to assure agreed service levels.

4.2 Financial issues
Operation of water resource systems requires an agency capable of managing surface and groundwater flows and levels. If the system is to be financially sustainable the costs of developing and managing water resources will need to be recovered from the beneficiaries or from the community.

To link all the economic aspects involved in water resource systems, a conceptual framework is needed, based on the “user pays” principle (van Hofwegen, 1997). This entails identifying beneficiaries or clients for the services provided. The clients need to be clearly identified so as to establish with whom to enter into a service agreement, who to charge and where to send the bill.

Levels of service are based on operational standards and quality criteria.

Operational standards regulate system management and serve two purposes:

· to establish criteria for operational performance measurement;

· to establish criteria for service delivery.

The quality of service provision can be defined as a combination of parameters relating to the adequacy, flexibility, convenience, cost and security of the services provided.

To assure service delivery requires the design, construction, operation, maintenance and eventual replacement of a hydraulic infrastructure. The costs of managing this infrastructure, which can be broken down as follows:

· operation costs,  the human resources required for operating the system as a whole;

· maintenance costs, determined by the number of control units and their individual costs;

· depreciation costs, which reflect the age, wear and tear of the infrastructure.

Improving service levels will automatically entail increase in management effort or upgrading of the infrastructure or both. So an acceptable trade-off should be found between investments and management effort to achieve a certain service level, assuming service level to be one of the management goals.

Clearly defined service level agreements and effective accountability systems are the basic requirements for a reliable and performing service. In this way a direct relationship is established between demand, level and cost of service on the one hand, and payment for services on the other. To minimize cost variations, hence the service charges, proper planning of service cost is essential. In this context, a reliable asset management plan is an indispensable tool.

5. Challenges for the future
At the beginning of the twenty-first century, conjunctive use of surface and groundwater is coming under pressure on a number of fronts. The expected demand for water exceeds available resources, plans fall short of targets, population is increasing, though growth rates are slowing down, and economic crises coupled with environmental concerns further complicate and exacerbate efforts under way to tackle these problems. The scientific and professional communities recognize the causes and effects of the problem. These, in turn, create a number of challenges for the future, which can be summarized as follows (IAHR, 1999):

· Rainfall/Runoff processes and modeling;

· Groundwater management, monitoring and remediation;

· Unsaturated zone: exchange with surface water and coupled flow;

· Conflict resolution in water management;

· Water resource management under climate change.

5.1 Rainfall/Runoff Processes and Modeling

Many approaches to the study of rainfall/runoff processes have been proposed and evolved over the last decades. These approaches can be divided broadly into two groups:
· physical approaches
· system approaches
The development of both types of approach has traditionally evolved along a common set pattern involving  the following steps (O’Connell,1991) :

a) collecting and analyzing data
b) devoloping a conceptual model
c) translating the conceptual model into a mathematical model

d) calibrating and validating the mathematical model.

 The choice of a particular approach depends on the requirements of the problem, the data availability and the economic constraints. Some of these requirements may not be independent of each other. A choice among different approaches depends on their systematic evaluations which, in turn, entails: construction of an objective function, use of goodness-of-fit criterion, sensitivity and error analyses .
The quality and performance of the approaches have improved but there is still room for further improvements. In calibration, parameter interdependence can be a problem, particularly when the model is physically based. Data quality affects both calibration and validation, introducing uncertainty to both model predictions and observed records. Space resolution of hydrological measurements ,generally, is much poorer than the time resolution. Moreover, geological information is often neglected. Geology, clearly, plays a vital role in the analysis of the structure of a catchment. Comparison of model output to field data depends more on the quality of the data used than on the model mechanisms themselves. Sensitivity analysis and associated techniques such as error analysis deserve further attention. The criteria used for evaluation of model performance have also received little attention and remain often biased towards important components of the hydrologic records, such as peak discharge and event timing. Finally, model mobility is often given little care. Most hydrologic models tend in fact to be site specific, and little work is usually done to assess the potential for application of a given model to a new site. To this end, scale research in hydrology will be one of the most rewarding challenges to bridge the gap between theory and practice.
All these categories represent areas of where further research is required.

5.2 Groundwater Management, Monitoring and Remediation
Today problems in groundwater management are concerned with overexploitation, water table lowering, water deficit and pollution. Improved land management, to increase groundwater replenishment by reducing evaporation and, where appropriate, runoff, also warrants investigation. Further problems are created by land subsidence due to overexploitation. Any groundwater management activity has to be based on an adequate and thorough field investigation, calling for improved methods in this area. Accurate monitoring of the groundwater flow and quality, including estimated discharges and storage is also important. Restoring the quality of polluted groundwater entails not only the elimination of pollution sources but also the remediation of contaminated groundwater in both the saturated and unsaturated zones.

The mechanisms of multiphase flow, mixing and mass transfer in porous media are not sufficiently understood and the efficiency of different clean-up techniques has not been fully demonstrated. Central to this understanding are tremendous uncertainties that plague groundwater pollution and remediation problems. Dynamic and stochastic simulation models of water flow and solute transport in saturated and unsaturated zones, combined with carefully selected field experiments, are crucial tools for proper assessment and management of groundwater contamination, and need to be further improved.

5.3 Groundwater Vulnerability

Groundwater vulnerability is a general concept that identifies the natural susceptibility of underground water bodies to be affected, to some extent, by contaminating substances migrating from a pollution load imposed on land surface.

This susceptibility strongly depends upon the features of the underground environment affected by pollutants’ migration, from the land surface down to the water table of the aquifer and, ultimately, to the capture well of groundwater. Along this route at least two zone may be schematically recognized, the unsaturated (vadose) zone above the water table and the saturated aquifer. Pollutants migrate along the natural pathways by effects and interactions of physical, chemical and biological processes, which are highly influenced by the intrinsic properties of these substances. Structurally vulnerability may be considered as an integrated behavior of the underground zones (soil, unsaturated thickness, aquifer) with respect to a migrating pollutant. Such behavior is controlled by a large number of mechanisms, parameters, and properties, among which it is worth mentioning those related to the nature of the underground, to the reactivity of the matrix and to the chemo-dynamics of the compounds.
From a functional standpoint, groundwater vulnerability may be schematically thought of as a combination of different aspects:
· the possibility of pollutants to penetrate into the saturated aquifer;
· the load attenuation capacity of the layers above the water table;

· the dilution capacity of the aquifer.

These aspects may be evaluated in terms of either qualitative attributes of intensity or as numerical variables expressing transit time and residual concentration at any migration step. Thus , vulnerability may be intended as an index of the overall behavior of the groundwater body ,as a sort of statistical mediation of many local conditions ,which are largely undetectable .This complexity and variety of aspects makes the search for an integrated approach an element of paramount importance.

Groundwater contamination has been examined, so far, considering the most prominent physical and chemical processes that occur along the pollutants’ pathways in a disaggregate mode. New approaches to the problem of vulnerability evaluation integrate the unsaturated and saturated zones into a unitary or systemic view. Despite the great availability of advanced physically based procedures and simulation models, the level of applicability and confidence in results appears to be definitely questionable. Much effort has to be spent trying to overcome the limitations and uncertainties derived from the complexity of real systems and actual pollution events.

5.4 Unsaturated Zone: Exchange with Surface Water and Coupled Flow
The zone of groundwater level fluctuations is characterized by frequent changes between saturated and unsaturated conditions. To describe and control the processes occurring within this zone, a major effort has been launched during the last two or three decades by scientists of different disciplines. Unfortunately, segmented disciplinary research has hindered up to now, an exhaustive experimental and theoretical understanding of the unsaturated zone. So, challenges for both basic and applied research remain, as does the urgency for progress inasmuch as the soil and groundwater resources are increasingly vulnerable to long-term pollution. Knowledge of the interactions, feedbacks, biochemical and hydrochemical processes is far from sufficient in many key areas. To this end, it is essential to couple chemical and biochemical phenomena with flow and transport processes. The kinetics of the reactions must be better controlled by the transport mechanism that brings the reactants into contact with one another. It is therefore essential to understand the exact coupling of flow and transport and the bio-geochemical mechanisms. Another theme strictly related to the behavior of the unsaturated zone concerns flow and transport phenomena in the soil-plant-atmosphere system. 

It is well know that the rate of water and salt uptake by the root system depends not only on the capacity of the soil to supply water and solute to the roots at a rate which ensures both plant transpiration and growth, but also on plant properties and atmospheric conditions.
Plat resistance to salinity, physiological plant adjustment to water stress, rooting depth and soil-water properties at different moisture contents determine the actual salt-water uptake by plants in response to the demand imposed by the atmosphere.

The presence of such complex interactions makes it difficult, therefore, to study particular aspects of the water and solute transport process. Moreover, interpretation of both laboratory and field experimental tests has often been impossible due to the difficulty in dealing with the phenomenon, and attempts to isolate system variables have often led to mistaken analyses. So a new global approach is needed, in order to achieve a better understanding of the behavior and evolution of the soil-plant-atmosphere system.

Research needs to be carried out to investigate more deeply the relationship between plant growth and water and salt in the soil.

A more precise estimation of the crop water requirements must be attained in order to ensure improvement in yields, water saving and, consequently, a greater availability of water resources. On this ground crop-water models have shown to be essential tools for research.
In this way a better understanding of the effects of various irrigation strategies on plant growth and groundwater pollution and recharge will be achieved. On the whole, there is a large scope of research on the following topics:

· evapotranspiration and related calculation methods

· optimum fertilization procedures

· scale dependence of soil physical properties and processes

· preferred pathway flow phenomena

· parameter identification and simulation models for transport and degradation of chemicals in soil

· flux measurement in the unsaturated zone

· soil-rhizosphere interaction

5.5 Conflict resolution in water management
Water, an increasingly scarce resource, is already a source of conflict and likely to become even more so. To facilitate the solution of these problems an increasing number of states established permit programs to coordinate and control water resource allocations and withdrawals. In this context, the water managements agencies are, normally, the river basins rather then national or regional administrative units. Permit programs allow water management agencies to allocate water in a manner that reflects the state or regional values  and mitigates trans-boundary impacts and conflicts. The first task in allocating water withdrawals is to determine and explicitly formulate the overall goals of the permit system and to establish permit rules that reflect those goals . In this context, scientists are faced with the challenge of developing suitable methodologies for emergency management and conflict resolution strategies. To this regard, simulation models linked with programming techniques for optimal management are crucial tools for proper planning and design of efficient and equitable integrated surface and groundwater use projects. Technology and expertise transfer from the scientific community to practitioners should be encouraged and enhanced. Decision makers also need to be able to recognize the potential of problem-solving measures, including emergency management and conflicts among different water uses and users. To this end, procedures for supporting negotiations for water allocation should be developed and tested for international, national or watershed applications. A methodological framework for comprehensive environmental risk and impact assessment also needs to be developed to assess environmental vulnerability and resilience.

5.6 Water Resource Management under Climate Change
The ongoing debate about climate change has raised questions about possible effects of such a change on the hydrologic environment. According to the Intergovernmental Panel of Climate Change ( IPCC, 1996), the planet warming will affect precipitation patterns, evapotranspiration rates, the timing and magnitude of runoff, the frequency and intensity of storms and, therefore, both the quality and quantity of surface and groundwater resources. In addition temperature and precipitation changes will affect the water demands for agricultural, municipal and industrial purposes. Globally (Nijssen et al., 2001), the hydrological response predicted for most of the basins around the world, in response to global warming is a reduction in annual stream flow in the tropical and mid-latitudes. In contrast, high-latitude basins tend to show an increase in annual runoff, because most of the predicted increase in precipitation occurs during the winter, when the available energy is insufficient for an increase in evaporation. Instead, water is stored as snow and contributes in stream flow during the following melt period.

Although climate change is expected to have significant impacts on water resource systems, the degree of uncertainty remains significant, and the adequacy of existing water planning principles and evaluation criteria in the light of these potential changes is unclear. 
Uncertainties as to how the climate will change and how water resource planning and management systems have to adapt to these changes are issues that water authorities are compelled to cope with. The challenge is to identify short-term strategies to face long-term uncertainties. The question is not what is the best course for a project over the next fifty years or more but rather, what is the best direction for the next few years, knowing that a prudent hedging strategy will allow time to learn and change course (De Wrachien & Feddes, 2003). The planning and design process needs to be sufficiently flexible to incorporate consideration of and responses to many possible climate impacts. The main factors that will influence the worth of incorporating climate change into the process are the level of planning, the reliability of the forecasting models, the hydrological conditions and the time horizon of the plan or the life of the project.
The development of a comprehensive approach that integrates all these factors into surface and groundwater resources use and planning systems, requires a better understanding of the processes governing climate change, the impacts of atmospheric carbon dioxide on vegetation and runoff, the effects of climate variables on crop water requirements and the impacts of climate on infrastructure performance. So, research needs to be encouraged to improve the scientific knowledge about the relationships between climate patterns, land use and the hydrologic systems for different climatic settings. This, in turn, will help water planners and managers to reassess operational principles currently being applied.

6. Concluding Remarks
The world's fresh water resources are unevenly distributed in time and space. Until recently water resource management focused mainly on delivering water when and where it was required, a supply-side or fragmented approach. Nowadays, it is apparent that water availability is dwindling due to both population growth and increased per capita water use causing often irreparable damage to the environment. To face this challenge a new holistic, systemic approach, relying on integrated or conjunctive use of surface and ground water resources is needed to overcome the current fragmented management of water. This implies long-term planning and management strategies with respect to both water quantity and quality.

To ensure sustainability, water resource systems need to be planned, designed and managed is such a way as to fully meet the social objectives of both present and future generations, while maintaining their ecological, environmental, and hydrological integrity. This imposes constraints on every stage of development from project planning to final operation and management.

Planning for an adequate water supply continues to be a challenge as water demands and supply reliability continue to change. The development of operational approaches to water supply systems that enlighten decision makers also continue to be a challenge. In this context, the idea of transparency appears critically important to the ultimate success and acceptance of a systemic approach as a reliable scientific tool. The critical issue is how to keep these tools transparent enough so that they remain comprehensible to decision-makers as well to the scientific community.

In recent years significant research has been carried out resulting in a variety of approaches that can be used to incorporate the above mentioned uncertainties into the modeling process and to establish the level of reliability in model-made decision-making (De Wrachien, 1999). One of these approaches is the so-called scenario approach, which offers an alternative method for managing an uncertain future. Scenarios are the bridges between facts and perceptions. Their role is to enhance a decision-maker’s understanding of the future by providing perceptions of alternative future environments against which decisions can be tested. The goal is not to predict the future, but rather to learn to live with uncertainty, to factor it into the decision process and to improve the quality of thinking among decision-makers.

In this context, uncertainties as how the climate will change and how water resources planning and management systems will have to adapt to these change, are challenges that water authorities will have to cope with. In view of these uncertainties, planners and designers need guidance as to whether the prospect of climate change should be embodied and factored into the planning and design process (De Wrachien et al., 2003, 2004).When there is ground for formulating reasonable expectations about the likehood of climate changes, the process needs to be sufficient flexible to incorporate considerations of and responses to different possible climate impacts. The main factors that will influence the worth of incorporating climate change into the process are the level of planning, the reliability of the forecasting models, the hydrological and environmental conditions and the time horizon of the plan or the life of the project.
This new holistic approach entails system analysis and modelling, which requires the identification, analysis and evaluation of the interactions between all the components of water resource systems over space and time. These components should be integrated into a network or system involving relationships between humans and their institutions, nature and technology. For such systems to be sustainable, they must interact smoothly with other social subsystems and adapt to changes and uncertainties in supply and demands. Multiple alternatives should be defined and evaluated with respect to overall system performance objectives. Managers and decision-makers have to consider a large number of often conflicting demands on the available water, and develop and operate water resource systems under numerous social, economic and legal, as well as physical constraints. The various interests at stake call for a decision process involving multiple objectives, multiple users and multiple constituencies and stakeholders. In this context, the traditional approach whereby water resources development and management was a government concern needs to be replaced by a participatory approach involving both governments and stakeholders at all levels. Experience shows that stakeholder participation must be genuine and not symbolic, and that user associations must have a decisive role in the decision process as to what is done, how it is done and who pays for it. Experience also shows that partnerships between governments and stakeholders can be effective with governments playing a vital role in creating an enabling environment and in providing technical support and research thrust.

Security plays a pivotal role in water resource planning and management .Water security means that every person has access to enough safe water to lead a clean , healthy and productive life, while ensuring that the natural environment is protected and enhanced. Achieving water security ,thus requires cooperation between different kinds of water users, and between those sharing river basins and aquifers, within a frame work that allows for the protection of vital eco-systems from pollution and other threats
Economic constraints are equally important in water resource development. The cost of water system operation and improvement is normally tremendous, and governments, in this era of transition towards a market-oriented economy, will be unable to continue financing activities as they used to. The new philosophy is based on the principle that the services must be paid for by those who benefit from them. Sustainable development, as previously defined, requires a sound financial management framework in which the revenues from service provision covers the costs.

In the strive for sustainable development in water resource use and management, the effectiveness of any instrument devised to realize that goal, depends ultimately on two factors: the approach adopted and the quality and number of the individuals responsible for pursuing that approach. 

On the one hand, only the holistic and systemic approach outlined herein seems capable of providing a deeper understanding of the behavior and evolution of surface and groundwater systems. This approach will also generate planning strategies for maximizing the efficient use and management of available water resources, while preserving or enhancing the buffering capacity of the environment against unexpected stress or negative long-term trends. On the other hand, engineers, economists, ecologists, planners, along with stakeholders, user associations and all sectors of society must be involved in the decision making process. Failure to do so will increasingly result in opposition to proposed projects once they have been designed or constructed. Successful collaboration with an informed and attentive public can lead to more socially compatible uses of water resources and to more creative, appropriate, and hence sustainable uses of technology for addressing community or regional water resource problems or needs.
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