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ABSTRACT


The paper examines the issues and challenges raised by the concept of conjunctive use of surface and groundwater. Moreover, it reviews a variety of modeling techniques that have been suggested for achieving a sustainable development of the water resource systems, and it gives emphasis to ways suitable for improving the planning and management processes and the data base sets upon which recommendations should be made and decisions should be taken.

1 . FOREWORD


A critical problem facing mankind today is how to manage the intensifying competition for water between expanding urban centres, the traditional agricultural sector and in-stream water uses dictated by environmental concerns. Confronted with the prospect of heightened competition for available water and the increased difficulty 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) defines this process as conjunctive use. Lettenmaier and Burges (1982) distinguish conjunctive use which deals with short-term use, from the long-term discharging and recharging process known as cyclic storage. 

In general term, 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 reduce peak demands for civil 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. This can be achieved by using groundwater at the sites where it is withdrawn and diverting the saved surface water to deficit areas, or by pumping from suitably located wells and feeding canals and other distribution systems.

Another aspect of conjunctive use deals with the utilization of saline or brackish groundwater and surface water resources, by mixing them in suitable proportions with fresh water to bring down the salinity of the mixture within usable limits. In this way irrigation demands during critical periods, when fresh water is lacking or inadeguate, may be met. On the whole correctly managed, the integrated system will yield more water at more economic rates than separately managed surface and groundwater systems.

In conjunctive use of surface and groundwater development, the two most important issues that planners have to face deal with the storage of surplus water and the optimal allocation of water withdrawals. With reference to the first problem, a question that needs an answer is where to store water and which reservoirs to develop: surface or subsurface? To this regard it is important to point out that surface tanks are lost for ever once they are silted up, while underground reservoirs remain practically unaffected by development. Groundwater is less prone to pollution and less subjected to seepage and evaporation; moreover subsurface storage can be achieved without loss of water-spread areas suitable for cultivation or other beneficial land use. Nontheless, there are some constraints that hinder groundwater storage, such as:

· wells interfere adversely where large supplies are required;

· groundwater development is a large energy-consuming process, while surface water is often available by gravity flow;

· surface water tanks are more suitable for multiple uses.

The current trend in aquifer management focuses on determining the maximum and minimun water levels, with the purpose of regulating the storage capacity. As a matter of fact, uncontrolled overexploitation causing progressive drawdown below the minimun permissible piezometric levels will lead to increased pumping costs, land subsidence, infiltration of poor quality water and the drying up of shallow wells. Moreover, in coastal aquifers the persistent reduction in freshwater flow toward the sea reduces the equilibrium gradient, inducing intrusion of saltwater into the aquifers and the inland movement of the freshwater-saltwater interface. 

For surface reservoirs, the minimum pool elevations and storage losses because of sedimentation are the critical elements to be considered. Generally, the first factor 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 reservoir or adverse water-quality effects if the pool is drawn too low. The loss of storage, due to sediment accumulation, is 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.

Linked to storage is the optimal allocation of the water releases. Heightened competition for withdrawals, increasing instream 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 kernel of the problem is a trade-off between multiple objectives that include economic efficiency, equity, ease of implementation and administration, maintenance of in-stream flows and protection of groundwater bodies. Winter (1995) provided a review of recent literature that addressed the optimal and conjunctive allocation of surface and groundwater resources.

Till the late fifties, planning for management and development of surface and groundwater was brought forth separetely, as if they were unrelated systems. As a result, most early irrigation projects embodied built-in plans for drainage networks, but few dealt with groundwater exploitation as a part of integrated water resource scheme. Although the adverse effects on agricultural production have been evident for a long time, it is only in recent years that the conjunctive use is being considered as an importatn water management practice in command areas of irrigation projects. It involves a thorough inventory of soil and water resources and proper demarcation of areas that can be irrigated through 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, aquifer parameters and hydrodynamic behaviors, well yields, canal flows and stream discharges along with the power availability assessment to sustain groundwater development programs. 

2. modeling TECHNOLOGY


There is no question that computer-based modeling technology is and will become in the future one of the most important and widespread tools in the management of long-term environmental problems. It can serve to formalize scientific understanding, to integrate the various components and processes that make up the whole surface and subsurface water system, as a bridge to communicate findings between scientists and policy makers (or the public), as a basis for hypothetical experiments of different scenarios of the future, and to integrate sound planning management strategies and economy by permitting cost-benefit analyses and finding optimal solutions. Moreover, without modeling technology it would be difficult, if not impossible, to predict the expected future impacts of any proposed plan and management policy. On the whole, the planning, design, management and operation of complex water resource systems depend on modeling technology and its continual development and improvement.

2.1 Simulation Modeling

Since the early sixties mathematical models have been used extensively to process all the information collected and to devise and work out suitable schemes to achieve optimal use of the total water resources available. Generally, these models contain simulation and optimization facilities and are termed simulation/optimization (S/O) models. They embody physical parameters to describe hydrologic systems and state variables to account for management goals. S/O models, sometimes referred to as management models, commonly embody response matrix (RM) or embedding approaches (EM). RM models use superposition to simulate head response to hydraulic stimuli (such as pumping) and describe linear aquifer response to stimuli using influence coefficients. In contrast EM models directly include discretized flow equations among the constraints in the optimization procedures. The most widely used optimization techniques are linear programming (LP), nonlinear programming (NLP) and dynamic programming (DP). One criticism of programming models has been that they are too “brittle”. It is often difficult to express all the system’s operations and constraints in the mathematical frameworks required by the solution techniques. DP often suffers from too large a state space to be efficiently applied to real systems. Unless used carefully NLP can be fraught with local optima and numerical difficulties. Sometimes the linearity assumption inherent in LP is too restrictive. In water resource planning, for example, there are often multiple, conflicting and noncommensurable objectives. Despite weakness, programming techniques do have the crucial advantage of viewing the entire system as a single entity, rather than a collection of individual parts. Thus operations are made to maximize benefit to the entire system. Most of the literature citations involving S/O models come from works done in the seventies and in the eighties. The American Water Resource Association (1992) published a monograph that presented the state-of-the-art on S/O models.

When problems of optimal water resource management include objectives that are difficult to descrive due to subjectivity or uncertainty, the principles of fuzzy logic provide a viable approach. Applications of fuzzy set theory to water resource analysis can be found, among others, in the work of Russel and Campbell (1996).

More recently, neural network approaches (NNAs) have been proposed to solve conjunctive use problems. This technique has been shown able to provide universal and highly flexible function approximators to any data-generating process. Therefore, it is a powerful tool for forcasting purposes, especially when the underlying data-generating processes are uncertain or unknown. Rizzo and Dougherty (1994) used a neural kriging network to characterize aquifer properties. Raman and Chandramouli (1996) proposed a neural network model for reservoir operating policies. 

2.2 Spatial Analisysis Procedures

The integrated system approach for developing and testing simulation models suggests potential links to GIS (Geographic Information Systems) technology (De Wrachien, 1998). In conceptual terms, GIS seem well suited to address data and modeling issues that are associated with modeling environment that includes multi-scale processes, all within a complex and heterogeneous domain. GIS can help address data integration questions associated with multi-scale data from ground-based and/or Remote Sensing sources. GIS can potentially support exploratory analyses of complex spatial patterns and hydrodynamic processes. Finally, advanced coupled quality-quantity surface and subsurface water resource 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 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 interrelationships 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, or spatial aggregations and integrations.

Nowadays, GIS seem mainly used as pre-processors to prepare spatially distributed parameters and input data, and as post-processors to display and possibly analyze model results, while modeling approaches directly built into GIS appear to be less frequent. It is reasonable to hope that in the future, with more powerful and affordable computer technology, the integration of GIS and water resource models can proceed more speedily along the two following major themes:

· database

· analysis and modeling.

2.3 Decision Support Systems


The repeated and linked use of simulation models and spatial analysis procedures, under different assumptions, whether for system design or for operation and management purposes, is generally called decision support system (DDS). Decision support systems are interactive computer-based information providers. They, like their underlying models and data management components, do not make decisions. They merely provide information to those who need it or who can potentially benefit from it. Decision support systems for water resource planning and management provide means of examining the different alternatives involved, when attempting to design and manage complex water resource systems. These alternatives regard the extent to which water resource systems can contribute effectively and equitably to the welfare of their users and, at the same time, protect the environment and enhance the carrying capacities of the ecosystems. Decision support systems can also help an adaptive real-time planning and management approach, in which the decisions to be taken, as well as the procedures involved are continually updated and improved over time.

Decision support systems not only serve as tools for analysis, but also as means for communications, training, forecasting and experimentation. They can serve as links between field experts 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.

On the whole decision support systems are suitable to:

· link simulation and optimization models to find values of decision variables or system performance indicators;

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

· include neural networks able to learn to reproduce results of complex physical and chemical processes and, hence, provide “black boxes” for the aforecited processes.

3. SUSTAINABLE DEVELOPMENT


Often conjunctive water use projects involve environmental factors that have no numerical scale to be used to assess their relative importance. To meet this demand scientists and planners have worked out various approaches, including weighting, constraints and trade-offs, by which environmental factors may be given an assumed economic value or weight, perhaps as the result of opinion surveys. Commonly the issue is comprehended under the term “sustainable development”. According to the Brundtland Commission’s Report (WCED, 1987), the 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 occur without sustainable water resource systems: systems able to meet, now and in the future and to the fullest extent possible, 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, but also the preservation and enhancement of the social, cultural and ecological systems that depend on the hydrological pattern of the region. Considering the definitions and perspectives aforecited, 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 and Gladwell, 1999).

This definition differs somewhat from that given by the Brundtland Commission. At river-basin or regional levels, it may not be possible to meet the needs or demands of even the present generation, let alone the future ones, if these needs or demands are greater than what the basin or the region can afford. Furthermore, 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.

Sustainable development, defined as above, can be viewed as the process by which we achieve sustainability (Simonovic, 1998). Sustainability is often thought of as having three facets, environmental, economic and social. Any assessment of sustainability would be incomplete if it did not address all three facets. Work on measuring sustainability has been conducted with two main emphases The first focuses on sustainability indicators, defined as conditions strictly associated with a sustainable development so that their presence is indicative of its existence. The second emphasis is on the development of criteria for measuring sustainability as fairness, reversibility, risk and consensus. Sustainability indicators and/or criteria can and should be included in the evaluation of the water resource engineering projects. The inclusion of such parameters will lead to a broadening of 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 that 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 weights all of these concerns, with the process of selecting water resource project alternatives remains, for the time being, a topic for further research.

4. CONCLUDING REMARKS


Conjunctive sustainable use of surface and groundwater resources, as previously defined, aims at meeting the society’s needs, now and in the future, while preserving the integrity of the environment. This implies long-term perspective for planning and management, with respect to both quantity and quality. In this respect, in spite  of the enormous advances that the scientific community has brought forth, during the last two or three decades, in an effort to unravel the complexity of the physical, chemical and biological processes that characterize the behavior of the water resource systems, a lot still remains to be done. Research dealing with the unsaturated zone is far from sufficient in many key-areas. Knowledge on the interactions, feedbacks and hydrodynamical processes occurring in the porous media must be increased, and it is here that hydrodynamics and non-equilibrium thermodynamics have, I belive, a very important role to play. 

Another theme concerns the water and solute transport in the soil-plant-atmosphere system. A more precise estimation of the crop water requirements must be attained in order to ensure water saving and, consequently, a greater availability of water resources. In this way a better understanding of the effects of various irrigation strategies on plant growth and groundwater pollution and recharge will be achieved. The presence of such complex interactions between surface and subsurface water resources makes it difficult to design suitable management strategies for their conjuntive use.

Simulation models of flow and transport processes in the saturated and unsaturated zones, linked with programming procedures for optimal surface water management, are crucial tools for proper assessment of efficient conjuntive use projects. The usefulness of predictive simulations is, nowadays, often hampered by the inability to indicate and preferably quantify the reliability of model results, due to the errors related to the model formulation. All this leads to the fact that, in most cases, the efficiency of a model decreases rather than increases as a function of adding to many variables and processes. The outcome is that planning based on mathematical forecasts can be reasonably accurate during relatively stable time periods. But precisely for that reason, models will fail when they are most needed: in anticipating fondamental changes that require new paradigms in planning for the future. Therefore, one of the great challenges for future modeling technology is the development of ways by which models can explicity display the degree of overall model uncertainty, and remain comprehensible to the scientific community as well as to decision-makes.

On the whole, a new global approach is needed in order to achieve a better understanding of the behavior and evolution of surface and groundwater systems and design strategies apt to maximize the efficient use and management of the total water resources available, while preserving on enhancing the buffering capacity of the environment against unexpected shocks or negative long-term trends.
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