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Glossary

Terms and Definitions i.

Kharif and Rabi Seasons: A year is divided into two seasons for irrigation planning. The Kharif season starts from 16 th of April and ends at 15 th of October. The rest half of the year is Rabi season. These periods have a link with cropping patterns and the river inflow hydrograph. The Rabi ends with maturing of wheat crop in April, while the Kharif ends traditionally with harvest of cotton and rice. The crop periods are slightly changed with new verities.

ii. Perennial and Non-Perennial Systems: surface water is allocated to some canal commands areas for two seasons, Kharif and Rabi (full year); these systems are called perennial. The canal commands provided with irrigation for the Kharif season only (mid April to mid-October) are called non-perennial.

iii. Gross Area (GA), Gross Command Area (GCA), Culturable Command Area (CCA): In the beginning a difference was made between the Gross Area and the Gross Commanded Area. The Manual of Irrigation Practices defined GA as the "the total area within the extreme limits set for irrigation by a project", and the GCA as "that portion of the GA which is commanded by the flow irrigation". The GCA is a piece of land demarcated by a boundary to provide irrigation including non-irrigable land, villages, roads and other infrastructure. Within the GCA, "the Culturable irrigable Commanded Area, CCA" is the total area provided with the canal water rights.

iv. The Water Duty is the area to be irrigated with one cubic feet per second of surface water (28.3 liters/second). This estimation of water requirements was based on the prevailing practice of the similar systems or the inundation experience of the area. "The actors determining the supply are climate, soil and general or average type of crops. (Manual of Irrigation practices section 8.11)". The general range of water duty for Punjab during British period was taken as 50 acres (20.25 ha) for rice, 70 acres (28.30 ha) for cotton and 320 acres (130 ha) for wheat. Based on these quantities cropped areas were assessed and economic returns estimated. The Rabi duty takes care of the soil moisture left from Kharif irrigations. It is a critical factor in determining Rabi supplies and intensities.

v. The water duty at a particular level of the system for a season is called "full supply factor (FSF)". It includes additional water provided, for example absorption losses at the distributary and main canal level, extra Kharif supply for the "Rabi first watering" to the non-perennial systems. The FSF is separately taken for both seasons. The Kharif FSF determines design capacity of the physical system. By having lower FSF factor, an area could secure "basic water rights". The example of Sutlej Valley Project can be quoted to show how different factors influence the final water supply: "The Kharif FSF of 70 acres per cusec at distributary head is agreed by all" (ibid).

vi. The Full delta relates to the level of irrigation supplies at which crop yields reach the maximum attainable in the light of all other agricultural circumstances. The full delta supplies include the special adjustments in allowance, i.e excess supplies for the control of soil salinity or a reduction to control the water logging.

vii. Design absorption Losses are important to determine the final capacity of the canals. The absorption losses in Punjab and NWFP are 18% to 22% above watercourse head (Sutlej Valley, UCC, LCC, Triple Canal, CBDC), "An allowance of 20% for absorption in canals from distributary to canal head is over rather than underestimated" (SVP 1920, Part 1 page 2).

viii. The Water Allowance is determined per 1000 acres of CCA, while taking into account the irrigation intensity: 1000/(Kharif FSF)*Kharif Intensity. Originally, the allowance was computed at the distributary head (not watercourse) as variations were expected in project areas in terms of perennial and non-perennial cropping or their patterns. The canal losses are also accounted for: "to obtain a 30% Kharif area, a capacity per 1000 acre of 4.3 cusecs at distributary head will 4.3*120/100= 5.16 cusecs at canal level" (SVG Appendix A)". Hence, two important variations in setting water duty and allowances are, a) intensities are calculated based on the gross or culturable areas; b) full supply factors are primarily applied at the distributary or watercourse command level.

ix. The Outlet Capacity "The Kharif FSF at outlet head fixes the average acreage to be irrigated by one cusec of outlet capacity-An estimation of FSF and total supply available at distributary head permits total Kharif area which may be expected on the canals. From this and total CCA, the Kharif intensity may be calculated (Manual sec. 8.12)". The intensity was fixed roughly based on expected Kharif-Rabi crop ratio. It was assumed that farmers would shift irrigated areas to save the soil fertility and moisture. The annual cropping intensities estimate the actual area to be benefited".

x. The Conveyance capacity of an irrigation system is computed from downstream to upstream, by summing up the components and adding water losses. A safety margin or freeboard of 20% is normal for regime conditions, i.e. canals could be operated at 120% flows during high flow period. The link canals have additional head capacity equivalent to the water to be transferred beyond its own command area. There capacity is divided into "internal capacity" and the "water transfer capacity".

xi. Design discharge is same as the capacity of a canal and the authorized full supply at the design stage or after rehabilitation. This original concept is rather confusing after the practice of adjusting authorized discharge different from the design full supply based on the historical diversion pattern and different criteria for the link canals.

xii. Authorized Full Supply discharge is officially approved average flow during a particular season at the canal head-regulator. It is a regular quantity excluding freeboard or any extra-capacity, but, including adjustments for supply hydrograph at the diversion point development level of the command area. The authorized full supply discharges (AFS) are normally based on the FSF for Kharif and Rabi and could be higher than authorized discharge during a particular period. The authorized design discharge is the first AFS after design xiii. The Indent is the discharge requested by a manager for his system, which could be a canal, group of canals, a barrage or a reservoir.

xiv. The Sailaba area is confined to the active flood plains of the Indus River and its tributaries. These areas are generally divided into two categories, riverine areas and hill torrent areas. The term "riverain" is used for the "riverine" in the Indus basin, which is adopted in this thesis.

xv. Barani agriculture is traditionally rain-fed agriculture, mostly in the north of the basin. The barani cropland was also called the "bar land", which is geographically high land. The term Barani is now used for all cultivated land outside the CCA and the sailaba areas.

xvi. The Inundation canals obtain their supply from a river, when it is in flood, or during the period of inundation, usually from 15 th of May to 15 th of September (Thomson 1925), 2 months short of the Kharif season. The bed level of an inundation canal at the offtake is lower than the high water level of the river.

xvii. Regime flow conditions of a canal should ensure an annual silt balance, the concept is based on the non-scouring and non-silting theory of Kennedy (1895), Lindley (1919) and Gerald Lacy .

CemOA : archive ouverte d'Irstea / Cemagref xviii. A Barrage is a grand diversion structure across a river, comprised of weir and supporting masonry works and stone pitched embankments. The structure is part of the headworks, which also include the head regulators of the offtaking canals. The function of a barrage is to control and raise the water levels for the stable canals deliveries. The barrages store some water in the shallow pond provided upstream to maintain the water levels xix. Rim Stations River Inflow Measuring Stations are established on the main rivers to gauge the river flows, where they enter into the basin.

xx. Dead storage level is the level of water in a reservoir below which the reservoir is not drained for the safety reasons.

xxi. Live storage capacity is the reservoir capacity computed by excluding the dead storage from the total storage.

xxii. Doab is a Persian and Urdu word for the land between two rivers or waters ('ab' is water in Persian & 'do' means two)

xxiii. Mohen-jo-daro or the "city of dead" is an ancient excavated cite in the lower Indus range, the most representative of the Indus valley civilization of 3000 BC, called Harappan civilization.

xxiv. Qanungo: literary means "narrator of the law". A representative of state responsible to assess the revenue and keep and approve land records existed from the earlier times [START_REF] Kennedy | Land of Five Rivers[END_REF]. The title and responsibilities were defined during the Mughal King Akbar. A Qanungo was responsible for the land and revenue records of a group of villages called Pargana or Taluqa.

xxv. Paragana is a cluster of villages, some reports mention 84 villages in a Paragana; it was equivalent to a district in the Mughal administration xxvi. Patwari is the revenue department official responsible for maintaining the record of area cropped and matured under each crop in a season at the farm level. This record is used to compute the crop-based revenue. The research presented in this thesis has been benefited from a long process of frank discussions, information analysis and arguments with professionals involved in the Indus Basin operation, planning and water research. I keenly acknowledge input provided by the managers and operators of the Indus systems. Without this process of understanding, current profile of the Indus Basin water supply and cropping systems could not be evolved. In harmony with heterogeneities of the system, a variety of the local visions contributed to my cognition of the system. While, limitations and subjectivity of a mind cannot be underestimated and conclusions drawn in the end had to have the limitations of my vision.

The simple and authoritative control of a versatile and big system has generated an interesting combination of the rigidity and resilience in the basin. The best reflection of the management of this system can be found in the straight-forward thinking and the easy ways of making changes, for example in the irrigation supplies through the process of regulation or administrative directives. The dialogue with M.H. Sadiqui, Regulation Officer Punjab (since three decades), helped to comprehend the key role of regulation in water diversions to the main canals and archive information on the history of system's operations, I am thankful for his time and explanations. I would also thank Ex-Chief Engineer Irrigation Ch. Mazhar Ali, Chief Engineer D.G. Khan Dr. Bagh Ali Shahid and the executive engineer Regulation, Mr. Husnain. I acknowledge the encouragement from two senior executives of the water sector, Mr. Shamsh-ul-Haq ex-chairman WAPDA and Sardar Tariq ex-member water WAPDA. It is simply not possible to mention all those who helped in retrieving and understanding pieces of information during more than five years of working with the Irrigation Department and Water and Power Development Authority (WAPDA).

The support provided by the French institutes; Cemagref, ENGREF, IRD Montpellier and French embassy Islamabad has been valuable. I can never forget Thierry Rieu's reply when I contacted him after leaving IWMI, "I am always supportive of your PhD ". Not only Cemagref supported some of my trips to Montpellier, Thierry Rieu and Patrice Garin (successive chiefs of irrigation division Cemagref) contributed time in discussions and reviewed many chapters of the thesis. I am further obliged to Thierry for the French translation. Dr. Claude Millier of ENGREF is another person, who has always been helpful. I am highly grateful to Dr. Jean-Christophe Pouget (IRD) for helping me to understand and apply HYDRAM model for the Indus Basin.

My colleague in IWMI for many years, Marcel Kuper has the biggest contribution in the accomplishment of this work. He dedicated a lot of his time to work with me without any formal arrangement. During my two stays in Montpellier and his trip to Pakistan, he provided the most valuable input in formulation of the current research approach. I am also thankful to Pierre Strosser for reading and commenting on an earlier version of this thesis.

The analysis carried out in this thesis is primarily based on the secondary data of many years collected from public sector institutes and processed. On the historical aspects, more than a century old documents and information retrieved from the public and personal libraries. A lot of data gaps have been slowly filled with the help of Irrigation, Agriculture Departments and WAPDA professionals. I want to mention here that the valuable old documents available in Engineering Counsel Lahore Library, Punjab Public Library, Irrigation Department's data rooms at the divisional headquarters and relatively new information (after seventies) stored in many WAPDA offices must be preserved.

This PhD is happening about three years after leaving the International Water Management Institute, but the contribution of IWMI in accessing information and stimulating the earlier concepts is there and acknowledged. A key role in the collection of secondary data has been played by Amir Wazir; he stayed in IWMI only for two years but the secondary data collected by him is used by this and many other studies. Zubair Tahir and Kaleem Ullah were the comrades in the initial research, which provided footing to build up the current Indus Basin story. I want to thank GIS people at IWMI, Salman Asif, Mohammad Asghar, Siam Mehmud and Mehmuda Tabassum. I will also thank two IWMI directors in Pakistan, Professor Gaylord Skogerboe and Dr. S.A. Prathapar, and Dr. David Molden in Colombo.

The presence of Kuper-Chohin family in Montpellier provided me a home for many months to live, in fact without any household responsibility while enjoying the best traditions of the Dutch-French hospitality. The moral support of many friends has been a major asset during about two years period of working from my home desk, Robina Wahaj was in Rome but very close to talk with. Marielle and Jean Daniel were always available to discuss science and share experiences of French-Pakistan cultures. The last two weeks of stressed work in Montpellier were relaxed by their hospitality.

The idea of this PhD was initiated during a visit of Pascal Kosuth (then chief of Irrigation Division Cemagref, Montpellier) to IWMI Pakistan. It survived for a long time and materialized slowly because of continuous encouragement from many friends and colleagues, only few of them are Gilles Belaud, Jacques Rey, Husnain Khan, Xavier Litrico, Samia Ali, Parasanthi Perera, Pierre Olivier Malatere, Jean Pierre Baume and Zeenat Khalid. I want to thank Khawar Mumtaz of Shirkat Ghah for her support.

I highly appreciate the support provided by Cemagref staff during this work, especially by Ms. Christine Moretti and Ms. Christiane Vannobel.

I am also thankful to Professor Linden Vincent and Dr. Rémi Pochat for their time and efforts as rapporteurs.

Finally, I want to acknowledge the patience of my sons, Rehan and Ahmer, they had to live with this PhD for few years and cope with a stressed mother. This experience of working mother may prove useful in their own family setups! An inspiration from my late parents have always been with me, many times I had to recall their determination to provide education to their children, especially to daughters, from a village having only a primary school for boys.
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CemOA : archive ouverte d'Irstea / Cemagref Abstract This thesis argues that the "original (designed) irrigation systems" of the Indus Basin have changed beyond the incremental level, to a qualitative level. These changes have occurred in the actual surface allocations, total availability of water from different resources and the responsiveness of irrigation diversions to the crop demand cycle. The Agriculture systems have also changed and are a definable hybrid of protective and productive irrigation. New boundaries (constraints in few cases and higher flexibility in others) have been added to the water allocation process with the Indus Waters Treaty of 1960 with India, the development of surface reservoirs and link canals, and the Water Allocation Accord of 1991 between the four provinces of Pakistan. In addition to the formal systems of water use, there are unaccounted uses in agriculture and new priorities of other sectors.

The research identifies how the system managers and users have been able to manage the changes through "operational rules", but with an increasing gap between "the planned" and "the operated" systems. Currently, diversified sustainability threats are faced at the canal command and basin levels in terms of ground water depletion, water logging, compromised agriculture and an unrecognized shift of water. The water management needs to address the existing threat with a more realistic approach. The accounting of existing water resources, water demand and net water stress at different spatio-temporal scales, potential of the network and gross resources is assessed and evaluated to identify improvements in the existing water management. At the existing demand, different targets can be implemented in the basin to a fairly high level, including the original design, WAA, historical patterns and changes towards higher sustainability and crop demand. A comparison of different allocation scenarios and their expected impact at the canal command, provincial and the basin scales show the scope for the reallocation of surface water at these levels.

The thesis presents a comprehensive methodology to analyze the existing official surface water allocations at the basin and lower scales leading to the evaluation of scope for surface water reallocation. Three types of tools are used for this analysis. The temporal analysis consisting of two components, historical review to trace out the roots of water allocation procedures and statistical analysis to find out temporal evolution of water availability and uses. It is shown that how some of the institutional concepts have survived since the centuries while how the apparent fixed boundaries have been intervened by the uncontrollable dynamics of water exploitation. The water balance at the basin and provincial scales quantify the contribution of groundwater, rainfall, indirect surface supplies, water demand in agriculture and spatio-temporal groundwater balance over the years. This analysis is extended to the main canal level to compute the demand-supply gap or the excess water in each command area having fully renewable to totally saline water quality. In the Indus basin, depletion of water resources, non-beneficial water uses, groundwater behavior and the seasonal crop water stress are the dynamic components. Finally a basin level surface water model is applied to integrate the conveyance and distribution network of rivers and canals. Following the general approach of the thesis -looking into the past to suggest for the future -the model simulated different water regulation targets, limitations at different locations of the network and the impact of some of the proposed allocation changes. The modeling technique is shown as a useful tool to compute quantitative impact of basin level development options (new reservoirs) or expected threats (reduction in river supplies from India). A big set of processed and organized secondary data is hopefully a useful output.

The current analysis can be extended and enriched in many areas, as identified throughout the course of analysis. The water management institutions deserve a more multi-dimensional and prospective analysis. The water policy is discussed as an essential perspective for change, however the topic deserves more depth and suggestive evaluation.

Chapter 1 Introduction

In the global water scenario, per capita renewable water available in Pakistan amounts to a little over 1.67 10 3 m 3 /cap/year [START_REF] Fao | Crop Evapotranspiration, Guidelines for Computing Crop Water Requirements[END_REF], which is towards the World's minimum (20% of the average per capita value of 7.6 10 3 m 3 /cap/year by [START_REF] Shiklomanov | Appraisal and Assessment of World Water Resources International Water Resources Association-Water International[END_REF]. The west of the country is highly arid and belongs to the water scarce region of the Middle East, while the east is highly populated and is part of the agriculture intensive region of South Asia. However, the country stands at the 11 th position as far as per capita fresh water withdrawals are concerned with an average availability of 1100 10 3 m 3 /cap/year [START_REF] Shiklomanov | Appraisal and Assessment of World Water Resources International Water Resources Association-Water International[END_REF]. In a normal year, about 75% of the river inflow is diverted, while groundwater is extracted at a rate of 400 m 3 /cap/year, which is higher than the recharge in the sweet water zone [START_REF] Habib | The patterns of conjunctive water use and gross production in Indus Basin[END_REF]. About 95% of the developed water resources are used in irrigation. The remaining surface water development potential of the country is low, leading to a growing physical water scarcity when taking the population growth into account.

Most of Pakistan's water resources are provided by the Indus River and its tributaries. Its plentiful rivers cross the fertile alluvial plains, propagating an annual volume of more than 180 billion cubic meters (bcm). In Pakistan, almost 100 million people are involved in agriculture, largely based on the water drawn from the Indus Rivers and the huge groundwater aquifer underlying the Indus plains. The existing hydraulic infrastructure (reservoirs, barrages, canals) for irrigation, the development of which was largely accelerated since 1850, is fully interconnected across the climatic regions, administrative boundaries and cropping systems.

Water in the Indus basin is shared between two countries and -within Pakistan -between four provinces through well-reputed agreements, notably the Indus Waters Treaty with India (1960) and the Provincial Water Allocation Accord (1991). The surface water supply for irrigation is managed through homogeneous physical components with apparently simple operational rules. However, there exists a five-fold variation in water allocation across the basin. This allocation is not directly linked to, but has been influenced by rainfall patterns, groundwater quality, expected cropping patterns, historical rights, and political negotiations. The traditional vision of the Indus Basin as a supply-based irrigation system where water is distributed on an equitable basis depending on the availability of water resources should, therefore be interpreted with caution. This vision has led to many studies emphasizing the gap between original (or "design") and actual water allocation, without analyzing the changing character of the allocation and distribution of the surface water resources.

An international paradigm shift towards demand-based management has been summarized by [START_REF] Gleick | A Human Right to Water[END_REF][START_REF] Gleick | The Changing Water Paradigm -A look at the Twenty-first Century Water resources Development -International Water Resources Association-Water International[END_REF] "the dynamic process of managing freshwater resources is changing again. There are many components to this change: a shift away from sole, or even primary, reliance on finding new sources of supply to address perceived new demands; a growing emphasis on incorporating ecological values into water policy; a reemphasis on meeting basic human needs for water services and a conscious breaking of the ties between economic growth and water use". The Indus Basin planners have been on the forefront of adopting international trends and terminologies, perhaps linked to a long history of donor-funded development interventions (water sector planning 1965, construction of Mangla and Tarbela dams 1964-78, SCARP Projects 1970-1990, lining of water courses 1994 onwards, transformation of irrigation departments into provincial authorities 1997). However, even though there seems some realization of a need to have balanced water resources development, enhancing the viability of agriculture and ensuring the water use of other sectors, there appears to be little interest to test and implement this new paradigm (WAPDA 2001, PWP 2001, NWS 2003).

An essential need for "water stress" countries is to assess available water resources, actual water uses and their sustainability. The current research is undertaken to assess water demand and supply in the Basin with a better accounting of the existing formal and informal uses, to identify the demand -supply gap and to investigate the options for a more sustainable water use in different canal irrigated areas. The scope for changes in the surface water allocation is shown by analyzing the factors shaping authorized and actual water allocation practices across the basin. In doing so, the study has the ambition to contribute to the on-going international debate on demand water management and illustrate the complexity of its implementation through a practical analysis of water management in a large river basin.

The Indus Basin and Water

Allocation Issues

Water resources and irrigated agriculture

Agriculture -including livestock -is the biggest economic sector of the country, directly sharing about 25% of the national GDP, 60% of the export while 63 % of the national industry is agro-based (Economic Survey 2000). Agriculture supports 60% of the population [START_REF] Parc | Agro-ecological regions of Pakistan[END_REF], National Census 1998) providing self-employment to 40%. The country has recently achieved self-sufficiency in the production of food grains, with a record 15% increase of wheat production in 1998. Pakistan has been able to export rice, wheat, maize, potatoes and fruits in addition to cotton and sugar during the last 3 years (Economic survey of Pakistan 2001) despite an overall water shortage and drought in some areas. Out of 21 million hectare of agricultural land, 14.8 million ha is irrigated through its large-scale irrigation systems, while 5 million ha is rain-fed or flood-based, with scattered well irrigation.

About 85% of the primary water resources of Pakistan, constituted by river inflow and precipitation, are limited to four months of the Kharif season, from May to August (measured data of WAPDA). The average annual river inflows amount to 184 bcm (for the period , while the average rainfall below the upper catchment of the basin amounts to about 76 bcm. Both of these resources are variable, river flows ranging from 120 bcm to 220 bcm . The average rainfall in irrigated areas varies from 110 mm (1968) to 500 mm (1984). The environmental and socio-economic factors have imposed an extensive development of the water resources in the Indus basin. About 75% of the average rivers inflows are diverted for agriculture and other uses through 43 main canals. The network of rivers and canals is supported by two big reservoirs of 17 bcm live storage capacity and 14 inter-river link canals. These resources fulfill the water needs of a population of more than 140 million. Industrial and domestic requirements are met mostly from groundwater in the sweet water zone while river supplies are provided for both purposes in saline groundwater areas.

Design Water Allocations

The water allocations to the main canal irrigated areas have a wide range, from 0.19 to 1.17 l/s/ha (2.47 to 17 cusecs per 1000 acres) for a period of six months during the summer (nonperennial systems) or for the full year (perennial irrigation). These allocations were made between 1882 and 1971 during the design of different schemes. These data are upheld officially and repeated by many studies (RAP 1979[START_REF] Bhatti | Irrigation allocation problems at tertiary level in Pakistan[END_REF][START_REF] Bandaragoda | Institutional Factors Affecting Irrigation Performance in Pakistan: research and policy Priorities[END_REF][START_REF] Kuper | Irrigation management strategies for improved salinity and sodicity control[END_REF][START_REF] Halsema | Trial & Re-trial -the evaluation of Irrigation Modernisation in NWFP[END_REF]. The irrigation scheme wise allocations vary even within the secondary canals (IIMI 1997). From scheme to scheme there is considerable influence of many time bound factors like political objectives, water demand, level of technology, availability of other water resources and population factors. With the passage of time, there are also obvious changes in water and land utilization patterns. For example, the old food basket of Punjab in semi-arid central and northern areas has become less productive due to subsistence agriculture on increasingly small land holdings (Agriculture census 1999(Agriculture census -2001)), urbanization, relatively low water supply and unfavorable conditions for the cash crops [START_REF] Tahir Zubair | 1873 with Additions of Punjab Minor Act 1905, Sindh Irrigation Act 1879, Soil Reclamation Act (for whole Pakistan) 1952, Mnasoor Book house Katchry Road Lahore The Manual of Irrigation Practices[END_REF]. Some of these areas have potential for agriculture expansion without additional surface water allocation, while some others have increasing water stress. The southern and Lower Indus areas (Punjab and Sindh) designed as non-perennial are practicing perennial surface irrigation after the construction of reservoirs [START_REF] Habib | Issues and Options for Integrated Water and Land Management in the Indus Basin[END_REF][START_REF] Murray-Rust | Extended Project on Farmer Managed Irrigated Agriculture Under The National Drainage Program (NDP): Water Distribution Equity in Sindh Province, Pakistan. Lahore, Pakistan[END_REF].

Surface Storage and New Apportionment Strategy

From the operational perspective, the transfer of about 17 bcm of water from Kharif to Rabi by means of Tarbela and Mangla reservoirs has changed the run of the river character of the system by 25%, as the "non-season" (or Rabi) surface supplies increased by this factor. However, the design allocations to the main canals were not formally modified, even though in practice changes are perceptible. Indeed, Rabi allocation was changed for some of the systems and the overall water stress reduced in some others, by changing the operational procedures. As a consequence, the authorized discharge to a system is often different from the design discharge and design allocation to the canal command area, disturbing the notion of "equitable distribution" of the excess water, which normally is proportional to the design allocations. The demand-supply gap is inconsistent across the forty-three canals by design and by virtue of later developments. By principle, the design targets could not be modified to establish a new equitability or proportional sharing. To what extent "new water" was able to compensate the complex disparity of the design discharges, this is a question yet to be answered.

It seems therefore that the distribution of new water has been managed through regulation and the only guiding principle documented is "historical diversions" by the Water Apportionment Accord (WAA) in 1991. Apparently, a number of factors can influence historical diversions.

The "mechanics of the procedure" is that a system tries to achieve an agricultural demand higher than the "previously set" operational targets and moves forward to obtain "new targets" within the capacity limits (Shafi and Habib 1996, RAP 1979 1 ). In reality, the WAA accepts a "regulatory target setting", which favors systems already having obtained higher supplies (by creating a higher demand) while those systems having a lower supply level than the design allocation may suffer in the long run. Since the "historical rights" of these systems may remain lower than their design rights, water may get engaged in other systems. The framework of WAA also recommended volumetric division of average annual river flows to the four provinces of Pakistan. This volume is linked with 10-daily "schedules" through the reference data of the canal diversions of 1977-82 and water allocated to new schemes without providing a clear link between the design discharge and 10-daily allocations (WAA 1991).

1 According to the Revised Action Plan (1979): " All of the available water is divided by the Provinces among their canal command keeping in view individual diversion capacity and the internal policy of allocation of storage between Rabi and Kharif season". [START_REF] Shafi | Scheduling Of Water Deliveries In The Irrigation System Of The Indus Basin (Pakistan), 3 rd International Network meeting on Information Techniques for Irrigation Systems[END_REF] explained that, "The supplies to a canal system are released from the Headworks by the engineer in-charge (SDO or XEN) according to the allocation made by the regulation directorate or the demand of the concerned manager whichever quantity is less."

The new apportionment and the operational procedures after the induction of reservoirs may in cases be conflicting with the design procedures.

Evolution of demands, water use and management practices

The water demand of agriculture, livestock, rural and urban households, industry and nonagriculture infrastructure has gone far beyond the originally planned surface water supply.

The population growth and the urbanization are two important factors directly upsetting the self-sufficient rural canal colony model (The Canal and Drainage Act 18732 ). The population of the country has increased from about 73 million in 1977 to 140 million in 2001, out of which the urban population has increased by 30 million according to the national population census in 1978 and 1998. Not only industry and urban centers, but also village households are mostly using groundwater. The use of groundwater has tremendously increased; it is overextracted in most of the sweet water zone according to the Vision 2025 (WAPDA, 2001), facing an increasing danger of depletion and quality deterioration. The agriculture sector is the major user of groundwater, planned and managed at the farm level. The conjunctive use of canal and groundwater does not have corresponding conjunctive planning and management at the command area level.

Conservation of the Water Resources

Often cited resource conservation issues of the Indus Basin relate to diminishing fresh surface water resources, accumulation of saline water causing water logging and infiltration of saline water into the sweet water bodies, efficiency of conjunctive water management and the lack of water saving techniques. The reduction in irrigation surface water supplies can be imputed to capacity problems and to diminishing inflow due to climate change, while the higher extraction of groundwater as compared to the recharge corresponds to higher water uses. The water logging in saline area is caused by the non-removal of irrigation excess, partly a result of high water consuming crops and non-perennial irrigation, but partly caused by excessive supplies [START_REF] Aslam | Waterlogging And Salinity Management In The Sindh Province, Pakistan, Improved Water Management Practices for the Rice-Wheat Cropping Systems in the Sindh Province, Pakistan Supplement I-A[END_REF]. The preservation of fresh water on a long-term basis may have multiple and area specific solutions including changes in water allocations to maintain the discharge-recharge relations of specific areas utilizing the capacity of natural water bodies. It may need higher fresh water supply through direct allocation and improved recharge during low demand period. Surface water saving and reallocation in the basin can be a tool to address the conservation issue (Keller andKeller 1996, Clyma andShafique 2001).

The formulation of recommendations for groundwater legislation (NESPAK 1993, Punjab Private Sectors Groundwater Planning Study 2000, National Water Strategy of Pakistan 2003) has been a new trend, but no progress has been made towards implementation. Rather, farmers' organizations and their political representatives are increasingly demanding tubewell subsidies (Punjab Assembly 2003) and exemption from canal water charges in those canal command areas where the water is no longer reaching. Indeed, a law is presently under consideration in the Punjab Assembly on these issues. Because of an increasing gap in water demand and supply, especially for the small landholders, groundwater is an input, which will be very difficult to be curtailed at the supply level. Groundwater management and its sustainability is a vast field of research, required to have alternative management options and technologies.

National Water Policy and Management Strategy

The National Water Policy is presently developed by the Federal Government of Pakistan with contributions from donors and the national level organizations. The process includes presentation of "water vision" by different organizations (GWP/PWP 2001, WAPDA 2001, NWS 2003). In addition, this policy remains quite general and does not provide the outlines of a "new management model" required to address the essentialities of Pakistani agriculture (subsistence agriculture, food security and sustainability of natural resources).

International organizations and donors have been actively involved in implementing water sector projects in the Indus basin since 1956 to develop water resources and promote a sustainable management. The outcome of this practice includes the availability of hundreds of feasibility and "quick research" reports carried out to plan and implement the projects, and have led to the creation of public sector organizations with various sets of objectives and various recommendations on water policy issues. All new initiatives have left some influence in terms of development and management strategy under the persuasion of major donors. While, the links between the experiences obtained in the practical implementation of the different water sector projects and the process of recommendations on the National Water Policy and strategy are not very clear, without much appreciation of what has been possible to implement and why.

Problem statement

Pakistan is facing several techno-political crises for the long-term sustainability of surface and groundwater resources, provincial water sharing, main canal water distribution and the development of water resources. A major issue is the inability of the Water Allocation Accord (WAA) of 1991, like all the preceding allocation agreements, to settle the water sharing between the different provinces as well as the water allocations to the main canals (summed up at the provincial boundaries). Despite the WAA's position on the gross division of "developed" and flood river inflows and its acceptance of provincial autonomy in water distribution, there is continuous disagreement on the real water stress, agriculture requirements and the construction of new reservoirs and canals. The definition of the "essential outflow" to the sea to avoid salt intrusion in the Indus river is controversial in terms of the discharge required, but is even contested as a principle. At the same time, on a broader waterfront, the groundwater depletion, the quality of drinking water and the future needs of other sectors raise concerns about agricultural uses of water.

In a physically integrated system, the surface water supply cannot be isolated from the net availability of the different water resources (rain, surface and groundwater) and the demand patterns of different water uses [START_REF] Keller | Integrated water resource systems: Theory and policy implications[END_REF]. The actual requirements of agriculture, the variability of surface inflows and the storage have influenced operational concepts and targets, which are now different from and perhaps even in conflict with design allocations in term of volumes and timing. It raises questions about the jurisdiction of concepts like equity and proportionality envisaged at the planning and design stage. During periods of stress (droughts, for example), difficulty in setting the supply targets becomes obvious as the top level Indus Rivers Systems Authority (IRSA) could not agree and implement water distribution without administrative interference (Ministers Committee in 1994, Presidential orders in 2001-2). This leads to the question in how far have water allocation rules in the Indus Basin evolved over time and what is their impact on the actual water distribution?

Groundwater has emerged as an important secondary water resource for sector planners, while it constitutes an essential primary source for an increasing number of users depending on it. Limited and unreliable canal supplies have prompted the installation of an increased number of private tubewells in the canal-irrigated areas. A decrease in the groundwater recharge and the unreliability of rainfall has prompted their installation in rain fed areas. About 35% of the command areas have saline groundwater, especially in the Sindh province, with limited use of groundwater. Waterlogging continuous to be a major threat in those areas. The groundwater management has been an area of investment by the public sector and donors from the seventies onwards, mostly through drainage projects, which are claimed to be a partial success because of the non-availability of drainage effluent both in fresh and saline zones. The situation has taken a U-turn in the sweet water zone and groundwater regulation is suggested by researchers [START_REF] Perry | Control of groundwater use: the limitations of pricing, and a practical alternative[END_REF] and consultants (NESPAK 1991, PPSGDP 2000). A major difficulty in implementing this measure is the heavy dependence of small farmers on groundwater in their largely livelihood oriented farming systems. The continuity of reliable access to water is critical for these users. A better water stress management in agriculture and the groundwater sustainability are two issues linked to the surface water supply and distribution efficiency of the system [START_REF] Brown | Water use efficiency on irrigation systems: a review of research carried out under DFID's engineering research programme Agriculture Water Management[END_REF]. In other words, is irrigated agriculture in the Indus Basin sustainable with reference to water and crop systems?

The non-agriculture uses of water are relatively small but very critical in environmental, political, social or economic terms [START_REF] Gleick | A Human Right to Water[END_REF]. The major part of these uses is satisfied by groundwater pumpage, but this resource is facing a sustainability threat in terms of quantity and quality. Urban needs are increasing and the industry is using water from different water bodies. This water is hardly considered in planning other than through some recent safety regulations. It is only recently that the agriculture sector is criticized as a predominant user of water (PNC 1998), while it has long been criticized as a bad manager (RAP 1979, World Bank 1994).

The impact of water stress on yields is an old topic and an ever-increasing water development is recommended by all basin level planning studies. The sector has survived with recently gained self-sufficiency in the production of major food crops with highly variable productivity of land and water resources [START_REF] Habib | Issues and Options for Integrated Water and Land Management in the Indus Basin[END_REF]. A further reduction in the useable water for agriculture is predicted because of groundwater depletion, reservoir siltation, and a decrease in residual flows in Eastern Rivers from India. The different measures that have been suggested relate to the further development of water resources, an efficient use and a better demandsupply balance. The question is then is there room to improve the water allocation and its distribution to different water users?

The existing system has strong links with the past in water and land ownership concepts, planning as well as management operations [START_REF] Chambers | Managing Canal Irrigation: Practical analysis from South Asia[END_REF]. Most of the modifications in the allocation targets and procedures are referred to as interventions in the "prevailing context". The system is thus represented more "traditional" than it is in reality, but more importantly some of the historical concepts and practices are twisted and stretched beyond their limit and must be redefined. In any case, no solutions can be proposed without taking the rich irrigation heritage of the country into account.

Objective

In order to answer the three main questions presented in the problem statement related to the actual water allocation rules and the scope for improvement, the viability and the sustainability of irrigated agriculture, this thesis proposes to address the following research objective:

To develop a methodology to analyze the current surface water allocation to canal command areas, and identify and quantify improvements in this allocation for better groundwater conservation, sustained agricultural production and better applicable water allocation rules.

A key assumption is that the surface water allocation is a historical and dynamic process in the basin and at the canal command level having an interactive influence on the overall water management of different sources. The design allocations, which vary widely in quantity and in timing, are the starting point of the water management in this supply-based irrigation system. In addition, the spatial variability of the natural characteristics of the different canal commands (agricultural potential, soils, groundwater quality, rainfall, evaporation etc.) needs to be characterized as it has a considerable impact on the water use (selection of crops, water consumption) and on the demand -supply relations in these commands under the influence of other socio-economic factors. The institutional and social interests linked with the actual and authorized allocation process are also dynamic in space and time, having an influence of political interests, economic drives, etc.

Most of the research on irrigation in the Indus Basin focuses on a comparison between actual and official water allowances. Scarcity by design is a widely used term to explain the design characteristics of the protective irrigation systems of the Indus Basin when comparing them with "productive irrigation" [START_REF] Jurriens | Scarcity by design: Protective irrigation in India and Pakistan[END_REF]. The gap between the actual and design situation is explained by the conflicting objectives of the protective irrigation systems. The "inequitable" character of actual water allowances is further criticized as contradictory to the "equitability philosophy" of the design situation (Vander Velde and Murray [START_REF] Vander Velde | Impacts of Physical Managerial Interventions on Canal Performance In Pakistan: A review of five years of field research studies[END_REF][START_REF] Bandaragoda | Warabandi in Pakistan's canal irrigation systems: Widening gap between theory and practice[END_REF][START_REF] Halsema | Trial & Re-trial -the evaluation of Irrigation Modernisation in NWFP[END_REF]. [START_REF] Jurriens | Scarcity by design: Protective irrigation in India and Pakistan[END_REF] conclude "the model of protective irrigation explicitly assumes that farmers will stick to subsistence production of food crops, when supplementary irrigation is made available to them-this is to a large extent no longer valid". The reasons for this change are an increasing demand for more and better-controlled irrigation supplies and a shift towards productive irrigation.

The surface reservoirs have occasioned some deviation from a "pure supply based" run-ofthe-river situation. New regional water divisions were superimposed over old design allocations, apparently without changing the design concepts but quite obviously recognizing the existence of new realities such as increased cropping intensities. Hence, quantitative behavior of the water allocated, required, supplied and actually used need to be studied without imposing pre-defined notions or targets such as equitability. In fact, the design allocations are only one factor in the process of water distribution and do not stand-alone. The objective of this research provides an opportunity to thoroughly analyze the process of water allocation and its evolution, and to determine its potential as a water management tool. The study needs to take groundwater exploitation into account as it is heavily used in some areas since the surface water turns (warabandi) remain inadequate in terms of quantity and timing while the water demand is increasing and extremely variable.

Analytical Framework

In order to answer the questions of the problem statement and meet the general objective of the research, the analytical framework -presented in figure 1.1 -is divided into three interlinked analytical levels for water resources ("development" of the supply) and water management (matching supplies with demand). The analytical levels provide a progressive analysis from understanding the system and sub-systems to the modeling of selective processes integrating the main variables identified at the first level, leading to the third level further synthesizing the potential and constraints of the system while evaluating the improvements. The building blocks in fact represent factors or a group of factors (processes) considered relevant to analyze and propose changes in the surface water allocation. This leads to an integrated approach across the domains of the natural resources and the human interaction, the water resource and the water management.
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Figure 1.1: Analytical framework of the Research

The building blocks at three consecutive levels provide the following analysis.

1. The first level focuses on the understanding of the system through an appreciation of the existing water resources, gross demand of agriculture and other sectors, and the tradition of using and managing water resources. A quantitative review of the water resources of the integrated Indus Basin Systems maps three water resources over more than thirty years. The first dimension of this type of approach is information, the second concerns the spatio-temporal context and the third the reliable representation of selected processes. On the management side, relevant water allocation as well as distribution and sharing practices are analyzed in their historical context. This analysis will document the various changes in the factors shaping water allocations, and will show a historical continuity of the rules or practices and a gross inertness of the system with a continuity of human relations and institutional interests. Time-series quantitative data on water resources and uses will help to determine simple mathematical relations between the past and the present. This level provides necessary information for the representation and modeling of the systems.

2. This is the core analytical level. Different processes and relationships between these processes are modeled to assess the dynamics and the impact of physical parameters and management rules. The selection of the processes related to water allocation and their transcription in the model takes place at this level. The complete demand -supply availability of the surface, rain and groundwater is analyzed through water-balances at the system (basin) and sub-system (provinces and main canals) levels. The surface water supply process with its physical components and constraints, water distribution rules and targets is represented by a basin level model. For the temporal behavior, back casting is used. This approach allows comparing past predicted and actual behavior of a system under known conditions while using calibrated models (Brooks 2001). This helps in understanding and interpreting gaps between objectives and reality and is useful for developing and testing scenarios of change.

3. Different results of levels one and two are synthesized in the discussion on evaluating the scope and limitations for the allocation changes in the basin, reallocation options at the main canal level and their implementation aspects. The sustainability of water resources and the existing subsistence agricultural as a mainstay for rural livelihood need to be jointly taken into account.

Outlines of the Research

Chapter 1 introduces the background of water allocation issues, the objectives of the study, the research questions and analytical framework and provides the setting of the comprehensive analysis of the Indus basin undertaken in this study.

Chapter 2 presents four facets of the vast setup of irrigated agriculture in the Indus basin: 1) the agro-climatic and hydrological settings of the basin, 2) the development of the extensive and integrated network of canals from the Indus and tributary rivers, 3) the role of agriculture in the national economy and 4) a brief profile of the farming systems. The heterogeneity of these systems is characterized and simplified using graphics and GIS.

The rich history of agriculture is explored in chapter 3 to trace out historical links of the proclaimed "new and modern irrigation of the 19 th century" in the basin. It shows intriguing links and continuities of the management systems on the one hand and the emergence of new interest and concepts on the other. The focus of this evolution is water rights, access to the water resources, development drives and the role of the main water-related institutions. The history shows how the extension of low-profit irrigated agriculture has survived by the interest of managing institutes and millions of irrigators. The provincial/regional disagreements on new irrigation schemes and the 1960 treaty on sharing river waters between India and Pakistan highlight the consequences of water shortage, the number of water disputes, and the role of political interests to resolve those. The logic of relatively uniform, but overlapping water distribution rules and the big range of design allocations to the command area are traced out in historical perspectives.

Chapter 4 analyzes the availability of water resources and presents the spatio-temporal match of water resources in the Indus Basin (rainfall, surface and groundwater). The sources of the secondary data are described. The processing of these data by the different organizations is compared with the contemporary data processing techniques. The fluctuations in annual availability of rainfall and river inflows are analyzed by time-series statistical patterns. Relationships between river inflows, canal diversions, rainfall and outflow are explored. The behavior of groundwater is presented from 1978 to onwards through its exploitation water table levels. The second part of the chapter shows actual surface water allocations to the provinces and the main canals of the Indus Basin. Finally, a characterization of all main canals of the basin is presented based on the allocated volumes and the variability of surface water supplies.

Chapter 5 integrates the different water resources, the agriculture and other uses, groundwater recharge and extraction, by carrying out water balances for different spatial boundaries and selected years of different hydrological conditions. The water balance is carried out at the seasonal scale to have a better representation of gross crop needs and reservoir operations.

The conventional run-off based water-balance technique is used and the model is calibrated for 1993-94 using measured data. The selection of coefficients is based on a detailed literature review covering all major water balance studies carried out in the Indus Basin. A sensitivity analysis indicates the importance of some of the parameters. The second part of chapter 5 applies this calibrated model to 10 selected years from 1978 to 2001. Using the water balance for back casting allows a more dynamic comparison as compared with the relatively stable components of water availability and use. It indicates a shift in water conservation threats and sustainability issues over time with a changing role of groundwater. In the end of this chapter another comparison with the previous water balances qualifies the values of different parameters and assumptions leading to different estimations. This comparison also shows how the system has performed regarding actual water supply and uses as compared to the predicted behavior.

Chapter 6 focuses at the canal command level, extending and concluding the discussion on the water supply targets and water balances for the main canals. Firstly, reported allocations and authorized discharges are revised and corrected for the modifications after design and for omissions in the reported values. The role of regulation in a run-of-the-river system versus a reservoir-backed network shows the changing nature of supply targets. Has the system changed into a modified supply-based system with its surface reservoirs, groundwater use and demand influence? If so, how did this influence surface water allocations? The analysis of regulation and water accounting at the canal command level taking groundwater resources into account provides the setting for the network modeling carried out in chapter 7, which focuses on the surface water allocation. The institutional potential of the "management of allocation" is discussed.

A basin level simulation model integrates river water distribution, allocation targets with operational aspects (reservoir, link canals and main canals) and physical constraints in chapter 7. The complete Indus Basin network of rivers, reservoirs, link and main canals is defined along with operational priorities and capacity constraints. The model is calibrated for three different periods representing different physical systems in order to enable back casting of the water allocation. The hydraulic year of 1945-46 represents the situation before the introduction of reservoirs and the 1960 Indus Waters Treaty. Most of the Punjab Rivers were linked but there was no transfer between these rivers and the Indus River. The year 1967-68 represents an intermediary situation. Mangla reservoir and a set of link canals were constructed, while water supply of the eastern rivers was strongly reduced. Finally, 1977-78 represents the full system, as it exists today. Applying the same back casting approach that was used in chapter 5 for the water balance, the model investigates the actual pattern of physical and management changes/continuity in an integrated basin. The model simulations disintegrate the contribution of the network constraints and regulation decisions in the actual supply of surface water. It determines the achievable level of design and WAA targets and the logic behind the historical diversions to the individual canals. The impact of water depletion threats and higher storage potential is simulated.

Chapter 8 concludes on the sustainability of irrigated agriculture with present water allocation rules and the potential for reallocation. It provides recommendations on alternative water allocation strategies.

Limitations of the current Research

The spatial delineation of the Indus Basin system and its sub-systems (provinces and main canals) used in the analysis is a debatable choice. It represents adequately the present organization levels (at the national and regional scales) for water resources planning, development and management, but it does not cover the entire natural river basin (which is shared with India) or the full extent of the groundwater aquifer. In addition, the different water allocation processes and procedures covering these levels are not always continuous, but overlapping. In this highly integrated basin with variable demand and agro-climatic conditions, spatio-temporal transfer of water is occurring across and within different levels.

To disintegrate a sample area for the water allocation analysis and then extrapolating results across the basin could not be representative in the case of the Indus basin. This justifies the need for the proposed framework. However, all the complexities at each different level could not be explored given the size and the complexity of the study area.

Many small models have been preferred in this study over a single and gross model such as the macro-economic Indus Basin model developed by the World Bank, as they reflect the principle of management intervention strategies as an iterative approach. The advantages of this approach over a big black box could be argued [START_REF] Kuper | Irrigation management strategies for improved salinity and sodicity control[END_REF]. However, the analysis is not exhaustive and the modeling process is less integrated than the reality in case of network flows and water balances of the canal command areas. The current research can be extended for more integrated modeling as commented in chapter 8.

Another perceived limitation of the study is the use of secondary data, hailing from different sources and institutions. However, using these data in this study also provided the opportunity to demonstrate the utility of maintaining extensive databases and the interest of crossing information from different sources, collected at different levels. It is hoped that this study will contribute to a better collaboration between different organizations involved in collecting, processing, synthesizing data and those involved in the planning, development and management of water resources in the basin.

Chapter 2 Natural Resources, Irrigation Network and Farming Systems of the Indus Basin

This chapter introduces the natural and physical features of the land and water resources of the Indus Basin, the physical features of the irrigation machinery, the status of agriculture in the national economy and a brief overview of existing farming systems. From here, the next chapters explore how different water uses have evolved and how water has been allocated and managed at different levels.

The Indus Basin covers a wide range of climatic and ecological conditions. The natural access of the three different water resources (rainfall, surface and groundwater) and water demand is therefore extremely variable in space and in time. The development of the large-scale irrigation infrastructure was intended to address this variability and provide surface water to a large number of water users during the major crop cycles. The seasonal surface water allocation (for Kharif and Rabi) modified the original water stress to different levels. The development of agriculture and new water scenario stimulate farmers to make decisions about the groundwater use and irrigation practices. As a consequence a vast groundwater network has been developed supplementing canal network and a key factor in the water resources sustainability.

In this chapter, the spatial heterogeneity of the climatic and ecological conditions is mapped using GIS to understand the availability of water resources for irrigated agriculture and other uses. In the case of groundwater, its quality has also been mapped, as this determines to a large extent whether it is available for use. The mapping of the different natural conditions of the system and the layout of the irrigation infrastructure facilitates the understanding of the development and management of water resources analyzed in the next chapters. The waterrelated parameters (rainfall, evapotranspiration, groundwater quality) are presented for the different main canal commands to facilitate this analysis.

Agriculture is the biggest sector of the national economy and the major provider of employment, hence, politically sensitive. Relations between different stakeholders are complex and the implementation of policy or management reforms is difficult. This emphasizes the need to understand the basic characteristics of the agricultural economy and the farming systems. A brief overview of the economic parameters of the agriculture sector indicate its placing in the national economy. The last section of this chapter highlights some of the characteristics of the farming systems for a 75,000 ha irrigation system. It provides another level of appreciation of the impact of water variables (quantity, quality) and the type of responses such as the development of groundwater use.

The Natural Physical Settings

Geography and Basins of Pakistan

Pakistan is located between latitude 24 o N to 37 o N and longitude 61 o E and 75 o E. Its northern boundary is constituted by the Trans-Himalayan ranges stretching into China, India and Kashmir (see Figure 2.1). These snow-covered peaks are the major source of river flows in summer. India is in the east and northeast, sharing the mountainous river catchment. The Northwestern border is shared with Afghanistan across the Karakoram and Hindukush ranges, which allows western winds to bring sparse but valuable rains in winter. The western border with Iran divides a vast desert following the Waziristan hills, a very dry zone in general but the lower part having access to the monsoon. The Arabian Sea is to the south providing a drainage outlet to the residual flows of streams and groundwater effluents. Pakistan's glacial area covers some 13,680 km 2 , which represents an average of 13 % of the mountain regions of the upper Indus Basin.

The northern region has many giant peaks; the highest K-2 (Mt. Goawin Ausün) at 8,610m (28,250ft) is exceeded only by the Mount Everest. The region abounds in vast glaciers, large lakes and green valleys, drained by the rivers Chitral, Panjkora, Kunhar and Swat and numerous streams and rivulets. These valleys have thick forests of pine and junipers and a vast variety of fauna and flora. Further south, these ranges lose their heights gradually and settle down finally in the Margalla hills (2,000-3,000 ft., 700-900 m) in the vicinity of Islamabad, Pakistan's capital. The Western Mountains cover a large portion of N.W.F.P.; north of the river Kabul their altitude ranges from 1600-2000 m (5,000 to 6,000 ft.) in Mohmand and Malakand hills. These hills are much less green with non-perennial rivers between long rows of rocky hills and crags with coarse grass, scrub wood and dwarf palm. 

The Ecological Division and Agriculture Areas

The ecological zoning carried out by the Pakistan Agricultural Research Council in 1980, with the help of FAO [START_REF] Parc | Agro-ecological regions of Pakistan[END_REF][START_REF] Parc | Consumptive Use of Water for Crops In Pakistan[END_REF] divides Pakistan into ten agro-ecological regions (Figure 2.2). This characterization is primarily geological and based on the soil physiology, air temperature and rainfall, while the groundwater quality is not considered. The relatively dry mountains and plateaus of the zones VII, VIII and IX cover more than one-third of the area of Pakistan. The canal irrigation network is confined to zones II, III and IV at the time of this zoning, but has been extended over the past 20 years to zones VIII and X through the Chashma Right Bank, Rani Kach and greater Thal canals. The river water is also supplied to Zone I (Indus delta) through Manchar and Kalri Lakes. The zones V, VIII, IX and X are traversed by hill torrents draining into the Indus River, as can be seen from the relief map (figure 2.1). There is small-scale rain fed (Barani) and/or riverain (Sailaba) agriculture in pockets of all zones depending on the land type and the available soil moisture. In Sailaba agriculture, mostly fruits and grain crops (maize, jawar) are grown in the northern mountains, while sugarcane and rice are dominating in the Indus Delta (zone I). About forty small dams (WAPDA vision 2001) are built on the small streams tapping some of the tributary contribution to Indus in summer. The ecological zones II, III and IV of the Indus Basin, were divided first into six in 1978 and then into nine Agro-climatic regions for the Indus Basin modeling by the watersector planning study in [START_REF] Delhomme | [END_REF]and 1991(WSIPS 1990, RAP 1979). The later classification considers groundwater quality and cropping patterns.

The Hydrological Setting of the Basin

The hydrological settings are formed by the annual climatic cycle (rainfall, snow melt) and water availability parameters in different spatial zones. The water availability is further influenced by the groundwater quality and the river water access through irrigation infrastructure. The next sections describe the hydrological parameters in terms of rainfall and reference evapotranspiration (ET 0 ) patterns and the irrigation infrastructure.

The Spatio-temporal variation of Rainfall and Reference Evapotranspiration

The monsoon in the summer and the western winds in the winter have relatively active and passive precipitation zones (Map 1). The monsoon storms from the Bay of Bengal cross Bangladesh and India. Following different paths, these storms enter into Pakistan through three routes: through the northern range, trough Southern Punjab from India and occasionally from the Arabian Sea in the south (for instance, the summers of 1995 and 2003). The monsoon paths have a determinant impact on the rainfall distribution. The spatial distribution further varies due to altitude and sea effects.

The monsoon rains occur during July and August trailing to September. The central Punjab has these rains during more than two months while in the major part of the Indus basin in Sindh the beginning of the monsoon occurs a few weeks later, towards the end of July. The average maximum monthly rainfall is 50 mm in the center and south of Punjab and Sindh. The lower Indus gets better rain due to sea effects. The Upper Punjab and a part of NWFP have monthly average of 100 -150 mm in July and August. A small part of the basin has average rainfall of more than 200 mm in these months. The winter rains in February and March are low across the basin and nominal towards the South. 
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Source: Meteorological department

The precipitation map of Pakistan (figure 2.3) divides the Indus Basin into six ranges having an annual average rainfall in millimeters, ranging from 1200-500, 500-350, 350-250, 250-100 and less than 100 mm. The areas having rainfall less than 250 mm are only marginally affected by the monsoon, about 30% of the Indus basin falls in this category. The monthly rainfall patterns of ten cities in the Indus basin with different winter and summer rainfall patterns are shown in annex 2.1. The monthly rainfall volumes for each canal command are computed in chapter 4 using thirty to forty year data of all available locations.

The reference evapotranspiration (ET 0 ) is computed for twenty-three climatic stations in the basin using the modified Penman Monteith procedure of the FAO (Allen et al., 1998). The climatic data of 20 to 35 years are obtained from the Meteorological departments in Lahore and Karachi and processed for a 10-daily estimation of the reference and crop evapotranspiration (Ullah et al. 2001). The FAO-56 method (Allen et al., 1998) is selected for this study based on a comparison of five estimations of (ET 0 ) by different methods (Ullah et al. 2001) (Annex 2.2). The Delta module3 of the Indus Basin Model Revised (IBMR) (WISP 1978) and Hargreaves (Ullah 2000) estimates have very close results, but have a difference of ± 15% with FAO-56. This difference is not consistent in the different temperature zones. Generally, the first two methods compute lower values during high temperature months and vice versa as compared to the FAO-56. The Indus Basin's climate has relatively low humidity and high wind speed in areas having high temperatures. FAO-56 includes these factors and gives a higher spatial variation across the basin. Another reason for using FAO-56 instead of WAPDA's Delta module is the better understanding and consistency in the development of Penman Monteith' methods. It is used by most of the development studies (CRBC 78-94, FESS 1995[START_REF] Lbod -Sir | Partners and Hunting Technical Services Ltd (MMP/HTS)[END_REF][START_REF] Rbod -Sir | MacDonald & Partners and Hunting Technical Services[END_REF] and researchers ( [START_REF] Waijjen | Study of Water and Salt Balances for Eight Sample Watercourse Commands in Chishtian Sub-Division, Punjab, Pakistan[END_REF][START_REF] Cyrus | Application of GIS Technique For Groundwater Analysis: A Case Study of the FESS Area[END_REF], Vehmeyer 1999, Habib et al. 1999) in recent years and gives a comparative character to the current estimations.

The seasonal rainfall and ET 0 point location values are interpolated using the GIS technique Kriging to estimate average value for each canal command area (CCA). Rabi and Kharif values are shown in Figure and2.4. These figures show that the seasonal values are not in the same order for the different canals, because of a different spatial variation of temperature and precipitation in winter and summer. About 70% of the annual evaporation occurs during the six summer months of Kharif. Across the canal commands, the average ET 0 varies between 938 mm to 1400 mm in Kharif. The evaporation goes up generally from the northwest of the Indus basin to the Southern desert (Pat feeder and Desert canals) of the lower Indus areas in Sindh and again drops slightly near the delta region. The highest to the lowest ratio of average ET 0 for canal command areas is 1.5 in Kharif. The level of aridity can be quickly seen from the ratio rainfall versus evapotranspiration. During the year, for only a few canal command areas of the Indus Basin, the rainfall was higher than 30% of the ET 0 . For more than half of the Punjab canals commands average rainfall was around 25% and drops to about 10% for certain canals. In Sindh it varied from 5% to 12% in Kharif, while it is slightly higher towards the delta. The ET 0 is very high in Sindh; five canals of Sukkur and Kotri barrages (on the eastern bank of Indus) have an ET 0 of around 1230 mm while the two Desert canals approach 1400 mm. During Rabi, the average ET 0 ranges from 425 to 725 mm for the command areas. The ratio of the highest and lowest average ET 0 for command areas is 1.7 in Rabi. The Rabi season of 1993-1994 was very dry and the rainfall was less than 7% of the ET 0 for all but one canal. Quantitatively rainfall during an average year like 1993-94 amounts to about 30% of the reference ET in the Northern part of the Indus basin and less than 10% in a vast range of middle and Southern basin. This level of aridity requires continuous irrigation round the year. However, the contribution of rainfall is critical during crop growth periods and crucial in recharging the groundwater reservoir. The annual cycle of ET 0 can be better represented by the monthly average values. The behavior of four stations located in different parts of the basin is compared to see the impact of climatic variables. The maximum gap is in June and the minimum in December, see figure 2.5. As shown in Annex 2.1, wind speed and humidity have higher variation than temperature among these locations and a substantial impact on the ET 0 variations. The sunshine hours make less difference, because their variation is relatively small in the Indus basin. 

The Gross River Inflow

The Indus and its tributaries, Jhelum, Chenab, Kabul, Swat, Ravi, Sutlej, Beas and many other streams originate from the Himalayas, Karakoram and Hindukush covering a more than 200,000 km² catchment. Their primary source of water is melting of winter precipitation with the beginning of spring, supplemented by rains in the catchment area and basin. The main rivers of the basin are supported by numerous hill torrents and small streams. Snowmelt and rainfall in the catchment areas determine the inflow of the different rivers of the Indus Basin. Their annual cycles vary in a wide range, due to climatic conditions impacting directly on the river inflows. This variation, however, is not totally unpredictable. By comparing patterns of the current year with "historical" data, one or more similar year(s) can be found and a type of flow pattern "predicted". In general, inflow patterns of the main rivers have a good probability of occurrence. An empirical "precedent based method" is used by the irrigation experts to forecast river inflows (M.H. Sadiqui, senior regulation officer Punjab, personal communication). The thirty years average inflows of all big rivers are shown in Figure 2.6. To represent the present (post reservoirs) situation, a shorter period of 20 years is selected for the eastern rivers (Ravi, Sutlej) getting residual flows from India, which has been declining after 1951. However, the inflow patterns indicate that Ravi and Sutlej have a supporting role in the late summer during this period. These flows have an impact on the reservoir operations evaluated in chapter 7. The Jehlum and Chenab Rivers have peak flows during late July and early August. Indus has a peak at the same time, while it has high flows from June to early September. All rivers drop to low flows in October. It is only during about three months that exogenous river water can flush through the system and directly reach to the sea after satisfying the canal diversions and storage.

The Groundwater

Aquifer

The groundwater aquifer is important for its quantitative contribution to irrigated agriculture, its recharge characteristics, which allow for an extensive exploitation and its groundwater quality allowing a very useful recycling over the major portion of the Indus Basin. Limited references are available about the nature of the aquifer. "Essentially all of the Indus plain is underlain by deep, mostly over 1000 ft deposit of unconsolidated, highly permeable alluvium consisting primarily of fine to medium sand, silt, and clay. Fine grained deposits of low permeability generally are discontinuous so that sands, making up to 65 to 75 percent of the alluvium, serve as a unified, highly transmissive aquifer." These were the comments of a basin level study carried out in 1965 by WAPDA's consultants (HTS/MMP1965). The IACA's development plan (1965) estimated that the uppermost 30 m (100 feet) of the groundwater aquifer in the irrigated area of the plans stores about 370 billion m 3 (300 maf) of useable water equivalent to a latent resource of 492 billion m 3 (400 maf) when the reuse of recharge from pumped groundwater is taken into account.

Due to soil characteristics and soil formation, the average specific yield of the groundwater varies in the basin. It was estimated as 0.17 and 0.13 for Punjab and Sindh in 1978 (WISP 1978). The study estimated the hydraulic conductivity as 0.0014 and 0.0019 feet per second and the anisotropy ratio of horizontal to vertical permeability 55:1 to 30:1 for Punjab and Sindh respectively. A district level study across the country by NESPAK (1991) reported a specific yield of 0.09 to 0.2 percent. A recent study by PPSGDP (1998PPSGDP ( -2001) ) argues that there could be much bigger variations over short distances. They computed a range of 0.01 to 0.32 percent in their study area of about 3000 km 2 (Upper Jhelum and M.R Link canals command area). These estimates generally show a high yielding aquifer with a substantial storage capacity. The estimates have shown an increasing trend with time because some parts of the basin are sustaining high pumpage, however, also low yielding localized areas are indicated. 
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Groundwater Quality

The The water quality criteria were changed by WAPDA in 1991 (WSIPS 1990) after farmers started using groundwater that was hitherto labeled as belonging to the hazardous and bad quality ranges. The groundwater use by the farmers is determined by their practical knowledge on its impact on soils and crops and by the water stress [START_REF] Kuper | Irrigation management strategies for improved salinity and sodicity control[END_REF]. Official water quality standards are important in indicating that to what extent farmers are using bad quality groundwater. However, considerable differences exist in the different values used for the water quality standards. To tap the thin layer of infiltrated good quality surface and rainwater in hazardous water quality areas, the skimming wells technology is tried, but it has limited scope in Pakistan because it has practically remained at the experimental level since 1967 (HTS/MMP 1967[START_REF] Hafeez | Multi-strainer Tubewlls for Skimming Top Layer of Fresh Water underlain by Saline Water in the Aquifer[END_REF], Ahmad et al. 2000).

Groundwater Infrastructure

After introduction of large-scale irrigation in the Indus Basin, the command areas took time to achieve "maturity". In the beginning, cropping intensities were modest and large quantities of surface water contributed to a considerable rise in groundwater tables. Due to poor drainage and good monsoons, many areas started becoming water logged, some of them quite early like Upper Chenab and Upper Jhelum command areas as quoted by [START_REF] Thomsons | Punjab Irrigation (book)[END_REF].

To improve vertical drainage, more than 8000 deep electric tubewells were installed in the Indus basin from 1954 (Salinity Control and Reclamation Project, SCARP-I) to 1977 (North Rohri project) with a total installed capacity of 932 m 3 /s. The use of this newly developed technology was recommended by USBR. Most of these wells were in the sweet water zone discharging in irrigation canals, which enhanced the irrigation supplies. In addition to the SCARP projects by WAPDA, the Irrigation Department installed about 1100 electric wells in Punjab. Utilizing this additional water, about 0.61 million ha of command area was converted to perennial irrigation. Eleven thousand public wells were reported in 1982 (WSISP 1991). This expensive experience -the installation cost was about 1200 million US $, while the operation and maintenance cost amounted to about 100 million US $ according to [START_REF] Shams | Water resources management, Pakistan experience. First International Conference "Valuing the water[END_REF] -was carried out with the involvement of WAPDA and the provincial Irrigation and Agriculture departments. However, the public tubewell schemes could not be sustained due to high financial costs, a rapid decline in the original discharge capacity, technical failures of the design, and the operation and maintenance problems (RAP 1978-79). About 80% of the total SCARP wells were already installed, when in 1978 a decision was taken to privatize these public wells. The implementation was not easy as farmers preferred to install smaller individual tubewells (NDP 1991). And finally the National Drainage Program in 1998 still aims to transfer the last slot of 1500 wells.

While the Government was implementing the Public tubewell schemes, farmers started installing their own wells. Each survey during the last twenty years (1984, 1990, 1994, and 1997) has shown private tubewell growth much higher than estimates in the sweet as well as moderate water quality zones. The table 2.1 shows the number of reported tubewells. These tubewells are generally individual although electric wells can be shared [START_REF] Strosser | Analyzing alternative policy instrument for the Irrigation sector[END_REF]. At the same time, informal groundwater markets improve the access to this resource for those farmers that do not own a tubewell. Some recent surveys have shown a decrease in shared electric wells due to the high cost of electricity as compared to the diesel operated wells and farmers' preference to be fully independent in groundwater acquisition. 

Surface Water Resources Infrastructure

A schematic diagram of the immense river-canal network of the Indus basin is shown in Figure 2.10. The irrigation systems are developed in the command areas of eight big rivers4 , physically inter-connected through a network of river reaches and inter-river link canals. These link canals have been conceived to mitigate the water deficit of irrigation schemes located on the Ravi, Beas and Sutlej Rivers (the so-called "eastern tributaries" of the Indus) since the water of these rivers has been attributed to India through the Indus Waters Treaty of 1960. These irrigation schemes are situated on the Rechna and Bari Doabs -the sub-basins between Chenab, Ravi and Beas Rivers -and in the Sutlej Valley.

Following the natural relief, the Indus River falls about 2440 meters in 960 km from the point of its entry into Pakistan to the Chashma barrage. It descends only 150 meters over the next 1450 kilometers to the Arabian Sea. In the upstream reach of the river, a reservoir is built at Tarbela. The sixty years average annual inflow of Indus at Tarbela is 90 billion m 3 (bcm). The design gross storage capacity of the Tarbela reservoir is 13.7 bcm and the live storage 11.5 bcm. About 72% of the mean inflows occur during the four months of June to September. Forty km below Tarbela, the biggest western tributary, Kabul River, joins the Indus River. Outside the Indus Basin -

The first barrage on the Indus is Jinnah, about 14 kilometers downstream of Kalabagh gauging station, Thal canal off-takes from this location. A further 30 km below, the Chashma barrage is an important regulation point with a small storage of about 0.4 bcm. The first inter-river link canal from the Indus River connects Chashma to the confluence of Jhelum and Chenab rivers. Sixty kilometers further down, Taunsa is the last Punjab barrage with two irrigationcanals offtaking from both banks of the Indus and a river-link canal feeding the last reach of the eastern tributaries at Punjnad with Indus waters. The three big barrages on the Indus in Sindh -Guddu, Sukkur and Kotri -are located downstream of its confluence with the eastern tributaries a few kilometers upstream of Guddu. Fifteen main irrigation canals, totaling a capacity of about 50 bcm, offtake from these barrages in Sindh. The Sutlej River runs almost along the Pakistan-India border. The river still gets residual flows (last 6 years average amounts to 13 bcm) from India. Five irrigation systems are fed by the Balloki-Sulemanki link canal from the Sulemanki and Islam barrages, supported by the Mangla reservoir (Figure 2.10). The Sutlej joins the combined reach Jhelum, Ravi and Chenab at Punjnad; two irrigation canals off take from a barrage here. The 50 km following stretch is called Punjnad River -meaning five jewels or five pieces of waters -which joins the Indus River 5 km upstream of the Guddu Barrage, almost at the boundary of Punjab and Sindh.

A full list of the different irrigation canals -43 in total -is presented in Annex 2.3 along with their official design parameters (RAP 1979), their discharge capacity, the water allowance and the size of the command areas. The spatial representation of the water allowance (figure 2.11) shows that about 30 % of the irrigated area of the basin is not entitled to any water during the Rabi season (the so-called non-perennial systems). However, these areas have higher water allowances in Kharif. The Kharif water allowances vary in a wide range, from 400 to 2000 mm, across the basin. The Rabi quantities are more uniform. The conception of the different irrigation canals and the definition of the water allowances are analyzed in chapter 3. 

The Agriculture Sector and Farming Systems of the Indus Basin

The Administrative Division of the Country

According to the national census of 1998, the total population of Pakistan was around 130 million in 1998 with an annual growth rate of 2.61 %. About 67.5 % of total population resides in the rural areas. The country is divided into four provinces and one hundred and eight districts. The biggest province, Punjab hosts 56.5 per cent of the population and encompasses 25.8 per cent of the total land. Sindh covers 22.6 % of the population and 17.7 % of the land, the North-West Frontier Province (NWFP) 15.7 % of the population and 12.8 % of the land while Baluchistan hosts 5.1% of the population and encompasses 43.6% of the land. The district is a basic administrative unit in Pakistan. It is also a management unit for the natural and other resources in the recent decentralized administrative and political structure (Government of Pakistan, 2001). Out of 108 districts of Pakistan, 65 are partially or fully inside the Indus basin (Annex 2.3). Matters related to the land ownership/transactions and revenue is handled by the district administration. The district sizes are directly linked to the population density and the availability of resources. The districts in ecological zones III (b), VIII and IX, have large sizes, as these zones are the least developed and thinly populated. The division and province come at a higher level in the administrative hierarchy. The provinces are administratively responsible for agriculture and irrigation. However, for the surface water distribution, irrigation divisions and sub-divisions are defined with respect to irrigation infrastructure (chapter 3) not consistent with the administrative division.

The Socio-Economic Status of the Agriculture

Agriculture is the biggest sector of Pakistan's economy. It contributes about 24% to the Gross Domestic Products (GDP) and provides employment to 44 % of the total population (official data 2003). The gross GDP growth rate was 3.76% per annum in the decade of 1990 compared to the agriculture growth rate of 3.83%. The contribution of agriculture in GDP relatively decreased in the 1980s because some big industrial units started producing and increased industrial share (Karachi steel mill, Heavy Mechanical Complex Texila). But the industrial development could not be maintained, and agriculture remains a key productive, commercial activity supporting the largest industry of textile and providing employment to the biggest group of the population (Chaudri and Chaudry, 1997). The relative contribution of the five top sectors in GDP also indicates stagnant economic factors. The contribution of the indirect taxes has declined because of a reduction in import duties and foreign investment. The trade and manufacturing sectors have 15% shares from the agriculture products.

Despite positive growth rate, the actual yield of all major crops remains lower than the "potential yield" proposed by planners and local research institutes (Table 2.2). The wheat yield is much lower than international levels as compared to cotton and sugarcane. One of the reasons is that wheat is widely grown in rainfed and riverain areas for household consumption with minimum water and other inputs. From 1960 to 1997, the production of food grains increased from 7 to 26 million tons against a population increase from 40 to 130 millions (Figure 2.12). The gross biomass increase was 25 to 120 million tons during the period because of high fiber crops, sugarcane, cotton, fodder and fruits. But, the support price could not be maintained in the market, as the Government was unable to purchase wheat from the farmers at this price. The grain production decreased to 26 million tons in 2001, which was officially attributed to a severe water shortage and climate, but the production remained around 18 million tones in the following years despite improved water availability (chapter 4). In 2004, the Government has already imported some wheat from the international market. This shows that farmers will have limited investment in wheat if they cannot obtain sufficient returns. Currently, the support price of wheat is not effectively sustainable if the production is in excess. It can be expected, that the production of cereal crops will be more or less driven by the local consumption. However, the high variability in production during the recent years shows that small fluctuations in support policy or weather may lead to an importing of food grains. The agriculture statistics indicates a couple of constraints. Since 1960 the cropped area per capita has been continuously decreasing, see Figure 2.14. The grain production per capita (kg) remains at the level of 1971 with some fluctuations. An exceptional increase during 1967-68 could not be fully explained. The average total production of all crops increased from 2 kg/ha in 1960 to more than 5 kg/ha in 1999, while the peak cotton yield of 2.2 million tons of 1992 could not be sustained due to viral attacks and reduced yield from some areas. At the national scale, the production of fodder, fruits and vegetables has been increasing during the last fifteen years at a slightly higher rate, but the net contribution of these crops remain only 2.28 % (in 1999-2000). The food grains contribute 55% of GNP from agriculture in 1999, followed by cotton 29% and sugarcane 13% (figure 2.18). The GNP of the sector includes contribution from the livestock. Among the food crops wheat and rice are the major contributors. Individually, wheat and cotton are at the same level (32% and 29%), followed by rice and sugarcane (16% and 13% respectively).

Key Characteristics of the Farming Systems of the Indus Basin

In order to give a brief overview of the farming systems of the Indus Basin, three key production variables -cropping intensities, cropping patterns and the land distribution -will be presented. The important livestock sector will not be treated here. There are a variety of crops grown in the Indus basin. However, traditionally the basin has two main cropping systems. The North Indian rice belt sweeps across the basin from the Indus River irrigated areas (supported through inundation canals in the past) to the Sutlej valley (extends into Indian regions of Sutlej and Brahma Putra rivers), while the Southern rice-wheat belt descends along the Indus River and expands before the Indus delta. A bigger cotton-wheat zone extends from southern Punjab to the northern areas of Sindh. There were substantial areas, mostly in the North with wheat as the main crop in Rabi, and fodder, vegetable, lentils, oil seeds and fruits as minor winter crops. Presently, cropping intensities have gone much beyond those originally envisaged at the design stage. In the Punjab canal commands, cropping intensities are in the range of 110% to 160% (chapter 6). In the cotton-wheat belt, canal command areas have maximum intensities.

The increase in cropping intensities can be attributed to an increased availability of surface water after the major infrastructure works of the Indus Waters Treaty -the Tarbela and Mangla reservoirs and the inter-river link canals -and the massive groundwater exploitation. The fact that cropping intensities remain low in Sindh is partly related to the poor groundwater quality, which limits its use for agriculture. The land settlement policies (chapter 3) and the Islamic inheritance law (according to which land is legally divided among all children) have resulted into farms, much smaller in size than the officially declared economic unit (5 ha) in the older irrigation systems of Northern and Central Punjab, NWFP and to some extent in Sindh (Table 2.3). Some other socio-economic factors influence the land division. The non-availability of other employment opportunities causes division of good productive land between all brothers and sisters [START_REF] Anwer | Inequalities in Land Distribution in Pakistan[END_REF].

On the contrary, big landowners are in a better position to maintain their unit size, which is linked to their social power. These families have better economic opportunities to start other businesses. The land holding survey of 1990 showed that 82% owners had land less than 5 ha and 47% less than 2 ha (Table 2.6). Five hectare is an economical agriculture unit declared by the Government of Pakistan. 

Production distribution at the Farm Level and contributing Factors

The last section of this chapter highlights some of the farm-level constraints and the importance of water-access using a detailed and primary dataset on 530 farms in the 75,000 ha Chishtian sub-division located in the cotton/rice-wheat zone of the basin [START_REF] Strosser | Analyzing alternative policy instrument for the Irrigation sector[END_REF][START_REF] Kuper | Irrigation management strategies for improved salinity and sodicity control[END_REF]). The purpose is to show the impact of the access to land and water on the yield and production with a reliable level of confidence. Thirty percent area of the sub-division gets perennial canal supplies, while the remainder 70 % only gets water in Kharif. The groundwater quality in this sub-division varies from 0.5 to 4 ds m -1 [START_REF] Kuper | Irrigation management strategies for improved salinity and sodicity control[END_REF].

A range analysis with the help of the quartile method [START_REF] Abernathy | Indicators of the performance of irrigation water distribution systems[END_REF][START_REF] Abernathy | Indicators and criteria of the performance of irrigation systems[END_REF], Rao 1992) was applied to this data set to map the performance of different cropping systems. The approach is simple and communicative, recommended for a sample having wide scatter and definite targets. For the agriculture performance, the yield per unit area is assumed a target for each crop. The performance of the 1 st quarter represents appropriate conditions required for the sample to achieve the average target of the quartile, while the 4 th quarter indicates the potential minimum level of the sample. Using this method, the output parameters of the 530 farms (yields, gross value production) are grouped for the major crops and the corresponding input parameters (seeds, land reparation, chemicals, fertilizer, and labor) are averaged out for each quartile. The quartile average values for input and output parameters as well as wateraccess parameters (number of irrigations, tubewell ownership) are shown in Table 2.4.

The quartiles groups have different land use strategies for the major crops with a notable exception of wheat. Wheat is grown by 97 % of farms on 50 % of their area. The size of wheat fields does not vary much along the quarters. Cotton is grown by 52% of farms. The 1 st and 4 th quarter grow it on 50 % and 30 % of their total land; the field size in the 4 th quarter is only 30 % of that of the 1 st quarter. Sugarcane is the second cash crop, grown by 25 % of the sample farms influenced by the presence of a sugar-mill in the area [START_REF] Strosser | Analyzing alternative policy instrument for the Irrigation sector[END_REF]. The farms growing sugarcane are the biggest in size covering 50-60 % of the total farm in the first three quarters and 20 % in the 4 th quarter. The input cost in the 4 th quarter is about half of that of the first quarter. Rice is also grown by 25 % of the farms, but the rice field sizes are small as compared to other crops and follow no trend along the quarters. The rice is staple food in the area. As an alternative to cotton, the rice seems less vulnerable. The corresponding GVP values in the 1 st and 4 th quarters are 48 % and 120 % of the respective cotton GVP. The yield for wheat and rice in the fourth quarter is about 30 % of the first, for the sugarcane it is 20 % and for cotton it is only 10 %. Sugarcane and cotton require indeed an intensive care and a high level of inputs, which not all farmers can afford. Data source: [START_REF] Strosser | Analyzing alternative policy instrument for the Irrigation sector[END_REF][START_REF] Kuper | Irrigation management strategies for improved salinity and sodicity control[END_REF] The number of irrigations and the tubewell ownership consistently decreases when going from high to low performing quarters for all crops. The performance of wheat growers strongly depends upon the access to tubewell water, which varies from 73 % to 38 % between the 1 st and 4 th quarters. About 50 % of the best growers of cotton and rice in the first quarter have a tubewell. The big farms growing high delta annual crop of sugarcane have low tubewell density, indicating their reliance on canal water. The higher investments on land preparation for wheat and cotton in the fourth quarter could be due to higher percentage of bad quality land in this quarter, showing farmers' efforts to achieve satisfactory cropping conditions.

The gross values of production show that the cotton-wheat rotation can get the best returns, but only 50% farms achieve that level. The sugarcane is a labor-intensive annual crop, but less risky as compared to the cotton-wheat system. The rice-wheat system is less favorable in terms of farm revenues but carries less risk than the cotton-wheat rotation. In any case, 25% farms in Chishtian were not able to earn any profit from the four major crops in 1994. The supporting livelihood activities are outside the scope of this report, but it could be mentioned that livestock supported by the fodder grown on more than 20% area of the 90% farms is a major asset of the farms suffering from the crop damage.

The above-mentioned sample data was collected from fourteen secondary canal command areas. The daily supplies to these canals were measured for four years [START_REF] Habib | Performance Assessment of the Water Distribution System in the Chishtian Sub-division at the Main and Secondary Canal Level[END_REF]. 

Conclusions

This chapter has presented the spatio-temporal characteristics of the land and water resources of the Indus Basin and gross profile of the irrigated agriculture in the basin. The agriculture is the major sector of the national economy and population support with a consistent direct contribution of 24% in GDP and employment to 40% of the population. The agro-industry is substantial in size, but the growth rate of agricultural economy is not promising. The food production has been following the population growth and the sector seems keep going so far with an average yield lower than the potential and forecast values.

The basin has a consistent spatial heterogeneity of the ecological and climatic conditions from its high plains to the Indus delta. The reference evapotranspiration and the rainfall vary from highly arid, with a composite (ET 0 minus Rainfall) value of about 2000 mm per year, to semi arid with 700 mm/annum. While the annual average rainfall ranges from 100 to almost 1000 mm/year and evaporation from 1400 to more than 2100 mm/year from the North to South of the basin. This variability is superimposed by a more discretionary character of the groundwater quality, which makes it unusable in about 30% of the irrigated areas. The Irrigation is clearly a necessity throughout the basin with different cropping opportunities.

The gross natural water resources, river inflow and the rainfall have a sharp annual cycle, with three to four months of high water availability reducing to less than 30% in winter. At the onset of irrigation, the run-of-the-river irrigation system of the Indus Basin had to follow the river hydrograph and farmers were growing high water use crops in Kharif (rice, cotton) and crops with minimum or no irrigation in Rabi (especially wheat). After Indus Waters treaty with India, an extensive network of inter-river links canals and the construction of two large reservoirs have been added, which transfer water from the western rivers to the eastern river commands and store excess flows during flood months. A vast groundwater infrastructure has been developed by the farmers allowing them to grow crops with more flexibility in time. The latest extensions of the network have taken it into the desert areas. The resilience of the developed irrigated agriculture in the harsh background has encouraged the continuity of extension policy.

A brief review of the farming systems shows their sensitivity to the net water available and the groundwater access. The performance at the farm level in terms of cropping intensities and gross value of production vary many fold among the high and low performing quartiles of a big sample. The cash crops and farm size both contribute in higher productivity. The low performing farms have low input and low output agriculture with a very high risk of crop failure. The average gross value of production aggregated from the farm to the secondary canal level is statistically sensitive to the total water used.

The water allocation in Pakistan and North India has traditionally only been considered as a tool to provide water to the maximum area (Jurrien and de Jong 1989) and the river hydrograph is managed by allocating higher supplies in Kharif and declaring about 30% irrigated areas non-perennial in Rabi. The water allocation to different canal commands also has a big range. This leads to the question, how the past and present water allocation has responded to the natural arid conditions and how the use of groundwater contributes to solving this gap in large parts of the canal commands in the Punjab. The sustainability of the present groundwater exploitation systems is questionable and needs to be quantified in the context of water supply and demand. The groundwater infrastructure has become equally extensive, but still there is water logging in most of the saline areas, especially in Sindh. In a traditional supply based system, both situations can be considered responses of the match of surface water supplies and crop demands. This requires a careful analysis of the actual functioning of the system and a prospective approach to evaluate alternative management strategies of surface water.

Chapter 3 A Historical Analysis of the Utilization, Ownership and Management of Water Resources

The design and construction of the physical network and the structure of public sector institutes related to large-scale irrigation systems since the British colonial time often conveys a perception of initiation of the irrigated agriculture in the Indian subcontinent. Another misconception concerns the apparent homogeneity of the new irrigation systems in the North West India including whole of the Indus Basin, described in terms of thinly spread surface supplies and the water stress irrigation. What is often neglected is the fact that irrigation existed long before the 19 th century and that the new system has a strong influence of the existing irrigation and agriculture practices. During the development phase strong reference was made to the "prevailing conditions", for example the selection of cropping patterns, the decision on whether irrigation systems would be perennial or non-perennial, role of the local state (Douie's Settlement Manual 1938) and revenue assessment and collection (planning reports of Lower Chenab Canal, and Sutlej Valley Project). The wide range of water allowance in the basin has a local character, some of the systems having a bigger influence of the previous inundation and seasonal irrigation practices than the others.

The continuity from the past in the selection of design and allocation parameters is indicated by the references made in the various project-planning reports to "empirical relations" and "prevailing practices". This contrasts with the innovative character of large-scale irrigation in the Indian sub-continent, as these systems are considered conceptually new in the ownership, development and management of the natural resources and in the application of technology [START_REF] Arthur | The Indus Rivers -A study on the effects of Partition[END_REF]. This chapter looks into the history to see how this intriguing character has contributed to the evolution of irrigation systems and how the history has influenced the design and allocation parameters and the management of water allocation.

The agriculture revenue was a major tax collected by the state machinery few centuries before the development of new irrigation systems [START_REF] Kennedy | Land of Five Rivers[END_REF][START_REF] Moreland | Akber' Revenue system as described by the Ain-I-Akbri. 1-42 p CemOA : archive ouverte d'Irstea / Cemagref[END_REF][START_REF] Habib | The Agrarian System of Mughal India (1556-1707)[END_REF] without a clear concept of permanent ownership, while the concept of water advantage tax already existed in the basin. With very big water machinery and the economic contribution shown in chapter two, how did irrigated agriculture end-up as a "subsidized economy" (World Bank 1994)?

The "new irrigated agriculture setup" had a few inherited dichotomies [START_REF] Arthur | The Indus Rivers -A study on the effects of Partition[END_REF][START_REF] Gilmartin | Scientific Empire and Imperial Science, Colonialism and Irrigation Technology in the Indus Basin[END_REF]). The development objectives of the British Indian Government during the earlier and the later periods changed, which resulted into a big difference in land tenure and ownership. Famine control and rural settlement were the main objectives during the first phase of the development of the North Indian irrigation schemes [START_REF] Jurriens | Scarcity by design: Protective irrigation in India and Pakistan[END_REF], while the Colonial Government's investment in the second phase was more focused on revenue generation through the sale of crown wasteland and the encouragement of cash crops. The conflict between the engineering desire to implement 'appropriate technology' and the administrative interest of the Colonial government to develop and facilitate a rural "loyal elite" could not be resolved by the straightforward Irrigation Laws enforced by the Canal and Drainage Act of 1873. The hydraulic efficiency of water supply and the economic efficiency of water utilization did not always match, because of the natural agriculture potential and population concerns [START_REF] Arthur | The Indus Rivers -A study on the effects of Partition[END_REF][START_REF] Lieftinck | Water and Power Resources of West Pakistan, A study in Sector Planning Volumes I, II and III[END_REF]). The dialectics of contradictions in objectives, interests and potentials has worked through the history and must have left its impact on the policies and practices in water management.

The strength and simplicity of the surface water management institutions can be praised for its integrity and criticized for its authoritativeness. These institutions have indeed survived for a long period and delivered water to different users. The efforts to change these institutions have not yielded much result. In fact, at times "new approaches" have been rejected after some trials (SCARP 1960, Crop Based Irrigation 1978). To understand the resilience of the existing institutional setup in the context of water management, the formation stage of the system needs to be understood.

The basin itself is shared between two countries with regions of different agricultural potential and socio-economic stress, and areas of different groundwater quality. The methods to solve water-sharing issues have led to the definition of some classical theories (riparian rights, doctrine of equitable apportionment), a well-reputed bi-national agreement (the Indus waters treaty of 1960 between India and Pakistan), a relatively recent Provincial agreement (Water Allocation Accord of 1991) and a permanent body (IRSA -Indus Rivers Systems Authority) to negotiate provincial water shares. In fact, different development and management approaches continue to co-exist and conflicts related to the sharing of water have never ceased to subsist and are continuously fought through different forums. The introduction of reservoirs, extension of the irrigation systems and inclusion of groundwater has extended the domain of competition to the seasonal volumetric division and timing of water releases.

With above-mentioned background, the historical time of this chapter's analysis is divided into five distinctive periods.

1. Before the 7 th century 2. From the 8 th to the 18 th century 3. The first hundred years of the British period 4. The era of canal design 5. After the division of the Indus Waters

Before the 7th century

The Indus Civilization existed from three to five thousands years BC scattered in wide areas of the Indus valley. The architecture, urban planning, and the range and type of objects discovered from the ruins of two ancient cities, Harappa -3000 BC and Mohen-jo-daro -about 2500 BC, situated 500 km apart, proves that the Indus civilization was contemporary to Egypt, Babylon and North China in its vigor and maturity (Allchin and Allchin 1968). Both cities had wells, public baths, drainage facilities, refined pottery and some sort of textile. At least four to five crops were grown and stored in the Indus basin. Two different varieties of wheat, an old variety of rice and millet seeds have been found in both places. There is evidence of cultivation using animal traction, but no clear indication of controlled irrigation, although the quality of the drainage system and the presence of rice are strong indications in favor of artificial irrigation (Harappa Civilization 1981).

The ecosystem of the Indus plains, which provided different natural resources to this civilization, was described by [START_REF] Kennedy | Land of Five Rivers[END_REF]: "At the edge of mountain area and river beds grasses grow to a great height and the smaller drought resisting trees produce the dense jungle, which is the congenial haunt of big animals. Heavy monsoon rainfall (13 inches), which comes just when it is most required, much smaller CemOA : archive ouverte d'Irstea / Cemagref winter rainfall, which comes just when it is most wanted. The river rises and flows to several miles on both sides, leaving the fertile loam and sand. Beyond this flooded area, the land is low and percolation provides moist to dug and use wells. The cattle are used to operate these wells 25 to 70 feet deep. The uplands between the rivers were only fit for grazing (supplied irrigation canals later on). The abundant grass and rain fed fodder afford large herds of cattle, whose excellent milk yielded a large and valuable supply of butter. But, the dry plains in Southern Punjab can never have retained sufficient moisture for forest growth. Towards the desert, herds of camels fed on the leaves of deep-rooted trees. Here and there is a deep well that provides water for cattle and man."

The floods and the monsoon rains in summer make numerous river branches spilling over hundreds of kilometers, fill wide scattered village ponds and wells and recharge the groundwater aquifer. As rivers squeeze in winter, many of their reaches convert into natural ponds, fertile and moist land supporting biological life. Due to the flat slope of the plains, floodwater spreads to large areas, bringing fertile deposits and moisture, but also dangerous at times. The floods and shifting rivers ruined some of the ancient Indus cities. Aristobulus, Alexander's companion (300 BC), saw remains of over a thousand towns and villages in a region left desert by the shifting of the Indus River towards the east (District and State Gazetteers of Punjab -Multan District 1902-reprinted 1977). These natural phenomena left fertile deposits and abandoned river ways for human use later on. The Indus's eastern tributaries changed their position and numerous paths of the lower Indus continue shifting. Some of the abandoned river paths were used as canals by forcing the river through them using masonry works. The sowing of wheat, sugarcane, bananas and mangoes during these periods shows the availability of sufficient moisture in Rabi (District andStates Gazetteers 1941-46, Habib 1962).

The villages of old Dravidian, Indian native tribes were situated near a river or a water body under a tribal patriarch or hereditary headman (Casts of India 1876). A center generally grouped a cluster of villages, having the strongest headman as a Raja (ruler in local languages). Thousands of small states and rajas are reported to have existed in India's long history (Sindh Academy of Literature (Sindh Adbi Board 1958; Pakistan ministry of culture 1977) The agriculture and animals were the means of survival in the Indo-Gangetic plains for centuries, reflected in the respect shown by the Indian religions for animals, the worship of water, sun, trees, the position of the earth as a sacred and caring mother etc. The narrations of these religious books indicate that the ownership of the land was linked to its use by the communities, which were used to move long distances in search of favorable natural conditions.

The western boundary of the Indus Valley, from the Hindu Kush to the Arabian Sea was the approach to Central and South Asian tribes and invaders to enter into India. The port of Dabel (Karachi) was an important sea-link between South-West and South-East Asia. The Aryans were not the first nomads from central Asia but constituted the biggest group to continue to penetrate into the valley for long centuries. The existence of a Heliolithic religion, which was characterized by the worship of the Sun and the Serpent, in the Indus valley [START_REF] Kennedy | Land of Five Rivers[END_REF] indicates a continuity of Aryan culture from Western Europe. The socio-political institutes developed by the Aryan were characterized by a strong ethnical division of the society based on professional activities, leading to a formal "discriminatory access" to the natural resources. The small and big Aryan states that emerged have three strata of society, the king and his counsel of advisors at the top, army and court officials in the middle, below there was the society divided into occupations of religion, trade, crafts, agriculture and menial jobs.

The Aryan gave the name of "Sindhu" to the Indus River, which means ocean in Sanskrit. The Vedic Aryans were primarily pastoral, they cut the jungles and built their villages in the plains of the Indus River and its tributaries and expanded gradually towards the east. The religious epic Rig Veda (2200 -1000 BC) appreciates the "ribhus" (craftsmen) who led forth the rivers and include prayers for the safety of cattle that they may not fell into the "wells". Another book Arthashastra of Kautiya gives the details of tank irrigation in the Mauriyana age (320-230 BC).

The water tanks were the first reliable means of irrigation, built by rulers or rich people for their settlements. These tanks were used for different purposes and generally a cost was attached to the water uses, particularly irrigation. Sometimes, lakes were controlled by masonry work; the "lake Sudarsena" was build around 300 BC by Chandar Gupta Maurya, improved by Emperor Ashok, and again 400 years later by King Rudra Daman [START_REF] Moreland | The Agrarian System of Muslim India[END_REF]). Alexander's companions have reported the wells and tanks built for the civic uses in the upper basin in 300 BC (Extracts from District and State Gazetteers 1977). Both of these methods were available in 2000 BC in the Indus cities (Harappa 1981). The Persian wheel (a big mounted wheel carrying many pots to fetch water) was used to draw water from the wells and streams.

The existence of inundation canals (glossary) and perennial agriculture in the basin were reported a few hundred years before Christ. These alluvial canals built without a weir or sophisticated masonry works, were off taking from a creek or the higher bed of a river. The Greek Army of Alexander the Great was thrilled to see such canals aligned along the old and abandoned creeks of the river. The Greek Ambassador Magasthene to the court of Emperor Chandar Gupta describes the control of irrigation from the facilities developed by the state (Michel 1967): "he [a state official] measures land irrigated and water which is shifted into branches through a sluice". Magasthene writes further about "wealthy Indian farmers, who grow two crops a year. There grows throughout India much millet, which is kept well watered by a large number of streams. Almost all plains of the country have moisture drawn from rivers or rain". Another of Alexander's companions writes about "the reeds that make honey without the agency of bees, cotton plant yielding vegetable wool surpassing in beauty and quality the wool of sheep. The trade of spices, blue (color) ivory, refined animal butter, silk, leather, handicrafts and precious metals to west Asia and Central Europe from the land and sea routes (Karachi) in 5th to 7th century would have been an attraction to the warriors of these less fertile areas" (Extracts from District and State Gazetteers -reprinted 1977).

There is mention of rules to obtain water and pay a price for irrigation. The Land of the Five Rivers [START_REF] Kennedy | Land of Five Rivers[END_REF] quotes Arthashastra (a religious book dating from the Ram Chander's period 700 BC) from the Ancient Law by Maine H.S (1901), "who irrigates by the manual labor pay 1/5 th of the produce, for carrying water on shoulders 1/4 th and by water lifts 1/3 rd of the produce. The "superintendent" of agriculture will grow "wet" summer and winter crops depending upon the availability of water". According to Maine, the sixth, eighth and twelfth parts as revenue or agricultural tax were practiced as Manu's Laws about 900 years BC. Another religious book Gothum talks about a sixth, eighth or tenth part. The taxes were paid as a share of grain crops, food products (silk, cotton, wood, processed butter), animals and human labor, etc. Another form of taxes was the penalty paid by the communities or the local states in case of defeat or surrender. The taxes were linked to the "agriculture production", labor input and the "protection to use the water and land", and not so much to the ownership.

The dominant social control structure of this period is "tribal headman" of the community and then local and higher states. A cultivator had to surrender a share from his production to the tribal leader. The small states were emerging and having different arrangement for the collection of a part of agriculture production. A clear concept of the ownership of land or the water rights of this period does not exist.

From the 7 th to the 18 th Century

During this period, state structures developed in India as a nested structure of local and higher rulers. Northwest India (now Pakistan) continued as an early route for the foreign invasions by the central Asians (Mongols, Mughals) and the Western neighbors. The Muslims Arabs arrived through the sea route in the 8 th century and conquered Sindh and Southern Punjab, and then Turks came in the 11 th century through Afghanistan and ruled Punjab and Sindh. The Mughals from central Asia crossed into the established Kingdom of India in the 13 th century, constituting mighty empires. Their control weakened in the 18 th century when the British started establishing their Governments in the sub-continent.

Pre Mughal Period

Agriculture and livestock was the main source of livelihood in vast rural areas. For the different states, it was a reliable source of revenue and export. The local development of small flood and inundation channels and wells must have been practiced quite early, as the local rulers and states flourished during this period. The historical accounts provide more information on the tax collection network at the village level than about the development of water resources. There was however not a single formula and a regular implementation of it. Abu Yasuf -who was the Qazi-ul-Qazat or Chief Justice of Haroon Rashid for Baghdad in the 8 th century and who wrote a long history from "Adam to his period" [START_REF] Moreland | The Agrarian System of Muslim India[END_REF], he mentioned variable rates for crops and expected production. The gross collection from the cultivators was 2/5 th and 3/10 th in case of stream and Persian wheel irrigated wheat or barley, 1/3 rd for gardens and dates, 1/4 th for summer produce (these ratios were probably for the areas controlled by Governors). The irrigation of barley, wheat and grapes by canal and Persian wheals (Churgh) is also reported by Abu Yusaf.

The Turkish king Mohammad Tughlaq (1325-1351) developed an "agricultural policy" and increased cropped area and income from lands by giving loans for development of wells. His administration directly controlled some farms through hired labor. The next king Feroz Khan Tulghlig (1351-1388) further developed agriculture. He distributed land on rent, granted it to officials as part of their pay and established agricultural markets. He reduced the tax, sometimes to 1/10 th . The most important contribution of Feroz Khan Tulghlig was the construction of canals from Sutlej and Jamuna rivers to carry water to his hunting grounds, to newly build cities and for irrigation. The names of four canals (see table 2.1) are available in the description provided by his engineer. These canals were built taking advantage of the natural depressions and the drainage channels. It increased the income of the state by 0.2 million Tankas (40 Tankas = one Indian rupee). As the production of the irrigated areas increased, he introduced a "levy against water benefit". The British later used this concept, when they imposed the "water advantage tax". Feroz Tughlak obtained the consent of religious leaders to impose a "water rights tax" called Haq-e-Sharb (Haq means a right and Sharb means water), which was approved, and dedicated for the "charity of the area". He appointed staff to monitor floods in these canals during the monsoon season. The newly settled communities and the local powerful people developed water resources and subordinated the cultivators.

In the middle of the 13 th century, Abu Yusaf mentioned many land arrangements. It was common to give a piece of land to a retired army or court official. The local tribal leaders (mostly Hindus) or the chiefs appointed by the king were bound to pay tax, which was further collected from the communities in terms of crops, animals or soldiers. By the end of the 13 th century Allaudin Khilji (Afghan ruler) took the maximum land in direct control and forced levy to ½ of the gross produce, which included some sort of war tax. A list of the taxed items by a writer of his court was comparable to the taxes in England.

The Mughal Period

The Mughal ruled most of the Indus Basin for over 300 years, distributing large agricultural areas to the people and states of their trust. They recorded natural resources, defined uniform rules and implemented them through direct administration or through local states. The section on the Mughal period is based on [START_REF] Habib | The Agrarian System of Mughal India (1556-1707)[END_REF], [START_REF] Buckley | The Irrigation Works of India, 2 nd addition[END_REF][START_REF] Kennedy | Land of Five Rivers[END_REF]), Douie's Settlement Manual (1899, reprinted in 1995) and District and State Gazetteers published from 1892to 1932(reprinted in 1977).

Water Resources

As the Mughals were from the land of fresh water lakes and rain-fed gardens, they took time to appreciate the needs of irrigation in India. In his autobiography, Baber Nama (1526-1530) described the practice of water lifting by animals as "filthy" and was surprised to see well water fetched by man and animals. His son Akbar the most powerful Mughal ruler established a strong administration in India and supported local states to develop their water resources. His minister Abu-ul-Fazal (1650) attributed the fertility of Lahore, Delhi and Multan (central & lower Punjab) to the floodwater. [START_REF] Habib | The Agrarian System of Mughal India (1556-1707)[END_REF] mentioned a big pond of 64 km perimeter in Rajichistan (Toel et al 1914, London), which was used for wheat irrigation. The emperor Jahangir (1605 -1627) built the first perennial canal from the Ravi River near Lahore for his gardens. Another 110 km long canal "Huslie" was build by the emperor Shah Jahan (1628 -1658) for the Shalimar Gardens in Lahore. Both canals have continued to exist afterwards and were improved by the Sikhs and British. The Mughal ruler Aurengzeb (1658-1707) constructed canals from the shallow tail ends of the Sutlej and Chenab rivers [START_REF] Buckley | The Irrigation Works of India, 2 nd addition[END_REF].

The Ownership

The Mughal administration created "authorized ownership" of land at a higher level than the household or communities. Fertile areas were developed and taken care of by the Kingdom staff directly. In the sixteenth century, the Royal palace (Akbar's Durbar) had a group of ministers and advisors, an institute of judiciary, (Iane-Akbri: Akbar ordered courts in all "provinces), an army and a civil bureaucracy of officials on a pay-role [START_REF] Moreland | Akber' Revenue system as described by the Ain-I-Akbri. 1-42 p CemOA : archive ouverte d'Irstea / Cemagref[END_REF]. The "public sector" organized by the Mughal kings was contemporary to the West European States of that time and Hugh (1928) compares Akbar and Queen Elizabeth for their administrative approach. The Mughal Empire had directly owned areas and semi-independent states. The "Islamic laws" of ownership and inheritance were implemented in the state control and the Muslim areas, which did not seem to be much different from the prevailing practices. The land was granted to individuals with titles indicating the measures of land (Jahangir's Durbar consists of Punj (5) and Dus (10) Hazarvi or thousands of acres). These people were custodians of Durbar's property and entitled to "revenues from all cultivators", a right, which only a king could revoke.

The Taxes

The taxes during Akbar's period (1556-1605) were based on the average crop yield, and concessions were given for poor crop conditions and variable market prices. He allowed cash payment based on the local market prices. The tax rates were 1/8 th to 1/3 rd with no tax on new cultivation for the first five years [START_REF] Moreland | The Agrarian System of Muslim India[END_REF]Ali 1918, Habib 1962). Akbar recorded the cultivable land, and implemented a seasonal monitoring of crops, while establishing an official set-up for revenue collection. "The assessment statements were prepared twice yearly for every village-a large army of clerks of the newly created Land Record Department was housed in a large record room at Fatehpur Sikri (Akbar's capital)". He improved the land record system introduced by Tughliq 200 years ago. Two persons in a village were appointed to record the agri-land and assess the revenue, these "Qanoongo & Patwari still exists" [START_REF] Moreland | The Agrarian System of Muslim India[END_REF]. The bigger states of the Indus valley (for example Bahawalpur) were clearly influenced by the Mughal model of administration and became like provinces.

In the 16 th century, the number of recorded villages in the Punjab was surprisingly high. About 27761 Mozas (villages) and 3,938,360 ha (24,319,376 beigas, one beiga being equal to 0.4 acre) cultivable land were reported in Lahore Province (Habib 1962, page 22), which was only one fourth of the whole Punjab. The writings of that period talk about cotton, wheat, barley, corn, millet, grams, beans, lintels, sesame, sugarcane, rice, fodder, silk and spices, fruit, color bushes, grapes, watermelon, and pomegranates. The export of rice, cotton, silk, spices, organic and animal butter is mentioned in Ian-e-Akbri by Abu-ul-Fazal (1656). [START_REF] Habib | The Agrarian System of Mughal India (1556-1707)[END_REF] shows that yields in 1650 of some crops are comparable to those in 1950.

The Sikh Period in a part of Punjab

Mughal control declined during the 18 th century and many states became independent. The Sikhs captured a part of Punjab, NWFP and upper Sindh between 1763 and 1849. Agriculture was their main source of income and the major profession of the masses. They established an aggressive and productive agriculture in the areas of their domination using the administrative structure established by the Mughals (Extracts from District and State Gazetteer 1977). This experience had a big influence on the early British initiatives.

The Sikhs abolished middlemen and big landlords of the Mughal period, gave incentives and punishments to increase cultivation. The agriculture land was distributed to small cultivators producing for the state. The agriculture revenue was increased, and higher taxes were imposed on big owners, 2/5 th to 1/3 rd of the crop. The crop recording and assessment procedures of the Akbar's period were implemented more strictly at the village level to obtain the maximum revenue. Loans were provided for wells and canals, and old deteriorated canals were improved. Finally, the Huslie canal of the Mughal period (used to water the Shalimar Gardens in Lahore) was extended to the Golden Temple in Amritsar.

The Canal Irrigation by the end of eighteenth century

The construction of inundation canals was a big collective activity undertaken by communities. The sizes of some such canals show that it was a well-planned and organized activity. The support of states or a political force can be linked with the revenue generation. The Table 3.1 summarized a list of inundation canals available in the history. Their importance is underlined by [START_REF] Buckley | The Irrigation Works of India, 2 nd addition[END_REF], as repeated by Michel in 1967: "The chief inundation canals of India are found in the basin of the Indus and its five tributaries… Some of the inundation canals of Punjab lie in the high reaches of Sutlej and Jhelum but the majority of them on the areas bordering on the confluence of the rivers. The district of Multan, laying between Sutlej and Chenab, where rain hardly ever falls, is rendered beautifully fertile due to a series of inundation canals constructed by Mughal Emperor Aurangzeb (1680-90). In the Derajat on the right bank of the Indus, above Mithankot, there is a group of twelve canals. And Muzafargarh, a corresponding group irrigates a tract of some 12 miles wide. The Upper Sutlej canals are in the central portion of the Doab (land between 2 rivers) lying between Ravi and Sutlej. Here the face of the country is covered with the farmer life and prosperity. … In 1790, river Beas was captured by the Sutlej in the course of the natural migration of that river, and its old bed became a dry ravine with a complicated system of deserted watercourses. A new system of inundation canals has been carried into this tract from the Sutlej. The Inundation canals of Punjab aggregated some 2500 miles in length and irrigate more than one million acres land."

The design and operations of an inundation canal

The title inundation canal is used for all canals offtaking from a river or stream without a weir head-regulator. Depending upon the river hydrology and other factors, the size and operational periods of an inundation canal may vary. The high flood based canals were supposed to work during couple of summer months, while the canals build on river creaks were almost perennial. The erosion of off-take nodes on the river because of high flood or sediment deposition was a major concern of the developers and users of these canals. Many inundation canals were improved by the district Governments during the British period and engineers tried to make these canals more sustainable. In 1929 the chief engineer D.G Khan, P. [START_REF] Claxton | Inundation Canal Practice[END_REF] presented a paper on inundation canal practice suggesting improvement in the design of inundation canals based on the actual behavior of two canals on the Indus River near D.G Khan. While showing a shift of canal head over 50 years, he indicated multiple inlets supporting the canal. Using about 60 km of the riverfront, he proposed a trunk canal with many inlet points supporting both canals. It was also suggested to feed the canal from two small hill torrents from the Humuwala Lake upstream. He claimed the system will receive water from the lakes and trunk canals round the year and Rabi cropping will be possible. These canals were big and existed from the pre-British period. The importance of Claxton's contribution was the elaboration of the method to select stable points for the canal offtake.

A simplified sketch of the river flow is shown in Figure 3.1 explaining his identification of stable points for the canals off taking. There will be silt erosion from the point A to B. At A the stream comes into the bank having deposited its load of silt in the shoal above and water is clear of silt here. From A to B load of silt increase because of erosion, a shoal starts forming at B and the stream is diverted to C. From the point C, the process as at A, is repeated for the shoal BCDE and the erosion from C to D for the next shoal. According to Claxton's theory, favorable non-silting points are A, C & E. For the canal off-takes creeks above these points are favored, because they are more constant and subject to milder flood attacks. They also allow of the building of groynes, or dams, the offtakes are moved upwards for that and such canalization of creeks is very useful. 

The British Period

The East India Company of British traders established itself in India in the early 17 th century5 . The company was legally independent to manage its affairs, conquer territories and conclude contracts with Mughal Emperors and local rulers. The British entered in the Indus Basin through agreements with weaker states including Mughal Darbar and the land between Jamna and Sutlej rivers, called cis-Sutlej, was occupied. The company defeated the Sikh state of Punjab in 1849 at Chilianwala and Gujrat and controlled the province with the exception of the "Princely states of Bahawalpur and Bekanair". The adopted administrative system was called "Non-Regulation System" described by Adwards (1958): "the method of Lawrence was simple. First, the country was divided into Districts, small enough. Secondly, every civil officer has judicial, fiscal and magisterial powers, concentrating in his person authority and undivided responsibility. Thirdly, the laws and procedures used were of the simplest kind, based, as for as possible on native customs and institutions." The company took complete control of Sindh in 1835 and formally the Government of India from the Mughals in 1857.

The Early British Agriculture Policy

Before developing new irrigation systems or rehabilitating inundation canals, the administrative set-up, the ownership of the lands and the relevant laws were established. For the first time, all Indian territories were administered by a centralized set-up under the British crown through a bureaucratic hierarchy of the center, provinces, divisions and districts. Each agricultural household of India came under the jurisdiction of a single authority, which gradually imposed a single set of rules and laws throughout the country. Some local states were allowed to exist as partially independent entities, while following the main laws of the country. Eventually, the role of local communities and states was over. All natural resources (land, forest, minerals) previously belonging to princely states and defeated rulers were transferred to the British Government of India. Any land not belonging to an individual or a princely state became Government property and was labeled as "Crown Waste Land". The State became the biggest landowner.

The land ownership of each individual had to be authenticated by the state. It took a long time because; a) there was hardly any documentary proof of ownership, b) there were generally multiple owners6 of the land under cultivation, c) areas were left with "occupiers" after the extinction of local landing gentry, especially Sikhs and Muslims from Punjab (Douie's Manual 1938, 3 rd addition). The revenue collection from the rural sector was established at the individual farm level to broaden the revenue base and the administrative control.

Trials with the New Policy

The implementation of the new policy required records of the land owned by each individual to monitor its cultivation, and to assess and collect the revenue. The regularization of land and taxes started in Punjab and Sindh around 1860. The land and revenue act was first compiled between 1863 and 1871 and implemented between 1871 and 1879; many changes in settlement and revenue procedures were incorporated between 1879 and 1889. Different criteria were used for those who had paid land revenue within 12 years prior to the first settlement, for those who had paid during the Sikh period, for the Mughal revenue assignees etc. Principally, cultivators and occupiers got a permanent possession, but there were different types of claims to land. Double ownership issue was resolved by considering the superior and inferior rights. The Tenancy Act 1868 could not solve tenant-landlord revenue issues and was modified as the Punjab Tenancy act of 1887. Around 1880, British Settlement Officers were appointed at the district level.

The actual land demarcation was still not easy, as there were joint properties and community owned lands. But an effort was made to cover as much area as possible, a "unit of property was the well, or in the lands adjacent to hill torrents, the large embanked field" [START_REF] Kennedy | Land of Five Rivers[END_REF]. "In the Punjab joint responsibility for the payment of revenue becomes a prominent feature of village tenure. So great was the early predilection in favor of the village community that scattered hamlets of the sub-mountain ravines and the more scattered wells of the south western desert were grouped in artificial villages." All lands left from the occupants and private claims became Government property, in addition to the Pastoral land and the forests. Government cattle farms were established in the better climate areas (District Gazetteer 1940).

The taxes on the agricultural sector covered all uses of land and mostly adopted rates higher than those set by the Sikh in the Punjab. About 1/6 th of the total revenue of Punjab was from the agriculture sector (Gazetteer). However, according to Hugh (1928), "Taxation was then levied almost entirely on the rural population. Practically the whole Punjab revenue, from largest headland revenue to the smallest stamps comes from the producing masses-while commercial classes escaped from taxation entirely". The first paragraph of Douie's Settlement Manual (1899) gives the basic principle of land policy, "the state has always claimed a share of the produce of the land from the person in whom it recognized a permanent right to occupy and till it or arrange for its tillage." He also referred to an earlier law, the first clause of Regulation XXXI (1803): "By the ancient law of the country the ruling power is entitled to a certain proportion of the annual produce of every beiga" (Douie 1899). The application of assessment procedures to each owner or cultivator resulted in a higher calculation of revenue7 . The procedures were laid down, although many of them developed further during implementation.

• The principle, implemented in Punjab in 1873 was to make a "dry assessment" first and then add a "water advantage rate". "The acreage rate of canal land was known as the owner's rate, as it was paid by the owner, as opposed to the occupier's rate which was a charge of water as a commodity and paid by the person cultivating the crop. Both these rates varied for different classes of land and the estimation of its production but in a fairly narrow range" (Douie 1899)8 .

• The "Well tax" was defined in many different ways, because of a great variation in the quality of well irrigation and the communal set-ups. Many times the land irrigated with wells was of better quality and had natural moisture for a season or more. The well loans were provided at a rate of 15 Rs (1 British pond sterling was equal to 1.1 Indian rupee) per well per annum in the Jhelum area (Gazetteer 1929).

• Animal husbandry was a big industry in the vast areas of NWFP and Punjab (most of the upper land in the flood range of Jhelum, Chenab and Ravi were under forests and grass fields). The export of processed animal butter and skins existed since long. The Nomad tribes of Punjab perceived rights to the forest and grazing fields without any title of ownership and they were rarely disturbed in the past. To pay a regular tax on these grasses was even more difficult. So, it took time to implement a grazing tax per animal, which according to the official records was 0.1 Rs/goat to 1.5 Rs per camel or a buffalo. The land thus became a major source of income to the state. "A god they apparently had. His name was political economy" [START_REF] Thorburn | Musselmans and Money lenders in Punjab[END_REF]).

• The wells and inundation canals were improved by the district administration. There were more private canals than public ones (District Gazetteer 1929) the latter were the previous state canals or the new inundation canals constructed by the civil administration. In some cases, loans were given to rich landlords to build or operate small canals. They were then allowed to collect revenue or share the costs with local communities. But, "there were many requests, which could not be entertained" [START_REF] Thomsons | Punjab Irrigation (book)[END_REF].

The development of Weir Controlled Alluvial Canals

In 1849, the British Government decided to implement the 1 st weir control intervention by replacing the Huslie Canal (Table 3.1) by a 395 km long weir control canal across the Bari Doab (land between Ravi and Beas) in the Punjab. Chief Engineer Punjab (Public works Department) Lieutenant J.H. Dyas prepared the project. This Upper Bari Doab Canal (UBDC) was split into three branches each bigger than the old Huslie Canal. Starting from the mouth of the Ravi just below the Himalayan Ranges (Madhupur), the canal joins the Ravi River again about 90 kilometers above its confluence with Chenab in Multan district. The political benefit of the settlement has also been a motivation for the inception of UBDC (and the Lower and Upper Swat canals in the North West Frontier Province at the same time); "The construction of the canal (UBDC) was regarded as a matter of political necessity … still across the Indus tracts of the country which the administration responsible for peace on the Frontier would like to see irrigated for the settlement of border tribesmen." [START_REF] Thomsons | Punjab Irrigation (book)[END_REF].

According to Michel (1967) "Although later canal projects emphasized the economic advantages to be gained from bringing new lands in, particularly "Crown Waste Lands" under cultivation and the introduction of new cash crops such as cotton, contemporary accounts leave no doubt that the decisive motive in building the UBDC was to give employment to the Sikh army veterans."

Technically these were relatively easy locations as both rivers were not "aggressive" hence, relatively easy to control. No sophisticated control structures were provided for the new UBDC Canal, the watercourses were direct cuts in the main canal itself. The canal capacity was more than 85 m 3 /s (3000 cusecs) against a measured discharge of 77 m 3 /s (2752 cusecs) in the Ravi River during February 1848. During winter, a system of boulders and brushwood embankment allowed to head up supplies in the river. Irrigation started in 1861, but the canal to it. It became necessary, therefore, to decide, who were in possession of such permanent rights in the soil as might be denominated proprietary." [START_REF] Kennedy | On the distribution of water for irrigation by measurement[END_REF] faced serious problems. The timber brought down by the river choked the head and damaged its regulator. The head of the canal was replaced in 1873 by constructing a masonry weir across the river. Another problem was the deposition of silt as the stream gradient of the canal was much lower than that of the river. The proposed cost of the canal was Indian Rupees 5.3 million, which increased to about 14 millions in 1856. Despite difficulties and higher than expected cost, the improvement of Jamna canal and the construction of UBDC were beneficial and brought stability in the Punjab. The Sikh remained effectively out from the revolt of Indian armies in favor of the Mughal King in 1857.

The discussion for the selection of canals shows the influence of political interests. Kashmir was not considered a friendly state and the request of the Maharaja of Kashmir to construct a canal in his territory was rejected though it was technically sound. In fact, the headworks of the Upper Chenab Canal were shifted outside his territory to a less suitable site. This selection has caused a great deal of trouble [START_REF] Arthur | The Indus Rivers -A study on the effects of Partition[END_REF]. The Secretary Public Works department told the Executive Engineer who prepared the proposal (proceedings of public works department September 1864), "though it is unquestionable that a canal of the more complete description for this Doab is more desirable, His owner the Lieutenant Governor desire you to restrict attention to work of irrigation which could be executed in our territory". The request of Maharaja Pitiala, a friendly Princely state, was approved for the West Jamna Canal. The Maharaja shared the cost. However, the public works department asserted its supreme rights and about 65% of the water was used for the Crown Waste Land (new areas under British Government), "necessarily resulting from its position as Lord of the great rivers, it would be unreasonable to give up the whole of the water to lands not our own, yet it is proper to allow the native states under circumstances, to share on well adjusted conditions in the benefits of the water." The argument of Mr. Dyes Chief Engineer in favor of Patiala was its potential to irrigate more land with the same quantity of water at a smaller cost.

Both factors, availability of the Crown Waste Land and the potential to irrigate maximum land with minimum canal supplies played an important role in the selection of irrigation schemes. Generally, the development of the weir control systems moved from the North to the South and from the fresh to the saline groundwater areas.

Problems faced by the earlier Canal Systems

The canal construction in India met first serious criticism after construction of the first few systems. "Seldom was the Indian Office so caustic in its criticism of the work of its emissaries, even in the political matters" [START_REF] Arthur | The Indus Rivers -A study on the effects of Partition[END_REF]. There were technical problems and technical faults with construction, and lower than expected economic benefits while the costs were invariably higher.

a. The primary engineering concerns were the damage by floods and silt deposition. The headworks of a canal generally consisted of a weir across a river, under sluices in extension of the weir, a regulator for the admission of water to the canal and riveted embankment to maintain the river within the limits. In the earlier design low masonry weirs were constructed with hinged gates of steel plates. These weirs could not sustain high velocity, which could damage under sluices and the regulator. To handle floodwater, wide waterways were provided in the weir, which could not stop timber entering into the structure. The velocity drop between the weir and under sluices could decrease the sediment carrying capacity of the regulator [START_REF] Thomsons | Punjab Irrigation (book)[END_REF]. Contrary to the weir, the bays of the regulator were narrow, about 2 m wide in earlier design to handle small flows water in winter. The Sirhand canal, having a capacity of 38.3 m 3 /s, opened in 1882. It faced sediment deposition in the first reaches of the main canal due to an insufficient slope. In 1890, "it looked very much if the silt trouble has killed the Sirhand canal and that the canal might have to be abandoned" (Michel 1967, Montague Presidential address). On the other hand, the Jamna canal faced serious problems of bed erosion and water logging due to a steep slope and high velocity in the first sections of the canal where it descends from the foothills.

b. Another difficulty consisted of the big fluctuations in water supply, especially due to reduced water levels in winter. It was important for the administration to have some assessment of the surface water provided to the farmers. The head weirs and regulators were able to raise the water level and control the excess supply to some extent but the difference of water levels between Rabi and Kharif attained several meters. Besides, canals were not provided water level control structures along their length. The water was supplied to the tertiary outlets through cuts of different sizes, very sensitive to the water levels. It resulted into fluctuating supplies and uncertainty in the water deliveries towards the tail ends.

c. The incremental financial benefits were not very high from the canals command areas already practicing agriculture and paying agriculture tax. Complaining about four developed irrigation projects (one on Ravi River, another on Swat and two in Bengal) the Secretary of State for India to the Governor General (1880) said, "all of which were originally proposed as highly productive but which were found in the course of construction, or after completion, to be signal failures."

d. No defined criteria were set by the Government of India to initiate an irrigation scheme in an area. Quite quickly (1887-1890), many schemes were proposed and preliminary studies carried out by the local Governments and semi-autonomous Princely states. A big feasibility exercise carried out after 1887, split these projects into 2 broad categories, a) projects from the famine budget, to address the famine in already populated areas, b) agriculture development in areas with enough "crown waste land" and high productive potential. The final selection by the Central Government was subject to political compromises and technical justifications.

Feasibility of Irrigation Reiterated

The first large-scale colonial irrigation experiences generated a long discussion between the British administration of India, the Public Works Department and the British Government. Several commissions were appointed to review different aspects of the irrigation development in India. The Indian Irrigation Commission (1901Commission ( -1902) ) collected views of the engineers, the revenue department and the administration. The papers compiled by the commission and its recommendation have been largely used and referred to during future irrigation projects.

Economic and political scope

The long term economic and political "benefits" of irrigation development could not be ignored in view of higher production and political stability in the irrigated areas. The potential for irrigated agriculture was promising in the basin and solutions could be sorted out to address the problems enumerated above. The famine of 1878 in Punjab and Dhakan provinces increased pressure on the Government to provide an economic activity and a better agriculture. Sufficient land and water resources were available to:

• provide new settlements and reduce the burden of crowded settled districts;

• settle nomadic tribes, which were considered "lawless groups" by the Government;

• sell new vast tracts of land that could generate revenue;

• produce surplus grains in Punjab which could be used elsewhere.
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Technical Improvements

The improvement of the canal headworks was an essential starting point and learning came through repeated masonry works and remodeling of the control structures. The weir height was raised and the bays were provided with slow moving gates, which could be adjusted at different heights. In 1915, the head gates increased to a width of 8 m as compared to 2 m in earlier canals. Ravi and Chenab Rivers were restricted by one-mile wide weirs at Khanki and Marala, "the restriction of the river to the mile width was, at the time, considered to be a feast [START_REF] Thomsons | Punjab Irrigation (book)[END_REF]. A better control was provided on the canal head regulator by introducing a high crest and wider bays. The under-sluices were improved by reducing their width, while maintaining a low crest level to avoid silt deposition. The bed and walls of the canal and structure area was strengthened to bear high hydrostatic pressures. River training by controlling its stream at the diversion location started with the Upper Jhelum canal and was later on developed into full-fledged barrages.

Technical lessons were learned about the design and construction of alluvial channels to achieve more stable conditions. To solve bed erosion and sedimentation problems, R.G. Kennedy, an Executive Engineer of the Punjab Irrigation Department, conducted pioneering research. In 1895, he published empirical relations for the critical velocity V 0 , based on measurements in stable reaches of the Upper Bari Doab Canal. He found that "V 0 " can be maintained without causing silting and scouring depending upon the depth and the coefficient "C" (which depends upon the soil material) and defined the equation as V 0 = C d 0.64 . Where "d" was depth in feet and the constant "C" equal to 0.84 for the "stable UBDC". The upper limit of the velocity was 1.14 m/s for the Punjab canals [START_REF] Thomsons | Punjab Irrigation (book)[END_REF].

Another design parameter was the bed width to depth ratio (B/d) for different discharges, estimated for stable reaches of the main and the distributary canals. As an empirical solution, tables and later-on curves of B/d ratio at different discharges in the main and secondary canals were developed. Many of these curves were developed by Mr. F.W. Woods, who was Chief Engineer Irrigation Works, Punjab in 1918 (Completion Report and Schedules Upper Chenab Canal 1917). The type of soil was an important factor to influence these relations, hence many engineers developed empirical ratios for different canals and slightly different tables are available in the literature [START_REF] Thomsons | Punjab Irrigation (book)[END_REF].

The empirical relations between these different design parameters were the basis of the "regime theory" -a canal in the regime condition means a stable cross-section over the year -, which was used as a guideline for all irrigation systems developed or remodeled after 1920. "The work of Kennedy was the forerunner of studies by Lindley, Blench, Ingles and others that resulted in the so called 'regime theory" (Simon and Senturk, 1977). In 1929, Gerald Lacey published an improved formula for the design of "regime canals", which was based on Kennedy's formula and his own experiments. V 0 = a 1 R b = 1.17 R 0.5 , where R is hydraulic radius of the particular cross section (see Glossary). The equation was successful for canals with a mild slope and a fine granular soil. Later on Lacy added silt factors in the design formula.

At the same time, improvements were required at the secondary and tertiary levels to deliver the promised discharge. The secondary structures were mostly non-gated weirs, while, everywhere engineers tried empirically to improve from the simple cuts to different types of pipes and then different modules. Water users of the old inundation canals were indeed used to have different "types" of cuts, depending upon the number of users, the area irrigated etc.

Thomson mentioned for example in his narration of Punjab Irrigation (1925): "there is one canal, the Bilochanwah in the district of Multan, where the cuts are not as far as two chains apart". Mr. R. G. Kennedy was the first to develop Kennedy's Gauge outlet around 1905(patented in 1909). Better water diversion devices for the tertiary outlets were developed by Crump in 1922, called Crump's adjustable orifice semi-modules.

Simple and minimum control oriented operational procedures were formulated. Main canals were to carry a wide range of flows, while the secondary canals were to be operated only at 80% or higher of the design discharge, at which tertiary outlets would have equitable share.

The reduced river flows in Rabi season were addressed by reducing the irrigated area entitled to water during this season. These areas were provided water only for the summer season (non-perennial supplies for 4 to 6 months). Rotational operations of the secondary and tertiary systems were proposed. The "regime conditions" were achieved and maintained. In case of appropriate functioning a minimum maintenance is required over long periods of times.

These technical improvements were a breakthrough in the design of irrigation infrastructure and established the physical profile of the alluvial canal network of the Indus basin.

• The huge and hydraulically stable main conveyance canals generally traverse through the middle of the command area. These main canals split into branch canals, which further divide into secondary (called distributary) and sub-secondary (minor) canals. These distributary and minor canals feed different tertiary canals (watercourses) allowing farmers to take water. The weirs and gated regulators at nodes divide water proportionately into a cluster of lower level canals off taking from both sides of the stream.

• The width and depth of the main and branch canals are kept constant between two diversion locations (called steady reaches), mostly many kilometers apart. The width and depth of the distributary canals decrease gradually towards the tail as watercourses off take from both banks.

• The structures (devices) at watercourse heads draw the design discharge, varying in a narrow range, with accurate and proportionate functioning of the adjustable devices. However, the length and regime of watercourses vary and there is often silt deposition.

The farmers were thus advised to maintain their watercourses for their own benefit (The Manual of the Irrigation practices 1883, last revised in 1963).

The Second Phase of the Irrigation Development

From the end of the 19 th century onwards, the perennial potential of the Punjab tributaries of the Indus River was gradually developed and irrigation was provided to all Doabs (Bari Doab between Baes and Ravi, Rechna Doab between Ravi and Chenab, Chaj Doab between Chenab and Jhelum as well as the lands across the Sutlej River). The development advanced from the smaller to the bigger rivers and from the easy to difficult reaches of the rivers. Water was transferred across the rivers through man-made canals. In 1901, a commission appointed by the Governor General to report on the Irrigation of India as a protection against famine reported that if all proposed projects of the basin were constructed, 60% of the water would still run to the waste. The commission recommended converting inundation canals into perennial irrigation and building storage reservoirs. It was considered a policy breakthrough to extend irrigation in Punjab. Now, transfer of water across the rivers was required to feed all potential areas.

The next two canals in Punjab were the Sidhnai Canal (92 m 3 /s) on the river Ravi and the Lower Chenab Canal (LCC 305 m 3 /s) on the river Chenab, serving respectively 14,211 and 44,534 hectares. About 70% of their command area was Crown Waste land, and new canal colonies were to be established. The LCC was opened between 1892 and 1900. Its 1,250-meter long head structure was divided into 8 shuttered bays. A deep pond was provided to settle silt and twelve under sluices were provided for flushing silt downwards. The off taking point of the canal was 64 kilometers below the foothills, in order for the heavier silt to deposit in upstream reaches. It was a big technical and financial breakthrough, "the Indus Rivers are now being approached with assurance rather than timidity" [START_REF] Arthur | The Indus Rivers -A study on the effects of Partition[END_REF]. However, these canals faced shortage of water, and the Sidhnai Canal could not be operated for a few months during the winter, because the "regeneration" expected in Rabi was low. At the same time it was expected that the LCC could be expanded to support further extensions if water would be available in Chenab.

The last Punjab project of the 19 th century was on the lower reach of the much bigger and difficult river Jhelum. The water was provided to the environmentally mild, administratively important "salt range" through the Lower Jhelum Canal (LJC), of 120 m 3 /s capacity, with the help of a big weir. The last reach of the river was diverted westwards by a bund to facilitate construction and avoid direct intake of the course sediment. The canal was an economic success; because of better climatic conditions (rain and reference evapotranspiration) and its water allowance per unit command area could be fixed at a level of only 55% of that of the LCC.

A proposal came from the Settlement Commissioner of Punjab, Mr. Wilson (1901) to transfer water from the rivers Chenab and Jhelum through a link canal to feed the river Ravi and some irrigation projects on the east of these rivers. The Chief Engineer Colon Jacob accepted the proposal, "let a bolder policy now take the place of former caution, for experience has shown that it can take place...inundation irrigation was an excellent tool in early civilization but should never be allowed to stand in the way of modern perennial irrigation". The Colonel Jacob in his paper on Irrigation and Famine proposed a scheme to connect three rivers and bring under cultivation the remaining land in their Doabs, "make a canal from the Chenab River to the Ravi, take out a canal from Ravi to irrigate the Lower Chaj Doab, then make a canal from Jhelum to feed lower part of LCC compensating the deficiency of Chenab". The project called Triple Canal Project was approved in 1905 to construct Upper Jhelum Canal at Mangla, Upper Chenab at Marala and Lower Bari Doab at Balloki. The project finished in 1917.

Amid protests of Sindh, the survey and preparation for the second integrated project, started in 1906 and was approved in 1920. The Sutlej Valley Project was to construct four barrages and fourteen canals from the Sutlej and Beas rivers and from the confluence reach of Sutlej and Chenab Rivers. The areas to be served were about 1.4 million ha with perennial and 2.33 million ha with non-perennial supplies. The total diversion capacity of the eleven canals was more than 1,000 m 3 /s. This huge project faced delay, two barrages, Islam and Panjnad had to be modified and partly rebuild due to heavy monsoon rains and floods. Hence the canals were opened during different years, and all components of the project were only terminated in 1935. The Sutlej Valley project was the first in its kind to face major changes due to the shortage of water. The perennial command area was reduced as recommended by the Darley committee and two canals, Abbasia and Panjnad were fully shifted from Sutlej to the confluence of Jhelum and Chenab Rivers. Later on both of these canals were improved and extended.

The Haveli project (1936) was the last system on the Punjab tributaries. Two irrigation canals, Haveli and Rangpur, were constructed, offtaking from Trimmu just downstream of the Chenab and Jhelum confluence as well as the Haveli link canal, connecting Trimmu and Sidhnai (Ravi). The project was launched in 1911, but delayed due to objections by Sindh. A strong point in favor of the project was the water shortage faced by the areas fed traditionally by inundation canals and the project was approved in favor of riparian water rights with 50% perennial supplies as proposed by the Anderson committee. Punjab thus reached a saturation level as far as water availability from the tributary rivers is concerned.

The Thal canal was proposed in 1871 and submitted for approval in 1919. Off taking from the Indus River, upstream of Chashma, the canal had to supplement the area irrigated through inundation canals and irrigate a vast dry stretch between the Indus and Jhelum rivers. The project was finally approved after the completion of the Sukkur barrage project in Sindh for the perennial supplies. However, the Sukkur barrage canals were given a priority in Rabi and any shortage has to be shared among the Punjab canals on the Indus, Thal, Haveli and Panjnad, i.e. the former inundation canals (Rau Commission -annex 3.1).

The Irrigation Development in the Lower Indus

The first proposal to build a barrage and perennial canals in Sindh was put forward in 1847, referred to as the Rohri proposal. The issue was raised and abandoned many times, though the pressure increased with the construction of each new system in Punjab. The approach of the Indian Irrigation Commission was, "the construction of weirs across the shifting bed of the Indus in its passage through Sindh delta is quite a different thing from putting weirs across its tributary, the Sutlej. Not only would the cost and difficulties, be immeasurably greater, but the necessity is less urgent. The Indus in Sindh contains the water of its tributaries in Punjab and naturally much less uncertain source for the inundation canals than any of its tributary--, canals in Sindh have moderate perennial supplies, generally sufficient for the present requirements." (Indian Irrigation Commission 1901-1903).

The strong protests of Sindh on the four projects of Punjab (about 17 canals) under consideration during the first decade of the century finally allowed Superintendent Engineer Sindh to propose a Rohri Project in 1910, which was rejected for not showing much improvement over the inundation systems and the cost was considered high for the benefited area. After protests of the Bombay Government, who was in charge of Sindh, it was decided to ask Sindh to improve the project and make it more productive and cover as much area as possible. Finally, a much bigger Sukkur Barrage project was submitted in 1920 and approved in 1923. It proposed to construct seven big canals of about 1000 m 3 /s for 2.65 million hectares perennial and 0.21 million hectares non-perennial irrigation. The scheme was completed in 1932 at a cost of 183.6 million rupees. The Sukkur was at the time the largest scheme and the longest man made barrage of the World [START_REF] Hasan | Hundred Years of PWD[END_REF].

Two other potential projects of Sindh were proposed and discussed many times in order to consolidate and extend inundation and flood channels of Guddu and Kotri reaches. However, these projects never fully qualified during the British period. Finally, the Sindh-Punjab draft agreement proposed eight canals of a capacity of 2464 m 3 /s to replace and extend inundation irrigation in upper Sindh and Baluchistan. Based on the prevailing agriculture and expected availability of water only two canals were authorized for perennial supplies. Sindh's major interest was to secure summer quantities of water for cotton and rice. From the natural flows of Lower Indus, winter supplies in lower Indus did not allow a much different supply pattern than the one existing in the inundation situation.

The Water Sharing and Allocation Issues

Almost all irrigation projects had some conflict of interests between potential and/or existing users of river waters. The irrigation projects served for the different parties to establish a permanent water share in the surface water resources. Hence, political and technical arguments were advanced to secure an access. The different regions, main canals, or even secondary command areas made efforts to have a bigger share at the design and regulation stages. The resulting compromises are not always acknowledged in irrigation research, although sufficient information is available in the old planning documents to find out the location and time specific decisions. The following examples highlight the nature of water conflicts during the British period of irrigation development.

• Conflicting interests in the design and regulation phase of irrigation projects concerned many parties, and not only Sindh and Punjab; many regions, not brought under irrigation yet, were conscious about their future water availability. The second canal of the Punjab -Sidhnai -, constructed in 1889, faced water shortage and the British Punjab Government proposed to take waters from the Sutlej to the river Ravi. This proposal met serious objections from Bahawalpur and Bekanair states on behalf of the riparian users on Sutlej.

"Punjab Government now looked to the Sutlej, but these claims were vigorously disputed by the owners of riparian floodplain lands along the Sutlej in the southern Punjab and in the Bahawalpur state, who had only inundation canals to serve their needs" [START_REF] Arthur | The Indus Rivers -A study on the effects of Partition[END_REF]. Both Princely States of the South increased their pressure on the Government of India to start irrigation projects in their areas as evidenced in the Sutlej Valley Project documents.

• During the planning stages, the regional parties (British Government versus State Administrations in some cases) tried to obtain a maximum share by increasing their area to be irrigated, by determining a higher water allowance per unit area and by increasing the area of perennial irrigation. • The administrations of the lower Indus regions were always conscious about securing Indus flows. Any scheme build on tributary rivers was to cause a reduction in the gross flows downstream. The first objection raised by Sindh (1902) was that heavy withdrawals of water in Punjab could impair navigation in the Indus River. The difference of a local and global vision is obvious by the response of Colonel Jacob (Michel 1967), "the waste of water that would be necessitated by keeping up navigation is out of all proportion to its value. It would be like keeping an elephant to draw a go-cart. Navigation on the rivers in Punjab and Sindh is doomed and it is useless to try and save it. Navigable canals do not answer in North India and traffic will have to be by railway".

• Sharing water of the Indus River and its tributaries has been a key issue between Sindh and Punjab and addressed by the different special committees formed to address water allocation problems. In 1921, when only a few systems were developed, the Indus Discharge Committee recommended to postpone development of new systems in Punjab from the Punjab tributaries of the Indus River for the next 10 years until daily hydrological data would be available for all rivers (Annex 3.1). The Anderson committee (1932) accepted prior rights of the Sindh canals on the Indus River water and of the
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Punjab canals on the eastern tributaries. The committee further recommended seasonal volumes for canals with different shares during Rabi. The Rau commission fixed the Kharif and Rabi season length or the "full supply period", thus going beyond the traditional bi-annual philosophy to utilize maximum river flows.

• To "protect the water uses of inundation canals" was a strong argument throughout the development phase, which was raised in each dispute and influenced water allocations in different contexts. The inundation canals in shallow reaches of the rivers were very sensitive to the changes in river flow regime that could affect the water depth or shift the riverbed, seriously harming water drawing capacity of these canals. It was Sindh's argument to objecting to all big Punjab Projects, i.e. the Sidhnai Canal, the Triple Canals, the Sutlej Valley Project, the Haveli Canal, and the Thal Canal. The riparian water rights were always theoretically accepted (Annex 3.1), but it was never possible to fully safeguard these rights, while at the same time regulating the river with upstream weir control systems to feed the new irrigation canals even when sufficient water was available in the river. Hence a general recommendation of the Anderson and Rau committees was to replace the inundation systems with modern weir control irrigation schemes.

• The projects in Sindh were economically less feasible because of higher development costs, saline groundwater and land, a thin population and a limited existing agriculture.

The first barrage, Sukkur, was approved as a compromise for Sindh's strong resistance to the Sutlej Valley Project. To improve the economic feasibility of these projects, the size of the irrigation schemes proposed was considerably increased. Huge pieces of land were sold to the local and outside rich, even though the "Crown Waste Land" continued to exist in the officially proposed command area (District andState Gazetteers 1902 -1932). Two other schemes of Sindh never qualified for the Indian Government's criteria [START_REF] Lieftinck | Water and Power Resources of West Pakistan, A study in Sector Planning Volumes I, II and III[END_REF]), but constituted a compromise during negotiations for the Punjab-Sindh draft agreement (1946). This was an outcome of Sindh's Rabi and Kharif case addressed by the Rau Commission (1942).

• In many cases, traditionally inundated areas within a system had a low priority for Rabi river supplies, as the economic motivation for "making the project feasible" by selling maximum Crown Waste Land remained predominant (LCC, UCC, Sutlej Valley). The LCC was sanctioned the14 th of July 1892; the discussion on the discharge capacities explained: "The annual irrigation to be provided for was to bear a different proportion to the command irrigable area. Zone A comprises all of the old or established villages with the exception of a few lying in the Jhang District. No Crown Waste Land was included in this zone, the annual irrigation was proposed for 40% of the irrigable area. Zone B comprised of old villages and all of the Crown Waste Land lying above or to the northeast of Chiniot-Khuianwala road. The annual irrigation provided was 50%. Zone C consisted entirely of Crown Waste Land, lying below and southeast of the road. In this zone an annual irrigation of 66.6% was contemplated. The restrictions proposed were arrived on the consideration that a part of the old established village land could be irrigated from wells." (page 3, History of the Capacity of the LCC). The inundation areas developed at later stages (the lower reaches of the Indus, principally) were made non-perennial with high Kharif supplies. This corresponded mostly to prevailing practices but by categorizing them as non-perennial, any future "riparian Rabi water rights" claim could be dismissed. These schemes were designed as "productive irrigation" in contrast with the well-known "protective irrigation [START_REF] Jurriens | Scarcity by design: Protective irrigation in India and Pakistan[END_REF] in highly arid and saline areas based on the construction cost and financial returns ratios.

The Management Framework

The management during the British colonial period was strongly influenced by the administrative set-up of the Government, its infrastructure design approach and the financial returns from the Crown Waste Land [START_REF] Stone | Canal Irrigation in British India: Perspectives and Technology change in a peasant Economy[END_REF]. Other considerations were the desire to keep strong political control while allocating public resources, to minimize influences of the regional and local interests in future operations and to keep the right of change with Government. The land owned by the central Government was the biggest beneficiary in most of schemes. The institutional structure and powers of the irrigation agency were designed to minimize external influence on the operations. These considerations resulted in:

o A centrally controlled policy and planning process, particularly related to the design parameters such as the area irrigated, the water allocation and the extent of the perennial irrigated areas; o Low cost administrative set-up and sustainable infrastructure; o High priority to the new canal colonization and agricultural revenue; o Operating river and canal systems by the public sector with minimum interference from water users.

The planning Process

Irrigation policy and planning were centralized and main decisions made by the Central Government of India with the help of technical/financial commissions appointed by the British Government in London. The issues oriented recommendations of different commissions were to provide policy and planning outlines. "Protective irrigation", for example, was a recommendation of the Indian Famine Commission (1880), which became a "legendary notion" to refer to the low allocation supply based irrigation systems of the subcontinent. Later, the Indian Commission on Irrigation was to become a central agency to approve new irrigation schemes. The Indian Commission on Agriculture and Revenue was established in1884 with the start of colonization. Its objectives include agriculture planning like the introduction of new crop varieties.

Irrigation was declared a provincial responsibility in 1919. "Before 1919, no major irrigation work could be taken without the sanction of the Secretary of State, who was advised through the Government of India to the Inspector general of Irrigation and a public works secretariat with an experienced engineer at its head. All matters of disputes between the provinces and states were referred to the secretary of state, whose decision was final. After 1919, irrigation became a provincial but reserved subject (the central Government retaining certain powers). All irrigation projects effecting more than one province or costing more than 5 million Rupees, however had to be recommended by the Government of India to the Secretary of state [START_REF] Hasan | Hundred Years of PWD[END_REF]. The Secretary of State generally approved all big schemes. In case of disputed projects, such as the Sutlej Valley and Sukkur projects in 1921, provinces were not even made a party (Michel 1967 quoting the India Office Library).

The Planned Rural setup

The process of "colonization" reflects the nature of the community set-up perceived by the administration and its own relations with new communities. "Irrigation colonization" changed the structure of the society in many areas, bringing tribal rural under the influence of "village colonies" having an administrative link with the British Government through the village "gentry" or the big landowners. The process created a new rural class structure by the sale and allotment of lands. The discussion on the establishment of the Chenab colony is reflective in this regard. In 1891, the Revenue Secretary Punjab Government wrote to the center (District and State Gazetteers 1904):

"It seemed essential to preserve the tradition of Punjab as a country of peasants' farmers. No other general frame of society is at present either possible or desirable in the Province…. Lastly an area has been reserved for capitalists. As already remarked, capitalist farming in general is not a system suitable to Punjab. But a moderate infusion of the capitalist element is not out of advantages. It supplies natural leaders for the new society; it gives opportunity to Government to reward its well deserving servants, and to encourage the more enterprising of the Provincial gentry; it attracts strong men who are able to command the services of considerable bodies of tenants; it furnishes a basis from which agricultural improvements may be hereafter extended, and, lastly, it enables Government to obtain a better price than might be otherwise possible for the ownership as distinct from the user of its land." In 1892 an allotment was made for 40,000 acres to capitalists, 60,000 to yeoman (serviceman) and 27,000 to peasants in the Chenab colony.

The Gazetteer on Montgomery (Sahiwal) district narrates the history of about 50 years of the Tirni (grazing) tax collection. The history of the Tirni administration shows the transition of the organization unit from the clan to the chak, then to the individual village and finally to the individual families. The process is explained by "the loss of power of the old Rats (tribal leaders) was of course very gradual, and they continued to posses enormous influence on their dependent as long as the bar (land between Ravi and Sutlej) remained un-colonized."

The Implementation of irrigation projects

For the construction and maintenance, the Irrigation Division of the Public Works Departments closely worked with other divisions of the department. The department had a close collaboration with the Army Engineering Core, which was to provide most of the technical staff. In the project area, the work on roads, railways and land establishment had to be started and achieved in the shortest possible time to save the cost. The number of engineers involved was not big, but there was a large labor force. The following paragraphs from the Sutlej Valley Project -documented in 1920 by Wilson, Executive Engineer on Special Dutygive a clear idea of the pioneering working set-up:

"In this case what can be done and what is most desirable need to be carefully blended.

Bearing in mind the questions of surveys, construction, colonization and the utilization of funds so as to make the project finance itself as far as possible and avoid the raising of unnecessary loans, the following appear to be what might be aimed at.

-Forthwith get the survey of India at full strength into the field for rectangulation and concurrent mapping. Amalgamate the Upper and Lower Sutlej Canals into a separate circle of Superintendence under a selected officer. -Press the Railway Board [sister organization under the Public Works Department] to get the railway line through to Rangpur and Nalagarh so as to open out the stone quarries which are the best and most accessible in the Province, and without which no progress can be made in the construction…. The whole project could be completed after 8 years work.

-It must not be lost sight of that the organization in connection with the project will be the controlling factor. The Chief Engineer must have a staff with him just as much as the commander of an army corps on the western front. It was the absence of this organization for the Triple Canal Project, which prevented it being a much greater success than it has been."

Operating network for the actual deliveries

The regulation and distribution of water at the main canal and lower levels were clearly the responsibility of the local regulation officer (Executive or Superintendent Engineer); much more so than seems the case today. Operations and maintenance were defined as major day-to-day responsibilities of irrigation engineers. A simple functional set-up was created for the operation of irrigation schemes according to the defined procedures and regulatory wisdom. Thomson of the Punjab Irrigation Department defines "Regulation" in 1925 as: "Regulation involves the issue by the Regulating Officers of such orders as will enable the supply to be distributed safely and economically. These orders are based on a knowledge of the water levels recorded throughout the system of canals and on intimation of indents for water supply made on the regulating officer by other offices responsible for the distribution of water…The Zilladar and sub-divisional officer are ordered to keep the gauge register". "Sufficient experience has been obtained to enable the best rotation to be fixed and the time table is fixed by an officer of administrative rank."

The transfer and sale of water was restricted. MacLegan's Settlement Report states that "the richer and stronger men who own watercourses or shares in water courses still sell or barter water and control the supplies of their weaker neighbors in a way which could not be allowed elsewhere." It is certainly contrary to the public policy that there should be any middleman between the canal department and the irrigator who might be making a charge for the water, enhance the total cost of it for the cultivator. Accordingly in Part III of the Canal Act of 1876 there are clauses to secure "that every irrigator shall be entitled to a water course of his own or to use a watercourse belonging to someone else." Irrigation systems often evolved over time during the phase of actual functioning. A good example is the irrigated area, a key design parameter and an important political issue during the design phase. An increase of the irrigated areas within the canal command areas was generally considered as an indicator of good performance and the coming into "maturity" of an irrigation system. Table 3.2 shows the increase in the irrigated areas of different irrigation systems twenty to thirty years after the on-set of these systems [START_REF] Thomsons | Punjab Irrigation (book)[END_REF]. Source: Thomsons 1925

Table 3.2: The changes in area irrigated by unit water and canal water available for the irrigated area at the main canal head

Canals

---------1902 -1903------------- -----------1921-1922---------

Exclusivity of the Management Organization

Before the British period, some Indian states (Bahawalpur in Punjab, Hyderabad, Bengal and many others) had formal institutes of engineering, revenue and public administration. These states participated in the planning of new irrigation systems, contributed in the development funds and provided labor force for the physical works. However, after full development of a scheme, there was not much room for "outside" influence or interference in the administrative domain of a Chief Engineer and his staff.

CemOA : archive ouverte d'Irstea / Cemagref "It is impossible to imagine the colony canals constructed and colonized by an agency other than that by which they were constructed. Undertaken as they were, these schemes could be framed as complete entities. Many details are greatly simplified when undertaken by the state. For example, the collection of the required information or statistics with reference to areas, cultivation, the likely water rate, the acquisition of land, etc. For the financing of schemes, capital can be acquired at the minimum rate. As well, therefore and as economical as state enterprise can construct, these schemes were devised and constructed." (Sutlej Valley Project 1920) The organizational place of the Irrigation Division and Public Works Department in the administrative structure of the Government was a well-knitted hierarchy of public administration, different in concept and formation from the model of a "Project Oriented Development Organization" or the "Public Services Departments". It was more like a complete authority of a single operating organization with simplified procedures but comprehensive duties and powers. The Irrigation Departments had full implementing authority including judicial powers.

The Chief Engineer could to a certain extent modify the allocations of water to a project area. He could extend the Canal Command Area, if more water was available. The transfer of irrigated areas from one canal to another was an option provided to improve water delivery efficiency after some experiences of operations. It was in the jurisdiction of the chief engineer to shift land: from one canal to another in the same system, on the same canal from one location to another, from perennial to non-perennial, and between two divisions of the same circle.

The 5 th Period (1947 -2002)

Partition of the waters of the Indus Basin

In 1947, the waters of the Indus Basin were split between the two new "Sovereign states", India and Pakistan. A water dispute started immediately as India cut the supplies to canals off taking from the Headworks on Ravi and Sutlej rivers on her side in 1948 [START_REF] Lieftinck | Water and Power Resources of West Pakistan, A study in Sector Planning Volumes I, II and III[END_REF]). Pakistan rapidly built two link canals to transfer water from Jhelum to Ravi and Sutlej. However, the impact of the reduction remained serious for Pakistan; the commanded areas of both these rivers were thickly populated and contributing about 40% to the agriculture sector (Mubashir 1963). A long negotiation process started with the help of World Bank. At the same time, both countries proceeded with their ongoing and planned irrigation projects.

Pakistan built three schemes on the Indus, two canals from the Taunsa Barrage in Punjab and eight canals from Guddu and Kotri barrages in Sindh. The uncertainty of eastern river supplies from India played a stimulating role in the fast completion of irrigation works.

The catchments, design and operations of the Indus Rivers were so inter-linked that the first technical recommendation was to operate and manage the basin independent of the political boundaries [START_REF] Lilienthal | Another Koria in the Making?[END_REF]. India and Pakistan were on the verge of war over Kashmir. One way to reduce hostility... would be to concentrate on other important issues where cooperation was possible. Accordingly, I proposed that India and Pakistan work out a program jointly to develop and jointly to operate the Indus Basin river system, upon which both nations were dependent for irrigation water. With new dams and irrigation canals, the Indus and its tributaries could be made to yield the additional water each country needed for CemOA : archive ouverte d'Irstea / Cemagref increased food production." This approach could not work out and the Indus Waters Treaty was signed between the two countries in 1960, to divide the waters of the Indus Rivers: i) India had full rights to the three eastern rivers, Ravi, Sutlej and Beas. Pakistan had full rights to the three western rivers, Chenab, Jhelum and Indus, which hitherto supported a limited area in the Indian territory of Kashmir.

ii) Pakistan started a comprehensive replacement and development plan with financial aid and loans from the World Bank and friendly states to support the eight main canals on the eastern rivers. The headworks of three irrigation canals, one on Ravi and two on Sutlej, were shifted to the lower barrages, while four main canals were split for their diversions.

In addition:

a. Six new barrages were constructed for the link canals and to provide new headworks to the canals whose intake was shifted or whose command area was split. The capacity of two barrages was increased. b. Seven new link canals were constructed between 1960 and 1970 for inter-river transfer of water (see table 2.2). Two of them take water from the Indus to the different tributaries, the remaining link canals transfer water across the Punjab tributary rivers. c. Two big and one smaller reservoir were built on the Rivers Indus and Jhelum to regulate and store floodwater for the Rabi season.

iii) The construction and remodeling of the irrigation systems was approved in all provinces, but remained a small component overall. This includes a new canal -CRBC -on the Indus River for NWFP and Punjab, additional water for the Swat systems, and perennial supplies to the Guddu barrage canals for Sindh and Baluchistan.

The development of the Indus Basin irrigation systems is projected in 

The impact of the Indus Waters Treaty

The Indus basin was thus confronted with a new hydraulic regime with two natural river streams drastically reduced and big link canals cutting across the Doabs, thereby changing their natural drainage characteristics [START_REF] Nazir | Irrigated Agriculture of Pakistan[END_REF]. The system had to achieve a new hydrological balance. The two reservoirs provided in the upstream reaches of the Indus and Jhelum rivers were linked to all but three irrigation canals, providing new potential for irrigated agriculture. The link canals could transfer reservoir releases or direct flows of a river based on management decisions and limited by their capacity. More water was available in winter at all nodes. The Rabi priorities and 10-daily restricted allocations based on the previous non-regulated flows became virtually obsolete. The annual surface water utilization substantially increased. The capacity of the irrigation network to support new lands equally increased.

The nature of water sharing issues changed with the new connectivity and storage facilities.

The quantitative releases and regulation of the reservoir storage became a day to day interest of the provinces. As mentioned in the previous section, the operational priorities changed, and the network had to establish new historical references for the regulation and 10-daily diversions (see chapter 6).

The availability of storage has allowed implementing the perennial crop-based irrigation in the North West Frontier Province (NWFP) of Pakistan, as it had unutilized water shares in both seasons. Two big irrigation systems are presently remodeled and designed for "more flexible and productive" irrigation in the province.

Post Treaty Water Sharing and Allocation disputes in the Basin

The key function of water regulation before the implementation of the reservoirs was to operate canal headworks for 10-daily scheduled or design discharges while taking care of the seasonal priorities set by the Anderson and Rau committees. Now, these principles needed to be redefined with empirical experimentation to achieve new water division and distribution patterns. The basic reference for irrigation diversions remained the design discharge within the limits of capacity and demand. In the new network, the water availability (and therefore the delivery) was more flexible in quantities and timing even though the net available water including storage was still less than the net capacity.

The agenda and the approach of the Akhtar Hussein committee in 1968 (Annex 3.1), during the Mangla operations, was largely based on the issues and development approach pointed out by Lieftinck's team in their final report "Water Resources of the West Pakistan; A Study in the Sector Planning" (1968). The most important recommendation of the committee was the application of "equitable apportionment" throughout the basin by declining the doctrines of regional "sovereignty" and "riparian rights. The same had been recommended by the Rau commission in 1942 for the water division, but the inundation canals were always considered separately. The assertion of 1967 suggested that there were no more recognized inundation canals on the Indus network. The committee stressed new realities discarding the priorities proposed by the Sindh-Punjab draft agreement. The "historical diversions" of 10 years were recommended as regulation targets for all systems developed before 1950. However, during these years of development and changes (construction and operation of reservoirs, link canals), relatively unstable supplies could be expected. The new systems still had to attain the full development level (chapter 6), and perhaps the real value of this recommendation was principally accepting "historical diversions" as the regulation targets.

The second and the third committees had the same agenda of issues (Annex 3.1). The "Fazal e Akbar Committee" (1971) was able to prepare the issues and set the context for the future negotiations, but Sindh rejected its recommendations. The assessment of the total river water, its volumetric division and the need for an Indus Rivers Authority were the three main issues indicating a change of focus towards the storage and surplus volumes for further developments. However, the volumes given by the committee were different from those accepted by the future Water Apportionment Accord in 1991. The water requirements for agriculture was an issue raised, but not answered. The Haleem Commission (1977Commission ( -1983) ) addressed the same set of issues, but it modified some of the previous observations. The annual estimated water available was 13 bcm less than Fazal-e-Akbar's value. No canal priorities were considered for the provincial allocations and the mean monthly diversions were applied to all canals. A Kharif surplus of 13 bcm was also assessed in the case of additional storage. A smaller share was given to NWFP and Baluchistan, as the diversions upstream of the rim-stations were not considered. Sindh disagreed once more with the recommendations.

The Water Apportionment Accord (WAA) of 1991 and its Implementation

Finally in 1991 the Federal Government of Pakistan was able to convince the four provinces to sign a "Water Apportionment Accord" (WAA) for the river water sharing in the Indus Basin. This Accord replaces all the previous recommendations and provides a guiding document for water sharing decisions among the provinces.

The WAA divided the developed water resources volumetrically at the provincial level, while sharing the remaining "river balance" as a percentage among the provinces. A straightforward approach is adopted to avoid controversy and/or uncertainty about the net river inflows, the fraction of surface water available for development, the contribution of groundwater and the regulation priorities. The two smaller provinces, N.W.F.P and Baluchistan were provided with a higher share than any past recommendations, about 12.5 % as compared to 7% previously. Both provinces are exempted from reductions in diversions in case of shortage and allowed to use water of the small tributary rivers without any approval. These decisions are political favoring the agriculture development in these provinces. The Accord mentions disagreement regarding river outflow below the last irrigation barrage in Sindh, Kotri and recommended further studies. The need for further storage is theoretically accepted, and included in the volumetric division, but not mentioned clearly. The Kharif estimates of uses by WAA agree with those of Fazal Akbar's, while the Rabi estimates match those of the Haleem commission, hence the net values are higher than any calculations of the past.

The ten daily average historical canal withdrawals between 1977-82 are recommended as the reference period to determine the rules for sharing the water at the main canal level, in case of shortage and in case of a surplus of the divertible water. The average annual water diverted during this period was 126.25 bcm as compared to the annual allocation of 140.65 bcm to different canal commands. The "undeveloped component or the flood water" allowed to be shared at a different percentage, was in fact new water to be developed. The period of 1977-82, just after the commencement of Tarbela, is considered as a period with more ample supplies as there was a substantial increase in diversions against the existing demand. However, the later period had a further increase in diversions (see Table 3.3) before a decline during the last few years (analyzed ).

The Punjab was almost using its quantitative allocation (from the developed water) with 52% share (with reference to WAA) during 1977-82, while all other provinces were at a lower level. The relative share of Punjab decreased by 1% although it diverted slightly more during the period 1985-1991 due to increased diversions of Sindh. Sindh's diversions and relative share increased by 6% and 1% respectively. The other two provinces remained at the same level. In the WAA formula, Sindh's percentage share of 1985 is provided with 5% higher diversions. For the Punjab, volumetric diversions are maintained with 4% less relative share, which is shifted to the smaller provinces.

If the percentage share of WAA is applied for 1977-82, net quantities of water will be shifted from the Punjab to the other three provinces. This has led to two different interpretations of Clauses 2 and 14-b of WAA. Punjab accepts the fixed share of NWFP and Baluchistan but wants the remaining water to be divided according to the actual apportionment of 1977-82 [START_REF] Saddiqui | Apportionment of Indus Water Accord[END_REF]. According to Sindh, the relative shares from the WAA average allocation should be used to divide any quantity less than 140.65 bcm. These different interpretations continue to crop up in the implementation of this Accord. 

The Water Rights and Access

According to the accepted state laws, surface and groundwater are public goods available to fulfill the basic needs (drinking, domestic, food production) of human beings and animals. The Government of Pakistan is a custodian of the surface water resources and owner of the water conveyance and supply network. It is the responsibility of the public sector to develop, safeguard and facilitate utilization of the surface water resources. By contrast, the groundwater aquifer belongs to the owner of the land and can be developed and used individually.

Households and livestock can use water from streams and rivers without allocation and authorization. At a small scale these uses are also tolerated from the irrigation canals. The indigenous users can use water from river streams, hill torrents and lakes for the livelihood and small business including irrigation. Traditionally these uses are informal allocations. This access could be claimed as the riparian rights, but they are mostly not acknowledged or protected by any institution. All users getting water through the network developed by the public sector have to pay for the services and/or for benefits of the water use. The ownership of the groundwater is more straightforward, each owner of land has a right to pump groundwater through his property and use it for any purpose or sell it.

The prevailing uses of water for agriculture by inundation canals were acknowledged as "riparian water rights". A claim could be made about these rights and negotiated during the irrigation development process. Already cultivated areas were given 'preferential access' to canal supplies. However, it did not entitle them to perennial supplies or to higher allowances. The water supplied through inundation or flood canals was considered in the riparian category unless accepted officially as "canal irrigation rights" through an allocation procedure (Gazetteer 1929). With the current level of canal development, there are limited areas using river water outside the official and recognized canal system (e.g. civil canals in NWFP and the tribal areas). The Sailaba or Katcha areas along the rivers (especially Indus) use residual moisture from floodwater to grow crops. They constitute the second biggest group of water users after the official canals. These areas are mostly owned by the Government and rented out to cultivators. No claim can be made on this use of river water. The private shallow tubewells are increasingly used to supplement the natural soil moisture during low-flow periods. The groundwater extraction in these areas directly mines (and may increase) river seepage by the cultivators, they can use groundwater like any other area.

The "doctrine of sovereignty" has played an important role to protect regional control on the river water shares when the boundaries at which water can be claimed coincides with the administrative boundaries of local states, provinces or the nations. The Princely states of India and Sindh used the argument in competition with the Crown Waste Land and the already developed public sector, although it had limited practical value in development or operations of the irrigation systems. However, this principle had a big impact in the Indus Basin at the time of the Indus Waters Treaty -1960 for dividing Indus Rivers between India and Pakistan for their sovereign operations. To a certain extent, the Water Apportionment Accord accepted this doctrine by fixing provincial shares different from the irrigation demand and capacity and allowing each province to plan and distribute its water share.

The right to use surface water from irrigation canals is provided by the state through a process of a) demarcating the land to be irrigated on an irrigation scheme, b) allocating a quantity of water considered sufficient to irrigate the watercourse command area with design cropping intensities for the full or half of the year, and c) designing and operating water distribution canals to deliver "allocated water" subject to constraints while following a set of operational rules and regulation procedures.

The allocated irrigation rights are not protected quantitatively or on a day to day basis. Rather, at a particular irrigation network level, an access is provided to a proportionate share of water in the parent canal (and the river and reservoir supporting that canal). The changes in flow hydrograph and corresponding operations are the essential interventions to this allocated right only to be dealt with "fairly". "Fair" operations actually divide water and can make a substantial difference. Each new scheme becomes a share-holder in the surplus or shortage of river flows. Once the irrigation is provided to an area, it is protected as the "prior apportionment". The "historical canal diversions" includes the impact of "prior apportionment", physical limitations of the upstream system and the influence of the demand or uses. With a combination of volumetric division and "historical canal diversions" as a sharing formula, the Water Allocation Accord accepts the "prior apportionment" legitimate principle for the regulation. The semi-autonomous status of WAPDA helped to host a big group of sub-organizations under its umbrella. These organizations covered a broad spectrum, ranging from engineering works to the planning, monitoring and evaluation. These organizations were independent in working with international organizations or consultants, plan studies and arrange national and international funding. Some of them used the title of " However, a clear vision for the coordinated management of water and land resources did not exist other than through examples of project set-ups. These setups were independent, multidisciplinary and were able to hire staff from the line agencies on much better pays. The consulting firms were expensive with limited and coordinated assignments. Two such setups were presented as models: the Agriculture Development Corporation (ADC 1959) and the Land and Water Development Board (LWDB). The first was created in 1964 to take care of development activities in four barrage areas and the second was responsible for the SCARP areas. The LWDB survived until 1970; the approach was abandoned as being "too heavy, expensive and creating unnecessary friction", and the various activities were taken over by the line departments. 'The study group does not see an overriding advantage in placing control of all project water supplies with the Irrigation Department. Granting that this department does operate the canal system and has acquired experienced staff, it does not follow that extending its jurisdiction to include water management." (LWDB 1970). The report also advised, "the line departments should continue to carry out their increasingly important functions in their respective fields and care should be taken that the discharge of their duties especially in the non-project area is not impaired by the withdrawal of key staff."

The Management Approach and the Institutions

In 1978, the 2 nd basin level planning reports emphasized the need for management changes. The 1956's approach on the public tubewells and vertical drainage took an about turn. Fast development and effectiveness of shallow cheap private tubewells surpassed the functionality and efficiency of the deep and expensive public wells. The Government was suggested to withdraw from the groundwater pumping for irrigation and drainage. Emphasis was shifted to interlinked surface drains. The Provincial Irrigation Departments were recommended to change into Irrigation Authorities.

The major management initiative after 1978 was constituted by recommendations to move towards participatory management of water resources to improve financial efficiency and to facilitate the use of water towards higher benefits. The 3 rd basin level study by WAPDA and

CemOA : archive ouverte d'Irstea / Cemagref WB was the "Water Sector Investment Planning" (WISP 1991). The study identified five management areas for priority actions in the Indus basin: water apportionment, improved irrigation management, environment protection, sector financing, and cost recovery. The report mentioned funding as a major constraint to implement the project. The research and management transfer were emphasized: "Innovative and action oriented research is urgently required to assist in reaching policy decisions on institutional improvements and eliciting effective farmers' participation in irrigation management". The study admits, "a complete integration of irrigation and agriculture services does not appear to have been found feasible under the existing provincial administrative framework…Coordination in the activities of these departments could be achieved by continuing the Provincial steering committees established for preparing the WISP, and the establishment of similar committees at the divisional and district level."

A major achievement after 1990 was the signing of the Water Apportionment Accord in 1991 by the four provinces of Pakistan and the formation of the Indus Rivers System Authority (IRSA) to implement the accord. The IRSA consists of four representatives of the Provincial Irrigation Departments and one from the Federal Government and is entitled to arbitrate disputes on water division and day to day operations of the reservoirs through a majority vote. Hence, it is a negotiation forum of the provinces with a strong role of the Federal Government in the decision-making. However, in case of serious disagreements among provincial administration and/or political representatives, the IRSA's role remains limited. Further development of water resources, like new storage facilities, canals or hydropower remained a controversial issue after 1978. For example, the construction of a big reservoir at Kalabagh could not be implemented due to provincial disagreement while it had been recommended by WAA and despite the feasibility studies funded by WB and other donors.

Participatory Irrigation Management has been suggested as a management pathway for Pakistan after 1978, like many other countries (World Bank 1994[START_REF] Strosser | Analyzing alternative policy instrument for the Irrigation sector[END_REF]). After experiments and pilot studies (ONFWM, IWMI, PID) at the watercourse and secondary canal level, a major step was the approval of Provincial Irrigation and Drainage Authorities by the legislatives of four provinces. Hence, principally, the Government of Pakistan has adopted a deregulation policy for the water sector, which is implemented through a donor-funded National Drainage Program (NDP), which has allocated 30% of the project money for the "institutional changes". The support prices and subsidies on irrigation inputs are reduced. The real changes brought in the management are still to be materialized.

However, in the basin level management perspectives a scatter of institutions and responsibilities continued. At the same time, technical and institutional modifications are suggested and implemented through project-oriented approaches, which tend to have an isolated vision and limited scope over time and space. The need for a coordination forum at the basin level can be recited from 1967. A basin level vision of water resources management can be emphasized in view of lower level management transfer and political disagreement on water division.

Conclusions

The evidence of organized community irrigation in the Indus valley is provided by the remains of two ancient cities of Harappan civilization representing the period of 5000-3000 BC. The agriculture as a profession is described by the Hindu religious epics, written during 2000 to 900 B.C. Hundreds of small canals, water ponds and animal driven wells were reported in the Indus valley by companions of Alexander the Great in 300 BC. The documents of the period mentioned impressive agriculture and severe revenue collection procedures. The evidence of a state owned canal and water related tax is available from the 7 th century, build by a Muslim ruler of Dehli. In the 15 th century, during the Mughal period, irrigation was widely developed close to easily accessible reaches of rivers, the existence of several hundreds of inundation-canals is confirmed in the 17 th century. Communities, with different social structures, developed canals and wells, with different arrangements for water sharing and its use. States and rulers also developed canals to irrigate their lands and gardens providing limited access to other users and encouraged communities to develop water resources. The revenue generation from the increased agriculture production was the motive behind this development. The need and benefit of irrigation are obvious from the efforts required to built and maintain inundation canals without much control on the river behavior.

The access was more relevant than the ownership for the utilization of land and water resources in the pre-British period. However, the "ownership" started becoming relevant with the development of stronger political control and examples are available from the 15 th century about the individual and allocation and revenue collection procedures and official records. A grower has to pay to the "higher authority" able to posses better control on land and water, in terms of a share of production. The rates of 1/3 rd to 1/6 th were used in the basin from about 1000 BC to the British period. Before British, no Indian kingdom or ruler had direct control on the whole land of India and many local arrangements existed for the water and land utilization. About four types of "models" seem to be existing for centuries; i) kinship groups using water and land and sharing produce, ii) de-facto control of a local state or the tribal leader independent of the central state iii) a "titled owner" authorized by the state for the collection of revenue, iv) direct control of the central state. It seems that before the British period the irrigation facilities were mostly developed in case "ii", when the local authority was sure about the benefits,. While, the last model (case iv) swiftly replaced the local setups allowing only few local states to partly function, indeed had a prominent influence on the development of large irrigation systems (by British) in their jurisdiction.

The historical review of irrigation development indicates certain continuity in irrigated agriculture in the Indus basin. For an overwhelming majority of producers, agriculture has been a means of livelihood and self-employment since time immemorial. Agrarian-based societies considered agriculture as the main productive activity, constituting the lifeline of trade and economy. This is still true today. In addition, large-scale irrigation development built on existing irrigation and agricultural practices. The primary objective of the large-scale irrigation development was the revenue generation from the sale of land and the agriculture produce, however, supplemented with different sub-objectives depending upon the priorities of the administration. Famine control and population settlement are the most cited objectives in the earlier phase of irrigation development [START_REF] Jurriens | Scarcity by design: Protective irrigation in India and Pakistan[END_REF]. Later on, productive irrigation was promoted through the sale of Government' land (called crown waste land) and the promotion of cash crops, specifically cotton (Michel 1967). The earlier phase of development resulted into small land holdings, due to a high population density in agriculturebased areas, the official policy to distribute small pieces of land to the demobilized Sikh armies and to local rulers, and the political need to break the existing land-owning gentry.

During the later phase, however, a loyal land-owning gentry was created in the new irrigated areas, supporting the administrative needs of the state.

A radical phase of weir control canal development and wide spread irrigation supplies was initiated by the British around 1850. In order to strive for permanent settlement, and a reliable agriculture, centrally planned irrigation projects were implemented leading to a more centralized control of the Indus Basin water resources. During the development phase of large-scale irrigation, the existing water uses (inundation canals, groundwater exploitation through wells) were taken into account as "riparian rights". These rights were accounted for in the design parameters of the new irrigation systems (water allocation, irrigated area, the area extent of perennial irrigation). Permanent access to the river water has been very important in the traditional thinking of the communities and regions of the Indus Basin. During the modern development of irrigation canals, regional consciousness about permanent access to river water created most of the water sharing conflicts. The objection of the regions having inundation canals on the irrigation schemes in other regions is a good example of the efforts to secure their future water uses. This is further illustrated by the objection of Sindh on all upstream schemes and the objection of Southern states of Punjab on a proposed scheme to transfer water from Sutlej to Ravi River in 1923.

Theoretically, the riparian uses were given preference during irrigation development and were especially instrumental in the protection of inundation canal commands. At provincial and country level, sovereign rights included regional and administrative interests to secure river water on a long-term basis. The Water Allocation Accord of the provinces and Indus Waters Treaty with India are two examples of how these rights were taken into account. The full development of the existing irrigation network intended to replace all other water rights as the system reached completion, as stated by different water allocation committees from 1932 to 1967. However, in 1991, prior allocation (historical diversions) and sovereign rights (volumetric provincial division) have continued to coexist in the main canal command area allocation. The imbrications of historical and sovereign water rights all along the development phase of large-scale irrigation has contributed to the existing heterogeneity in the design parameters and regulation practices.

Empirical evidence, simplicity and administrative control were three characteristics of the water resources management adopted by the British for Indian Agriculture. The corresponding management procedures were so interlinked with design, operation and maintenance of the system that these qualities were to stay and resist modifications. At the design stage, the empirical behavior of existing canals was used to determine the design parameters of new channels. The existing agriculture was used to calculate expected water requirements and cropping intensities. Given the size of the new irrigation infrastructure, the heterogeneity of the design parameters and the need to reduce financial, technical and human input, simplicity was advocated in the operation and management of the system with clear and authoritative roles and rules. The operations and maintenance have been kept self sufficient and independent at each level to have minimum interference in the operational targets.

The dialectics of contradictions in objectives and interests in water resources development and management has been a constant factor since the introduction of large-scale irrigation by the British administration. Continuous disagreements on the river water division, the formation of dispute resolution committees, decisions and the non-acceptance of the decisions, the different interpretation of the agreements have marked the development and management of irrigation systems for more than a century. The existing differences about the interpretation and implementation of the Water Allocation Accord 1991 are an example of how regional interests continue to strive for a permanent access to the river water to as large an area as possible, while responding to increasing water demand and leaving a small amount of water for future development.

The topic of this research relates to the scope for water reallocation in the Indus Basin, which is presently shown to be extremely heterogeneous across the Basin and not very well defined due to many changes in the original design parameters since the inception of the irrigation schemes. The inter-connectivity of the Indus Basin irrigation system, after the huge development works following partition in 1947, has prompted water sector planners to promote a basin-level and integrated approach to water resources. The constitution of the Indus Rivers System Authority in 1991 and the on-going process to define a National Water

Policy are signals about an increasing willingness to come to the implementation phase of such an integrated approach. The water allocation to different canal commands constitutes an important interrogation in the context of this integrated approach when one sees that the annual allocation ranges from 400 to 2000 mm across the Basin with limited access to water for large parts of the Basin during Rabi. However, analyzing the current water allocation and considering alternative reallocation options cannot be done without understanding the historical conception of the original design allocation of the different irrigation schemes, and the reasons for the evolution of water allocation with time. In addition, the analysis shows that negotiations by different national and regional parties on water rights are traditionally extremely complicated and are conducted over long time spans. The existing doctrines on "sovereign water rights" and "prior allocation" are there to remind us that changes in water allocation will not come about without struggle.

Chapter 4

Gross Water Resources and Surface Supplies for Irrigation to the Main Canals

This chapter presents the primary and secondary data on water resources of the Indus Basin that constitute the basis of the analyses carried out in the framework of this study. Then, the gross availability of water resources in the Indus Basin (precipitation, surface and groundwater) is evaluated using these data. The water resources of the Indus basin have been progressively mobilized and utilized for irrigated agriculture, first through surface water development by the public sector and then groundwater extraction by the individual water users. The impact of groundwater exploitation on the water tables is evaluated. The surface water diversions to the 44 main irrigation canals are subsequently determined. These diversions are very heterogeneous across the basin for the reasons explained in chapters 2 and 3. A grouping of main irrigation canals is proposed at the end of this chapter on the basis of the design water allocation and of the evolution of actual water supply after the inception of the different irrigation schemes in order to capture the general trends of actual water allocation across the Indus Basin.

The Indus Basin has many monitoring setups to collect water data. However, data is often scattered and not well accessible, leading to confusions about the real state of Pakistan's water resources. The FAO's World Water Data Sheet, for example, showed renewable water resources of the Indus as 418 bcm in the past, which has been modified to 282 bcm in 2002 (FAO World Water Data files and Country profiles). This confusion comes from the estimation of precipitation and the groundwater potential. The different basin level studies have recommended improving data collection for the water and land resources as the difficulties were especially faced in the calculation of water demand and water balances (WAPDA Basin level studies 1965[START_REF] Delhomme | [END_REF], 1991, NESPAK 1991, PPSGWDP 2001). Gradually, data collection setups have been expended, but still there is disagreement among different provinces on the quantitative estimates of the gross water availability, the uses and the water remaining for development (Siddiqui 2002, Mazhar Ali et al. 2001). Before a complete water balance in the next chapters, historical trends of different water components are compiled in this chapter.

Data Sources and Data Processing

The climatic parameters are monitored by different organizations following their institutional mandates and requirements. The Irrigation Department traditionally has rain gauges at canal rest houses and other important locations such as barrages. The Ministry of Defense, the Meteorological Department as well as WAPDA measure daily rainfall, temperature, and humidity and in some cases wind speed and sunshine hours. The climate and rainfall data used by this study mostly belongs to the Meteorological Department and WAPDA's Surface Hydrology Department.

WAPDA is also responsible for measuring and recording river flows and for converting gauge readings into discharges. To record the exogenous river inflows, monitoring structures are
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established in the "first reaches" of the rivers, upstream of the reservoirs. In addition to that, the river flows are recorded downstream of the reservoirs, at important river nodes and at all barrages from where the main irrigation canals offtake. The Provincial Irrigation Departments are responsible for recording the gauges readings and discharges for the main canal diversions in the morning and evening and for keeping the gauge-discharge rating curves updated.

About 1600 functional piezometers have been installed in the Indus basin at different time periods to monitor groundwater levels and the impact of salinity management projects. The SCARP (Salinity Control and Reclamation Project) of SMO (Soil Monitoring Organization) monitors these piezometers twice a year and processes these data. Average water table depths in six ranges are calculated for all Gross Canal Commands (GCA) and the specific project areas.

Processing of Rainfall Data

The climate varies from semi arid in the north to arid in the middle and sub-tropical in the southern most part of the Indus Plains. Keeping in view the spatial variability of rainfall, a total number of 50 rain gauge stations were identified providing reasonably good coverage of the canal command areas in the Indus Plains. However, there were only 26 climatic stations, all belonging to the Meteorological Department, for which data were available for thirty years and more. The point information (daily and monthly rainfall in millimeters) of these 26 stations has been processed for different spatial boundaries using geo-spatial software. The Isohyetal maps of rainfall, showing the contours of equal precipitation are drawn using Kriging Method for the interpolation between stations. The application of Kriging to map the spatial structure of rainfall over a region is recommended for the hydrologic balance studies and applications in water resources development [START_REF] Papamichail | Geostatistical analysis of spatial variability of rainfall and optimal design of rain gauge network[END_REF]Metaxa 1995, Delhomme 1978). For the quantitative estimation, all data were summed up at the monthly level. The Isohyetal maps were then superimposed over the canal command map to obtain the average rainfall (in millimeters) and rain volume (in billion cubic meters) for each canal command area (Habib et. al. 2000).

River and Canal Flows

With the development of the irrigation network, the inflows in the river Indus have been increasingly monitored at different gauge stations. The gauge and discharge data of three western rivers are available since 1932. This concerns the combined flows of the Indus and Kabul at Attock, the Jhelum River at Mangla and the Chenab River at Marala. The daily flows upstream and downstream of the (potential) reservoir locations are recorded since 1960. The eastern rivers Ravi and Sutlej were measured at Madhupur and Ferozpur before 1955. Currently, residual discharges (from India) in Ravi and Sutlej Rivers are computed at Balloki and Sulemanki through an inflow-outflow discharge balance. The outflow to the Arabian Sea is measured at the last barrage Kotri since 1916. The gauge station at Chashma barrage is relatively recent (1971). The accounting of provincial shares starts from this point with the first link canal offtaking from the Indus (Chashma-Jhelum). The main canal diversions are monitored at the headworks on the barrages for all offtaking canals along with the barrage inflow-outflow data.

Important river, link and main canal gauges are recorded in local gauge registers at three hourly intervals. These gauges are converted into discharges using "authorized rating curves", which are not always frequently updated. Throughout the system, the "morning gauge" is monitored at 9 am for rivers and between 6 to 9 am for canals. The morning inflow and diversions data are communicated to the provincial regulation offices. The discharges of rivers and canals are converted into 10-daily average volumes, respectively by WAPDA and the Provincial Irrigation Departments. These data are used to compute the infiltration/evaporation losses and drainage gains in river reaches and link canals. The 10-daily data are computerized and published by WAPDA as annual reports (Indus basin Irrigation System Historic Rivers and Canals Discharge Data). The daily morning and evening gauge recordings of two canals, Fordwah and Eastern Sadiqia, were collected from the barrage gauge registers for this study and compared with the 10 daily reported averages; no difference is found between the two.

Groundwater Data

SMO collects groundwater table data by monitoring 1600 piezometers twice a year along a net drawn at eight km mesh. The readings are standardized with reference to sea level using the geo-reference data of each location. After placing the data on base-maps, the depths to water table contours are manually drawn using the Arithmetic Means of the two nearest points. The contours are colored for six depths to water table ranges. SMO produces these maps for different spatial units, including areas beyond the basin. The tabular data for these six ranges are summarized for the gross command area of each canal. This interpolation technique has been developed with the help of USBR during the 1970s [START_REF] Johnson | Private tube well development in Pakistan's Punjab, Review of past public programs/policies and relevant research[END_REF][START_REF] Johnson | Latent groundwater demand in Pakistan's Punjab: Theory and applications[END_REF].

This study makes extensive use of the groundwater 

Quantitative Estimates of Rainfall in the Basin

Quantitative estimates of rainfall are usually linked with a discussion on its useable component -"effective" rainfall in irrigated agriculture. The differentiation is important in case of high aridity and high variability of rainfall, because the showers of short time span and high intensity with a low probability can lead to a wrong estimation of useable quantities of rain. However, the total rainfall measured at the ground level is important for the water cycle: drainage, recharge, non-irrigated vegetation and evapotranspiration. Hence, for the water resource analysis, gross rainfall volumes and their spatio-temporal variability are estimated.

The Variability of Rainfall

The spatial and temporal variability of the annual cycle of rain is very high due to an irregular monsoon pattern. The probability of monsoon winds entering into Pakistan through one of the three routes discussed in chapter 2 is not the same and depending on these routes the rainfall pattern changes dramatically. The probability of rainfall for the provincial boundaries was calculated for the twenty-six years. The average seasonal rainfall of 26 stations is shown in Table 4.2. For the Indus basin, the probability for Kharif rains to be higher than 150 mm is 74 %. The probability for this range is 91 % in Punjab, while it is only 37% in Sindh. During Rabi, the rainfall probability of at least 40 mm is 78 % for the Basin and Punjab, while for the same range of probability the rainfall will be less than 20 mm in Sindh. The probability of having lower than average rain in the basin is 25% in Kharif and 15% in Rabi. A more detailed analysis of the monthly variation of rainfall was carried out for the Lahore station, which disposes of an exceptional time series. Monthly rainfall data were divided into five ranges having an equal number of years, 13 in each group. The minimum and maximum range of monthly rainfall for each of these 5 groups (20 % of the years) is shown in Figure 4.1. The highest rainfall group, representing the 20% wettest months covers a large range of monthly rainfall. As, the monsoon is scattered, the high rainfall can the year to year, i.e. not necessary occurring in the same year. If this 20% range is removed the maximum monthly rain of 500 mm for the monsoon months July, August and September declines to 200 mm for the first two and to 100 mm for the third month. For all other months, the maximum rainfall is less than 50 mm in 4 out of 5 years. This distribution shows that the monthly shower during three months can be intensive in the monsoon region occasionally. While all months other than November can have up to 100 mm rainfall for 20 % of the time. November is the month of the lowest rainfall, 60 % of the years have no rain, 20 % of the years less than 5 mm and the remaining 20 % from 5 to 25 mm. Also in October 50 % of the years have no rainfall, but, 20 % of the years it is between 10 to 150 mm. Even in April and May, for 30 % of the years there is no rain in Lahore.

Five Ranges of rains in

The lowest rainfall group, representing the 20 % driest hydrological years, is subject to rainfall of more than 5 mm only during two months (not necessary occurring in the same year), 80 mm in July and 50 mm in August. For 2 out of 5 years there is no rain half of the months, only two months will have 100 mm rain and the others will have only from 5 to 20 mm rainfall.

Gross Quantitative Estimate of Rainfall

The analysis of the monthly temporal variability of rainfall shows that the average rainfall for a given period is not necessarily representative to carry out an annual water balance. It was, therefore, decided to use a more subtle approach by determining the gross annual rainfall for eight different hydrological years during the period 1967-2000. These years have been selected because they correspond to different hydraulic settings with the implementation of the huge development projects from the 1960s onwards (construction of reservoirs, link canals etc.) and the basin level water accounts by WAPDA or its consultants are available for these years. These same years will be used for the water balance in chapter 5. The seasonal volumes of rainfall were computed for the Indus basin as well as the different provinces within the basin, using geo-static delineation, see table 4.3. 

The Surface Water Resources

River Inflows and Outflows

The inflow of the Western rivers of the basin (Indus, Jhelum and Chenab) has not shown any systematic change since 1940, Figure 4.2. The years of high and low flows are quite randomly scattered during this period. The Eastern rivers inflow has decreased from an average of 25 billion m 3 (bcm) in 1960-65 to an average of 7 billion bcm in 1990-2000. Following the Indus basin treaty, the eastern flows -the use of which is attributed to India -are not considered in the planning, they are not even shown in many documents. However, the flow hydrographs of Sutlej and Ravi (Figure 2.6) have peak levels just at the time when western flows start declining in August-September and remain important in maintaining full supply diversions to the main canals previously commanded by these two rivers.

The variability of the gross annual flows is not very high as the surface flow is largely based on snow melt and is less dependent on the variability of rainfall, there are only two out of sixty years when inflows reduces to less than 70% of the average values. For rest of the years, the annual inflows are from 150 to 230 bcm. The coefficient of variation of the Western inflows during Kharif and Rabi is respectively 14 and 18 percent over the sixty years. The Eastern inflows are more variable, but their small gross contribution does not affect the overall variability.

The outflow from the Indus River is measured at the last barrage Kotri, about 100 km upstream of the Arabian Sea. Figure 4.2 shows that the annual outflow has been declining since the 1960s with increased water resources development. The variability of the seasonal and annual outflow is much higher than the variability of the inflow (figure 4.3, 4.4). It is 60% and 135% for Kharif and Rabi respectively. After 1978, completion of the irrigation schemes and reservoirs, the Kharif outflow could be as low as 3 bcm during dry years and higher than 100 bcm during wet years. The Rabi outflow reduced to zero after Mangla operations, but has gained some minimum values after operations of the Tarbela Dam. This is the water remaining after deducting the diversions downstream of Kotri barrage (the estimated downstream Kotri requirement is 0.82 bcm according to WAPDA-WSIPS 1990) and after supplying Kotri barrage canal commands. 1959-60 1962-63 1965-66 1968-69 1971-72 1974-75 1977-78 1980-81 1983-84 1986-87 1989-90 1992-93 1995-96 1998- Over time, the fraction of water left at the end of the Indus River system has been decreasing. As shown in Figure 4.4, the outflow is a dependent non-linear percentage of the inflow, increasing swiftly at higher inflow. This is because diversions are much more constant during "average" years, and may decrease during "dry" as well as "wet" years due to physical and operational factors. This phenomenon will be further studied in chapter 7. For the same inflow range, the outflow has dropped about 18% in the post Tarbela period as compared to the ten years after Mangla started operating in 1967. The difference is more significant at high flows. (1966)(1967)(1968)(1969)(1970)(1971)(1972)(1973)(1974)(1975)(1976)(1977) and "post Tarbela" . Data source: WAPDA

The minimum required quantity of outflow to sea is a controversial issue between the provinces. The Water Allocation Accord of 1991 has taken note of the disagreement, but has added that this quantity should be scientifically established. The value demanded by the Sindh province is 12 bcm 'to save mangroves and avoid sea intrusion'. This is 25 % of the actual average outflow. During the last ten years, there was a probability of 85 % to meet this requirement.

The Gross Irrigation Diversions

The irrigation diversions remained at 50 bcm in Kharif and 25 bcm in Rabi from 1940[START_REF] Lilienthal | Another Koria in the Making?[END_REF]. Between 1952and 1963, different canals on Kotri, Taunsa and Guddu barrages started operating (Figure 4.5), which increased Kharif diversions by 22 bcm and those of Rabi by 7 bcm. These systems are largely non-perennial (75 % of the area) and have very high Kharif allowances.

The Mangla dam (6.58 bcm live capacity) started operating in 1965-66 and enhanced the water availability for the canal commands on the Jhelum, Chenab, Ravi and Sutlej rivers through the link canals. The storage capacity was initially higher than the actual reduction in flows from the eastern rivers after the Indus Waters Treaty of 1960. Hence, it was possible to increase average diversions to the main canals other than to those located on the Eastern Rivers upstream of the link canals. Mangla increased Rabi supplies and maintained Kharif flows at the maximum pre-Mangla level. However, these increased storage supplies in 1967 could not be maintained over time, because the eastern supplies from India have been consistently decreasing, affecting the direct diversions from these rivers. Many canals have thus seen their diversions increased after the construction of Mangla with a subsequent decrease in the following decades. The average annual diversions of the period 1978-2000 are 131 bcm. The upper limit of 137 bcm is achieved only during a few years. The Rabi diversions are lowest in drought years when cropping intensities are low (for example in 2000) and Kharif diversions are lowest during the years of high flows and heavy rains when less irrigation is required and when some canals and barrages are closed during flood flows for safety reasons and to avoid silt deposition (1992( , 1995, see Figure 4.5), see Figure 4.5). The figure also shows that following low diversions in Kharif, Rabi diversions will be higher, because more storage is transferred to the Rabi season.

There is no significant change in the gross diversion pattern after 1978. The post Tarbela period has 10% more river flows diverted as compared to before (figure 4.6). The figure shows that net diversions are strongly dependent on the total inflow. At low flows, diversions can go up to 85% of the inflow. Empirical evidence shows that this constitutes the upper limit for canal diversions. 

The Provincial Division of Water

The official data for the provincial water diversions is available since 1940 and is presented in figures 4.7 to 4.9. However, it has to be kept in mind only the Indus diversions after 1967 relate to the Indus irrigation network analyzed in this thesis. The pre Mangla diversions include water supply to inundation canals. In addition, for NWFP the data were "estimated" and may include diversions directly from the Indus tributaries. In case of Sindh, inundation diversions included water supplied to the natural lakes of the Lower Indus. This water was partly used for irrigation, but a substantial fraction drained back to the Indus (see the simulation of 1945-46 of chapter 7).

As can be seen from figure 4.7, the major increases in the Punjab diversions occurred in the 1950s and then between 1967 and 1977. The first increase can be partly attributed to the opening of the Baloki-Suleimanki link canal (conveying Jhelum and Chenab waters to Ravi and Sutlej rivers) in 1951. In addition, one major canal was constructed in the Punjab in 1947 and two inundation canals were improved to weir control in 1958. Mangla reservoir started operating in 1966 and Tarbela in 1976, stabilizing Punjab's canal diversions, which are since this period around 66 bcm. The last two (out of three) barrages of Sindh started operating in 1955 and 1962. The Sindh diversions had a swift increase between 1955 and 1970, followed by a slow but steady increase to 60 bcm in 1992. The period after that has higher fluctuations because of heavy rains in 1994-95 and low river inflows in the period 1997-2001. The Sindh-Punjab diversion ratio (Figure 4.8) shows that the relative share of Sindh decreased in the period 1940-1951, after which it went up in the favor of Sindh. Before 1965 it was less than 75% of Punjab's share, and in 1980 about 85%. It can increase to 90% in some years.

Figure 4.8: Sindh Punjab annual diversions ratio

With respect to the gross design allocation, there is no change for Punjab during the last 40 years; the annual diversions remain about 105% of the design allocation. The Rabi supplies increased from 100% to 137% during 1982-1990 and decline in recent years. The Kharif supplies to Sindh increased from 85% of the design to 93% during this period, whereas Rabi supplies sharply increased from 117% to 157% during the period 1960-1980 and remained constant after that. A drop in supplies between 1995 and 2000 is due to a dry spell of three years.

The Indus River irrigation systems in the North West Frontier Province and Baluchistan have been developed after 1960. Both of these provinces have additional provincial allocations from existing storage (Tarbela, especially) when compared to the capacity of their operating systems (Figure 4.9). NWFP is in the process of extending canal irrigation and providing higher allocations to the current systems. A new crop-based irrigation scheme has been developed during the period 1978-2002; another system (Upper Swat and Pehur) is in the process of extension and remodeling. A non-perennial canal, Rani Katch, is under construction in Baluchistan. With the completion of these systems Kharif diversions are likely to increase. 

The Annual Cycle of Inflow, Diversions and Outflow

The annual river inflows, rains, canal diversions and outflow at the monthly scale summarize the gross water quantities managed in the basin. The seasonal variability of these individual components was discussed in the previous sections. The behavior of these quantities during the years of average and high inflows is shown in figures 4.10 and 4.11 for two distinct years.

The 1987-88 was a year with very high and regular diversions for irrigation (Figure 4.10). The river inflows were about 15% higher than the average during early summer, rains were above average, but relatively scattered throughout the summer. The gross river inflows remained lower than the flood level. The rains or floods did not interrupt the gross diversions during the three summer months. The water diverted from June to September was 68 bcm, about 50% of the total diversions. From the inflow, outflow and diversion curves, it can be seen that the reservoirs were supporting the river diversions from September to December. The monthly outflow was relatively low varying from 2 bcm to 12 bcm during the 6 months of summer. In 1994-1995, the rivers inflow and rains were largely above average, only July and August received 250 mm average rainfall. As a consequence, the outflow to sea increased sharply, while the diversions were reduced (figure 4.11) from July to September because of low demand and safety reasons. The figure shows the time lag between the inflow and outflow peaks and the concurrence of heavy rains and outflow. In 1995, the Lower Indus also had heavy rains, which increased the drainage inflow to the river. Although the Rabi supplies were higher than normal, the total annual diversions were much lower than the normal. The outflow to sea occurred for about 10 months. These simple graphs illustrate what constitutes favorable conditions for canal diversions with respect to the monsoon rains and to some extent with reference to river inflows. The maximum river flows are diverted for irrigated agriculture, when the monsoon rains in July and August remain lower than the flood levels and the canals are not closed for safety reasons [START_REF] Shafi | Scheduling Of Water Deliveries In The Irrigation System Of The Indus Basin (Pakistan), 3 rd International Network meeting on Information Techniques for Irrigation Systems[END_REF]. There is an impact of reduced demand as well, which is much smaller (computed and discussed in the next chapter). In addition to reduced diversions, drainage from rainfall contributed to the outflow and a peak can be seen during heavy rains.

The Groundwater Resources

The accurate estimation of the groundwater behavior is tedious because investigation of some of the essential hydrological parameters is outside the scope of this work. No direct information is available about sub-surface inflow and outflow in Pakistan's Indus basin. There is an active interaction with rivers, which act as drainage carriers and provide a recharge to groundwater while supporting substantial agriculture along their course. This recharge varies from year to year due to water levels in the rivers, rains, etc. The drainage contribution of the groundwater to the river system is accounted for in the official data as "reach gains" or "return flow", determined through a water balance approach. However, the variability in recharge is not known independently.

Determining the factors influencing the recharge and use of the groundwater reservoir in each canal command is even more difficult, because these reservoirs are not confined physically to these command areas [START_REF] Ejaz | Spatial and Temporal Assessment of Groundwater Recharge in the Fordwah Eastern Sadiqia (South) Project Area[END_REF]. In this section, the groundwater table behavior is explored using available secondary information. In chapters 5 & 6, the groundwater use at the scale of the Indus Basin as well as at the canal commands level will be determined using a water balance based on the groundwater table trends analyzed here.

The Gross Water Table Changes within Provincial Regional Boundaries

Many irrigation canal command of the Indus Basin faced a challenge of high groundwater tables two to twenty years after their inception depending upon the drainage potential of the area and the quantity of the irrigation surplus. In the crop-based Chashma Right Bank Canal water logging near the upstream reaches of canal started appearing only after 2 years of operations (ACOP 1990-92, IIMI 1994) and a drainage project has to be launched immediately. While in other canal command areas this took a little more time. In UCC, for instance, waterlogging was reported after about 10 years (1917), LCC after twenty years and Guddu canal after five years of operations. The development of the surface irrigation network replaced the scattered use of groundwater with regular canal supplies and the control of rivers eventually decreased the seasonal soil moisture left in the active flood plains. The recharge and drainage from the active flood plains reduced while the recharge zone shifted and expanded across the canal command areas. The percolation through seepage from the alluvial channels and irrigated fields is influenced by the natural topography and the soil conditions.

The saline groundwater zone, mostly located in the lower Indus plains, had increased water table more quickly and extensively (NDP 1991, ACE 1997). Due to high aridity, higher canal supplies were provided for irrigation, while the natural drainage potential was low due to flat slope. There was a clear distinction between the situation in Sindh, where high groundwater tables -referred to as waterlogging -were generalized, impacting negatively on crop production, and that in Punjab where only 23% of the fresh groundwater area faced water logging problems in the early sixties.

Current trends are complex and not very representative for the provincial averages, as evidenced in Figure 4.12.In the upper Indus (Punjab) water tables are going down slowly since the late 1980s, the lower Indus (Sindh) remains confronted with relatively stable but high groundwater tables. This is generally explained by the difference in groundwater quality. While Punjab's "sweet" water is massively pumped by farmers, thus contributing to a decrease in water tables, Sindh's saline water is much less exploited. The seasonal water table fluctuations in Sindh are often much higher than the annual changes, as shown by the pre and post monsoon behavior of groundwater levels (chapter 2). The Sindh data shows a rise after heavy rains, but levels come back to an average of 250 cm. The drop of level in 2000 can be explained by the exceptional drought conditions of the three preceding years.

The groundwater tables are slowly going down in the Punjab. The average groundwater table in Punjab remained at 400 cm from 1978 to 1987, depleted 50 cm from 1987 to 1998, and another 50 cm in a much shorter time period after that (1998)(1999)(2000). However, it is expected that a part of this last drop can be recovered in few years if there is good rainfall and river flows. The 22-year period was split into two times 11 years (Figure 4.14) to show that some of the trends have been reversed in these periods. [START_REF] Bhutta | Sustainable Management of Groundwater in the Indus Basin[END_REF] to 60 bcm [START_REF] Chandio | Water a vehicle for food security and development of Pakistan, world water vision, water for food and rural development -PCRWR contribution to PWP Islamabad[END_REF], because of different assumptions about average operational hours, recharge from rain and irrigation and other factors of the water balance.

The Water

The use of groundwater has a strong link with its quality. In the sweet water zone, a part of recharge has always been used through shallow hand pumps and wells and capillary rise in the root zone. This use of groundwater has been regenerative, environmentally sustainable and individually managed. However, the use of groundwater in irrigation has exploded since the 1980s due to an increased water demand and made possible by the technological development of small, economic, individual pumping units, replacing the Government's larger public tubewells. However, groundwater quality continues to constitute the main constraint for the installation of a tubewell (Figure 4.15). 

The distribution of River Waters to the Irrigation Systems

In the sub-continent, the actual water distribution for irrigation is a result of three processes, occurring at different time and spatial levels. The first process relates to fixing the water allocation to an area and deciding about the capacity of the irrigation network during the design or rehabilitation of a system. The second process is about institutional and political decisions about water sharing between sectors and regions through water supply policies (a good example is the Water Apportionment Accord of 1991). And the third process is real time operations of the water conveyance and distribution system leading to the actual water received by the irrigation canals. This is a dynamic process, controlled by the first two processes and with reference to previous operations. There is great interaction between the different processes in the Indus Basin, perhaps due to the doctrine of "prevailing practices", which has led irrigation managers, for example, to increase the physical capacity of canals in order to obtain higher water shares. This section analysis water delivered to the main canals as an output of the processes mentioned above and relates them with the evolution of agricultural production.

The Spatial Distribution of Water in 1993-94

The seasonal main canal diversions for 1993-94 are shown in figure 4.16. As compared to the design data, a visible difference is that all non-perennial canals get some supply in Rabi and the actual diversions in Kharif are less than the allocation. This reflects the evolution of the actual water allowances, as described in chapter 3. It is difficult to relate the actual diversions with the original design water allowances, thus illustrating the imbrications of the three processes mentioned above. In order to understand the differences between design water allowance and actual deliveries, a qualitative grouping of the main irrigation canals is proposed in order to capture the main evolutions that have taken place. the variability of the seasonal volumes delivered (coefficient of variation), 3.

the average water depth provided to the canal command areas (in mm).

The resulting groups have a distinctive character, but within the groups there are variations.

The change in the seasonal diversion between the two periods represented varies from -23 to + 87 % (Annex 4.1). The variability of irrigation supplies is mathematically represented by the coefficient of variation cv [START_REF] Molden | Performance Measures for Evaluation of Irrigation Water Delivery Systems[END_REF][START_REF] Vander Velde | Impacts of Physical Managerial Interventions on Canal Performance In Pakistan: A review of five years of field research studies[END_REF][START_REF] Kuper | Irrigation management in the Fordwah branch command area, south-east Punjab[END_REF]. It is the standard deviation σ(q) divided by the mean ( q ) of a sample:

q q cv ) ( σ =
The coefficient of variation of the seasonal flows is taken over the whole period (Figure 4.17). It varies in the range of 10 to 60 % for the Kharif and Rabi diversions with one exception; a non-perennial canal shows 100 % variability in Rabi. The variations in Kharif are small; only four canals have a cv higher than 20 % while 1/3 rd of the canals have a cv of less than 10 %. The Rabi variability is high because there are partially and fully perennial canals. In fact, the non-perennial canals having a cv of around 30 % (figure 4.17 and annex 2.4) are performing much more than the allocation expectations. The average water depth supplied to the different canal command areas is presented in Figure 4.16.

For the volumetric changes in supply over time, three five-year averages are considered, 1967-71 shows the initial impact of Mangla, 1978-82 illustrates the impact of Tarbela and 1994-99 represents the current situation. The figures 4.18 a & b show the differences of these averages for Kharif and Rabi. In Rabi most canals show increases in water supplies with time. These increases can be quite high for a few canals, but there are canals with no or very small increases in supply. In some cases the increase or decrease in the first period is reversed during the second and it happens for the both seasons. In Kharif, there are a few canals that have benefited from Mangla, but whose supplies have reduced after Tarbela. Based on quantitative changes in volumes, the variability in supplies, and the supply range to the different canal commands, the main canals of Punjab and Sindh are divided into six groups:

• Punjab Group-I: sustained supplies and relatively low water allowance • Punjab Group-II: increased Rabi water supplies to non-perennial area • Punjab Group-III: high water allowance and increased Rabi supplies • Punjab Group-IV: unreliable and decreasing water supplies • Sindh Group-I: relatively sustained water supplies • Sindh Group II: increased Kharif and Rabi water supplies

The results of the calculations for the different surface water indicators for these groups are given in Annex 4.1. A description of these groups is given in section 4.5.3.

Description of the different main canal groups

The Punjab Group-I: sustained and relatively low allowance Group-I contains the Central Bari Doab (CBDC), Lower Chenab (LCC), Lower Jhelum (LJC), Lower Bari Doab (LBDC) and Thal canals. These canals are in majority perennial (85 to 100 %), and their water supplies during both seasons have been maintained over time (Figure 4.19,Annex 4.1). They have experienced a relatively small increase in diversions after 1967. The Thal canal can be considered at the boundary of the group, because it has an increase of 26 % in supplies from the base period of 1978-82, but the area irrigated (CCA) of the canal has also increased (chapter 6), and there was not much increase in water available per unit area. The Rabi/Kharif diversions ratio of this group varies from 70 to 80 %. The annual rainfall in 1993-94 was around 300 mm, which is higher than the basin average, but less than 1/4 th of the reference ET. The gross inflows (canal supplies + rain) are about 60% of the reference ET. The vast majority (75 to 90 %) of the command areas have good groundwater quality, which makes groundwater extraction feasible. The annual average irrigation diversions to the command area at the head of the main canal vary from 600 to 880 mm. However, the total water diverted per cropped hectare varies in a smaller range. For the official delivery control, the performance of these canals is excellent: the actual versus authorized discharge in Kharif varies from 90 to 99 %. Quite interestingly the canals of this group are supplied by four different rivers, and drawing water from both reservoirs. The CBDC is not supported by a reservoir. It was originally fed by the Ravi River, and now gets water from Chenab through Upper Chenab Canal (UCC) and Marala Ravi link. Both of these link canals have very variable supplies to their direct command areas, but provide very stable supplies to CBDC. Thal canal is supported by Tarbela reservoir, and the remaining three by Mangla. The diversions to LCC are the most variable in the group; it seems that higher flows are diverted whenever possible. The other three canals may be facing a capacity constraint. Other than Thal, the canals have a support from the five old link canals of Punjab (Figure 2.10).

The cropping patterns of the group show a great similarity. Many 'minor' crops (orchards, vegetables, fodder, oil seeds, sugarcane) are grown in winter along with wheat (Figures 2.17 and 2.18). During Kharif, these same crops are dominating followed by sugarcane and rice. The sugarcane is in fact replacing rice, but a big increase in its cropped area could not be expected due to a water availability constraint. The minor crops are more lucrative than wheat in winter and rice in summer [START_REF] Tahir Zubair | 1873 with Additions of Punjab Minor Act 1905, Sindh Irrigation Act 1879, Soil Reclamation Act (for whole Pakistan) 1952, Mnasoor Book house Katchry Road Lahore The Manual of Irrigation Practices[END_REF]. The average cropping intensities vary from 120 to 160 %. The reasons for low cropping intensities in CBDC and LJC are not clear.

The total supply to the group is shown in figure 4.19, which is more erratic than can be expected from the individual coefficients of variations. This can be explained by the fact that fluctuations in individual diversions are in the same directions, showing that their supplies are influenced by the flow hydrograph and are not really subject to competition with other main canals.

Punjab Group-II: increased Rabi water supplies to non-perennial areas

Group II contains the Haveli-Internal, Pakpatan, Mailsi, Sidhnai and Fordwah canals. These canals have smaller percentage of perennial irrigated areas, 15 to 60 % (see Annex 4.1), and have had an increase in Rabi supplies after 1977. In addition, Rabi supplies, which were highly variable before the construction of the reservoirs, have been considerably stabilized (Figure 4.20). In 1967, canals received higher Rabi supplies due to the Mangla reservoir. These diversions were highly fluctuating until the Tarbela reservoir partially started operating in 1975. 1974 was a year of low canal supplies and reservoir filling. In 1975, the supplies to these canals reached an all-time peak to these canals, which slowly decreased during the 1980s. There is another tendency of higher diversions in the 1990s. The individual coefficients of variation and the pattern of total diversions show that there is an internal competition between the different canals (Figure 4.20).

Figure 4.20: Seasonal diversions of the Punjab Group-II canals during 1967-1999

The group is further characterized by a lower rainfall, higher average annual canal supplies and a Rabi/Kharif supply ratio varying from 0.22 to 0.60. The actual supplies are 67% to 93% of the authorized discharge, but the allocations are higher as compared to Group-I. The Fordwah canal is at the boundary of the group for the reliability of supplies, the ratio actual over authorized supplies and the cropping intensities. In Kharif, it receives even higher water per unit area as compared to other canals of the group, while the Rabi supplies are low due to a high percentage of non-perennial area. The group is located in the cotton-wheat zone and has high cropping intensities. The percentage of cotton in summer and wheat in winter is high; the other crops have lesser share and are mainly constituted by fodder. Traditionally, these canals had rice cultivation also, which is now prominent only in Fordwah. The groundwater table is low in three canal commands, while depleting in Fordwah canal, which is still partly water logged.

The Kharif supplies are relatively stable (Figure 4.20). However, it can be seen from the supply pattern that the canals have a capacity margin and can accommodate higher supplies.

Punjab Group-III: high water supplies, increased Rabi supplies

This relatively high water use group is located in the cotton-wheat zone extending to the ricewheat zone. The Sadiqia, Punjnad, Abbasia, Dera Ghazi (DG) The variability of the Rabi diversions is very high, while it remains elevated for Kharif. The annual quantities delivered to these canals have generally decreased, especially after 1978. The command areas are heterogeneous in agro-climatic characteristics and in net surface water supply. A similarity of these canals is a good access to rainfall and groundwater. Three canals have relatively good rains and three are slightly higher than the average. The groundwater quality is good and the water table depth ranging from moderately shallow to moderately deep. The UCC is a big canal (with a CCA of 0.65 million ha), receiving the lowest Kharif supplies among the non-perennial canals, and with a reduction of about 25 % after 1978. The Upper and Lower Depalpur canals are big non-perennial canals in high groundwater use range (chapter 6). UJC is a link canal depending on Tarbela; its actual supply is very variable, but often more than authorized. In 1994 the actual supply was 40 % higher than authorized. The M.R Link connects Chenab and Ravi Rivers and is not backed by a reservoir. The discharge for MR Internal is a small quantity, but quite erratic. The reasons for the low surface supplies and low cropping intensities are "intriguing" and need to be further explored.

There is a similarity of cropping patterns of the group. The traditional rice-wheat cropping pattern is shifting to mixed cropping and to sugarcane to some extent. The mixed crops are mostly high value crops, like orchards, vegetables and oil seeds. The sugarcane has replaced rice in some of the areas. The orchard, vegetables and sugarcane have a perennial cycle due to the use of groundwater. 

The Sindh Group-I: Relatively sustained water supplies

Conclusions

An impressive data set on water resources is available in the Indus Basin with different national and provincial organizations. These different data sets are used regularly but independently during discussions and negotiations on the sharing of water resources. In a politically sensitive situation, this scattered can be misguiding due to heterogeneity of the individual (rainfall, surface and groundwater) and net water resources. These resources complement each other with their individual boundary constraints and only a confrontation and integration of these data sets can provide a more realistic view of the actual water availability.

In addition, a number of constraints are presently encountered. Firstly, certain data sets are not processed and easily accessible. The groundwater table monitoring, for example, has become an isolated and low profile activity after the end of the main basin projects. Monitoring equipment is not actively maintained and becomes gradually incomplete. Secondly, different monitoring organizations/set-ups were established as part of basin level initiatives and projects. Most of these have continued as monitoring activities not linked with managers or other consolidated information networks. Data that are more relevant to managing organizations, like river inflows and canal diversions, are much more consistent. Thirdly, existing datasets are not summarized and integrated to provide meaningful insight to managers and policy makers. These datasets could be assimilated on a regular basis to develop a meaningful profile of the water availability and uses in the basin, which will also identify existing gaps in information and data. Without adding to the existing monitoring set-ups, they could be transformed into an integrated information system. As behavior of the parameters 
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The spatio-temporal behavior of the three water resources was analyzed at the basin and the main canal levels, using the secondary data mentioned above. It was shown that the average rainfall in the Indus Basin amounts to 78 bcm for seven selected years, varying from 33 (1999)(2000) to 136 bcm . The rainfall has a strong spatial variation. The probability of having more than 150mm average rainfall in Kharif and more than 30 mm in Rabi is 91% Punjab while for Sindh the probability of having more than 100mm in Kharif and more than 20 mm in Rabi is around 55%. It was further shown for a location in the monsoon range (Lahore) that 60 % of the top monthly rainfall has only 20 % probability to occur. The annual rainfall cycle is confined from a few weeks to less than three months of Kharif and to a few weeks of Rabi, generally decreasing from the from North to South of the Basin. The winter rainfall is an important support to agriculture and the monsoon rains have a visible contribution to the river hydrograms. The river flows have an annual cycle similar to the rainfall, but are relatively less variable since they are largely based on snow melt. The inflow of Western Rivers has remained unchanged over the past 60 years, while the inflow of Eastern Rivers has reduced to 30% (25 to 7 bcm after 1951) in average years and almost nil during dry years. The irrigation diversions have increased about 60% from 1960 to 2000, varying from 55 to 85 % of the total inflow. The later seems the physical upper limit. The diversions to NWFP and Baluchistan have increased from 2 to 9 bcm after the inception of Mangla reservoir. This trend will continue because the all systems have not achieved the maximum potential. The Sindh diversions have also shown a slow progressive trend in achieving the design potential while Punjab has remain mostly lower than the level achieved in 1980-81.

There are different estimates on the total groundwater extraction by private tubewells, ranging from 50 to 65 bcm. The development of the extraction is primarily constrained by the groundwater quality and only to some extent by existing surface supplies. There seems to be a large-scale slow depletion of the water tables in Punjab and a rather recent smaller decreasing trend in Sindh. The sub-basins or Doabs have different average water tables, the lowest in the Bari Doab around 6 m and the highest in Sindh around 2 m. The maximum depletion in the Punjab command areas is around 2 m, but most areas have much smaller drops in water tables.

In Sindh, the groundwater table is high and almost maintained with a seasonal pattern. The groundwater extraction for the Indus Basin and for each canal command area will be determined in chapters 5 and 6, using the water balance.

The availability of surface water resources at the canal command level has been largely influenced by infrastructure development between 1950 and 1978. The inflow source of twelve out of twenty six Punjab canals changed from the original rivers to the link canals.

Most of the canal command areas benefited from the integration of the rivers and the reservoirs to different levels. In order to capture the main trends in surface water availability, the main canals of Punjab and Sindh were divided into groups based on the change in river diversions after 1967, the variability of diversions and the net volume of surface water provided. Four groups were identified for Punjab and two for Sindh. The main differentiation between these groups was the evolution of Rabi supplies. While for certain groups, the Rabi supplies have been considerably increased, for others there has been merely a stabilization of supplies. The non-perennial canals are also provided water in Rabi, even though highly variable. In fact, during Rabi there is competition among the canals having no or only a partial water allocation. The originally non-perennial Southern areas of Punjab are now receiving relatively more water. In Kharif, the non-perennial canals with very low allocation are provided with higher supplies during some years. The perennial canals are given priority, supplied with more stable discharge. But, in most of the cases the annual total diversions of these canals have not changed and the total volumes diverted to these canals are low. This can be explained by the groundwater availability and the rainfall. The perennial and the nonperennial canals of Sindh show a similar behavior as the Punjab canals, even though quantitatively their water allocation is in a different range. All non-perennial areas are getting water in Rabi after 1978. The variability of flows show that there is less internal competition among the Sindh canal in Rabi as compared to Punjab. The full water allocations are not achieved by the lower Indus yet and cropping intensities are low in all command areas. This shows that there is still a potential to have higher canal diversions to these areas.

The importance of canal diversions to two types of areas, non-perennial and saline, can be exhibited with an interesting example. A perennial canal with bad groundwater quality (Sadiqia group III) and a totally non-perennial canal (Muzafargarh) with good groundwater quality show similar high cropping intensities and cropping patterns. This was achieved for Sadiqia by diverting higher supplies than the design allocation. While for Muzafargarh, it was made possible by transferring river water from Kharif to Rabi (infringing upon the deign allocation) and some contribution of groundwater.

More generally, only surface water parameters do not explain some critical issues, like the gross inflow-outflow relations, cropping pattern and cropping intensities, advocating for a more comprehensive water resources analysis including groundwater and rainfall.

Chapter 5 Assessing Demand, Uses and Reuses of Water Resources at the Basin Scale

This chapter estimates total water available in the basin and within provincial boundaries from different sources and the actual water uses against different demands for the post reservoir period, i.e. 1978. The key characteristics of this period are the minimum changes in surface water development and allocation, a drastic increase in the extraction and uses of groundwater resources and substantial increase in irrigated areas and agriculture production. The groundwater is contributing considerably to the livelihoods of farmers in irrigated agriculture of the Indus Basin. However, the sustainability of the use of groundwater in the sweet water zone is currently of great concern to planners (WAPDA 2001, PWP 2001) and researchers (Perry andHassan 2001, Aslam 1998). To address this problem, groundwater regulation and new surface reservoirs are two commonly proposed solutions. The sustainability threat is certainly not uniform across the basin and is a complex issue. The assessment of groundwater recharge and the determination of its extraction through more than half a million private tubewells on 10 million hectares of irrigated land is indeed a very difficult but important task. In addition, the agriculture water requirements estimated by different studies (LIP 1965, RAP 1979, WISP 1991, PWP 2000) are diverging widely (up to a 100 %). These quantitative values are very important to plan irrigation supplies, drainage management and water use efficiencies. In this chapter, a water balance approach is proposed to improve existing estimates of groundwater utilization, determine the water used by 'informal' agriculture, and evaluate the temporal trend of the composition of conjunctive water uses in agriculture and the nature of water stress. This study will thus provide:

• Improvements in water resources information by integrating different data-sets;

• An estimation of current water uses of different sectors, particularly the agricultural sector; • The spatial sustainability of groundwater resources and its links with surface water diversions; • An estimation of the water available for further development and new/modified allocations; and • A reflection on the water use priorities in agriculture based on the current trend of water stress and on the resilience of the system.

The water balance will be carried out for the Indus Basin as an entity but also for the different provinces administratively independent in irrigation management (confirmed by the Water Apportionment Accord of 1991), diverge in terms of groundwater quality and seasonal surface water diversions (chapter 4). Starting from 1967, 10 years are selected for the basin and regional water balances representing the various stages of physical infrastructure development and agro-climatic variations. "Back casting" (Brooks 2001) is a powerful tool to check past planning with essential details by comparing it with what happened in reality in the past under most of the known conditions and against the expected or proposed situation. In doing so, the results of this study can be easily compared to the various (forecasting) water balance studies that have been carried out from 1965 to 2002 in the Indus Basin (IACA 1967, LIP 1965, Harza 1978, WAPDA 1991, NESPAK 1991[START_REF] Bodla | Impact of Canal Seepage Investigations under FESS Project: A Context for Future Planning[END_REF][START_REF] Chandio | Water a vehicle for food security and development of Pakistan, world water vision, water for food and rural development -PCRWR contribution to PWP Islamabad[END_REF] and that are at the basis of the water resources development and management models proposed.

The final results and recommendations of these studies are influenced by the water balance method, the spatial boundaries selected, the values for the input variables (particularly rainfall), the estimated uses, and the coefficients and assumptions to compute and interlink water components. The studies have reported a wide range of values for seepage and infiltration, drainage inflow and outflow, evapotranspiration from irrigated and non-irrigated agriculture, free-surface evaporation, groundwater recharge and uses through pumping and capillary rise. A sensitivity analysis will, therefore, be carried out to assess the impact of these choices and hypotheses.

The Water Balance Approach

The gross inflow, net uses and total outflow is a broad functional division of the water managed in a basin. Each of these can be divided into many sub-components with individual characteristics and estimation accuracies at different levels and time steps. Some components are measured precisely (river inflows, for example) and some others can only be estimated like volumetric contribution of the rainfall. The division between evapotranspiration and evaporation is, for instance, based on different assumptions about the runoff coefficients (Hoogeveen 2003), crop water requirements, and aquifer and drainage behavior. A water balance knits these three basic functions of water together at a selected spatial scale with different degrees of split and details. The set of equations and parameters used by a water balance may vary while keeping the basic principles of mass conservation intact. The current water balance is carried out for large spatial boundaries, where the integration of gross quantities can easily be checked against average actual trends. Another consideration is to have comparable variables on a temporal scale.

The Indus basin below the catchment is Hydrologically split into the upper and lower Indus (Michel 1967, Shums-ul-Mulk 1991) coinciding with Punjab and Sindh Provinces. The irrigated part of Baluchistan is practically an extension of the Sindh irrigation network and is considered part of it. The North West Frontier Province is very close to the catchment area and has many water bodies, small streams and porous drainage boundaries. Its current waterbalance is partial, confined to the reported areas and water uses. The basin is divided into CCA (area entitled to canal supplies) and GCA (area declared to 'benefit' from the irrigation development project) within the provincial boundaries. It allows a gradual addition of the variables representing inflows, water uses, outflows and evaporation. The selection of boundaries is further discussed in section 5.2.2, as it is important to spatially represent surface irrigation, total cropped area, sectoral water needs and the groundwater recharge at the right levels. The division of the hydrological year in two seasons, Rabi and Kharif, is kept for this study because water allowance and authorized discharges differ.

The agricultural uses are distinguished into 3 types based on the source and method of water acquisition: 1) canal irrigated areas using all three sources of water, 2) areas using only well irrigation, and 3) not-irrigated areas using river seepage and rainfall (Barani and sailaba areas). The water availability and requirements are computed separately for these uses. The domestic and industrial uses are small, but important in a context of increasing demand of domestic water supplies. These uses are grossly estimated and accounted for in the water balance. The water balance approach utilizes available secondary data, and information from previous water balances. It provides a methodology that can be easily repeated. The following approach was adopted:

a The water balance computes water available for irrigation using runoff and efficiency coefficients and compares this with the crop water requirements. The spatio-temporal contribution of rainfall and groundwater is an output; b The water requirements of agriculture and other uses are estimated based on a review of field studies and a comparison of selected parameters with previous water-balance studies; c The closing terms for the water balance are groundwater table change and the net outflow.

The computed and monitored changes in water table depth and drainage outflow are compared to check the accuracy of water allocation; d The calibration is important for this type of approach applied on many years. The model is calibrated for 1993-94 and the possible improvements are discussed based on10 years results.

The Water Balance Procedure

Mathematical relations

The basic water balance equation is

V in + P = ∆S + V out + E (5.1)
V in : Volume of surface and sub-surface inflow; P : Precipitation in selected boundary of the water-balance region V out : Surface plus sub-surface outflow volume E : Net evaporation and transpiration ∆S : Change in groundwater storage, positive sign indicates an addition

In addition to exogenous surface inflows at the River Inflow Measuring (rim) stations, unmonitored inflow occurs from small streams, hill torrents and drainage contribution (estimated in official records). As river inflows (discharges) are measured upstream of reservoirs, they do not account for surface reservoir storage change. Hence, the surface inflow is divided into 3 components; seasonal river volumes measured at rim stations (V rim-in ), ungauged tributary flows to rivers (V riv-ungauged ), and the surface water storage change (V res ).

V riv-inf = V rim +V riv-ungauged +V res (5.2)

The total surface water diversions to main canals influence considerably the different components of the water balance, since 60% to 85 % of the annual inflow is diverted for irrigation (chapter 4). These diversions need to account for losses in rivers and link canals, as this constitutes a significant quantity. According to RAP (1979) about 8 bcm is thus restituted to the groundwater. In addition, this water is used for the riverain and sailaba agriculture outside the CCA.

V divs = V canal-div + V seep-riv (5.3)

V divs : Total surface water diversions V canal-div : Surface diversions at the main canal headworks V seep-riv : Seepage from rivers and link canals.

The outflow V out consists of direct river outflow to sea (V riv-out ), drainage to sea through surface drains (V drain ) and sub-surface drainage flows to sea (V sub-drain ). The flat slope of the Indus delta suggests that the sub-surface outflow would be small. However, it is important to note that no information is available on this component.

V out = V riv-out + V drain + V sub-drain (5.4)

The change in groundwater storage, ∆S, is influenced by the recharge and the groundwater extraction through pumpage. In addition, the groundwater contributes to crop growth through capillary rise. In winter it is the major source of water for wheat in high water table areas.

There is also direct evaporation in waterlogged areas. This factor is estimated using a number of basin level studies carried out by WAPDA consultants between 1961 and 1991, as well as field studies [START_REF] Khan | Water supply and water balance studies for the Fordwah Eastern Saqiqia (South) Project Area[END_REF][START_REF] Iwasri | Integrated Surface and Groundwater Management Programme for Pakistan -Groundwater Resource Study[END_REF][START_REF] Rbod -Sir | MacDonald & Partners and Hunting Technical Services[END_REF].

∆S = V gw-recharge -V gw-pump -ET gw-cap -ET F (5.5)
V gw-recharge = V gwr-rain + V gwr-canal + V gwr-rivers+link + V gwr-pump + V gwr-other-uses (5.6)

V gw-recharge Total groundwater recharge from rainfall (V gwr-rain ), canals (V gwr-canal ), rivers and link canals (V gwr-rivers+link ) pumpage (V gwr-pump ) and other uses V : Free surface evaporation -evaporation from the waterlogged area

The evapotranspiration in the reported cropped area can be further distinguished according to the source of water:

Et avail-crop = ET canal + ET rain + ET gw-pump + ET gw-cap (5.8)

The contribution from the rainfall is computed using effectiveness coefficient α i at a particular level, P eff = α P. The effective rainfall within a boundary is used by crops, adds to groundwater through deep percolation, evaporates from non-cropped and low-lying areas and adds to the drainage runoff.

ET rain = ef rain (P CCA CI), ET canal = ef canal V canal, & ET gw-pump = ef gw V gw-pump (5.9)

Where, eff rain is useable fraction of the total rainfall in irrigated area (P CCA CI) available for the crop use. The value is computed between sixty to seventy percent based on the procedure discussed in Section 5.3.3. The eff canal is efficiency of the canal water from the main canal headworks to the farm level (Bos and van Nugteren, 1990).

The estimation for the well-irrigated area is based on the rain deficit and a small reduction in the estimated CWR. The pumpage for this area is estimated by equation 5.9, as the groundwater efficiency is considered the same in all type of areas:

V gw-pump =(1/ ef gw ) (.9*CWR well-areaef rain * P well-area )

(5.10)

The non-irrigated area use water from the rainfall and the rivers and network seepage. No measurements are available for a reliable estimation of the water used by the Sailaba and Barani areas. Based on the average CWR, rainfall, rivers and network losses and the provincial water balance, it is assumed that about 40% of these losses after subtracting surface component are used for crops.

The Physical Boundaries defined for the Water Balance

Three distinct spatial units were selected for this study according to existing surface water allocation boundaries: the Indus Basin, the four provinces of Pakistan and the main irrigation canal commands. Within these boundaries, 3 different agricultural areas are generally distinguished with respect to the water use or the irrigation source: the canal irrigated, well-irrigated and non-irrigated areas (Figure 5.1). The canal irrigated areas have two types of 'benefiting areas' (see glossary), the Culturable Command Area (CCA) and the Gross Command Area (GCA). The reported sizes of the GCA and CCA are 18.1 and 14.8 million hectare respectively in 2001. The canal irrigation is confined within the CCA, while cropped areas are extended into the GCA using only well irrigation. The well irrigation outside the GCA is an old practice (chapter 3) enhanced by the development of shallow tubewell technique. GCA is also the unit for the groundwater table reporting by SMO (WAPDA 1978(WAPDA -2002)). The non-irrigated areas mainly consist of sailaba and barani areas, but a part of sailaba is well irrigated as shown in Figure 5.1. The 'well irrigated' areas exist inside or outside the GCA of a canal and can be contiguous.

According to the annual crop reporting data, extent of the area using surface and groundwater conjunctively is 8 million ha, while the area using groundwater outside the CCA is about 3 million ha. These areas within the GCA are reported by the Irrigation Department, as the Public wells are provided within and outside the CCA. The data of Provincial Agriculture Department reports gross irrigated areas by source irrespective of their boundary. However, the old WAPDA studies assume all tubewell irrigation to be within the gross canal command.

The areas commanded by SCARP and other groundwater development projects were mostly inside GCA and were considered as an extension of CCA. These areas are not given official canal water rights. Some of these areas are getting canal water through reclamation schemes ('salinity reclamation', 'grow more food', 'horse breeding' programs) and have different allocations as compared to the normal CCA of a canal. The reported irrigated area within CCA included all well irrigated areas (Figure 5.2) during the study years of RAP and WSIPS projects (1974-75, 1977-78 and 1986-87). These reporting conflicts contribute to the underreporting of cropping intensities to different degrees as shown by the primary data collected for small-scale studies, ranging from 10 % [START_REF] Habib | Performance Assessment of the Water Distribution System in the Chishtian Sub-division at the Main and Secondary Canal Level[END_REF] to 25% (Vander Velde 1992). The underreporting may also be due to the presence of crops of small duration grown between the normal seasons, such as vegetables and fodder.

The size of Barani and Sailaba area is reported to be 5.8 million hectares in 1978 (RAP 1979), reduced to 3.6 million hectares in 1990. A part of Barani areas has flashy streams during monsoon and scattered use of wells [START_REF] Haider | Environmental Impacts of groundwater use for agriculture[END_REF], while most of it only depends upon the winter rainfall. The Barani Area map of 1978 shows that most of the land is outside the gross canal commands. The Sailaba (riverain) areas of about two million hectares are irrigated by river water directly through flood storage and through shallow wells.

Traditionally, riverain areas are considered non-irrigated, but, the tubewell survey 1994 shows that a part of the sailaba area is well irrigated. The culturable riverain areas in the Indus Basin cover over 2 million hectares. These areas lie within 5 to 10 Km on either side of the Indus River and its tributaries (Sutlej, Ravi, Chenab and Jhelum). The groundwater quality in riverain areas is highly suitable for irrigated agriculture. The groundwater abstraction in these areas is mainly through private tubewells. A large number of small capacity private tubewells have been installed in these areas and there is still a vast scope for further exploitation of groundwater [START_REF] Haider | Environmental Impacts of groundwater use for agriculture[END_REF]. Based on data of Irrigation and Agriculture Departments about the overall crop area status, the areas irrigated by different sources are shown in Figure 5.2. It shows a prominent increase in area irrigated by "canal + tubewells", i.e. canal irrigated area where groundwater is used conjunctively. 

Selection of the Coefficients

Surface Water Losses

The water losses from the irrigation network are compiled from recent field measurements (ISRIP 1993[START_REF] Hart | Research into the Relationship Between Maintenance and Water Distribution at the Distributary level in the Punjab[END_REF][START_REF] Iwasri | Integrated Surface and Groundwater Management Programme for Pakistan -Groundwater Resource Study[END_REF]) and compared with different basin studies conducted An increase of about 100 % in the seepage losses from the irrigation network (canal and water courses) was reported by WAPDA consultants and studies carried out by the On Farm Management directorate between 1972 and 1985. These studies were to launch the Salinity Control and Reclamation and Watercourse Lining Projects. Poor maintenance of these earthen canals provided a technical justification of this increase. These estimates could be biased because of their purpose and the selection of canals and watercourses in bad physical conditions. ISRIP and IWMI measured 15% to 25% average losses from the main and secondary system between 1990 and 1995 (CRBC, Fordwah, Eastern Sadiquia), corresponding to the range of measurement results before 1972 [START_REF] Visser | Canal water distribution at the secondary level in the Punjab, Pakistan[END_REF][START_REF] Hart | Research into the Relationship Between Maintenance and Water Distribution at the Distributary level in the Punjab[END_REF][START_REF] Carlos | Final Report on the Technical Assistance Study[END_REF]. A direct relationship between watercourse maintenance conditions and losses is shown by Wahaj.R (2001), where the losses vary from 9% to 39% in 1000 meters length.

The field efficiency is a less discussed variable because it is not used in the typical supply based design and development projects. Only recently, projects related to the drainage and land leveling used low field efficiency as one of the justifications. Most authors use 70-75% field efficiency for irrigation systems of India and Pakistan, the design value originally used to estimate watercourse command [START_REF] Kijne | Water and salt balance for irrigated agriculture in Pakistan[END_REF]. The value was estimated by [START_REF] Malhotra | The Warabandi System and its Infrastructure[END_REF] and others during their efforts to find out the optimum size of a watercourse supporting a particular area (Mahbub and Gulhati 1951 9 ). However, LIP study in 1965 measured around 80% efficiency for non-rice fields based on a limited number of fields in Sindh. Some recent field estimations by IWMI compute 25%-30 % field losses. This report uses 75 % field efficiency for the non-rice and 70 % for the rice-based systems, which is comparable to coefficients used by [START_REF] Waijjen | Study of Water and Salt Balances for Eight Sample Watercourse Commands in Chishtian Sub-Division, Punjab, Pakistan[END_REF] and Molden (2000) for the Punjab. Losses occurring in the watercourses and field were not important in the design selections.

There are also controversial estimations of the rainfall contribution at the basin scale (RAP 1979, WSIPS 1990, Chandio 2000, PPSGWD 2000[START_REF] Bhutta | Sustainable Management of Groundwater in the Indus Basin[END_REF]. Basically, there is a wide range in the selection of two parameters, a) the average and effective rainfall, b) extent of the area on which rainfall is calculated. For example, only the rainfall occurring on the cropped area is considered by WAPDA and others in the provincial or basin level water accounting.

Another tendency is to consider an average net value of 45 bcm estimated for the cropped area in 1974 and 7 bcm used the crops. Contrary to the basin level, local studies estimate much higher values for the effective rainfall. [START_REF] Perry | Quantification and measurement of a minimum set of indicators of the performance of irrigation systems[END_REF] and [START_REF] Kijne | Water and salt balance for irrigated agriculture in Pakistan[END_REF] recommended 70 and 80 % effectiveness for Kharif and Rabi respectively. The same range is used for three other water accounts in Punjab's Fordwah canal ( [START_REF] Waijjen | Study of Water and Salt Balances for Eight Sample Watercourse Commands in Chishtian Sub-Division, Punjab, Pakistan[END_REF], Molden 2000, Khan et al. 1999).

The Punjab Private Sector Groundwater Development Project Consultants have recently computed (Technical Reports 14 & 18, PPSGDP 1999) the groundwater recharge from different components including rainfall for the Rechna Doab based on a detailed waterbalance. The gross recharge estimated by this study for the Northern and central Punjab varies between 12 % for a dry year to 29 % in a wet year in the gross canal command areas. The study computed that 70% to 90% of the total rainfall is useable, which is well around a commonly used value of 85% effective rainfall. Using these references, the following approach is adopted to partition rainfall components.

• The net total rainfall volume estimated for an area is reduced to 85% of the 'gross' rainfall; • The groundwater recharge from the field level is taken as 20%, non-beneficial evaporation as 15% and the surface drainage outflow as 5%. For the NWFP surface drainage is taken as 30%. Drainage is not expected from most of the basin areas having annual rainfall less than 300 mm. But areas exposed to a strong monsoon and experiencing high intensity showers will be confronted with drainage from the cropped areas.

• From the non-cropped areas, 50% of the rain goes to drainage (surface drains, irrigation network and rivers), 40% to non-beneficial evapotranspiration and 15% to the groundwater. Non-beneficial evapotranspiration includes evapotranspiration from trees, gardens, forests and grass fields outside formal cropped areas. In areas with heavy pumpage outside the formally cropped area, the contribution of rainfall to the groundwater could be higher than the 15%.

The Groundwater Recharge Coefficients

The estimation of recharge is an important output of the water balance, which is compared over many years. The pumpage, groundwater reservoir levels, evaporation components and drainage outflow influence the recharge. Some of the components are more difficult to estimate like sub-surface flows, drainage inflow/outflow and evaporation from the waterlogged areas. The preliminary estimations of recharge are refined through an iterative approach using the water balance to match changes in groundwater table. The recharge occurring from different components is individually assessed and aggregated for the physical boundaries (CCA, GCA, Basin). The selected coefficients are summarized in Table 5.2. 

Estimation of the Agricultural Water Requirements

The crop coefficient

The water requirements of a crop j (ET crop (j) ) are computed for each main canal command:

ET crop (j) = ET 0 * k c(j) * CI (j) * Area (j) (5.11)

Where k c is the crop coefficient, and CI(j) the cropping intensity of crop j from the area j. The crop-coefficients for this study have been computed using FAO's method and crop periods from many sets of field data collected by IWMI and others while taking into account recommendations of Pakistan Agriculture Research Counsel (PARC 1982) and the On Farm Water Management Field Manual (Irrigation Agronomy 1997). For each zone, the growing and harvesting is assumed to spread over a time period based on the available field information. The sowing of a particular crop depends upon climatic conditions and harvesting of the previous crop, which is very variable in case of cotton. The annual variations in cropping periods and their impact on crop water requirements, could not be fully mapped. The computation details for the crop water requirements are given in Kaleem Ullah and [START_REF] Habib | Issues and Options for Integrated Water and Land Management in the Indus Basin[END_REF].

The pre-sowing and soil moisture contribution

The pre-sowing (rauni) water application is a practice for major crops in the basin unless residual soil moisture is available from previous crops. These requirements are computed for wheat, rice and cotton based on recommended values of Agriculture Department Punjab, (Ahmad.B 1993, OFWM 1997) and estimated for Sindh based on the large-scale studies by the consultants, i.e. LIP, LBOD and RBOD. The rice areas of the Lower Indus use large quantities of water in Kharif, a practice going back to the inundation period called Panju or flood irrigation. "One conceptual model for such a water use regime is crops being grown on a flat, shallow sponge, which is filled to capacity in Kharif with low spots becoming flooded and dried out in Rabi" (Right Bank Master Plan 1992, volume 5). The report calculates water required for the profile filling as 700 mm in sandy soils and 200 mm in loamy soils. The wheat crop in Rabi then uses the water thus stored. This is further evidenced by the huge seasonal fluctuations of water tables in the rice areas of the Lower Indus. In 1989-1990 for instance there was a variation of more than 2 meters (Figure 5.4) in the water table within the year, as shown by this report. Following the rice cropping, wheat fulfills about half of its requirements through soil moisture (260 mm computed by RBOD report, which will lower the water table with 20% drainage porosity). For cotton average pre-irrigation is taken 200 mm in Sindh and 125 mm in Punjab. For wheat 75 mm average is taken for the both provinces, in Sindh less than 50% area need pre-irrigation. The crop water requirements for rice are computed by taking into account the seedlings water requirements and the flood-irrigation method.

- 

Crop water requirements

The crop water requirements for the major crops are computed based on the reference evapotranspiration, crop-coefficients and crop periods for the main canal commands, well irrigated and the non-irrigated cropped areas in the different provinces. A weighted average of these values is taken in seasonal computations at the regional level based on the size of the respective areas. The results from current calculations and earlier studies are shown in tables 5.3 a, b & c. These estimations are comparable with a net difference of the estimated evapotranspiration at the root zone in the range of 5% between RAP (1979) and this study. The northern range is in the same range, while the estimation for Sindh were about 15% high in 1967 as compared to 1978 and this research. 

Water Needs of Sectors other than Agriculture

Quantitatively, non-agriculture water requirements are a small percentage of the agricultural uses, but they are increasing and are important for their social and economic value. According to the design of rural society, the irrigation network conveys all of the river's supply and other sectors benefited either from direct diversions through special watercourses or through shallow local wells. The design of the water supply network considered the village community, farm and livestock a part of the "agriculture set up" and water was allocated by assuming that these needs will be fulfilled within the provided resources. The water demand of domestic, industrial and business sectors have planning and water sharing implications that are important for allocation procedures and are creating a competition.

The rural population satisfies domestic uses from the shallow groundwater and irrigation canals (Asrar-ul-Haq 1998). The direct use of canal and river water is gradually decreasing in good groundwater quality areas with a change in living standards and culture (water was mostly fetched by women). The village ponds provided in the sweet water zone are progressively abandoned and this water is allocated to Government lands within the CCA, sold or allotted for irrigation or to other uses. In saline areas small collective water bodies (ponds, digies) for domestic uses still exist (Habib 1999). The pumping of drinking water from shallow groundwater layers is wide spread as these layers have good quality water even in saline groundwater zones. There are new river and canal water allocation for domestic and industrial supplies at the Municipal level. The cities of Karachi and Islamabad have their own reservoirs, Ravel and Chitiari dams, developed basically for urban supplies. The city of Faisalabad has recently been provided water from the Lower Gugera Branch Canal of LCC.

The public infrastructure for domestic supplies in cities is limited to the municipal areas leaving out recent extensions and slums. A reason for the non-development of community water resources is the low institutional faculty of the communities. However, due to increasing health and sanitation problems, public domestic supply and sanitation projects are initiated for the small urban centers and rural areas. According to the rural development programs of the Government of Pakistan, drinking water is supplied to an additional 20,000 population annually (Budget statistics 2001). The estimated domestic water use is shown in table 5.4. The livestock is an integrated cottage industry in the agriculture setting of Pakistan. Fodder crops are as essential as the wheat crop in Pakistan's farming systems (chapter 2). The water uses by the livestock are not substantial, but the quantities calculated by the National Water Policy study shows that these uses are measurable (see Annex 5.1) and increasing. The estimated uses in 1999-2000 were 0.75 bcm as compared to 0.24 bcm in 1965.

Calibration of the Water Balance model for 1993-94

The year 1993-94 is taken as a base case to compare water balance results with measured data and to calibrate some of the coefficients.

The Gross Inflow

The gross inflow into the basin includes gauged and un-gauged inflows of all rivers and the accumulated rainfall (chapter 4). The contribution from the hill torrents and small streams occurs throughout the basin, but it is a part of drainage including the contribution of rainfall and surface uses. The accumulated gains and losses are computed for river reaches in the official data by accounting river inflow, outflow and canal diversions at each river node (equation 5.2). The gains and losses are separated by this study using the procedure discussed in section 5.4. The primary gains are taken 5% of the RIM stations inflow in 1993-94.

The gross inflow into a spatial unit consists of canal diversions, rain and the irrigation network seepage (equation 5.3). During 1993-94, about 77 % of the river flows (132 bcm) is diverted through canals, table 5.6. In addition to these diversions from the headworks, seepage from the rivers and link canals provides additional water, which is about 25% of the river and link canal losses. The gross-inflow terms for the basin and provinces and canal diversions for 1993-94 are given in table 5.6 data through river volume balance 

The Water Balance Results

The closing term for the water balance is the change in groundwater reservoir as an accumulated result of recharge and extraction, as given by the equation 5.5. The total recharge includes contributions from rainfall and 'losses' of surface supplies and of the use of groundwater for irrigation. The volume of groundwater extraction is primarily estimated using the well density, the operational factor and the discharge, and then corrected through the water-balance. The ground water used by crops through capillary rise is computed for the area having a water table shallower than 150 centimeters and potential crop water requirements exceeding the actual water available for crops from the surface diversions and rainfall. The free-surface evaporation from areas with high water tables -ET F -is normally considered as a calibration parameter to match measured changes in groundwater table (RAP 1979), which are compiled by SMO-WAPDA at the GCA levels. However, ET F is not taken simply equal to the "water-balance excess", but it is calculated from the non-cropped GCA officially reported as waterlogged (7 % of the GCA in Punjab, 64 % in Sindh). The seasonal free-surface evaporation rate from the waterlogged GCA outside the cropped area is taken 10% of the reference ET in Punjab and 35% in Sindh and Baluchistan. In reality a part of ET F takes place outside the GCA in Sindh as the waterlogged areas are extended outside the GCA, however, the major water contribution comes from the GCA.

Table 5.7a: Global Groundwater Balance (in bcm) for different provinces within the Indus Basin for 1993-1994

The groundwater balance within the provincial boundaries is about 2-bcm negative for Punjab, about 1-bcm positive for NWFP and the zero-sum final situation for Sindh. The provincial water balance show very specific gross water management issues. The NWFP have water some excess during both seasons. The Punjab has 4 bcm positive balance in Kharif and 6 bcm negative in Rabi during 1993-94, showing that there is no recharge left to be developed. The situation can be more severe if the unusable groundwater quality areas are taken into consideration. For Sindh, a huge drainage surplus is available; its quantity indicates the nature of water-logging in Sindh. The annual free surface evaporation ET F and the capillary rise are equivalent to 13 % of the water available for recharge in Punjab and about 100% in Sindh. For NWFP, it is 25 %, but the measurements from NWFP are limited to the drainage area, which is small and influenced by sub-surface tile-drainage projects. The excess recharge in NWFP is not consistent with monitored water levels showing water table depletion during the year. The results for NWFP should be considered partial. The computed water balance of Sindh shows less depletion even after assuming a big percentage evaporated from the free surface (Table 5.7).

The water-balance of RAP in 1978 had about 21 bcm "remaining water"; a free surface evaporation of 100 mm in the Upper Indus and 400 mm in the Lower Indus was assumed from the non-cropped CCA. The RBOD report (1992) assumes the non-beneficial ET to be 660 mm from the fallow and highly waterlogged GCA. A recent water balance of Fordwah Eastern Sadiquia area estimated this value about 40 mm higher than the crop ET from the command area [START_REF] Khan | Water supply and water balance studies for the Fordwah Eastern Saqiqia (South) Project Area[END_REF]. A recent large-area water balance of the Aral Sea Basin by FAO assumes an evaporation rate of 1.3 of ET 0 for "open water evaporation" from the water bodies and the wetlands (Hoogeveen 2003). Although this value is arbitrary, according to the paper, and valid only under specific conditions, it shows the importance of evaporation losses. The character of the "free surface evaporation" will be further investigated in section 5.4. 

The Water losses, Recharge and Groundwater extraction

The major part of the recharge in GCA comes from field irrigation and canal network losses. This recharge is fairly spread across the basin due to the size, length and extent of canals, watercourses and irrigated fields. The quality of groundwater and quantitative availability of surface water makes groundwater extraction spatially vary between extreme limits of no extraction to the mining of the aquifer. The water uses outside of the GCA within provincial boundaries are relatively small, but there are 40% well irrigated then Sailaba and Barani areas.

The rainfall from outside the GCA is significant and its contribution is important for the groundwater reservoir and water used by barani areas. The river losses mainly contribute to the sailaba cultivation after taking off direct evaporation from the river surface because of the crops and vegetation in the zone of these losses. The water available for recharge from GCA and other cropped areas is an aggregate of contribution from rainfall, losses from irrigation network and field, river and link canals and the other uses, as represented by the equation 5.6.

The net recharge is estimated by adding up all components as the "water available for recharge" and then subtracting the free surface evaporation and crop uses through capillary rise. The recharge, free surface evaporation and the net groundwater balance in the GCA plus other cropped area, are shown in table 5.7.

About 70 % of the net losses from the irrigation system and groundwater use are available for ground water recharge; the 30 % remaining is split into non-beneficial ET and drainage. About 20 % of the other uses contribute to the groundwater. The recharge from the rainfall is 20 % of the volume falling on the GCA and 10 % of the volume outside it. The river contribution to deep percolation is 25%.

The drainage

The water balance exercise helps to understand the links between drainage and other water variables such as rainfall, free-surface evaporation, river volume balance and outflow. The drainage contribution to the river network in the basin depends upon rainfall (chapter 4), which is the major source of drainage effluent. The current depletion of groundwater can consistently decrease the drainage contribution as water tables are going down and water is used for crops. The total computed drainage in 1993-94 is 16 bcm from Punjab, 8 bcm from Sindh and 1.5 bcm from NWFP. The high value from Punjab is due to higher rainfall below rim-stations, and higher seepage from link canals and rivers. About 19 bcm drainage volume contributes to the river network during 1993-94. The drainage inflow from the basin is an important component to develop relations between river gains and losses. The behavior of drainage with respect to the river network is further explored with a basin level model in chapter 7.

The Water Used by Crops

The actual evapotranspiration, ET crop-avail , is computed from the available water in the root zone from rainfall, surface and groundwater supplies (direct pumpage and capillary rise) using efficiency and runoff coefficients given in tables 5.1 and 5.2. The main canal diversions available for crops are calculated by subtracting the losses occurring at different levels of the network up to the field. Similarly, the direct useable fraction of the rainfall impacts directly on the water availability in the root zone. This value was determined at 60 to 70 % (section 5.2.3). The primary efficiency of the canal water use considers the system from the main canal headworks to the farm level; its value based on table 5.1 and 5.2 is 45%. The 'groundwater efficiency' represents the ratio of total volume pumped versus used at the farm level, i.e. uses are computed by subtracting the losses occurring in watercourses and at the farm level, i.e. 60% primary efficiency. The computed crop water requirements within CCA for all provinces are shown in Table 5.8a and Table 5.8b.

There could be two approaches to estimate the groundwater contribution for agriculture, a) utilize groundwater to compensate for the water shortage, i.e. crop water requirements minus net water availability from rainfall and canal water, b) estimate the groundwater contribution using well density and the well operational factors and refine it through water balance. The first approach is used in 1967 by WAPDA for a basin level water balance after splitting the basin in Upper and Lower Indus, the results of which are compared with this research in section 5.5). In 1978 a water balance was carried out for the main canals for the Revised Action Plan for Agriculture (RAP 1979), by imposing a water stress to some of CCAs and assuming no pumpage from the saline areas. Both of these studies suggested that groundwater tables and groundwater extraction should be directly monitored. The current research estimates this extraction first using the tubewell density and the average operational factor and then refines it using water balance results and measured regional water tables data. of accurate crop reporting (for revenue) some of the vegetation in the CCA might be excluded, like trees, small cropping of vegetables along with a major crop and unwanted grasses in the fields left fallow or vegetations during non-crop periods. As, the canal supplies are continuous; water provided during the non-crop period might be sued for the trees, leaching and etc. Some studies have estimated these uses as 5% of the actual crops (Molden 2000). Grossly, it will take about four bcm water from the net evapotranspiration in the CCA.

As shown in table 5.8b, the water utilized at the root zone is about 60% higher in Sindh and 23% in NWFP than in Punjab. Existing irrigation methods, more water consuming in Sindh, are considered (for example pre plantation watering) while computing the crop water requirements. Hence, if the irrigation reporting is correct, there is a small water shortage in Punjab. If higher cropping intensities could be achieved in NWFP and Sindh, this would reduce non-beneficial/free-surface evapotranspiration, drainage and seepage contribution. Within the different provinces, there are areas with very variable water uses as shown by the gross diversions to different canal groups in chapter 4, due to differences in water allocations and distribution practices.

Well irrigation through public as well as private tubewells is supported by the recharge from rivers, irrigation network and rains. About 40 % of the well-irrigated area lies within the GCA (section 5.2). To avoid uncertainty in the exact localization of well irrigation within the basin, the boundaries of the GCA are enlarged to include this area. The seasonal cropping patterns show that 40 % of the well irrigation in Punjab and 60 % in NWFP is practiced during Kharif.

There are patches of perennial well-irrigated crops and orchard, but the percentage of high water consuming crops is low. The area irrigated by pumps and manual water lifts are included in the category of well irrigation.

The water requirements of the well-irrigated area are estimated to be 10 % lower than canal irrigated areas during both seasons because of cropping patterns (Table 5.9a). The contribution of rain is 70 % of the gross rainfall, while the rest of the demand is fulfilled from groundwater (pumpage, capillary rise). A water stress of 25 % is accepted in the well-irrigated areas. This value can have a strong spatial variability due to available recharge from rain and small water streams, residual moisture (soil types), groundwater level, water quality and cropping pattern.

Table 5.9a: Water required and used in well and other irrigated area in billion cubic meters

The major well-irrigated areas are located in Punjab no well-irrigated area is reported for Sindh, while the well irrigated in NWFP is about 1/3 rd of the official canal CCA. The NWFP also have 0.41 mha irrigated by small civil canals upstream of the RIM stations. The wellirrigated areas use about 12-bcm of water, about 9.7 bcm in Punjab. The cultivation in non-irrigated area (part of Barani and Sailaba) is included in the water balance of the basin because it uses a substantial quantity of water from rainfall and river seepage. It also has a potential to use more water, especially groundwater. The 3.6 million hectares non-irrigated lands include areas with low rainfall stretched along the river reaches, sailaba area, and rain-fed agriculture in the North. The water used includes river and network seepage, drainage flows to the low-lying areas and rainfall. In Punjab and Sindh, 80 % of the non-irrigated cropping is practiced in Rabi, while in NWFP it is equally divided between the two seasons. The average crop water requirements of the well-irrigated area are considered equivalent to the wheat requirements, as this is the predominant crop. The water requirements and estimated uses from rainfall and river seepage of these areas in 1993-94 are shown in table 5.9b. Apparently 60% of the crop water requirements are satisfied by these two sources.

The pumpage is possible in these areas as mentioned earlier. One of the lessons from this analysis is that the non-irrigated and well-irrigated areas are outside the allocation range, but their water uses are interlinked, which must be accounted for any reasonable planning.

Total Evapotranspiration

The gross evapotranspiration is divided in different sub-components: evapotranspiration from crops, evaporation from the water bodies and waterlogged area, not reported beneficial evapotranspiration and the beneficial and non-beneficial evapotranspiration from other uses. This distinction can only be approximate from these large areas supporting life, vegetation and other water uses. However, it is useful to distinguish the individual estimates to help understand where water savings are possible. Over a longer period, it shows perspectives of agricultural development and other emerging uses. Based on the assumptions detailed in earlier sections, the gross division of the total evaporation is obtained and shown in table 5.10. Globally, these non-process utilizations [START_REF] Molden | Accounting for water use and productivity[END_REF]) constitute 70 % of the crop ET, about 50 % of that occurs from the conveyance and water use processes, and 25 % from the free surface. A part of free-surface evaporation cannot be saved either, because of the monsoon oriented water cycle and the surface topography. 

The Groundwater Levels

The results of provincial water balances in terms of changes in groundwater levels of the monitored area (GCA and the SCARP project areas are monitored and extrapolated over the GCA plus outside cropped area) are shown in table 5.11. These computed values are strongly influenced by the rate of non-beneficial and free surface evapotranspiration estimated in the previous section ( amount of water evaporating outside of the cropped areas (about 19 bcm in 1993-94). The second directly influencing variable is water losses in the conveyance and irrigation process. The smaller coefficients selected by this study increase the water used by crops and decrease the water available for recharge and drainage, which seems consistent with overall water balance results. The calibrated values of different parameters are further validated with the water balance analysis of other selected years in section 5.4. Data source for monitored levels: SMO-WAPDA

Sensitivity Analysis for some of the Parameters

The water balance outputs are sensitive to the assumptions made on the values of coefficients selected for water use efficiency and losses. These coefficients directly influence crop uses, recharge and drainage. The sensitivity of some coefficients is checked using the calibrated model of 1993-94, see Table 5.12. An increase in irrigation losses from 55% (used by this study) to 70 % (value used by the mangers -table 5.1), for instance, will increase losses in the Punjab by 10 bcm, and cause an equivalent reduction for the water available for crops. The impact on the actual crop uses will be higher in Sindh because it has little contribution from groundwater and rainfall. The groundwater recharge will generally increase in Punjab and the water balance will become positive for most of the years with the current level of pumpage.

Of course, the pumping would likely increase, making up for these additional losses. Changes in rainfall and groundwater coefficients will have relatively small influence, very little in Sindh. A direct decrease in diversions (by 10 %) will have a considerable impact on the outflow, which will increase with a slightly lower percentage. The groundwater recharge will decrease, with a higher reaction in Punjab. 

N.B. The values for Sindh include the irrigated area of Baluchistan

Two changes in the rainfall contribution are tested. By reducing the average rainfall contribution in crop evapotranspiration from 60 to 30% in the cropped area, a volume of 5 bcm is lost in Punjab from the crop uses and 0.25 in Sindh and Baluchistan. It increases recharge in the cropped area by more than one bcm in Punjab and the net outflow in the same range. The reduction of total rainfall by 30% will have a bigger impact on different variables other than the crop uses. The total quantity will decrease by 20 bcm, reducing the crop water availability by 3 bcm. It will have a substantial impact on the groundwater recharge in Punjab and on the outflow. A reduction in pumpage from the CCA by 25% will make the water balance positive in Punjab and reduce crop uses almost same as the rainfall contribution from 60% to 30% has made. The drainage is highly sensitive to the rainfall.

Application of the Water Balance Model to Selected Years

Twelve year are selected from the period 1967-2000 to cover all hydrological conditions (wet and dry periods and the full range of diversions) and the different development stages of the Indus Basin irrigation system. The selection of these years will also allow an easy comparison with other basin-level studies to understand the more dynamic components; the water use trend within and outside formal irrigation, the demand-supply gap and the evolution of groundwater use. The secondary data of these years are processed like 1993-94 (see chapter 4) and complete water balance is developed. However, some of the results are presented here in the comparative context.

The Gross Inflow and the Volume-Balance of Rivers

The river losses and gains in different reaches are much-discussed variables in the Indus Basin and mostly a balance-value is computed for a reach. The losses and gains in the interlinked reaches and drainage basin are a result of complex hydrological process. A fraction of gains comes from the valley storage during flood period as return-inflow or drainage inflow from rainfall and irrigation into the rivers. However, the major part of the gains is constituted of surface flows of small tributaries and rainfall. The losses include seepage and the operational losses. Losses and gains occur simultaneously in all river reaches, but the official data only reflects the resultant of the two quantities. In this study, based on the water balance calculations and the inflow-diversions data of the selected years, these two variables are separated through simple mathematical relations between the gross inflow and the gains and losses.

It is obvious that below the RIM stations all rivers receive water from hill torrents and basin drainage. At the same time there are evaporation and seepage losses to various degrees from all river reaches. The gains and losses both are linked with the rivers inflow through climatic and hydrological variations. The studies are available to define statistical relations between inflow and the resultant gains or loss in specific reaches of the basin (Maasland 1987), but indicating the need for further analysis. To split the erratic variation of these variables the following method is used to define the statistical relations, further used by the simulation model in chapter 7.

It is assumed that certain minimum gains always occur, and that there are additional gains in relatively wet conditions. At the same time, about 13 % losses (12-15 % annual variation) occur generally with additional losses in certain (wet) years. Figure 5.5 shows that the net gains after considering 13% losses of the river inflow vary from 8 bcm to 40 bcm between 1967 and 1997 (excluding four recent years of the water balance after 1997). This variation has a strong linear correlation with the gross inflow. When the gross inflow doubles, the gains increase five times. This is due to abundant rainfall feeding the un-gauged tributaries. The net losses, having taken the standard gain of 5 % into account, vary between 0 bcm to 20 bcm and have a significant correlation with the gross inflow. At around 300 bcm inflows, the gains and losses are about 8% of the gross inflow. Close to the minimum flows of 200 bcm, net losses are 5% higher while towards the maximum gross inflow of 350 bcm, the gains are 3% higher.

The figure shows that gains and losses have statistically valid (and predictable) relations with the hydrological data of river inflows and rainfall. The analysis could be extended to see the trend in the variation of gains and losses using a bigger data set. The four years after 1997 have much higher losses and smaller gains showing a quantitative shift of about 20 bcm. These exceptional losses (or low gains) occurred for an inflow range already available in the past during dry spans. The seasonal data show that the major increase in losses occurs in Kharif because of a reduction in the drainage contribution. This would indicate that a good inflow year after a dry span will results in higher river losses, contributing to the groundwater recharge. The consistent higher losses during these types of years might be providing a valuable support to the groundwater table and thus to irrigated agriculture supported by tubewells as well as sailaba irrigation. It would be interesting to analyze this geo-hydrological phenomenon in more detail.

The Agricultural Uses of Water

After 1978, average irrigation diversions reached to 130 bcm. Maximum diversions go up to 140 bcm in good year subject to reservoir operations (see chapter 7) and drops to the prereservoir level of 105 bcm in case of extreme river water shortage . The groundwater pumpage swiftly increased in the seventies and eighties, but slowed down in the nineties. An average annual level of 55-60 bcm is achieved after 1995 (Figure 5.6). Exceptionally high groundwater pumpage occurred during the dry years of 2000-2001, showing the potential of existing groundwater infrastructure. A sudden increase in pumpage can be expected in response to a severe canal supplies shortage (as was the case in 2000) and a gradual increase because of increasing crop water requirements, impacting on groundwater levels. The rainfall volumes are variable and there could be a dry span of many years (Figure 5.6). The groundwater contribution at the root zone has reached 110 % of that of the canal water (Figure 5.7) in Punjab in 2000-2001. For the same canal supply, the contribution of groundwater was only 42 % in 1974-75. In a dry year, the shortage of surface water cannot be fully compensated by groundwater (Table 5.13) and the total water available at the root zone remains lower than the crop water requirements in Punjab. In Sindh, the contribution of canal supplies is 80 % in normal conditions, attaining about 67 % in case of severe surface water shortage. There is a high contribution from capillary rise because of high water tables and low supplies in winter. The direct pumpage has been increasing in Sindh during recent years (Murray- [START_REF] Murray-Rust | Extended Project on Farmer Managed Irrigated Agriculture Under The National Drainage Program (NDP): Water Distribution Equity in Sindh Province, Pakistan. Lahore, Pakistan[END_REF]. The contribution of rainfall at the root zone varies from 7 to 21 % for Punjab and from 1 to 11 % (in years of heavy rains like in 1995) in Sindh. The total available water at the root-zone increases by about 50 % for both provinces from 1965 to 1993, from 39 to 63 bcm in Punjab and from 26 to 35 bcm in Sindh. The ratio of root zone availability versus river diversions increased from 67% and 55% in 1965 to 93 % and 57% in 1994 respectively for Punjab and Sindh. The fraction of water used from capillary rise from the water table is higher in Sindh (Fig 5 .7) because winter crops are scattered in perennial as well as non-perennial areas. The non-perennial areas are mostly waterlogged with small canal supplies in winter and no direct pumpage. Some studies (RBOD 1993) estimate that up to 300 mm of water is utilized by wheat through capillary rise.

Split of Supplies to root zone within CCA

Table 5.13: The Gross Provincial Relative Water Supply (supply over demand) 1965-66 1967-68 1974-75 1977-78 1985-86 1993-94 1994-95 1996-97 1997-98 1998-99 1999 The gross average water utilized from the root zone per unit cropped area in Punjab and Sindh is respectively 700 and 946 mm during Kharif, and 350 and 620 mm during Rabi (Figure 5.8). The high values for Sindh can be explained by a bias in the low reported cropping intensities, high water-consuming irrigation practices, the cultivation of high delta crops and higher aridity. Rabi uses also have a higher rate of increase in Sindh. In Punjab the water consumption increase in Rabi is small, and the amount of water used by crops per unit of area remains in the same range from 1965 to 1998, apart from some fluctuations and a decrease during dry years. The percentage of high water consuming crops has increased in both provinces. Its impact is clearly shown in Sindh because surplus water is available and all crops fulfill their consumptive needs. On the contrary, in Punjab the irrigated areas have so much increased that the consumption per hectare has remained in the same range. The availability of reliable groundwater is another factor helping to sustain low per hectare water uses in Punjab. In this situation, it is vital to explore the available surface water supply flexibility with and without new physical structures. The gross efficiency enhancement can increase the net water used in agriculture by reducing non-beneficial, especially free-surface evapotranspiration. An increase in the irrigated area is a target of farmers and policy makers and may have an adverse impact on the crop water stress and groundwater reservoir. An increase in cropping intensities will increase the fraction of rain and groundwater utilized in Punjab. This type of increase in Sindh must come along with a reduction in the existing drainage effluent enhancing irrigation supply and reducing seasonal waterlogging.

Water Used in

Average Operational Factor

The average operational factor was computed for Punjab at the canal command level, using the water balance study to estimate groundwater pumpage and by taking the reported number of wells (see chapter 6). As well growth continues at a higher pace as compared to the actual quantity of water pumped because of farmers' preference to have direct access to groundwater (chapter 2), the operational factor has a tendency to decrease under normal supply conditions (table 5.14). One of the reasons is an increase in the share of shallow and non-electric wells.

The farmers have more flexible groundwater-acquisition infrastructure as compared to the canal network. The actual pumpage, which is according to these results around 105,000 m 3 per well, is constrained only by the demand and factors like costs. CemOA : archive ouverte d'Irstea / Cemagref

The Groundwater Recharge, Drainage and the Free-surface Evaporation

The fraction of water available for recharge is a key variable for the sustainability of groundwater extraction in the sweet water zone and to estimate the unusable quantity of water "lost" in the saline zone [START_REF] Ahmad | Estimation of Net Groundwater use in Irrigated River basins using Geo-Information Techniques[END_REF]. The water actually used for recharge is computed after subtracting the estimated free-surface evaporation and a small amount of water used by the vegetation from the water available for recharge. As shown by the water balance of 1993-94 and the sensitivity analysis, the rainfall coefficients inside and outside the cropped area and the selection of non-beneficial ET fractions within cropped area have an influence on these estimations. The water-balance of selected years in this section allows investigating the behavior of recharge and other components based on the calibration of 1993-94.

The water available for recharge increased with increasing surface water diversions from 60 to 82 bcm during thirty years (Table 5.15). It drops substantially in a dry year (66 bcm in 2000) because of a decrease in canal diversions and rainfall. The drainage follows the gross-inflow trends, which is variable mainly due to rainfall. The free-surface evaporation is based on the percentage of waterlogged areas, mostly located in Sindh and to some extent in the lower Indus reaches and Jhelum-Chenab command of Punjab. The positive balance of Sindh reduced by about 2 bcm due to increased cropping intensities in Rabi after 1967 and again increased by more than 3 bcm after the eighties. In 1985-86, the provincial water balance was about 5-6 bcm for both Sindh and Punjab, while at the CCA level Punjab had a lower balance of 7.5 bcm compared to 12 bcm in Sindh. The estimated groundwater pumpage was 38 bcm in Punjab and 3 bcm in Sindh. The annual net balance of Punjab has become negative in the nineties due to massive groundwater extraction (Table 5.15). The net recharge is higher in the CCA as compared to the gross cropped area because of irrigation network losses. These losses are partly used in the GCA by well irrigation. On the other hand, due to rainfall contribution the province as a unit has more water available for recharge and drainage as compared to the GCA. The recharge from canal irrigation is consistent at a rate of 38.5 %, and only varying within the operational range of the irrigation network after 1978. The rainfall contribution to recharge (21 % from cropped land and 10 % from the remaining areas) varies from more than 13 bcm during a wet year like 1994-95 to about 2.5 bcm during dry years (1999)(2000)(2001). Ignoring the dry spell of 1998-2001, the recharge from the monsoon rains provides a relief to declining water tables. The impact of good rains of summer 1992, 1994 and 1998 is shown by raised water levels of the following years (Table 5.1). This would tend to indicate that considerable recharge could be expected from the monsoon rains in recent years, compensating the impact of the dry spell of 1998-2001.

Table 5.15 shows that the groundwater pumpage was only 12 % of the water available for recharge in 1965 and 20% in 1978. That was the period when the groundwater table was rising in most irrigated areas of the basin. The gross pumpage becomes about 70 % of the gross canal diversion in 1996 and 100 % during the dry hydrological year of 2000-2001 for the basin. However, the groundwater discharge-recharge imbalance is much more serious in CCAs of higher average pumpage.

In the sweet water zone, groundwater uses have been increasing within the CCA to supplement canal supplies. A bigger increase is observed in traditionally non-irrigated Barani and sailaba areas. Additional groundwater is pumped for domestic and industrial uses. Due to low use of groundwater in Sindh (apart from capillary rise), all the water left after crop evapotranspiration is used for infiltration, non-beneficial and free surface evapotranspiration and drainage. The temporal behavior of these variables provides interesting information. Crop evapotranspiration does not change much over the time because of the reported low cropping intensities. The surface drainage increases only in case of floods, and deep percolation is limited due to high water tables. Hence an increase in the water logged area and free-surface evaporation are two expected results of the accumulated residual water in Sindh. This happened after 1967 and particularly after 1978, as the area of high water tables increased. However, the trend was reversed after 1990. A decrease in waterlogged areas is shown in nineties, which does not agree with the computed balance even when taking into account a small increase in drainage. This would indicate that water uses have considerably increased in this province.

The provincial water balance shows a tremendous shift from the 21 bcm excess in NWFP and Punjab during 1965-66 to 19 bcm mining of groundwater in 2000 along with the crop stress discussed in the previous sections. After the inception of Mangla in 1967, the excess increased to 24.5 bcm, while about 15 bcm was available after the construction of Tarbela, which resulted into the formulation of many drainage projects. The excess was further reduced to 6 bcm around 1985-86 and was balanced around 1990. However, the water balance in the cropped areas was already negative especially during Rabi (Table 5.7) especially for the canal command areas of Punjab.

Comparison with earlier Water Balances

The earlier water balances at the basin scale were a part of project planning studies for the development of water resources, drainage infrastructure or canal lining; hence they essentially focused on project objectives. The studies selected for the comparison compute the gross total water at the basin scale, the gross agricultural diversions, the groundwater recharge and the groundwater uses. Some of these studies include future projections based on the expected water demand and development potential. IACA in 1965 gives a projection for 35 years until the full development of water resources. The comparison of past studies with current study allows the understanding of the predictability of water resources behavior.

None of these studies had access to the comprehensive dataset of this study; hence their initial hypotheses and settings need to be detailed:

i.

The rainfall contribution to groundwater recharge from the non-cropped areas was considered negligible by the earlier basin studies; this study considers that 10 % of the rain from non-irrigated area goes to recharge. ii.

Only IACA (1967) mentioned the boundaries of its analysis, which were canal command areas. The irrigated areas were not distinguished with respect to their irrigation source before 1978. iii.

The Sailaba and Barani areas were not included in the water-balance by any of the past studies, while these areas use most of the river seepage and a substantial quantity of the rainfall occurring in these areas. iv.

In the earlier studies, the groundwater contribution for agriculture was computed to meet the canal water deficit in the sweet water zone and was considered nil in the saline zone. This assumption is not valid now, because the groundwater is widely used but it does not compensate necessarily the total water deficit.

Two studies carried out in 1964-67 analyzed the agricultural and water development potential of the Indus Basin. The Harza study of 1964 predicted the impact of the Indus Basin Works (carried out as a part of the Indus Waters Treaty; see chapters 3 & 4) by computing the preproject, partial and full development scenarios (WSIPS 1990). Four years later, a special study group of the World Bank published the so-called Sector Planning Reports including a detailed analysis of land and water resources by the Irrigation and Agriculture Consultants Association (IACA). The report improved the water balance of the Harza study by including rainfall and improving groundwater information. The findings of both studies are presented in Table 5.16.

The water balance of IACA projects no further increase in the irrigated areas (design CCA) of 1967. For 'full agriculture development', it increased cropping intensities to 150 %, considering a "revolutionary increase" of the rice and sugarcane areas leading to a 100 % increase in water supply to 45 % more cropped area (cropping intensities were 105% in 1967).

All seepage to groundwater in the sweet water zone was assumed to be pumped back for agriculture (public tubewell schemes), while in the saline zone it was to be pumped to surface drains. For 1965, IACA and this study (Table 5.16) have the same total cropped area, irrigated CCA and rainfall used by crops. However, this study computes 2.7 bcm additional rainfall utilization by 5 million ha cropped areas outside the canal commands. The net recharge from rainfall is 7.2 bcm by IACA and 8.8 bcm by this study, including 5.6 bcm recharge in the CCA. The net balance of the three studies is in the same range.

The main difference observed was a lower estimation by 10.5 bcm of the canal diversions by IACA in 1965 when comparing with the official discharge data. This may be due to unavailability of data. This data was manually compiled in 1965 and may not have been available in the same year. This study further splits groundwater pumpage for CCA and wellirrigated areas. The aggregated pumpage is 10 % lower than IACA's estimation, which is also a consequence of the underestimation of canal diversions. The canal and watercourse efficiencies are in the same range by the studies of 1965 and this thesis, while the latter computes 3 bcm higher crop uses within the CCA because of higher diversions and about 8 bcm uses in the non-irrigated crops as Sailaba and Barani agriculture. Due to low estimated uses, the net recharge by IACA was about 9 bcm higher than determined by this study.

The Harza study of 1974 does not compute crop uses rather ware available at watercourse head. The pumpage was estimated based on the public tubewell projects and was lower than all other estimates. The contribution of rainfall is following the estimates of the Special Agriculture Review (SAR 1975). The river contribution to recharge is very low just contrary to the SAR findings. The estimation of recharge from the irrigation network is low, leading to a high efficiency of 90 % at the watercourse level. The important point of the Harza study is the low estimation of recharge and no prominent change in the water table.

For 1975, two studies are available to compare with the current study, a water-balance by the WAPDA (RAP 1979) and IACA' forecast for 1975 with full agriculture development. The main difference is the adoption of a value of 75 % efficiency at the watercourse and farm level by WAPDA leading to a 30 bcm increase in recharge. The water balance carried out by this thesis is close to IACA's computations for the canal supply and the total groundwater pumpage for irrigation. The IACA computed additional 16 bcm saline water pumped to drains, which did not happen in reality. The crop uses by this study are higher because the actual irrigated area in 1975 surpassed projections and because of a bigger contribution of rainfall.

The water balance of WAPDA for 1974 is based on detailed calculations of surface supplies, the water demand and groundwater pumpage, but uses average coefficients for different uses.

It determines a rather low contribution of rainfall based on average rainfall values. By contrast, the calculations of this thesis for 1974 show above average crop uses and recharge because the rains were plentiful and wide spread in 1974. For the same cropped area, WAPDA estimated about 10 bcm (30 %) higher pumpage, but computes 8 bcm less water available for crops, due to a higher recharge and 20 bcm of free-surface evaporation.

A comparison of proposed "ultimate scenarios" by Harza and IACA with the current water balance shows the evolution of alternatives and real life compromises. The Harza Master Plan and the Sector Planning for West Pakistan [START_REF] Lieftinck | Water and Power Resources of West Pakistan, A study in Sector Planning Volumes I, II and III[END_REF]) proposed another set of surface water reservoirs after Tarbela, vertical drainage in the public sector and utilization of recharge through public wells. The full impact of Tarbela and link canals was achieved around 1985 when the direct diversions reached a maximum, as was expected by these studies.

Between 1985 and 2000, the surface water supply was proposed to increase by 26 bcm and groundwater pumpage for irrigation by only 5 bcm (IACA 65). The expected increase in the root zone supply was 15 bcm and the increase in cropped area (within the CCA) 2.2 million hectares. About 33 bcm was expected drainage value, which would be pumped by public wells to drains for the groundwater balance.

Even without the construction of new reservoirs, the water sector agencies have managed to reach 135 bcm of surface diversions in 1985, quite close to the expected level of IACA. The total irrigated cropped area (official data) increased by 1.3 million ha, while the development within the CCA was 0.4 million ha lower than projected. By taking into account the 3 % not reported beneficial agriculture (as is assumed in this study), the canal irrigated area target has in fact been achieved. However, the percentage of rice remains much lower than the proposed scenario. The net recharge and pumpage in 1985 were lower than projected by 19 bcm and 10 bcm respectively.

The water balance of 2000 follows the trends shown in 1985 with an additional impact of the droughts (low river inflows and rainfall). The irrigated area increased on a steady pace despite a decrease in surface water availability between 1994-2000. The estimated irrigated areas based on the secondary data are shown in table 5.16. It is amazing to see that the reported irrigated areas in both seasons are 13 % higher than the IACA's planning scenario with canal diversions 18 % less. In addition to that there is more than 4.9 million ha cropped area labeled as non-irrigated. This is of course due to the unexpected massive development of private pumpage. As a consequence, the gross pumpage increased to 65 bcm (as compared to an estimated 54 bcm, a large part of which was saline and thus unusable!), reaching to the level of total recharge in the Indus Basin. However, this total recharge includes the recharge taking place in the saline zone, while the pumpage mainly occurs in the fresh water zones, leading to questions of its sustainability in certain areas.

The groundwater recharge from irrigation estimated by the current study remains around 45 -50 bcm, which is lower than the volume predicted by three past studies (table 5.16). All three assumed higher canal diversions than those actually observed in 2000, presuming further infrastructure development (reservoirs, especially). The Basin level water balance of this study shows groundwater mining after 1995, which is confirmed by the depleting water tables. The distribution of this imbalance among the individual canal commands is mapped in the next chapter. The lower water tables (higher pumpage and decreasing recharge from irrigation) explain the substantial increase in river water losses, which were determined based on actually measured river flows at different locations. The return-flow from the valleystorage in the active flood plans during Kharif and the drainage outflow have a decreasing trend. To some extent this is good news showing that the drainage gains can be directly used for recharge and utilized in the areas having no canal supply. However, it will decrease the winter river flows in the downstream nodes and quantitatively this recharge may not be sustainable.

Conclusions

The conventionally used water-balance approach is applied adopting water loss and recharge coefficients based on a detailed review of past basin-level studies and more recent research advances. Crop water uses are estimated using official information about agriculture practices, and secondary data for the total land use, cropped areas and groundwater levels. The calibration of the model for 1993-94 for the measured inflow data, canal diversions and groundwater levels allows confirming and/or refining different coefficients. The application of model to a number of selected years during the period 1967-2000 helps identifying the evolution of dynamic and relatively static water components. The water balance of wet and dry years highlights the impact of extreme hydrological events like the impact of excessive rains on river gains and that of drought on the recharge and pumpage. A comparison with previous basin level studies shows; a) the impact of actual agriculture development against the forecast and, b) the difference caused mainly by the selection of coefficients for losses and conveyance and to some extent by the water balance approach.

The model identifies some basic settings for a water balance of the Indus Basin.

At the provincial scale, NWFP and Punjab can be considered sweet water zones, having about 10 % area of moderate or severely saline groundwater quality. Sindh and Baluchistan can be considered saline zones, while having 20 % areas with good water quality.

With a small negative or no change in groundwater tables, all of the gross inflow (river + rainfall) minus outflow is utilized through different types of evapotranspiration. As the inflow and outflow are measured with relatively good accuracy, with a more approximate groundwater table observation, a good estimation of the total evapotranspiration from the basin and well-defined regional boundaries is possible.

The groundwater used by crops through capillary rise is an important process in high water table and (partly saline) zones as well as the Sailaba areas (mostly sweet water zone). These areas constitute about 35 % of the total cropped area and this contribution should not be ignored.

At slightly lower than average rainfall in 1993-94, a substantial volume of about 70 bcm is available in the basin influencing crop uses, recharge and drainage. The continuous existence of Barani areas depending on rainfall further shows the necessity to have an accurate volumetric estimation of rainfall. The net rainfall contribution to the recharge was 25% in 1993-94.

The division of cropped areas by source is important for water planning. However, the division of "irrigated area" into only well irrigated and canal plus well irrigated within the GCA is quite approximate because public tubewells in most cases supply water within the CCA and to a part of GCA. It is possible that the canal water is mixed with tubewell water and used beyond the CCA, de facto extending it. A similar situation is possible with the private tubewells. Hence, considering the total irrigated area within the GCA can be more meaningful for a water balance than the split of irrigated areas in CCA and GCA. This aspect is further explored in chapter 6.

The reference ET and average crop water uses per hectare in Sindh are about 60 % higher than in Punjab.

The gross conveyance efficiency of the irrigation network can be considered a primary efficiency of the surface water use without taking pumpage into account. At the regional scale this efficiency varies in a narrow range. The groundwater pumpage enhances the gross efficiency by recycling the seepage from the irrigation process and unaccounted inflows in some cases. Hence, the net efficiency of water use is a composite factor, high in the areas using groundwater. A complete water balance computes the "net efficiency" of the gross inflow for the defined spatial boundaries; in fact reducing the estimation error of individual components.

The sensitivity analysis shows that the selection of coefficients for losses has a sizeable impact on the water availability for crops. A review of past basin-level studies shows a wide range of values for these coefficients. By changing network losses from 55% to 70 % (these values are often quoted in different studies), for instance, the water available for the crops decreases by about 18 bcm. The equivalent amount is supposed to evaporate from a free surface or other non-beneficial vegetation and will increase the recharge. The water balance of Punjab is very sensitive to the rainfall and pumpage coefficients, while none of these have much influence in Sindh. Quite interestingly, most of the coefficients used by the basinplanning study in 1965 (IACA, 1965) are very close to the assumptions of the current model, while very low efficiencies were adopted in the later studies estimating huge recharge volumes and drainage requirements, leading to the formulation of large-scale drainage projects.

The water-balance of 1993-94 provides an understanding of the dynamic and diffuse character of recharge in the basin. The spread of alluvial rivers, canals, watercourses and irrigated fields supports an interconnected groundwater reservoir. This complicates the determination of a few parameters like the local recharge, but it is a supporting factor for the sustainability of groundwater extraction, contributing to an increase in irrigated areas despite the limitations of surface water diversions.

Groundwater recharge from rivers and rainfall varies from year to year. As the dry years have higher river losses as compared to the normal years, the rate of recharge from the rain could also be higher during these years. During these years, the groundwater pumpage is also higher to compensate for the reduction in rainfall and surface water. This is possible because the current groundwater infrastructure can easily increase extraction due to a very high capacity and an operational factor less than 15 %. Some of the factors shaping groundwater contributions are analyzed in the next chapter by comparing the canal command based uses of groundwater.

The cropped areas have increased even beyond planning with much less surface diversions than projected in 1965, 1978 and 1990. While the reservoir development has not been able to meet the projections due to conflicting interests of the different provinces, the groundwater exploitation and the use of residual moisture close to rivers are supporting these extensions.

The second important character is the extension of irrigation through public and private wells beyond the CCA and even outside the GCA. The Sailaba (riverain) and Barani (rainfed) areas have shown an increase despite the fact that the flood surplus has substantially decreased and that there is an expansion of villages and towns. This is due to population pressure and a high dependency on the agriculture sector, indicating the livelihood character of agriculture, an overall lack of resources and alternative economic activities. This trend of sticking with low input and low output farming may continue with a consequential stress on the groundwater reservoir and compromised crop productivity. These sectors of agriculture have not received much attention so far, while the scope for improvement seems vast.

The ratio of the surface water diversions with respect to the crop uses is much higher in Sindh than it is in Punjab. Large amounts of water losses from the irrigation network, flood irrigation of summer crops and fresh water from rain and high river flows in Kharif adds to the saline groundwater reservoir. In recent years there is a slight decrease in these losses because of higher Rabi uses and a decrease in river supplies and rains. However, there seems to be a substantial amount of water to save during the irrigation process in Sindh, which would impact positively on the problem of waterlogging.

An important result of temporal water balances and the comparison with the old studies is difference between "forecasting" and the "back-casting". The future water estimates by all planning studies show the national policy of agriculture extension by extending irrigation infrastructure. The agriculture outside canal command areas is not fully considered by any study limiting not only the overall picture, but also disturbing some of the water balance parameters, resulting in very high drainage outflow estimates and high and uniform cropping intensities proposed within the CCA. The actual water diversions after the inception of Tarbela period remain lower than projected, but this did not stop a continuous increase in the cropped area, which actually reached the planned level. Groundwater extraction supporting this development is much higher than forecasted leading to groundwater mining in spite of drainage surplus in the sweet water areas. The water uses by the crops remain lower than the planning in the saline areas in Sindh, because of the ineffectiveness of drainage projects. Heavy water logging and low cropping intensities show a serious need of an irrigation surplus management.

Chapter 6 Water Demand and Supply at the Main Canal Level

The previous chapter has highlighted the 'integrated water use environment' at the basin and provincial scales. Not only does the water come from different sources (the state-managed surface water supplies, users' managed groundwater extraction, and rainfall), but also, it was shown that these components are interactive and closely linked. The groundwater acquisition by farmers depends on the recharge, its water quality, and the gap between surface water supply and demand (not mentioning of course the different socio-economic factors determining groundwater extraction). Rainfall and the volume of canal diversions have a considerable impact on recharge. This integrated water use environment was to a certain extent taken into account at the design stage, as was shown in chapter 3, by adapting the water allocation for each canal command to agro-climatic conditions and to supplementary irrigation through wells. However, over the past 20 years, the groundwater use has taken a dimension far beyond the originally envisaged uses and also beyond the different projections of the basin-level studies in the last 40 years. Ironically, the surface water supplies and groundwater resources seem to be more than ever considered separated. This is reflected in the segregated development and institutional approach. A corollary of the perception of the "rigid design and equity based" canal water supplies is to consider groundwater management only a response, not having mutual impact on the canal supplies (and changes in allocation).

This chapter analyzes the existing actual water uses in agriculture, the contribution from different water resources and the changes in surface water management at the main canal level. A water account of each canal is carried out estimating canal diversions, actual uses, agriculture water requirements and the groundwater and rainfall contributions. The recharge, free-surface evaporation, excessive groundwater mining and un-useable surplus volumes are computed for all canal command areas of Punjab and Sindh. To compare the impact of actual water uses on the demand-supply relations, the irrigation and agriculture performance of the canal commands is compared using a few simple and direct indicators from the international literature. The purpose of this quantitative analysis is to determine the relative share of the different water fractions and to evaluate where water savings are possible or better demandsupply relations required for a more sustainable irrigated agriculture. This analysis will thus provide the setting for analyzing the scope for reallocation of surface water supplies through a basin-level model in chapter 7. However, along with the quantities, it is necessary to establish the distribution targets and procedures. These have indeed evolved over time since the design stage. This will be done in the second part of this chapter. The analysis of this evolution explores the impact of increased flexibility of the irrigation network with the construction of reservoirs and inter-river link canals and the canal command area development as well as the effect of new institutional arrangements. The changes in the design parameters of the main canals are compiled. The last section of the chapter summarizes the operational rules that have been modified along with the physical and managerial developments.

Water accounting at the main canal level

The dynamic characteristics of agricultural water use in the Indus Basin after 1967 include a many fold increase in groundwater extraction (chapter 5) and an evolution in the canal water supplies in terms of volumes and timing, as shown by the canal grouping of chapter 4. These new water allocations, perhaps even "inequities" need to be understood in the context of the integrated availability of water resources and uses in the different canal command areas. The sustained level of Sailaba (riverain) and Barani (rain-fed) agriculture over the last thirty years demonstrates the important role of rainfall and agro-climatic conditions in some regions. The availability and uses of the different water resources vary widely in time and in space for the canal commands across the Indus Basin. The water balance of all canal command areas for 1993-94 extents the analysis carried out in chapters 4 and 5 to address the groundwater sustainability and irrigation stress against the allocation and distribution characteristics. The water accounting estimates the gross inflow, groundwater pumpage, total and crop evapotranspiration and the flux to and from the groundwater reservoir. The water accounting at the canal level uses the same methodology as for the basin level water balance of chapter 5. However, it considers only agricultural uses.

The Water Accounting Boundaries

The water balance is carried out for 1993-94 for the Gross (GCA) and Culturable command areas (CCA) of the main canals. As explained in chapter 5, canal diversions are specific to the CCA, but the GCA is a better boundary for an 'integrated' water balance. The surface water use process is extended to the GCA, as 1) the seepage from the irrigation network partly takes place within the GCA, 2) part of the irrigation surplus evaporates from the GCA, and 3) well irrigation in the GCA uses recharge occurring in the CCA. A more practical reason is that the groundwater levels are monitored for the GCA.

The CCA is generally irrigated only by canals in the saline zone or in areas with sufficient surface water supply, while in the sweet water zone, irrigation uses surface and groundwater.

In the GCA, groundwater use is intensive but scattered in the useable quality areas while it is limited in moderately saline areas. Inside the CCA, the areas only irrigated by canal and those by canal plus tubewell are not distinguished. The areas only irrigated by tubewells in the GCA are estimated from the district level census conducted by the Government of Pakistan in 1994, assuming an average distribution of wells in the districts. The cropping intensities and tubewell densities are distinguished for the areas irrigated only by tubewells or with both resources. In reality, the GCA will have a higher concentration of wells in urbanized districts and a lower fraction in the gross command areas adjacent to Sailaba or Barani areas. The Northern districts of the Punjab have a high contribution from well irrigation, Figure 6.1 shows that five districts have 70 % or more irrigated area served by tubewells. These areas are included in the provincial water balance of chapter 5, but their major part is outside the GCA. While most of the districts have less than 25% areas irrigated by only wells. The irrigation data of the main canals shows some "only well irrigation" on all canal commands, hence, the average distribution bias is not expected to make a big difference in the main canal water accounts.

The Water Accounting Procedures

The simplified water balance equation for a GCA is derived from equation 5.1 for the basin.

V canal + P + V sub-in = ET C + ET F + ∆S + V drain + V sub-out (6.1)

V canal : diversions to an irrigation canal from river node V sub-in : Sub-surface inflows from network seepage and groundwater reservoir P GCA : Precipitation in a GCA V sub-out : Sub-surface outflow V drain : Surface drainage outflows ET C

: Evapotranspiration from the cropped coverage including all beneficial and nonbeneficial consumption. It is not the crop water requirement (CWR), rather the actual water used, including the stress factor.

ET F : Evaporation from the areas with water table within 150 centimeters from the surface level ∆S : Change in groundwater storage, positive sign indicates an addition.

The total evapotranspiration from the cropped area is divided into beneficial and nonbeneficial components, ET C-BET and ET C-NBET . A change in groundwater reservoir is computed

∆S : V rech + V sub-in -V pump -V cap -ET F (6.2)
V rech : Total groundwater recharge V pump : Volume pumped V cap : Groundwater used through capillary rise V sub-in : Sub-surface inflow into GCA from link and river seepage

CemOA : archive ouverte d'Irstea / Cemagref

The sub-surface inflow V sub-in for a GCA is assumed equal to the seepage from link canals, which is determined using the average flow rates recommended by WSIPS (1991). The other sub-surface inflow and outflow contributions are not available at the canal command level and hence become part of the groundwater balance term. This is the approach adopted by Clemmens and others for "geographic settings where the groundwater inflow is difficult to estimate, especially in partially connected aquifers (Clemmens and[START_REF] Clemmens | Estimation of Global Irrigation Distribution Uniformity[END_REF][START_REF] Clemmens | Estimation of Global Irrigation Distribution Uniformity[END_REF]."

All assumptions are taken as chapter 5 for the crop uses, losses, recharge and free-surface evapotranspiration. The pumpage is estimated for each CCA and GCA based on well density and water balance. The computed crop water requirements (CWR) is the potential evapotranspiration from the cropped areas, while the actual evapotranspiration is based on the supply side calculations and water balance and can be different from CWR.

The Gross Inflow, Reference ET and Crop Water Requirements

The gross inflow, the aridity and the agriculture water requirements represent the agroclimatic-irrigation boundaries of the water management domain within a spatial unit. This overall picture helps to understand and interpret some of the terms of the complete water balance as shown in chapter 5. Canal diversions and rainfall are the two primary sources of inflow in a canal command area. The diversions and rainfall for each area are respectively based on the measured and spatially delineated data of the Provincial Irrigation Department and the Meteorological Offices (see chapter 4).

For the estimation of reference and crop evapotranspiration, the climate and crop data of 1993-94 are processed (chapters 2 & 5). The CROPWAT model of FAO is used to compute reference ET. The crop water requirements (CWR) are computed using Kc curves of the major crops for each agro-climatic zone compiled by an earlier study (Ullah et al. 2001). Based on information collected by field studies and the Agriculture Department, the length of major crop periods are selected varying from two to five weeks among the zones [START_REF] Parc | Consumptive Use of Water for Crops In Pakistan[END_REF][START_REF] Hussain | Farm Management Handbook[END_REF], Agriculture Manual 1996). The sowing dates influence the cropduration and maturing periods making a considerable difference for the water consumption, inputs and the crop yields [START_REF] Pintus | Impact of irrigation, salinity and cultural practices on wheat yield: a study of Fordwah/Eastern Sadiqia area, Punjab, Pakistan[END_REF]. Normally, the sowing periods of the Kharif crops, cotton and rice, are extended over a couple of weeks, while the sowing period of wheat is extended over a couple of months (October to early January). The sowing starts earlier in the rice zone, followed by the cotton zone and quite late in the sugarcane areas. The well-irrigated areas generally follow a different crop calendar, mostly early sowing and small duration of some crops. Normally, less water is used by only well irrigation, while the constraints imposed by the crop rotations and the timing of supplies are the smaller. The crop calendar for the well irrigated areas outside the CCA is taken from the Agriculture Manual 1996 (to compute the K c curve), while the crop data are taken for 1993-1994. The gross inflow to the culturable canal commands (CCA) varies between 800 to 2000 mm against a reference evapotranspiration of 1500 to 2100 mm and crop water requirements from 230 to 1100 mm. The annual values of these three quantities over the CCAs for 1993-94 are shown in figure 6.2.

• The reference evapotranspiration ET 0 is much higher than the CWR (potential crop ET) for all canals of the Basin. A known conclusion is that the irrigation is required in all CCA. About four-fold difference of CWR is due to very low reported cropping intensities in some of the Sindh command areas. The actual ET C from irrigated fields can be less than or equal to the CWR. It indicates the nature of water stress. The gross inflow is much below ET 0 for all but two canals. M.R.Link canal of Punjab has good rainfall while the Rice canal of Sindh has the maximum per hectare canal diversions in the basin (chapter 4). The average gross inflow is 66 % of the average ET 0 , varying between 44 and 110 %.

It represents the level of natural aridity and scope for the gross inflow to be depleted.

• For Punjab canals CWR is about 70 % of the gross inflow, while for Sindh it is only 41 %.

For sixteen Punjab canals (out of 23), CWR varies from 70 to 120 % of the gross inflow. This level of gross water utilization is achieved through groundwater pumpage and by accepting a certain level of crop consumptive stress. This imbalanced use of water resources may pose a sustainability risk to the water resources.

• On the other hand, most of the Sindh and five Punjab canals consumed 50 % or less of the annual gross inflow for the reported crops. While, the groundwater tables are declining in some of these canals (chapter 4), which means that half of the gross inflow is finally not utilized by crops, but does not stay within the CCA. A complete water balance in the next sections investigates if this "excess water" could be saved or used for the agriculture. The total water used up or depleted in a canal command can be roughly estimated by the gross-inflow and the measured ground water storage change (depletion (GCA) = Gross-inflow + ∆S). The gross inflow into the GCA is consumed through different processes; a fraction is used by crops, a part seeps to the groundwater, evaporates from the surface or through nonbeneficial ET and a part goes to the drainage. The fraction added to the groundwater is reused through extraction and is used to meet the gap between the useable fraction of the gross inflow and the crop requirements. In other canal commands, the average crop uses are very low against the gross inflow. The total water utilized and depleted from each GCA versus the computed ET C is shown in Figure 6.3. For about one third of Punjab canals, the total water used up is equivalent to ET C ; two canals have even a higher ET C . On the contrary, the computed ET C of lower Indus canals are one third or even less than the total estimated quantity of water used up. Cropping intensities are low in these highly arid areas and a high quantity of water evaporates outside of the cropped areas. The net efficiency of water use is low. These are the areas, where water savings are possible. However, a key issue is to find out "the quantities", which could be saved or converted from "non-beneficial" to "beneficial" water uses.

Detailed Water Balance Results

As presented in chapter 5, the losses are taken to be 20 % from main and secondary canals and 25 % from watercourses. Hence, 60 % of the canal head diversions reach the farm level. The field efficiency is taken as 75 % for the non-rice and 70 % for the rice area. The resulting efficiency of the irrigation conveyance and field application varies from 40 to 45 %. The rainfall used by crops is assumed from 50 (for the 20 % of irrigated area having high rainfall) to 70 %, based on the rainfall volume and intensity (chapter 5). Following the approach of chapter 5, 5% of the water available at the root zone is assumed to be unaccounted transpiration from trees, grass and other farm uses. A 5 % higher efficiency is assumed for groundwater at the watercourse and farm levels because of a shorter average distance from the source and the farmer's better control on timing. Some earlier studies have even recommended a 10 % difference [START_REF] Kijne | Water and salt balance for irrigated agriculture in Pakistan[END_REF] in the canal and groundwater use efficiency at the farm level. The direct drainage outflow is considered nil from the Punjab canals and 10 % from the Sindh canals because of high water table and intensive summer irrigation [START_REF] Rbod -Sir | MacDonald & Partners and Hunting Technical Services[END_REF].

The Actual and Computed Changes in the Groundwater Levels

The changes in water levels within a GCA are influenced by different groundwater recharge and discharge terms. The water available for recharge in CCA and GCA is computed as a fraction of water losses from irrigation, rainfall, and network and river seepage. A fraction of this water contributes to crop production through capillary rise from the unsaturated zone, ET cap , and to evaporation from the waterlogged and high water table areas, ET F . A distinction is made between the water available for recharge and the actual groundwater recharge because the actual recharge is constraint by high water table leading to high ET F , which seems much more effective than drainage in many canal commands. The water "available for recharge" reduced by this evapotranspiration is the quantity of water percolating to the saturated zone.

The water is pumped from the saturated zone by shallow and deep tubewells. The water balance computes groundwater table changes following these steps.

V avail-gw-rech = Σ j I j (V loss ) j (6.4) V gw-rech = V avail-gw-rech -ET cap -ET F (6.5) ∆V = V gw-rech -V gw-p (6.6) ∆S = ∆V * S y (specific yield of the groundwater aquifer) (6.7)

Where, I j : infiltration coefficient of the process j V loss ) j : volume lost from the process j V avail-gw-rech : total volume available for recharge V gw-rech : total recharge V gw-p : total pumpage S y : specific yield or the drainable porosity ∆V : volumetric change in groundwater reservoir ∆S : change in groundwater table

The computed seasonal and annual changes in average water levels for the Punjab canal commands are shown in figure 6.4a. Very few canals have excess water at the end of the annual cycle. Only 2 perennial canals, Eastern Sadiqia and Thal, have excess recharge in Rabi season, while three non-perennial canals have excess recharge during Kharif. In 16 canal commands out of the 23 Punjab canals, the extraction of groundwater is higher than the recharge in Rabi. The gross volumetric depletion within the GCA is about 2.6 bcm, which is close to the measured volume of 2.86 bcm.

The general trend of computed changes in water levels has a good agreement with the monitored change in levels between June 1993 and June 1994 (Figure 6.4b). However, the results of the individual canal commands show bigger variations between measured and computed levels. Five canals (UCC, LBDC, Haveli-Sidhnai, Fordwah and Rangpur) having a higher computed depletion than observed. These are canal commands with substantial waterlogged areas within their GCA, for which additional free-surface evaporation was computed (Figure 6.6b). These canal commands are possibly getting recharge other than through the irrigation system and are probably using evaporation from the waterlogged areas as crop transpiration, assuming of course that their canal supply data are correct. The canals receiving high rainfall (M.R. Link, CBDC, Thal and UJC) have a slightly higher computed recharge than observed. The actual drainage or the crop uses from these canals could be higher. The gross command areas of the canals M.R Link, UJC, Thal, D.G.Khan and Muzafargarh have a high percentage of areas irrigated by only tubewells (figure 6.1). The official reporting of crop data with respect to irrigation source have higher chances of ambiguities and reporting errors. As well irrigated areas have low revenues, it is possible that a part of area irrigated conjunctively by canal and wells is reported as only well irrigated.

- Seven canals have a positive computed water table change between 100 to 400 mm (M.R.Link, Thal, Eastern Sadiquia, Qaim, Abbasia, D.G. Khan and Muzafargarh). The monitored levels do not show this change; rather a depletion is indicated which is quite prominent in some cases (Figure 6.4b). Only Abbasia canal shows an agreement of trend with smaller monitored change. Multiple reasons can be the cause of this disagreement, including groundwater dynamics not considered in the water balance of the individual GCAs. For example, the command area of the Sadiqia canal command is adjacent to Fordwah and Pakpatan both having higher computed depletion, so sub-surface water transfer is probable here. The M.R Link and Qaim canals have irregular annual supplies (Group IV of Punjab canals --chapter 4) and high well density. The Thal canal has a consistent increase in canal supplies and a high well density as well. These three canals have low cropping intensities and might have higher crop uses than estimated. The Eastern Sadiquia and D.G Khan canal commands have drainage projects and possibly having higher drainage than estimated. All seven canals have waterlogged areas and higher evaporation (non-beneficial or beneficial capillary rise) from these areas may also occur.

Six canals with a higher computed depletion than observed have a low surface water allocation, but they are either link canals or receive their supplies from two river sources. It is possible that these canals are receiving more surface water than reported. It can be seen from the figures that volumetric differences of the water-balance are in fact small. Despite above discussed discrepancies, the water-balance of the Punjab canals shows a good fit with the monitored groundwater trends and overall depletion.

For the Sindh canals, the situation is different due to groundwater quality constraints and sufficient canal water availability limiting the groundwater pumpage and making about 70 % of the area waterlogged in summer. The monitored water levels show no change or depletion during 1993-94, hence, all of the losses from irrigation and other uses are utilized through evapotranspiration or drainage. As discussed in chapter 5, the soil moisture is partly utilized by winter crops and due to the very high aridity, substantial evaporation can take place from the saline water table. The computed changes in groundwater table do not match with the observed data (Figures 6.5a,b). For half of the canals, the computed water table rise is about 60 cm, which is equivalent to about 12 cm average water depletion from the gross command area of these canals with a specific yield of 20 %. The possibility of higher cropping intensities and/or higher drainage from these canals cannot be ignored. For the calculation of crop water requirements for the individual canal command area, the reported irrigated areas by the irrigation department and well irrigation within the GCA is considered. A second data source is not available for the agriculture data of the main canal commands. 

Importance of Evaporation from the Water Logged Areas

Agriculture in areas with high water tables is confronted with problems of low agricultural production and the need for surplus effluent management. Drainage infrastructure has been a major sector of investment in the Indus Basin after the 1970s. However, the surplus effluent from irrigation, both in the sweet and saline zones, is managed through "natural drainage". This natural cycle consists of utilizing recharge through pumpage in one part of the basin, and huge non-beneficial evapotranspiration from high water table areas in the other. The high water table areas exist in the sweet water zone also, supporting low irrigation in winter, but substantial non-beneficial evapotranspiration in summer. In the moderate quality and saline areas of the lower Indus, a part of the good quality surplus effluent from the irrigation is beneficially used to recharge the water bodies (local lakes and shallow wells for drinking).

The groundwater table map for October 1993 andJune 1994 (Figures 2.7 and2.8) shows that the areas having high water table can be split into two types of areas, a part of the areas is permanently waterlogged, while water table generally seasonal groundwater levels variation.

In June only 1.97 million hectares were confronted with water levels up to 150 cm, while this went up to 4.93 million hectares in October (Figure 6.6a). This seasonal water table depletion occurs during the low supply period in winter, when the water is either used for crop transpiration or evaporates freely. For each canal, the evapotranspiration from high water table areas in October was estimated with respect to the reference ET. The estimated average free-surface evaporation is 7 % of the reference ET from the water-logged area of Punjab and 12 % of the Sindh canals. However, canal commands having a higher water deficit will use more soil moisture for the crop transpiration. The estimation of the groundwater used through capillary rise is based on the deficit of irrigation supply. The important assumption in this case is that the seasonal water stress is reduced to zero in waterlogged areas. Secondly, computations of the crop water requirements are based on official data and an underestimation is possible in some cases. In that case more water is available for the non-beneficial evaporation than the reality. For the average non-beneficial evaporation rate from the cropped and waterlogged areas the difference in canal behavior is clear from figure 6.5a.

When using the observed water table data as an input in the water-balance, the excess water quantity, V excess can be calculated, which has been managed through unaccounted uses, additional drainage or evaporation from the waterlogged areas. Figure 6.6b shows V excess and computed ET F . About half of the Punjab canal commands have no waterlogged areas. Four canal command areas have a positive balance even after subtracting the evaporation from the waterlogged areas. Based on the June versus October pattern of the waterlogged areas, seven Sindh canals have more than 90 % of their areas water logged in October (Figure 6.6a), which is reduced in June to 55 % (Kalri and Pinyari) to 1% (Rice canal). Figure 6.6b shows that seven Sindh canals have a surplus after subtracting ET F equivalent to 5 bcm volume. With the low performance of the drainage system, this is substantial amount to be accounted for. 

The Groundwater Pumpage

Different methods are used to estimate groundwater pumpage in predominantly agriculture areas. The scale of analysis, data available and objectives of the study influences the selection of the method. The field level direct assessment by local observations and extrapolation to larger areas is a commonly used method. However, for the Indus Basin level this would involve a huge amount of fieldwork. Remote Sensing is a relatively new technique to measure the total evaporation, but, its practical applications are still limited and at the level of calibration of the RS techniques and faces limitations for spatially heterogeneous scales in partitioning total evaporation into components.

The method of demand side calculations is mostly used at a basin scale (for instance, the Indus Basin Model Revised, used by WAPDA after 1978). The pumpage is estimated to compensate crop-consumptive shortage from the rainfall and surface diversions. The level of water stress and the quantities used by capillary rise are estimated based on field experiments or through the water balance. A high accuracy of crop data is required and computations of water available from different sources still need efficiencies, recharge and loss coefficients. As shown in chapter 5, various selections of these coefficients can lead to substantial differences in water balance and crop water stress at the CCA level.

In this study, the operational factor of tubewells and their existing capacity are starting points to estimate the pumpage, which is then refined by the water balance. The well distribution was surveyed by the Agriculture Department in 1994 for each district. The well density of private tubewells for each CCA is computed assuming uniform distribution within districts shared by a CCA. The public well distribution is taken from the SCARP project reports and NESPAK (1991). For the preliminary estimation of pumpage, operational hours are taken from WAPDA (1990), NESPAK (1991), andPPSGWDP (1999). The first estimation of the pumpage is modified through water balance iteration to achieve the water table for each GCA, as given by the water-balance equation. For the water-balance, it is assumed that the relative water supply ranges from 70% to 120% in good quality areas. For the saline zone the average operational factor is taken. In fact no pumpage is required for most of the canals by the water balance, while the well density indicates that some water is used in these areas.

The above-described estimation of pumpage starts from supply-side computations then integrates crop demand and includes capillary rise. At the district level, the tubewell utilization factor varies from 11 to 23 % (Figure 6.7). As shown in chapter 4, for 75 to 100 % good water quality CCA, the well density increases from 4 to about 10 per 100 ha. The second estimation is made to compensate supply deficit and potential crop demand for 1993-94 by extracting water without any restriction and assuming no water stress within the CCA. A comparison of both estimations shows that the difference between two methods is not very big (Figure 6.8). It varies in both directions indicating that the estimated CWR does not have a consistent discrepancy. However, by using the demand deficit method, the gap between computed and measured water levels will increase. The Thal, Eastern Sadiquia, D.G Khan and Muzafargarh canals should pump less than the estimation of the water balance resulting into a further increase in the water levels. On the other hand, canals command areas having already more computed depletion than the measured will pump even more to match their crop water requirements. 

The Water Uses in Agriculture

The water available at the root zone is calculated for each canal command by multiplying the quantity of water available at the farm level with the field efficiency. Hence, for each canal command, field efficiency is the ratio of water delivered to the watercourse by the water available at the root zone, following the concept used in the basin level water balance, where the field is considered to be the path of water between the root zone and the point on the watercourse where the farmer receives his water (RAP 1979). It is assumed that all of the available water transpires or evaporates from the root-zone region (because infiltration is included in the field losses); quantitatively, it can be lower or higher than the potential crop water requirements. The crop roots will use groundwater from the unsaturated zone depending upon the moisture condition and the water table, which is calculated separately based on the deficit between required and available water. The contribution of rainfall, groundwater, canal supplies and capillary rise, available for the crop consumption at the root zone would be:

V avail-crop = ef rain V rain-CCA + ef canal V canal-CCA +ef well V pump-CCA + ET cap-gw (equations 6.3 -6.6)

Where, ef j represents the efficiency coefficient and V j the volume of a particular water component. The percent contribution of different water components in the total water available at the root-zone is shown in figure 6.9a for Kharif 1994 and in 6.9b for Rabi 1993-94. The numerical values are given in Annex 6.1. The water uses in Kharif are about double of that in Rabi, following the same trend as the crop water requirements (Annex 6.1). During Kharif 1993, the rainfall contributed from 8 to 33 % to the available water in the root zone for the Punjab Canal Command Areas and 2 to 11 % for the Sindh canals. The Sindh CCAs near the Arabian Sea have a relatively higher contribution of rainfall in Kharif, but in the major part of Sindh, the rainfall contributed less than 5 % of the total water used (figure 6.9a).

During Rabi, the rainfall contribution is very low, on average 5 % in the basin and nil in some areas. The seasonal rainfall has significant impact on the wheat and cotton yield (chapter 5), but its quantitative contribution shows the importance of irrigation in the basin. The gross groundwater contribution at the watercourse level during Kharif 1993 is about 68 % of the canal supplies in Punjab and 5 % in Sindh. The groundwater contribution through capillary rise is taken into account for the areas having groundwater table at 1.5 meters or less (chapter 5). With one billion cubic meters (bcm) capillary rise in Punjab and three bcm in Sindh, the annual groundwater contribution increases to 72 % at the root-zone level in Punjab and 11 % in Sindh. This groundwater contribution should be recognized in Sindh, which takes care of 5 to 20 % of the crop uses in Kharif 1993 at the CCA level. The private tubewells' contributions have shown a sizeable increase in sweet as well as moderately saline areas of Sindh. In fact much higher contributions (up to 38 % during in a distributary command on Rohri canal) are reported (Lashari, Rust 2001). The study has found 100 private wells for an area of 542 ha of CCA. This constitutes a very high well density, which may be a direct consequence of the drought after 1997. However, the presence of this infrastructure is important as it will procure a permanent access to groundwater for areas relying so far exclusively on canal water and on meager rainfall.

During Rabi, some of the non-perennial areas heavily depend upon tubewell pumpage and capillary rise, even though presently with the available reservoir supplies all non-perennial areas are provided with some canal supplies. The Rabi contribution of groundwater in Punjab, other than for three canals, is equal or higher than the canal contribution at the root zone (Figure 6.9b). The gross volume of groundwater used in the saline zone during Rabi is less than the Kharif uses. However, there are some interesting cases of groundwater use. The Rice canal of Sindh is non-perennial having a very high water allocation in Kharif (for the rice crop). It leaves high soil moisture for the wheat crop in Rabi, which is grown with only one or two canal irrigations [START_REF] Rbod -Sir | MacDonald & Partners and Hunting Technical Services[END_REF]. The water balance carried out by the RBOD report shows up to 200 mm water used through capillary rise for the wheat crop.

The canal commands with high contributions of groundwater during both seasons, Kharif and Rabi, are either having sufficient recharge from rainfall and river network seepage or are confronted with a depleting groundwater reservoir in their irrigated areas. These areas are likely to have higher groundwater depletion than the surrounding non-irrigated areas.

Similarly, CCA with positive groundwater balance are likely to have higher recharge than the surroundings. Partly, this situation will increase the local sub-surface inflow coupled with groundwater quality problems. However, the average situation of these gross command areas may conceal the severity of groundwater stability threat in parts of the irrigated areas.

The contribution of groundwater in Sindh through capillary rise and pumpage is important to understand the existing irrigated agriculture in Sindh. The gross computed contribution through capillary rise is about 3 bcm, which is higher than the direct pumpage. This is because the water table is less than 1.5 meters for major part of the CCA. If not evaporated beneficially, this amount will add to Non-beneficial and free-surface evaporation. The secondary data shows very low cropping intensities in general, which are even lower in Rabi.

For most of the canals, the water received at the root-zone is in the range of the crop demand.

It is only in a few canal commands that surplus water is available in the root zone. The Rabi irrigation in the non-perennial saline canal command area can use some water from the high water table, but fresh canal supplies are important to these areas to attenuate the impact of salinity on crop production. The actual availability of water in Rabi is about 60 to 250 % of the crop demand for the individual canals. As shown in the previous sections, it leads to a high surplus.

Performance of the Irrigated Agriculture at the CCA Level

The irrigation and agricultural performance at the main canal level is an aggregate of field and farm level agriculture performance and represents average agro-climatic and water use characteristics of a command area. The production at the farm level can have a wide range within each CCA because of irrigation practices, crop choices and socio-economic variables influencing the farm output [START_REF] Strosser | Analyzing alternative policy instrument for the Irrigation sector[END_REF]. There is considerable heterogeneity in the farming systems in the Indus Basin as shown in chapter 2. The climatic conditions and cropping patterns are relatively stable across a CCA for the main crops. The water availability is a result of different parameters, some of which were clearly defined at the design stage like surface allowances, perennial and non-perennial areas and the allocated water quantities. However, the groundwater recharge and uses within a CCA are more difficult to establish, indicating the importance of a proper water balance. Hence, the performance of irrigated agriculture in a particular area must be assessed with "representative processes and appropriate variables and parameters", to meaningfully represent average and aggregate water management and agriculture production at the main canal level. To address this representation issue, a simple and direct approach is adopted by selecting a few performance indicators commonly used for gross area analysis. These indicators are applied to all main canals of Punjab and Sindh on a seasonal basis. A correlation table between different variables used in the performance analysis is given in Annex 6.2.

Irrigation Performance

The gross-inflow is the main bulk of water entering into a gross command area, determined by agro-climatic conditions (rainfall) and by management efforts of the public agencies and the users. The fraction of gross inflow beneficially used by the system depends upon conveyance efficiency, crop transpiration, useable recharge and the process of reuse of this recharge. The net change in groundwater storage within the boundary of analysis is added to the grossinflow to compute the "irrigation supplies" [START_REF] Clemmens | Estimation of Global Irrigation Distribution Uniformity[END_REF] or the "gross available water" [START_REF] Molden | Accounting for water use and productivity[END_REF]). This quantity is important to determine actual water-use and the groundwater sustainability perspectives. The canal diversions and the groundwater mobilization represent respectively the controlled domain of the Irrigation Department and a component fully managed by the farmers. The water components used in the analysis are the following:

Canal diversions are the river supplies at the canal head-works, all of this water enters into a CCA The gross inflow into the CCA includes canal diversions and total rainfall while the gross inflow into the GCA also includes seepage from rivers and link canals. The total gross diversions consist of canal diversions and the total groundwater pumpage. The total groundwater used in irrigation includes the water used through capillary rise.

The water available at the root-zone is the quantity available from all resources. The total irrigation supplies or the total water available to a unit is the gross inflow minus water added to the groundwater, i.e. the gross inflow + storage change.

The crop water requirements are estimated for the reported cropped areas of 1993-94 using the CROPWAT model of FAO.

The Diversion Coefficient

The gross total diversions (canal supply and pumpage) divided by the gross inflow (rainfall and canal supply) is a quotient of the gross inflow practically diverted for irrigation by the internal infrastructure of a CCA. The quotient can be defined as: "gross diversion coefficient of the Inflow= (surface diversions + Groundwater diversions)/(Gross inflow)". Its value can be more than one.

The seasonal and spatial variability of this ratio is shown in figure 6.10. The Sindh canals have diversion and gross-inflow in the same range, since most of them have only nominal rainfall and pumpage. Only four canals near the delta have slightly lower diversions than the gross inflow because of the higher rainfall (also see Figure 4.2). For most of the Punjab canals, the total diversions are much higher than the gross-inflow. During Rabi diversions are up to 250% of the gross inflow, for the non-perennial canals. 

Figure 6.10: the seasonal and annual diversion quotient of the gross inflow; (canal plus groundwater diversions/gross inflow)

This ratio effectively shows seasonal recycling behavior of the non-perennial canals command areas with sufficient rain and recharge to the groundwater reservoir during Kharif allowing the Rabi groundwater use. However, some canals with high pumpage in Rabi have a low annual diversion ratio, leaving a part of gross inflow to be used outside of agriculture or drained out. The water is transferred from Kharif gross inflow to Rabi diversions within the system thus increasing more the average seasonal diversion coefficient than the annual diversions coefficient. However, it can be concluded that only a small fraction of gross inflow is available outside the irrigation systems and the Rabi diversion efficiency is enhanced to different levels by a seasonal transfer of water.

Consumptive Use Coefficients

By design and planning, in the rural set-up of the Indus Basin water requirements of several sectors are often satisfied from the same water resources; a well may be used for irrigation as well as for livestock and washing. In the saline areas, the canal water is invariably used for domestic uses. Due to the livelihood orientation of the small farms, several "informal" crops such as vegetables are grown for household consumption along with the formal crops [START_REF] Tahir Zubair | 1873 with Additions of Punjab Minor Act 1905, Sindh Irrigation Act 1879, Soil Reclamation Act (for whole Pakistan) 1952, Mnasoor Book house Katchry Road Lahore The Manual of Irrigation Practices[END_REF]. It is difficult to precisely account for these uses in a water balance (5% of the total crop uses considered by this study) or a performance analysis. The difference between the actual beneficial depletion and crop consumptive uses is increasingly discussed to improve the demand side accounting, called "non-process beneficial uses" by Molden 1998. Nevertheless, it is difficult to precisely partition "irrigation uses" into components.

The gap between the actual water depleted from the root zone and the consumptive water requirements represent the existing water stress. For majority of the Indus canals, estimated crop water requirements are higher than the available water; the crops in these command areas use less water than required. In the saline area surface supply is much higher than the CWR. It does not seem judicious, therefore, to use these crop water requirements as a starting point for calculating the actual crop use and water use efficiency. The performance of the irrigation system must based on its ability for the process consumption out of the water supplied to an area. Hence, fraction of the gross available water depleted from the root zone is considered here equivalent to the "irrigation efficiency".

The ratio between crop water (consumptive) requirement and total irrigation can be called potential consumptive use coefficient, which can be higher or lower than the depleted fraction. In case of water stress, depleted fraction is lower than the potential consumptive use CemOA : archive ouverte d'Irstea / Cemagref coefficient. In such a situation, to satisfy the crop consumptive requirements for the same water input (gross inflow), the irrigation efficiency needs to be improved. In case of lower consumptive use coefficient there is a potential to enhance the uses to fully utilize the existing efficiency of the system. The irrigation efficiency varies from 25 to 90 % in Punjab and 25 to 75 % in Sindh (Figure 6.11). There is one case in Punjab and three in Sindh, where the crop water requirements are only about half of the water available at the root zone. For most of Punjab canals, the situation is less advantageous for higher agriculture planning. As the conveyance efficiency is taken 40-45 % for the canal supplies, 60 % for the pumped water and 50-70 % for the rainfall, the canals having crop water requirements over 60 % of the gross-inflow are likely to have a generic water stress. However, not all the water lost on the way is lost for the farmers through the groundwater recycling.

The Root-zone Depletion and the Water Input Process

The depletion from the root-zone is the quantity of water that could be utilized as a result of canal irrigation, rainfall and groundwater (capillary rise, pumpage). In the context of current water resources management in Pakistan, the root zone depletion is important as a fraction of total diversions (canal, groundwater and rainfall), gross inflow (canal diversions plus rainfall) and the net irrigation supply (canal diversions, rainfall and storage change). A comparison of these three fractions shows where the concerns of irrigation efficiency lie. The gross inflow is the "new water" entering into the area. The net water available is higher than the gross inflow in case of groundwater mining (and sub-surface inflows) and lower in case of an addition to groundwater reservoir. The depletion fraction of the total diversions represents the efficiency of irrigation network of canals and groundwater biased by the contribution of rainfall. The Irrigation Agency tries to improve this value by reducing the network losses and farmers improve it by coinciding the timing of maximum demand and the groundwater pumpage.

For the Indus canals, three fractions are shown in Figure 6.12. The root zone uses as a fraction of total diversions are relatively uniform across the Punjab canals, as they reflect the primary efficiency of water use from three resources. The difference between depletion as a ratio of gross inflow and the total available water indicates the groundwater reservoir behavior. It links to potential of the command area to optimize its water uses against the supply. The same value for both fractions shows no change in groundwater tables. The canals having these fractions closer to the gross inflow fraction use minimum groundwater. The production per unit of CCA and the cropped area is computed by dividing the total production by the respective areas. The GVP from a cropped hectare varies from 170 US$ to 350 US$, but most of the canals are close to 250 US$/ha. This variation in GVP comes from the cropping patterns. Most of the Sindh cropped areas perform higher than average because of high value Kharif crops (chapter 2). The GVP/CCA is stretched in a huge range, from 60 to 475 US$/ha due to cropping intensities. The cotton growing areas of Southern Punjab have much higher than average GVP (Tahir and Habib 2001), these areas also grow high quality fruits like mangoes and bananas.

It is notable that Punjab CCAs growing low value crops have lower cropping intensities, while the cash crop areas have higher cropping intensities. A strong correlation between cropping intensities and GVP per unit land and water is shown in Figures 6. 13-6.15 and Annex 6.2. The correlation coefficient between the GVP/ha and cropping intensities is 91 % for both seasons. For higher cropping intensities, the GVP/CCA-ha increases exponentially, which means that the share of high delta crops increases steadily beyond a certain level of cropping intensities.

CemOA : archive ouverte d'Irstea / Cemagref

The Kharif GVP is positively linked with the total water availability and pumpage, while during Rabi no such trend exists (Annex 6.2). The reference ET has positive correlation (R= 70 and 80 %) with GVP/CCA and GVP/CA during Kharif indicating higher production from the arid areas (because these areas grow cotton and summer fruits). Apparently areas having cash crops use more inputs and maximize their production during Kharif when there is less water shortage. Kharif cropping intensities have a positive correlation with pumpage and Kharif supplies. In Rabi, cropping intensities have significant correlation (R= 70 %) with canal diversions and much weaker correlation (R= 51 %) with the surface water allowance. It can be concluded that cropping practices during Rabi follow the "thinly spread extensive irrigation philosophy", focusing on less water demanding wheat crops. Whereas areas having higher water availability grow cash crops in Kharif and augment their surface water allowance through groundwater pumpage. The cropping intensity is the most influencing variable affecting irrigation and agriculture performance.

The productivity with respect to "three waters" is plotted in Figure 6.14. The variation of GVP per m 3 for these three waters shows the importance of the selection of a "water variable". It also shows that the GVP is a combined output of the total water availability, constituted by canals, rainfall and groundwater. The GVS/m 3 with respect to canal water is not comparable across the basin, because the canals have different shares from rainfall and groundwater. The areas having canal supplies as the predominant source need to save canal water to increase the GVP/ m 3 . While high values of GVP for canal water often indicate a major contribution of rainfall and groundwater. The GVP of the water depleted from the root zone may be the most important indicator, as it show how much crop-value an area can produce with a unit quantity of water. But still it is not an "objective, uniform parameter" for the spatial comparison of the systems having different cropping patterns and climatic conditions.

For the areas of high cropping intensities, the water productivity is expected to be higher. But, as shown in figure 6.15, the water productivity (GVP/m 3 ) is relatively flat against the exponential increase of land productivity (GVP/ha) at high cropping intensities. This means that high water consumption crops are grown by the areas having maximum output. The trend is supported by the cropping intensities and water use trends in Kharif. More importantly, the analysis shows that saving canal water across the Indus Basin will not necessarily have the same impact in different canal commands in terms of land and water productivity and may not be consistent with increasing the value of water as farmers, for example, may be forced to select less intensive cropping patterns. The surface water reallocation exercise will, therefore, have to be carried out while understanding the contributions of different water terms to irrigated agriculture.

The Surface Water Management

All canal command areas, developed around the distribution of surface irrigation water, receive canal supplies in different quantities varying in different proportions during Kharif and Rabi. Rainfall was shown to be an important source of water, while groundwater is increasingly contributing to the total water availability. However, canal supplies remain the predominant water source and the main contributor to groundwater recharge and constitute the most controlled water component with defined targets, rules and procedures for sharing it. New procedures have been introduced with time and a higher flexibility is available for readjustment of canal supplies after the inception of link canals and reservoirs and the conjunctive use of groundwater. Modifications could be expected in the surface water distribution responding to the higher flexibility and increased demand. The planned targets and authorized operational procedures are two essential components of the water distribution process. This section reviews the conceptual and quantitative changes in design targets, which are originally conceived to be authoritative (chapter 3). This is followed by a review of changes in operational procedures, which are shown to be more dynamic tools to minimize the gap between planned and actual water availability.

The design targets are defined as a set of parameters, which will be analyzed: water duty, water allowance, authorized discharge and the canal command areas (chapters 2, 3 and glossary). Under normal water supply conditions, these targets are rather rigid. However, the development and water use process can introduce changes with time, either within the operational range (regime limits are one example) or by replacing the previous targets. The changes due to progressive development like a higher water availability, an increase in cropping intensities, different water sharing at the local level (a barrage) by means of modified schedules and small increases in CCA are normally handled within the capacity limits of the system. There are also modifications in the allocations due to salinity management in terms of special supplies (WAPDA action during sixties and seventies) or water logging mitigation by reducing water allowance or increasing the command area. A physical rehabilitation can lead to a change in capacity and authorized discharges or the operational rules responding to the higher flexibility and/or changed demand.

The old Indus irrigation systems have absorbed various small and gradual changes without new definitions. The successful functioning of these systems over a long period encourages maintaining the "original concepts" and allowing for changes as limited "exceptions here and there". All above-mentioned adjustments were possible in the Indus Basin due to its size, age and interconnectivity of the network, modifications in water acquisition infrastructure, the level of sharing and the political interests. Some changes are not acknowledged due to management inefficiencies of the system or due to political reasons. In the context of water allocation analysis, two questions need to be answered:

• What procedures were originally planned for accommodating changes in water supplies? • What have been the actual changes and how have they been accommodated (procedures)?

The planned Flexibility and Scope for Adjustments

The authorized process of water allocation and distribution target setting is summarized in Figure 6.16, indicating the expected path of modifications. The final water distribution targets CemOA : archive ouverte d'Irstea / Cemagref are the result of decisions taken at different levels, based on internal choices for the adopted irrigation setup and external influence. There is a limited flexibility to the system for future adjustments. Figure 6.16 also shows where and what types of changes are expected in an already operational system. Black boxes and arrows show the original design sequence; Green indicate changes in design parameters, i.e. modifications in allowance and capacity, these changes require rehabilitation; Blue color shows modification in the CCA and authorized discharge within the existing flexibility of the system; and Brown color shows changes at the operational level or the real time control of the delivery.

As, shown by the figure, the first three steps (boxes 1 to 3) lead to the project feasibility and the selection of design parameters (box 4). The values of these parameters in a new irrigation project were based on the technical feasibility, socio-economic factors, existing agriculture and political institutions. The factor like water availability and technology making the major difference, the economic and political policies played a role in adding heterogeneities at the earlier stage. After first operations, the design parameters were adjusted in many cases. For example, to satisfy all parties, more water was allocated to the Sutlej Valley Project areas than available for perennial supplies, but later on a part of the system was converted to nonperennial. The compromised level of these factors caused a variation of water allowances within the project and a surplus potential capacity of the network in some cases. All nonperennial systems have a physical flexibility for Rabi as the allocations are generally less than the capacity; similarly, link canals have higher physical capacity for the internal system. The design freeboard and local non-agriculture allocations also provided additional margin to varying degree, because both of these have been eroded with time. Due of this capacity margin, it has been possible to change two design parameters, CCA and allowance/authorized discharge, without rehabilitation as shown by the transition from box 4 to box 6, path indicated by the blue color. The rehabilitation principally can change all design parameters at a main canal and lower levels, as shown by the green arrows. However, in the actual practice, rehabilitation is carried out either to establish the design parameters or to extend the system. The extra water available to the old system after 1967 is adjusted by taking an advantage of the physical flexibility (blue color) or through regulation as shown in the figure (brown color). The changes in the operational targets are possible with a change in operational rules and priorities as indicated by the brown color in figure 6.16. This, in fact represents the process of scheduling, which, in a simplest scenario should have only equity considerations, i.e. to operate all canals proportional to the design or authorized discharge. In the real surface water supply management, the operational management is a key method having multiple rules with diverse concepts like the seasonal priorities, historical diversions and the operational guidelines by WAA 1991.

The Reference Data for Water Distribution

A difficult step was to obtain an authorized set of reference data to present the design or authorized parameters of the existing system. The latest complete set of design parameters of the main canals is given by WAPDA in the Revised Action Program for Irrigated Agriculture (RAP 1979). A part of this dataset is reproduced in Annex 2.3. The data given by this table incorporates some modifications to the canal data compiled by Harza consultants in 1963. The same data set is repeated in 1990 (WISP) and 1993 (Shams-ul-Mulk) by WAPDA. Other than official agencies, these "design values" are used and quoted by many studies (Dahmen and Hall 1990[START_REF] Bandaragoda | Warabandi in Pakistan's canal irrigation systems: Widening gap between theory and practice[END_REF][START_REF] Kuper | Irrigation management strategies for improved salinity and sodicity control[END_REF][START_REF] Halsema | Trial & Re-trial -the evaluation of Irrigation Modernisation in NWFP[END_REF].

Despite being widely mentioned, the above-mentioned 'official' data are different from the authorized discharges 'officially' used at the barrage level, the actual average or from the maximum actual seasonal discharges, or the discharges adopted by the Water Allocation Accord. The CCA given by this table is different from the annual CCA given by the Irrigation Departments in their annual reports (revenue data from 1884 to 1998). The discharge data are also different from the regulation targets. The most important parameter for this study is the "water allowance". Many field level studies [START_REF] Kuper | Irrigation management strategies for improved salinity and sodicity control[END_REF][START_REF] Bandaragoda | Design and Practice of Water Allocation Rules: Lessons from Warabandi in Pakistan's Punjab[END_REF][START_REF] Murray-Rust | Extended Project on Farmer Managed Irrigated Agriculture Under The National Drainage Program (NDP): Water Distribution Equity in Sindh Province, Pakistan. Lahore, Pakistan[END_REF][START_REF] Halsema | Trial & Re-trial -the evaluation of Irrigation Modernisation in NWFP[END_REF]) have mentioned changes in actual water allowances at watercourse level. But no detailed analysis of the main canal water allowances is available. To understand the discrepancies in reported data and to compile an accurate reference data set, the abovementioned data is improved by comparing a) different design parameters quoted in 1978, i.e. water duty, allowance, authorized discharge; b) the data reported by different official sources.

Tracing out the original values for all parameters was an exploration process and a good learning experience. It provided an understanding of which documents and persons should be consulted to verify different canal data. For the canal capacity and design parameters, the last project completion and the rehabilitation reports must be consulted. The changes in CCA and GCA are relatively more frequent and normally indicated by the annual crop reporting of the Irrigation Department. A valuable document summarizing command areas and the capacity of the secondary system had been "the irrigation directory" in the past. The Punjab Irrigation Department published the last directory in 198410 , which provided very useful information about authorized discharges, CCA and GCA of the secondary and tertiary systems of each main canal.

The Water Allowance, Authorized Discharge and Capacity

It is a tradition in the Indus Basin to use the term "capacity" for the "authorized discharge" (RAP 1979) while excluding the freeboard. This would seem to indicate that authorized discharge is as fixed as the capacity, which is not a planned or an actual practice. The main canal design capacity comes from the accumulated water allowance of all watercourses by adding net losses and additional committed water outside watercourse command. In case of link canals, the term "designed internal capacity" is used for targeted diversions to the secondary system on the link canal plus the losses. The losses are usually taken as 20 %, but vary for different systems, and can go up to 25 (LCC) and 30% for the Indus canals of Punjab. A comparison of computed and given "capacity" of irrigation canals is discussed below.

For WAPDA (1978), when the accumulated watercourse allowance (based on average allowance for 1000 acres of CCA given in the table) is compared with the given capacity of the main canal, a difference of 20-30 percent can be expected. The computed difference of both parameters is shown in Figure 6.17. For two main canals, the total watercourse allowance is 20 % higher than the main canal capacity, simply indicating that one of the parameters is not correct. For the rest of the canals, the capacity is 0 to 120 % higher than the accumulated allowance. The extreme limits of this range could not be justified. No system has 100 % design conveyance efficiency from the main canal head to the watercourse head, while the conveyance losses in the main and secondary canals cannot be more than 100 % of the diversions. Three types of inaccuracies have caused this inconsistency: a) problems with average values of water allowance; b) incorrect reporting of the CCA and GCA; and c) additional water included in the authorized discharge (reported as capacity by the RAP 1979) The different values for GCA, CCA, design capacity, authorized discharges and water allowances are given in Annex 6.3.

Average Main Canal Water Allowances

The water allowances have a big design range at the watercourse and the secondary levels of different main canals and can vary among the secondary and tertiary systems of a main canal.

In case of a high variability of allowances within a CCA, there could be a higher bias in the translation of accumulated water allowances to the main canal level. It is possible that after having an average value for a project, the allowance varies for specific areas of the CCA for techno-political reasons (chapter 3). Some of the watercourse allowances are not considered permanent and not included in the weighted average, like supplies to forest areas, salinity reclamation and the special allowances for different schemes. The water allowances of six canals of Punjab (UCC, M.R.link, Bahawal, Muzafargarh, Qaim and D.G.Khan) have increased during the Indus works -around 1960. Three of these changes (Muzafargarh, Qaim & M.R.Link) have been officially documented. In other cases, some small variations occurred due to change in the perennial and non-perennial ratio of the command areas of the canals. The UCC, CBDC and Pakpatan canals had new secondary canals with a different average water allowance. The allowance in Sindh covers a range of 3 to 19 cusecs per 1000 acres. However, this range is not used as a strong reference, because canal commands with lower allowances have been shifted to much higher actual supplies [START_REF] Visser | Canal water distribution at the secondary level in the Punjab, Pakistan[END_REF]). In addition, canals with very high allowances have low demand and historical diversions. The supplies to these canals are extended into the Rabi season (earlier sections this chapter). The allocations of WAA 1991 give a maximum Kharif allowance as 9 cfs/1000 acres (0.63 liters/sec/ha) for Guddu barrage canals, while the design average allowance is 14 cfs/1000 (1.0 liter/sec/ha).

While the surface water provided in Rabi is without any allocation.

The CCA and GCA

The unexpected behavior of two canals of Sindh (Desert & Pat feeder, Ghotki Feeder in figure 6.17 having lower main canal capacity than the accumulated allocation) is due to incorrect values for their Canal Command Areas (CCA). WAPDA (1978) and other documents have reported originally proposed command areas, which were more than the actual designed CCA.

For the five Sindh canals on Guddu and Sukkur Right bank, the CCA is corrected as given by RBOD Master Plan (1993) with a reference of the Provincial Irrigation Department.

The current official sizes of CCA are different from 1978 for 60 % of the canals (Annex 6.3).

There are small changes in CCA with time as new watercourses are sanctioned on canals or additional land is sanctioned within existing watercourses (Kuper 1996). With time new outlets are also provided on main and branch canals, a strictly forbidden practice in the past [START_REF] Shafi | Scheduling Of Water Deliveries In The Irrigation System Of The Indus Basin (Pakistan), 3 rd International Network meeting on Information Techniques for Irrigation Systems[END_REF]. There is illegal addition of watercourses on main canals having a surplus capacity. Recently, the Chairman of the Nara Area Board indicated the presence of about 100 direct outlets on the main canal drawing 25% of the main canal discharge. Direct service areas are added on link canals, some of them belonging to the old canal commands (Irrigation Directory 1984 provides valuable information on these adjustments), but some are new areas. Many of these changes occurred during physical readjustments of main canals during the Indus works of 1960-1978, especially in Southern Punjab and the Ravi river command areas.

The Authorized Discharge and the Capacity

Theoretically, the authorized discharge should only change with the evolution of the allowance or the CCA, but in practice it is the most active parameter for the target adjustments of the supply-based systems. It is a common practice that changes in authorized discharges are not clearly linked with changes in the CCA or with water allowance at the watercourse level unless the design documents are revised after a full rehabilitation of the system. The authorized discharge is a target for the manager taking care of the main canal diversions from the barrage [START_REF] Shafi | Scheduling Of Water Deliveries In The Irrigation System Of The Indus Basin (Pakistan), 3 rd International Network meeting on Information Techniques for Irrigation Systems[END_REF]Habib 1996, Khan 1991). But, after the inception of reservoirs, he is obliged to agree with the diversions decided by the Provincial Regulation Office and after 1991 (WAA) to follow the decisions of IRSA. In return he has more predictable supplies from the upstream.

The data of 1978 for the canal capacities is compared with the "authorized discharges" of the Provincial Irrigation Departments in 2000 and 'Full Supply Targets' used by the regulation office of Punjab in 1999 and the authorized discharge from 1984 for the secondary canals.

Considering capacity as the primary variable, the other three are plotted on the y-axis in Figure 6.18, the diagonal line showing one to one correspondence. For about half of the canals, the official data of 1999 and 2000 are the same and most of these canals had the same official capacity value in 1978. Five canals having the same targets in 1999 and 2000 but smaller than 1978 indicate having higher actual capacity while in four cases capacity is lower clearly showing an official change in the authorized discharge. It is not unexpected that the regulation has a bigger scatter against 1978 capacity, because of its role as a real adjustment tool. The accumulated head capacity of secondary canals in 1984 provides an interesting comparison for the Punjab canals. This capacity is almost the same as the main canals capacity in 1978, even higher in some cases, however some of the canals have lower distributary capacity. Clearly, there are no uniform relations between different targets and no consistent updating. The Figure 6.18 shows that a "complete and fully authorized" update of the 1978 data cannot be compiled by any research study as more than one alternate are available. Further investigation of few cases shows that changes in the actual supplies are dealt with in different ways and it is not easy to define the origin and justification of a variation. For example, indents exceeding the authorized discharge are sometimes put in place and implemented for a number of years and may become with time the authorized discharge at the local level. For example, the authorized discharge of Eastern Sadiqia was reported as 138.77 m 3 /s (4900 ft 3 /sec) in 1963 and 1978. The Irrigation Department modified it to 164.26 m 3 /s in 2000 (used at the Sulmanki barrage and given by the Irrigation Department website). However, both values continue to be used by different reports, and there is even a "third value" referred to by IWMI and IWASRI at 172 m 3 /s as authorized supply during 1996-99. For the Lower Chenab Canal, 325.7 m 3 /s and 331.4 m 3 /s are given respectively in 1978 (WAPDA) and 2000 (ID web-site), while the regulation office Punjab uses 382.3 m 3 /s. At the same time, the full supply capacity reported in 1995 is 345 m 3 /s (Salient Statistics of the Faisalabad District 1994-95). These different authorized discharges for LCC are summarized below in Table 6.1.

The supply source and the command areas of Pakpatan, Haveli, Mailsi and Sidhnai have changed as discussed in chapter 3. In the WAPDA report (1978), the Bahawal CCA includes only Upper Bahawal while the reported discharge covers both upper and lower Bahawal. Hence for the Bahawal canal, the same CCA, corresponding to the Upper Bahawal command area, is reported in 2002 (Irrigation Department website). However, its authorized discharge has been reduced by 30 m 3 /s (4400 cfs in 2002 instead of 5400 cfs in 1978). The authorized discharges reported by the Irrigation Directory in 1984 for the secondary canals have been CemOA : archive ouverte d'Irstea / Cemagref summed up and compared with ID discharges 2002 for the main canals. Apparently, there is a decrease in authorized discharge during this period. Almost all Sindh canals provide water for drinking and some for the natural lakes also. This water is not separately mentioned from the irrigation supplies by WAPDA and ID documents.

Mostly non-agriculture "special supplies" are an important source of bias in the saline areas. Surface water is provided for drinking water and special projects like "salinity management" or "natural lakes" in Sindh. These allocations are not separately mentioned. Apparently, this water is included in the capacity and the authorized discharge, but, not in the watercourse allowance, because separate watercourses are provided for these supplies. According to some documents non-irrigation allowances are 3 % (National Water Strategy 2003), which is a considerable amount equivalent to 4 billion cubic meters at the main canal head. Currently, it is impossible to distinguish this amount of water from the irrigation supplies.

The data on the actual physical capacity of the main canals could not be collected by this study. The free board of many canals has increased with time due to physical rehabilitation or by pushing higher discharge impacting on the canal cross-section. The new crop-based systems are also provided with extra-margin in freeboard (CRBC Stage III provided 30 % and Pehur 1981 40 % freeboard). However, the available secondary data clearly proves an increasing deviation of the authorized discharge from the design discharge.

Water Allocation and Operational Procedures as Management Tools

The formal process of setting surface water distribution targets from watercourse allowances to the seasonal authorized discharge at the main canal head ends with the operational procedures (figure 6.16). At this level, the authorized seasonal discharge and the expected flow hydrograph at a particular node/structure is used to formulate 10-daily delivery schedules. These schedules are planned for 10-daily fixed discharges, but which can fluctuate as a consequence of upstream fluctuations in the flow hydrograph. This section discusses changes in the nature and role of operational schedules with time as the irrigation network of the Indus Basin evolved.

The scheduling is a key activity between surface water authorization and the actual irrigation supply. Many studies have shown its role in the operational management of irrigation systems. [START_REF] Jacques | Improving irrigation management using decision support systems: A framework and review of IIMI's experience[END_REF] identify it as an activity, which requires an elaborate knowledge about supply and demand (crop consumptive uses or requests from users or the agency) as well as the system's physical parameters and a real time feed back mechanism to improve it.

According to him a loop of command, observation and evaluation is required for both scheduling and operations. [START_REF] Kuper | Irrigation management strategies for improved salinity and sodicity control[END_REF] identifies official operational rules considered in the formulation of scheduling in the rotation based secondary canal operations. He showed that water distribution could be made more stable and equitable by an implementation of these rules. For a crop-based system, scheduling is quite close to the in-season allocations and not differentiated as a separate process (Nijman 1991), but for a supply based system it is closer to the operational planning or scheduling and locally called "regulation planning" [START_REF] Siddiqi | Pakistan's irrigation system[END_REF] or "water distribution program" [START_REF] Khan | A Geography of Pakistan[END_REF].

"The regulation of Pakistan Canals is planned separately for each crop season. The forecast of anticipated availability both for the flow and storage is prepared at the beginning of each season. The regulation programs for each season for all canals are prepared on 10-daily bases. These programs are notified to the public to facilitate farmers to plan their sowing. However, after 1991, canals are theoretically operated according to or in proportion of the 10-daily allocation approved by WAA. The actual running of the system is monitored in the central regulation directorate where a proper water account is kept. In a canal system, Indents are prepared by the local Irrigation manager, supplies are released in the channels from the headworks in accordance with either these indents or with allocations made by the Central Design Directorate, whichever is less" (M.H. [START_REF] Siddiqi | Pakistan's irrigation system[END_REF] All above mentioned descriptions address water scheduling as a dynamic process on the short as well as on long term bases. The process of feedback can vary depending upon the type of system.

In the Indus Basin, process of target setting from the "water allowance" to the "authorized discharge" has conceptually remained the same. The operational procedures, on the other hand, went through major changes after the inception of the Indus works in 1960, which changed original priorities and brought in a certain demand influence. The WAA of 1991 further changed matters, providing fixed targets for the scheduling. Three different situations influencing scheduling and operations of the system will be discussed in the next sections, allowing an identification of their evolution.

Before the Inception of Reservoirs and Link Canals: a Run-of-the-River System

In the absence of reservoirs, the regulation serves to distribute the surplus or shortage of the river hydrograph on a "real time basis" against the authorized discharges. The construction of barrages or 'regulation locations' and inter-river link canals in the Indus network, allowed increasing the level of sharing and reducing the allocation and supply gap. The water stress had to be managed between canals and between barrages (groups of canals) without backup supplies. The authorized discharge as a target had relevance appropriated by diverging indents (demand placed by the managers of the downstream system -linked with the level of agricultural development) and the operational priorities agreed by the regional agreements (chapter 3).

According to the design theory of equitable distribution, ideally main canals are operated within 80 to 120 % of the authorized discharge. The main canal headworks are the key physical structures operated to achieve scheduled quantities. Figure 6.19 shows how operational decisions are made to achieve water distribution targets while responding to three types of supply versus flow conditions.

1. In case of sufficient river flows, all main canals are operated to deliver water according to planned schedules satisfying authorized discharges or the indents. This happened generally during a few weeks of summer; the diversions during this period are called 'unregulated'. Indents are followed if lower than the authorized discharge; higher indents are fulfilled only if excess water is available. Actual diversions could be lower due to low demand or due to reduced physical capacity. The diversions could be higher within capacity limits if demand is high and more water is available. Thus, with no water availability constraint, the equitable distribution of surplus flows is flexible within the regime range and demand can be fulfilled within this range and the capacity limits.

2. During the river water shortage of early and late Kharif, delivery targets are higher than the river hydrograph and scheduling and regulation are indeed complicated. The daily hydrograph varies due to rivers' rise in early Kharif (April-May) and decline during late Kharif (September-October). Part of the system has low competition with the systems at parallel and downstream and shares the shortage with other canals following 10-daily schedules developed with knowledge of historical river flows. These canals would have 'equitable' distribution of shortage received at their particular regulation nodes. Other canals with higher competition will have a two steps approach in sharing the shortage, 1) operational priorities between barrages (groups of canals), 2) equitable distribution between canals on a barrage. For a few weeks of high stress, the role of priorities will be important to determine if a canal will get water, Figure 6.19. This is the period, when shortage is shared, using operational priorities, 10-daily schedules and an equitable distribution.

3. Towards the middle of Rabi, the inflow hydrograph reduces to 20 % of the summer flows.

The reduction in flows at different regulation points is different in volumes and patterns.

The official closure of non-perennial systems reduces the Rabi commitment. However, the river hydrograph could be higher or lower than the Rabi allocations at different nodes.

The perennial canals will have different opportunity to have water depending upon their physical location. Rabi regulation is, therefore, all about ensuring that upstream nodes do not consume more than entitled and pass on "judicial share" downstream. Following the 'maximum utilization' principle, non-perennial canals can get supplies for small periods whenever surplus water is available. Schedules are required all along Rabi diversions with knowledge of historical hydrographs and committed downstream demand. Summarizing, the run-of the river systems manage shortage through equitable distribution, operational priorities at the main canal head (reflecting the global priorities of the basin) and the official indents (reflecting historical changes in demand). In Rabi, the water shortage leads to operations managed through priorities. The surplus flows are shared to various degrees with a reference to authorized discharge, but with an influence of water demand and capacity.

After the Inception of Reservoirs and Link Canals

River water shortage against the authorized discharge reached its maximum during the period 1956-66 as 3 new barrages and 10 new canals were added in the basin. At the same time, the Eastern Rivers' supplies decreased with the Indus Waters Treaty of 1960 and the allocation priorities of barrages became severe. The first impact of Mangla and Tarbela reservoirs was to reduce and relax the operational priorities. Mangla (1967) provided immediate relieve to Jhelum and Eastern Rivers commands and Tarbela (1977) particularly enhanced Rabi supplies to the lower Indus systems. The addition of reservoirs and link canals changed the real-time river hydrograph for all, but one diversion node on the Chenab River. For regulation, new decision-making control structures were added upstream of the river-irrigation network.

The reservoirs start storing flows as the Kharif hydrograph rises imposing a check on canal diversions during this period. A change in the scheduling process was that indents at the local level became less relevant as the Reservoir Regulation Authority finalized storage and release plans at a higher level. As shown in Figure 6.20, a competition between diversions and storage replaced the previous period of "free operations", requiring a continuous feedback between reservoir and main canal regulation levels. The storage schedule can be modified to meet the demand of provincial regulation offices, while reservoir releases are possible for small intervals to maintain the stability of supplies. For schedules at the barrage level, authorized discharges and an equitable distribution remain the key references.

The regulation during early and late Kharif remains critical, although the previous priorities were relaxed. The most sensitive regulation decisions relate to the arbitration between releasing Kharif supplies on the provincial request and saving sufficient water for Rabi. In principle, each Province is responsible to decide about the quantity and time of the release of its share. But, the decisions have to be taken at the reservoir level to handle demand of the provinces, forecast future reservoir storage pattern and release while taking care of the existing reservoir levels. There can be still a shortage against provincial demand, but it is more of a "managed shortage" by the Irrigation Departments. The Director Dam Review Cell of WAPDA in his description of reservoir management says, "the suggested operation criteria is developed based on: i) to reserve reasonable storage towards the end of Rabi season for utilization in early Kharif, April-June sowing period; ii ) in September some stored water is generally utilized in maturing Kharif crops" [START_REF] Khan | A Geography of Pakistan[END_REF]. In principle, each barrage is responsible for local distribution using equitability criteria. However, a bigger control on the distribution lies with the Regulation Office, managing reservoirs and link canal releases.

Equity and adequacy are conflicting objectives for reservoirs' operations. The demand to release storage varies spatially and temporally due to cropping patterns. There is high demand for surface releases in late Kharif for cotton in Southern Punjab and Sindh. Then there is demand for wheat sowing in early Rabi, while land preparations for the next cotton crop starts early Kharif before the river hydrograph rises. Most of the provincial disagreements on releases occur around the end of the hydrological year, late Rabi and early Kharif. This stress/demand pattern is different from the authorized Rabi/Kharif discharges. Storage is released to comply with this demand; authorized discharge is not a target. The above-mentioned operations of reservoirs and canals have a disparity with "design authorized targets". It is clear during Rabi and the water stress periods of Kharif, when reservoirs' operations are greatly influenced by crop demands. After the inception of reservoirs, Rabi supplies are provided to larger areas and the operational targets have a pressure to shift from the priority based perennial area operations to demand influenced distribution during stress periods.

Role of WAA in Scheduling and Regulation

With an increase in cropping intensities and water demand, the water stress again increased in the 1980s and 1990s. The barrage level priorities had disappeared and new diversion patterns progressively evolved. The Water Allocation Accord of 1991 addressed the division of volumes and flows by, a) volumetric division of gross and developed water resources between provinces, and b) providing 10-daily diversion schedules. These diversions were based on the actual 10-daily deliveries of 1977-82, supported by a clause in WAA to use the diversions of these years as guidelines (chapter 3, chapter 4 & 7). In doing so 'historical diversions' were to become more relevant as compared to seasonal authorized discharges by Provinces seeking their water shares. While in the past the reference to "historical patterns" was a method to develop operational schedules with minimum active feedback from the system. The seasonal scheduling based on the "historical reference method" was a continuous process, because this reference change each year depending upon the actual operations of the year. However, the "historical reference method" is a continuous process while WAA makes 1978-82 a period representing "proportionate to the final situation. WAA indeed presents 1978-82 as a reference period representing the actual situation of the system until further development of the physical network, i.e. new reservoirs. The scheduling based on WAA always make schedules proportionate to the this final assumes It was envisaged that "this final situation" should stay till further development of the physical network, i.e. new reservoirs. WAA also provides an institutional setup, IRSA, to arbitrate provincial demands (or the total main canal targets), which is in fact a negotiation forum of the Provincial Irrigation Departments, resolving provincial operational conflict on a day-to-day basis during critical periods. A constant 'authorized' discharge is no longer a regulation or distribution target at the main canal head.

Conclusions

The evolution of the original design parameters It was shown earlier in chapters 2 and 3 that the original design parameters determining the water share of each canal command (based of perennial or non-perennial CCA, the water allowance and the percentage of area irrigated on a perennial basis) were far from uniform for the Indus Basin. This chapter traced out later changes in the design parameters and operational targets. Practice of using the title of "design discharge" for the authorized discharge and availability of many values for the authorized discharge is confusion and may lead to incorrect or incomplete reporting, even by the official documents. Moreover, replacement of the design targets with new reference levels without a clear explanation does not help in depicting the real nature of the development. For the target-based analysis, this thesis has tried to find out in-practice authorized values for the design parameters and the source of modifications. The rehabilitation can establish a new set of values for the design parameters, the design data reported in 1978 already include these changes occurred for few systems. The CCA and authorized discharge are the most varying parameters after 1978. There is indeed substantial pressure on local irrigation officials to include 'new area' in the CCA and increase the authorized discharge. The historical records, field data of the irrigation department and the data collected by different projects & researchers show that the CCA and authorized discharges have changed for most canals and the water allowance in a few cases. This thesis makes an inventory of these changes.

The distribution scheduling is the last step to refine water delivery targets and can bring-in modifications in the design operational rules, delivery priorities or the recommended measures to address the emergencies. In the post reservoir period, this is the most active level to make distribution adjustments, apparently gone beyond the original concept of the scheduling. The 10-daily allocations by WAA are equivalent to the scheduling reference but quantitatively different from the design targets. A relatively good match between crops water requirements and net water available at the main canal level shows that the quantitative influence of other water resources has a role in surface water supply modifications. The main canal water balances computes Rabi supplies to the non-perennial areas showing a shift of priority based perennial operations to some extent demand-oriented distribution.

Another change imparted by the Water Allocation Accord of 1991 is higher rigidity of the seasonal schedules while using 10-daily "historical diversions" of the target-setting period of 1978-82. It tries to reduce the influence of the local manager in terms of indent and guiding role of the authorized discharges. The impact of location on the competition among the systems is also minimized as water division takes place at a higher level. An interesting result of this setup is that the actual competition between main canals at a barrage, rather within a province, is concealed.

The changing irrigated agriculture environment
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The evolution of the cropping systems has a general impact of the population growth and high dependency on the agriculture sector. Originally not accounted groundwater and variable land potential have given a big dynamics to the net areas irrigated and productivity of water and land across the basin. Despite a big range of water allowance, design cropping intensities were very uniform in the basin, about sixty to eight percent for all but few new crop based irrigation system. These intensities have increased generally over 150 % in Punjab along with a remarkable crop diversification, leading to different water demand patterns. Due to differences in cropping patterns, the gross value production (GVP) per cropped hectare varies from 200 to 350 US$/ha in 1993-94, most canals having an average GVP of around 250 US$.

When calculating this indicator for the entire CCA, it varies 60 to 475 US$/ha, due to differences in cropping intensities between canal command areas. The analysis shows that areas with high values of GVP per cropped hectare (high value cash crops) also have higher cropping intensities, reflecting the gap between livelihood farming and commercial cropping. The productivity of land has an exponential increase at the higher cropping intensities, showing that this productivity range is a main concern of farmers. At the same time, the productivity of water increases steadily with increased cropping intensities and has high impact of the cash crops, hence following the trend of the productivity of land. The groundwater pumpage is the recycling of water if the productivity is computed against the gross inflow -hence, giving high values to the conjunctive water use areas -highest to the areas mining groundwater.

Water stress is indeed tangible in canals with intensive cropping, showing a stark contrast with the high rainfall command areas in Northern Punjab and the high canal supplies command areas of Sindh. The importance of these extreme conditions is clear from the ratio of potential CWR and the gross irrigation supply (rainfall + canal diversions). This coefficient varies from 20 to 90 % for the main canals. Obviously, the canals command areas with a potential consumptive coefficient in the range of 20 % have a large margin to use more water and increase its productivity, while those in the range of 90 % face water stress. These results are of importance to current debates on the future of the agricultural sector with different national agricultural policies, ranging from wheat self-sufficiency to the sector's role in employment and national economic growth. This analysis has presented some simplified indicators to compare crop demand, net water available, reference evapotranspiration and the net uses. In the sweet zone, water use efficiency of the gross inflow is immensely increased if recycling through groundwater pumpage is included (can be called secondary efficiency to distinguish it from the primary process).

While canal diversions remain important, the rainfall and groundwater are critical sources in tubewell irrigated and low surface allocation areas. Rainfall contributes about 20 % of the crop needs in Northern Punjab, about 5 to 10 % in Southern Punjab and Sindh, and about 10% in lower Sindh. The computed contribution of groundwater at the root zone is equal to the canal supplies for more than half of the Punjab canal command areas in Kharif. In Rabi its contribution can go up to 100 % in Punjab, and over 30 % of the canal command areas use more than 60% water from tubewells during Rabi. In Sindh, situation is quite different, due to high salinity of groundwater, canal supplies are essential and the only source considered in the planning studies. It is however shown by the field studies and water balance that the groundwater is increasingly pumped through shallow tubewells. The direct computed contribution of groundwater through capillary rise is about 2 billion cubic meters. To maintained the measured groundwater level a huge amount of non-beneficial evaporation takes place from the waterlogged areas, which is about 60% of the computed crop uses in some cases. Because of very high reference evapotranspiration, the excess irrigation can evaporate from very high water table, on the other hand, it can definitely conceal underreporting in crop consumptive uses. The improved water management is an achievable but difficult challenge. However, prospects are there to save water at the conveyance level by improving infrastructure and application level by changing the irrigation as wells as cropping practices.

The groundwater reservoir is an active and effective tool to maintain current cropping systems in the sweet water zone. Because of high potential of existing groundwater infrastructure and low operational factor, threat of a steady depletion should not be taken lightly, though wide spread shallow wells are conducive to protect recharge to a certain level. According to the annual water-balance of 1993-1994, half of the Punjab canal command areas have no substantial change in water levels, while nine command areas have more than 35 cm groundwater depletion and three command areas have more than 30 cm positive recharge. The groundwater is mined by all but two command areas during Rabi, while storage occurs during Kharif. The total computed depletion 2.72 bcm is close to the value based on the monitoring by WAPDA (2.62 bcm). The years after 1993-94 had higher use of groundwater and much more negative water balance than 1990.

Defining the setting for analyzing the scope for reallocation of canal water

The useable and actually used components of water from three sources have different variability, net water stress, water quality and irrigation performance. In chapter 4, canals were grouped based on the surface water reliability and the actual total water available. The canal commands in different groups have stated from different initial conditions and reached to the similar conditions. For the groundwater depletion, canals could be grouped differently while the productivity has a big but less broken-up range. For the agriculture performance canals can be grouped differently. A very simple representation based on the analysis of this chapter can divide canals into three groups. A first category of canal commands in Northern Punjab has substantial rainfall, sufficient groundwater available not fully utilized, low canal diversions and low agricultural performance. A second category of canal commands has very high cropping intensities and water demand, often possible through the considerable contribution of groundwater since rainfall and canal diversion are not sufficient and high performance. A third category relates to canal commands with more than sufficient canal supplies, suffering from problems of waterlogging with subsequent water losses through evaporation, has show low performance. This analysis could be further complemented by investigating at a smaller scale or the farm level within the best and least performing command areas and the impact of water availability on a specific type of farming system like the small livelihoods farming.

Constraints of the Integrated Network and Technical feasibility of the changes

The managerial and physical constraints of the surface water supply shape the existing integrated water use environment and the individual behavior of the main canals analyzed in this chapter. The feasibility of a change in allocation must be rationalized by considering existing and improved potential of the network. A basin level allocation model is used to simulate the whole network in the next chapter and test the feasibility of implementing the different operational targets, introduce improvements towards higher groundwater sustainability and the impact of water depletion as well higher storage. This application will help to differentiate between physical network constraints and the management decisions.

The Issues

The division and distribution of irrigation water is a flow and time based process. The inflow hydrograph and operations of reservoir and other network components determine the discharge at a location. In supply based irrigation systems, the water demand is in principle an external influence like the political pressure. However, managerial control can take these influences into account to a certain extent through scheduling (see figure 6.16). The comparative performance analysis of the supply based systems generally focus on the management target by comparing scheduled and actual discharges [START_REF] Kuper | Irrigation management strategies for improved salinity and sodicity control[END_REF]Kijne 1992, Horst 1998) or on the maintenance by comparing design and actual capacities (Murray Rust and Snellen 1993). These analyses remain of limited interest for understanding and improving operations, as they do not consider the composite impact of different management interventions and physical limitations extended in space and time. The actual delivery process is influenced by the impact of the "previous treatments" and continuously influenced by operations elsewhere in the system. In addition to that, the physical and managerial responsiveness of particular components of the system contribute in determining the actual deliveries.

A network water allocation model allows representing the Indus Basin network as an entity, integrating the physical network and operations of different reservoirs, barrages, link and main canals. The simulations are formulated based on the comprehensive water balance and performance analysis of chapters 5 and 6, and aim to answer the remaining questions about the feasibility of surface water operational targets, the relative role of different allocation criteria and the potential of the river system to respond to crop water demand and the groundwater reservoir sustainability.

The simulation results compare the responsiveness of the rivers-reservoirs-canals network to the existing and proposed targets. The first part of the analysis compares the technical scope of achieving the targets set by actual operations of the system (historical diversions), allocations by the WAA and the design/authorized discharges of the main canals. The second part simulates the system's response to expected threats and new opportunities in the water availability. These simulations help to differentiate between physical and operational constraints on the one hand, and deliberate decisions taken for the regulation of water on the other. The specific questions answered by the Indus Basin water allocation simulation are:

1. Which factors have contributed to the formulation of actual water deliveries? To what extent have the original targets evolved due to internal constraints or demand factors?

2. To what extent does the existing physical system, supported by rivers and reservoirs, have constraints in achieving the three sets of allocation targets? What is the scope of fully implementing each of them? The comparison of the simulated and actual situation will indicate the relative role of regulation priorities versus technical limitations.

3. What would be the gross quantitative impact of the loss of surface water availability from Eastern Rivers' inflow and storage depletion of existing reservoirs? Developing further storage is a complicated and politically sensitive issue requiring careful investigation.

Taking benefit of the calibrated basin level model, the scope of storage on two rivers is briefly investigated.

Selection of the model

To address the above-mentioned issues, the selected model should accurately represent the physical system. It should be able to define the different components of the network and their interlinks, relevant for the regulation. An appropriate simplification and aggregation is required to handle big and complex networks (Kularathna 1992, Dudley and[START_REF] Norman | Systems Modeling to Integrate River Valley water supply and integrated decision making under uncertainty[END_REF]. The effective representation of the system's operations for the defined network components should allow selecting quantitative targets, relative preferences and appropriate time step to represent the desired change of operations.

The modular structure of a model allows understanding individual processes as well as the articulations between the processes [START_REF] Kuper | Irrigation management strategies for improved salinity and sodicity control[END_REF][START_REF] Strosser | Analyzing alternative policy instrument for the Irrigation sector[END_REF]. A model, which allows the transfer of variables from one process to another, can more easily represent the boundary conditions of the individual processes and the shared variables. The model should have the ability to test a variety of water distribution patterns over long periods of time against actual river inflows and different reservoir operations to identify the evolution of the system's response to different hydrological conditions (like wet and dry spans) and managerial changes (allocation rules). The acceptable level of accuracy with respect to adopted representation and simplification is more important than the number of results produced (Journal of Hydrology 1996).

The HYDRAM software [START_REF] Pouget | Institutional Framework for groundwater management and regulation in Punjab[END_REF]www.mpl.ird.fr/hydrologie/divha/hydram) can represent all components of the river conveyance and diversions network with options for their operational specifications. It considers the interconnectivity of the network and the interaction between water resources in the framework of water demand and delivery priorities.

The time steps for the simulations are 10 days or a month while the tabular and graphical results can be saved for the 10-daily, monthly and the annual periods. The modular structure of the Hydram software allows the analysis of individual processes. The discrete physical and operational representation allows estimating the composite and separate impacts of physical or managerial interventions.

The software is developed in Java language and has a communicative interface to insert, define or modify a component. Schematization of a river network can be superimposed with an actual map of the basin to highlight relative location of each component, regional boundaries, water quality zones or the sub-basins. The model results can be read in Microsoft Excel or other compatible spreadsheets. A number of scenarios can be saved and compared.

The software can be used in the process of water allocation planning, infrastructure development and improved management of the water resources.

The Modeling Technique

The Hydram software basically distributes hydrological inflows against potential demand of different sectors (irrigation, industry, hydropower, environment, etc) and targets at different regulation nodes (including reservoirs) based on the defined operational criteria. These flows are regulated through the physical network through various control structures. The operations at different nodes can be simultaneously calculated for a long period. The imposed demand represents the delivery targets, which can be equivalent to crop water requirements or to a request (indent) from a manager. For a simple water distribution solution, delivery targets are achieved with relative prioritization of the targets at different consumptive (e.g. irrigation canals), non-consumptive (e.g. link canal) and storage nodes against the available water. At each defined location of the network water, a flow balance is achieved at the end of a simulation time step. In each junction node and for each time period, the entered water flows and inputs must be equal to the released water flow plus the outputs. The inputs are hydrological inflows (any number of tributaries can be defined) and the outputs include the water losses and infiltration.

For a planning horizon, a more sophisticated approach can be applied by defining a suitable deterministic model. This model can generate an optimized demand-supply balance for the defined resources and sub-systems. The model provides a link between surface and groundwater subsystems through infiltration and pumpage nodes. However, this option is not used for the current study. A relatively simple approach was preferred to solve the irrigation demand targets against river inflows and reservoir releases based on the operational/delivery priorities. The development and application of a combined surface and groundwater management model is an interesting perspective in terms of research.

Representation of the Basin Network

Network Layout in Hydram

The physical system is represented in Hydram through five components or hydrologic entities; rivers, reservoirs, link canals, barrages/head-works and the main canals constituting the Indus Rivers network (Figure 7.1). These components are defined as "arcs" and "nodes" of different categories and functions.
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Figure 7.1: Basic Components of the Irrigation Network

A node represents a location on the river network where the water transaction needs to be known. The locations where water is diverted or where there is a confluence are represented by junction nodes. The locations where river inflows are measured (called RIM station) and the barrage from where link and the main canals offtake are two selected junction nodes. The surface reservoirs are the only storage capacity nodes in this application (lakes and groundwater aquifers can also be represented as storage capacity nodes). The irrigation canals are consumptive demand nodes in our definition. The other demands, such as that for drinking water, are not explicitly defined. However, demands or uses from the aquifer could be integrated at different locations in a more detailed model. The non-consumptive water demand nodes transfer flows to a downstream node without a reduction in flows. These nodes are used to define targets or 'demand' of the link canals and thus transport flows between rivers. The demand of non-consumptive node is authoritative and its introduction at a location replaces all downstream demands.

The surface arcs join any two surface nodes. River reaches are represented as natural arcs. The link and main canals are represented as conveyance arcs, also called artificial arcs or channels. These arcs connect nodes of different types representing any structure on natural and artificial streams. A natural arc connects two river nodes. It has an upper limit for flows. The lower limit for the river flows can be zero or a value representing the minimum essential (environmental) flows. At a node many natural arcs can join upstream or downstream nodes.

Definitions of Network Components

The targets and penalties

The model allows the user to enter distribution preferences by dividing targets into levels (or zones) with different priorities and attaching positive and negative penalties with the different zones. In doing so, a manager can fix, for instance, a minimum required target to be achieved with absolute priority, and a desired target, which can be achieved if water is available. For all consumptive and non-consumptive nodes, targets are divided into two levels with two sets of penalties. In this way, the shortage or target deficit can be shared, with different priorities for the demand nodes in each zone. This discriminatory penalization is important for the Indus basin to distribute the flows below and above the "regime flow level" (80 % of the design discharge -chapter 3) and to define priorities between main canals. The same approach is used for the reservoir storage and releases.

Junction Nodes

A junction node connects river reaches or canals. The measured inflow at a junction node can be directly read in the model through the corresponding data column or chronicle. A node may receive only a fraction of the inflow, specified in the definition file. Otherwise, it is computed based on the inflows in the upstream arcs. The monthly seepage and infiltration to the groundwater can be defined at each node. The water volume at a junction node includes exogenous inflows, upstream releases, and filtration from groundwater and returns from a demand node, if defined. It is reduced by water losses and infiltration to groundwater. For the Indus Basin, measured 10-daily discharge data are read at the upstream nodes of all rivers, while along the system flows are computed through a local water balance by considering all diversions computed and losses in all connected arcs.

Non-consumptive node

A non-consumptive node defines the demand of water at a particular location without diverting it for 'consumption. The definition is used to ensure surface flows at a particular location without a final consumption, like hydropower, navigation, environment, etc. In the representation of the Indus Basin, these nodes are used to define the water demand of a link canal and water flows in river reaches (Figure 7.2). A non-consumptive demand at a location shields all of the downstream demands, hence reducing the competition at the upstream junction.

Consumptive node

The main irrigation canals are represented through consumptive demand nodes. Their monthly water targets are defined directly with single monthly discharge values in case of design settings and read from a file for the actual data, like river inflow data. The flow rates and the penalties for the flow rates give a relative priority to the demand of a canal. Basically, two flow rates are considered for the main canals. The design situation is represented by 80 % 'regime discharge' and an additional 20 %, which is modified for different scenarios. Higher positive penalties are given to the first flow rate. The flow rates and penalties determine the relative weight to divide flows at a node, which is particularly important in case of shortage.

The competition of a canal with others is influenced by its location in the network because it determines the water available for distribution and its competition with other canals.

Representation of a Reservoir

The reservoir is represented by a storage capacity node (Annex 7. • The volume, depth and surface area of the storage is taken from the rule curves of both reservoirs as given by WAPDA (RAP vol. II 1979).

• For Mangla and Tarbela, the measured inflows just upstream of the reservoirs have been used to determine monthly inflow data, which serve as an input to the model. A positive fraction (10 % for Indus, 7 % for Jhelum and 5 % for others) is imposed on the first nodes of all rivers to include river gains into the system by un-gauged tributaries. As shown in Figure 7.2, the losses and infiltration can be defined for a reservoir. The surface evaporation and seepage losses from reservoirs are defined based on the analysis carried out in chapter 5. The interaction of the reservoir with groundwater is simplified as its extraction is not included in the model.

• Based on the actual operations of Mangla and Tarbela, three storage levels are adopted for monthly operations with different positive and negative penalties (shown as zones 1, 2 & 3 in Figure 7.2). higher positive value of consumptive or non-consumptive demands. Infiltration takes place from this zone. -Zone-2 is an active storage region, where releases and storage can take place all the time depending upon other demand and inflow. The positive penalties are higher, but the negative ones are not very low. -Zone-3 is the top storage level from which water is readily released. It is defined with very high positive penalties. The top level can be different each month. -Monthly target levels are given as seasonal objectives, which may vary based on the actual monthly levels and selections of a scenario.

Definition of a Link Canal

The link canals transfer water between two rivers by connecting their respective barrages. Some link canals directly feed the main or branch canals. Very few of the bigger link canals function only as a conveyance link between rivers. Most link canals serve directly a command area with "internal supply" through a distribution system. Some main irrigation canals pass on relatively small supplies to the next river through a branch or feeder offtaking from their tail. In many cases their actual functioning is complex having multiple links at the nodes. The 10 daily diversions of all link and main canals are reported separately. Representation of some of the link canals is simplified as explained below.

A link canal connecting rivers A and B feeds two branches of a main canal -one directly and the 2 nd from its junction node on river B -and conveys water to river B. The main function of this link canal is to feed the main canal, which in the past received supplies from river B. The canal is split into two branches after the inception of the link canal to reduce the conveyance path of water to a command area lying closer to a link-canal as compared to the original headworks. This type of situation was simplified as shown in Figure 7.3a by combining two branches in one main canal offtaking at the tail of a link canal. A more complex example is shown in Figure 7.3b. A link canal is fed by two nodes, it feeds an internal distribution system and two main canals directly offtake from the link canal (there are two such canals in the basin, shifted from their original headworks in India). After supplying water to these canals, the link canal acts as a feeder to River B. This complexity has developed over the time as new physical structures were added to compensate for water shortage of a river to feed certain main canals. For the distribution of water this situation can be simplified, as shown by Figure 7.3b. The internal canal is totally fed by river "A" and is considered a direct offtake from river A, as explained in the first case. The rest of the link canal is split into two, one feeding two main canals and the other taking water to river B. Due to uncertainty of rains and river inflows in winter and early Kharif, the storage is saved for these periods. In case of good rains, this storage can be carried over to the next year (Figure 7.4); Mangla levels were high in March 1996 and some storage was transferred to 1996-97. Despite this favorable situation, 1996-97 turned out to be a very dry year. The Mangla reservoir was not completely filled and then declined lower than the dead storage level. The Tarbela reservoir has relatively more stable seasonal releases because its major command area (Sindh and Western Punjab) have low rainfall, smaller uses of groundwater and a higher dependency on Indus flows. The Tarbela operations also have less influence of the monsoon and eastern river inflows as compared to Mangla. This difference can be seen in their operations for three consecutive years.

Within the selected model framework, it is difficult to develop simple uniform criteria for reservoir operations, applicable over several years. Hence, reservoirs are modeled to achieve quantitative targets while operating within three storage zones and competing with direct canal supplies, using a system of penalties. For calibration and analysis of the actual situation, these values are actual monthly releases. For the long-term historical analysis, average reservoir releases are used as targets. For the future scenarios, values computed within existing capacity limits are adopted. As conveyance channels, link canals are the most critical regulatory devices in the basin, dividing river water at important junctions. The distribution function of link canals is like that of main canals. Link canals have surplus physical capacity and variable flow patterns, more influenced by the demand at the feeding junction (downstream) than flows of the parent river.

Link canals

A link canal predominantly feeding a perennial main canal and directly supported by a reservoir is likely to have regular flow patterns, as shown by the example of the Upper Jhelum Link Canal (UJC). Flows during two consecutive years of variable river inflows are shown in Figure 7.5. The Chashma Jhelum (CJ) and Taunsa Punjnad (TP) link canals transfer water from the Indus River towards the Punjab, to cover the shortages of these canals. Their flows have much higher variations as compared to the Mangla supported link canals. The CJ link canal has peak diversions in October and January, which are Tarbela releases to support the wheat crop in Punjab. From July to September, no diversions are required from Indus. The CJ link is sometimes operated in early Kharif, partly carrying direct flows. The TP link compensates the shortage of two main canals at the confluence of Indus and Punjab rivers. The Punjnad junction receives residual water from all Eastern rivers; hence, TP is operated only to fill the gap. The TP Link provides maximum flexibility to the main canals at Punjnad junction as any surplus water (from the diversions) quickly goes back to the Indus River. The operations of this link are less scrutinized in the provincial conflict because the water transfer does not go beyond Punjnad canal, the link is operated during a limited period and the surplus water diverted to this canal comes back to the Indus River quickly. The description of the actual functioning of link canals carrying water from the Indus and Jhelum and their reservoirs (Tarbela and Mangla) highlights the complexity of water deliveries along its distribution path as well as the competition between different canal commands. There are multiple inputs to these canals on their way (from other link canals, ungauged tributaries and residual flows from Eastern Rivers) and a host of water demands exists by different command areas, 'internal' commands and the direct outlets. The simplification of the representation of link canals, discussed earlier, aims at better analyzing the supporting role of link canals to the main canals.

Tons a Punjnad (TP) Link CemOA : archive ouverte d'Irstea / Cemagref 10 %. With Tarbela reservoir and extension of link canals, the regulatory stress shifted to the Sutlej River, which is the last in the chain. Due to above-mentioned reasons, water available at Sutlej junctions is not fully accounted for in the model.

Flows at Junctions and Outflow to Sea

In 1945-46, the measured data of some reaches on the river Indus show a substantial water imbalance from April to September. For example, about 1.8 billion cubic meters of water "disappeared" between Kalabagh and Sukkur (about 1500 km). The official records did not monitor discharges at some of the nodes, which are left with the comment "flood season" (Annual Discharge Data of Punjab and Sindh Rivers, Irrigation Department 1945-46). For most of the river reaches, gains and losses have a much different pattern from the postreservoir period. The simulated outflow to sea is 15 % higher than the measured/reported values. This may be due to extensive flooding of the major river bed in the absence of reservoirs and lower canal diversions and perhaps some measurement problems due to limited monitoring sites indicating lower inflow, lower actual diversions or higher losses in the system.

The measured and computed outflows in 1966-67 and 1977-78 The calibration results indicate that HYDRAM model can represent the physical infrastructure and operational setup of the Indus system. Two problems faced during calibration are, a) unaccounted gains and losses in the system, and b) the time lags. There is a positive influence of better measurements in the later period. As shown in chapter 5, the gains and losses can be represented as a percentage for the post Tarbela period until 1997 (droughts), after that new values need to be established. The changes shown after 1996 may have hydrological reasons due to groundwater depletion and excessive pumpage. Similarly the gains and losses for the period of 1946 need to be established based on a bigger data set through an in-depth hydrological study. The impact of time lags cannot be fully incorporated; however, it can be quantified on a monthly basis.

Understanding the Actual Operational Behavior

The reliability of supplies is one of the primary objectives in upstream control continuous supply systems. In these systems, actual supplies are managed to match with predefined seasonal supply targets (based on the allocations to main canals), but they are subject to inflow and management operational decisions. The reliability of supplies is ensured through steady flows over 10-day supply periods and a cyclic supply hydrograph over the year consisting of seasonal (and sub-seasonal as will be seen in the next sections) supply periods. , and relying on. In the absence of refined statistical methods, scheduling and operations rely on the "precedence method" and consider a similar historical cyclic as a reference. During the course of a hydrological year, the managers try to find similar hydrological (inflow and reservoir levels) and climatic conditions (rainfall pattern) from an earlier year in order to anticipate the availability of flows and expected storage. This method has actually led to the "historical pattern" reference.

The following scenario is designed to check the consistency of Irrigation Network Operations since 1978 by comparing the actual irrigation diversions to the main canals with the simulated diversions under average operational conditions for the actual river inflows. The simulation over 22 years to achieve actual deliveries with the same monthly reservoir storage, link canal operations and all target priorities determines what could be delivered without any change in operations. The difference of simulated and actual supply indicates the impact of the evolution of operational rules on the actual supplies. For a comparison with the next scenario of WAA, it allows to quantify the diversion patterns of pre and post WAA periods.

Average Operations

The system is operated under average and dominant annual operational conditions of the period 1978-1999 to achieve back the targets of actual diversions. The imposed operations are computed as follows:

-The actual river inflows and diversions to the link and main canals recorded at a 10-day time step are summed up for a monthly time step for the period of 1978-1999. The diversion data of six months of 1994-95 is missing for some of the canals.

-The gains and losses are kept according to the calibration values of the previous section based on the statistical relations of chapter 5.

-Establishing average reservoir operations is difficult for several reasons; i) reservoir data is not available for the full period, ii) during some years, reservoirs show operations very different from 'average', iii) the net capacity of reservoirs has reduced from 22 bcm in 1978 to 17 bcm in 2000. The actual releases vary during individual years with a positive or a negative balance due to heavy rains, droughts and storage balance of the previous year. For modeling purposes, the reservoir average storage is taken 15 bcm, while the actual storage can be different depending upon the monthly penalties and water availability. The target storage for April is achieved as a monthly target at the end of each year. The monthly targets are based on the operational data of 1993-1999.

-As the link canals receive considerable supplies from the reservoirs, the same period of 1993-1999 is used for their monthly average operations.

The physical system is defined as discussed earlier. The penalties and flow rates are adjusted to achieve the target supplies. Hence, it is assumed that priorities are not fixed; they are modified to achieve the target supplies within the physical limits. Some non-consumptive nodes were introduced during the process to minimize the number of demands at a junction and to make priorities at a particular location more effective.

Simulation Results

With the above described average operations, the actual supplies of 1978-1999 could be delivered with an average annual difference of 3 %. As shown in Figure 7.9, the actual diversions from April to August are fully achieved by the model. These diversions are mostly determined by actual river flow and the system's conveyance capacity, thus showing that the diversion capacity of the network has not decreased. The difference is higher during the earlier period, i.e. in the 1980s, Figure 7.10. As could be expected, it is higher in Rabi, 7 to 10 % during December-March. As the calibration difference for these months is less than 1 %, the main reason is a change in operational rules that has occurred in Rabi and some decrease in the storage. The period just after 1978 had higher late Kharif releases than presently. As shown in chapter 4, there is a slight shift in diversions from late Kharif to late Rabi. In fact, less water is available during some periods of Kharif due to a variability of river hydrograph and storage while the original Rabi allocations are protected. 12 out of 39 canals of Punjab and Sindh are always able to achieve actual diversions under average conditions, Figure 7.12. A quick conclusion is that the operational procedures of these canals have a higher level of consistency as their actual diversions are always close to average diversions. In fact, the diversions of these canals have increased with time, the canals have a higher physical capacity and the monthly diversions for the major period are either equal or lower than the average diversions.

About 25 % canals have a difference of 6 to 12 %. These canals can be divided into two groups. The first group is the main canals supported by the link canals, mostly on the Sutlej River. The Rabi supplies of these canals have increased during recent years. But the diversions are very sensitive to reservoir operations and fluctuations in inflow of Eastern Rivers (including the impact of time lags). Due to their location, the diversions to these canals are most likely to be inconsistent. The second group of canals on Kotri barrage has inconsistent diversions. In addition, the model predicts a higher shortage in this last reach of the Indus River during some of the years, where observed data show exceptionally high gains in the lower reaches of the Indus. Furthermore, those canals are authorized (by design) to more water than the current actual diversions and have high diversion during some of the years.

The simulated outflow represents the volume balance of the river network at the last barrage Kotri. Figure 7.11 compares measured and simulated outflows adjusted for the shortage of diversions. For half of the years, both values are quite close, exactly matching for five years. For 4 years measured outflow is higher. As the inflow is same in both cases, the drainage contribution to the network from the basin is higher than the average. During six years of low exogenous inflows, the computed outflow is higher than the actual; these are years of dry weather and low rainfall. This difference is consistent with the exceptional losses discussed in chapter 5. Under hydrological variations, the gross losses (infiltration, operations, water bodies recharge) are not constant neither a direct function of the exogenous inflow. In the context of water management, these are issues of further research. The source and location of surplus drainage during wet years and higher infiltration during dry years is a topic for investigation. A model, which includes the aquifer capacity and infiltration components, can address this situation comprehensively. The overall results indicate a good predictability of operations between 1978-1999, even though there is some evolution in operational rules (Figure 7.12). It confirms a shift in the supply pattern discussed in chapters 4 and 6, which is in fact small with respect to the total diversions. About 10 % of the total diversions are in the 'sensitive operational range' and variations occur for the distribution of these flows. The volume balance of different river reaches shows some inconsistencies from year to year because of variations in the local diversion pattern and variations in river gains and losses. This can be further improved with more information about drainage behavior, incorporating the time-lags and the hydrological simulation of different reaches of the network.

The Technical Feasibility of Achieving Declared Targets

Design and authorized discharges are often considered managerial targets for an irrigation season. A gap to achieve them is attributed to managerial or maintenance reasons [START_REF] Vander Velde | Goals and Objectives of Irrigation in Pakistan: a prelude to assessing irrigation performance[END_REF][START_REF] Kuper | Irrigation management in the Fordwah branch command area, south-east Punjab[END_REF]. However, after the signing of the Water Apportionment Accord by the Provinces in 1991, all claims regarding gross seasonal supplies are made and all disputes resolved with reference to the WAA allocations. The analysis of diversions has shown that the WAA has not fully eliminated the evolution of "historical diversions", while the flexibility available in the system is limited (chapter 5 and 6). The improved supplies in Rabi, reference targets set by WAA and the role of IRSA in the diversion decision-making show a higher reliance on the regulatory allocation from the capacity based allocation. Consistency of the main operations overlaid by a shallow (about 10 %) layer of regulatory adjustments is shown in the previous section. The simulation of "three targets in hand" in this
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The Authorized Seasonal Discharges

This scenario tests the system's capacity for delivering design or seasonal authorized discharges to all main canals of the Indus Basin and determines which part of the system is more affected by these physical constraints. The simulation period covers 22 years covers the whole water availability range after the inception of the reservoirs and allow a comparison with the previous scenario. With these settings, the authorized seasonal targets (split on a monthly basis) are achieved with 8 % annual difference ranging from 3 to 18 % for individual years (Figure 7.13). The monthly difference over the period ranges from 0 to 45 %, the maximum gap occurring in April, May and September. Depending upon inflow and actual supplies, there are years when these months can obtain the authorized discharges.

-9000 The main canals can be divided into three groups for their potential to obtain authorized supplies. There are canals, which can draw authorized Kharif and Rabi supplies up to 95 % of the target. These are small canals or directly located on the upper reaches of the rivers, having sufficient supplies at the corresponding nodes. Most canals have an average annual shortage of 5 to 15 % with unrestricted operations of the link canals. Three big canals on the last barrage Kotri face higher average water shortage in this scenario (Figure 7.15). A part of this shortage can be more 'equitably' shared through a very responsive feedback setup and effective operational priorities. Nevertheless, there are higher chances of tail shortage in case of design/authorized diversions to the upstream system. Because of high diversions, the average outflow to sea is reduced from 50 to 30 bcm. The outflow is reduced during the years of high river flows in the model, because the diversions are kept high during these years, while in reality the irrigation managers will close the irrigation canals frequently due to low demand. Thus, for three years of minimum outflow, the highest difference between simulated and actual diversions is observed. As shown by the behavior of losses in the previous sections, the actual outflow could be even lower. The WAA allocations are based on the historical diversions of 1978-82, with some adjustments leading to about 11 % higher diversions during Kharif months as compared to the actual diversions of the period (chapter 6). The higher Kharif allocations were possible due to low demand of the main canals command areas on two barrages, Guddu and Kotri, but take the additional water to three approved schemes (CRBC, Pehur and Greater Thal) into account. The CRBC is fully operating since 1997, Pehur has started operating in 2004, and the construction of Thal and Guddu canal is underway. With these canals, the physical system for which WAA allocations were made will be in place.

-
For the simulation of this scenario, monthly allocations are aggregated from 10-daily allowances, while keeping the same surface storage and canals' capacities as the previous scenario. The deliveries were achieved very close to the targets with maximum monthly reservoir releases during September and October. The total release of these two months is more than 5 bcm. During the period of twenty-two years, the average gap between demand (WAA allocations) and supply is 3.5 %, varying from 2 to 8 % from September to March.

With maximum reservoir releases in the end of Kharif and during early Rabi (Figure 7.16), the individual canal shortage is minimal during this period. Like other scenarios some river reaches have more shortage than shown by WAPDA's monitored data. Without the existing "additional unidentified gains", it will be increasingly difficult to achieve WAA allocations. 

Comparing different operational scenarios for the system

As shown by the previous scenarios, operations targeting authorized discharges to the main canals would be different from the current or the WAA operations. To a lesser extent, the current operational targets are different from the WAA allocation targets. This difference happens mainly during the stress period (Rabi, early and late Kharif). The simulated results for four assumed targets are shown in Figure 7.17 The operations after 1991 are confronted with a slowly decreasing storage capacity of reservoirs and increasing demand. The competition for storage during Rabi as well as early and late Kharif has increased (chapter 5). A consequence of this competition is the provincial disagreement on the interpretation of WAA and provincial water rights. The low rainfalls after 1996 raised the question of considering groundwater directly in irrigation water allocations. In drought conditions, actual diversions are also influenced by the provincial demand through political pressure and the decisions of the Federal Government, IRSA and Irrigation Departments to use water (chapter 3). The efforts of management to divert more water during flood months are obvious from the higher supplies in June, July and August after 1990. As a consequence, the net annual diversions after 1991 have increased as compared to the 1978-82 reference period for half of the months of Kharif and Rabi. However, the gross Kharif supplies are still lower than the maximum authorized allocations. As shown in the authorized discharge scenario, higher Kharif diversions are possible during the years of high inflow, if there is no constraint on operations of the link canals and capacity of the barrages. A comparison of actual diversions from 1990-99 with the 1978-82 reference period indicates a consistent increase from June to August, a small increase in December, February and March, but a decrease in September and October. It is clearly a management decision and in accordance with the crop demand and availability of groundwater. After a good monsoon and high water use period, groundwater table is high thus providing water through capillary rise in the Lower Indus, while in the Upper Indus tubewells pumpage can compensate demand deficit. Canal diversions in September and October can thus be reduced. Recently, more storage is saved for the late Rabi. During 1990-99, the actual diversions in four Rabi months (November, December, February and March) are higher than the authorized, WAA and 1978-82 supplies. January remains the month of canals closure, which has extended in length as the closure of certain canals in December has been partly shifted to January. Water is released for electricity generation in December and provided to the canals, which are closed in January. The non-perennial canals of Sindh are shifting about 20 % of their authorized share from Kharif to Rabi (chapter 4). This adjustment is beyond the design concept, but in favor of crop demand as discussed in chapter 5 and 6.

The Reliability of Achieving different Targets

According to the design concept, equity and reliability go together as two performance qualities of irrigation supplies in the Indus basin, and are referred to for its design and operations. Both qualities are assured through water level control for upstream operations, warabandi [START_REF] Jurriens | Scarcity by design: Protective irrigation in India and Pakistan[END_REF] and scheduling [START_REF] Jacques | Improving irrigation management using decision support systems: A framework and review of IIMI's experience[END_REF]. The ratio of the target and actual supplies is a commonly used equity indicator. It can be easily calculated if the target supplies are known, and is easy to comprehend to compare different spatial units. The reliability indicator should represent the agreed upon way of operations at all levels. As opposed to equity, its reference is the intended discharge, which can vary from year to year and on a 10-daily basis. From the historical analysis in chapter 3 and the supply-based analysis of chapters 6 and 7, it can be claimed that the reliability is more relevant than equity in the process of water delivery planning and distribution in the Indus Basin.

The analysis on the physical constraints and water supplies carried out in this chapter confirm the adjustments in irrigation supply targets identified in the water balance analysis of the previous chapters. These analyses have shown that a shift from the fixed seasonal irrigation supplies is largely justified by the actual irrigation demand and the sustainability of groundwater resources. The bi-annual design cycle is thus split up. Different simulation scenarios have shown certain continuity in water distribution patterns, which nevertheless continue to drift away from the design/authorized targets. The analysis of 22 years also shows that delivery targets are dynamic at the monthly (temporal) and the main canal (spatial) scales. In terms of water volumes, it is only within a relatively thin stratum that adjustments take place. The main canals have visible constraints due to their location on the network. These locations have a higher sensitivity in case of water stress. The good news is the technical feasibility of irrigation network operations for different scenarios.

The variability and dependability of irrigation supplies at the secondary and tertiary levels in Punjab and North India is discussed by many researchers [START_REF] Vander Velde | Impacts of Physical Managerial Interventions on Canal Performance In Pakistan: A review of five years of field research studies[END_REF][START_REF] Kuper | Irrigation management in the Fordwah branch command area, south-east Punjab[END_REF][START_REF] Rao | Review of Selected Literature on Indicators of Irrigation Performance[END_REF][START_REF] Bandaragoda | Warabandi in Pakistan's canal irrigation systems: Widening gap between theory and practice[END_REF][START_REF] Shafi | Scheduling Of Water Deliveries In The Irrigation System Of The Indus Basin (Pakistan), 3 rd International Network meeting on Information Techniques for Irrigation Systems[END_REF][START_REF] Perry | Quantification and measurement of a minimum set of indicators of the performance of irrigation systems[END_REF] in the context of their impact on equity and farmer's expectations. The temporal variation of the delivery performance ratio is often used as an indicator. Generally, reliability is taken as "deliveries conforming to the prior expectation of users [START_REF] Rao | Review of Selected Literature on Indicators of Irrigation Performance[END_REF] or linked with "predictability (actual versus intended supplies)" [START_REF] Bos | The Viejo Retamo secondary canalperformance evaluation case study, Mendoza, Argentina[END_REF]. With this definition reliability is measured as the temporal variability of actual supplies [START_REF] Clemmens | Statistical Methods for Irrigation System Water Delivery Performance Evaluation[END_REF], actual versus required supplies [START_REF] Molden | Performance Measures for Evaluation of Irrigation Water Delivery Systems[END_REF] or actual versus promised supplies [START_REF] Bhutta | Equity of water distribution along secondary canals in Punjab, Pakistan. Irrigation and Drainage systems[END_REF][START_REF] Kuper | Irrigation management in the Fordwah branch command area, south-east Punjab[END_REF][START_REF] Plusquellec | Modern Water Control in Irrigation: Concepts, Issues and Applications[END_REF]. For supply based systems, the problem is that "the" target is not only clearly different from the managers' and users' perspectives, but also that the operational target often differs from seasonal or design targets. An acknowledged refinement is the distinction between the design targets and intended targets [START_REF] Bos | The Viejo Retamo secondary canalperformance evaluation case study, Mendoza, Argentina[END_REF], Abernethy 1989). At user's interface levels, this issue is tackled with a modified definition of adequacy, timeliness, steadiness and uniformity (Molden andGates 1990, Clemmens and[START_REF] Clemmens | Estimation of Global Irrigation Distribution Uniformity[END_REF]. Still remains the difficulty to cover the gap between "intended targets" by an irrigation agency [START_REF] Godaliyadda | Generic Typology of Irrigation Systems Operation[END_REF] and the user's expectations. Another, less addressed issue is the contribution of irrigation operations at different levels in the "final reliability". It is important for the management to understand what type of failure has occurred and whether it is due to the irrigation system or irrigation service (Renault 1999). These systems always have climatic impact affecting availability and demand of water (allocation failure) The components of the system can have maintenance problems (mechanical failure Renault 1999) or can face administrative pressure because of higher competition for water.

These reflections show that reliability can be defined in different ways depending upon the process to be addressed. Simulated irrigation targets can be readily compared for "technical reliability" under average conditions (representing minimum managerial interference). Figure 7.18 shows the ratio of actual supplies with three different targets: design discharge, WAA allocation and historical diversions. Intended volumes of historical diversions are shown to be more reliable followed by WAA, while the design discharge has a minimum reliability. The Coefficient of Variation (cv) of this ratio over 264 months is 11.3, 7.6 and 6.9 respectively for design, WAA and historical diversions. 

Reduction in Useable Surface Water

The decline in storage capacity and inflow of Eastern Rivers over the last decades are technically known. According to the Indus Waters Treaty of 1961, Pakistan is not entitled to the waters of the Eastern Rivers, Ravi and Sutlej (chapter 3). The main flux from these rivers has stopped and current residual flows consist of excess releases from India and some drainage flows generated within Pakistan (chapter 4). This quantity is about 10 bcm, more than the storage of Mangla reservoir. The irrigation systems in Southern Punjab suffer a water shortage during the years of reduced eastern flows. Parallel to that, the reservoir capacity has decreased from 22 bcm to 17 bcm. According to WAPDA (2002) the design storage will reduced by 32% in 2010 and more than 50% by 2020 due to sedimentation and an increase in the dead storage level due to safety requirements of the hydropower tunnels.

The impact of these two phenomena on the surface diversions to the main canals, gross diversion available and the outflow is simulated against the targets of historical diversions, authorized discharge and WAA allocations. A summary of the results is presented in table 7.4.

For the simulations, it is assumed: There is no restriction on the operations of link canals other than the maximum capacity;

No new system and diversions are added after 1991;

The network is operated for 22 years to have the maximum range of river inflows. The base scenario represents current situation with calibration deficits acceptable over the period. The impact of both reductions is quite severe for the scenario trying to achieve authorized targets. A 20 % reduction in storage (15 to 12 bcm) will decrease the monthly diversions by 10 %. In case of no Eastern flows, this deficit would be much less if the link canals are operated at full capacity to transfer Western rivers flows. With no eastern inflows and 5 bcm reduction in storage capacity, the gross deficit for authorized discharge will be 6 % higher. However, the monthly deficit goes up to 40 % and individual canals can suffer up to 50 %.

The impact of a decrease in Ravi and Sutlej river flows will be higher than a reduction in reservoir capacity for the actual supply patterns of the last 22 years (historical diversions). On the opposite, the approved WAA diversions will suffer less from the Eastern Rivers inflow decrease and more from the reservoir capacity reduction. The reasons are simple. WAA has computed allocations without considering the contributions by Eastern Rivers, while the actual patterns are considerably influenced by these flows. The historical patterns have relatively lesser impact of reservoir reduction, because they represent average conditions including the years of low releases and diversions.

The impact of a 50 % reduction in Eastern Rivers' inflow and a 3 bcm decrease in storage on the WAA targets is equivalent to having no eastern flows. The diversions will sharply suffer if there is only 10 bcm storage left without any eastern flows, and the gross shortage will reach to 8.7 %, which is equivalent to more than 12 bcm of water. Some canals will be short by 25 to 40 %. The Kotri barrage command will have a shortage of 25 %, having no water in Rabi.

The maximum impact will be in Southern Punjab, especially in the lower reaches of Ravi and Sutlej. A secondary impact will be a decrease in ground water recharge and increase in pumpage.

Additional Surface Water Storage

After the Indus Waters Treaty with India and the completion of reservoirs, the provincial water sharing (Fazal Haq Committee 1970) has classified river water into three categories, natural flows at different locations, reservoir storage and the surplus or the surplus floodwater during Kharif. There has been a continuous disagreement on the distinction between natural flow and Kharif surplus between Punjab and Sindh, the main users of the river waters. Due to this disagreement, Kharif floodwater is divided as a percentage of the surplus as suggested by different committees after 1970, and confirmed by the Water Apportionment Accord of 1991.

The Accord agreed on further development of the surplus flow. However, there is strong political disagreement on the development of further storage, its location and impacts. Without addressing political issues and sectoral water needs, the following scenarios test the scope of increased surface storage on the Jhelum and Indus rivers. All system allocations are kept according to the WAA allocations.

Supplies from the Jhelum River and Mangla reservoir are integrated to the southern zone of Punjab through a series of link canals and with the lower Indus at Punjnad (chapter 4). The link canals carry storage releases as well as direct river flows to the command areas of the rivers Chenab, Ravi and Sutlej. Jhelum has a strong interaction with Indus through two link canals and the ability to provide Mangla flows quickly to the Punjnad and the Lower Indus canals. In addition to variations of its own inflow (the Jhelum catchment has quite erratic monsoon pattern), the inflows of Indus, Chenab, Ravi and Sutlej rivers influence Kharif diversions from the Jhelum river and Mangla. The average Jhelum flows in Kharif after satisfying the current capacity of Mangla and its direct canal command are about 12 bcm. The Mangla water available for storage can have a competition with the direct diversions to sixteen canals in its command. For this scenario, the live storage of Mangla is increased from 5.3 bcm to 9 bcm, the minimum (dead) storage level is kept 2 bcm and the maximum reservoir storage targeted in August is raised to 11 bcm. With current operations of the link canals, 3.7 bcm extra storage in Mangla will be achieved about 40 % of the time, 9 out of 22 years (Figure 7.19). The number of filling-years can be increased by diverting more water from the Indus River during the storage period (May to August) to the Mangla command through link canals. An increase in Kharif diversions of the main canals or a decrease in eastern flows from India would have an adverse effect on the Mangla filling. This is bound to happen as India has developed and strengthened extensively irrigated areas on Ravi and Sutlej rivers (Indus commission 2002 -report). Additional storage will mostly occur from June to August, as the stress on direct Jhelum diversions is minimal during this period. The releases obviously depend on the demand and management choices. Following the current WAA allocations, this extra storage would be released in late Kharif and early Rabi.

A second scenario tests the availability of storage on the Indus River. A reservoir is added below the confluence of Indus and Kabul rivers. The live capacity of the reservoir would be 6 bcm. The average Kharif flows at this location are 95 bcm. Obviously, the filling of this new reservoir would be no problem. It is filled from July to August. However, there could be rare situations of low inflows like 2000-2001 or a managerial decision to release more water downstream to compensate low rainfall.

The additional Indus storage has no impact on Jhelum storage unless in this new situation more water is transferred from the Indus to Southern Punjab. Mangla and Tarbela reservoirs are currently within the average Kharif surplus flows. However, increased storage of the Indus and Jhelum waters will further enhance the integration of the Indus Basin irrigation system, and the inter-dependency of the network. It was shown that it is more difficult to achieve a regular filling of the increased Mangla reservoir unless irrigation diversions from Jhelum are relieved during the filling period. Due to the high utilization of its flow, the Mangla zone will have a higher sensitivity and impact of releases from both reservoirs.

Re-allocation Scope based on Network capacity and Water Balance

The results of three distribution targets simulated in the previous sections are used to compile a few reallocation options for the main canals. Using the distribution results and the water balances carried out in the previous chapters, changes in the existing allocation, level of achievements, changes in the regulation and the general impacts of these changes are presented in table 7.2.

The first scenario of table 7.2 is based on the existing average surface deliveries. It accepts changes in two important design parameters, CCA and the design allowance (chapter 6). At the local management and users' level, this change will be accepted if actual supplies are higher than the design allowance. The canals currently diverting lower than design allowance may consider the existing low supplies as "the transitional phase" until the full development is reached and higher indents are placed by the local managers. The authorized discharge based on the existing actual diversions will be different from the design values as well as from the WAA. The implementation scope is high for the existing level, however, as discussed earlier, the current philosophy will support continue making adjustments based on demand, groundwater situation and enhancements in physical potential of the system. There will be an increasing political influence and a need for an improved monitoring and information system.

The second scenario is based on the 10-daily volumes adopted by WAA. Any excess or shortage as compared to the reference period 1977-82 will be shared according to this accord. The targets can be easily achieved because diversions will be less than the actual during the difficult regulation periods of early and late Kharif. Like the "existing diversions" scenario, some canals will be entitled to less water than the design and authorized discharges. The existing need for storage is less as compared to the actual diversions (previous scenario). However, after the development of non-perennial canals approved by WAA, storage needs will increase and very intense regulation will be required. The implementation of authorized discharge (3 rd scenario) will need many changes from the current situation, nullifying the allocations of WAA, unrestricted operations of the link canals, shift of about 5 bcm volume back from Rabi to Kharif and strict application of the perennial and non-perennial deliveries. The Kharif diversions could be increased from the existing level, i.e. a shift is possible from the existing diversions to the design situation. Obviously, this situation is not friendly to the existing crop demand patterns. However, the scenario indicates important potential of increasing Kharif diversions without physical changes.

The groundwater sustainability scenarios have different characteristics for Punjab and Sindh. The groundwater sustainability in Punjab requires higher diversions or lower irrigation uses. The net efficiency of 70% CCAs is high due to a very high use of groundwater. Only few canals have remaining potential of groundwater utilization and can save surface water. Based on the overall capacity, Punjab can divert about 10 bcm more, but with different operations of the link canals. Without storage, it can divert 3 to 4 bcm more in Kharif. A constraint on high Kharif diversions is the agreed allocations of WAA, which fixes a volumetric share for the existing system and the flood allocation is taken in the context of new storage or irrigation systems. The existing average annual depletion of about 3 bcm in Punjab will roughly need 5 bcm more canal diversions (assuming 40% of diversions can contribute to the recharge, see chapter 5). The root zone availability of canal water will increase between 2 to 2.5 bcm, i.e. equivalent to the crop stress. But, farmers are not expected to fully reduce the crop stress, they will accept some stress and reduce the net pumpage as well. For the existing uses, the groundwater sustainability of half of the Punjab canals can be easily improved by the combination of two measures: by shifting about 0.4 bcm from canals getting higher than authorized discharge and having a surplus recharge to canals getting less than authorized in Kharif (Fordwah, Upper Depalpur, LBDC and Rangpur). For a group of 4 canals, the already increased authorized discharge (LCC, Pakpatan, Kharirpur, NARA) should be made permanent and supplied more consistently during Kharif to improve a slow declining trend of groundwater table. This will require more water for the Kharif diversions. Four canals (UCC, Lower Jhelum, LBDC and CBDC) need an increase in the water allowance to achieve the water balance and match the current water demand. Amazingly, these canals grow low water consuming crops and apparently cannot increase cropping intensities because of low allowance. With surplus availability of land and water, Sindh has bigger potential for changes in water management. The current high allowances of Sindh canals are an obstacle in the extension of cropped area. These allowances can be reduced to use same water on enlarged CCA. The drainage has limited success and it is important to reduce the effluent.

With respect to crop water requirements, there is no gross water stress in Sindh based on the actual diversions, but higher than design water is required for the Rabi agriculture. The annual unevenly distributed shortage as compared to the crop water requirements is about 5 bcm in Punjab (chapter 6). The annual stress at the root zone is 70-80 % for about half of the canals, while in Rabi it goes to a maximum of 50 %. The Punjab canals can be divided into two groups with two broad water and production curves. In both groups, canals can move up the curve if the supplies are enhanced (chapter 6). Some of the low performing canals have depleting groundwater table and an increase in their allowance/authorized discharge is possible as discussed in the previous section. This scenario needs further investigation.

Conclusions

The basin-level water allocation model was used in this chapter for long-term simulations of the surface water network operations in order to 1) determine the actual operational targets, 2) evaluate the feasibility of obtaining the different targets, 3) analyze the impact of reductions in inflow from Eastern Rivers and of the decreasing storage capacity of existing reservoirs, and 4) evaluate the opportunity for additional surface water storage on Indus and Jhelum Rivers.

The simulation of the actual operations for the period 1978-1999 shows a unique temporal consistency of the operational targets for about 80 % of the water distributed to the main canals. It was shown that at the main canal levels, design and authorized discharges are no longer distribution targets of the system managers. Especially, operations of the reservoirs and link canals are not planned to deliver these discharges. In Kharif the main canals get in reality much less water than the 'authorized'. In fact, the system managers try as much as possible to carry over water from Kharif to Rabi even for the non-perennial systems, especially from the low demand periods of Kharif. In addition, the original clear-cut distinction between two operational seasons tends to disappear, due to Rabi cropping and staggering of the main crops made possible in part by the groundwater exploitation. A transitional supply phase has, therefore, been put in place to cater for these shifts in cropping pattern. Operational targets for most main canals have been modified on the basis of these changes. The WAA allocations are quite close to the actual situation, since they are based on historical diversions of 1978-82. However, Kharif diversions continue to be slightly higher than envisaged by WAA. The reservoirs and link canals are the main instruments supporting water management through regulation, allowing managers to carry over water, which is different from the design concepts.

Due to consistency in the scheduling of the main body of surface water to the main canals, the reliability of main canal supplies is high for a base level. Existing monthly diversion patterns of the main canals for the last 10 to 15 years, have very small inconsistent seasonal variations (in the range of 5 %), hence, the water is distributed following a consistent pattern of variations. There is a physical flexibility for bigger adjustments (like higher diversions in Kharif), but the system management does not seem either to perceive to have a margin for diversified adjustments or restricted to remain within some limits. A conflict between the seasonal authorized discharge and WAA is obvious. As shown in chapter 4, the canals with low allocation and some of the internal canals receive higher water than their design allowance, but also with high variation (Group IV of Punjab and II of Sindh). The adjustments are also influenced by reservoir operations, physical locations and local demand of the canals (extension of the irrigated area in some cases and low demand in others). It can be argued that the current targets and the procedures to achieve them allow the management to distributed a certain amount of water as a privilege with unreliability. The high coefficient of variation for the non-perennial canals during Rabi season represents the unavailability of targets for these supplies. Much higher reliability problems can be expected at the lower levels of the system, i.e. secondary and tertiary canals.

The simulations show that the link canals and reservoirs possess a considerable physical margin and thus an operational flexibility, which could be used to increase main canal diversions in Kharif. It is technically feasible to achieve the WAA allocations around 95%, and it is even possible to divert more water through link canals and deliver more water in Kharif to the selected canals. This will require more responsive storage schedules and can be made possible by only restoring the freeboard of these canal by 20 % and operate them at a full supply level or even 10-15% higher throughout the four Kharif months. With this, the volumetric share of some canals may go beyond the WAA allocations, which is probably one of the reasons for not utilizing the full physical potential of the system in Kharif. The link and main canals can withdraw more water in early Kharif, most of the years, without affecting reservoir storage with better forecast and storage planning. The method of forecast at the seasonal, monthly and lower time step needs to be improved in view of higher need for the optimization of reservoir storage process.

The existing diversions to main canals are facing serious threats of shortfall because of storage capacity depletion and a continuous decrease in the Eastern Rivers' inflows. The first phenomenon will reduce Rabi storage and diversions, while the Kharif supplies of irrigation systems in Southern Punjab will decrease in the second case. This will also impact upon the irrigation systems in Northern Punjab as more water will need to be transferred through the link canals. To compensate, higher and continuous diversions will be needed from the Western Rivers and particularly from the Indus River, which is a highly sensitive political issue. At present, the link canals transfer no water from Indus during the monsoon and high flow months. It was shown that for both phenomena there is a variable impact on diversions to the different canal commands, but generally moving away from the regime of proportionality and equitability.

The scope for further storage is higher on the Indus as compared to the Jhelum with respect to water availability perspectives. A 6 bcm reservoir at Kalabagh on the Indus and 3.5 bcm increased storage of Mangla was simulated for the inflow hydrograph of the last 22 years. The Mangla storage could be filled to full capacity only 40 % of the time. There is indeed a high competition with direct diversions to the Mangla command, which will increase with a reduction in the eastern rivers inflows. A part of the Jhelum flows that would need to be stored, are presently directly diverted to its command area having a gross water shortage. Additional storage on the Indus River is always possible because the gross water available is high at the location below Kabul river, even during the stress years.

The comparison of different allocation (or reallocation) scenarios indicates the issues/challenges faced by the allocation process. First of all, allocation, regulation and surface water management are strongly interlinked at the decisions making and the operational level linking policy and the actual functioning much more than planned. Secondly, the allocation challenge is in fact to distribute a water stress among the systems facing different water use and management problems, hence different response to the surface water supply. Thirdly, high percentage of water uses in agriculture is still coupled with a planned increase of surface diversions, while a practical decrease in direct diversions and river water availability is making the demand for further water development more pressing. The possible actions and impacts of different allocation options indicate complex but manageable situation. The specific actions required to achieve different allocation scenarios are identified, like unrestricted operations of the link canals to achieve the design discharge, higher Kharif diversions to achieve groundwater sustainability, higher canal supplies and more surface storage for the sustainable production. Two critical issues for the reallocation process are: i) institutional ability of the public sector organizations to come back from the operational adjustments and indirect changes to the redefined allocation parameters; ii) political acceptance of the new allocation procedures.

In terms of further research, current analysis shows the need for a hydrological study on the gains and losses over time in the Indus River and its tributaries. The drainage and recharge behavior of the rivers has undergone changes with the development of water resources in the basin (reservoirs, barrages, link canals, tubewells). Such a study would facilitate the task of the system managers in better planning the surface water deliveries. Similarly, it would be interesting to study the potential for improving reservoir operations using the operational targets defined in this study for the different canal commands. Finally, it would be interesting to link the current water allocation model with a groundwater model. The challenging aspect of such a study is the complexity of relationships between water resources, in terms of physical processes (recharge, drainage, capillary rise) as well as in the context of management. Not only do farmers react to perceive deficiencies in surface water deliveries by pumping groundwater, but surface water delivery schedules have evolved over time due to this new integrated water use environment.

Chapter 8 Conclusion: the scope of surface water reallocation in the Indus Basin

This chapter concludes by attempting to answer the three questions that were formulated in the problem statement (chapter 1):

-In how far have water allocation rules in the Indus Basin evolved over time and what are their impacts on the actual water distribution? -Is irrigated agriculture in the Indus Basin sustainable with reference to water and crop systems? -Is there room to improve the water allocation and its distribution to different water users?

These three questions will be discussed in sections 8.1 to 8.3. Then, the policy and institutional perspectives of reallocation of surface water will be discussed. The last section treats the prospects of further research.

The evolution of water allocation rules and their impact on water distribution

Design objectives and perception of irrigated agriculture in the Basin

It has been shown in this thesis that the water design parameters (water allocation, extent of perennial irrigation, size of the irrigated area) vary widely across the Indus Basin, not fully consistent with the agro climatic conditions or the agriculture potential, despite the misleading perception of equitable water distribution (as a valid target) in an inter-connected irrigation system. Large-scale irrigation development in the Indus basin from the second half of the 19 th century to date was strongly determined by the state policy to have a big agriculture sector engaging the whole rural population, political priorities and the direct state interests (revenue, production of crops for export, food security, etc) which evolved/changed with time (chapters 2-4). The administrative and political interest of the state and society thus interacted with engineering choices [START_REF] Gilmartin | Scientific Empire and Imperial Science, Colonialism and Irrigation Technology in the Indus Basin[END_REF], District & States Gazetteer reprinted 1977) to have a wide spread irrigation infrastructure and determine a broad range of water design parameters. A low water allowance ('thinly spread irrigation') was provided to the earlier systems in less arid North India including the Upper Indus Basin. In already cultivated areas, the earlier concept was close to the "water advantage" model practiced in India from the 7 th to 18 th centuries (chapter 3). The second phase of irrigation extension to the less feasible areas from the end of the 19 th century onwards occurred with increasing water scarcity outside of the Kharif flood season. A modified form of the inundation canals or flood irrigation was put in place in summer for the non-perennial irrigation systems in the lower reaches of the Indus. The third and current phase of agriculture extension has two key functions: a shift of production and population pressure from the existing agriculture as much as possible and a continuation of providing low-income self-employment to the rural areas. The sector's payback to the bureaucratic administrative setup is not analyzed here. Nevertheless, the sector seems to have a survival mechanism despite low direct revenues and high direct costs of operations [START_REF] Ali | Punjab Irrigation and Power Department: Objectives, Policies, Organization review and recommendations[END_REF], WSIP 1990). The 'administrative non-profitability' of the irrigation is not in accordance with the original revenue oriented irrigated agriculture model. It seems to be strongly linked with a deadlock in irrigation extension and new surface water allocations.

The paradigm of thinly spread and low output irrigation in North India (Perry 1996, Jurriens and[START_REF] Jurriens | Scarcity by design: Protective irrigation in India and Pakistan[END_REF] and the Indus basin has over-shadowed existing realities of well performing 'low water allocation' canal commands in terms of agriculture development on the one hand, and less well-performing 'high water allocation' systems on the other. The former are mostly perennial while the latter are non-perennial systems. The availability of groundwater, population pressure and the support provided by the reservoirs and river link canals has enhanced the original qualities of irrigated agriculture. Based on the classification of Jurriens and de Jong (1989) and [START_REF] Jurriens | Scarcity by design: Protective irrigation in India and Pakistan[END_REF], less than half of the irrigation schemes of the Indus Basin qualified as "protective irrigation" at the design and planning stage; these were canals supplying water to fertile, already cropped and populated lands. While, these areas have some characteristics of "productive irrigation", like irrigation allocation for two seasons, free cropping patterns and a planned percentage of cash crops (sugarcane, rice), see Table 8.1.

The groundwater exploitation and surface water reservoirs have enabled very high cropping intensities and cash crops, first in the cotton belt, later in the mixed crops belt of the low allocation systems. The high water allocation systems are close to "productive irrigation" by design, as their allowances were to cater for high delta crops, aridity and non-availability of groundwater. But these are low production systems basically because of environmental constraints. All systems were allowed free cropping patterns and low cropping intensities, only restricted by the land and climatic constraints. The big land holdings are managed with the help of hired farm labor, another productive irrigation quality. Despite high allocations and additional water availability in Rabi, cropping intensities remain low in the high allocation systems due to farming choices of the big farms, waterlogging and groundwater salinity (Table 8.1). The actual water allocation practices shows that the decisions of system managers and policy makers are not always antagonistic to the productivity needs of farmers and have respond to water demand,, however, with discretion and without developing any rules First 3 columns from [START_REF] Jurriens | Scarcity by design: Protective irrigation in India and Pakistan[END_REF] It can be concluded that canal irrigated agriculture had mixed qualities of the protective and productive irrigation at the design stage and a technical potential to evolve as shown by later developments (Table 8.1). Similarly, the socio-economic characteristics cannot be clearly distinguished as protective or productive. For example, the cultivation and export of cotton was a planned objective for irrigation development in these areas, and about 40 % of the farms were big enough to have concentrated benefits and depend upon hired labor. Market influence on the sugarcane cultivated area is shown by [START_REF] Strosser | Analyzing alternative policy instrument for the Irrigation sector[END_REF]. Hence, the actual irrigated agriculture in the major part of Indus Basin is much more responsive and flexible than its reputation as a protective irrigation set up. A gap and contradictions exist in the planning approach and water management strategies, which have responded to some of the challenges, but still dominated by the general character of the earlier low allocation and low output systems. This thesis has identified the canal command areas with different agriculture potentials, threats and design characters; those reached to the optimal cropping level (intensities) and those having water and land potential to be utilized if other constraints could be addressed.

A changing irrigation environment

Water access and water allocation

The right to water access existed at all times with conditions imposed by the socio-political structure of the community leading to different regulatory mechanisms. There is always a conflict between the users' desire to have maximum free access and the jurisdiction of the authority (from the tribal head to the irrigation agency) to impose a control through institutional arrangements. Control of developed river water resources consists of a water allocation method, delivery tools and procedures, and a definition of the relations between the controlling authority and users. The actual water acquisition and its management are much more dynamic than physical developments and official rules. This study has shown that the groundwater and rainwater exploited and used beyond the official domain of irrigation management are equal contributors of water at the farm level in the useable groundwater zones. Their access not only directly influences agriculture decisions, have a determining impact on allocation changes brought through the regulation and water division processes. The evolution of actual water allocation is a continuous compromise of users' requirements and management constraints and potentials.

With the design of large-scale canal systems, the surface water availability changed from an "access control" to an "authorized allocation". The concept of "riparian water rights" facilitated the access of "old users" to the authorized allocation, but it did not give any privilege in quantity or in the nature of access (perennial or non-perennial). "Prior water use rights" played a limited role in the command areas. However, "riparian water rights" became obsolete when all divertible water became engaged with the authorized allocation. Later on, the flexibility provided by the reservoirs relaxed the priorities and decreased the shortage of the authorized allocation. This affected at the same time the doctrines of "equitable apportionment" and "equitable distribution". The scheduling process became more important, as it could take into account the water requests of local managers, which categorically carry the influence of the actual agriculture demand. Deviations from the "equitable share" have increasingly occurred and were legitimatised in the "historical diversions". At this stage "official water allocation committees" were set up to resolve provincial water disputes, formulating recommendations on the volumetric division of surface water between the provinces. The political influence and sensitivity on water allocation is obvious from the fact that from 1932 to 1991, none of the recommendations or proposed agreements by five basin level inter-provincial committees were accepted and signed by the provinces.

In the post reservoirs period, the groundwater extraction has become a very important additional access to water with much higher flexibility. The contribution of ground water at the farm level is almost equal to that of surface water in high performing agriculture areas (chapter 6). About 70 % of the potential of groundwater was already utilized when a provincial water allocation accord was signed in 1991. The volumetric allocation of water to provinces are the "new agreed water rights", allowing to deviate from the equitable sharing of shortage and excess supplies with the help of "historical diversions" based on the reference period of 1977-82.

The sustainability of surface management practices

In the new developments, one of the management weaknesses is the loss with time of clear operational targets, which were at the core of the public works approach of design, operations and maintenance of irrigation infrastructure. Three tools are presently used to adjust the surface water management to new realities, i) operational flexibility to distribute excess and shortages, ii) an "empirical approach" to accommodate increasing water demand of a canal command area and, iii) the introduction of new management levels. The first tool allows managers at all operational levels to adjust the actual diversions without feedback or consultation from the lower levels. The highest margin available with the management is at the top level. The empirical approach is not a new tool in the basin. The approach has its merit in facilitating planning, handling political sensitivity and addressing the water sharing disputes (chapter 3) without much investigation and scientific justifications. For day-to-day operations, it helps to camouflage the "nature and extent" of the evolution or deviation from the planned functioning. The political and technical pressure has imposed new management levels introducing new sets of rules and constraints like the water division at the provincial level, Jurisdiction of IRSA and time to time administrative interference to modify water shares (always during high demand periods).

The actual management of water resources is based on highly interlinked application of above-mentioned tools. For example, the regulation office at the provincial level decides water diverted to a barrage, a share from the actual available river inflow based on IRSA' approval of provincial demand. The final delivery is an empirical combination of three targets, design, WAA & historical diversions, each of them can produce different diversion patterns (chapter 7). In this enhanced management setup, manager at the barrage level may have much different water received as compared to his expectations, but will have higher flexibility to make adjustments in the schedules of individual canals based on the same three target references and the constraints imposed by capacity, local demand, etc. Practically, at both province and barrage levels, "historical diversions" constitute a more effective reference than the authorized discharge (chapter 6) to divert water.

The Water Allocation Accord of 1991 proves that the management of surface water based on the design and historical diversions needed another level of allocation, which is more "real time". However, by defining WAA as a 10-daily regulation intervention (which principally should remain within the design boundaries), a contradiction is introduced. Continuous provincial disputes and IRSA's decisions in water stress situations (when WAA could not be unanimously interpreted, chapters 3, 5) indicate the insufficiency of the existing management arrangements. In April 2004, IRSA announced an exceptional storage shortfall, which would delay the cotton sowing, despite the fact that the reservoirs were filled to the maximum capacity at the end of the summer of 2003 and that there had been average rainfall. The contribution of groundwater has a clear influence on the supply (chapter 6) not only on the actual uses, but not considered at any management level. The sustainability of the current water management procedures has the major limitation of their own functioning.

There are inconsistencies in the organizational management structure. The surface water network management is shared by a basin level organization WAPDA and the Provincial Irrigation Departments. To operate reservoirs, WAPDA needs continuous feedback from these Departments. This operational feedback partly comes from direct observations of water levels of the integrated network, while the provincial water demand is approved by IRSA. As a provincial negotiation forum, IRSA handles disagreements during water short periods; its capacity to resolve disagreements is restricted and many times decisions are taken administratively. WAPDA has established many setups in the context of basin level management to monitor groundwater, rainfall, soil properties with some of the overlapping institutional functions between the irrigation departments and WAPDA, but mostly replacing PIDS (Ali 1984, RAP 1979). The scattered data collected by these institutions are only partially utilized and represents an incomplete vision of the water resources. Special studies carried out to justify development projects provide room for a twisted generalization. The institutional patterns have become complex, leading to inconsistent planning. The current informal adjustments have reached their limits, hampering existing management, future planning and creating political differences. The last few years have witnessed growing ambiguity and a lot of political conflicts on water issues (chapter 3 & 6). Within the provinces important legislative decisions are made in the agriculture sector, but that area is not less controversial. The provincial irrigation authorities aim to be financially self-sufficient, but highly relying on the international funding while the relief packages are provided to farmers in many cases. For example, a recent decision exempts farmers receiving no water from the payment of revenue, subsidies are provided for the installation of tubewells amid proposals by researchers and policy makers to impose a control on new wells. The political pressure will increase and water management will go for more target-less and unpredicted decisions.

Agriculture Potential and water demand

Contrary to the design philosophy, actual water uses have influenced the canal water supply targets and the actual supplies to canal command areas as discussed in the previous sections. The net distinction between Kharif and Rabi in canal supply patterns has disappeared and a transfer of water from Kharif to Rabi, after the inception of reservoirs, has been possible due to high river flows and availability of other sources in Kharif (rainfall, capillary rise, tubewells). Water is also shifted from the flood season to early and late Kharif to enable the sowing of major crops. The traditional rice-wheat areas of the upper basin, having a lower level of aridity, low water allowance and partly non-perennial, are performing low with relatively low cropping intensities and gross values of production. The saline areas of ricewheat rotation are also performing low. The groundwater use is not the optimal in rice-wheat cropping systems. The command areas having low intensities even after 50 years of operations need closer investigation of their agriculture potential. In the traditional cotton-wheat or sugarcane areas, which are very arid (ET 0 = 1700 mm, rainfall = 300 mm), the agricultural performance is much better, even though their canal water allowance is not very high (600-900 mm). However, the pumpage is around 40 % of the canal diversions. The water supplied could not justify the official data showing very low agriculture performance in Sindh because of low cropping intensities.

The agriculture so developed has continued to be the biggest sector of Pakistan's economy. As a major employment provider, it directly supported 40 % of the labor force of the country in 2000, declined from 50 % in 1965 while the population increased from 51 to 140 million. It continues to contribute 25 % to the gross domestic product. In addition, every political Government of the Pakistan distributes thousands of hectares of semi-fertile land to the landless despite having no new surface water allocations after 1978 (other than very small schemes in NWFP and Baluchistan). At the national level, the sector can claim having two goals, achieve food security and sustain agriculture contribution in the National economy.

Food security has not been fully achieved but has small target gaps at the current level of demand (GOP 1990(GOP -2001;;WAPDA 2001;National Water Strategy 2003) as the country has remained at the edge of import and export of wheat and processed sugar during the last decade. While, the import of crud oil, oil seeds and processed food could not be avoided. The low water allocation, non-perennial and well-irrigated areas have a higher percentage of cereal crops. Outside the CCA about 5 million ha riverain (sailaba) and rainfed (barani) areas mainly grow fodder and cereals. The low input and low revenue generating agriculture in sailaba and barani areas is strongly livelihood oriented, and no institutions (organizations, laws) are responsible to protect these uses. The water available to the sailaba and barani areas has been decreasing (chapter 5) with a decrease in river losses and groundwater recharge. One of the consequences will be higher well irrigation in these areas and a decrease in groundwater recharge, which will likely affect also some of the canal command areas. Hence, the sustainability threat to livelihood oriented, low input agriculture in these areas is high.

The non-agriculture surface diversions are quantitatively small (less than 5 %) and totally ignored in the assessment, planning and management of water resources. It is time to include these uses, especially drinking water, in the water resources planning and management at the canal command level, as the fresh groundwater is depleting and the stress on surface water is increasing. The Government of Pakistan has declared drinking water a priority area (National Water Strategy 2003). The high profile political declarations (President of Pakistan National Legislations 17/01/2004) to provide drinking water on priority are in-line with water management priorities set by international debates (GWP 2001, ADB 2001). There is an overall increase in the urban and domestic supplies from the river system, while the domestic water uses from the collective village facilities are not maintained (chapter 5). All big cities (Quetta, Lahore, and Karachi) face drinking water supply and groundwater depletion problems. The industry is increasingly using groundwater, and even manages to obtain canal water in some cases. The water used for livestock from irrigation channels is totally informal and not protected. The accounting of all existing uses and the gross availability of water at different level must be a starting point to develop an appropriate planning vision. The European experience shows that to protect the sources of urban supplies is not easy.

The management issues of non-agriculture water uses are new to the Indus basin. This study has shown that grossly there is sufficient water available for allocation outside the agriculture sector. But the availability of groundwater (which is the main source of these uses) is decreasing in some areas and the irrigation network is facing increased demand in agriculture.

The mechanisms to provide water to a scattered population will need to be evolved as a part of integrated planning. Even the experience of less agriculture oriented countries shows that to develop this mechanism is time consuming. 

Physical sustainability of the Water Resources

The natural physical integration of water resources has been amplified through the water development infrastructure in the Indus Basin. All Indus streams are connected and interactive with the basin for rainfall, drainage effluent and groundwater recharge (chapters 4-6). During an average year (1993-94 in this study) about 80 bcm of rainfall occurs in the basin and groundwater levels rise throughout the basin after the monsoon. A year with heavy rainfall will see a substantial drainage contribution to rivers. A reduction in "river gains" was shown to happen for recent years due to higher groundwater extraction. This is likely to modify the sub-surface inflow from outside the cropped areas. The gradual reduction of Kharif recharge can be a major setback to the sustainability of groundwater in terms of quantity and quality, as it will directly reduce the overall leaching fraction and regeneration potential of the system.

The use of groundwater will probably increase in the short span, as the existing capacity of the groundwater infrastructure is much higher than the actual pumpage with an operational factor of less than 15 %. The high dependence of farmers on groundwater is obvious from the positive correlation between groundwater pumpage and Kharif cropping intensities. The users' managed wide spread abstraction of groundwater in fact extends the physical integration of the surface network, as losses in one part of the system are recovered elsewhere. It provides a big relief for the public supply infrastructure and formally allocated water resources. In high water table and saline areas capillary rise is an important contribution to wheat crops in Rabi, although most of the recharge evaporates from the high water table. Very low performance of the drainage network and quite high free surface evaporation makes the basin almost closed with low net leaching potential (ISET 2000). The groundwater use is the key factor increasing the gross utilization of water. The lack of integrated planning can create serious demand-supply crises never envisaged in the Indus Basin. Declining water levels, an increase in the cost of pumpage (PPSGWD 2001), and quality deterioration can erode the access to groundwater for agriculture, but also for drinking water. It can lead to a highly inequitable access to groundwater and increased water stress, further challenging the existing official allocation of surface water in agriculture.

The water scarcity in the Indus basin is discretional, with respect to the source of water, the sector concerned, and the geographic location. Based on the average gross inflow of 1500 m 3 /cap, direct canal diversions (900 m 3 /cap), groundwater use more than 400 m 3 /cap and annual uses in the range of 880 m 3 /cap, the country is not water stressed according to international standards. During the worst conditions (2000), the gross inflow decreased to 1100 m 3 /cap making impossible to maintain the irrigation uses. The local character of water scarcity is important. Water stress is present in those areas having an inverse relation between rainfall and reference evapotranspiration and bad groundwater quality, but also in areas with a high water demand. The natural stress is compensated by surface water allocations, ranging from 20 to 90 % of the ET 0 in the sweet and 35 to 120 % of the ET 0 in the saline zone.

The current threats to the accessible and massively used but not formally allocated, accounted and protected water resources need to be taken seriously. The first category of this kind concerns the 7 bcm Eastern Rivers' flows, which constitute currently a big relief on the link canals and the Ravi and Sutlej canal commands. Another category relates to the surface water volumes provided in Rabi to the non-perennial canals. The depletion of the reservoir capacity and a higher surface demand in Kharif are direct threats to this water. The decrease in recharge of the groundwater reservoir has at least three areas of influence, well irrigation areas, the groundwater uses in cities and villages for non agriculture purposes and the groundwater used in surface irrigation areas. Depleting groundwater tables and a decrease in the drainage contribution to rivers will impact on the water availability at the farm gate. The last category of water under threat is the canal supply to those canal commands that have benefited the most from the installation of reservoirs. These canals gradually have higher competition with other canal command areas.

Can Water Management be improved?

Despite a low overall production, a sustainability risk and a variety of inequalities, the irrigated agriculture has not totally failed. It has been performing to the general satisfaction of water managers and the users until recently rather defying policy makers and donors in their proposed interventions and forecasts. The water balance analysis and the basin level modeling have shown the room for changes in water allocation and management based on five factors, the physical capacity and flexibility, the river inflow available in Kharif, the existing groundwater potential, the existing water demand and the modifications in the seasonal uniform targets, as proposed by WAA. Conceptually, "reallocation" would mean that existing water quantities could be shifted in the basin by diverting more water or transferring water between different sub-systems of the basin. In order to do this, new distribution targets will have to be defined, requiring a conceptual evolution and the redefinition of the target discharges and water volumes. The water availability and technical potential of the physical systems needs to be determined and improved if required to make the allocation changes.

Based on the current simulation analysis, many management changes are possible without big physical interventions. While the technical feasibility analysis indicate the favorable actions to be taken, as briefly summarized below.

Technical Feasibility of Surface Water Reallocation

High dynamics and higher than reported uses: The water balance of the basin estimates more than 25 bcm of river and rainwater used for agriculture and other uses outside the official accounting. These are mostly river and link canal 'seepage losses' available to be utilized, in fact 'useful diversions' supporting sailaba and well irrigation as well as groundwater recharge. The statistical analysis indicated an increase in these losses during the recent years of low direct canal supplies and rainfall (chapter 5). Higher groundwater extraction and existing cropping systems may increase these unaccounted diversions competing with the authorized canal supplies. It makes a need for account and consider this water as 'allocated' for non-traditional uses and recharge That will immediately increase the official value for the quantity of water available and used within the basin.

Allocation to other sectors:

There is sufficient gross water available for other than agriculture sectors, but it needs to be tapped and developed from the Kharif excess or saved from the existing non-beneficial wastage. The surplus surface inflow is directly available from June to September, the rainfall for the same period and the irrigation losses the whole year round. The provincial water budgets can include about 4-5 bcm for other than agriculture sectors on a seasonal basis, but should adopt strategies to secure this water along the year and across the provinces. The real difficulty will be to provide this water regularly during the months of low inflow. And a basic issue will be to allocate water to other sectors and secure it on the long-term basis. The integrated planning would need to consider these allocations in the future surface water development (assessment of water resources, new storage, flood water regime, etc) and the groundwater management.

Potential of the conveyance network:

The physical flexibility of the surface water network plays an important role in defining and testing alternative distribution options. Three components particularly provide this flexibility: the diversion capacity of the main canals, the water transfer capacity of link canals and the storage capacity of reservoirs. Table 7.1 summarizes the scope and impact of different water allocation scenarios at the main canal level showing the feasibility of the system to cater for these reallocation options. The maximum delivery potential of the systems is not utilized presently. Only a few canals have a capacity constraint (chapters 6, 7), while the canals having high dependence on link canals are more sensitive to water stress in some parts of the network. In line with the surface infrastructure, the groundwater infrastructure is under-utilized. The infrastructures of both resources jointly provide a reasonable flexibility to the system to make allocation changes in an integrated management environment.

Diffuse boundaries between CCA and GCA:

In the sweet groundwater areas, cropping intensities in the CCA are greater than 150 %. Extension of the cropped areas or of cropping intensities seems hardly possible as the water stress is high and an expansion of the nonagriculture uses can be expected. Due to a massive development of groundwater and expansion of residential areas and other infrastructures over the years, the original clear-cut boundaries between the canal culturable (CCA) and the gross command areas (GCA) tend to fade away. However, the surface irrigation supply needs clear boundaries of its jurisdiction for the surface water allocation and accounting. In view of the history of changes in the CCA, it is possible to reestablish the CCA and expected potential areas of the irrigation services. It is also possible to define the total irrigated area by all sources within the GCA and then the canal irrigated area.

Allocation at the provincial level: Changes in the provincial management of water resources are essential to implement the reallocation options. It was shown that provinces are using more water in agriculture than allocated by WAA. It is obvious that current volumetric provincial shares and 10-daily diversions can be achieved in most years; while during wet years actual diversions go beyond these shares. Hence, there is a need to add certain flexibility in the definition of seasonal and 10-daily targets to main canals for each Province. Provincial priorities can be added to account for the demand pattern and the production potential of the systems. This could be more effective if provinces are allowed to utilize their annual balance during high flow periods and draw their share from the surplus flood inflow. For example, Punjab can use this water to maintain the recharge. It would necessitate a more flexible negotiation procedure at the IRSA level and development of a more detail water sharing criteria. The political agreement among the provinces is an essential constraint to be handled.

Reallocation at the main canal level:

The technical scope and the impact of different allocation options have been identified in chapter 7. Technically, different modifications are possible, as shown by comparing the scope of different allocation options; "historical diversions", WAA allocations, authorized discharge, "improved groundwater balance" and higher agricultural production. The deviation from the authorized deliveries has been a choice of the management to respond to a changing demand and accommodate contributions from other water resources. Hence, there is already a reallocation, which is not scientifically planned or assessed. An important requirement to implement above-mentioned allocation targets, is to have more surface water diverted and/or stored during high flow months. The production-oriented allocations favor already high performing areas, similarly allocations for sustainable groundwater availability will favor the areas having high groundwater use and irrigation. The current analysis indicates the canal command having surplus water in terms of three available resources.

Addressing the Institutional Constraints

Around the globe, water supply and irrigation systems are developed and managed under different institutional arrangements and priorities, which undergo qualitative and operational changes with time. A good example is the development process of the European Water Framework Directive (WFD), which has to provide certain flexibility to member states in its implementation. The basin authority promoted in the WFD is not necessarily a new institution. It could either be an administrative department empowered with this competence, e.g. the ministry of the Environment, or an existing executive body, e.g. the Préfet in France (European Water Policy 2002[START_REF] Griffiths | The European Water Framework Directive: An Approach to Integrated River Basin Management[END_REF]. One of the dilemmas of the Indus Basin is the intervention-oriented growth of the management institutions. The multi-dimensionality of the institutional issues is not the focus of this study, but some of the institutional constraints seem directly relevant. The original operations oriented authoritative management of surface water resources was extended to other domains like planning, development and monitoring functions, but the institutional responsibility separated by launching new organizations and sets of rules. The first problem with this setup is the limited integration of different disciplines; there is not even a formal coordinating arrangement. The second problem comes from the size of the basin, and the differences in the scope of irrigated agriculture (cropping systems, water sources, etc.) across the Indus basin. It causes a big gap in water management issues and their technical and political scope across the basin in addition to more obvious competing water interests of the provinces.

Regional interests in water resources development are shown to compete with larger basinlevel objectives even in 1919 (chapter 3) when Sindh started objecting river diversions in Punjab. The history of Sutlej valley project and before that objections of Sutlej river command areas on the transfer of Sutlej water to the Ravi command areas, are the examples of that. The political agreements on division of Indus rivers with India in 1960 and the provincial division of remaining river water in 1991 (WAA) has given preference to regional solutions. The handing over of two complete rivers to India supporting most of the cotton belt of the Southern Punjab was contradictory to the 'riparian rights' philosophy. Basin level planners and managers will have to make special efforts to focus the attention of politicians and policy makers on some of the issues that cannot be addressed through the current institutional set-up.

Perspectives of Water Reallocation in the Indus Basin

This study has shown that, contrary to the general perception, there has been an evolution of water allocation in the Indus Basin with time under the influence of users' demand, the development of the irrigated agriculture sector, the Indus Water Treaty works (reservoirs, link canals), and the development of groundwater resources. These changes must be accepted and conceptualized to use them constructively for sustainable improvements in water allocation. There is a potential to improve planning, utilization and division of water. Three spatial boundaries are relevant for water allocation: the basin, the provinces and the canal commands. The comparison of reallocation options (chapter 7) helps to understand which policy drivers are more relevant to improve, for example, the sustainability of groundwater and the sectoral allocations, which are two priority areas identified. Some strategic options have constructive overlap; the reallocation to achieve better sustainability is agreeable with high production scenarios in depleting canal commands. The good news is that there is still sufficient water available in the basin. The technical feasibility of re-constructing water distribution exists. There is a need to have clear policy objectives, planning perspectives and management strategies including physical interventions.

Water Policy

The basin has a rich water development experience, satisfactory water resources conditions and potentials, which could be put forward to guide the water policy out of its current defensive and symptomatic approach. Water policies and planning need not be totally "new" but evolutionary and progressive, building on the existing experiences. However, a new contextual and goal-oriented approach will be required to guide integrated planning and specific management strategies. The water policy has traditionally been simple and pragmatic with a strong emphasis on continuity along with an upfront motive to support and spread agriculture wherever possible in the basin. It had a strong irrigation and agriculture maintenance approach to protect land quality and degradation like salinity and waterlogging, and indirect crop regulation through subsidies. It is only recently that numerous policy statements (NDP 1997, GWP 2001, Pakistan Water Strategy 2003) have started emerging in a context of a multitude of donor-financed policy and planning studies. Some major changes in policy are announced like management transfer to users at experimental levels. This trend is not restricted to Pakistan; many countries face identical policy challenges to set the priorities between the economic value of water and its strong livelihood orientation.

Based on the current research, a major policy challenge is to ensure the future water security, i.e. ensuring the water availability for future generations. This security is threatened by imbalanced groundwater pumpage, a low drainage potential and a high wastage of irrigation in the saline areas, increasing the depletion of usable water and the water demand of irrigation and other sectors. It is possible to improve the surface water allocation and the efficiency of water use, and develop conservation measures in the saline zone. Water policy should develop a mechanism to ensure domestic and drinking water availability on the long term and, institutions to achieve basin and sub-basin water management goals and resolve political and administrative conflicts. The current research has shown some hard realities; a) the extension potential of the current irrigated agriculture is almost saturated b) irrigation services generate CemOA : archive ouverte d'Irstea / Cemagref low direct revenues, c) the water uses by other sectors can no longer be ignored, d) water resources need to be protected for the rural livelihoods, food security and the country's economy, and e) water demand as well as net availability needs to be estimated with increasing precision. Further developing the full potential of the existing system will, therefore, increasingly rely on developing water management strategies. The time of largescale irrigation extension seems over.

Basin Planning

In Pakistan, the basin was accepted as the primary level for water development planning in 1965 with the West Pakistan Water Sector Planning Study [START_REF] Lieftinck | Water and Power Resources of West Pakistan, A study in Sector Planning Volumes I, II and III[END_REF]). This surprisingly progressive and conducive situation led to the initiation of basin level planning process, emergence of water management organization like WAPDA and the introduction of monitoring setups. However, the process could not lead to a coherent water policy and sustainable strategies as indicated in this thesis. The challenges faced were conceptual and Institutional and could not constructively resolved. The level of challenge in defining and implementing basin level management is clear from the recent European experience. The European Water Framework is trying to promote basin level management institutions in 2002.

Until 2015, all waters of the European Union have to be in a good ecological and chemical status. Furthermore this objective has to be reached through an integrated water management at a (even international) water basin scale. The objectives are binding and imply a complete reorganization of administrative structures in charge of water and a redeployment of public actions regarding both water management and every (direct/indirect) water use.

A conflict between agriculture production objectives at the basin level (green revolution approach of 1965) and high surface water allocations to the saline areas existed by design. On the other hand despite regular groundwater monitoring, a clear link between excessive groundwater extraction and high demand-supply gap in irrigation could not be addressed. The supply oriented irrigation profile of North India was predominant in thinking to go beyond the drainage options to support high allocation non-perennial irrigation in these areas. Challenging the present water sharing arrangements, by bringing in a basin and sub-basin approach, taking all of the supplies and all of the demands into account, will not be easy. For food security, winter irrigation in the arid zone and the sustainability of Sailaba and Barani irrigation should be considered in planning. It seems that for the basin level planning, there is a need to go one step down to the sub-basins and even to the canal commands having more coherent water management characteristics and challenges. Plan for the long and short term and then evolve a basin level vision.

Water management strategies

In the present state of affairs in the Indus Basin, water management strategies are more important than the policy and planning in terms of water sharing. It is, therefore, necessary to have a clear link between policy, management strategies and the field actions. There is much room to apply and generate management solutions to address the existing water allocation issues. These strategies should be developed on the short and long term basis as the existing demand and supply are dynamic.

• The actual surface water allocation has drifted from the design situation by consolidating the evolution of different regional and local operational rules. To rationalize the existing surface allocation would be like regaining the lost starting platform for an integrated planning at all three levels discussed above. However, a consistency needs to be established between the existing allocations to different canal commands and at different levels. The sustainability of conjunctive water use could be improved in most of the command areas if the actual demand-supply gap is known with a proper accounting of CemOA : archive ouverte d'Irstea / Cemagref useable water components. The water budgets and simulation of the water distribution at the provincial and main canal levels indicate that it is technically possible to improve this sustainability. To address the target of "equity" a different spatial pattern of irrigation distribution and the corresponding agriculture demand needs to be maintained. That seems not possible while a response of water needs has already shifted the system away from the design targets.

• The 'historical diversions' philosophy as adopted by WAA justifies some of the surface water allocation changes. The method may be a strategic innovation to legalize "adjustments" in a water short and "rigid by design" system. Due to its contradiction with original planning, a real time conflict will continue for distribution, further development of water resources and allocations to other sectors. Hence, these operational arrangements need to be formalized and criteria need to be established to ensure smooth operations of the irrigation network and the provincial water sharing in the future.

• The rainfed and low water use agriculture need to be protected as they have high livelihood and population settlement values. The river recharge to groundwater in these areas needs to be maintained for agriculture and other uses. The analysis of the river gains and losses has indicated a decrease in the return flows from the valley storage because of increased water uses in these areas including pumpage. It is an immediate research issue because the behavior contains an opportunity in terms of aquifer-recharge potential and a threat to the hydrological balance with aquifer depletion in high recharge zone. It also affects the river water balance and downstream flows in the network.

• The groundwater recharge is a key issue in most canals in the sweet water zone. It must be sustained to maintain the existing groundwater availability. The recharge potential of the different main canal commands should be investigated as it could provide some indications for a surface water reallocation for more sustainable groundwater exploitation.

The current canal lining projects should also be considered in the light of the conjunctive use environment as primary losses contribute to irrigated agriculture and other sectors elsewhere.

• The current infrastructure and water distribution cannot be considered "final". It has a natural trend of decreasing capacity, while there is still a room for the engineering interventions. A gradual refinement of the physical infrastructure to maintain the functionality (or the robustness) of this old and gradually evolved system is a technical and managerial need. The possibility of further storage was analyzed and should be further investigated. With the current network, higher Kharif diversions are possible within the authorized design capacity. This option needs to be further investigated with a smaller time step against reservoir operations.

• This thesis suggests physical interventions for saving canal water allocated to Sindh. The Kharif allocations of Sindh can be partly shifted to Rabi by making non-perennial systems partly perennial. It is happening to some extent but it remains erratic depending on the inflow conditions. Logically, more storage is required for this type of shift. At the network level, water reallocation can be planned on a long-term basis, while at the main canal and lower levels the capacity of channels should be adjusted, and water allocated for other uses (drinking water, supply to lakes). Very high relative water supplies and low irrigation intensities in Sindh indicate the potential of making these systems crop-based. The conveyance and distribution losses go to the saline sink in Sindh causing severe waterlogging, hence these losses should be saved. Due to irregular and high supplies and soil conditions, the gravity flow is disturbed in secondary and tertiary channels in many systems and users pumped water without any measurement. The long-term solution to this problem is to change the network below the main canals with pipe supplies, which will also reduce the losses. This issue also needs further investigation and users' response.

Perspectives for further research

Water allocation was proposed in this study as an instrument for a more sustainable water management. In order to represent the actual allocation, the analysis has recognized the spatio-temporal variability imparted to the system by design and developed under multiple influences. The Indus is well monitored and documented but a less analyzed and critically profiled basin. To understand the basin characteristics three tools are used by this research; depicting historical patterns (literature review and statistical pattern), water balances and a water allocation model. As mentioned in Chapter 1, this thesis has had to carry out a considerable data analysis to identify the numerous potentials and constraints of the Indus Basin systems relevant to integrated water management. The results of the present research can be used to extend the methodology for a more focused analysis of the groundwater quantity and quality. Canal diversions by the water allocation model and other components of the water balances can be integrated at the provincial levels, which provide reasonably good boundaries as sub-basins. The Hydram model has a potential to directly integrate the demand and the conjunctive supply. For the planning perspectives, current water balances at the main canal and province level can be repeated at different time intervals.

The current analysis focuses more on the technical factors involved in water reallocation and deals only to a small extent with agricultural production and institutional factors. The role of institutions in water management is a rich topic, to be analyzed from different perspectives. For example, the way institutions address management challenges and implement some of the remedial measures, administratively bypassing the political disagreements. A more transparent and stakeholders oriented management setup will need to establish water sharing rules for smooth working and appropriate decision making.

The current research has generated a big set of processed data. Based on this analysis (chapter 4), improvements can be suggested to integrate the monitoring setups and cover some of the gaps. However, some scatter of the monitoring procedures is rather useful and allows understanding different aspects and local objectives. To start with, the raw data can be more useful because it does not include a bias of data processing or the gaps filled by the 'best judgments'. At the basin scale, routine information better reflects the management process. In some situations, measurement errors can have little effects compared to the adopted procedures and selection of parameters. The basin level studies have a tendency to launch surveys and special data collection campaigns to establish the issues or diagnose the problems, when secondary data is available with different agencies. The current analysis has shown that it is possible to carry out a thorough analysis of water resources and agricultural systems on the basis of these data.

Another orientation for research, in the attempt to overlay a new management framework to long-standing institutional arrangements, would consist in making in-depth studies about past implementation of water policies in different contexts, for example in the EU as well as in the Indus Basin. This research must not be limited to the transposition process, but extended to analyses of the impact of water management plans on the status of water resources. It would enhance knowledge on the effectiveness of various instruments and also in which conditions public policies affect and change the behavior of users. Also it provides a better understanding of the reluctance for change at some levels and possibility of the interventions at the others.

The study of water policy invites us to a great consideration of the past, as the path dependency is particularly obvious in the long-standing sector-based public policies affecting water. This second orientation calls for more empirical research on water management in multi-level systems. It also calls on testing induced effects of the integrated water management on the sustainability of the resource use.

It was shown that in the Indus Basin, irrigated agriculture has attained a near to maximum potential in some areas, more surface water can be diverted during Kharif in some others, and water saving is possible in the saline areas, by better managing surface supplies. These scientific findings should find their way in the practical management solutions that generally focus only on the network potential. The small amount of science created in this big river basin, hosting a huge irrigation and water use system, has its origin in the empirical approaches of the design and irrigation operations. These approaches have been extended too long and too much in the basin. This study hope to contribute to the creation of science in the field of integrated water resources management in large areas and livelihood oriented agriculture.

Scope for Reallocation of River Waters for Agriculture in the Indus Basin
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Annex Should supplies from the western rivers be transferred to the Sutlej at some future data, no claim on such transferred supplies shall be made on behalf of the non-perennial canals taking off at Trimmu (Haveli) and Panjnad." o objections of Sindh to the orders of 1937 were not raised until after Punjab had already spent money o Sindh can take any surplus water running waste to the sea past the Sukkur Barrage, provided, i) no prescriptive right to take water in this manner could ever be acquired or claimed by Sindh, and ii) the Governor-General might impose a bar if at any future time he thought fit to do so.

Sindh Punjab Draft Agreement 1945 (Salient features)

Operational Priorities

The waters of Indus rivers will be shared under seasonal priorities applied to all canal systems (Sindh's demand), Punjab systems were given a priority on tributaries and Sindh on Indus. Any water wasted to the sea (by Sindh) while it could be used will be considered as Sindh share. Any in excess of Punjab's share would return in 15 days.

No new projects will be constructed after 10 years of the completion of Sindh barrages other than those already accepted. These allocations will not be modified in future River data will be collected and compared. The monthly positive penalties are specified for the natural arc, which help in water routing from a node. The discharge through a natural arc (e,f) at time t is computed as: q m- eft -Q - eft ≤ Q eft , while 0 ≤ Q - eft ≤ q m- eft Q eft : water flow through the surface arc (e,f), natural or artificial at time period t q m- eft : minimum essential (ecological) water flow through natural arc (e,f) at time period t Q - eft : deficit of the minimum required water flow through the natural arc (e,f) at time period t. The minimum water in the arcs is taken nil in this application.

Construction

An artificial arc is defined by only maximum monthly volumes (q m+ eft ). It limits actual discharge through the arc as 0 ≤ Q eft ≤ q m+ eft i,e actual flows should be less than or equal to the upper limit.

All flows are computed in kilo-cubic meters (hm3).

Non-consumptive Demand

The basic equation balancing demand and supply at a non-consumptive node i at time t is:

Σ e∈Qi Q eit = Σ f∈Pi Q ift where Q i and P i are upstream and downstream nodes

The left hand side shows sum of the water of upstream nodes and the right-hand side the sum at the downstream nodes. The accumulated water in the downstream node will be equal to total non-consumptive demand reduced by the sum of the deficits. Hence, sum of the maximum demand (upper limit) at each level will be equal to the total demand. where d ' ilt is upper bound of the demand deficit in level "l" node "i" and D - ilt the actual deficit at the node "i" at time t.

Consumptive node (definition of a canal)

The flow rates and the penalties for the flow rates give a relative priority to the demand of a canal. Basically, two flow rates are considered for the main canals. The design situation is represented by 80% and 20%, which is modified for different scenarios. Higher positive penalties are given to the first flow rate. The flow rates and penalties determine relative weightage to divide flows at a node, which is particularly important in case of shortage. The competition of a canal with others is influenced by its location in the network because it determines the water available for distribution and the quantity and quality of demand on it. The general equation for a consumptive node 'n' and time at 't' is represented as given below, while n and t are subsets defined as 

Q i Q e 1 it V ' it V + ∑ ∈ + - = V '
it & V it-1 stored volumes at the previous time step (t-1) Q eit flow in the upstream arc (e,i) at time t b it direct river inflows to the reservoir node.

The water volume in reservoir i at each period t is reduced by the losses and the infiltration to groundwater and increased with filtration from groundwater (if defined in the model). The net volume is partly released through downstream channels and partly stored to be available at next period.

∑ ∈

+ ∑ ∈ + η = - M m - imt V M m + imt V it it + it it V
where η it is the initial stored volume, V + imt and V - imt are volumes added or subtracted from zone m. storage % ------percent -------------percent -------------percent ------- Le bassin de l'Indus est géré traditionnellement, c'est à dire en fonction de l'offre en eau disponible et d'un objectif de sécurité alimentaire. Ce mode de gestion fait apparaître l'écart existant entre la conception et l'allocation actuelle, et n'intègre pas les modifications intervenues depuis lors. Par ailleurs, l'ensemble des ressources en eau (précipitations, eau souterraine) ne sont pas prises en compte pour la planification et la gestion, de même que les prélèvements d'autres secteurs économiques tout comme la demande en eau présente. L'intensification agricole (accroissement des intensités culturales), le recours systématique aux eaux souterraines et des capacités de stockage des barrages de 18 milliards de m3 fournissent une nouvelle flexibilité à la gestion de ce système. Des menaces sur la durabilité du système apparaissent également, comme l'abaissement du niveau des nappes et l'engorgement des sols de bas-fonds dans les zones salines.

NT

Les allocations en eau initiales varient de 1 à 7 (0.19 à 1.4 litres/sec/ha). Leur caractère inéquitable est renforcé par les règles de gestion. Elle furent en effet définies pour une agriculture sensiblement différente de celles d'aujourd'hui. Le "Water Allocation Accord" (WAA) a décentralisé les allocations au niveau provincial et a fixé de nouveaux objectifs à la politique d'irrigation du bassin de l'Indus.

La ressortir en eau de surface ne peut être disjointe ni de la disponibilité nette, et donc de la pluie, de l'eau souterraine, ni des demandes des différents usages. Les gestionnaires de la ressource en eau hésitent à revoir leurs méthodes de gestion et à s'engager dans une gestion de la demande. Malgré une évolution des discours vers une gestion plus globale, aucune solution nouvelle n'est mise en oeuvre pour faire face à la demande des autres secteurs, éviter les gaspillages et rendre durable l'usage de l'eau en agriculture.

Objectifs et méthodologie

Dans ce contexte notre analyse poursuit l'objectif suivant : Développer une méthodologie d'analyse de l'allocation en eau de surface dans les périmètres irrigués, identifier et proposer des voies d'amélioration pour aller vers une gestion durable des eaux souterraines, une production agricole garantie et vers des règles d'allocation de l'eau plus efficaces. Cet objectif est atteint au travers de 3 questions :

-Quelle a été l'évolution réelle des règles d'allocations au cours du temps et quel a été son impact sur les modalités de distribution de l'eau actuelles ? -Jusqu'à quel point l'agriculture irriguée du bassin de l'Indus est-elle durable en considérant la ressource en eau et les systèmes de production agricole en place ? -Quelles sont les marges de manoeuvre pour améliorer l'allocation et la distribution de l'eau aux différents usagers de l'eau ?

Les trois outils mobilisés dans cette thèse sont (i) une analyse historique des allocations, (ii) un bilan en eau au niveau du bassin et des canaux primaires et (iii) un modèle de simulation hydraulique pour évaluer la mise en oeuvre de nouveaux objectifs de gestion. Le cadre d'analyse est également subdivisé en 3 niveaux, chacun comprenant des sections relatives soit aux ressources naturelles, soit aux actions anthropiques. Cette structure permet une approche progressive comprenant (i) la compréhension du système et des sous systèmes au travers d'une analyse statistique spatio temporelle, (ii) la modélisation des processus identifiés lors de la première phase, (iii) le récapitulatif des contraintes du système hydraulique, les mesures possibles et l'évaluation de la pertinence des améliorations. Le résultat est une approche intégrée croisant les ressources en eau du bassin et les acteurs de la gestion de l'eau.

Contexte physique et climatique du bassin

Le basin de l'Indus représente 35 % de la surface totale du Pakistan et représente 95 % de ses ressources en eau de surface. Depuis des siècles, c'est une grenier à grains et à produits agricoles (coton) pour le sous continent indien grâce aux apports des rivières, aux pluies de mousson et à la fertilité des sols. Cette région a été convertie en une agriculture extensive planifiée et irriguée avec le développement d'un immense réseau de canaux . L'agriculture -en incluant l'élevage -est le premier secteur économique du pays avec 24 à 26 % du PIB, 60 % des exportations pendant que l'industrie est à 63 % basée sur l'agroalimentaire. L'agriculture fait vivre 60 % de la population et en emploie directement 40%. Sur les 21 millions d'hectares cultivés, 14,8 sont irrigués par les réseaux de canaux et 5 millions d'hectares sont pluviaux ou alimentés par les crues.

Les paysages du bassin varient depuis les sommets enneigés nord himalayens jusqu'au vaste delta au niveau de la mer. Le bassin de l'Indus, comme les autres grandes rivières indiennes, le Gange et le Brahmapoutre, fait partie des cours d'eau partagés. Les eaux de l'Indus proviennent à 70 % de la fonte des neiges et le reliquat de la pluie sur le bassin. L'évapotranspiration moyenne varie de 500 à 12000 mm dans le Nord à moins de 100 mm dans le Sud. Environ 30 % des territoires ayant des précipitations inférieures à 250 mm sont situées en dehors de la zone d'influence de la mousson. Les eaux souterraines sont importantes, mais sont peu connues que ce soit en termes d'extension ou de possibilités de prélèvement. La majorité des auteurs s'intéressant à la gestion du bassin sont limités à l'étude de 1965 qui estime à 370 milliards de m3 le volume utilisable. Ils citent généralement la phrase de référence suivante :"Essentially all of the Indus plain is underlain by deep, mostly over 1000 ft deposit of unconsolidated, highly permeable alluvium consisting primarily of fine to medium sand, silt, and clay. (HI/MMP 1965, Lieftnick 1967). En réponse à la mousson, au niveau élevé des rivières et aux infiltrations d'irrigation, le niveau de la nappe s'élève en fin d'été. Selon les données piézomètriques de la période 1993 -1994, la nappe est à une profondeur inférieure à 150 cm sur des étendues couvant 70% du Sind et 13 % du Pendjab. Les ouvrages de prélèvement dans la nappe (environ 500 000 forages privés) auraient la capacité à extraire des volumes énormes, supérieurs aux volumes de surface (environ 130 milliards de m3 par an) et nettement supérieurs à la recharge annuelle.

Les assolements témoignent d'un accroissement de la diversification des cultures et de la part des surfaces diversifiées en canne à sucre, en maraîchages, en fourrages et en arboriculture. Notamment les zones rizicoles voient se développer la canne à sucre et des culture "mineures" comme les légumes. En théorie la culture du coton est celle qui assure les meilleures revenus, mais en pratique seulement 50% des exploitations agricoles atteignent les rendements prévus. La zone dédiée au blé et au riz connaît des conditions moins favorables. Le fourrage entre pour plus de 20% dans les assolements de 90% des exploitations et constitue une assurance essentielle pour des exploitations connaissant des rendements aléatoires.

Evolution du système irrigué du Bassin de l'Indus L'analyse historique fait apparaître la continuité de l'évolution ainsi que les ruptures en termes d'objectifs et de gestion de l'agriculture irriguée du bassin. Pour la majorité de la population, l'agriculture est depuis longtemps la principale contributrice aux revenus et à l'emploi. Les civilisations de l'Indus (archives de Harappa and Mohenjo-Daro) pratiquaient l'irrigation à partie de canaux et géraient l'eau dès 3000 AJC (Allchin 1968). Des centaines de petits canaux, des ouvrages de stockage, des puits à traction animale sont présents à la période d'Alexandre (300 AJC). Des communautés, ayant des structures sociales différenciées, se sont organisées pour le partage et l'usage de l'eau. Les Etats et les ayant droits construisirent des canaux pour irriguer leur terres en en restreignant l'accès aux autres catégories d'usagers. l'agriculture est considérée comme la principale activité et comme la base du commerce depuis le 15 ème siècle (période Moghole). L'agriculture est alors la principale source de revenus pour l'Etat. Le développement des ressource en eau est lié à la possibilité d'accroître les revenus, au développement de l'agriculture extensive et à la volonté de coloniser de nouveaux territoires.

L'accès en eau permanent aux rivières a profondément influencé les pratiques des communautés du bassin de l'Indus. Jusqu'à la moitié du 18 ème siècle la propriété foncière ne se définit qu'au niveau collectif (famille élargie ou groupe constitué en fonction de sa force de travail). La colonisation anglaise introduit le droit de propriété dans la sphère agricole de manière à pouvoir collecter l'impôt. Il faut noter que le concept de taxes relatives à un accès à l'eau préexistait depuis le 7 ème siècle. Le Gouvernement britannique d'Inde a utilisé cette ce concept juridique, pour drainer des ressources financières au bénéfice de l'Etat et de collectifs locaux. L'Etat et le gouvernement central deviennent alors propriétaires de l'ensemble des ressources naturelles et plus particulièrement de la terre et des ressources en eau.

La création d'infrastructures modernes et de canaux d'irrigation est contemporaine de la prise de conscience au niveau régional de l'importance de l'accès à l'eau et date ainsi des premiers conflits d'allocation de l'eau. Cela a aussi influencé la définition des droits d'eau ainsi que les modalités de gestion contemporaines. Le "droit riverain" s'applique à toutes les eaux de surfaces qui ne relèvent pas du domaine d'intervention de l'Etat ou des périmètres irrigués. En théorie ces usages sont favorisés dans une première période de manière à limiter les risques d'inondation. Les allocations initialement attribuées aux premières périmètres sont protégées sous la dénomination de "premiers droits ou droits historiques". Aux niveaux nationaux et régionaux, des droits "souverains" sont définis pour garantir la ressource en eau de surface à long terme. Ce sont par exemple les textes de l'"Indus Waters Treaty" avec l'Inde et le "Water Allocation Accord" avec les provinces. Lorsque le développement des infrastructures de surface fut achevé entre 1932 et 1967, des droits nouveaux auraient dû se substituer à la totalité des droits autres que ceux attribués dans ce processus par les comités d'allocation.

Les trois termes clefs caractérisant la gestion de l'Agriculture par le Gouvernement britannique furent : "empirique, simple et administrative". Les pratiques traditionnelles d'irrigation furent prises en compte empiriquement et influencèrent à la fois la conception du système hydraulique et l'allocation des droits. L'avantage d'une règle simple est de limiter les coûts, financiers et humains, mais au détriment du résultat final. Elle fut appliquée de manière autoritaire à la gestion de ce système, bien qu'il soit hétérogène en termes d'assolements, de droits d'eau, de conditions climatiques, etc. et également peu réactif en termes d'offre en eau, de régulation et de maintenance. Cela est illustré par exemple par le fait que la conception des seuils est identique dans tout le bassin et ne tient pas compte de l'offre réelle ni des droits saisonniers. Les canaux de liaison et les nouveaux barrages réalisés en 1967 et 1978 assouplirent marginalement cette situation en fournissant des débits plus adaptés et en permettant de créer quelques périmètres supplémentaires. Le " Water Allocation Accord" de 1991 illustre bien le conflit et les difficultés liées au processus d'allocation en rétablissant les droits historiques et en définissant des allocations saisonnières et par région.

Toutes les études globales ou régionales recommandent une amélioration de la collecte de l'information (Lieftinck 1967, WAPDA 1978, 1991) et par suite du suivi. Cette thèse s'est attachée à analyser certaines de ces procédures officielles de collecte de données et conclut à la possibilité de les organiser dans la perspective d'une gestion intégrée. Cependant de nombreux obstacles existent et sont identifiés. Premièrement certaines données ne sont pas traitées ou demeurent difficilement accessibles. Le suivi des aquifères est réalisé de manière cloisonnée et beaucoup plus légère depuis la fin des grands projets de salinité et de drainage. Les appareillages de suivi ne sont pas maintenus, ce qui conduit à des séries de plus en plus lacunaires. Les organisations dédiées à cette tache ont peu de relations avec les gestionnaires de l'eau de surface ou avec les institutions collectant régulièrement les débits des rivières ou les intensités de cultures. En conséquence les traitements et les résultats ne sont pas orientés vers la fourniture d'informations pour les gestionnaires et les décideurs. Ainsi, malgré un large processus sur la nécessité du suivi, les estimations des principaux indicateurs (ressource en eau disponible et utilisée) ne concordent pas car ils sont collectés et calculés par des instituons non coordonnées. Ces données doivent alors être recalculées par les services provinciaux (Siddiqui 2001, Mazhar Ali 2001, Abrar Kazi 1998).

Les séries de données disponibles (30 à 50 ans) relatives aux trois types de ressources en eau sont analysées dans ce travail en mobilisant des méthodes statistiques et des systèmes d'information géographique (SIG) à l'échelle du bassin et des grands périmètres. Les apports pluviométriques sont concentrés sur 3 mois de kharif et sur quelques semaines de Rabi. La valeur moyenne de la lame d'eau calculée pour 7 années sélectionnées est estimée à 78 milliards de m3 variant de 33 à 136 milliards de m3 par an. Le débit des rivières connaît un cycle de même allure : 75% du volume entrant intervient durant les 4 mois d'été. Sur la période 1967-2002, les apports annuels moyens de l'Indus sont de 184 milliards de m3. Les affluents de la rive Ouest ne présentent pas d'évolution significative au cours des 60 dernières années, tandis que ceux de la rive Est, influencés par le Traité sur l'Eau avec l'Inde, connaissent des réductions de débit de 30% en moyenne, allant ponctuellement jusqu'à un débit nul les années sèches. Les dérivations pour l'irrigation se sont accrues de 60% sur la période 1960 -2000 et sont stables depuis 1978, avec un coefficient de variation de 7 %. Le volume moyen annuel correspondant est depuis 1978 de 131 milliards de m3, représentant une part croissante (de 55 à 85 %) du volume annuel. Les sorties du bassin varient de 50 % les années humides à environ 1 % les années sèches. Le recours aux eaux souterraines dépend de leur niveau de salinité et dans une moindre mesure des apports d'eau de surface. D'après les relevés des 20 dernières années, on peut faire l'hypothèse que les sous bassins (Doabs) connaissent des situations contrastées. Le niveau piézomètrique le plus bas par rapport à la surface est de 6 m. Il est atteint dans le sous bassin de Bari Doab. Le plus proche de la surface (2 m) est situé dans le Sind. Au cours des 20 dernières années, certaines zones, dont le Sind, ont connu des variations mineures de niveau piézomètrique des nappes. Le rabattement extrême est relevé dans le Pendjab au rythme de 2m par an.

Sur la base de l'évolution de volumes dérivés et utilisés après 1967, une classification des canaux principaux des provinces du Sind et du Pendjab est proposée. Le bilan prend en compte l'ensemble des ressources disponibles et utilisées. Par exemple, les ressources disponibles dans les rivières de l'Est et dans les affluents des rivières de l'Ouest sont prises en compte. Il en est de même pour les usages mobilisant des ressources dérivées de l'infiltration, des pertes par percolation à partir des canaux et des rivières et les pompages non connus. Leur importance quantitative est réelle mais ils ne sont pas reconnus comme des usages et de ce fait non gérés, ce qui les rend très sensibles aux sécheresses.

Le recours au pompage a accru l'efficience de l'eau dans les zones sans problème de salinisation. Du fait du niveau élevé de l'évapotranspiration et de l'existence de larges surfaces connaissant des excès d'eau, l'évaporation dans ces zones peut atteindre 10 milliards de m3 en année moyenne. Cette valeur considérable est de l'ordre de 30% des besoins en eau annuels des cultures.

Par ailleurs, des valeurs très élevées attribuées à ces termes peuvent masquer une partie des besoins en eau agricoles dans les bilans ou peuvent être dues à une estimation erronée des surfaces cultivées.

Les Une comparaison avec les prévisions des études préalables avec la réalité permet de discuter les écarts et de tenter de comprendre ce qui les a causé. Ce travail montre une utilisation moindre de l'irrigation au sein des périmètres, une extension de l'agriculture hors des périmètres et des défis relatifs à la durabilité des nappes et aux économies d'eau.

Bilan en eau au niveau des canaux principaux.

L'unité de gestion correspondant au canal principal est le niveau adéquat pour analyser de manière globale et transparente les bilans en eau et discuter leur allocation en eau. Pour réaliser ces bilans, 4 groupes de variables ont été identifiés : la demande en eau agricole, l'offre en eau et le rationnement qui en découle face à la demande, ET0, le débit entrant, CWR et ET total.

Elles permettent de faire apparaître les déficits en eau, l'efficience des canaux. Le débit entrant varie entre 800 et 1100 mm face à une évaporation de 1500 à 2100 mm alors que les besoins en eau des cultures se situent entre 230 et 1100 mm. Ces besoins sont de l'ordre de 15 à 40 % de ET0 selon les intensités culturales et les assolements. Ils représentent 30 à 80 % des débits entrants.

Pour aborder la durabilité le bilan en eau est réalisé au niveau des canaux principaux pou l'année 1993 -1994. Le bilan réalisé estime la contribution de la pluie à 20 % des besoins des cultures au Pendjab septentrional pour atteindre 5 % dans le Sud. Ce pourcentage peut s'abaisser à 3 % dans le Sind. La contribution des eaux souterraines au niveau de la plante est de 100 % pour plus de la moitié du Pendjab et tous les périmètres de cette région, sauf 3, qui connaissent des prélèvements plus élevés que la recharge en hiver (Rabi). Dans ce cas, premier phénomène limitera les dérivations l'hiver (Rabi) alors que le second atteint les apports en période estivale (Kharif) dans le Nord du Pendjab. Cela aura aussi des impacts sur cette région du fait du besoin de transférer plus d'eau dans les canaux de liaison. Pour compenser, des dérivations plus importantes et permanentes, seront nécessaires à partir des rivières de l'Ouest et de l'Indus, ce qui constitue une question politique sensible.

Le barrage de Mangla n'est complètement rempli que 2 années sur 5 en moyenne. Il en résulte une forte compétition avec l'alimentation des périmètres dépendant directement de ce barrage.

Une fraction des eaux de la rivière Jhelum sont distribuées aux périmètres les plus proches au lieu d'être stockées pour pallier aux manques d'eau importants. La mobilisation de ressources en eau supplémentaires via de nouveaux barrages sur l'Indus est toujours possible du fait de débits élevés dans le fleuve même en période sèche.

La comparaison de différents scénarios d'allocation (ou de re-allocation) de la ressource en eau éclaire les questions et difficultés soulevées par cette réforme. Premièrement, l'allocation, la régulation et la gestion de l'eau de surface dépendent étroitement des niveaux de prise de décision et de gestion. Ces liens se révèlent plus fort que prévus. Ensuite, le défi de l'allocation est de répartir une pénurie entre systèmes hydrauliques rencontrant des problèmes d'usage et de gestion de l'eau très différents, ce qui se traduit par des réponses hétérogènes à l'offre en eau. Enfin, une part importante des usages agricoles dépend encore de l'accroissement prévu des apports du réseau de surface, alors que ceux-ci et les disponibilités des rivières décroissent. Cela se traduira à terme par une demande plus pressante.

Marges de manoeuvre pour la ré allocation de l'eau de surface

Le processus de ré allocation doit conduire à une transformation de l'agriculture irriguée du bassin de l'indus par rapport à la façon dont elle a été conçue et gérée à l'origine. Le planificateur a cherché à la fois les avantages d'une agriculture de sécurité face aux famines et une agriculture productive. Néanmoins, un débat existe car les caractéristiques socio économiques ne permettent aux économistes [START_REF] Jurriens | Scarcity by design: Protective irrigation in India and Pakistan[END_REF] de trancher définitivement entre une agriculture anti-famine et une agriculture productive.

Le système irrigué dispose de marges de manoeuvre permettant d'envisager une gestion par la demande. L'usage conjoint de plusieurs ressources (apports pluviométriques en hiver, eau souterraine), l'existence d'une agriculture irriguée hors du périmètre, et des volumes d'eau utilisés bien supérieurs aux consommations mesurées sont des élément à considérer dans la gestion de l'irrigation. Il faut aussi prendre en compte d'autres évolutions : la séparation nette de l'année en 2 saisons et l'existence d'apports différenciés entre canaux pérennes et non pérennes en hiver ont aujourd'hui disparu. Contrairement à la philosophie de conception, les procédures d'allocation de l'eau ne sont pas figées et sont encore adaptées ; certains paramètres de conception et les modalités actuelle de gestion conduisant à des procédures de gestion difficiles à caractériser. Ces évolutions modifient les solutions envisageables en termes de d'usage et de gestion de l'eau.

La question de la durabilité dépasse celle de l'abaissement du niveau des aquifères et de la diminution de capacité des barrages. Il convient d'y ajouter la réduction de l'eau disponible dans les rivières au cours des dernières années, la surexploitation des aquifères et la diminution significative des débits des rivières de l'Est. Au contraire, l'exploitation des ressources souterraines peut s'accroître compte tenu du grand potentiel des aquifères. Les usages agricoles et urbains se développent également à partir des ressources de surface. Une plus fort pression sur les système de l'Indus doit être anticipée puisque l'eau potable a été reconnue comme prioritaire par le Gouvernement du Pakistan (stratégie nationale de l'eau, 2003).

La faisabilité technique d'une amélioration de la gestion de l'eau issue du chapitre 8 est résolument optimiste. La ressource en eau est disponible au delà des allocations attribuées à l'agriculture. La majeure partie des périmètres de la zone non saline ont atteint le potentiel maximum et ont besoin de maintenir durablement le niveau des nappes et la dérivation de plus grands volumes est possible en Kharif pour ce faire. Les zones salinisées du Sind et du Pendjab ont encore la possibilité de transférer de l'eau de la saison Kharif vers Rabi et d'économiser ainsi des volumes substantiels s'évaporant de manière non productive. Les procédures d'ajustement adoptées dans le bassin sont justifiées. Cependant deux types de contraintes sont identifiées dans la mise ne oeuvre de la réforme des allocations. Il s'agit de la capacité à la formuler et à la planifier avec le consentement des instances politiques. L'expérience de la Directive Cadre sur l'eau Européenne (DCE) montre que l'important n'est pas tant la création d'institutions de gestion de la ressource en eau mais la définition claire de leurs nouvelles responsabilités. Par ailleurs, les divergences régionales, ainsi que les droits riverains localisés hors des périmètres, nécessitent des compromis politiques.

Sur la base de ces travaux, il apparaît qu'un défi politique majeur est de gérer la ressource en eau de manière à en assurer la disponibilité pour les générations futures. La politique de l'eau a besoin de visions à court et moyen terme et d'établir des priorités. Pour ce faire, un processus de planification renouvelé et courageux à l'échelle du bassin doit considérer les solutions techniques et de gestion pour développer des stratégies adaptées. L'orientation est importante. L'expérience de la Communauté Européenne peut encore être cité : "Until 2015, all waters of the European Union have to be in a good ecological and chemical status. Furthermore this objective has to be reached through an integrated water management at a (even international) water basin scale. The objectives are binding and imply a complete reorganisation of administrative structures in charge of water and a redeployment of public actions regarding both water management and every (direct/indirect) water use".

Perspectives de recherche

Dans ce travail, la compréhension des caractéristiques du bassin s'appuie sur 3 outils : l'analyse historique (revue de littérature et données statistiques), les bilans en eau et un modèle d'allocation de la ressource en eau. Cette thèse a eu à accomplir un travail considérable de compilation et d'analyse des données pour identifier celles qui sont pertinentes pour en aborder la gestion intégrée. Les résultats acquis peuvent être utilisés pour approfondir la question des eaux souterraines tant en termes quantitatifs que qualitatifs. Les dérivations vers les canaux peuvent être agrégées au niveau provincial en utilisant les modèles de simulation hydraulique et de bilan…. Le modèle hydram peut être développé pour prendre en compte simultanément la demande en eau et l'offre conjointe de plusieurs ressources. Dans la perspective de planifier les allocations, des bilans aux niveaux des provinces et des canaux principaux peuvent être répétés à différents pas de temps.

Le rôle des institutions de gestion de l'eau est un sujet riche, à analyser sous différents angles. Ce sont par exemple, la façon dont les institutions abordent les défis de gestion et mettent en oeuvre les mesures correctives, évitant les écueils politiques. Une autre piste de recherche, dans la perspective de définir un nouveau cadre de gestion basé sur des accords institutionnels durables, conduirait à comparer, de manière approfondie, les enseignements tirés de la mise en oeuvre de politiques de l'eau dans différents pays (Europe, Indus). Ce travail ne se limiterait pas à une transposition mais comprendrait l'analyse de l'impact des modalités de gestion sur la ressource en eau. Cela accroîtrait la connaissance de l'efficacité des différents instruments et éclairerait les conditions dan lesquelles les politiques publiques affectent le comportement des usagers. Cela conduirait également à une meilleure compréhension des résistances au changement et des délais nécessaires à l'adoption des réformes. L'étude des politiques de l'eau nous invite à tenir compte de la dimension historique car leur dépendance aux trajectoires passées est reconnue. Cette seconde orientation appelle un travail empirique important sur la
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 218 Figure 2.18: The main crops of Kharif season for different canal command areas (cotton, sugarcane, rice, "other crops"), as reported by the Provincial Irrigation Departments.
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 31 Figure 3.1: Inundation canal design; flood embankment and selection of stable offtake locations on rivers

  Figure 3.2, showing the evolution of the main canals infrastructure developed by the public sector following the management and allocation procedures from 1925 to 2000. In 1925, most of the Northern Punjab systems were developed. The map of 1947 shows an integration of the Indus Basin with the smaller basin of the east, Brahamputra and Ganges (now India). The flood canals of the lower Indus were taken over by the Irrigation department, water was flexibly allocated at the secondary and tertiary levels (). The 1960 show some of the inter-river link canals before the Indus Works of 1965-1978. The official (simplified) map showing the main canals in 2002 (National Water Strategy) indicates the development of few systems on the Indus River, link canals and reservoirs.
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 4 Figure 4.4: Outflow-inflow ratio of the Indus Rivers, comparison of the period "post Mangla"(1966)(1967)(1968)(1969)(1970)(1971)(1972)(1973)(1974)(1975)(1976)(1977) and "post Tarbela". Data source: WAPDA
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 45 Figure 4.5: The seasonal irrigation diversions for the period 1940-2000. Data source: WAPDA A bigger flexibility for perennial irrigation was provided by the Tarbela dam (more than 12 bcm live storage), which started operating between 1975 and 1978. Tarbela increased Rabi supplies to 48 bcm and Kharif diversions to around 70 to 88 bcm. After completion and full operations of the reservoirs and link canals, the volume of irrigation diversions varies in a narrow range with 6 % coefficient of variation.
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 413 Figure 4.13: Average groundwater tables of the canal command areas for the period 1978-2000. The thick line shows water levels in the year 2000
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 415 Figure 4.15: Groundwater quality (in % of land having access to "good" quality groundwater according to the WAPDA classification) and tubewell density in canal command areas
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  Figure 4.16a and b: Seasonal water supply to the main canal command area (CCA) in mm during Kharif 1993 and Rabi 1993-1994
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 4 Figure 4.18a & b: The changes in the canal diversions during Kharif and Rabi seasons
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 4 Figure 4.24: Seasonal diversions of the Sindh Group-II canals during 1967-1999

  Figure 5.1: Different cropped Areas in the basin

  Figure 5.2: Areas Cropped and Irrigated by Different Water Resources

  CemOA : archive ouverte d'Irstea / Cemagref from 1960 to 2001. The recent measurements agree with the earlier estimation of the seepage losses and evaporation carried out by the irrigation department and others. The measurements have the largest variation at the watercourse level as shown in Table5.1.
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 55 Figure 5.5: River gains and losses are split in two composite variables, defined as a fraction of the gross inflow; a base value and an incremental value. After subtracting the base gains or losses, the incremental gains/losses are plotted against the gross inflow.

  Figure 5.6: Water available from canal diversions, rainfall and groundwater in canal-irrigated areas for selected years from 1967 to 2000.

  Figure 5.7: Water used from different sources within gross canal command areas of Punjab and Sindh.
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 58 Figure 5.8: The seasonal water available at the root zone for an aggregated 10.8 and 3.8 million ha cropped area within canal commands of Punjab and Sindh in 1994.
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 61 Figure 6.1: The relative shares of areas irrigated by a) only wells, b) wells + canals, and the share of irrigated agriculture in the total area cultivated of different districts in Punjab Province
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 6 Figure 6.4a: Seasonal computed groundwater balance volume (bcm) for the GCA of Punjab canals in 1993/94. Figure 6.4b: Average measured and computed change in groundwater table (mm) for the GCA of Punjab canals in 1993/1994.
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 6 Figure 6.6b: Computed water-balance surplus (in bcm) for no change in groundwater reservoir and estimated evapotranspiration from the waterlogged area.
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 67 Figure 6.7: Tubewell utilization fraction for different administrative districts.
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 68 Figure 6.8: Comparison of the computed groundwater pumpage using the 'Operational Factor' and the 'demand deficit' methods.

  CemOA : archive ouverte d'Irstea / Cemagref

  Figures 6.9a, b: Relative shares of canal supplies, rainfall and groundwater (%) during Kharif and Rabi 1993-94.

  Figure 6.11: Irrigation efficiency (depleted fraction) from the root zone; the Crop Water requirements as a fraction of total irrigation supply for 1993-94
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 613 Figure 6.13: The Gross Value of Production (GVP) from the canal command area (CCA) and the cropped area of the main canals of Punjab and Sindh Figure 6.14: The GVP of water (in US$/m 3 ) for canal water, gross-inflow and depletion from the root zone.
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 6 Figure 6.15: The productivity of water (depleted from the root zone) and land (CCA) against the cropping intensities.
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 617 Figure 6.17: Difference between canal capacity and accumulated watercourse allowance in 1978 (Revised Action Plan for Agriculture).
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  Figure 6.19: Supply based 'run-of-the-river' irrigation network without surface storage
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  Figure 6.20: Indus Network Regulation with Reservoirs

  1). For detailed mathematical representation and background of the model solutions, reference is made to the following documents a): User's Manual of Hydram 2002; WARSYP (Water Resources System Planning) Model Specifications 1998 and Jamieson 1986. The following steps explain the definition of the reservoirs for application of the HYDRAM model to the Indus Basin. The main mathematical equations are given in Annex 7.1.
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 7 Figure 7.3 a: An old main canal is split into 2 branches, one offtakes from the middle of a link canal and second from the original headworks on the river B, at the tail of link canal. For the simulation the branching is not considered.
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 74 Figure 7.3b: A complex link canal is split to separate its conveyance function from the distribution function
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 7 Figure 7.8a to d: a) Simulated and monitored monthly gross diversions to the main canals for three selected years; b) Measured and simulated inflow and outflow 1977-78, c) Inflow and outflow 1967-68; d) Measured and simulated outflow at Chashma, 100 km downstream of Tarbela.
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 714 Figure 7.14: Annual shortage in achieving authorized discharges. The behavior of the earlier period is caused by the bias created by the average conditions and a slight depletion of reservoirs

  Figure 7.15: Simulated authorized diversions to the main canals. The link canals are much more regulated and operated to deliver higher flows in Kharif

  Figure 7.16: Simulated supplies following WAA targets for the period 1978-2000.

  . a) Authorized main canal discharges b) WAA allocations c) Actual average diversions during 1978-82 d) Actual average diversions during 1991-99

Figure 7

 7 Figure 7.17: A comparison of the monthly simulated irrigation diversions (using authorized discharges and WAA allocations as targets) and actual supplies for the periods 1978-1982 and 1990-1999).

  Figure 7.18: Percent of monthly targets achieved under average conditions -technical reliability of the system for the gross irrigation diversions

Figure 7 . 19 :

 719 Figure 7.19: Simulation results for an increase in Mangla storage to a live storage of 9 bcm.

  Figure ET 0 : Seasonal reference evapotranspiration, ET0, calculated using the FAO-56 method.
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 ET0 Figure ET0: Seasonal reference evapotranspiration, ET0, calculated using FAO-56 method.
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  The debates on water issues in Pakistan are lively with controversial opinions of the National Institutes and non-government organizations on the global issues like construction of new dams and management transfer as testified by the various newspaper articles and Internet contributions. However, the building blocks of the National Water Policy do presently not appear to clearly address the following conflicting issues (NWS 2003):

	o Matching local and regional interests with basin level planning and regional
	disagreements on development and water saving approaches;
	o Priorities in setting water allocation and development rules for different sectors and
	regions;
	o Keeping new interventions compatible with sustainability requirements of the
	agriculture;
	o A reliable assessment of all water resources at different levels; and

  The Baluchistan Plateau extends westwards, averaging more than 300 m (1,000 ft.) in elevation, with many ridges running across from northeast to southwest. It is separated from the Indus Plains by the Sulaiman and Kirthar ranges. The plateau is extremely arid and represents Pakistan's most sparsely populated region. True pastoral nomadism survives; goats and fat-tailed sheep account for the majority of the livestock. The desert areas of Pakistan include the Thal desert in Sindh Sagar Doab, Cholistan in the Bahawalpur region of Punjab and Khairpur region of Sindh and Thar Desert in southeastern Sindh.

Pre monsoon groundwater table in the basin -April/June 1996 Figure 2.8: Raised water table after monsoon rains and Kharif irrigation-October 1996

  The seasonal fluctuations of water table between June and October are shown by the digitized groundwater maps for 1996 (figures 2.7 and 2.8). The June measurements are taken in the beginning of Kharif and represent water levels of the pre-monsoon period. The post monsoon
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levels taken in October show the recharge caused by the rains and high quantities of surface water used in rice growing areas during summer. Most of the Punjab canal command areas have a depth to groundwater tables lower than 600 cm in June. The waterlogged area of Sindh reduces to 30% in June. About 70% of Sindh and 13% of Punjab has a water table at less than 150 cm in October.

  first basin scale groundwater quality mapping was done around 1967 by the Soil Investigation Division (WASID) of WAPDA and the US Geological Survey based on the analysis of 1058 test holes, at 40 and 108 meters depth of the aquifer. The water quality for irrigation was divided into unusable, hazardous and useable ranges having Total Dissolved Solids or TDS (Sodium Chloride, Potassium Magnesium bicarbonate and Sodium Sulfate) respectively less than 1000 ppm, 1000-3000 ppm and more than 3000 ppm. It was estimated that below 108 meters 39% of the area has TDS less than 1000 ppm and 61% below 3000 ppm. This area increases to 47% and 69% in the shallow depth of 40 meters. The groundwater quality at 40 meters measured around 1967 is shown in Figure2.9.
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Table 2 .1: Tubewell Distribution in Pakistan Year 1965 1974 1978 1981 1987 1993 1999 Total number of tubewells in (1000)

 2 

	34	121	170	200	268	374	531
	Private wells -% of total	92	93	93	94	95	97.5

Sources

: WAPDA 1990[START_REF] Iwasri | Integrated Surface and Groundwater Management Programme for Pakistan -Groundwater Resource Study[END_REF],GOP Machinery Survey 1994 

  The river Kabul originates from the Unai Pass of the southern Hindukush. After draining eastern Afghanistan, it enters Pakistan north of the Khyber Pass. The river is partly developed for hydroelectric and irrigation schemes in Afghanistan. Another big tributary, the Swat River joins Kabul River about 30 km upstream of its confluence with the Indus. The mean annual flows of the Kabul River at the Kabul-Indus confluence are 27 bcm. The River Swat feeds two big irrigation schemes, which are now also supplemented from Tarbela reservoir (Annex 2.1). The contribution of Swat is only residual flood flows. A small hydroelectric reservoir, Warsak Dam, is the earliest station to provide electricity in the Northern areas. It also feeds two irrigation schemes.
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Figure 2.10: Indus basin irrigation system -a schematic diagram

  The one km long Sukkur was the longest of its type when built in 1932. The Punjnad reach conveys residual flood flows of all eastern tributary rivers to the Indus.

	East of the Indus, the Jhelum River rises at much lower elevations in the Indian Kashmir. It
	falls about 600 meters in 320 miles upstream where its elevation is 300 meters above sea
	level. Mean annual flows of Jhelum are 29 bcm, about 50% occurring in four peak months.
	The second big reservoir of the basin with a gross storage of 6.6 bcm and the live storage of
	5.35 bcm is provided at Mangla on the Jhelum River. A conveyance plus water transfer main
	canal, Upper Jhelum, offtakes from Mangla. The canal feeds the upper part of the Chaj Doab
	(between Chenab and Jhelum). The next Rasul barrage on Jhelum feeds the irrigation canal
	Lower Jhelum and a river link, Rasul-Qaiderabad, between Jhelum and Chenab rivers. The
	last barrage on river Jhelum is Trimmu -at its confluence with Chenab -which gets releases
	of both reservoirs Tarbela and Mangla. It is another important regulating point.
	A small canal provides irrigation to the eastern boarder of the Thal desert, while a big river-
	link canal, Trimmu-Sindhnai (TS) brings water to the lower basins of Ravi and Sutlej Rivers
	from the Chenab and Jhelum rivers. Another canal, Haveli link, feeds the lower part of
	Rechna Doab and transfer excess supplies to the Sidhnai barrage on the Ravi River. The
	Chenab River is bigger than Jhelum (Figure 2.10) with an average annual flow of 30 bcm. Its
	flow patterns are more similar to the Indus, about 80% of the flows occur in summer while the
	monsoon rains mostly effect the flood peaks. Its first barrage Marala feeds the upper portions
	of Rechna and Bari Doabs through Marala-Ravi and Upper Jhelum link canals. The command
	area of the five irrigation canals fed from this location is entirely run-of the river with no
	reservoir support. The next Khanki and Qadirabad barrages feed the central part of the Rechna
	Doab and transfer water from Jhelum and Chenab to the Ravi River at Balloki.
	The Ravi is the smallest river of the Punjab, provided with weir control to irrigate on both
	sides, i.e. Rechna and Bari Doabs. Its upper command is now irrigated entirely through the
	Chenab River. A flashy drainage (Daig Nala) has substantial but highly variable contribution
	above Balloki Barrage on Ravi River. Two irrigation canals, LBDC and Lower Dipalpur off
	take from Balloki, while the twin link canals Balloki-Sulemanki transfer water to three Sutlej
	commands, Fordwah, Eastern Sadiquia and Upper Pakpatan. All supplies to the next barrage
	on Ravi River, Sidhnai, are from Trimmu, which is supported by Chenab, Jhelum and Indus.
	Four irrigation schemes in the Ravi and Sutlej command are fed from here (figure 2.10).

Figure 2.11: Design Seasonal Water Allowance of the main canal command areas (CCA) at watercourse head, the level at which allowance is fixed in the design procedures.
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Table 2 .2: Average national yields and prices of major crops in 1999-2000 (as reported by PARC)

 2 

	Crop	Average Yield	Potential Yield	Average support Price	Average Market Price
		Kg/ha	Kg/ha	Rs/40 kg	Rs/40 kg
	Wheat	2100	3000	300	200-300
	Rice (Basmati, Irri-6)	2805	4000	185 -425	200 -1000
	Cotton	1580	2800	1800	1400-1900
	Sugarcane	50280	70000	36	32 -38

Figure 2.12: Growth of population, cropped Area and Agriculture production The

  main staple crop wheat is imported during some years. After 1967, the support-prices have played an important role in the wheat self-sufficiency. The Government of Pakistan announced an increase in support price of wheat in 1997, and the wheat production reached 19 million tons in 1998 and 21 million tones in 2000 despite a water shortage during this period.
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Figure 2.14: Per capita cropped area and grain production (kg)
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Cropping Intensity Map Canal Commands of IBIS (1993-94)
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Cropping Intensity Map Canal Commands of IBIS (1993-94) Figure 2.16: Cropping intensities of the Indus Basin canal commands during 1993-94.

  

	Source: Provincial Irrigation Departments (PIDs)																				
	The existing cropping patterns show an increase in the cropped area of sugarcane, vegetables,
	fodder, oil seeds, lentils and orchards. In winter, wheat occupies less than 40% cropped areas
	in half of the canals of Sindh and less than 60% in one third of the Punjab canals (Figure
	2.17).																																							
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Figure 2.17: The cropped area of Rabi seasons divided into wheat and "all other crops"

  

	Similarly, the two dominant Kharif crops -cotton and rice -are increasingly sharing the
	cultivated area with other crops in their respective belts (Figure 2.18). Especially the rice areas
	have seen increasing cropping intensities of sugarcane and "minor crops" such as orchards.
	The sugarcane is more prominently present in the lower Delta and the "other crops" are
	prominent in the Northern rice belt of Punjab and Central Sindh (Sukkur barrage canals).		
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Table 2 .3 Farm size distribution at the national scale in 1990

 2 

	Size of Farm (ha)	Percent Farms in each range	Percent Area in each range
	0.5	13	1
	0.5-2.0	34	11
	2-5	34	27
	5-20	17	38
	> 20	2	23
	Source: Agriculture machinery survey (1993-94)

Table 2 .4: The average quartile values of input and output variables of 530 farms in the Chishtian Sub-division

 2 

	Quartiles Yield	GVP	Farm	Cropped	Barren	Fallow	Seed	Land	Chemic	Fertilizer	Labor	No of	TW
				Size	Area				Preparation	als		Cost	Irrigat	owner
		Kg/ha	Rs/ha	ha	ha	%	%	Rs	Rs	Rs	Rs	Rs	ions	%
	Wheat (97 % of the farms surveyed)									
	1st	3204 12395 10.4	4.9	14%	27% 334	696	163	2286	732	4.9	73.0
	2nd	2330 8978	7.3	3.8	18%	15% 232	625	136	2175	575	4.8	76.0
	3rd	1805 6959	9.5	4.7	15%	23% 235	718	122	2172	443	4.4	63.0
	4th	1045 4012	6.6	3.5	18%	14% 351	715	96	1896	366	3.7	38.0
	Cotton (52 % of the farms surveyed)									
	1st	1518 32615 12.5	6.3	8%	8%	59	660	131	2269	1615 6.7	63
	2 nd	857	18305 8.5	4.0	8%	5%	63	747	101	2172	1138 6.3	50
	3rd	510	10607 8.2	3.2	8%	11% 57	727	129	2028	625	6.1	45
	4th	162	3391 6.2	2.1	12%	16% 57	744	87	2210	179 5.5	40
	Rice (25 % of the farms surveyed)									
	1st	3677 14890 11.4	2.7	9%	7%	16	653	0	1874	1190 16.0 46
	2 nd	2445 10156 10.0	3.8	9%	4%	11	645	9	1718	807	15.7 50
	3rd	1777 7505	8.7	3.6	13%	12% 14	810	23	1738	833	14.6 39
	4th	964	3952 5.9	1.3	11%	12% 23	552	16	1831	582 13.6 34
	Sugarcane (25 % of the farms surveyed)								
	1st	70529 34630 19.8	11.7	8%	7%	229	520	166	3160	2603 17.5 26
	2nd	45390 21690 9.0	4.9	8%	8%	194	746	180	2656	1242 14.7 17
	3rd	31098 14979 8.2	4.8	10%	10% 198	783	114	2888	706	14.3 18
	4th	14405 6879	11.4	2.3	9%	8%	170	667	67	2208	195	12.2 18

Figure 2.19: Irrigation water use at the farm gate compared with the wheat yield for 14 secondary canals in the Chishtian Sub-division.

  The groundwater pumpage and cropping patterns were surveyed for 1993-94. Based on a water balance of the Rabi season, the wheat yield and the net average water used are shown in figure2.19. The average wheat yield and the net irrigation water use show good statistical relations. Twelve out of fourteen distributaries show a close fit with the average non-linear trend line (R 2 =0.68). The yield is the maximum at 450 mm irrigation shown by three canals, while three other canals having water less than 150 mm show a severe impact of water shortage on the yield (in addition to low cropping intensities). Two distributaries deviating from the statistical trend have predominant influence of other factors. The low performing distributary is waterlogged while the high performing distributary is in the head reach of the branch canal and possible using some additional unaccounted water.
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Table 3 .1: Inundation and Flood Canals of the Indus Basin reported by various documents. Name -brief sketch Reported in Purpose

 3 

	Inundation canals of Ravi: small canals and even watercourses from the	Around the	Irrigation
	lower end of Ravi in Multan district were called Ravis and Aras. "Ravi	8 th century	
	water was more fertile than Chenab" (Punjab Gazetteer, page 4)	or before	
	Hasar Canal from Jamna by Feroz Shah Tughlaq. "Many small canals	1351	Water to the Royal
	were constructed by the king and water provided for the irrigation of		garden, selected
	wheat, grapes and dates to the landlords" (names are not available)		irrigation
	Hasar Canal reconstructed by M. Khan Turkhan	1570-80	Hunting grounds of
			the prince were added
	Dehli & Rohtak Branches of Hasar by Ali Mardan (Shah Jehan)	1626	Mughal Gardens,
	The Western Branch was the first canal British Engineers selected in		agriculture
	1817 to redesign as a Weir Control. About 50 years technical		

Table 3 .3: Water Division by the Water Allocation Accord and Reference Data Used by the

 3 

	Accord								
		Kharif Rabi	Annual Share Kharif Rabi	Annual Share Kharif Rabi Annual Share
		WAA -en bcm			1977-82 en bcm		1985-1991 en bcm
	Punjab	45.60 23.21 68.81 49%	42.63 24.39 67.02 53% 41.69 25.8 67.47 52%
	Sindh	41.75 18.23 59.97 43%	34.58 18.36 52.94 42% 37.23 19.1 56.31 43%
	NWFP	4.28 2.83	7.11	5% 2.21	1.48	3.69	3% 2.42	1.6 4.05	3%
	Baluchistan 3.51 1.25	4.76	3%	1.59	1.01	2.60	2% 1.17	1.01 2.18	2%
	Total	95.13 45.52 140.65 100% 81.01 45.24 126.6 100% 82.51 47.5 130.0 100%

  of Pakistan) about the approval of technical studies (preface of Water and Power Resources of West Pakistan, Sector Planning). The involvement of the World Bank (WB) continued for two decades with the "Indus Basin Development Program" and even after that in all big water sector projects. The WB, UNDP, USAID provided technical input in the design and construction of water resources infrastructure approved by the Indus Waters Treaty. These studies emphasized the need for detailed monitoring of the agro-climatic conditions, comprehensive planning and changes in the institutional pattern. Some of these studies related to the WB's Plan of 1956, the Food and Agriculture Commission of 1959, the Provincial Reorganization Committee of 1961, the Reveille Report of the White House Panel (1962), the according to[START_REF] Shams | Water resources management, Pakistan experience. First International Conference "Valuing the water[END_REF]. WAPDA was made the custodian of all river and groundwater and became responsible for the planning, development of their utilization and hydropower generation/distribution. It had to act at the federal level and make decisions beyond the provincial jurisdiction. "WAPDA has demonstrated the wisdom of creating a flexible body outside the regular administration. Not being restrained by normal departmental regulation, WAPDA has been able to attract and absorb funds needed for the implementation of large projects. All divisions of the agency have regularly enlisted expatriate and local consultants for the study, planning and supervision of projects."(Lieftinck 1968, chapter 5, Vol. II) 

	Harza Master Plan (1964), the Lower Indus planning (1965), and the IBRD Action Plan
	(1967).

After Independence in 1947, Pakistan started with sizeable interventions in water resources development and protection (Indus Replacement Works, SCARP Projects), planned and implemented with the help of International financers and consultants. The planning reports of these projects suggested changes in the management of water resources and in the responsibilities of Provincial Irrigation Departments (PID). The PIDs were responsible for the development and operations of surface irrigation systems, and handle technical issues related to agricultural land like salinity or waterlogging. Other public sector organizations, such as the Agriculture Department, the Finance and Revenue Department, the Rural Development Department, the Settlement Commission had specific and limited roles. At the National and basin levels, no coordinating Institution was present such as the Indian Commission on Irrigation during the British period.

During the Indus Waters Treaty negotiations between

India and Pakistan (during 1950-1960)

, the World Bank filled this gap, and even played the role of a coordinator between the provincial representatives of Pakistan

[START_REF] Arthur | The Indus Rivers -A study on the effects of Partition[END_REF]

. It was partly due to the non-existence of a technical forum that the Bank briefed top political leadership (including the President The first semi autonomous national organization, the Water and Power Development Authority, was formed in 1958 on the recommendation of World Bank. "The Bank brought in the concept of integrated planning & development on a multi-purpose basis, in the 'Bank Plan CemOA : archive ouverte d'Irstea / Cemagref of 1956"

  International" (International Sediment Research Institute, International Water and Salinity Research Institute). The approach to split and expand functions of the Public sector institutes created many new organizations and made significant changes in the responsibilities of the Provincial Irrigation and Agricultures departments. Many new departments were involved in monitoring activities; the Soil Survey ofPakistan (1961), the Pakistan Meteorological Department (1981), the National Flood Commission (1993), Surface Hydrology, etc.The Provincial Irrigation Departments faced a difficult situation in this new development phase. With WAPDA organizations responsible for a wide range of activities at the Basin and National levels and other Provincial organizations taking up responsibilities beyond the canal outlets, the role of the Provincial Irrigation departments became limited. They gradually became disintegrated from the planning and design phases on one side, shifted to WAPDA and private consultants, and maintenance and improvements below the secondary level, which was shifted to the Provincial Agriculture Department. The scope of PIDs was further narrowed with the shift of the drainage and monitoring activities to different sub-organizations of WAPDA like Salinity Control and Reclamation Project, Soil Survey of Pakistan, Surface Hydrology Department, NESPAK (National Engineering Services Pakistan) and many project oriented setups. The departments were loosing strength, and an internal committee of the Punjab Irrigation Department recommended expansion of the department to "regain the prestige of irrigation engineers(Ali Mazhar1981). A few of its administrative recommendations were accepted to make it compatible with a new management culture. A new post for an additional secretary, Chief Engineer Power and a position of Chief Engineer Planning was created. Many other recommendations were not accepted for economical reasons, like the increase of the number of zones and divisions, of the number of field staff and the creation of a Board of Chief Engineers.The need for coordination was echoed from the early days of WAPDA. After only a few years of operations, World Bank consultants had to say(Inter Sector Planning 1966). "The study Group would endorse IACA's view that effective coordination between the bodies responsible for planning (as well as other tasks) is a prime responsibility. At the present time, the responsibility appears divided amongst a number of technical agencies and departments. Also ambiguities about the physical boundaries… A good deal of planning is done in isolation. In addition to WAPDA and ADC, most of the line departments are concerned --and the

The Provincial Agriculture Departments benefited from the recommendations of different planning studies and finally by the National Commission on Food and Agriculture

(NCFA 1959)

. Previously, the department had a limited role focused on agricultural education and research after the shift of the Revenue Department to the Provincial Irrigation Departments

(1923)

. The department was expanded extensively. The biggest breakthrough for the department was to get a nation wide program for water saving at the watercourse level through lining and rehabilitation. This would normally be an activity carried out by the Provincial Irrigation Departments. The mindset of 1960s is reflected by these comments of NCFA, the irrigation department has a much higher status and is relatively well equipped to carry out the engineering aspect of its work. Unfortunately, its work largely ceases at the canal outlet points, and little is done to ensure the best use of water by seeing that efficient distribution systems are made, by leveling the land to ensure uniform water distribution, or by advising the amount and timing of water application. There is a great need for an organization that can help farmers and country to make the maximum use of irrigation water."

Until 1970, the Provincial Irrigation Departments mainly remain responsible for the operations and maintenance of canals and barrages, while some of its best engineers were involved in different projects under the project setup or joined other emerging organizations CemOA : archive ouverte d'Irstea / Cemagref on deputation. Agriculture and Irrigation Departments are affected. All agencies and Departments compete for shares in available Government resources and all have skills and experience that should make a contribution in planning. It seems that the Agriculture Department does not have influence on WAPDA & Irrigation. The operational responsibilities for the preparation of sector and inter-sectoral plans must be assigned to particular bodies, but it should be done in a way that ensures constant review and incorporation of experience and view from all interested line departments. At the provincial level the logical place for coordination would be the Planning and Development Department".

Table 4 .1: Depth to Water Table calculations for an area of 110 km 2 -Eastern Sadiqia South

 4 The average difference between SMO's technique and Kriging and Triangulation is around 10%. The Inverse Distance to Power is 30% off, computing lower values for zone one and higher values for zone two. Estimations by the triangulation are close to the Kriging and SMO, but show a default zone between the physical boundary of the area and the depth-towater table contours. The technique does not extend spatial correlation properties of the data points to extrapolate the contour, and could be more appropriate for a denser net. The comparison shows that the spatial interpolation of point information by SMO is as accurate as

	Range	Depth to Water Table (cm)	Percentage of Area Calculated for June-94 SMO Kriging Triangulation	Inverse Distance to Power
	1	0-150	41.8	40.7	39.2	25.0
	2	151-300	48	48.8	48.1	65.5
	3	301-450	9.2	9.0	7.2	7.9
	4	451-600	1.1	1.3	1.2	1.4
	5	> 600	0	0.2	0.3	0.3
	6	Default Zone	0	0	4.1	0

the GIS techniques. However, the screening of raw data (piezometer readings) is important to ensure the final accuracy. The erroneous data can cause a bigger error than the interpolation techniques (Mirza 2000).

Table 4 .2: Occurrence probability of the average seasonal rainfall at different spatial scales Kharif season rains (April 16 -Oct 15) Rabi season rains (Oct 16 -April 15)

 4 

	Average Rain fall	Basin Punjab	Sindh	Average Rain fall	Basin	Punjab	Sindh
	(mm)				(mm)			
		Occurrence % of time		Occurrence % of time
	< 50	0	0	23	> 10			97
	> 50				> 20			66
	> 100	97		57	> 30	86	91	26
	> 150	74	91	37	> 40	78	78	23
	> 200	51	66	17	> 50	49	63	9
	> 250	23	49	09	> 80	14	29	0
	> 300	11	23	0	> 90	6	20	0
					> 100	3	14	0

Table 4 .3: The estimated annual rainfall in the Indus Basin (in billion m 3 ) for eight selected years.

 4 The gross rainfall volumes are important as shown by the selected years rainfall, the average has been about half of the Western Rivers Inflows. With 85% efficiency(RAP 1979) about 67 bcm water was available. A wet year like 1994-95 (which was not a year of heavy floods) received the gross rain volumes equivalent to 60% of the average river inflows. The controlled uses of this water outside the cropped areas have limitations due to erratic nature of rainfall and the groundwater quality. However, these volumes are important for the groundwater recharge and drainage contribution to the river system.The coefficient of variation in the upper Indus (Punjab and NWFP) is about 50 % in both seasons and the standard deviation is half of the average. The Rabi rainfall is about 30 % of the values recorded for Kharif. The rainfall in the lower Indus is much more variable in Kharif with a coefficient of variation of 86 %. The Rabi rainfall in Sindh is 20 % of the Kharif rainfall with a CV of 38 %. The NWFP has much better Rabi rainfall; in 1993-94 it was 90% of the Kharif rainfall. In fact, most of the province is outside of the monsoon range, which explains the relatively low rainfall in Kharif.

										CemOA : archive ouverte d'Irstea / Cemagref
	Year	Indus Basin		NWFP		Punjab		Sindh + Baluchistan
		Kharif Rabi Annual	Kharif	Rabi	Kharif	Rabi	Kharif	Rabi
	1966-67	59	34	93	7.6	7	39	23	12	3.4
	1977-78	67	23	90	11	7	47	15	10	0.8
	1985-86	67	22	89	8	6	51	16	7.6	0.6
	1993-94	64	9	73	5	2.2	55	6	4	1.1
	1994-95	109	27	136	10.6	7.5	75	18	24	2
	1997-98	39	17	56	4.6	3.5	31	12	4	1.1
	1998-99	47	17	64	4.6	3.5	39	12	3	1.3

  rivers outflow is the volume of water available in the last reach of river Indus, which may have a small negative or positive drainage contribution.

	Annual river Inflow -bcm	0 50 100 150 200 250	1940-41	1943-44	1946-47	1949-50	1952-53	1955-56	1958-59	1961-62	1964-65	1967-68	1970-71	1973-74	1976-77	1979-80	1982-83	1985-86	1988-89	1991-92	1994-95	1997-98	2000-2001	50 100 150 200 250	Annual outflow, bcm
							West Inflow			East Inflow		Outflow								

The annual drainage quantities of two main surface drains (Left and Right Bank Outfall Drains) are reported in the range of one bcm (RBOD drainage consultants 1992). The lower Indus is extensively water logged and sub-surface outflow may occur from the drainage area below Kotri. Hence, by definition, the measured Indus

Table Changes at the CCA level

  The average groundwater tables in June for all 43 canal command areas from 1978 to 2000 (22 years) are shown in Figure4.[START_REF]Seepage Loss measurements on Chashma Right Bank Canal[END_REF]. The vertical bars identify the sub-basins having more defined hydrological boundaries. The data series for 1978 and 2000 are highlighted. Despite variable changes in water table depths of individual canals, the sub-basins have an intrinsic behavior of the groundwater reservoir levels. The Bari Doab (between Ravi and Sutlej) had comparatively the lowest water levels in 1978 (about 500 cm) and has known a consistent depletion after that with a drop of 100 to 200 cm for different command areas. Groundwater levels in the Rechna Doab (between Ravi and Chenab) were at 400 cm and have gone down to 500 cm. The Haveli canal command in the lower Rechna Doab has even gone down by 200 cm. Command areas located in Chaj Doab, between Chenab and Jhelum rivers, were mostly waterlogged in 1978 with an average water table at 200 cm; most of the area has now been recovered as water tables have gone down by 200 cm. In the Bahawalpur region, Sadiqia and Abbasia canals have not shown much change and their water levels remain at about 500 cm and 200 cm respectively, while in Fordwah and Pakpatan canals the water tables have gone down on average by 200 cm. This can be attributed to different water qualities in these commands with a subsequent impact on the groundwater exploitation.Most of the Sindh commands remain waterlogged; the situation has not much changed in Guddu and Sukkur Barrage canals other than two exceptions. Water tables in the North West canal have gone down by a 100 cm, while the water table has risen in Rohri canal command,

the only non-waterlogged area in 1978. Four canals in the tail reach of the Indus River show a particular behavior; the water table went up by about 150 mm during the 1980s and started dropping again in the 1990s. The different peaks in groundwater levels, observed for a few years, can be attributed to rains.

14: Groundwater table changes at 10 years interval in post Tarbela period

  The water table rose to various degrees in 20 canals during the first 11 years and went down to various degrees in all but three canals. The Bari and Rechna Doabs are facing the highest depletion followed by some of the Sutlej Valley (Bahawalpur) canals. Sindh is grossly waterlogged with an average water table at 150 cm; only two command areas, Desert and Pat feeder, have a water table deeper than 350 cm. The variations in water tables in Sindh are less obvious; some of the canals have shown lowering and other rising of water levels.
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3 The Trend of Groundwater Use in the Indus Basin The

  development of the groundwater extraction infrastructure -wells of different types -has not stopped despite groundwater depletion in many areas. According to statistics of the Ministry of Agriculture of 1999, about half a million pumps are used on 10 million hectares of irrigated land. This number is five times more than the number of tertiary canals (watercourses) transporting surface water, which cover double this area. According to recent surveys, the capacity of these pumps is 15 to 45 liter/sec (PPSGDP 1999) and the annual operational factor 10 to 15 %. In case of severe canal water shortage these pumps can mine huge quantities of groundwater. At 30% operational efficiency this value could be more than 100 bcm. An example of groundwater contribution is the consistent performance of the agricultural sector during the drought years of 1999-2001. The cropping intensities and yields of major crops were maintained despite a big decrease in surface storage release up to 60% during Rabi and 70% during Kharif. The estimation of the actual groundwater use varies broadly. Four different values are reported in 2001, ranging from 45 bcm

of variation of Kharif diversions CV (Kharif diversions 1967-1999)
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. of vari ati on Rab di ve rsi o n s C V(Rabi diversions 1967-1999) Figure 4.17 a and b: The seasonal coefficient of variation (cv) of the main canal diversions from 1967-1999
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  Khan, Muzafargarh, Bahawal and Upper Jhelum (UJC) canals are part of this group. All canals other than Bahawal have experienced a substantial increase in diversions after 1967(Figure 4.21). The climate of the group is arid with high reference evapotranspiration and low rainfall (100 to 200 mm annual). The canal supplies are in the range of 1000 to 1100 mm. The percentage of the area with good groundwater quality varies from 9% to 91%. All these canals have waterlogged areas, while two have average water tables at less than 200 cm. The actual supplies versus authorized
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Figure 4.23: Seasonal diversions of the Sindh Group-I canals during 1967-1999

  This group comprises 7 main canals: Dadu, Khairpur West, Khairpur East, Rohri, Eastern Nara, Lined Canal, and North West canals. These canals have relatively sustained surface water supplies, which did not change much after 1967 (Annex 4.1). The canals are perennial, from 85 to 100 %. The coefficient of variation of their seasonal flows is always less than 15%. Five out of seven canals have shown a decrease in supply after 1978, while the other two have only a 10% increase from 1967 to 1999. It can be seen from Annex 4.1 that from 1978 to 1982, all but one canal was receiving more water than 1967. The supply pattern of all canals during both seasons is quite uniform between 1978 and 1985. After that, despite low coefficients of variation, there is a consistent fluctuation of diversions. The canal supplies vary from 950 mm to 1500 mm over the command area. The difference between the actual water deliveries and the design water allocations is substantial; the inflow/allowance ratio ranges from 100 to 200 %.Four canals, Nara, Rohri and Khairpur East & West have a decrease in supplies after 1990, while these are not the canals getting the highest quantities of water. There is a high aridity with rainfall less than 1/15 th of the reference ET 0 . However, some good quality groundwater is available in their command areas to make up for deficient surface supplies and rainfall. All of the canal commands have high average water table, but there is a slight trend of depletion(Figure 4.14). It seems that the groundwater is reused or drained from the irrigated areas. The cropping intensities are extremely low, which cannot be explained easily based on this data. Five canals have wheat as the major crop in winter and two mixed crops. Kharif cropping patterns are not uniform; cotton, sugarcane, rice and mixed crops are dominating in the different CCAs.

	Sindh Group II:

Increased Kharif and Rabi water supplies

  The canals of this group, the Desert Patfeeder, Ghotki, Rice, Bhegari, Kalri, Fuleli and Pinyari canals, have benefited tremendously from the construction of the reservoirs, especially in
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Rabi. All canals, even those that are non-perennial canals obtain water during Rabi

(Figure 4.24)

. However, the coefficient of variation of seasonal diversions is 30 to 60 % in this group (Annex 4.1). Based on the water supply patterns, there has been substantial irrigation development in the canal command areas of this group after 1967. All of these canals were

easonal div ersions of S indh Group I (m cm )

  Cemagrefshifted from inundation supplies to weir control in 1955 and 1962. The average supplyauthorized discharge ratio is still less than unity, showing further development potential. The cropping intensities are low other than in the command area of the Patfeeder canal, which has 120% cropping intensities. The groundwater table shows affective pumping in the CCA; all canals are heavily water-logged. About half of the canals have good water quality pockets.

	K harif	Rabi
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  gwr-other-uses V gw-pump Total groundwater extraction through pumpage for agriculture and other uses ET gw-cap Groundwater used through capillary rise ET F Evaporation other than crop uses from areas with high water table, considered as free surface evaporation, further discussed in the following sections.

	The total evapotranspiration is split and presented as different components, because of their
	different potential for conservation.
	E = ET crop + ET nb + ET b +ET F	(5.7)
	ET crop : Evapotranspiration in the reported cropped area
	ET nb : Non-beneficial evaporation from different uses
	ET b	: Beneficial evapotranspiration outside the CCA
	ET F	

Table 5 .1: Estimated losses by different studies and this thesis

 5 

	Organization	Measured/adopted Losses	Comments
	Kennedy, Benton, 1881 -	28% average for watercourses	This value was used until 1960
	watercourse				
	Lower Indus Project Sindh	10% watercourses, 15% main	Operational losses due to physical
	study 1965 (Macdonald)	canals			damage not included
	Indus Basin Lieftinck 1968	13% river, 3% link canals, 27%	
		main & secondary canals, 10%	
		watercourses & 10% fields	
	Punjab Irrigation Research	10%, 15% in watercourses	A low value, not much used
	Institute 1971				
	WAPDA & Colorado State	44%average for the watercourses	WAPDA give this value in RAP, which
	University 1973	in the project area		provided the basis for the OFWM project
					(Gill and Mushtaq, 1998)
	WAPDA and Agriculture	20% to 27% in case of good	Some of these measurements are
	department 1979-1996	conditions, upto 50% for		summarized by Nazir Ahmad (1994)
	IWMI (1995), IWASRI,	10%-15% main canals, 5%-10%	All type of watercourses, Back to
	ISRIP; 1993 to 1997 Punjab	secondary	canals,	25%-35%	Kennedy and Benton!
		watercourses			
	IWMI Crop Based Project	Lined canals: 4%-8%; Unlined: 8%	
		secondary 13%. Watercourses 15%	
	WAPDA --Link canal Losses 3.84 bcm estimated in 1978, 3% of COMSYM computer program computed

Table 5 .2: Groundwater Recharge from different components Losses from Contribution to recharge Justification and references

 5 

	Rain	20% of the rain occurring on the cropped	PPSGDP 1999, van Waijjen
		area and 10% of the rain outside cropped	1996, Perry and Kijne, 1996,
		area	Molden 2000, Khan et al 1999
	Rivers	40% of the river losses after subtracting	Based on the division of
		evaporation -	IBMR study 1965 and RAP
		25% by this thesis	1979
	Link canals	25% of the link canal losses	RAP 1979
	Main canal network and fields	70% of the losses from main canal irrigation	Research studies of IWMI
	Groundwater Irrigation	network and fields	from Punjab
	Groundwater	70% of the losses	This study
	Drainage	Based on the water balance	This study

Evaporation from high groundwater tables

The evaporation from groundwater tables is estimated indirectly, based on the groundwater balance and targeted groundwater table levels. The areas with groundwater at less than one meter (90 cm is the first range of water table depth measured by SMO) from the surface can have very high evaporation. The Revised Action Plan computes about 21.6 bcm (17.6 MAF) of evaporation, out of which 5.6 bcm occurs in the sweet water zone and the rest in the saline zone. Assuming that this evaporation occurs from the non-cropped GCA, 95 mm to 307 mm evaporation could be computed for the Northern zone and 374 to 428 mm for the Southern zone

(page 111-124, RAP 1979)

. A monthly fluctuation of 40 mm with three peaks (high evaporation just after specific irrigation periods) occurring during a year is monitored by IWMI in the Eastern Sadiquia Area in Punjab

[START_REF] Khan | Water supply and water balance studies for the Fordwah Eastern Saqiqia (South) Project Area[END_REF]

).

4: The water table changes in the Rice Canal command area in 1989-90 (RBOD 1992)
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	Figure 5.																		

Table 5 .3a: Water requirements (in mm) of major irrigated crops and regions for 1993-94

 5 

		Wheat	Rabi Fodder	Cotton	Rice	Kharif	Sugarca	Average Annual CWR
			+ vegetables			Fodder	ne	1993-94 crop pattern
	NWFP							1030 *
	Punjab North	311	370	700	650	570	1440	1180
	Punjab South	339	340	760	680	435	1624	
	Sindh	470	600	1000	1100	600	1730	1530

* the major cropped areas of NWFP are outside the Indus Basin and the cropping patterns of these areas could not be collated by this thesis.

Table 5 .3b: Evaporation, rainfall and irrigation requirements of the Indus Basin (Lieftinck

 5 

	1968)						
		ET (mm)		Rain (mm)		Crop water requirements at Watercourse
						head for 150 % intensity	
		North	South	North	South	mm per unit CCA	
	Rabi	457	686	91	20	NWFP & North Punjab 1183
	Kharif	1041	1244	396	66	South Punjab	1433
	Annual	1498	1930	488	86	Sindh	1707

Table 5 .3c: Crop water requirements and efficiencies based on the measurements at watercourse head in 1973-74 by WAPDA (RAP 1979)

 5 

	CCA	Cropping	Cropping	Water use	Water use	Irrigation	Irrigation	Effective	CWR	CWR-
	(1973-74)	Intensity	Intensity	Efficiency	Efficiency	Requirement	Requirement	Rainfall	Kharif	Rabi
		Rabi	Kharif	Rabi	Kharif	Rabi	Kharif			

Table 5 .4. Domestic water diversions in 2001

 5 The average per capita urban water supply is about 51 gallons/day/capita. This figure is 50 % higher for Islamabad and Lahore. The reasons for higher water use could be big houses with grassy lawns, relatively small family sizes and large infrastructure in Islamabad while they relate to the presence of industry, business and sizeable infrastructure in Lahore. The Aquifer Studies (WASA 2002) by the Lahore Water and Sanitation Authority (WASA) estimates a total number of 12,000 shallow and deep tubewells installed by the industry in Lahore.

	City	Gallons/capita/day	Population	Million Gallon	Total	Water	used	(25%
			millions	/year	Quantity	efficiency)	
					bcm	Bcm		
	Islamabad, Lahore	75	5.6	163520	0.7	0.15		
	Karachi, Peshawar	60	10.26	224694	1.0	0.20		
	Faisalabad, Hyderabad 50	4.86	88695	0.4	0.10		
	Quetta	40	1.47	21462	0.1	0.02		
	Other small cities	40	20.4	297840	1.3	0.34		
	Rural Population	10	88.5	323025	1.5	0.44		
	Total		131.09	1119236	5.0	1.25		
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Table 5 .5 Industrial water use estimation. Source: National Water Strategy (2003) Industry Water Use Rate in gallon/pound product weight Number of Units of production

 5 

	Total water used
	(bcm)

Table 5 .6: Different components of Gross inflow into the Basin and Provincial boundaries in billion m 3 (bcm)

 5 

Table 5 .7b: Groundwater Balance (in bcm) for the total cropped area in different provinces of the Indus Basin for 1993-1994

 5 

		Available	Crop uses by	Evaporation from	Pumpage/	Actual
		Groundwater	Capillary rise	groundwater		Recharge
		Recharge		table	
	NWFP	2.52 1.54 4.06 0.02 0.00 0.02 0.8 0.5 1.2 1.23 1.09 2.32 2.25 1.38 3.63 1.02 0.29 1.31
	Punjab	30.17 15.46 45.62 0.5 0.5 1.1 3.0 1.5 4.6 24.29 19.07 43.36 26.6 13.44 40.04 2.05 -5.56 -3.51
	Sindh&				
	Baluchistan 15.26 6.73 21.99 1.0 1.7 2.7 10.5 7.6 18.1 1.62 1.22 2.84 3.2 -2.9 0.3 1.44 -4.19 -2.75
	Total	47.95 23.72 71.67 1.60 2.25 3.85 14.28 9.63 23.92 27.14 21.38 48.52 31.54 11.58 43.16 4.5 -9.4 -5

∆S

Kh. Rb. An. Kh. Rb. An. Kh. Rb. An. Kh. Rb. An. Kh. Rb. An. Kh. Rb. An.

Kh. is

Kharif, Rb. is Rabi, An. is Annual 

Table 5 .8a: Crop Water Requirements and Actual Crop Evapotranspiration within the CCA of the different provinces in 1993-94 Table 5.8b. The water used by the cropped CCA in different provinces in 1993-94

 5 

	Seasonal Water Uses of the cropped Area within CCA -mm /Cropped Area
		Kharif	Rabi	Annual
	NWFP	782	509	645
	Punjab	703	350	526
	Sindh & Baluchistan	988	629	809
	Basin	762	389	575
	The direct groundwater contribution through capillary rise is high in Sindh because of high
	water tables and low supplies during early and late Kharif. After 1978 Sindh is receiving
	higher Rabi supplies (chapter 4), but there is a high variability in supplies. Existing data
	shows that high water consumption perennial crops, like sugarcane, banana and mango are
	cultivated in non-perennial canal commands. The RBOD Master plan of 1992 reported, for
	instance 10 to 20% sugarcane cultivation in Rice and Dadu canal commands. The same study
	estimates the direct contribution of groundwater in Guddu and Sukkur Right bank canals as 30
	%. Despite moderate to bad groundwater quality, shallow tubewells are increasingly used in

these areas. About 27 % of the irrigated area of Sindh, mostly located in the sweet zone, has relatively low surface water allocations and a small decrease in the extent of waterlogged area due to the lowering of water tables can be observed to confirm this trend (chapter 4). In case CemOA : archive ouverte d'Irstea / Cemagref

Table 5 .9b: Water required and used in Non-Irrigated area

 5 

			Area	Crop water requirements Rainfall			Total Water used well and
			10 4 ha						other		irrigation
									(groundwater+ rainfall)
				Kharif Rabi Annua	Khari	Rabi	Annual	Khari	Rabi	Annual
					l	f			f		
	NWFP	(well									
	plus	civil	41	1.00	0.75 1.74	0.41	0.32	0.73	0.76	0.67	1.43
	canals)										
	Punjab		265	6.15	5.27 11.42	2.34	0.38	2.72	5.53	4.18	9.71
	Sindh		14	0.50	0.40 0.91	0.12	0.05	0.17	0.41	0.33	0.74
	Indus Basin	320	7.65	6.42 14.07	2.9	0.7	3.6	6.70	5.18	11.88

Table 5 .10: Gross Evapotranspiration from the GCA as well as the total Cropped Area (in bcm)

 5 

		ET Crop		Non-beneficial ET	Free Evaporation	Surface	ET Others		NBET Other Uses
		Kharif Rabi Annual Kharif Rabi Annual Kharif Rabi Annual Kharif Rabi Annual Kharif Rabi Annual
	NWFP	3.9	2.4	6.3	2.56	1.19	3.75	0.25	0.16	0.41	0.06	0.06	0.12	0.04	0.04 0.08
	Punjab	49.4	25.3	74.7	19.31 7.08	26.39 3.29	1.58	4.87	0.42	0.36	0.78	0.28	0.24 0.52
	Sindh Baluchistan 24.3	12.1	36.4	10.76 4.14	14.90 11.3	8.2	19.45 0.09	0.09	0.18	0.06	0.06 0.12
	Indus Basin	77.5	39.8	117.3 32.64 12.41 45.04 14.84 9.89	24.72 0.57	0.51	1.08	0.38	0.34 0.72

Table 5

 5 

		Crop water requirements 10 4 ha Annual Area	Rainfall Kharif Rabi	From rivers and link canals seepage Annual Kharif Rabi Annual
	NWFP	113	3.84	0.99	0.43	1.42	0.18	0.05	0.23
	Punjab	227	10.22	1.27	0.32	1.59	3.34	0.89	4.22
	Sindh	134	7.37	0.13	0.10	0.23	2.24	0.46	2.71
	Indus Basin 361	21.43	2.55	0.92	3.48	5.76	1.40	7.16

.10). A decrease in water tables in Sindh is thus achieved by a huge

Table 5 .11: Monitored and Computed Groundwater Table in 1993-1994. Measured depth to water table and the Annual changes during 1993-94 Computed Changes of Water Table Depth

 5 

	Province									
	Monitored									
	Area		Water table	Water table	Change	Annual	Kharif Water	Rabi	Annual	Annual
	(GCA+cropp	June 1993	June 1994	Depth	equivalent	table change	Water table	Water table	∆S
	ed outside)			cm		volume	cm	change	change	
			cm		cm	bcm		cm	cm	bcm
	NWFP (only GCA)	45.99	-46.24	-2.47	-0.10	!7.3	0.5	22.3	1.31
	Punjab		43.02	-44.53	-1.51	-3.08	8.5	-23.2	-13.9	-3.51
	Sindh Baluchistan	&	22.42	-24.49	-2.07	-2.46	9.3	-27.0	-16.4	-2.75
						-5.64				-4.95

Table 5 .12: Sensitivity analysis of selected water-balance coefficients

 5 

	Parameter	Parameter	Increase/decrease in	Available	for	NBET+Free Surface Water balance Drainage	Outflow
		Changed	Net Volume		Crops							to Sea
			bcm								
			Punjab	Sindh	Punjab Sindh		Punjab	Sindh	Punjab Sindh Punjab Sindh
	Value in water balance 1993-94 (in bcm)				59	31.5		30.3	35.6	-2.9	-1.4	16.16 8	34.7
	Irrigation Losses	55 to 70%	36 to 46	33 to 42.7 49.7	22.8		33.9	38.3	1.83	3.1	16.16 9.26 35.4
	Effective rainfall in CCA 60 to 30%	9.8 to 4.29 .8 to.55 54.1	30.9		32.4	35.7	-.76	-1.2	17.5	8.3	35.6
	Rainfall	30% less	60.8 to 42.6 5.1 to 3.6 56.2	31.2		28.1	35.1	-4.6	-1.56 12	7.6	31
	Diversions	10% less	66 to 59	61 to 55 56.3	28.8		28.9	33.6	-4.7	-2.0	16.12 7.5	47.3
	Pumpage within CCA	25% less	31 to 23	2.5 to 1.7 53.9	30.6		29.4	35.4	1.84	-0.89 16.16 8	34.4

Table 5 .14: Operational Factor for Punjab based on official data of wells and water balances of chapter 5 and 6.

 5 

	Year		1965-	1967-	1973-	1974-	197	1985-	1993-	1994-	1997-	1998-	1999-	2000-
			66	68	74	75	7-78	86	94	95	98	99	00	01
	Total pumpage	10.20	11.30	14.93	17.85	24.2	33.92	44.97	41.69	51.34	50.74	51.40	54.52
	(bcm)						2						
	Number	of	28746 53797 10929	130453 144	21340	38600	40600	44360	46240	48120	50000
	Private Wells			3		121	8	0	0	0	0	0	0
	Total number	33020 58071 11660	137762 153	22384	39800	42100	45760	47640	49520	51400
	of Wells				2		774	6	0	0	0	0	0	0
	Avg. operation	6.77	5.23	3.44	3.48	4.23	4.07	3.04	2.66	3.01	2.86	2.79	2.85
	(hours/day)												
	Operational		28	21.8	14.3	14.5	17.6	17.0	12.7	11.1	12.6	11.9	11.6	11.9
	Factor (%)												

Table 5 .15: Estimated groundwater recharge and pumpage in the Indus Basin (in bcm)

 5 

		1965-66	1973-74	1985-86	1993-94 1996-97	1999-2000	2000-1
	Available for Recharge	58.9	69.28	72.1	79.3	80.63	74.71	65.77
	Drainage Outflow	26.92	40	26.6	25.7	24.14	16.2	15.1
	Free-surface Evaporation	13.47	18	24.1	21.8	21	14.45	13.7
	Estimated Recharge	36.7	40	43.27	53	55	55.1	47.5
	Pumpage	11	20	38	54	56	59	65
	Groundwater Balance	25	24	5.7	-1.1	-0.5	-4.3	-17.9

  The gross pumage in Punjab was estimated 8 bcm in 1965, increased from 11 to 24 bcm between 1967 and 1978, and reached 45 bcm in 1993 and 55 bcm in 2000. The rate of pumpage is not constant from year to year. Farmers' decisions to use water are influenced primarily by the shortage of surface and rainwater as evidenced by the difference in pumpage rate between 1994 and 1995 and constrained by the quality and depth to groundwater table.

Table 5 .16: Water balance of the Indus Basin carried out by many different studies

 5 

	Recharge

The gross inflow, depletion based on monitored water table and CWR from the GCA

  

		2100
		Gross depletion Gross Inflow -GCA	CWR-GCA
	millimeters	700 1400
		0
		U.C.C M-R-LINK C.B.D.C. DPR UP DPR LOW L.C.C East L.C.C West LCC U.J.C L.J.C Thal L.B.D.C Hav eli Sidhnai Mailsi Pakpatan Fordw ah Eastern Sadiqia Qaim Abbasia Bahaw al Panjnad D.G.Khan Muzzafargar Rangpur	PAT & Desert Begari Ghotki North West Rice canal Dadu Khairpur West Khairpur East Rohri Nara Kalri Lined Canal Fulili Piny ari
	Figure 6.3:

5a: Seasonal computed groundwater balance volume (bcm) for GCA of Sindh canals in 1993/94. Figure 6.5b Measured and computed change in groundwater table (mm) for GCA of Sindh canals in 1993/94.

  

	Groundw ater table change -mm	-600 0 600 1200	PAT & Desert measured (SMO) Computed WBGCA-An Begari Ghotki North West Rice canal Dadu Khairpur West Khairpur East Rohri Nara Kalri Lined Canal Fulili	Piny ari
			2.0											
	billion cubic meters	-0.5 0.0 0.5 1.0 1.5				Kharif		Rabi			
				PAT & Desert	Begari	Ghotki	North West	Rice canal	Dadu	Khairpur West	Khairpur East	Rohri	Nara	Kalri	Lined Canal	Fulili	Piny ari
	Figure 6.											

Area in 1000 hectares June October Figure 6.6a: The waterlogged areas (in ha) in each CCA in October 1993 and June 1994.
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Difference of Allocation at the Main Canal Head and Outlet Head

  

	Allowance diff % ( Main canal Head) -	(Outlet Head)	-30% 0% 30% 60% 90% 120%	MR Link	UCC	CBDC (WAPDA 1978) UDP LDP Depalpur(u+l) LCC UJC LJC	Thal	LBDC	Haveli+Sidnai	Mailsi	Pakpatan	Fordw ah	Sadiqia	Qaim	Abbasia	Bahaw al	Panjnad	DG Khan	Muzaf argar	Rangpur	Pat&	Bhegari	Ghotki	North West	Rice	Dadu	Khairpur	Khairpur East	Rohri	Eastern Nara	Lined Canal	kalri Baghar	Fuleli	Pinyari

Table 6 .1: Authorized discharge of Lower Chenab Canal as reported in different documents

 6 

	Source	Discharge	
		ft 3 /sec	m 3 /sec
	WAPDA 1963 and 1978	11500	325.69
	Salient Statistics Punjab 1986	11484	325.23
	Salient Statistics Chief Engineer 1994-95	12243	346.73
	Irrigation Department website 2002	11700	331.35
	Regulation Office	13500	382.33

  The canal was closed for two weeks in January for the annual closure works and had 25 % reduction during February and March. Another decrease in supplies is shown in August 1995 due to heavy rains. The UJC canal command area has the lowest design allocation and the canal is operated at high priority round the year.A series of three link canals transferring water from Jhelum and Chenab to Ravi and Sutlej Rivers are the main source of supply to nine main canals in Southern Punjab. The Rasul-Qaderabad link offtakes from Jhelum River just below the Mangla reservoir. For about nine months, it conveys water to Qaderabad barrage on Chenab. From September to March these are Mangla reservoir releases and from April to June direct Jhelum flows. For two or three months of summer, no water is diverted from Jhelum river as sufficient supplies are available in Chenab River. The second link canal Qaderabad-Balloki additionally takes Chenab water to Ravi and Sutlej canals. Other than canal closure, it never has zero discharge. During July-September less water is transferred, because Eastern Rivers have residual flood flows from India. The 3 rd canal from Balloki (on Ravi) to Sulemanki (Sutlej) closely follows the pattern of authorized discharge of the main canals offtaking from Sulemanki. These canals are partially non-perennial. The canal has variable flow in Kharif depending on residual supplies in Ravi and Sutlej rivers (like in 1995-96).

  have good agreement, Figures 7.8b, c. The difference is 3.5 % for a total outflow of more than 85 billion cubic meters (bcm) in 1967 and 1.4 % for a total outflow of 32 bcm in 1978. A temporal displacement of hydrograph shows a time lag of one month (minimum time step in our model) between measured and computed monthly volumes. The actual time lags varies from two to three weeks between inflow nodes of different rivers and the Kotri barrage according to the measured data reports regulation officials, while the model imposes a monthly time step.To test the volume balance and time lags, the measured and computed monthly flows for 1977-78 are compared at Chashma barrage, about 100 km below Tarbela reservoir (Figure7.8d). The Provincial accounting of water shares starts at this regulation point, since the CJ Link canal transfers water here from river Indus to Jhelum. The flow curves show a good match in quantities and trends. The time lag here is within the monthly time step. Flows at the Chashma node are influenced by canal diversions of two big canals offtaking upstream, storage or releases of Tarbela, and the gains and losses of Indus and Kabul rivers. The water balance at Chashma shows that the selected coefficients are accurate.

	m onthly volum e diverted	(m cm)	0 6000 12000 18000	Apr	May	Jun	Jul	Aug	Sep	Oct	Nov	Dec Actual 1944-45 Jan Feb Mar simulated 44-45 Actual 1967-68 simulated 67-68 Actual 1977-78 simulated 77-78	Monthly flows in 1977-78 (bcm )	0 10000 20000 30000 40000 50000	Apr	May	Jun	Jul	Aug	Sep		Oct	Nov measured outflow Dec Jan Feb simulated outflow Riv er Inflow	Mar
	Monthly flows in 1967-68 (bcm)	0 10000 20000 30000 40000 50000 60000	Apr		Jun		Aug		Oct	Dec measured at Kotri Feb Simulated outflow River Inflow		Volumes at Chashma barrage(mcm)	0 5000 10000 15000 20000	1977-04	1977-05	1977-06	1977-07	1977-08	1977-09	1977-10	1977-11	1977-12 % difference 1978-01 Simulated Measured	1978-02	1978-03	-50% -30% -10% 10% 50% 30%

  The diversions in September have a high variability depending upon river inflows. Some storage is released during the second half of September for the Rabi sowing preparations (wheat) in Sindh. Similarly March is another month of intensive regulation. The inflow hydrograph and residual reservoir storage in March are both quite variable.

		400										20%		100%							%achieved Actual										
				% difference with																																	
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  The average setting of annual storage (15 bcm) and river losses are kept the same. All canals are operated in two zones, the first zone at a flow rate of 80 % (regime flow) of the target and 20 %. The penalties are kept equal for all main canals.

		Other
	operational conditions are:
	-	No time based constraint is put on the diversions of link and main canals in Kharif;
	-	No capacity constraint is considered at the barrage level, i.e. during Kharif all canals
		can draw maximum discharge at the same time;
	-	The monthly diversion target is given a preference over the target storage levels of the
		reservoirs;
	-	The Rabi diversions targets are set equal to the Rabi design allocation and Rabi
		authorized discharges.

13: reservoir operations while simulation targeting authorized discharges

  Normally, reservoirs start storing in April and May. For the simulation of this scenario, canal diversions were given a preference during these months to achieve the authorized discharges(Figure 7.14). During the second half of April, canals are entitled to Kharif supplies but the river inflows are lower than the Kharif authorization of the system. Similarly, in early September, river flows reduce to less than the Kharif targets. With existing storage and optimal operations of the link canals, authorized discharges could be achieved 100 % during three months only and more than 70 % for all months. The existing storage is confined to only three months of Kharif, which is an achievable target 95% of time.

	20%						
	4500 0 4500 9000 Figure 7.0% Storage variation (mcm) 5% 10% 15% Annual shortage in achieving authorized discahrges	Jan 1977	Feb 1979	Mar Storage v ariation Apr May Jun 1981 1983 1985 1987	Jul Sim.supply /auth-Q hm3 Aug Sep Oct Nov Dec 1989 1991 1993 1995 1997	0.00 0.20 0.40 0.60 0.80 1.00	% Authorized Q achieved

Table 7 .1: Simulation results for a reduction in storage capacity and diminishing inflow from Eastern Rivers for the period 1977-99.
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	Scenario

Table 7 .2: Summary of scenarios based on the simulation results of Hydram and Water Balances
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	Scenarios	Achievement level	Allocation Changes	Regulation/	Impacts
		based on 1977-94		Operation	
		data		changes	
	Current	Punjab 89% of	New allowances and	A mix of historical	The authorized discharge of 6
	Actual	authorized supply in	authorized discharge	pattern and WAA;	canals decrease and 5
	Operations	Kharif, 102% in Rabi;	emerged as historical	interventions by	increase -Inequity with
		Sindh 70% of	diversions; increased Rabi	administrative	respect to the design
		authorized supply in	supply; new authorized	decisions (political	allowance, favoring cash
		Kharif, 110% in Rabi	CCA and GCA	pressure, capacity	crops and high intensity areas,
				and demand)	High need for storage,
					increased groundwater
					depletion
	WAA	Best achieved by	Design allowances and	The regulation as	New shares inequitable to the
	10-daily	simulation. Avg.	Kharif and Rabi authorized	per WAA. The main	design discharge; different
	schedules	annual deficit 3%	discharges need to be	canal operations	regulation and main canal
		(range 1-10%),	adjusted; CCA is not	have 2 sets of	head targets; maximum Kharif
		monthly deficit up to	involved in the calculations	schedules and tend	diversions constrained by the
		30%. Avg. main canal	of authorized discharge	to move away from	seasonal provincial shares;
		deficit 8%. Less than		the WAA	High need for new storage
		actual diversions in			
		early and late Kharif			
	Implementing	Can be achieved	Design implemented -	Non-restricted link	Diversions about 5 bcm less
	Authorized	better than the actual	different from the current	canal operations in	in Rabi, 15 bcm more in
	discharges	practice. Average	actual operations; inequity	Kharif. Higher	Kharif. Outflow will reduce
		gross annual deficit	up to 35% due to physical	precision for the	by 9 to 13 bcm. Higher
		8% (range 3-18%),	constraints; Rabi diversions	reservoirs storage	pumpage in Rabi; chances of
		monthly deficit up to	will decrease.	and releases to	higher waterlogging in non-
		45%. Avg. main		optimize diversions	perennial areas. Low storage
		canal deficit 5-35%		Local rehabilitation	need for the existing CCA
	Derived Scenarios			
	Groundwater	Can be better achieved	New allocations based on	Modified authorized	5 to 7 bcm extra diversion to
	Sustainability	within the CCA.	water-balance and	discharges as	Punjab canals -Almost the
	Punjab	Kharif diversions of	groundwater availability,	regulation target -	same decrease in outflow
		few canals can	Increased allowance at least	New seasonal	Monitoring of selected areas
		increase without	to the present level (LCC	schedules -New	for groundwater tables
		rehabilitation; other	UCC, LJC, LBDC, Eastern	control on reservoir	IRSA's agreement on flood
		canals (LCC,	Sadiqia). Reduce Rabi	operations. IRSA	water diversions to Punjab-
		Pakpatan, Fordwah)	supply to canals fed by	has to work out	Highest need to enhance and
		will need	Sindh river; make depleting	better water budget	maintain the surface storage
		rehabilitation. Few (5)	areas perennial;	for individual canals	
		canals can be made	rehabilitation		
		more perennial.			
	Groundwater	Can be better achieved	Changes in allowance	New regulation	New irrigation setup in Sindh
	Sustainability	within the GCA	based on water balance.	targets based on	with revolutionary water
	Sindh		Accounting of water for all	water budgets. More	saving techniques -Reduced
			uses. Allowance of 4	crop based seasonal	water logging and high
			Sukkur canals increases.	schedules, transfer of	production. High Storage
			Kharif allowance of most	water from Kharif to	needs. Political agreement
			canals reduced -canals with	Rabi for Sindh	may not be possible
			good Rabi cropping made		
			partly perennial		
	Favoring high	More water to high	New allowance for canals	New operational	New concept of Irrigation
	production	production areas	having net crop water	priorities based on	management -more towards
		Bring more cotton	stress. Perennial supplies to	cropping patterns.	crop demands based with a
		areas under irrigation	the maximum areas -	Divert 5-8 bcm	restricted maximum potential
			practically, this scenario is	more water to	New cropping intensities
			close to the actual operation	Punjab; more water	emerge. Highest need for
			scenario, but different in	to 2 Sindh canals,	storage and further research
			planning perspectives.	but less to all others	

Table 8 .1: Water Oriented Difference between Protective and Productive Irrigation
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	Technical	Protective	Productive	Indus Systems Profile
	Quality					
	Intensity	Low		High		All systems were planned for low intensities. Currently, systems with a
						middle value of water allocation and non-saline groundwater have high
						cropping intensities, while the non-perennial and high allocation
						systems have low cropping intensities.
	Duty	High	(low	Low	(high	High to low by design with a ratio of 1:7, which has been narrowed
		allowance)	allowance)	down to 1:4.
	Seasons	One		Two		About 30% CCA designed for one season with high allowance, now all
						canal commands have two season irrigation with a stress irrigation in
						Rabi in all, but few areas.
	Crops	Low	water	High	water	High water demand crops based on the climatic/soil conditions and
		demand		demand		market opportunities; sugarcane in min. and max. duty CCAs.
	Control	Supply		Demand		Originally supply oriented, currently demand oriented for the
		oriented		oriented		groundwater and reservoir operations for all CCAs.
	Optimization	Unit of water	Unit of land	Unit of land
	Management					
	Water	Planned		Planned		Planned annual scarcity in perennial systems, sufficient Kharif supply
		scarcity		sufficiency	in non-perennial systems
	Canal	Constant		Varying flows Design targets two seasonal values but the expected variables at least
	supplies	canal flows			during half of the year. 10-daily variable historical diversions part of
						the provincial Water Allocation Accord.
	Cropping	Prescribe/cont Free		Free
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Cemagref Annex 2.4: Economic Variables (annual official data) of the Agriculture Sector

  The rights of the several units concerned must be determined by applying neither the doctrine of sovereignty nor the doctrine of riparian right but the rule of "equitable apportionment" each unit being entitled to a fair share of the waters. o The orders of the Government of India datedMarch 30, 1937 had secured the most equitable apportionment then possible. The original orders may be properly modified owing to material errors in data, change in river condition etc. o If it is proved that the Bhakra Dam would materially injure the working of the inundation canals in Sindh, Sindh was entitled to object to the Punjab proceeding with the Bhakra Dam Scheme except under proper safeguards. o On the Indus above Mithankot and on the Panjnad and Haveli Canals, the Kharif season shall be from the 16th April to the 15th October, but should water be available the non-perennial canals may remain open to the 31st of October, provided: i) If supplies are surplus at Sukkur, a non-perennial canal may open after 1 April. ii)

	Issues			Conclusions/recommendations			
	Commission respond "Sindh	o						
	Kharif Case" and Sindh Rabi							
	Case" by addressing 2 sets of				Agricultural sector	Crops
	Year questions: Diversions over River inflow a)What are the law governing Water pumped over Diversions rights of Provinces on Indus and	Water used over River inflow	Biomass (kg/ha)	kg/m 3 GNP/cap	GNP over biomass Rs/kg	GNP/m 3	GNP	GNP/ m 3
	its distributaries?							
	b)How far Anderson							
	Committee's report constitutes							
	the law to determine these							
	rights?							
	c)Is Sindh entitled to object to							
	the Punjab government							
	proceeding with the Bhakra Dam							
	Project?							
	d) Which of Punjab schemes							
	should be permitted and on what							
	conditions?							
	e) To what extent Kharif limits							
	of Sindh canals by Anderson are							
	valid?							
	f) Should Sukkur Barrage be							
	given a priority?							

CemOA : archive ouverte d'Irstea /

Characteristics of main irrigation canals in Punjab and Sindh Punjab Group-I

  Sindh may construct a barrage across in Upper Sindh (Guddu) with canals of 40,000 cusecs capacity, a barrage in lower Sindh (Kotri) with canals of 47,000 capacity, canals from Sukkur of 2000 for Sailaba areas. Punjab can construct: links totaling 19,000 capacity from Chenab and Ravi to Sutlej, Bhakra dam with live storage 4 MAF, Dhiangarh dam 2.5 maf, 4 storages on Ravi and Jehlum 0.93 maf. Bhakra canals of 13,000; Thal capacity increased to 10,000.increase in capacity of Sutlej Valley canals 1800 for

	Annex 6.1:																				
	Punjab Group-III Sindh Group-I																				
	Canal Canal	ETo ETo	Peren Perenni	Allowanc Allowance	Increas Increas	Increase Increas	cv cv	cv cv		Canal supplies Canal supplies	Ratio Ratio	Good Good	Depth to Depth to	Rain Rain	Crop Crop	Crop Crop
			nial al	e	ed e	supplies e	Kharif Kharif	Rabi Rabi	Khari Khari	Rabi Rabi	Annual Annual	supply and supply and	Groundwate Groundwate	water water	mm mm	Intensity Intensity	Patter Patter
					supplies supplies	1978-98 supplies	supplies supplies	suppli supplies	f	f			authorized authorized	r quality r quality	table cm table cm				n n
	mm mm Annex 4.1: Canal supplies % mm 1968-78 % es mm mm mm % mm 1968-78 1978-98 % mm mm mm Canal ETo mm Peren nial % Allowa nce mm Increase supplies 1968-78 % Increase supplies 1978-98 % cv Kharif supplies cv Rabi supplie s Kharif mm Rabi mm Annual mm Sadiqia 1826 100 596.4 20 3 11,8 12,9 596 411 1007 Dadu 89 8 8 2 9 10 712 426 1138 Punjnad 1850 34 728.4 16 2 8,9 26,5 728 285 1013 Khairpur West 100 6 6 3 12 14 793 529 1322 CBDC 1522 100 681.1 -0.4% -1,3 11 12,7 384 301 685 Abbasia 1801 50 612.2 23 4 16,3 29,0 612 360 972 Khairpur East 100 16 16 -19 14 14 586 451 1038 LCC 1567 95 661.1 2.3% 4,7 7,9 8,6 412 313 724 LJC 1636 86 582.8 3.2% -1,1 7,3 9,4 340 247 588 LBDC 1666 97 627.6 12.8% 0,7 6,4 9,6 521 358 879 Thal 1725 100 673 12% 14 8,6 15,6 428 336 764 Punjab Group-II Canal supplies Canal ETo mm Perenni al % Allowan ce mm Increas e supplies 1968-78 Increase supplies 1978-98 % cv Kharif supplies cv Rabi supplie s Khari f mm Rabi mm Annual mm DG Khan 1800 0 865.6 23 18 18,5 36,0 866 331 1197 Muzafargar 1743 0 822.9 -4 5 9,9 36,7 823 220 1043 Bahawal 1776 47 644 6 8 15,1 23,9 644 347 991 UJC 1535 69 536 -26 -2 20,2 25 536 408 944 Punjab Group-IV Canal supplies Canal ETo mm Perenn ial % Allowan ce mm Increase supplies 1968-78 Increase supplies 1978-98 % cv Kharif supplies cv Rabi supplies Khari f mm Rabi mm Annual mm MR Link 1510 0 986.1 200 -68 66,1 1471 986 1,0 987 UCC 1516 42 311.6 -11 -34 20,7 34 312 59 371 Sindh Group-II Canal supplies Canal ETo mm Peren nial % Allowanc e mm Increase supplies 1968-78 Increase supplies 1978-98 % cv Kharif supplies cv Rabi supplies Khari f mm Rabi mm Annual mm Pat 0 44 44 -26 12,43 52,07 1824 188,5 2013 Dessert Rohri 100 8 8 -4 8 8 565 443 1007 Eastern Nara 86 28 28 -11 10 15 560 394 954 Lined Canal 100 6 6 -7 14 12 947 542 1489 North West 83 -5 -5 -9 13 13 601 418 1019	discharge discharge Ratio supply and authorized discharge 1.16 133 0.86 157 0.89 0.85 98 0.92 0.89 0.90 0.99 Ratio supply and authorized discharge 0.74 0.74 1.20 1.39 Ratio supply and authorized discharge 0.87 1.32 Ratio supply and Groundwate % % Good Groundwate r quality % 9% 39 71% 88 81 45% 21 89 74 95 86 Good r quality % 68% 91% 73% 91 Good Groundwate r quality % 92 100 authorized discharge Good Groundwate Depth to water table cm 383 232 306 262 482,0 196 203 489,1 353,0 585,4 279 Depth to water table cm 323 186 391 311 Depth to water table cm 349 437 r quality % Depth to Rain mm 224 30 103 44 356 1 30 52 315 342 275 292 Rain mm 139 195 133 438 Rain mm 555 410 water table cm Rain Intensity Crop 57 92 118 96 142 129 156 158 Crop Intensit y Crop Intensity mm Crop Intensity WM-CMS WM-RM Crop Patter WM-CMS WM-MSC n WM-CMS WM-MC WM-MRS WM-MSR WM-MS MW-MS WM-MSC Crop Patter n WM-CRM WM-CMR WM-CM WM-RSM Crop Patter n MW-R MW-RM Crop Patter n 70 12 436 63,4 1,2 WM-R 206 47 228 72 86 WM-CMS 147 0 252 126 62 WM-CMS 140 0 140 53 58 MW-SRM 111 22 229 75 79 MW-R	CemOA : archive ouverte d'Irstea / Cemagref
	Haveli-Int UDP Ghotki	1662 1609	36 0 0	568 447.9 31	21% 12 45	-23 -31	-2	11,9 19,4 11,8	20,7 50 41,6	468 448 688	279 96 301	748 543 988	0.76 0.62	72	93 100	49	673 520 221	241 263	49	153	0,8	WM-CMR WM-MRS MW-CM
	Pakpatan LDP Rice Bhegari	1713 1576	60 0 0 0	700 644 -7 45	5% 14 31 -7	9 -12	37 5	10,0 8,0 16,2 17,6	20,2 60 64,6 44,3	531 644 1789 1300	316 89 176 170	848 733 1965 1469	0.93 0.90	93 98	97 100	20 52	673 601 184 199	241 269	27 63	163	0,5 0,9	WM-CMR WM-MW-R MCR MW-R
	Mailsi +Sidhnai Rangpur Kalri	1726 1703	32 0 62	617 386.4 25	17% -31 25	11 12	26	9,9 24.9 19,7	20,6 39 32,3	518 386 447	248 86 319	766 472 765	0.87 0.45	73	87 97	0	675 277 187	184 265 123	159 121	0,4	WM-CMSR WM-MCR MW-RMS
	Fordwah Fuleli	1750	15 0	631 87	1% 87	13	8	11,6 24,2	45,2 45,7	597 1221	130 253	727 1473	0.67 117	80	0	297	157	236	114	123	0,5	WM-CRMS MW-RMS
	Pinyari		0	16	16		17	19,0	38,8		851	256	1107		76		0		167		106	0,4	MW-RSM

Abbreviations of cropping patterns: W = wheat; C = cotton; R = rice; S = sugarcane and M = mixed

The water available for crops from different sources at the root zone -(bcm)

  

	Annex 6.2:						
	Canal Water	Rain		Groundwater	
	Kharif	Rabi	Kharif	Rabi	Kharif	Rabi	
	Upper Chenab	0.7	0.2	0.68	0.09	0.59	0.79
	MR Link	0.2	0.0	0.05	0.01	0.02	0.07
	CBDC	0.4	0.3	0.23	0.05	0.28	0.45
	Upper Depalpur	0.3	0.1	0.08	0.01	0.20	0.17
	Lower Depalpur	0.7	0.1	0.25	0.02	0.42	0.35
	Lower Chenab	2.3	1.7	1.30	0.15	1.86	1.37
	Upper Jhelum	0.5	0.4	0.32	0.04	0.13	0.37
	Lower Jhelum	1.0	0.7	0.62	0.07	0.75	0.67
	Thal	1.5	1.2	0.61	0.14	1.05	0.41
	LBDC	1.6	1.1	0.75	0.07	1.52	0.99
	Haveli+Sidnai	0.9	0.5	0.52	0.05	0.81	0.51
	Mailsi	0.7	0.2	0.39	0.03	0.48	0.32
	Pakpattan	1.2	0.8	0.59	0.07	0.98	0.70
	Qaim	0.1	0.0	0.02	0.00	0.05	0.03
	Fordwah	0.5	0.1	0.16	0.03	0.42	0.30
	East. Sadiqia	1.1	0.8	0.33	0.06	0.65	0.27
	Abbasia	0.2	0.1	0.04	0.01	0.14	0.08
	Bahawal	0.9	0.5	0.21	0.03	0.76	0.31
	Panjnad	1.9	0.7	0.31	0.06	1.29	0.72
	DG Khan	1.5	0.5	0.19	0.03	0.20	0.75
	Muzaffargarh	1.3	0.3	0.24	0.03	0.20	0.73
	Rangpur	0.2	0.1	0.09	0.02	0.12	0.13
	Punjab Total	19.7	10.4	7.98	1.07	12.92	10.49
	Pat+Desert	1.2	0.5	0.03	0.02	0.06	0.12
	Bhegari	1.8	0.3	0.06	0.02	0.22	0.17
	Ghotki	1.1	0.5	0.11	0.01	0.64	0.10
	North West	0.7	0.6	0.02	0.01	0.24	0.03
	Rice Canal	1.5	0.2	0.02	0.01	0.16	0.26
	Dadu	0.7	0.5	0.02	0.01	0.08	0.06
	Khairpur West	0.5	0.3	0.02	0.01	0.14	0.05
	Khairpur East	0.5	0.4	0.04	0.01	0.28	0.05
	Rohri	2.6	2.1	0.22	0.08	1.72	0.39
	Eastern Nara	2.2	1.5	0.24	0.04	0.72	0.18
	kalri Baghar	1.0	0.6	0.02	0.01	0.03	0.02
	Lined Channel	0.4	0.3	0.06	0.01	0.25	0.03
	Fuleli	1.8	0.4	0.10	0.01	0.07	0.03
	Pinyari	1.2	0.4	0.03	0.01	0.03	0.03
	Sub-total	17.2	8.6	0.99	0.26	4.64	1.52

Correlation tables for Rabi and Kharif data of Punjab Canals

  

	TotW/CCA		0.8	0.6	0.2	0.4	0.7	-0.1	0.6	-0.2	0.2	1.0				
	Rabi Data GVP-CCA Divs.CCA 0.3 Pumpage 0.8 Gr.Inflow CCA 0.0 Annex 7.1:	GVP-CA 0.3 0.6 -0.1	GVP/ Canal divs -0.4 0.6 -0.6	GVP/ W-avail. -0.1 0.5 -0.4 -0.1 Crop Inten sity 0.1 0.8	RWS Et0 WB-GCA 0.5 0.5 0.6 -0.4 0.5 -0.7 0.7 0.1 0.7	TotW/ CA 0.7 -0.2 0.8	TotW/ CCA 0.7 0.8 0.5	Pump age 0.1 1.0 -0.2	Gr-Inflow -CCA 0.9 1.0	Divs CCA 1.0	Gr-Inflow -GCA	Rain mm	CWR GWQ % good	Den sity	Allow ance
	GVP-CCA Gr.Inflow GCA GVP-CA Rain kharif 93 GVP/Canaldivs CWR GVP/W-available Density GWQ %good	-0.1 1.00 0.01 -0.7 0.04 1.0 0.51 -0.4 -0.36 -0.49 -0.04 -0.28 -0.17 0.11 -0.59 0.04 -0.06 -0.33 -0.20 -0.16 -0.34 -0.13 0.42 -0.28 0.56 1.00 -0.1 -0.6 -0.5 -0.2 0.7 0.1 0.8 0.8 0.4 -0.3 1.0 0.9 1.0 -0.8 -0.2 -0.6 -0.4 0.4 -0.8 0.2 0.1 -0.5 -0.5 0.1 -0.4 0.1 1.0 1.00 0.11 0.8 0.6 0.8 0.9 -0.6 0.7 -0.5 -0.3 0.8 0.8 0.0 0.3 -0.1 -0.6 1.0 1.00 0.51 0.40 -0.6 -0.2 -0.5 -0.3 0.6 -0.7 0.2 0.4 -0.2 -0.3 0.3 0.0 0.3 0.7 -0.4 1.0 1.00
	Crop-Intensity Allowance	0.91 -0.37 -0.06 0.30 0.42 -0.31 -0.01 0.08 0.18 0.55 0.41 0.28 1.00	0.47	0.53	0.15	0.51	0.73	0.55 -0.56 0.29 -0.24	-	1.00
	RWS	-0.66 -0.05 -0.36 -0.81 -0.61 1.00										0.07
	Et0 WB-GCA GVP = Gross Value of Production 0.04 -0.49 -0.24 -0.28 0.23 0.01 1.00 CA = Cropped Area 0.41 -0.58 -0.16 -0.03 0.64 -0.41 0.46 1.00 TotW/CA -0.66 0.01 -0.25 -0.81 -0.65 0.94 0.00 -0.40 TotW/CCA 0.46 -0.45 -0.40 -0.49 0.59 0.24 0.32 0.33 Pumpage 0.00 0.19 0.13 -0.30 -0.13 0.49 -0.14 -0.64 Gr-Inflow-CCA 0.48 -0.56 -0.52 -0.33 0.68 -0.05 0.39 0.76 -0.12 1.00 0.17 0.51 Divs CCA 0.51 -0.57 -0.49 -0.31 0.72 -0.06 0.41 0.77 -0.13 Gr-Inflow-GCA 0.41 -0.57 -0.53 -0.38 0.62 0.04 0.42 0.70 -0.05 Rain mm -0.59 0.36 -0.10 0.01 -0.66 0.24 -0.41 -0.47 0.18 -0.52 -0.20 -0.40 -0.47 -0.35 1.00 1.00 0.37 1.00 0.80 -0.25 1.00 0.82 -0.22 1.00 1.00 0.81 -0.21 0.98 0.98 1.00 CWR 0.91 -0.32 -0.06 0.22 0.97 -0.58 0.30 0.61 -0.55 0.64 -0.05 0.69 0.72 0.62 -0.69 1.00 GWQ %good 0.00 0.44 0.35 0.22 -0.23 0.02 -0.59 -0.59 0.09 -0.26 0.50 -0.57 -0.55 -0.59 0.09 -0.21 1.00 Density 0.00 0.73 0.10 0.55 -0.27 -0.19 -0.67 -0.61 -0.17 -0.51 0.07 -0.57 -0.59 -0.59 0.48 -0.28 0.56 1.00 Allowance 0.48 -0.42 -0.09 0.07 0.65 -0.47 0.07 0.67 -0.49 0.33 -0.43 0.62 0.61 0.54 -0.16 0.60 -0.34 -0.24 Kharif Data GVP-GVP-GVP/ GVP/ Crop RWS Et0 WBG TotW/ TotW/ Pump Gr.Inf Divs. Gr.Inf Rain CWR Dens GW Divs = diversions W = Water avail. = Available WB = water balance Gr =Gross GW = groundwater Q = Quality	1.00 Allow	CemOA : archive ouverte d'Irstea / Cemagref
		CCA	CA	Canal	W-	Inten			CA	C A	CCA	age	low	CCA	. GCA	kharif	ity	Q%	ance
				divs	avail.	sity							CCA				goo
																	d
	GVP-CCA	1.0														
	GVP-CA	0.9	1.0													
	GVP/Canaldivs	0.7	0.5	1.0												
	GVP/W-	0.8	0.8	0.9	1.0											
	available															
	Crop-Intensity	0.9	0.7	0.7	0.8	1.0										
	RWS	-0.5	-0.5	-0.7	-0.8 -0.6	1.0									
	Et0	0.7	0.8	0.2	0.5	0.5	-0.4	1.0								
	WBGCA	-0.4	-0.3	-0.7	-0.5 -0.5	0.6 -0.1	1.0							
	TotW/Carea	-0.3	-0.2	-0.7	-0.6 -0.5	0.9	0.0	0.6	1.0						

General equations of the Hydram software Natural and Artificial Arcs

  

2 Example of Model Input Data for Hydram

  

	i ∀ 2 5 0 Indus Rivers water resource system 1996 4 1 1.historical strategic mode 1.simple return 0 Annex 7.name description simulation mode periods flow flow depth strategic data 2 penalties 2 2 2 2 C:/HyD2002e/Indus/flowshm3/ 5 C:/HyD2002e/Indus/flow78-94/ penalties 1 5 5 5 12 0 1.month rate 2 0 0 0 7 1 rate 1 1 1 1 1 indus96-97 aquifer 0 levels 2 Annex 7.	∈	NE 2 , 5 0 1	t	∈	2 5 0 1	2 5 0 1	2 5 0 1	2 5 0 1
	output global year restriction	month 10 days day 0 -					
	# Reservoir									
	name	Mangla									
	node index	1								
	location 30.24	75.17								
	levels 11									
	level		339.6 340.11 348.72 352.2 354.6 357.1 358.93 362.24 364.56 365.9 367
	surface 650	713	986	1137	1249 1373 1470 1656 1792 1875 1907
	storage 2300	2510	3405	4070	4403 4966 5340 6062 6685 7015 7430
	natural inflow	Mangla 1.05							
	L evaporation	0	0	0	0	0		0			0	0	0	0
		0	0								
	direct rain	-	1							
	C loss infiltration node 0 0 0 0 target storage 2361.5 1654.3 1800 0 0 3966 3147 zones 3 volume 0 0 0 0 0 0 volume 1 100 100 100 100 100 volume 2 5000 5000 5000 5000 5000 volume 3 7600 7600 7600 7600 7600 positive penalties 1 0 0 0 0 0	0 3680 0 100 5000 7600 0	0 4492 0 100 5000 7600 0	0 5452 0 100 5000 7600 0	0 7098.7 7240 0 0 0 100 100 5000 5000 7600 7900 0 0	0 7115 0 100 5000 7700 0	0 5662 0 100 5000 7600 0	CemOA : archive ouverte d'Irstea / Cemagref
	negative penalties 1	8	8	8	8		8			8	8	8	8
		8	8	8							
	positive penalties 2	10	10	10	10		10		10	10	10	10
		10	10	10							
	negative penalties 2	2	2	2	2		2			2	2	2	2
		2	2	2							
	positive penalties 3	100	100	100	100	100	100	100	100	100
		100	100	100							
	negative penalties 3	0.1	0.1	0.1	0.1	0.1		0.1	0.1	0.1	0.1
		0.1	0.1	0.1							
	initial storage	2500								
	# Junction									
	name	Chashma								
	node index	4								
	location 16.20	54.20								
	natural inflow	-	1							
	C loss 0	0	0	0	0	0.05	0.1		0.1	0.03	0	0
		0									
	infiltration node 0								
	# Consumptive demand								
	name	Nara									
	node index	55								
	location 20.00	23.80								
	demand 740	740	740	1019	1019	1019	1019	1019	1019	740	740
		740									
	source flow.Nara	1							

3 Summary Simulation Results: Monthly Inflow, diversions, reservoir storage and outflow to sea

  

	Canal	Out/Inflow	C deficit Out/Infl	storage	C deficit Out/Infl
	deficit		ow		ow %

  ProblématiqueCette thèse aborde la question de l'allocation de l'eau de surface entre usages et entre grands systèmes irrigués dans le bassin versant de l'Indus. Elle s'attache à en définir les concepts sois jacents et les procédures de mise en oeuvre. De par sa conception, le système d'irrigation du bassin de l'Indus connaît des tensions importantes () et utilise essentiellement (95%) des eaux de surface dérivées à partir des cours d'eau. La partie Ouest du pays est aride et appartient aux régions pauvres en ressources en eau du Moyen Orient tandis que l'Est est densément peuplé et appartient aux régions d'agriculture intensive du Sud asiatique. De manière globale, l'indicateur de ressource en eau renouvelable disponible par habitant (FAO, 1999) atteint 1670 m3 par an. Néanmoins à l'échelle mondiale, le pays arrive au 8 ème rang pour ses prélèvements et ne dispose en fait que de 1110 m3 d'eau douce par habitant et pas an[START_REF] Shiklomanov | Appraisal and Assessment of World Water Resources International Water Resources Association-Water International[END_REF]. Les possibilités de mobilisation de nouvelles ressources en eau sont faibles et conduisent à une situation de rareté menaçant les générations futures compte tenu des prévisions de croissance démographique. Les eaux superficielles sont partagées entre l'Inde et le Pakistan, et sein de ce dernier, entre quatre provinces. Ce partage fait l'objet de traités fondamentaux et largement connus : l' Indus Waters Treaty (1960) and le Water Allocation Accord (1991).

						Résumé détaillé					
	total deficit		1945 -46		2.95	45.78	1967-1968		0.22	40.62 100	1977 -1978		0.52	21.23 97.14
	year max deficit		1945		9.08	32.12	1967		0.07	43.82 100	1977		0.33	22.96 95.66
	Longest deficit		1945 10 -7	7.71	38.89	1967 10-6		0.27	4.92	100	1977 10 -3		1.3	5.32	98.99
	month max deficit		1945 11		11.78 23.24	1967 12		0.68	4.75	100	1978 02		4.45	6.41	80.59
		System wise Results												
	Irrigation	total	year max longest month max	Irrigation	total	year	longest month	Irrigation	total	year	longest month
									max		max			max		max
	Systems	deficit deficit	deficit deficit months	Systems	deficit deficit deficit deficit Systems	deficit deficit deficit deficit
	Inundation group	0	0	-	0	-	Thal	0.16	0.92	1.79	1.79	Thal	0.08	0.48	1.23	1.23
	1P															

des ressources en eau au niveau du bassin

  • Le 1 er groupe, constitué par les canaux du Pendjab, est caractérisé par des dérivations constantes et un système pérenne, disposant d'apports pluviométriques (1/4 ET0) et d'un accès à une ressource en eau souterraine de qualité. Les volumes dérivés sont faibles et les assolements des périmètres comprennent du blé et des cultures diversifiées. • La distribution dans le second groupe est en partie non pérenne et connaît des apports pluviométriques plus faibles mais toujours une ressource en eau souterraine de bonne qualité. Le coton y est la principale culture d'été représentant une part significative de cultures diversifiées. L'allocation en eau de ces périmètres s'est accrue avec la création en 1967 de nouvelles infrastructures. Les allocations sont plus variables, mais les intensités culturales sont les plus élevées du bassin. • Le troisième groupe se caractérise par un pourcentage plus élevé de périmètres à distribution non pérennes, des allocations plus élevées, des apports pluviométriques faibles et une large prédominance du blé dans les assolements. Les intensités culturales sont comparables à celles du 1 er groupe et les allocations se sont accrues en hiver depuis 1967, mais restent fortement incertaines. • Le 4 ème groupe connaît des allocations faibles et beaucoup plus variables tout au long de l'année, ainsi que des intensités culturales faibles. Les volumes distribués dans ces périmètres ont cru avec la réalisation de nouveaux ouvrages, puis décru. Quatre des cinq canaux considérés sont des canaux de liaison et ne connaissent donc pas de contraintes de disponibilité en eau. Les canaux du Sind sont plus homogènes que ceux du Pendjab, sur la base des variables étudiées. Ils peuvent être regroupés en 2 classes : La première comprend majoritairement des canaux pérennes (85%), une offre stable et dispose de ressources en eau souterraines utilisables. La seconde se caractérise par des canaux non pérennes, des allocations très élevées et des disponibilités accrues depuis 1978. Les intensités culturales des deux groupes sont faibles. Qualifier la durabilité de la ressource en eau nécessite d'évaluer chaque type de ressource et de procéder à une approche intégrée. Un modèle de bilan hydrique a été construit puis calé pour la période 1993 1994 et a ensuite été testé, au niveau global et provincial, sur un échantillon de 10 années choisies postérieures à 1967. Le bilan des ressources est réalisé au niveau provincial car c'est le niveau où se prennent les décisions d'allocation et au niveau des grands périmètres irrigués car ils correspondent à des unités hydrologiques bien définies. Sa réalisation permet aussi d'identifier les périodes de tension entre ressources et usages. Sur le terrain, les périmètres officiellement irrigués à partir des canaux disposent également d'un accès aux nappes au travers des puits dans la nappe. Le bilan du bassin montre que les zones où les prélèvements individuels dans les eaux de surface (Salibas) sont significatifs et que les zones d'agriculture pluviale (barani) soulèvent des difficultés dans la réalisation d'un bilan précis de l'eau utilisée par l'agriculture. Ces zones consomment des volumes d'eau significatifs qui influencent directement ou indirectement le bilan via les termes de recharge et de drainage de la nappe. Enfin, la réalisation d'un bilan aussi précis que possible passe par une définition attentive des limites des unités hydrologiques. L'analyse de sensibilité et la comparaison avec les études réalisées antérieurement montrent le rôle et l'importance des paramètres d'efficience du transport, d'efficience des usages, et de recharge de la nappe par la pluie dans la réalisation du bilan. Ils influent également sur l'évaluation de la recharge et des débits de drainage. Par exemple, la réduction des pertes du réseau de canaux de 70 à 50% diminue le volume d'eau disponible pour l'agriculture d'environ 18 milliards de m3. La contribution de la pluie est significative en termes de volumes d'apports (entre 33 et 132 milliards de m3) et importante pour l'agriculture et la recharge de la nappe.

	Bilan

  volumes d'eau dérivés après 1978 restent inférieurs aux valeurs initialement planifiées en1965, 1978 et 1990 du fait de l'arrêt de la construction de nouveaux barrages. Dans le même temps, le surplus issu du drainage est inférieur aux prévisions dans les zones non salines et l'usage des eaux souterraines est plus élevé que prévu. Contrairement aux prévisions établies pour les provinces du Pendjab et de NWFP, la surface cultivée hors des périmètres irrigués s'est accrue de 5 millions d'hectares alors que toutes les terres irrigables dans les périmètres ne sont pas irriguées. L'extension de l'agriculture dans les zones riveraines et d'agriculture pluviale (salibas) influence la recharge des aquifères et témoigne de la pression foncière s'exerçant sur les terres irriguées.La dynamique d'évolution des termes du bilan traduit la souplesse accrue procurée par la construction d'infrastructures hydrauliques. Elles ont permis l'extension des superficies irriguées sans accroissement des volumes dérivés. Le suivi historique du bilan montre l'évolution du poids respectif de chacun des termes pour chaque province. Le Pendjab utilise un volume égal à la totalité des dérivations tandis que le Sind utilise un volume beau coup plus grand du fait d'apports pluviométriques beaucoup plus élevés et d'une offre supérieure à la demande en été (Kharif). Aussi au Pendjab les enjeux de durabilité sont liés à l'abaissement de la nappe et aux économies dans réalisables lors du transport par les canaux. Dans le Sind, le principal défi est de mieux ajuster offre et demande pour éviter des problèmes d'excès d'eau.
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Rules 10 to 13 describe with many sub-clauses, filling of tanks for watering cattle, domestic uses from these tanks, water supply contracts, water supply to cantonment, towns, railway and other public facilities. The nonagricultural needs were however assumed to be very limited in quantity.CemOA : archive ouverte d'Irstea / Cemagref

The IBMR model was developed by WAPDA with the help of the World Bank and the US Bureau of Reclamation in the 1970s. The model was to predict the impact of different projects on agricultural production. A module of the model called delta computes ET0 and the crop water requirements for the different agro-climatic zones.CemOA : archive ouverte d'Irstea / Cemagref

Two sizeable western tributary rivers of Indus, Swat and Kabul are generally not named independently.CemOA : archive ouverte d'Irstea / Cemagref

"From the last day of 1600, when Queen Elizabeth granted certain merchants of London a monopoly of trade eastwards from the Cape of Good Hope to the Straits of Magellan, through the reorganization of the Company in 1702 -09, to 1773 when Parliament enacted the Regulation Act, no provision had been made by the Crown for governing India[START_REF] Arthur | The Indus Rivers -A study on the effects of Partition[END_REF]. In legal theory a company's conquest belongs to the Crowns, while its concessions, including the right to collect taxes belongs to the Company"

"A clear concept of land ownership was quite foreign to oriental methods of thought, and was only introduced by the English. Still more foreign was the doctrine of an economic rent equivalent to the amount which a tenant would first pay rather than leave the land-a doctrine based by the Manchester school of economist on very different data"[START_REF] Kennedy | Land of Five Rivers[END_REF]. "For twenty years the system of fixity was maintained by successive Lieutenant Governors and Financial Commissioners, under the mistaken belief that the assessment was absolutely light".CemOA : archive ouverte d'Irstea / Cemagref

Mr. John Lawrence in 1836 in his report on Rewari paragana, Dehli territory: "The paragana was in the first instance greatly over-assessed. The majority of the largest and finest villages were in the possession of persons of wealth and influence. These people were set one against another in order to raise the revenue."(Settlement Manual) 

"Under the British, land revenue may be best defined as a tax on the economic rent of agriculture land, in so far as the terms of western political economy can be applied to a conception entirely foreign CemOA : archive ouverte d'Irstea / Cemagref

Malhotra in his paper "Optimum Size of an outlet in relation to the size of field", computed 25% absorption losses. Based on field experiments, he estimated that for a depth of watering of 2 inches, the absorption field losses would be ½ inch per hour.CemOA : archive ouverte d'Irstea / Cemagref

Compiling an "irrigation directory" of the primary, secondary and tertiary irrigation systems once in few years is a highly recommended practice. This type of practice should follow the original procedures based on the Irrigation department's local data.CemOA : archive ouverte d'Irstea / Cemagref

daily div ersions m cm 1996-97 1995-96 CemOA : archive ouverte d'Irstea / Cemagref
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Almost same value of the depletion faction with respect to total diversions and gross inflow is the case of very small groundwater pumpage. For most of the Sindh canal, available water is lesser because of positive recharge and no pumpage. It is clear from the above discussion that the efficiency of "water use" is strongly biased by the interest of water management domain. Figure 6.12: root-zone depletion as a fraction of total diversions, gross-inflow and total irrigation supply

The Agriculture Performance

The Productivity of Land and Water

An objective of the government is to increase cropped areas and cropping intensities for employment, revenue generation and financial stability (chapter 3). While the farmers should be interested to enhance the production per unit area dedicated to irrigated agriculture. A variety of constraints can influence the average production at the command area level. The profile of farming systems presented in chapter 2 shows that the cropping patterns, intensities, and crop yields vary at the farm level, but that there can be trend identified at a more aggregated level (secondary canal). It also shows that farmer's choices are influenced by the access to water and the traditional cropping patterns, linked to environmental conditions like salinity, aridity [START_REF] Kijne | Salinity and Sodicity in Pakistan's Punjab: A threat to sustainability of irrigated agriculture[END_REF]. Hence, the water availability is likely to impact on the productivity of land and water, while a comparative analysis of both would indicate the production constraints.

The total gross value of production (GVP) is computed by multiplying the cropped area of all crops (reported by the Provincial Irrigation Department) in a CCA with the average yield of each crop (reported by the Provincial Agriculture Department) and the market prices (reported In the previous chapters, three sets of surface water distribution targets for the Indus Basin irrigation system have been identified: the seasonal design allocations, 10-daily allocations approved by the Water Apportionment Accord (WAA) of 1991, and the actual historical patterns of the main canal deliveries. In addition to technical aspects of the design approach, these targets have emerged under the influence of negotiations, political compromises and field realities. All three targets are referred to by policy makers and managers in different circumstances and continue to coexist under certain spatio-temporal conditions. The targets are logically different in nature. The design allowance has determined the capacity of the system, while the historical diversions are the result of irrigation scheduling at the local and regional level. The WAA targets are mainly based on the latter, but agreed upon as new reference targets, thus practically providing an alternative to the design allocations (chapter 6). The current operational procedures in the basin are considered to be the only available 'practical' solutions, as they represent the final situation achieved. It is, therefore, important before suggesting changes in allocations to understand the limitations imposed by the physical system in achieving water distribution targets at the spatio-temporal scales.

The river supply network is complex and contiguous (chapter 2), virtually integrating all rivers through reservoirs and link canals to support the main canals at the barrages. The interconnectivity, the storage, the capacity of the canals and the river hydrograph at different regulation points, contribute to the physical definition of the system. As could be expected from a basin of this magnitude, the level of flexibility is not uniform in space and in time to allow 'optimum' operations at all diversion nodes to achieve the distribution targets. Therefore, the physical flexibility and implementation limitations of the operational rules are important for two reasons; their influence on the distribution targets in the basin and their more intrinsic character as a constraint at different locations.

The availability of surface water resources is increasingly threatened. There is a consistent reduction in inflow from the Eastern Rivers and reservoirs storage. Although most of the planning documents consider the eastern rivers contribution nil, average residual eastern supplies during the nineties were about half of the surface storage in the basin, reducing to nil in dry years. Alternative management strategies and additional storage are two opportunities to attenuate these threats. The basin-level water allocation model simulates different scenarios to test and compare the scope of implementing different surface water delivery targets and quantifies the impact of opportunities and threats on the water availability.

The Issues and Modeling Mechanism

CemOA : archive ouverte d'Irstea / Cemagref

Calibration of the Model and Preliminary Results

Three hydrological years are selected from the time series data of There are two differences in the representation of the three selected years in the Hydram model. Due to the non-availability of data for individual inundation and some of the barrage canals, these canals are defined as groups in 1945 and 1967. At river inflow nodes, the gains are accommodated by multiplication factors, i.e. a percentage of inflows. To accommodate river losses, infiltration coefficients are considered at the important junctions. For 1967-68 and 1977-78, these coefficients are derived from chapter 5. However, gains and losses at different reaches were erratic and difficult to establish for 1945-46. It was, therefore, decided to use average values for these losses.

The Diversions

The simulated and actual diversions for three years are shown in Figure 7.8a and the output summary for all main canals is given in Annex 7.3. The gross annual diversions, as measured at the regulation nodes, are achieved by the model with a deficit of: 3 % for 1945-46, 0.2 % deficit for 1966-67 and 0.5% for 1978. The maximum annual deficit for a main canal is 23 % in 1945, 1 % in 1968 and 13 % in 1978. The monthly maximum difference in achieving the actual supply is 80 to 100 % for three canals in 1945, 100% for one canal in 1978, but, only 10 % in 1967-68 (Annex 7.3). The simulated reservoir storage is 3 % different from the target levels during 1977-78. The high accuracy of calibration achieved for 1967-68 is facilitated by higher water availability at nodes than the demand and the grouping of some canals reducing the higher local competition.

The four canals with the maximum deficit in 1945-46 are located on the Ravi and Chenab Rivers. Three of them (Sidhnai, LBDC, Haveli Internal) get part of their supplies through link canals. Their corresponding junction nodes have less water compared to the measured data in November and December. This could be due to exceptionally higher un-gauged input in the Ravi river or higher return/drainage flows from the storage in active flood plains in summer. Possibility of finding such supplies without detriment to the parties interested in the waters of Indus and its tributaries, and the effect upon the existing or prospective rights of those parties of any fresh withdrawals, the authorization of which the Committee was to recommend.

Conclusions/ recommendations

• Sindh Sukkur barrage canals will be perennial; Sindh inundation will have high priority; • Thal (Indus) perennial, Haveli and Panjnad low priority partially perennial, will share water after satisfying Sindh share GCA 1963CCA(1963 ) CCA( 1984) GCA-1989CCA 1989GCA 1995CCA 1995GCA-2000 

Canal

Modélisation du réseau de surface

Un modèle de bassin versant prenant en compte le réseau hydraulique est développé pour permettre des simulations à long terme pour (i) déterminer les objectifs actuels de gestion des ouvrages, (ii) évaluer le réalisme de ces objectifs, (iii) évaluer l'impact de réductions de débit en provenance des rivières de l'Est et de la diminution des capacités de stockage des barrages, et (iv) évaluer l'intérêt de construire des stockages supplémentaires sur l'Indus et la rivière Jhelum.

La simulation de la gestion des ouvrages pour la période 1978-1999 montre sa cohérence avec les objectifs pour 90 % des volumes distribués par les canaux principaux. Elle fait aussi apparaître que la conception et les allocations initiales ne correspondent plus aux objectifs actuels des gestionnaires. La distribution dépend de la localisation, des capacités de stockage éventuelles, des volumes dérivés historiquement et des pratiques des gestionnaires.

Sur la base de l'hydrogramme de dérivation, une année peut être segmentée en 3 périodes : Kharif, Rabi et une période transitoire. Les barrages et les canaux de liaison ne délivrent pas les débits autorisés de manière uniforme, mais les révisent à la baisse en période de faible demande (Rabi),et transfèrent ces volumes économisés en été (Kharif) entre certains périmètres préalablement choisis.

Techniquement, les ouvrages peuvent supporter des débits supérieurs aux allocations officielles. Néanmoins mobiliser cette marge de manoeuvre induit une fiabilité moindre de la distribution et une plus grande variabilité des volumes délivrés. Cela peut être l'une des raisons de ne pas utiliser la totalité des volumes disponibles durant Kharif. La fiabilité technique du réseau apparaît élevée en l'analysant selon trois objectifs de régulation préalablement définis. Cependant, certains canaux principaux connaissent des contraintes de capacité de transport et la méthode de simulation employée devrait être améliorée afin de mieux rendre en compte du processus de stockage dans les réservoirs.

Les volumes dérivés vers les canaux principaux sont remis en cause du fait de la diminution des capacités de stockage des barrages et de la diminution des débits des rivières de l'Est. Le gestion de l'eau dans des systèmes à plusieurs échelles emboîtées. Elle renvoie aussi aux effets induits d'une gestion intégrée sur la durabilité des ressources naturelles.

Nous avons montré que l'agriculture irriguée a atteint ses objectifs dans plusieurs zones du bassin de l'Indus, qu'une plus grande quantité d'eau de surface peut être dérivée pendant l'été (Kharif) dans d'autres et que des économies d'eau sont possibles par une meilleure gestion des ressources en eau de surface. Ces apports scientifiques devraient pouvoir trouve leur place dans la gestion concrète du réseau de surface qui dispose en général de marges de manoeuvre. Plus généralement, les travaux de recherche relatifs à ce grand bassin et à cet immense système irrigué sont longtemps restés basés sur les approches empiriques découlant des problèmes de conception et de distribution de l'eau d'irrigation.

Cette thèse a pour ambition d'élargir ce questionnement à la gestion intégrée des ressources en eau pour améliorer le bien être des usagers et consolider la croissance de l'agriculture irriguée.