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ABSTRACT 

 
Water Allocation Challenges in Rural River Basins: A Case Study from  

the Walawe River Basin, Sri Lanka 

 
by 

 
Neelanga D.K. Weragala, Doctor of Philosophy 

Utah State University, 2010 

 
Major Professor: Dr. Jagath J. Kaluarachchi 
Department: Civil and Environmental Engineering 

 
 This dissertation evaluates the water allocation challenges in the rural river basins 

of the developing world, where demands are growing and the supply is limited. While 

many of these basins have yet to reach the state of closure, their water users are already 

experiencing water shortages. Agricultural crop production in rural river basins of the 

developing world plays a major role in ensuring food security. However, irrigation as the 

major water consumer in these basins has low water use efficiency. As water scarcity 

grows, the need to maximize economic gains by reallocating water to more efficient uses 

becomes important. Water allocation decisions must be made considering the social 

economic and environmental conditions of the developing world. The purpose of this 

dissertation is to identify water allocation strategies that satisfy the above conditions, in 

the example of the Walawe River basin in Sri Lanka.    

In this dissertation three manuscripts are presented. The first manuscript takes a 

broad view of the current water allocation situation. The second manuscript develops a 
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methodology to analyze water allocation under a priority-based approach with the use of 

network flow simulation techniques. The third manuscript analyzes the water supply-

demand situation in the basin under future climatic conditions. The major findings of this 

study suggest that: (1) while up to 44% of water is still available for use, seasonality of 

inflows, poor water management, physical infrastructure deficiencies, and other socio-

economic factors contribute to the irrigation deficits in the Walawe basin; (2) prioritizing 

irrigation over hydropower generation increases supply reliability by 21% in the Walawe 

irrigation system IRR 1. The corresponding annual loss in power output in less than 

0.5%. Prioritizing the left bank irrigation area in system IRR 2 increases the economic 

gains from crop yields by US $1 million annually; (3) an increase of water use efficiency 

between 30-50% in agriculture can mitigate all water deficits in agriculture, urban water 

supply and industrial sectors; (4) the predicted 25% increase of rainfall over the Walawe 

basin in the 2050’s allows for 43% increase in hydropower generation (with changes to 

power generation mode) and 3-16 % reduction in irrigation requirements; (5) network 

flow simulation techniques can be successfully used to evaluate different demand 

management strategies and improvements to the priority-based water allocation method. 

(175 pages) 

 

 

 

 



v 
ACKNOWLEDGMENTS 

I would like to thank my major professor, Dr. Jagath J Kaluarachchi, for his 

support throughout the entire period of my Ph.D. research. I also would like to thank the 

committee members, Drs. Mac McKee, Gilberto E. Urroz, Wynn Walker, and Vladimir 

Smakhtin, for their guidance and patience.  The staff at the Department of Civil and 

Environmental Engineering and the Utah Water Research Laboratory deserve a special 

thank you for their support. I fully acknowledge the support from the capacity building 

program of the International Water Management Institute (IWMI) and the Ph.D. 

fellowship from the Inland Northwest Research Alliance (INRA) of the US Department 

of Energy. 

I would like to thank Mr. K.P.G.H. Kumararatna (Mahaweli Authority of Sri 

Lanka), Mr. P. Bandara (Irrigation Department of Sri Lanka), and Mr. H.S. Somathilake 

(Samanalawewa Power Station, Ceylon Electricity Board) for their support in obtaining 

data used in this work.  Mr. W.W. Premachandra is acknowledged for the help in 

conducting the field data collection. The GIS/RS unit at IWMI is acknowledged for the 

GIS maps supplied.  

I would like to thank my friends and colleagues who supported me in numerous 

ways during my research. Special thanks are due to my parents, wife, and son for their 

encouragement, moral support, and patience during this endeavor. I could not have done 

it without all of you. 

                                                                                                    Neelanga Weragala 

     



vi 
CONTENTS 

 
                          

                                                                                                                            Page 
 

ABSTRACT ....................................................................................................................... iii 

ACKNOWLEDGMENTS ...................................................................................................v 

LIST OF TABLES ...............................................................................................................x 

LIST OF FIGURES ........................................................................................................... xi 

CHAPTER 

1. INTRODUCTION ................................................................................................1 

  References .........................................................................................5 

2. WATER RESOURCES MANAGEMENT IN RURAL RIVER  
  BASINS OF THE DEVELOPING COUNTRIES UNDER 
  COMPETING DEMANDS ..................................................................................6 

  Abstract .............................................................................................6 
  Introduction .......................................................................................7 

   The Role of Population Growth in Food Security ...............7 
   The Role of Grain Production in Food Security ..................8 
   The Role of Water Resources in Grain Production .............8 
   Emergence of New Water Users ..........................................9 
   Competition for Limited Water Resources ........................11 
   Water Resources Management in Developing Countries ..13 

  Study Area .......................................................................................15 

   Physical Description of Walawe River Basin ....................15 
   Water Users ........................................................................17 

  Water Scarcity Issues ......................................................................24 

   Physical Non-availability of Water at the Source or 
     Allocation to a Higher Priority User ................................24 
   Increased Crop Areas and Cropping Intensity ...................25 
   Shortcomings in Physical Infrastructure ............................26 
   Absence of Organized Water Management Practice .........27 
   Emergence of New Water Users ........................................28 

  Analysis of Water Scarcity Issues ...................................................29 



vii 
   Estimation of Water Availability in the Walawe  
     River Basin.......................................................................29 
   Seasonality of Inflows and Water Requirements ...............30 
   Low Water Use Efficiency in Paddy Cultivation ..............35 
   Mismatch of Crops with Soil Type ....................................37 
   Hydropower Generation and Irrigation ..............................39 
   Conjunctive Use of Reservoirs ..........................................44 

  Summary and Conclusions ..............................................................49 
  References .......................................................................................52 

3. SIMULATION MODELING OF PRIORITY-BASED 
WATER RESOURCES ALLOCATION IN RURAL RIVER 
BASINS OF THE DEVELOPING WORLD .....................................................58 

              Abstract ...........................................................................................58 
  Introduction .....................................................................................59 

   Development of Water Allocation Policies .......................60 
   Methods of Water Allocation.............................................61 
   Water Rights ......................................................................63 
   Allocation Priority .............................................................64 
   Modeling of Water Allocation ...........................................66 

  Study Area .......................................................................................68 

   Water Resources and Water Users  ....................................68 
   Water Supply Network and User Demands .......................70 

  Methods ...........................................................................................73 

   Estimation of System Inflows ............................................73 
   Water Demands Scenarios .................................................74 
   Computer Based Water Allocation Software (WEAP) ......75 
   Formulation of Allocation Scenarios .................................77 
   Evaluation of Allocation Scenarios ...................................78 

  Results and Discussion ....................................................................78 

   Estimation of Inflows .........................................................78 
   Effects of Priority Based Allocation ..................................79 
   Effects of Demand Management Strategies .......................87 

  Summary and Conclusions ..............................................................91 
  References .......................................................................................95 
  Appendix .........................................................................................98 

 



viii 
4. ANALYSIS OF CLIMATE CHANGE IMPACTS ON BASIN 

WATER RESOURCES AND EVALUATION OF MITIGATION 
MEASURES: A CASE STUDY FROM WALAWE RIVER BASIN, 
SRI LANKA……... ............................................................................................99 

  Abstract ...........................................................................................99 
  Introduction ...................................................................................100 

   Water Resources Management and Climate Change .......100 
   Climate Impacts on Hydrology and Water Resources .....101 
   Climate Change Impacts on Water User Sectors .............102 
   Assessing the Impacts of Climate Change  
     on Water Resources .......................................................104 
   Mitigating the Impacts of Climate Change ......................105 
    
  Study Area .....................................................................................106 

   Climate, Topography, and Hydrology .............................106 
   Water Users and Demands ...............................................108 
   Climate Change ................................................................109 

  Methods .........................................................................................110 

   Selection of Scenario Time Periods .................................110 
   Selection of GCMs and Future Climate Scenarios ..........110 
   Estimation of Future Water Availability ..........................113 
   Estimation of Future Water Demands ..............................115 
   Estimation of Climate Change-Related Water Deficits ...119 
   Analysis of Climate Change-Related Water Deficits ......120 

  RESULTS AND DISCUSSION ...................................................121 

   Assignment of Model Weights ........................................121 
   Assessment of Basin Inflows ...........................................122 
   Effects of Climate Change on Basin Water Users ...........125 

  Summary and Conclusions ............................................................137 
  References .....................................................................................139 
  Appendix .......................................................................................145 

5. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS ...................146 

  Summary .......................................................................................146 

   Initial Assessment of Water Supply, Demand, and 
     Scarcity Issues ................................................................146 
   Evaluation of Water Allocation and Demand  
     Management Strategies ..................................................149 



ix 
   Assessment of Climate Change Impacts on Water 
     Supply, Demand, and Scarcity .......................................152 

  Conclusions ...................................................................................154 
  Recommendations .........................................................................158 

CURRICULUM VITAE ..................................................................................................160 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 
LIST OF TABLES 

 
 

Table                                                                                                                               Page 
 
2.1 Water balance of the Walawe River basin (using average annual  
 values from 1994-99) .......................................................................................31 
 
2.2 Estimation of annual water requirement at Walawe irrigation system 
  IRR1 for rice and banana crops ......................................................................38 
 
2.3 Comparison of economic gains from water use for rice irrigation and 
  Hydropower generation at Walawe (systems IRR1 and HYDRO) ................41 
 
3.1 Description of water allocation scenarios ........................................................77 
 
3.2 Annual power generation at HYDRO under A1 and A2 scenarios .................82 
 
3.3 Performance indices of irrigation supply at IRR 1 under A1 and  
 A2 scenarios .....................................................................................................83 
 
3.4 Performance indices of irrigation supply at IRR1 under B4 and  
 B5 scenarios .....................................................................................................90 
 
4.1 Annual inflows to reservoir R1 under Baseline (1990-99), A1B (2041-50), 
  and A2 (2041-50) scenarios based on ECHAM5 predictions .......................131 
 
4.2 Total hydroelectric power generated, unmet turbine flow demand and  
 reservoir spills, under three power generation modes during the  
 10- year simulation periods ............................................................................132 
 
4.3 Characteristics of emission scenarios A1B, A2 and B1 ................................145 
 
 
 
 
 
 
 
 
 
 
 
 
 



xi 
LIST OF FIGURES 

 
 

Figure                                                                                                                       Page 
 
2.1             Physical layout of the Walawe River basin, its water resources 

and demand sites ..............................................................................................16 
 
2.2             Average monthly inflows, irrigation water requirements, water levels 

and the average rainfall at reservoir R2 ...........................................................32 
 
2.3             Hydropower generation and the corresponding water levels at reservoir R1, 

under observed and simulated scenarios ..........................................................43 
 
2.4             Average monthly inflows, power generation outflows and the water 

levels of reservoir R1 .......................................................................................46 
 
2.5             Average inflows and low flows at reservoir R1 compared with average low 

 flows at other hydropower reservoirs. .............................................................46 
 
2.6             Hydropower generation and the corresponding water levels at reservoir R1, 
 under observed and simulated scenarios ..........................................................48 
 
3.1 Physical layout of the Walawe River basin, its sub catchments, 
 water resources, and water users ......................................................................69 
 
3.2 Network diagram showing the tributaries, distributory canals,  
 return flow paths, reservoirs, and water user nodes in Walawe basin .............71 
 
3.3 Comparison of measured and estimated flows at Location 1 and  
 Location 2 on Walawe River ...........................................................................79 
 
3.4 Annual irrigation deficits at IRR 1 under two priority settings: 
 Scenarios A1 and A2 .......................................................................................81 
 
3.5 Weekly water shortages at IRR 1 under A1 and A2 scenarios ........................82 
 
3.6 Average water use and economic gain by crop type in IRR 2. Crop area 
 composition in the right bank and the left bank of  IRR 2 ...............................84 
 
3.7 Comparison of a) annual paddy yield b) number of farmer families 
 affected  c) annual economic deficits under scenarios 
 A3, A4, and A5 at system IRR 2 .....................................................................85 
 
3.8 A) Three power demand curves B) Annual power outputs corresponding 



xii 
 to scenarios B1, B2, and B3 .............................................................................88 
 
3.9 Comparison of number of farmer families affected in IRR 1 under  
 Scenarios B4 and B5 ........................................................................................90 
 
4.1 Physical layout of Walawe River basin, its water resources and  
 Demand sites ..................................................................................................107 
 
4.2 Comparison of measured mean annual rainfall over the Walawe 
 River basin with estimates of five GCM models for the historical period ....122 
 
4.3 Mean annual rainfall over Walawe River basin. Values for the  
 Baseline period compared with prediction for 2041-50 under A1B, A2, and 
 B1 emission scenarios ....................................................................................123 
 
4.4 Comparison of mean monthly rainfall over the Walawe River basin 
 under Baseline and future climate scenarios: ECHAM5 and PCM 
 models ............................................................................................................124 
 
4.5 Flow duration curves for Walawe River head flows and a right bank 
 major tributary under baseline and ECHAM5 A1B scenarios.......................126 
 
4.6 Comparison of mean monthly irrigation demands with mean monthly  
 rainfall over the command area in IRR 2 right bank during 2041-50 
 under A1B and A2 scenarios according to ECHAM5 ...................................128 
 
4.7 Comparison of annual irrigation allocation in Walawe River basin 
 under Baseline and future climate (ECHAM5 A1B) scenarios .....................130 
 
4.8 Average monthly percentage of volume available in the flood control 
 zone in reservoir R1, under variable, fixed, and 2-step power generation 
 modes for A1B in 2041-2050 ........................................................................133 
  
4.9 Comparison of basin groundwater recharge with estimated domestic 
 Demand in 2041-50 (under A1B and A2 : ECHAM 5) .................................135 
 
4.10 Percentages of industrial demand deficits under baseline and future  
 ECHAM5-A1B scenarios ..............................................................................135  
 
  
 
   
 



CHAPTER 1 

INTRODUCTION 

 
In the developing world the processes of population growth, urbanization and 

industrialization are occurring at an ever increasing phase. These processes result in an 

increased demand for water in the sectors of agriculture, power generation, industry and 

urban water supply. As water resources in the rural river basins are exploited to their 

limits, issues of water pollution and resource degradation arise. To mitigate the damages 

to water resources and their environment additional limits are imposed on water 

abstraction. As demands exceed the limited supply, the objectives of water resources 

development and the water allocation criteria are brought in to focus. 

 Traditionally the water resources development activities in the developing world 

were related to improving irrigated agriculture. Even today irrigation consumes more 

than 80 % of the water abstracted (Rosegrant and Gazmuri 1994). In most developing 

countries the high capital investments required for water resources development have 

been borne by the state sector. The tendency to identify the state as the custodian of water 

resources (Rees 1996), the ability of state to formulate and enforce legislation regarding 

use of water, the obligation of state to control certain aspects of water activities such as 

control of floods and water borne diseases, have all resulted in the government sector 

playing a key role in administration of water allocation (World Bank 1993). 

 The quantity based administrative allocation is the most common water allocation 

mode in the developing world today (Meinzen- Dick and Mendoza 1996). This mode of 

allocation guarantees supplies to irrigation, domestic water supply and ecosystem water 

demands which improves national /regional food security, public sanitation, 
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environmental health etc. In general, state managed administrative allocation (public 

allocation) has multiple objectives and is more concerned with equity, sovereignty and 

satisfying greater public good (Dinar et al. 1997).  The presence of multiple objectives in 

a public allocation necessitates the assigning of a priority order.  

In the context of a river basin, allocation priority becomes important when the full 

water rights of all water users cannot be supplied. A prioritized system allows the water 

managers to take control over the water use in a river basin by allocating water in a 

preferential order. This preferential order could be based on regional or national 

objectives. In an analysis carried out in 14 developing countries in the Asian and Asia-

Pacific region, domestic water supply retained the highest priority. The sectors of 

Irrigation, Industry, and Hydropower were named at the next levels of priority in the 

given order. The sectors of fisheries, aquaculture, recreation and navigation received the 

least priority according to this survey (UN 2000).   

 Although widely spread, the priority based publicly administered allocation has 

come under criticism for being unable to enforce efficient water use. Meinzen-Dick and 

Mendoza (1996) points out that the absence of an incentive structure as the main reason. 

The sectoral nature of responsibilities in the implementing agencies, influence of politics, 

unclear decision-making mechanisms for inter-sectoral allocations, inefficient pricing 

schemes and scope for rent-seeking by agency staff have been identified as other possible 

reasons (Meinzen-Dick and Mendoza 1996; Dinar et al. 1997). The farmer managed (self 

governing) irrigation systems as an alternative, have produced better results in irrigation 

water allocation according to some studies (Tang 1992; van Koppen et al. 2007).  
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As water becomes economically scarce, “efficient” aspect of water allocation 

receives prominence over “equity.” An efficient water allocation aims to maximize the 

net economic benefits from all water uses in a basin. Such an allocation can be realized 

by allocating water to the most beneficial water uses. The transfer of water rights from 

less efficient water uses to high efficient water use can be facilitated through voluntary 

exchange and market pricing of water (Howe et al. 1986). Unfortunately, due to the 

transaction costs, technological constraints, political constraints and many other reasons 

the real-world water markets do not attain first-best allocations. The absence of properly 

defined water rights is also seen as a major obstacle in formulating water markets in the 

developing world (Rosegrant and Gazmuri 1994). Accordingly the instances of market 

based water allocations in the developing world river basins are very few (Young 1986). 

Therefore it can be expected that the current priority based allocation system will 

continue to function in many of these basins for a number of years. This dissertation 

describes a methodology that utilizes network flow simulation technique to investigate 

the possible improvements to water allocation under the priority based system. 

The proposed methodology is tested on the water allocation in a test river basin. 

This is a rural river basin in the developing world where multiple water users compete for 

limited water resources. Water allocation in this basin is carried out under a priority 

based system. An initial estimate of water supply and demands of the basin is required to 

identify the temporal and spatial distribution of water in the system. The limited data 

availability, a common feature in many developing world river basins, may not permit a 

detailed analysis. However, even the outcomes of a less-detailed analysis could be used 

to understand (1) magnitude of supply (2) storage capacities in the basin (3) water 
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demand (4) process and non-process depletion from the basin (5) available, committed 

and non-committed volumes. Based on the availability of data further analysis can be 

carried out on the frequency and seasonality of river flows, reservoir water balance, 

feasibility of various demand management strategies etc. This preliminary information 

can be used to formulate analysis scenarios and management options for a more detailed 

study.   

Improvements to the current water allocations can be proposed as modifications 

to the   allocation schedules. The effects of a given allocation schedule can be assessed by 

simulating the allocation process under the given inflows, demands and priorities. This 

dissertation proposes the use of a network flow based simulation model to estimate the 

priority based water allocation among water users in the basin. A generalized network 

flow model that allows allocation prioritization can be used for this purpose. Simulation 

scenarios can be set up to test the effects of prioritization of water allocation among 

competing sectors, demonstrate the impacts of various supply and demand management 

strategies etc.   

 The information derived from scenario outcomes can be used to formulate water 

allocation policies. However the sustainability of such policies will depend on the 

allocation systems ability to withstand the changes in supply and demand. Climate 

change can affect both. According to the global circulation model (GCM) predictions 

significant changes are expected in the water supply and demands in the developing 

world river basins (Arnell 1999). We propose to analyze the future water allocation 

options using the predicted supplies and demands. Such analysis would demonstrate if a 

priority based allocation would be able to achieve the national and regional goals of water 
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resources development under future conditions. It would also enable to identify the 

adaptive management strategies for water allocation in the rural river basins.    
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CHAPTER 2 

WATER RESOURCES MANAGEMENT IN RURAL RIVER BASINS OF 

DEVELOPING COUNTRIES UNDER COMPETING DEMANDS 

 

1 

Abstract Irrigated agriculture plays an important role in achieving food security in 

developing countries. Along with suitable land and favorable climate, availability of fresh 

water is a major requirement for agriculture. While irrigated agriculture consumes more 

than 80% of the water resources in these countries, there are other emerging water users. 

The population growth, urbanization, and industrialization increase the demand for 

freshwater in a river basin. In many cases the temporal and spatial variation of natural 

water availability does not match with the demands. The water resources development 

projects are undertaken to build the physical and institutional infrastructure that address 

this mismatch. However the management of basin water resources is complicated by the 

growing demand from traditional and new water users. There are many examples from 

river basins in the developing world, where water resources management has failed to 

cope with this situation, causing economic loses and degradation of water resources.  It is 

therefore important to identify the possibilities of improvement to current water resources 

management practices. This study analyses some water resources management issues 

under competing demands using a test case from a rural river basin in Sri Lanka. 

Irrigation, hydropower generation, urban use, industry and the environment sectors 

compete for water in this basin. The study assesses the water availability of the basin, its 

temporal and special distribution, and compares with the demands. The reasons for 
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current water shortages in the basin are discussed. Some possible management changes 

that could improve water availability for irrigation, hydropower generation, and other 

emerging users are also highlighted.  

 
Introduction 

Providing the food security for the population is a problem faced by the 

governments of both developed and developing countries. This problem is aggravated by 

the increasing population and limited increase in food production. Between 1980 and 

2000, global population rose from 4.4 billion to 6.1 billion (World Population Prospects 

2000), while the per capita cereal production has been declining since 1984 (Dyson 1999; 

FAO 2005). Provision of adequate water for food production comes in to focus in this 

context. 

 
The Role of Population Growth in Food Security  

The rate of world population growth has almost halved since its peak in 1960’s. 

However, the global population is expected to reach over 9 billion by the year 2050 

(Cohen 2003). The rate of growth differs from region to region. At present Asia accounts 

for 60% of the world population and Africa follows with a 12% share (FAO 2005). 

Although birth rates are declining slightly on average, there are great differences between 

developed countries and developing countries. Of over 90 million people who engross the 

human population every year, about 90% is expected to live in developing countries 

(World Population Prospects, 2000). The consequences are reflected in IFPRI’s IMPACT 

WATER model runs for 1995 to 2025 (IFPRI 1995). These results show that an 80% 

demand increase for cereal and 90% demand increase for meat will arise from developing 
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countries during the 30-year period (Rosegrant and Cai 2000). It is evident that 

population growth alone can pose a threat to the food security in these countries in the 

coming years.  

 
The Role of Grain Production in Food Security  
 

Grain production plays an important role in achieving food security. The majority 

of people around the world still primarily eat food made from grain. Grain-based food 

supply about 48% of the calories in their meals. Animal products provide 27% of the 

food calories in the developed countries and 13% in the developing countries (FAOSTAT 

2001). Production of meat also depends on feed grain availability. Livestock consume 

about 35% of the world’s grain production (Vitousek et al. 1986). Urbanization, rising 

incomes and globalization of trade amounts to a considerable change of diets in 

developing countries, which has placed an additional demand for grain in these countries 

(Pinstrup-Andersen et al. 1997). In 1999/2000 the developing countries imported 231 

million tons of grain to bridge the gap between production and consumption. This 

consisted of 71% of the worldwide grain imports for that period (FAO 2003b). This 

exemplifies the dependence of food security in these countries on world agricultural 

market. For the poorest countries with limited economic capabilities, increase of 

domestic agricultural production remains the key option for achieving food security.  

 
 
The Role of Water Resources in the  
World Grain Production 

  About 60% of the world’s food crops are grown using rainwater in the humid 

regions of the earth. The remaining 40% is produced by irrigated agriculture. About 68% 
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of irrigated area is located in Asia, 5% in Africa and the remaining in America and 

Europe (IFPRI 2002). Large contiguous areas of highly irrigated lands are located in 

North India, Pakistan, China, Egypt and USA. Along with suitable land, availability of 

fresh water plays an equally important role in crop production. Agriculture accounts for 

about 70% all water withdrawals globally, and as much as 80% in many developing 

countries (UNDP 2006). 

 The production of world’s three major cereals (wheat, corn and rice) has declined 

during the past 15 years (Dyson 1999). As a result, the world grain reserves have fallen to 

about a fifth of its annual consumption. This is a major reduction when compared to the 

1960s, when the world’s grain reserve equaled the annual consumption. A commonly 

agreed reason for this decline in crop production is the record and near record droughts 

experienced by the major crop growing regions across the world during the recent past 

(FAO 2003a; Kogan 1997). Limitations in the availability of fresh water due climate 

change and other factors have exerted pressure on water supply for agriculture 

worldwide. The situation is further exacerbated by the growing demand for water in the 

sectors of energy, industry, urban, recreation and environment.  

 
Emergence of New Water Users 
 

The population growth entails the processes of urbanization and industrialization 

of countries. In the 1960’s two thirds of the world population lived in rural areas. 

Projections of current trends show that by 2025, the scenario will be reversed and two 

thirds of world population will live in urban areas (Pinstrup-Andersen et al. 1997). As 

urban population generally depends on the livelihoods related to industry, the water 
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requirements for industry and cities have come to play a major role. Currently about 22% 

of the world water use is consumed by the industries and 8% is consumed by the 

domestic use. These global averages vary greatly within geographic regions (WWDR 

2001).  

Urban and industrial growth along with improved living standards creates more 

demand for energy. While many developed countries have reached the saturation of 

energy demand, the industrialization of developing countries, with their development of 

primary-industries place an increasing demand for energy. Fossil fuel supplies about 90% 

of the world energy demand (IEA 2007a). However, after the oil shocks of the 1970s, 

there has been a shift away from oil. Coal, hydropower and nuclear became the fuels of 

choice for electricity generation in most industrial nations (Sims et al. 2003). 

Hydropower provides a renewable energy source with high capital costs but with very 

low operation costs. At present, most of the economically feasible hydro power potential 

has been harnessed in the developed countries – most prominently in Europe (Kaygusuz 

2004). Moreover, due to concerns of entailed environmental degradation, hydropower is 

no longer considered as a possible future power source in these countries.  

The situation is different in the developing countries. On one hand, more than 

90% of the economically viable hydropower potential is located in the developing world 

(Bartle 2002; Kaygusuz 2004). On the other hand, hydropower provides a cheap natural 

energy resource affordable to these countries with limited economic potential. In the face 

of dire economic stresses faced by these countries the related environmental issues are 

often overlooked.  
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Usually the high capital costs of the hydropower projects in developing countries 

are covered by the funding provided by the international institutes (Briscoe 1999). As 

donor (developed) countries become more concerned about environmental issues, it has 

become increasingly difficult for these countries to secure funding for major hydropower 

projects. As an alternative many countries have adopted mini hydropower generation 

which generally does not contribute to either greenhouse gas (GHG) emissions or other 

environmental problems. In either of these forms, the share of hydropower generation in 

the developing countries is rapidly increasing. In 2004, the share of hydropower in total 

renewable energy supply was 3.1 %, 21.0 %, and 6.8 % in Africa, Latin America, and 

non OECD (Organization for economic Cooperation and Development) Asia, 

respectively (IEA 2007b). 

 In developing countries water resources related environmental problems 

frequently neglected. Mainly because high priority is given to the problems related to 

access of safe drinking water, food production and sanitation (UNDP 2006). However the 

availability of fresh water for these services is inherently related to the environmental 

well being of the water resource. Therefore the role of environmental flow allocation is 

receiving more attention in the developing world as well (Barbier 1993).  

 
Competition for Limited Water Resources  
in River Basins 
 

The above discussion highlights the role of worlds freshwater in food production, 

power generation, human consumption, industry, recreation and environment protection. 

These users obtain their freshwater needs from both the surface and groundwater sources. 

When the available water in a river basin is not adequate to supply all the demands from 
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its water users the basin is considered as closed. The increasing uncertainty in supply and 

the growing demand creates competition among water users in a closed river basin. This 

in turn calls for supply augmentation, demand control, conserving and water reallocation 

(Molle 2004). If the river basin supply and demands are not managed in a sustainable 

manner, it could lead to over exploitation of the resource and water supply system 

degradation.  

More than half of the world’s large river systems are either moderately or 

severely affected by dams. Most of the large rivers in the world, like the Colorado river in 

US, the Ganges in India and the Yellow river in China are fragmented due to excessive 

water extraction upstream (Johnson et al. 2001; Revenga et al. 2000). The environmental 

damage caused to these river basins is mostly irreversible and the consequences are 

damaging. While the developed countries resolve these issues with improved river basin 

management techniques and expensive technology, the developing world countries 

struggle to cope with these issues due to lack of such amenities. Therefore the losses to 

agriculture, energy production, industry, urban/municipal water use, and recreation are 

more profound in the developing countries.  

The demands for fresh water from basin water users cannot be fully satisfied 

beyond the capacity of a river basin. However it is possible to manage the supplies and 

demands in manner to minimize the losses to each user. Unfortunately, most of the river 

basins in the developing countries are poorly managed, causing social and economic 

losses to basin water users. Examples of such situations are abundant throughout the 

developing world.  
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A typical case is found in the Gediz basin in Turkey. The operation of 

Demirkopru reservoir, which was used for hydropower generation throughout the year, is 

now limited to power generation only during the periods of irrigation and flood control 

releases. The Gediz river delta (a Ramsar site) receives only 26% of water needed to 

maintain a freshwater bird habitat during the summer months (Svendsen et al. 2001). 

The Ombilin river basin in West Sumathra province, Indonesia offers another 

example. Releases from Singkarak reservoir to the Ombilin river are dramatically 

reduced due to a trans-basin diversion for hydropower generation. Half of the 

waterwheels used for traditional irrigation are inoperable now due to the shallow water 

levels (Peranginangin et al. 2004). 

In the Lerma-Chapala basin in Mexico, the main water users are agriculture and 

urban water supply. Water transfers from agricultural sector are required to supply for 

municipal demands of a 15 million population dependant on the basin (Wester et al. 

2001). 

 In the Pangani river basin in Tanzania, large scale plantations versus small scale 

farming and upstream farming versus downstream farming compete for water. Conflicts 

regarding the allocations for irrigation and power generation also exist in this river basin 

 

(IUCN 2003).  

Water Resources Management in  

It is true that all these and similar basins have already established water 

management programs. However the present conflicts indicate that these programs have 

failed to fully achieve their objectives. While it is impossible to satisfy all users in a river 

Developing Countries 
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basin when their demands exceed the supply, it is possible to workout a system of 

tradeoffs between demands that maximizes the benefits to all users and also adheres to 

the overarching goals of basin development. This has been proved possible in many river 

basins, mostly in the developed countries. However, the successful management 

strategies employed in the developed world, have taken decades or centuries of gradual 

change to evolve. The limitations to use these solutions in the context of developing 

countries are attributed to the vast differences in hydrologic, demographic and socio-

economic aspects (Shah et al. 2001).  Therefore, it is important to undertake studies that 

explore the water management issues in river basins of the developing countries. 

There are many similarities in the socio-economic conditions of the developing 

countries. This allows one to identify a common set of questions to be answered in 

finding solutions to the water resources problems. A possible list of such questions would 

be: What are the goals of basin water resources development? Who are the major users of 

water in the basin? How much water do they use? What are the conflicting water use 

demands? What are the possible tradeoffs that match the basin water resources 

development goals? Is there scope for further water resources development in the basin? 

Is there scope for better utilization or conservation of water? What is the institutional 

framework needed to develop & manage the basin water resources? 

 This study demonstrates how answers to such questions can help in formulating 

the water resources management methods. A rural river basin in a developing country is 

selected as a test case. The study tries to identify the reasons for current water shortages 

in this basin by evaluating the patterns of water availability and demands. It analyses the 

scope for water conservation and reallocation among different water use sectors. The 
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economic implications of such measures are also analyzed. Finally, a few possible 

changes to the water management practices in the basin and their implications are 

investigated.   

 
Study Area 

 The study area of the test case covers the Walawe River basin in southern Sri 

Lanka, and its water resources and users. Basin physiographic features and the spatial 

distribution of water resources and users are shown in Fig. 2.1. 

 
Physical Description of Walawe River Basin  

The Walawe River basin extends from the southern ridge of central mountains of 

Sri Lanka at an altitude of over 2000 m and extends to the sea. It drains about 2440 Km2

Majority of these plains are located in the Dry Zone, which is one of the three main 

climatic zones identified in Sri Lanka (Baghirathan and Shaw 1978). The dry zone 

receives less than 1500 mm of rainfall annually compared to 1500 - 2000 mm rainfall 

received in the in the intermediate zone. The wet zone receives more than 2000 mm. The 

average annual reference evapotranspiration in the dry zone is about 1700 mm, which 

makes this area considered as dry despite having about 1500 mm of annual rainfall 

(Droogers and Jayatillake 2003). 

. 

The basin contains high mountain regions as well as intermediate mountainous 

association of ridges and valleys and a low land plain, which accounts for about 70% of 

the area (Fig. 2.1). 
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Fig. 2.1 Physical layout of the Walawe River basin, its water resources and demand sites  

 
 

An important characteristic of the dry zone of Sri Lanka is the well defined 

distribution of annual rainfall into two monsoon periods (Dharmasena and Keerthiratna 

1988). The major rainy season, referred to as North-Eastern monsoon (NEM)  extends 

from December to February. The lesser rainfall period called South-Western monsoon 

(SWM) occurs from May to September. The rainfall that occurs between these two 

periods is due to the mountain effects and is less significant. Walawe river basin is one of 



17 
the few basins in Sri Lanka that receive rainfall during both monsoon seasons (Zubair et 

al. 2008). 

The temperatures in the area are constant throughout the year ranging 25-280 C in 

the low land plains and 23-250 C in the higher elevations. The relative humidity, wind 

speed and the sunshine hours are almost constant during the year with minor variations 

related to the monsoon seasons (Droogers and Jayatillake 2003; Hunting 1968). About 

half of the average annual rainfall reaches the Walawe river network as runoff while the 

rest is used by the plants or evaporated (Molle and Renwick 2005). Shallow ground water 

in the basin is recharged by the natural rivers, irrigation canals, reservoirs and rice fields 

located throughout the basin. The occurrence of deep ground water is concentrated in the 

fractured and weathered aquifers in hard rock areas and in the alluvial aquifers.  

Groundwater recharge in the basin is about 7-12 % of the average annual rainfall and 

shows a high spatial variability (Seneviratne 2007). On average the Walawe basin 

discharges about bout 1.1 billion m3

 

 of water to the sea annually (Molle and Renwick 

2005).  

Water Users 
 

Historically the major water user in Walawe river basin has been agriculture. Both 

rain fed and irrigated agriculture are practiced in the basin. In the mountainous regions of 

the basin located in the wet zone, diversion structures were used to irrigate crop fields. 

More than 500 ancient diversion structures are located in the upper Walawe basin. 

Historical evidence indicates that these structures were built around the 1st century BC 

(Molle and Renwick 2005). In the lowland plains that fall within the dry zone, small 
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reservoirs were built to store water. The density of ancient irrigation reservoirs in the 

Walawe basin is one of the highest in Sri Lanka, with approximately 1 small reservoir per 

2 km2

Over the years the agricultural practice in the Walawe basin has transformed from 

an individual plot based farming to large scale crop production under public funded 

irrigation systems.  At present Walawe river basin is one of the major crop productions 

areas in Sri Lanka. This was the result of an irrigation expansion campaign carried out by 

the government to attain food security in the 1950’s. Under this program large areas of 

forest were converted to lands for crop production. It also re-settled landless farmer 

families from other regions of the country in the basin (ADB 1979). The second largest 

irrigation reservoir in Sri Lanka was built on the Walawe River (reservoir R 2 in Fig. 2.1) 

to irrigate the lands under the project. This irrigation system is referred to as IRR 2 in this 

text. In addition, there are two relatively smaller irrigation systems (IRR1 and IRR 3) 

supplied by the Walawe River (Fig. 2.1). 

 area (Mendis 1967). The remains of more than 600 ancient irrigation reservoirs can 

be found in the basin. 

 Due to the expansion of agriculture and population, new water users have 

emerged in the basin. At present only a small fraction of more than 600 000 population, 

receive pipe borne water from Walawe (Senaratna 2002). However with rapid 

urbanization it could be expected that municipal water supply will demand a major share 

of Walawe water. The industrial and environmental water users are also increasing their 

demands. A brief description of each of the major water users in the basin is given below 

in the order of their location along the Walawe River.  
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Walawe Hydropower System (HYDRO) 

This system is a relatively new water user in Walawe and started its operations in 

late 1990’s. The purpose of the system is hydropower generation and flood protection. It 

consists of a reservoir (R 1 in Fig. 2.1) with a capacity of 278 MCM and a power station 

with an installed capacity of 120MW. The annual average power generation of this 

system is around 300 GWh (Molle et al. 2005). 

 Reservoir R 1 is located on the Walawe River just upstream of the diversion 

point to irrigation system IRR 1. Construction of this reservoir has reduced the catchment 

area above the IRR 1 diversion point from 410 Km2 to 56 Km2

 Due to weak subsurface soil formation, there is a continuous leak from 

reservoir R1 (Somatilake 2002). This leak has been minimized with structural measures. 

The discharge from this year-round leak varies with reservoir water levels and currently 

amounts to an annual average of 55 MCM (Molle et al. 2005). The leaked flows are 

utilized by the system IRR 1 during the cropping season.  

 (Bellaaubi 2004). As the 

power station HYDRO is located near a right bank tributary of Walawe its tail-water is 

released into this tributary (Fig. 2.1). According to this arrangement irrigation of IRR 1 is 

possible only when the reservoir spills or when the  releases are negotiated from the 

reservoir. 

 
Irrigation System IRR 1 

This irrigation system is located in the upper reaches of Walawe, where the river 

flows from mountainous region to the plains (Fig. 2.1). Two diversion structures on either 
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bank of the river provide water for this irrigation system. This is a rehabilitated ancient 

irrigation system and the farmers of this system have the most senior water rights. 

At present this irrigation system distributes water through two unlined main 

irrigation canals that run along the banks of Walawe River.  The right bank main canal 

runs about 12.7 KM and irrigates about 565 Ha of land. The left bank main canal runs 

about 3.6 KM and irrigates about 300 Ha of land (Molle et al. 2005). 

This irrigation system is managed by a government agency. The water issues as 

well as the operation and maintenance of the irrigation infrastructure is entrusted to this 

agency. Farmer organizations are entrusted with the operation and maintenance of lower 

order canals and structures (distributor canals, field canals and farm water inlets). 

The major crop in IRR 1 is paddy (threshed un-milled rice). It is cultivated during 

two cropping seasons (low and high rainfall seasons) each year. The crop water 

requirement is jointly supplied by the rainfall and irrigation releases. The main irrigation 

canal issues water to a number of distributor canals on a rotational basis. In each rotation 

a selected set of distributor canals receive water. This enables to stagger the water issues 

to canals as well as to efficiently utilize the limited carrying capacity of the main canals.  

Each season, a cropping calendar (indicating the crop types, the extent to be cultivated 

and cultivation schedule) is prepared by the system management in consultation with 

farmers. A pre-season meeting is held with the participation of all the stakeholders 

(representatives of farmer organizations, relevant line agencies, regional administrators 

etc.) to agree upon the required water volumes and their release schedules. During the 

cropping season minor changes to this water allocation scheme is required. This is 

primarily due to the variability of rainfall. These changes are negotiated between 
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representatives of farmer organizations and the controlling agencies throughout the 

cropping season. The approximate annual water requirement of this system at present 

equals 50 MCM (Molle et al. 2005).  

 
Irrigation System IRR 2 

 This is the largest irrigation system in Walawe basin located near the middle 

reaches of river (Fig. 2.1). Reservoir R 2 with a storage capacity of 268 MCM supplies 

this system. The main purpose of the reservoir is irrigation water supply. At present 

system IRR 2 irrigates about 25,000 Ha of land (JICA 1993).  

Two single banked earthen canals deliver the water to right and left bank irrigated 

areas (RB and LB). The right bank main canal runs about 40 KM and irrigates more than 

12,000 Ha of land. The left bank canal has a length of about 31 KM and irrigates about 

13,000 Ha (Molle and Renwick 2005). 

 In general the crop cultivation and irrigation operations of this system are similar 

to the above described system IRR 1.  However the croplands in this system contain a 

mix of crops, which include low land crops (paddy, banana), less water intensive high 

land crops and cash crops (pulses, vegetables, chilly pepper). Much of the paddy 

cultivated areas are located in the right bank. Majority of the left bank area is cultivated 

with sugar cane, banana and vegetables. The approximate annual water requirement of 

the system equals 435 MCM in the right bank and 344 MCM in the left bank (JICA 

1993).  
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Walawe National Park 

 The Walawe national park is located in the area adjoining two reservoirs: R 2 and 

the R 4 (Fig. 2.1).  This area spreading about 306 Km2

 The two reservoirs provide environmental water requirements to this park. The 

reservoir 4 located on a tributary to Walawe River is required to store a minimum of 7.4 

MCM throughout the year to supply wild life water requirements (Irrigation Department 

of Sri Lanka, personal comm. 2007). At present operators of reservoir R 2 are not legally 

bound to provide water for environmental requirements. However, the increased water 

scarcity has necessitated the allocation of environmental flows and their legal 

enforcement. Dissanayake and Smakhtin (2007) have illustrated a method to estimate the 

environmental flow requirements under limited data availability for a national park in the 

adjoining river basin.  

 was established in 1972 to offer a 

refuge to migratory elephants and to protect the catchment of reservoir R 2. At present 

more than 400 Asian elephants and numerous other endangered species live in this 

national park (CEA 1995).    

 
Irrigation System IRR 3 

This is another renovated ancient irrigation system located in the lowest reaches 

of the Walawe (Fig. 2.1). A 73 m wide gated structure across the Walawe River creates 

the water head required to divert irrigation supplies to two main canals on either side of 

the river. The left bank diversion canal of this system supplies water to reservoir 9 (Fig. 

2.1) and runs about 12 Km to irrigate about 3440 Ha (JICA 1993). The right bank main 

canal runs about 26 KM and irrigates approximately 3300 Ha.  
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 This system is dedicated to paddy cultivation. The cultivation practices and 

operations of this system are similar to the above described system IRR 1. The crop areas 

of this system are located immediately downstream of system IRR 2, and therefore 

receive the return flows. At present there are no major water scarcity issues in the system. 

The approximate annual water requirement of the system equals 273 MCM (JICA 1993).  

 
Municipal and Industrial Systems 

 The municipal water supply systems are located in the lower part of the basin near 

the coastal population centers Hambantota and Ambalantota (Fig. 2.1). Walawe River is 

the exclusive source of drinking water supply to Hambantota town due to the saline 

nature of groundwater in this region (Statkraft Groner 2000). Two water withdrawal 

points for municipal water supply are located below the diversion point for irrigation 

system IRR 3. In 1999 the municipal water withdrawal by this system approximated  

7 MCM annually. The approximate annual water requirement of the industrial systems 

equals 42 MCM (IWMI 2000).  

 
Walawe Coastal Lagoon Ecosystem 

 A number of brackish water lagoons are located along the southern coastal 

boundary of Walawe basin (Fig. 2.1). The return flows of Walawe irrigation systems IRR 

2 and IRR 3 drain into these lagoons. It has been established that the water level 

fluctuations and the opening and closing of lagoon mouths are dependent on these return 

flows (Smakhtin and Piyankarage 2003). The changes in lagoon salinity levels have 

severely affected the shrimp population of these lagoons. However the effects of 
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agricultural run-off on the chemical composition of lagoon waters have not been clearly 

established (JICA 1993).  

 In addition to the systems described above, there are other water users in the 

Walawe basin. The rural population scattered throughout the basin use Walawe water 

resources for domestic purposes, home gardening and livestock farming. Some small 

industries (brick production, coir industry etc.) also tap in to these water resources. 

Another important water user is the inland fisheries that produce more than 600 metric 

tons of annual harvest (Perera 2003). At present navigation and recreation remain as less 

important water users in Walawe Basin.  

 
Water Scarcity Issues 

 The water users in the Walawe river basin experience water shortages 

during certain periods of the year. These water shortages occur at different scales and at 

various water use systems. The multitude of factors that contribute to these shortages can 

be broadly categorized as follows: 1) physical non-availability of water at the resource or 

allocation to a higher priority user; 2) increased crop areas and cropping intensity; 3) 

shortcomings in physical infrastructure design, construction, operation and maintenance; 

4) absence of a strictly controlled water management practice; 5) emergence of new 

water users. The following paragraphs describe of each of the above mentioned.  

 
Physical Non-Availability of Water at the Resource 
or Allocation to a Higher Priority User 

 The available inflow and the storage capacity at certain locations of the Walawe 

river basin are inadequate to supply the demand (Nijman 1991). A typical example is the  
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situation at hydropower plant HYDRO and irrigation system IRR 1. The combined 

demand for power generation and irrigation exceed the supply available at reservoir R 1. 

This necessitates prioritizing of allocation and leaves the lower priority user with 

shortage. During the past decade a consistent reduction of the crop area has been 

observed at IRR 1 due to reallocation of irrigation water to power production (Kumara 

and Wijeratne 2004). Similar competition and resulting water shortage is observed 

between the left and right bank command areas of the Walawe irrigation system IRR 2.  

 
Increased Crop Areas and Cropping Intensity 

The commissioning of new crop areas that rely on already committed water 

resources also creates shortages. Due to phase wise development of Walawe irrigation 

systems the crop areas were expanded gradually. This process spanned across a number 

of years, during which the water supply as well as the demand patterns changed.  

The commissioning of the total crop area of system IRR 2 occurred 40 years after 

the initial irrigation releases. During the initial years only croplands on the right bank of 

the river were irrigated. The improper allocation practices in the system allowed the first 

water users (IRR 2 right bank farmers) to exceed their estimated (legal) water allocation 

for a number of years. The excess allocation allowed the farmers to save time spent on 

the fields (less field manipulations required) and reduce cost (manual land preparation, 

low cost weed control). A project completion report in 1972 claimed that 70% of the 

irrigated area in the IRR 2 right bank consumed three times the allocation intended for 

the entire right bank area (Nijman 1991). 
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 New crop areas on the IRR 2 left bank were commissioned in 2005, demanding 

the estimated allocation for the left bank. This challenged the right bank farmers to 

cultivate strictly with their legal water allocation. However, the high water intensive 

farming methods practiced by them create water shortages with this new reduced 

allocation. Simulation model results indicate that the entire left bank command area 

cannot be supplied with its planned allocations (without affecting the right bank) under 

present conditions (IWMI 2000).  

 
Shortcomings in Physical Infrastructure 

 As typical to irrigation systems in many developing countries, the Walawe 

systems also experience water shortages due to infrastructural deficiencies. Lapses in the 

planning stages have caused limited storage capacity of reservoirs and limited carrying 

capacities in major irrigation canals. The ad-hoc changes made to the infrastructure, 

during the initial construction phase (as well as in the subsequent rehabilitation phases) 

have badly affected the efficiency of the system. Some of these changes include: the 

construction of single banked canals as main distributaries, low excavation depths in the 

secondary canals, reduced number of cross regulators in main distributaries etc. These 

measures have helped reduce the project cost and meet the construction deadlines in the 

short term. However the long term operation of the system has proved that, the increased 

seepage and spillage losses resulting from these measures create significant water 

shortages and economic losses. Moreover the degradation of irrigation infrastructure due 

to poor operation and maintenance has contributed to the lack of physical control over 
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water flows (Nijman 1991). High water losses due to infrastructure deficiency are 

common to all three Walawe irrigation systems.  

 
Absence of an Organized Water  
Management Practice 

 The establishment of suitable water use and allocation practices (and their 

implementation) is generally entrusted to the management agency of the water resource. 

As the water supply and demand evolve with time, these practices should be modified 

accordingly. However the agencies responsible for Walawe irrigation systems 

management have not been able to incorporate such changes (IWMI 2000; Nijman 1991).   

 The water shortages in Walawe irrigation systems are often attributed to: 

Mismatch of crops and soil leading to excess water use at the farm plots, upstream 

farmers using the allocation of tail-enders, waste of water due to poor operation, 

corruption among officials leading to un-equal allocation, badly maintained of 

infrastructure, impractical allocation schedules, unauthorized water use to cultivate lands 

outside the system, ineffective farmer organizations etc. All the above mentioned indicate 

the absence of a strictly controlled water management practice in Walawe irrigation 

sector (Molle and Renwick  2005). A similar situation can be observed at other water use 

sectors as well. 

 There are a number of independent agencies involved in the management of 

Walawe water user systems. This is mainly due to a “sector-based development strategy” 

adopted in the country up to recent times (Jinapala et al. 2003). The poor coordination 

among managing agencies at present leads to water shortages that could be avoided 

otherwise. As common to many rural river basins of the developing world the current 
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institutional and legal set up in Walawe basin is inadequate to achieve the goals of 

integrated water resource management (IWRM).   

 
Emergence of New Water Users 

With the rapid growth of coastal cities in the Walawe basin new water users have 

emerged.  The ongoing construction of an international sea port, oil refinery and 

distribution facility, an international airport, industrial zone and the expansion of existing 

urban water supply invariably exert more demands for water. The upstream irrigation 

systems have experienced water shortages due to the emergence of high priority users in 

the lower reaches. The rapid development of rural basins entails increased concern over 

environmental degradation. The environmental flow requirement in the Walawe basin has 

emerged as an important water user. 

  The above mentioned factors that affect the water situation in Walawe can 

be broadly categorized in to two areas. The physical infrastructural deficiencies and 

management related issues. While some of the infrastructural deficiencies mentioned 

above are easy to overcome others (e.g. increase of reservoir capacity, canal lining etc.) 

may require high capital investments and long term planning. In the case of a developing 

county, the low cost management improvements that create equally effective water 

savings are more attractive, compared to high cost infrastructure improvements. The 

following section of this paper analyses the impacts of some typically proposed changes 

to water management practices in the example of Walawe water user systems.  
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Analysis of Water Scarcity  
Issues and Solutions 

 The situation described above calls for urgent solutions to water shortages faced 

by the Walawe water users. Changes to the current water management may be required to 

achieve such objectives. In this section the reasons for the above water shortages are 

analyzed in order to identify possible solutions.  

 
Estimation of Water Availability 
in the Walawe River Basin 

To estimate the water availability in Walawe river basin a water balance study 

was conducted on an annual basis. A six year period from 1994 to 1999 was selected for 

this analysis based on data availability. This period contains a comparable mix of high 

and low water years. For the analysis the Walawe river basin is partitioned in to 3 

drainage areas: A) catchment area of reservoir R 1, B) catchment area of reservoir R 2, 

and C) the remaining catchment area, as shown in Fig. 2.1.  

Total rainfall incident on each catchment was calculated based on monthly 

rainfall data from 11 rainfall stations located within the basin. Theissen polygon method 

was used to estimate the aerial-rainfall for each of the drainage areas. Inflows from 

drainage area, rainfall and evaporation from the reservoir surface along with the releases 

and spills were considered in the reservoir water balance. The net inflows to each 

drainage area were calculated as the difference between gross inflow and reservoir 

storage change. 

 Water depletion from the Walawe basin occurs due to crop and non-crop 

evapotranspiration, domestic & municipal use, industrial water use, evaporation from soil 
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and recharge to ground water. Four major land use categories in the basin were identified 

from the land use maps: croplands (17 %), forest (21%), grasslands (46 %) and bare soil 

(16%). Four major types of crops: paddy, banana, sugarcane and other field crops (OFC) 

were used to estimate the evapotranspiration from croplands.   

In the sparsely populated upper drainage areas A and B, the water use for 

domestic and industrial purposes is not significant. The groundwater recharge in Walawe 

river basin has been estimated between 7% - 12% of the average annual rainfall 

(Handawela 2002; Seneviratne 2007). An average value of 10% of the annual rainfall was 

assumed in this study. 

 To estimate the water availability for future developments, the above calculated 

net inflows and depletions were compared.  The results of water balance for the three 

drainage areas are shown in each column of Table 2.1. These results indicate that on an 

average annual basis about 44 % of the surface water is available for use in the two rural 

upper drainage areas A and B. The highly populated lower drainage area C discharges 

about 27 % of its inflows to sea.  

 
Seasonality of Inflows and Water Requirements 

 Despite having surplus water on an annual basis, the basin water users experience 

water shortages periodically. This can be due to the seasonal changes in inflows and 

demand. As mentioned earlier the rainfall pattern in Sri Lanka is highly seasonal. A 

frequency analyses, carried out using 40 years of annual inflow data of reservoir R 2, 

demonstrated this seasonal variation. Two of the three lowest annual flows to this 

reservoir occur within the dry period (June-September) in 77% of the years analyzed. The 
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Table 2.1 Water balance of the Walawe River basin (using average annual values from 
1994 to 1999) 

Description Drainage Drainage Drainage 
 area A area B area C 
Catchment Area (km3

Inflows 

) 290 730 1,420 

From upstream catchment (MCM)  - a 

From rainfall (MCM)    902  1,578  2,071 
 399  861 

Total Inflow     902  1,977  2,932 

Reservoir storage change (MCM)  -8  0  - 

Water Use 

a 

Crop evapotranspiration (MCM)  159  179  417 
Industrial use (MCM)    < 1  < 1  21 
Domestic & Municipal use (MCM)  < 1  < 1  9 
Forest evapotranspiration (MCM)  121  243  454 
Evaporation from water bodies (MCM) 5  45  10 
Bare soil and grassland evaporation (MCM) 118  490  1,011 
Percolation to subsurface (MCM)  90  157  207 

Total depletion    495  1,116  2,129 

Available Water 
Flows to downstream (MCM)   399  861  803 
Flows to downstream (% net inflow)  44  44  27 
a 

 

Not applicable 

total flow during these dry months is less than 15% of the mean annual flow in 67% of 

the years analyzed. The peak inflows to reservoir R 2 occur during two periods: March to 

May and October to December. More than half of the total annual flow occurs in this wet 

period in 84% of the years analyzed. The bi-modal inflow distribution is seen from the 

long term monthly inflows plot in Fig. 2.2. 

 The croplands in Walawe utilize rainwater as well as irrigation water to satisfy the 

crop water requirement. Hence two distinct cropping seasons are identified. The first  
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Fig. 2.2  Average monthly inflows, irrigation water requirements, storage volume and the 
average rainfall at reservoir R 2 

 
 

cropping season starts in mid April and the second starts in late October, each with the 

onset of corresponding monsoon rains. As the cropping season continues, the monsoon 

reaches its peak and eventually diminishes. Therefore the latter parts of the growing 

season is dependent on the supply of irrigation water.  

According to the current agricultural practice a rice crop with 3 to 3.5 month 

growth period is cultivated in the all Walawe crop areas. During the first cropping season 

the mid and the later-season growth period of the rice crop extends well in to the dry 

months of June, July and August. Moreover the frequent delays in the land preparation 

make this extension of cropping season inevitable (Nijman 1991). 
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The recurring incidences of crop failure (due to water shortage) in this season 

(JICA 1993) indicate the inability of reservoir R 2 to provide the total irrigation demand 

of system IRR 2. As seen from Fig. 2.2, the long term observations of reservoir R 2 water 

levels indicate a rapid drawdown in these dry months. In July and August when the 

reservoir storage reaches its lowest values, the irrigation demand is still at its peak. 

Therefore it is evident that the irrigation demand of the first cropping season cannot be 

supplied by the reservoir. Due to the high rainfall volume of the second monsoon season 

the water levels in the reservoir are adequate to supply the peak water requirement during 

the latter part of second cropping season.  

In a complex irrigation system like Walawe, the availability of water at the 

reservoir alone does not guarantee that water is readily available to the crop fields. The 

irrigation water applied to the head end of main canals of the irrigation system flow 

through a complex path before it reaches the fields. This is due to the existence of storage 

reservoirs, supply rotations, return flow re-use and supply augmentation from local 

tributaries, etc. in the system. These infrastructure and their management manipulations 

affect the volume and the frequency of water that reaches the fields. The sum of these 

actions on the demand-supply situation of the system can be visualized only by modeling 

the overall water allocation system. 

In one such attempt, a water balance model was developed for the Special 

Assistance for Project Implementation (SAPI) study under the Walawe Left Bank 

Irrigation Upgrading and Extension project (IWMI 2000). It estimates the weekly water 

demands of the irrigation system IRR 2 and compares it with available storage at 

reservoir R 2. The water demands for both left and right banks of the system are 
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estimated in a weekly time step. The modeling parameters include inflow sequences to 

reservoirs, cropping patterns, irrigation efficiencies, crop calendar, return flow re-use etc. 

The variations in supply are incorporated by utilizing the 40-year historical rainfall 

patterns. 

The model results indicate that under the current irrigation performances, it is not 

feasible to irrigate the planned command area in both left and right banks of the system 

IRR 2. At the present water supply efficiencies, the planned cropping area (with annual 

double cropping) can be irrigated with a three-year return period of failure, which is 

unacceptable. The model results further indicates that a reduction of left bank command 

area (25 % decrease) or a reduction in the cropping intensity (20% decrease) is required 

to achieve a failure rate of one in five years (IWMI 2000). 

Analysis of historical reservoir operations shows that inter-annual storage of the 

reservoir R 2 is very low. This is because the annual demand is greater than the annual 

storage. The average annual flow in Walawe River is 1027 MCM at the location of 

reservoir R 2. However the storage capacity of the reservoir is only 268 MCM. Increasing 

the reservoir capacity (by increasing the dam height) would enable the increase of the 

intra annual storage. However proposals for capacity increase have not been given due 

consideration (Nijman 1991), due to the low water use efficiencies in this system. 

Increasing the water use efficiency in the Walawe systems through managerial and 

simple infrastructure improvements have been on the focus of the controlling agencies. 

 The irrigation systems IRR 1 and IRR 3 in Walawe exhibit similar seasonal water 

requirement patterns. The supplies to these systems are further affected by the seasonal 
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hydropower water requirements (system IRR 1) and return flows from upstream 

irrigation systems (system IRR 3).  

 
Low Water Use Efficiency in  
Paddy Cultivation 

The water use efficiencies of all three Walawe irrigation systems are low. 

Moreover, the irrigation system IRR 1 has recorded the lowest water use efficiency in the 

country during dry cropping season (WWAP 2006). The high water use in this system is 

attributed to the following reasons.  

The system IRR 1 is located at the boundary where the mountainous part of the 

basin turns to flat terrain (Fig. 2.1). It is therefore largely located in lands with high 

slopes. In addition, majority of the lands contain soil consisting of sandy loam to sandy 

clay loam surface horizon. This is underlain by a sandy clay loam to sandy clay sub-

surface soil horizon (JICA 1993). The seepage and percolation rates of this soil are about 

7-10 mm/day. However some studies in IRR 1 paddy fields have reported seepage and 

percolation rates ranging from 1 mm/day to 5 cm /day (Molle et al. 2005).  

The major crop cultivated in this system is rice. Compared to other crops rice has 

a high water requirement.  In addition, rice requires prior preparation of land. This 

process consists of initial land soaking (3-7 days) and two times of plowing, bund repair, 

puddling and leveling.  

According to the current agronomic practices in Walawe the process of land 

preparation also incorporates the weed control. Weeds uprooted during tillage are 

allowed to decompose in standing water. This method has preference over the labor 
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intensive manual uprooting or the costly use of agro-chemicals in the rural irrigation 

systems of the developing world. 

The initial soil moisture content, surface condition of land, soil type, level of 

weed infestation, losses during operations and maintaining standing water, all contribute 

to the overall water requirement in land preparation process. Moreover, to maintain the 

standing water, the evaporation and seepage and percolation requirements must be met 

continuously. Therefore the water requirement increases with the increase of the duration 

of land preparation. The conventional land preparation method requires minimum of two 

weeks. However due to various reasons (lack of machinery, lack of adequate irrigation 

supply, farmer’s negligence etc.) this period extends up to 35 days of cultivation season 

in system IRR 1 consuming about 1/3 of the total water requirement of the cropping 

season (IIMI 1990). According to Kikuchi (1990) approximate annual water saving of 

9% could be achieved by shortening the land preparation period.  

 By observing the water supplied to the system IRR 1, Molle et al. (2005) estimate 

an 800 mm of water use during the land preparation period. This is almost twice the 

amount of water that could be used by seepage, percolation and evaporation taken 

together. Therefore it is evident that not only the physical composition (permeable soil, 

high slopes etc) of the area is responsible for such high water use. Much of the water is 

lost due to poor control over the management of water supply during land preparation for 

paddy.  
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Mismatch of Crops with Soil Type 

 The command area of Walawe system IRR 2  consists of two major soil types: the 

low permeable Low Humic Glay (LHG) soils and the moderate to high permeable 

Reddish Brown Earth (RBE) soils. One of the assumptions at project planning stage was, 

that in the low lands (consisting 30% of the command area) paddy will be grown. Other 

field crops (vegetables, chilies, pluses, etc.) with less water demand were selected to be 

cultivated in the rest of the areas of this system. However due to various reasons this was 

not practiced. The cultivation of paddy in the moderate to high permeable RBE soils has 

resulted in extremely high water requirements in Walawe (Nijman 1991). At present the 

management agencies of Walawe irrigation systems are unable to rectify this issue due to 

their lack of control over the crop types cultivated by farmers. 

Growing less water intensive crops on highly permeable soils is beneficial in two 

ways. First, the high-water intensive land preparation requirement as in the case of paddy 

will not arise. Moreover due to less frequent water demands the water loss during supply 

manipulations is minimized.  Second, it reduces the high management control needed as 

in the case of frequent water supply. A possible alternative crop for paddy is banana. As 

mentioned before this crop has been used to replace paddy in part of the Walawe system 

IRR 2 successfully (ADB 1999). 

A comparison of the water demands for paddy and banana under the present 

irrigation efficiencies was carried out for system IRR 1. This calculation considers the 

irrigation water requirement by rice cultivated in highly drained RBE soils. It also takes 

in to account the conveyance and application efficiencies of irrigation. Table 2.2 shows 

the results of this estimation. It is evident that major water savings can be achieved due to  
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Table 2.2 Estimation of annual water requirement at Walawe irrigation system IRR1 for 
rice and banana crops 

RICE 
 

Description High rainfall Low rainfall Total 
 (Maha season) (Yala season)  

Crop evapotranspiration (mm) 538 732 1,270 
Percolation from fields (mm) 700 700 1,400 
Irrigation requirement (MCM) 10.7 12.4 23.1 
Land preparation requirement (MCM)   11.8 

Total requirement considering efficiencies (MCM)  44.3 

BANANA 
                      
Description     High rainfall Low rainfall Total                                                          
 (Maha season) (Yala season) 

Crop evapotranspiration (mm) 694 1,005 1,699 
Irrigation requirement (MCM) 6.0 8.7 14.7 

Total requirement considering efficiencies (MCM)  21.6 
 

the absence of  land preparation and requirement of standing water for banana. According 

to this estimation, a full replacement of paddy by banana crop in the entire area of IRR 1 

will enable a 50% reduction in annual water requirements.  

 As per this estimation the annual irrigation requirement at IRR 1 for banana crop 

is 21.6 MCM. According to Molle et al. (2005) the average annual leak from reservoir R 

1 is equal to 55 MCM. Therefore, the current reservoir leak amounts to more than twice 

the irrigation requirement at IRR 1 on an annual basis. However, it remains to be shown 

that the continuous reservoir leak (which is mainly dependant on the water level of the 

reservoir) is adequate to supply the water demand of the banana throughout the cropping 

season.  
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Moreover, it is unlikely that all the farmers in this ancient irrigation system will 

embrace such a crop change. The social and cultural setting in this rural region resists 

such abrupt and full scale changes. It also requires a major commitment from the farmers 

(as well as irrigation management agencies) to adopt new water management and 

agricultural practices. However, it should be noted that with correct market conditions in 

place the enhanced economic benefits of crop change could influence a majority of 

farmers to switch the crops over time. This has been the case in the irrigation system IRR 

2, where 36% of the paddy grown areas were successfully converted to banana and other 

cash crops during a crop diversification program in the 1990’s (ADB 1999).  

 Another factor that affects the scope for crop diversification is the increase of 

demand for rice in the country. Sri Lanka has been importing more than 130 000 metric 

tons of rice on average for the past 15 years to supply the national demand (Dept. of 

Census and Statistics 2008). This costs about 32 million US dollars annually to the 

national economy (Central Bank of Sri Lanka 2008). Therefore, the goal of achieving self 

sufficiency in rice has a high importance in the national economic agenda. As a result, 

any proposal for crop diversification needs to be supported by evidence of substantial 

economic benefits both to the individual farmers and to the national economy.  

 
Hydropower Generation and Irrigation 

In Sri Lanka the national electric power demand is supplied by many power 

stations connected to a single grid. At present about one third of these are hydropower 

stations located in various river basins. Due to their location some of the river basins 

receive rainfall during both monsoons while others receive rain only in a single monsoon 
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season. Therefore the share of power added to the national grid by each hydropower 

station varies from season to season according to the rainfall availability. 

 Most of the reservoirs built in the country are multi-purpose. They supply water 

for irrigation as well as for hydropower generation. During the crop growing season most 

of the multi-purpose reservoirs give priority to irrigation. This increases the share of 

demand from reservoirs dedicated to hydropower generation. Throughout the year the 

national power demand is shared among various power stations, depending both on the 

rainfall availability and priority settings of the reservoirs.  

As mentioned before, Walawe river basin receives rainfall during both monsoons. 

The power station HYDRO is designed to generate power throughout the year. At present 

this station generates the difference between national energy demand and the energy 

generated by rest of the power stations in the country (CECB 1985). This is a variable 

demand that changes on a daily basis. Consequently the reservoir R 1 operates under a 

variable power generation mode. 

Reservoir R 1 was built for the purpose of hydropower generation and flood 

control. However it was built on the Walawe River just upstream of irrigation system 

IRR 1 depriving the water it diverted from Walawe River. The controlling agency of this 

reservoir has agreed to release the irrigation requirements of IRR 1 (Molle et al. 2005). 

These irrigation releases are issued from a low level outlet in the reservoir and cannot be 

used for hydropower generation. The actual volumes to be released are not defined and 

are negotiated between the farmers and the agency on a case by case basis. Any irrigation 

release from the reservoir can be considered as a loss to the national economy due to the 

forgone benefits of power generation. 
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 A comparison of economic gain to the national economy from water use for 

irrigation and hydropower was carried out for the years 1999 and 2003. These two years 

were selected due to the data availability. The volume of water released as irrigation 

allocations to the system IRR 1 in each year equaled 91 MCM and 87 MCM, 

respectively. Table 2.3 shows the results of this analysis. All the monetary values are 

indicated in year 2007 Rupee equivalents.  

 
Table 2.3 Comparison of economic gains from water use for rice irrigation and 
hydropower generation at Walawe (systems IRR1 and HYDRO) 

Description 1999 2003 

Water use for rice irrigation 
Total cultivated land area (ha) 864 865.5 
Total yield (MT/year) 8,300 8,310 
Average selling price (Rs./kg) 19.0 17.0 
Average production cost (Thousand Rs./ha-season) 40.4 25.2 
Net value of crop yield (Thousand Rs.) 87,889 97,649 
Water used from dam release and leak (MCM) 91 87 
  
Unit value of irrigation water (Rs./m3

 
) 0.97 1.12 

Water use for hydropower generation 
Volume of water used (MCM) 91 87 
Hydropower generated (GWh) 68.25 65.25 
Unit value of hydropower (Rs./KWh) 6.82 8.02 
Net value of hydropower (Thousand Rs.) 465,465 523,305 
 
Unit value of hydropower water (Rs./m3

 
) 5.12 6.02 

Comparison 
Average import price of 1 kg of paddy (Rs.) 16.8 25.9 
Number of energy units forgone to produce  
  1 kg of paddy (KWh) 8.22 7.85 
Cost of fuel imports to produce 1 KWh (Rs.) 3.79 6.10 
 
Cost of fuel imports to produce forgone hydropower (Rs.) 31.15 47.86 
Note: All monetary values are indicated in year 2007 Rupee equivalents  
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It can be seen that for one cubic meter of water used, the net economic value of 

hydropower is five times greater than net the value of irrigation. When compared with the 

import prices, the cost of replacement is twice as high for foregone electricity production. 

The overall implication is that production of hydropower is much beneficial to the 

national economy when compared with paddy production. 

The previous sections discussed the possibility of major water savings at Walawe 

system IRR 1. The economic gains of allocating water for hydropower production over 

irrigation were also highlighted. However, one cubic meter of water reallocated from 

irrigation does not simply translate into one cubic meter of water that that could be used 

for power generation. The reservoir water for hydropower generation can only be used if 

stored above the minimum operation level (MOL) of the turbines. Therefore, it would be 

appropriate to estimate the actual increase in power production that could be achieved 

due to such reallocation.  

A daily water balance of the reservoir R 1 was carried out for 5 years from 1999 

to 2003. Starting from a known initial value, the reservoir water levels were estimated for 

each day, after accounting for releases for hydropower and irrigation as well as reservoir 

losses including the dam leak. Two water allocation scenarios were simulated. The 

baseline scenario followed the actual water allocation to both irrigation and hydropower 

generation according to the demands during 1999 to 2003. In the second scenario all the 

irrigation water was re-allocated to hydropower generation. Flows through hydro turbines 

were increased until an operation with no spills and shortages was achieved. In both 

scenarios the power station was operated under the variable power generation mode. The 

results of this water balance analysis are shown in Fig. 2.3.  
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Fig. 2.3  Hydro power generation and the corresponding water levels at reservoir R 1, 
under observed (with irrigation releases to system IRR 1) and simulated (irrigation 
releases re- allocated to power generation) scenarios. Reservoir is operated under variable 
power generation mode  

 
 

The observed scenario water levels in Fig. 2.3 show the actual operation of 

reservoir (with irrigation water issues) during the 5 year period. The full supply level 

(FSL) and the minimum operation level (MOL) of the reservoir are also shown. It can be 
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seen that, the reservoir has been operated without spilling and without drawing down 

below the minimum operation level. The operators have tried to meet the obligatory 

irrigation requirement and the variable power generation demand (to the possible extent) 

while maintaining the reservoirs levels within the given range.  

 The simulated scenario water levels show the results from proposed omission of 

water allocation for irrigation. In this scenario the power generation outflow has been 

increased as much as possible while maintaining the water levels between MOL and FSL. 

Analysis indicates that only about 10% increase in flows to power generation can be 

achieved while operating the power station under the variable power generation mode. 

This corresponds to an increase between 19 – 34 GWh in each of the five years analyzed. 

The amount of power generated under both scenarios is also shown in the figure in giga- 

watt hours (GWh).  

 
Conjunctive Use of Reservoirs 

The reservoirs R 1 and R 2 are located on the Walawe river about 25 Km apart 

from each other (Fig. 2.1). It may be possible to operate these reservoirs conjunctively to 

maximize their beneficial use. This is especially important considering the fact that 

downstream reservoir (R 2) experiences water shortages at certain times of the year. 

Moreover there are no major water users between the two reservoirs except the 

aforementioned irrigation system IRR 1. Therefore an attempt was made to explore the 

possibility of releasing flows to supplement the storage in downstream reservoir. The 

period of concern is the months of July, August, and September, when the monsoonal 

storage fails to fully supply agricultural water requirements of system IRR 2 (Fig. 2.2).  



45 
The average monthly inflows to reservoir R 1 and its outflows to power 

generation are compared in Fig. 2.4. It also shows the average variation of reservoir water 

levels during the year. It can be seen that during the aforesaid months the power 

generation outflow exceeds the inflows and the reservoir is releasing water. Figure 2.5 

compares the average inflows and low flows to reservoir R 1. The average inflows to the 

reservoir are at its low flow levels during July to September. This indicates the inability 

of this reservoir to release water to enhance the downstream reservoir R 2 during these 

months.  

It was mentioned that national hydropower demand is supplied by a pool of power 

plants that are located in a number of river basins. Figure 2.5 shows the average monthly 

variation of low flows in other hydropower reservoirs. It can be seen that lowest of their 

flows occur in the same period as in reservoir R 1. This increases the hydropower 

demand from the system HYDRO and further reduces the possibility of irrigation releases 

from reservoir R 1.  The estimates carried out by Walawe Irrigation Improvement Project 

(WIIP 1998) also confirm these conclusions.  

Another possibility would be to change the pattern of turbine releases and have 

enhanced storage at reservoir R 2 for the dry months. More water can be released from 

reservoir R 1 through the turbines (before the dry months) to accumulate water storage at 

reservoir R 2. However the generation of hydropower at reservoir R 1 during the dry 

months is also critical. This is because the cropping season (for paddy) throughout the 

country occurs at the same time of the year. The hydropower stations that have priority 

for irrigation are unable to meet their power generation share during this period. As 
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shown before, the lowest inflows to their reservoirs also occur at this time (Fig. 2.5).  

This necessitates reservoir R 1 to generate more hydropower during this period.  

 

 
 

 

 
 

 

 

 
 
 
 
 
 

Fig. 2.4 Average monthly inflows, power generation outflows and the water levels of 
reservoir R 1  

 

Fig. 2.5 Average inflows and low flows at reservoir R 1 compared with average low 
flows at other hydropower reservoirs  
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At the same time, it should be noted that there is a sharp decrease in the share of 

hydropower as a national power generation resource. During the last few years the 

thermal power plants and other alternative power generation sources play a dominating 

role in the national power generation (Somatilake 2002). Therefore a change of power 

generation from variable power generation to a firm power generation mode can be 

considered.   The possibility of generating the similar amount of power (on an annual 

basis) while making favorable releases to reservoir R 2 is investigated. 

As in the previous occasion reservoir R 1 inflow data for 5 years (from 1999 to 

2003) were used in this analysis. Two scenarios were compared. The baseline scenario 

represents the current variable power generation mode with irrigation allocations to  

IRR 1. In the second scenario, a firm power generation target of 285 GWh (annual) 

considered with no releases for irrigation. This power target corresponds to the reservoir 

operation without spills or drawdown bellow minimum operating levels during the 5 year 

period of analysis. In addition it represent s a 5 % increase in annual power generation. 

 The results show that under fixed power generation mode there is an increase of   

9% in the power generation outflows on average. From Fig. 2.6 it can be seen that power 

output is increased 70% of the time during analysis period. Moreover the power 

generation during the dry moths (3rd

Figure 2.6 shows reservoir R 1 water levels under the two operation modes. 

Under the fixed power mode the reservoir water levels are significantly higher when 

compared with the baseline scenario. It is estimated that during the months of July, 

 quarter in Fig. 2.6 bottom) is above the variable 

mode power output in three out of five years in the analysis.  
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Fig. 2.6 Hydro power generation and the corresponding water levels at reservoir R 1, 
under observed (with irrigation releases to system IRR 1) and simulated (no irrigation 
releases but  with fixed power generation outflows) scenarios  

 
 

August, and September the water levels are increased between 2 to 20 m in each of the 

five years considered. The increased water levels in the reservoir significantly enhanced 

the leak providing more water for irrigation at Walawe system IRR 1. The average annual 
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increase in leak flow volume equals 10 %. It should be noted that the reservoir leak is a 

continuous flow throughout the year. The average monthly leak discharge (~ 5 MCM)  

observed under the increased water levels is more than twice the irrigation requirement 

for banana crop at system IRR 1. 

 The elevated water levels under the firm power scenario, indicates the possibility 

of releases to downstream reservoir R 2 in the months of July, August and September. 

The increased power generation outflows under this scenario are able to cover 3%, 6%, 

and 29%  of IRR 2 irrigation demands during these months. Further flow enhancements 

could be expected due to increased return flows from irrigation system IRR 1.  

 Moreover, it may also be possible to make systematic releases (step wise power 

demand) throughout the year which could be stored in the reservoir R 2 for irrigation use 

during the period concerned. These and other possibilities of conjunctive reservoir use 

could be investigated under a detailed analysis of the Walawe water use systems.  

 
Summary and Conclusions 

In the face of rapid urbanization, industrialization and population growth, 

developing countries face the problem of utilizing their water resources effectively. The 

development and management of water resources become complicated due to 

diminishing supplies and growing demand. The aim of this study was to analyze the 

problems faced by such rural river basins and investigate the possible changes to current 

management practices that would help solve these issues.  

The Walawe river basin in Sri Lanka was selected as a test case. This rural river 

basin is in the process of rapid development. There are multiple water users in the basin 
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who compete for the limited water resources. The social and economic stresses due to 

water shortage are already felt by the basin water users. Therefore basin water managers 

are compelled to investigate possible improvements to current management practices. 

 Initially, the study assessed the water availability and demands of the basin.  The 

spatial and temporal variations of the supplies and demands were compared to identify 

the reasons for shortages. The water shortages experienced by the users at different scales 

were reviewed. The results of the above activities were used to propose some possible 

changes to management practices. Finally the implication of these changes was evaluated 

using actual field data. The findings and conclusions from the study can be summarized 

as follows: 

(1) The water use in the upper and middle parts is much less than in the lower part of the 

basin. On the annual basis, about two thirds of the water available in the basin is used. 

The water shortages experienced by the users are due to the seasonality of inflows.  The 

existing reservoirs do not have the capacity to carry over annual storage. It is not possible 

to increase the irrigated areas in the basin, under the current water use efficiencies and 

management practices. (2) Up to 50% of water saving can be achieved by switching to 

less water intensive crops. The change of farming methods (Eg. from flood irrigation to 

furrow irrigation) gives high water savings in the areas with high slopes and sandy soil. 

(3) The re-allocation of water from irrigation to hydro power generation is beneficial. 

However, individual farmers and the national economy could both benefit when the 

power station operates in the  firm power generation mode. (4)  This mode of operation 

also enables to supplement flows to downstream reservoir to be used for irrigation during 

the water short months.   
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 The above results indicate that changes to current water management practices in 

the Walawe river basin could yield positive results. However, some of the limitations of 

the analysis are as follows. (1) The analysis was carried under limited data availability; 

(2) The management changes proposed by the study might not be feasible under certain 

socio-economic situations; (3) The analysis does not consider water quality aspects; (4) 

The environment flow requirements of the basin were not considered in this initial 

analysis. 

 The analysis uses a range of data sets available from the basin water management 

agencies. Some of these data sets are not comprehensive enough to represent all the 

possibilities. It should be noted that limited data availability has been a common 

challenge to the water resources analyses in developing countries ( ADB 2007; 

Stephenson and Peterson 1991).  

 The management changes suggested in the study are results of a preliminary 

analysis. The “changes to crop type in an irrigation system” or “changes to operation 

mode of a reservoir” are decisions that are taken based on detailed analysis. Moreover 

these changes can be implemented fully or partially. A crop type conversion in part of the 

irrigated area or operation of power station in firm power mode for certain months of the 

year could yield more socially and economically acceptable results. A detailed study 

would enlighten such possibilities. 

The water users in a basin inherently impose certain water quality demands on its 

resources. The increased exploitation of the resource leads to its degradation and 

consequent inability to satisfy these quality demands. This in turn will affect the basin 
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water allocation decisions. Therefore it is important to incorporate the water quality 

demands in a detailed study.  

At present the environmental flow requirements of the basin are not fully 

assessed. In future these requirements will be enforced and will affect the water 

allocation in the basin. It is necessary to properly assess and include environmental flow 

requirements in a detailed study.  

 Overall the current study highlights how changes to current management practices 

could yield positive social and economic impacts. Knowledge gained through such 

studies is useful to initiate the much needed changes to the river basins management in 

developing countries.  
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CHAPTER 3 

SIMULATION MODELING OF PRIORITY-BASED WATER RESOURCES 

ALLOCATION IN RURAL RIVER BASINS OF THE DEVELOPING WORLD

 

1 

Abstract The processes of population increase, urbanization and industrialization has 

resulted in a rapid demand increase for water resources in the developing world. Water 

managers in the river basins of the developing world face the increasingly difficult task of 

allocating the limited water resources among competing users. In addition climate change 

is causing supply variation that increases the uncertainty of water allocations. As a result, 

the difference between available water resources and water demands is ever increasing. 

Different approaches to increase water use efficiency as well as water management 

efficiency have been tried out in various parts of the world with mixed results. Successful 

water allocation policies and institutions of the developed countries have not produced 

the expected results in the developing world. Therefore it is important to investigate the 

social, economical and political aspects of water management issues in the developing 

world to arrive at sustainable solutions. In the face of growing competition the water 

allocation has evolved to be a complex process that involves a number of actors, 

techniques and legislations. Simulation and optimization modeling techniques can help 

the water managers to analyze this complex process and develop sustainable water 

allocation solutions. Over the years a number of computer based tools that employ 

simulation and optimization techniques have been developed. The first part of this paper 

reviews some major actors, techniques and legislature that are involved in the water 
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allocation in river basins. In the second part, computer based water allocation modeling 

techniques are reviewed. A priority based water allocation simulation model is selected 

for the analysis of water allocation issues of a rural river basin in the developing world. 

Several water use and water management efficiency increase methods are also evaluated.  

 
Introduction 

The rural river basins in developing countries face the problem of increasing 

demand for freshwater resources due to urbanization, population growth and 

industrialization. The supply is dependent on the rainfall variability. The climate change 

effects add further to supply uncertainty. In some river basins of the developing world the 

demands already exceed supply. Many others are yet to reach closure. However conflicts 

among competing water users have been observed in many river basins in the developing 

world. Generally, the demand for water includes both quantity and quality criteria. As the 

abstraction of water is increased, many water bodies are over exploited and polluted. 

Some have reached their assimilation capacity of human and industrial waste. In this 

context, it has been increasingly difficult for the water managers to design allocation 

schedules that satisfy the sustainability of water resources, economic efficiency and 

equity among water users and environmental flow requirements at the same time. 

There are a number of examples from the developing world river basins, where increased 

competition among water users and ensuing conflicts have lead to socio-economic as well 

as environmental losses. The East Rapti river basin in Nepal provides an example of 

conflicts between user sectors due lack of appropriate techniques and institutes to mange 

multi-sectoral water use (Adhikari 2001). The hotels industry in the lower reaches of this 
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river suffers water shortages for recreation activities due to extensive irrigation 

abstractions in the upstream. The Ombilin river basin in West Sumatra, Indonesia 

provides a classic example of competition for water between hydropower generation and 

irrigation. The reduced flow in the Ombilin River due to the construction of a 

hydropower reservoir, has limited the use of water wheels lifting water for irrigation 

(Helmi 2002). A major environmental concern (regarding the salinity intrusion in dry 

season) due to extensive abstractions for irrigation, urban and industrial use is observed 

in the Dong Nai river basin in Vietnam (Ringler et al. 2002). These and many other 

examples indicate that current water management (and allocation) practices in the river 

basins of developing world need improvements.   

 
Development of Water Allocation Policies 

 A widely accepted criterion for evaluating water allocation policy is the economic 

efficiency (Dinar et al. 1997).  This criterion enables re-allocation of water from low 

efficient uses to highly efficient uses. When all the water in a river basin is efficiently 

allocated, the marginal benefit should be equal across all water use sectors. There are 

examples from the developed world where water allocation based on the principals of 

economic efficiency has worked out successfully. In addition to economic efficiency 

there are other criteria that need to be considered in a multiple user environment (Carraro 

et al. 2005). Equity, predictability, strategic considerations, flexibility, technical 

feasibility, political and public acceptability are all considered as acceptable criterion for 

evaluating water allocation (Carraro et al. 2005; Dinar et al. 1997). In the developing 
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world, some of these criteria may play a dominant  role in selecting water allocation 

policies and mechanisms, at times transcending the role of economic efficiency.  

 
Methods of Water Allocation 

 The water allocation policies are implemented through water allocation 

mechanisms. The currently observed water allocation mechanisms can be broadly 

categorized in to three groups: 1) Public (administrative) allocation 2) User based (user 

managed) allocation and 3) Water markets (Dinar et al. 1997; Meinzen-Dick and 

Mendoza 1996). It is common to find combinations of these mechanisms as well. These 

mechanisms are briefly discussed below. 

 Under public allocation mechanism water allocation is managed by the state. The 

allocation volumes are defined based on quantity (quota-oriented) or based on a marginal 

cost pricing method (Dinar et al. 1997). This allocation method has been applied at river 

basin level, water user systems levels or at individual water user level. Public water 

allocation is commonly practiced in the large scale water projects managed by the state 

sector. The state usually enforces public allocation using a system of regulations and 

sanctions.  

Practice of public water allocation in developing world has run into a number of 

difficulties. Lack of a comprehensive legal framework, unclear institutional 

responsibilities, inadequate staffing of allocation agencies, lack of proper systems of 

water rights and inadequate monitoring are some of the common reasons (UN 2000). In 

general, the water allocations from public systems are heavily subsidized and do not 

reflect the actual supply cost. Therefore the water users are inclined to receive water 
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exceeding their allocation. This leads to a range of management irregularities including 

the  practice of rent-seeking by agency staff responsible for irrigation operations, 

seriously disrupting the official allocation schedules (Johansson 2000; Meinzen-Dick and 

Mendoza 1996; Repetto 1986; Wade 1982). 

  User based/managed water allocation has been promoted in the developing world 

to address some of the shortcomings in public allocation (Van Koppen et al. 2007). This 

method allows users to participate in water allocation decisions. The major advantage of 

this method is the ability to incorporate knowledge of local conditions and adaptability. 

Performance data from a number of irrigation systems in the developing world have 

shown that, user based allocation performs better when compared to public allocation 

(Merry 1996). Many public irrigation systems have adopted a user based allocation 

approach by establishing water user associations (WUA) at secondary and tertiary levels.  

 The above two methods have long being criticized for locking the water resources 

in to uses that have diminishing value to the economy. Water markets introduce 

flexibility in water allocation by allowing trade of water rights across sectors, across 

locations and time. A market approach allows the water users to seek the highest value 

application of scarce water through voluntary exchange and generation of information 

about scarcity and demand. It also creates an incentive to conserve water and invest in 

water saving technology. Despite these positive characteristics, formal water markets 

have not evolved in many of the developing world river basins (Rosegrant and 

Binswanger 1994). 

 For a water market to function in a river basin, its user water rights must be well 

defined, enforceable and transferable (Koundouri et al. 2003; UN 2000). Moreover 
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markets require third-party effects such as return flows, pollution, water logging, and 

overdraft of groundwater, environmental impacts etc. to be fully quantified and 

associated costs to be incorporated in the exchange. Transaction costs (information 

gathering, conveyance losses, monitoring, enforcements etc.) should be lesser than the 

benefits earned from the trade of water rights. Many developing countries do not possess 

the capital, technology or the institutional structure that is needed to establish these 

conditions. The absence of water laws, clear jurisdiction over water and water markets 

has impeded the reallocation of water to efficient uses in the developing world (Howe 

1978; Thobani 1998).  However in some developing world irrigation systems, emergence 

of formal and informal water markets have been observed due to significant efficiency 

gains from water right transfers (Rosegrant et al. 1995).  

 
Water Rights 

 In public as well as in market allocation, clear definitions of user water rights play 

an important role (Rosegrant and Binswanger 1994; UN 2000). However due to the 

specific nature of water resources, a simple straightforward definition of rights is not 

always possible. One reason being the existence of users holding overlapping rights to 

water. Another is the existence of multiple legal frameworks for defining water rights 

(Bruns and Meinzen-Dick 2005). The existence of non documented implicit water rights 

that are backed by social norms also complicates the issue of water rights. With the 

increase of water scarcity, the priorities in water use change and to maintain efficiency 

reallocation of water rights is required (Freebairn 2003). Consequently water rights too 

need to change, evolve and adapt over time (Bruns and Meinzen-Dick 2005).  
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Allocation Priority 

Another important concept in both public and market methods, is the allocation 

priority.  Allocation priority becomes important when the full water rights of all water 

users cannot be supplied. In such a situation water could be allocated under 1) Natural 

priority (allocation from upstream to downstream order) 2) Assigned priority 3) Same 

priority (proportional allocation) (Wurbs 2003). The assigned priority system allows the 

water managers to take control over the water use in a river basin by allocating water in a 

preferential order. Priority based allocation could be used to address some specific issues 

faced by the water users in the developing world as described below. 

Traditionally, water resources projects in the developing world have one major 

goal, and all other uses of water take a secondary nature (Schramm 1978). Water 

development projects that aim to achieve food security, employment generation, 

hydropower generation, flood control, drought mitigation are abundant in the developing 

world.  In a water scarce situation, the water allocation for this high important water use 

can be guaranteed by prioritizing its water rights.  

In public allocation systems, prioritization is often used to attain social objectives 

such as redistribution of income, protect environment and ecology, provide self 

sufficiency in food, power generation, protect cultural and religious values, ensure 

employment opportunities etc.  It has been used to prevent extreme loss to sensitive users 

under drought conditions. It allows recovery of capital costs of public investments. 

Prioritization can be used to mitigate the return flow effects as well. It is also used as an 

instrument to protect the poor against development of market power (UN 2000). 
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 In a water market, water rights are transferable among users and they will be 

reallocated from low to high added value uses. Theoretically the final equilibrium 

allocation of water rights will not be affected by their initial distribution. However this 

holds true only when ideal market conditions (zero transaction costs, full information, 

many buyers and seller etc) are exists. In practice the initial allocation of water rights 

significantly affects the final outcome of market allocation (Lee 1999). While 

proportional allocation gives an equal starting ground for all users in a subsequent water 

market, prioritization places preferred users on a privileged position. This inequality may 

prevent from achieving economic efficiency in water allocation, but at the same time it 

may be used to safeguard public interests. 

 The above discussion highlights some of the important factors that affect the 

water allocation of river basins in the developing world. The limitations in capital, 

technology and legal frameworks as well as social and environmental specifics in these 

countries pose problems to establishing fully market-based allocations. Priority based 

allocation provides a method to achieve basin water development objectives while 

adjusting to the basin specific socio-economic conditions. The performance of such 

allocation method can be evaluated by simulating the allocation process and estimating 

the social, economic and environment effects of the resulting allocation schedules (Jain 

and Singh 2003).  Computer based simulation and optimization models have long been 

used to estimate the best allocation schedules under competing water demands.  
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Modeling of Water Allocation 

Simulation models available for river/reservoir system analysis can be categorized 

in to two main groups: 1) models that use ad hoc algorithms (heuristic procedures, search 

algorithms etc.) 2) models that use mathematical programs (network linear programs). 

The simulation models that use linear programming (LP) algorithms can be further 

categorized in to two groups, based on how the algorithm solves the allocation problem. 

Models in the first group step through the simulation time periods sequentially. In this 

case the optimization process is based on the current and past river flows only. Therefore 

the reservoir operation policies derived do not reflect the future river flows. However in 

this case, long term optimization over the simulation period can be achieved by 

incorporating the user defined target reservoir operation rules to the model (Perera and 

James 2003). The second group of models uses an LP algorithm that solves the network 

flow problem for the entire simulation period simultaneously. 

 The simulation models can be further divided in to three categories based on the 

sequence of calculating the decision variables (stream flows, diversions, reservoir 

storages and releases etc.). In pure simulation models these variables are generally 

calculated in upstream to downstream progression starting at the upstream locations of 

the river network. The models with LP algorithms calculate these variables either on a 

user defined priority order or simultaneously (same priority).  

 Network flow programming is widely used in the above described simulation 

models that use LP optimization. First, the steady-state operation of a surface water 

system can be easily described as a network flow problem. Second, the network flow 

programming is a computationally efficient form of linear programming (Durbin and 
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Kroenke 1967).  The solution algorithm used to solve the problem may vary based on the 

model. 

 In a network flow model, the water courses connecting the water users and 

reservoirs are represented in a network consisting of arcs and nodes. The nodes are 

connected with arcs representing the possible flow paths. Each arc has a user defined 

lower and upper bound and a unit cost factor for flows through that arc. The criteria for 

evaluating the performance of water allocation are related to variables corresponding to 

the flows in the network. Determining the minimum cost flow in this network is 

equivalent to determining the optimal values for the variables (Jain and Singh 2003).  

The network flow models use the unit costs in the arcs to assign relative priorities 

for water allocation among nodes and maintaining target storage levels in reservoirs. This 

prioritization method allows simulating the priority based allocation discussed above. In 

addition, some network flow based models allow accumulating the incremental local 

flows (Wurbs 2005). This enables the downstream users to utilize the local tributary 

inflows that are added to the network below the upstream diversion points. 

 This study uses a network flow simulation model to estimate the priority based 

allocation schedules for water users in a rural river basin in Sri Lanka. The WEAP (Water 

Evaluation And Planning) model (Stockholm Environment Institute, US Center) is a 

network simulation model that allows to evaluate priority based water allocation policies 

(Yates et al. 2005).  
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Study Area 

Water Resources and Water Users 

The study area consists of Walawe river basin in Southern Sri Lanka (Fig. 3.1). 

The basin area is about 2471 sq. Km. It receives rainfall from two monsoon seasons a 

year. The southwest monsoon occurs from May to June and the northeast monsoon 

occurs from October to January. The average annual rainfall over the basin varies 

between 2000 mm and 1000 mm from mountainous upper reaches to the coastal plain. 

The average annual reference evapotranspiration in the basin is about 1700 mm.  Under 

natural conditions the average annual discharge to sea is about 1 billion cubic meters.  

The major water user in the basin is irrigated agriculture. At present three 

irrigation systems with a total area of about 32,000 ha are located in the basin (Fig. 3.1). 

The major crop cultivated is rice, which also is the staple food in Sri Lanka. In IRR2 

along with rice other field crops (banana, vegetable, chili, pulses, and sugarcane) are 

grown. Crops are cultivated in two cropping seasons that coincide with the two monsoon 

seasons.  

 The irrigation systems IRR 1 & IRR 3 are supplied by diversion structures across 

the river. An irrigation reservoir (R 1) with a capacity of 268 MCM is located in the 

middle reaches of the basin. This reservoir supplies the main irrigation system IRR 2 that 

spreads from the middle reaches to the southern end of the basin. The study area consists 

of numerous other smaller reservoirs that either augments the major irrigation system or 

capture local runoff for individual farming plots that are located outside the above 

mentioned irrigation systems.  
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Fig. 3.1 Physical layout of the Walawe River basin, its sub catchments, water resources, 
and water users  

 
 

 Hydropower production is another major water use in the Walawe basin. The 

hydropower reservoir R 1 is located in the upper most reaches of Walawe and has a 

storage capacity of 278 MCM. Power station HYDRO is capable of generating around 

300 GWh annually.   

Other water uses in the basin are industrial water use, municipal water use and 

environmental water use. The industrial water use is mainly for paper production, sugar 

refinery, brick and tile production and rice mills. The municipal water use in the basin is 
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located in the coastal cities. The water for these demands is abstracted from the lower 

reaches of the Walawe River. Environmental water use is mainly from the wild-life-

conservation park located directly upstream of reservoir R 2 (Fig. 3.1).  

 The groundwater usage is mainly for domestic consumption and watering home 

gardens which are scattered throughout the basin. The groundwater recharge in the basin 

is estimated to be about 10% of the annual rainfall. The groundwater levels near the 

irrigation systems are usually elevated due to continuous seepage and leaks from the 

irrigation canals.  

 
Water Supply Network and User Demands 

The Walawe River and its tributaries supply the water demands of users in the 

basin. The uppermost water user is irrigation system IRR 1 which has a cultivation area 

of 860 ha. The estimated annual irrigation demand is around 55 MCM. This system has 

the most senior water rights in the basin. Irrigation releases from reservoir R 1 to 

downstream through Walawe River are diverted to this system. In addition the leak 

discharges from reservoir R 1 are also utilized for irrigation diversions (Fig. 3.2).   

The system IRR 2 has an area of 12,000 ha on each of the left and right banks. 

The estimated annual crop water requirement is around 435 MCM and 344 MCM on the  

right bank and the left bank, respectively. Both banks have the same seniority in water 

rights. Irrigation releases from reservoir R 2 are supplied through main irrigation canals. 

In addition, the tributary inflows to Walawe River captured in reservoirs R 8 and R 7 are 

used to supplement the water demands of left and the right banks respectively (Fig. 3.2).  

A hierarchical system of branch, distributory and field canals carry the supplies to 
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Fig. 3.2  Network diagram showing tributaries, distributory canals, return flow paths, 
reservoirs, and water user nodes in the Walawe basin 
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the farm plots. Operation of these canals is carried out in a rotational schedule.  

The system IRR 3 has a crop area of about 3300 ha on each bank. The estimated 

crop water requirement is around 273 MCM for each. The irrigation requirement of this 

system is jointly supplied by the return flows from IRR 2 and the irrigation releases from 

the diversion on Walawe River (Fig. 3.2). Command areas on both left and the right bank 

have equal water rights. 

The return flows from HYDRO flows back to Walawe River below the diversion 

point of IRR 1. Therefore the outflows from power generation are available to all 

downstream users except system IRR 1 (Fig. 3.2). As is a continuous demand for 

additional power production, the flow requirement for power generation is limited by the 

capacity of the plant and the availability of inflows. The rated discharge of the turbines 

installed equals 42 m3

The municipal water requirements in the coastal cities are estimated to be 5.72 

MCM in 1990 and 7 MCM in 1999. The industrial water requirement increased from 32 

MCM to 42 MCM during the same period. Municipal and industrial water requirements 

are pumped directly from Walawe River. 

/sec. The hydropower reservoir has a minimum operation level of 

424 m MSL.  

 A comprehensive assessment of the environmental flow requirements have not 

been carried out in the basin to date. However, the water requirements of the wild-life 

conservation park are assumed to be satisfied as long as water levels in the reservoir R 2 

remain above its minimum operation level of 75 m MSL. In addition, a continuous 

outflow to the sea from the Walawe River is identified as an environmental flow 

requirement. However the minimum requirement of flow has not been quantified.  
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Methods 

This study uses priority based simulation model WEAP to evaluate selected 

scenarios of basin water resources management and development. The selected 

methodology consists of four main steps: 1) estimate inflows to the Walawe river; 2) 

develop demand scenarios under various water resource development goals and 

management practices; 3) simulate water allocation schedules for demand scenarios; 4) 

analyze the socioeconomic and environmental impacts of simulated allocation schedules. 

The study is carried out for a period of 10 years from 1990 to 1999. The rainfall records 

indicate an equal distribution of wet and dry years within this period. Moreover this 

period corresponds to the full utilization of land resources for agriculture, emergence of 

hydropower generation and rapid expansion of industry and municipal water use in the 

basin.  

 
Estimation of System Inflows 

The inflows to Walawe River were calculated by sub dividing the catchment area 

into 11 sub-catchments (Fig. 3.1) and estimating the run-off from each. Weekly rainfall 

data from 11 rain gauges located across the basin, supplied by the Meteorological 

Department of Sri Lanka were used to estimate the areal rainfall. Theissen polygon 

method was used to average the point rainfall records. Rainfall over the catchment area is 

converted to runoff using runoff coefficients derived for each sub-catchment in previous 

studies by the Mahaweli Authority of Sri Lanka (MASL 1995). 

 To evaluate the accuracy of runoff estimation, a water balance was carried out at 

two locations on Walawe River (Fig. 3.1). The locations were selected based on the 
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availability of measured stream flow data. Location 1 is on the Walawe River at reservoir 

R 1. A record of weekly inflows to the reservoir, (estimated by reservoir water balance) is 

compared to the flows from rainfall-runoff conversion for the three upstream sub-

catchments S1, S2 and S3 (Fig. 3.1).  Location 2 is on the Walawe River at the irrigation 

diversion structure for system IRR3. The sub-catchment run-off from S4 through S9, 

spills from reservoir R 2, and the irrigation return flows from IRR 2 contribute to the 

flow at this location. Since the irrigation return flows, the reservoir spills and the flow at 

Location 2 are known, a water balance was carried to estimate the flows from upstream 

sub-catchments. This estimated flow is compared to the flows derived by the rainfall –

runoff conversion for sub-catchments S4 through S9.  

 
Water Demands Scenarios 

The Walawe water demands are modeled in this study based on the following 

assumptions. Irrigation water demands correspond to the water demand for maximum 

cultivable area and yield in all three irrigation systems. The irrigated land consists of 

three hydrologic soil types: high, low and moderately permeable soils. In system IRR 2 a 

mix of six crop types are grown: two lowland crops (rice and banana) and four highland 

crops (chili, pulses, vegetables, sugarcane). The crop areas under each crop vary slightly 

from year to year depending on the farmer’s preference. For the current study the 

observed cropping pattern of 1996 was used.  

Rice is preferably grown on low permeable soil. As the cropping technique used 

for rice in Walawe basin is highly water intensive, the water demand tends to increase if 

majority of rice crop is grown in moderate to highly permeable soils. In addition, the 
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preferred soil for banana is low to moderately permeable soil. An optimization model was 

setup to maximize the crop areas of rice and banana on low permeable soil. This enables 

an efficient irrigation water use.   

    A continues deficit for hydropower generation is observed in the basin. To 

simulate this, a maximum water demand for hydropower generation (corresponding to the 

rated capacity of power station) was used. The municipal & industrial demands based on 

observed values for 1990 and 1999 with a fixed rate of increase were used in the 

estimation. The environmental flow demands were not included in the model. These 

baseline water demands are further modified as needed in the demand management 

strategies scenarios.  

 
Computer Based Water Allocation Software  
(WEAP Model) 

The WEAP model is based on the principle of water balance accounting (Yates et 

al. 2005). This model contains a hydrologic modeling component as well as a water 

management component (allocation module). This study only uses the allocation module 

of the WEAP model. The objective of allocation module is to minimize the water deficits 

at each user node under the given priority order and equity constraints.  

The water users and water resources in the basin are represented with a node-arc 

network (Fig. 3.2). The main inputs to the model are the inflows to the network, reservoir 

storage capacities, user demands and capacity of flow paths at a selected time scale: 

daily, monthly weekly or annual. Water allocation to demand sites occur under a user 

defined priority order.  Each user (or group of users) is assigned a priority number 

between 1 and 99 such that high priority users getting lower order numbers. Additionally, 
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a single water user supplied by several resources can assign a preference order for its 

suppliers.   

Allocation calculations are carried out sequentially at each times step. At runtime 

the users with same priority are assigned to an equity group. The water allocation is 

carried out by a linear program (LP) algorithm that iterates from one equity group to 

another. The first iteration of the LP algorithm occurs at the equity group consisting of 

the top priority users. The objective of the LP algorithm is to maximize the coverage of 

all user demands in that group.  

In addition to the physical constraints on supply limitations and arc capacity 

limitations, an equity constraint is included in the algorithm. This constraint ensures that, 

in case of a shortage in supply, all users in the group are supplied with the same 

percentage of their demands. When multiple suppliers are present the LP algorithm 

engages in an additional iteration through each suppler (in their preference order).This 

enables to maximize the coverage at each demand site utilizing all suppliers.  

Once the optimal allocations for all the  users in the equity group are defined, the 

model simulates the reservoir storage, flows to downstream reaches, return flows etc, 

corresponding to optimal allocations. Next, the LP algorithm iterates to the equity group 

with the second most priority. This procedure continues through all equity groups 

according to their priority order. Once all the users in all equity groups are optimally 

allocated and the corresponding system storages and flows are simulated the model 

proceeds to the next time step. At the end of simulation, water allocation schedules are 

output for each user node. In addition the allocation deficits (unmet demands) are also 

calculated by WEAP.   
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 The selection of model time step is dependent on data availability and the 

required level of detail in results. The available data allows selecting a weekly or a 

monthly time step for the analysis. However the major water user in the basin – the 

irrigation sector shows significant variation of water use within the months at the 

beginning and end of cropping seasons. Therefore a weekly time step is selected for this 

analysis.  

 
Formulation of Allocation Scenarios 

 The water allocation scenarios were designed under two main categories in line 

with the objectives of the study. Scenarios under category A evaluate the effects of 

prioritization of water allocation between sectors and within a single water use sector. 

Scenarios under category B demonstrate the impacts of various demand management 

strategies  that could be adopted by basin water managers. Table 3.1 contains the detailed 

description sub scenarios under each of the main categories.  

 
Table 3.1 Description of water allocation scenarios 

Scenario Category  Analysis Type   ID   Description 

             A Prioritization between sectors A1 Hydropower > Irrigation 
                 A2 Irrigation > Hydropower 

             A Prioritization between Left  A3 LB > RB 
 Bank (LB) and Right Bank (RB) A4 RB > LB 
 of IRR2  A5 LB = RB 

             B Modification of Hydropower B1 Variable power demand 
 demand   B2 Fixed power demand 
   B3 Step-wise demand 

             B Irrigation efficiency increase B4 Current efficiencies 
    B5 Increased efficiencies 

             B Irrigation systems upgrade B6 Current system 
    B7 Upgraded system 
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Evaluation of Allocation Scenarios 

Scenarios were compared based on their social, economic and environmental 

outcomes. The scenarios involving agriculture and hydropower sectors were compared 

based on their production levels as well. The environmental impacts were evaluated 

based on the flows available for environmental use at sensitive locations. Comparison 

across all sectors was achieved by estimating net economic benefits generated by each 

sector. The social impacts were considered in evaluating the scenarios involving 

agricultural sector, where majority of employment are generated in this basin.  

 In addition to the above mentioned allocation volume based criteria, the 

performance of the water allocation system was also evaluated. A Shortage Index (SI) 

was calculated to evaluate the impact of water deficits. This index also implies the socio-

economic effects of deficits (Hsu et al. 2008). The reliability of allocation and the 

resilience and vulnerability of the system to shortages in supply are compared for 

alternative scenarios. The formulae used in these estimations are given in the appendix.  

 
Results and Discussion 

Estimation of Inflows 

 The results of the water balance for Location 1 and Location 2 are shown in     

Fig. 3.3.  The annual volumes match above 80% in all years except in the two drought 

years 1992 and 1996. It is possible that runoff-coefficients derived by previous studies 

under average conditions are not applicable to the dry years. Moreover the river flow 

measurements obtained under low flow conditions in dry years may contain inaccuracies. 
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Fig. 3.3 Comparison of measured and estimated flows at Location 1 (top) and Location 2 
(bottom) on Walawe River 

 

Since the water balance results are satisfactory for 8 out of 10 years, the estimated sub-

catchment run-off volumes are considered as adequately accurate for this study.  

 
Effects of Priority Based Water Allocation 

Prioritization of water allocation may occur among several competing water use 

sectors as well as among users within a single sector. The first case considered is 

allocation prioritization between two sectors: Irrigation and Hydropower generation. The 

second case considered is prioritization of allocation between the left bank (LB) and the 

right bank (RB) command areas of irrigation system IRR 2.  
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The main water uses of reservoir R 1 are power generation at HYDRO and 

irrigation at system IRR 1. The volume of water used by the system IRR 1 is significantly 

low when compared to power generation. However analysis of data indicates that, the 

temporal distribution of water demands within a year is such that the two users reach 

their peak demands at the same time. Moreover the low inflow period and the demand 

peak coincide, creating water deficits for both users. The allocation priority assigned to 

each user plays an important role in this context. 

The two users use their allocations to achieve different objectives that have 

national and regional importance. On the one hand power station HYDRO has the 

capacity to use all the water available at reservoir R 1 for power generation. Generating 

more hydropower at HYDRO reduces the portion of coal and fuel based power 

generation currently used to meet the national demand. This is highly economical and has 

positive environmental effects as well. On the other hand, water use for power generation 

at HYDRO is a relatively new water use compared with the traditional irrigated paddy 

cultivation at IRR 1. In addition, system IRR 1 provides employment to more than 1500 

families living in a mountainous and difficult–to-access rural area, where employment 

opportunities are few. Therefore securing irrigation water at IRR 1 has a regional 

importance. 

 To assess the effects of prioritization, two simulation scenarios were developed. 

In scenario A1 the hydropower production at HYDRO has priority over irrigation at  

IRR 1. Scenario A2 prioritizes irrigation at IRR 1 over power generation.  Fig. 3.4 shows 

the annual water deficits at irrigation system IRR 1 under the two scenarios.  
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Fig. 3.4 Annual irrigation deficits at IRR 1 under two priority settings: 
Scenario A1 and A 2 
 

 In each of the 10 years of simulation the irrigation deficits are lower under 

scenario A2. Compared with A1, the average annual deficit reduction is about 38 %. 

Moreover, the annual reduction of hydropower generation under A2 is less than 0.5 % in 

each of the simulation years (Table 3.2). These results indicate that prioritization of 

irrigation is beneficial while the consequent losses in power generation are not overly 

significant. The system performance criteria at IRR 1 are also assessed to verify the 

feasibility of such a prioritization.  

 Figure 3.5 shows the weekly water shortages at IRR 1 under A1 (bottom) and A2 

(top) scenarios. When compared with A1, the short concentrated deficits in irrigation are 

eliminated under A2. Table 3.3 shows four performance indices estimated for the 

irrigation water supply to IRR 1 under scenarios A1 and A2. Compared with A1 the  
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Table 3.2 Annual power generation at HYDRO under A1 and A2 scenarios 

 Year Scenario A1 Scenario A2 Percentage  
      (GWh)     (GWh)  of decrease (%) 

 1990  277.8  277.2   0.20 
 1991  296.5  296.0   0.20 
 1992  173.4  173.2   0.10 
 1993  305.9  305.7   0.10 
 1994  214.2  213.5   0.30 
 1995  255.6  255.5   0.03 
 1996  158.3  158.2   0.01 
 1997  318.7  318.5   0.10 
 1998  202.2  201.5   0.40 
 1999  268.7  268.1   0.20 

         Total 2471.3  2467.5  0.20  
 

 
 

 
 

 
 

 
 

 

 

Fig. 3.5 Weekly water shortages at IRR 1 under A1 (bottom) and A2 (top) scenarios 

 
shortage index in A2 has reduced by 51 %. This is due to the reduction of concentrated 

periods of deficit.  The reliability and the resilience of the water supply have increased.   

 While the volume vulnerability is not affected, the time vulnerability has reduced. 

Rare large shortages contribute to the volume vulnerability. These shortages (occurring 

due to supply inadequacy) remain in both scenarios (Fig. 3.5). However small but 



83 
Table 3.3 Performance indices of irrigation supply at IRR 1 under A1 and A2 scenarios 

Performance Index  Scenario A1 Scenario A2 

Shortage Index (SI)  0.35 0.17 
Reliability (REL)  0.78 0.94 
Resilience (RES)  0.47 0.87 
Volume vulnerability (Vv) [MCM] 0.89  0.89 
Time vulnerability (Vt) [weeks]  7  4 
 
 
 frequent shortages (occurring due to flow allocation to higher priority user) are 

eliminated in A2 and the time vulnerability is reduced accordingly.  

The second case considers prioritization between users in the irrigation system 

IRR 2. Figure 3.6 (top-left) shows the average fraction of water used by each crop in this 

system. The fraction of economic gain from each crop is shown in the Fig. 3.6 (top– 

right). The crop area distribution between the left and the right banks of the system are 

also shown in Fig. 3.6 (bottom).  

Analysis of this data indicates that high value crops use less water but they are 

cultivated in smaller quantities. The high water consumptive paddy crop returns lower 

economic gains. However rice is grown on more than 45% of the area on both left and the 

right banks of the system. Prevailing socio economic conditions influence the demands 

for crops and the extent of areas allocated to each crop by the farmers.  

 Analysis of inflows to reservoir R 2 for the past 40 years shows, that the reservoir  

does not always receive adequate flows to supply the full irrigation demand of system 

IRR 2. This results in an irrigation deficit, which could affect the farm plots on one or 

both banks of the river. Since the cropping patterns and the resulting economic gain from 

each bank are different, prioritization between demands from left bank (LB) and the right 

bank (RB) command areas could be investigated to identify possible allocation 
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improvements. Three allocation scenarios are designed for this purpose. 1) Scenario A3 

prioritizes left bank demands over right bank. 2) Scenario A4 prioritizes right bank 

demands over left bank. 3) Scenario A5 gives same priority to both left and the right 

banks (equal percentage of irrigation deficits shared). 

Fig. 3.6 Average water use and economic gain by crop type  in system IRR2 (top). Crop 
area composition in the Right bank and the Left bank of IRR2 (bottom).  
 



85 
 Analysis of results is carried out based on the socio-economic consequences of 

each scenario. Figure 3.7 compares a) annual paddy yields, b) annual number of farmer 

families affected by deficits, and c) annual economic gains under each scenario. The   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.7 Comparison of  A) annual paddy yield B) number of farmer families affected and 
C) annual economic benefits under scenarios A3, A4, and A5 at system IRR2. 
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paddy yields and the number of farmer families affected by deficits are estimated based 

on the irrigable paddy area under each scenario. The overall economic gains from crop 

cultivation is estimated based on the information of average yield per unit area of crop 

and the average economic gain from unit crop yield based on the available data. 

The results indicate that giving equal priority to LB and RB (scenario A5) 

produces lowest paddy yield, lowest economic gains and the highest number of affected 

farmer families. This is due to the distribution of deficits on both banks. Under this 

scenario 3207 and 3725 more farmer families are affected when compared with A4 and 

A3 scenarios, respectively. Figure 3.6 (bottom) shows that RB command area has more 

paddy areas. Therefore by prioritizing RB (scenario A4), it could be expected that rice 

production could be increased. However analysis indicates that the increase is marginal 

and amounts to less than 2% on average for the period of 1990 to 1999. Scenario A3 

represents the prioritization of LB over RB. Due to the presence of cash crops in the LB 

the economic gain in this scenario is increased by 15.3 million dollars when compared to 

A5 and 5.0 million dollars when compared to A4 during the course of 10 years.  

 Analysis of these results indicate that prioritization of allocation between the left 

and the right banks is required to reduce the number of farmer families affected by 

irrigation deficits. Prioritizing one command area over the other could be decided based 

on the preference for increasing overall economic gains or maximizing rice production. 

Either choice will not significantly change the number of farmer families affected.  
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Effects of Demand Management Strategies 

 Three demand management options were tried out in the test basin: 1) 

modification of hydropower demand, 2) crop diversification and cultivation technique 

change, 3) irrigation system upgrade.  The impacts of these modifications were evaluated 

based on the socio-economic and environmental outcomes.  

 
Modification of Hydropower Demand 

 The national power demand is represented by a variable power demand curve that 

corresponds to the average demand over the simulation period. Two other power demand 

curves were developed based on the observed inflows to reservoir R 1. The first is a fixed 

power generation flow, where a fixed flow is channeled through the hydro turbines.  The 

highest possible fixed power generation flow was derived on a trial-and error basis. An 

initial flow rate was incrementally increased until the annual water deficits were equal or 

lesser than the deficits under variable curve. The second power demand curve is derived 

based on the seasonal variation of flows into reservoir R 1. This step-wise demand curve 

is designed to utilize the peak flows into the reservoir for increased power generation. 

Under this demand curve power generation is carried out at an increased capacity from 

April to June and from October to December each year. The power generation is reduced 

to a minimum from mid June to September. The peak turbine flow values were decided 

on a trial and error basis considering the reservoir R 1 inflows, power plant capacity and 

the downstream reservoir’s (R 2) capacity to store the increased power generation 

outflows. The three demand curves derived are shown in Fig. 3.8 (top).  
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Three model scenarios were designed to evaluates the three operation modes: 

Variable (scenario B1), Fixed (scenario B2), and Step-wise (Scenario B3). The power 

outputs for the three scenarios are shown in Fig. 3.8 (bottom). The variable and 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Fig. 3.8 A) Three power demand curves B) Annual power outputs corresponding to 
scenarios B1, B2, and B3  
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the step-wise power demand curves generate more power output compared to the 

operation under fixed demand curve. As expected operation under the step-wise demand 

curve generates the highest power output, by utilizing the peak inflows to the reservoir.  

 This operation mode allows up to 20% increase of power output compared to the 

variable mode of operation and up to 40% increase compared to the fixed mode of 

operation. Moreover this operation mode does not create additional irrigation deficits at 

the downstream system IRR 2 during the simulation period, when compared with the 

fixed mode.  

 
Crop Diversification and Cultivation  
Technique Change 

 Two methods for increasing the farm irrigation water use efficiency are 

considered. Previous study (Chapter 2) results show that a complete conversion from 

paddy to banana crop enables a 50% water saving. Other studies (Molle et al. 2005) have 

indicated cultivation technique change could help increase water use efficiency by 40%.  

Assuming a 50% water use efficiency increase at system IRR 1, an analysis was carried 

out to find the effects of crop diversification and cultivation technique change on 

reservoir R 1 water users. Scenarios B4 and B5 corresponds to the 100% and 50% of 

current water use at IRR 1, respectively.  

 The reduced irrigation demands at IRR 1 do not affect the hydropower generation.  

This is due to the large differences between the volumes of water used. However, 

efficient water use in IRR 1 has positive impacts on the irrigation water supply to system 

IRR 1 itself. Scenario B5 indicates reduced shortages and reduced vulnerability (volume 

and time) in irrigation supplies to IRR1. The system reliability and resilience have  
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increased (Table 3.4). Consequently the numbers of affected farmer families in IRR1 

have reduced (Fig. 3.9).  

 
Irrigation System Upgrade 

 Seepage losses from earthen canals contribute to a major portion of irrigation 

water demand. According to literature canal lining with hard surfaces could reduce up to 

60% of the seepage volume (Goldsmith and Making 1989). Studies in the Walawe basin  

 
Table 3.4 Performance indices of irrigation supply at IRR1 under B4 and B5 scenarios 

Performance Index  Scenario B4 Scenario B5 

Shortage Index (SI)  0.25 0.07 
Reliability (REL)  0.72 0.97 
Resilience (RES)  0.42 0.83 
Volume vulnerability (Vv) [MCM] 0.85  0.43 
Time vulnerability (Vt) [weeks]  9  2 
 
 

 
 

 

 

 

 

 

 

 

 
Fig. 3.9 Comparison of number of farmer families affected by irrigation deficits in 
system IRR 1 under scenarios B4 and B5. 
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have indicated seepage up to 75% of supplied volume in dry months (Meijer et al. 2006). 

In addition to the conveyance losses, irrigation techniques employed can lead to 

significant water losses as well. On farm irrigation efficiency can be improved by 

adapting sprinkler or drip irrigation methods for selected crops (Vickers 2002). 

Technically advanced and costly methods (micro irrigation, canal lining, etc.) of 

efficiency improvement may not be feasible in the conditions of developing world river 

basins. However a number of low cost maintenance approaches (clearing of plant growth 

inside earthen irrigation canals, reduction of spills and leakage with timely repairs to flow 

regulatory structures, etc.) could be applied to achieve significant water savings. 

  The effects of irrigation system upgrade were analyzed, assuming a 30% 

irrigation water use reduction in improved irrigation systems. Scenarios B6 and B7 

correspond to 100% and 70% of current irrigation water use in the irrigation systems. The 

water demands of all water users below reservoir R 2 are completely satisfied in the 

upgraded scenario B7.  A two fold increase in annual flows is observed at the lowest 

reaches of the river. This enables to fulfill the environmental flow requirements at the sea 

outfall. This also implies the availability of water for increased industrial and municipal 

demands in future.  

 
Summary and Conclusions 

The use of a priority based water allocation method was demonstrated using a 

simulation method. The Walawe river basin in Sri Lanka was selected as the test basin. 

The findings and conclusions from the study can be summarized as follows: 
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1) The impact of social and environmental aspects is more profoundly felt in water 

resources management in the developing world. A number of preconditions required for 

the functioning of a market based water allocation are absent in the developing countries. 

In contrast, public managed, priority based allocation could be devised to address a 

number of social and environmental issues observed in river basins of the developing 

world.   

2) Computer based simulation and optimization models can be successfully used to 

evaluate the socio-economic impacts of water allocation policies. Generic modeling 

software based on the network flow algorithms could be easily adopted to represent site 

specific river basin conditions. Highly efficient computation algorithms are available for 

solving complex water allocation issues.   

3) Priority based water allocation is useful in considering the social and environmental 

concerns in water allocation.  The study demonstrated how traditional water right of 

farmers could be protected while preserving the benefits of hydropower generation by 

selecting the priority order. It also demonstrated how the number of farmer families 

affected by water deficits can be minimized using prioritization of allocation.   

4) In the face of dwindling supplies, demand management strategies could be 

successfully used to reduce water shortages.  Results of analysis showed that by 

modifying the hydropower demands to utilize the peak flows, significant gains in power 

production can be gained with the currently available generation facilities. The study 

demonstrated how efficient irrigation techniques and crop diversification can help reduce 

the irrigation system vulnerability and increase system resilience to shortages.  
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5) The study highlights the importance of irrigation system upgrade in mitigating the 

observed water deficits. The current irrigation infrastructure and irrigation techniques 

contribute to major water losses. Water saved through irrigation system upgrade can 

improve the water availability for other water use sectors  as well. 

 The results of the study provide a wide range of information on various aspects of 

basin water management. However some of the limitations of the current study can be 

summarized as follows: 1) The analysis was carried out under limited data availability. 2) 

The study does not contain a comparison of economic gains from priority based 

allocation with a market allocation. 3) The study does not consider the water quality 

demands.  

 This study uses a range of data sets available from different data sources. Some of 

the data sets are not comprehensive. The simulation model requires all the data sets used 

in the model to be in similar time steps. However in practice this is not always 

achievable. The simulation time period was limited to 10 years due to limited availability 

of overlapping periods of measured climatic and hydrologic data. The limited data 

availability seriously affects the reliability of model outputs. However this is a common 

feature for most river basins in the developing world (ADB 2007; Stephenson and 

Peterson 1991). 

 As discussed in previous sections, the priority based allocation method does not 

warrant the most economically efficient water allocation among all water users. The 

intent of priority based allocation is to achieve allocations that are more acceptable in 

terms of social, economic and environmental aspects. However it would be useful to 
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compare the economic benefits of a priority based simulation, with an economically 

efficient optimization approach under the same supply-demand conditions. 

 Water quality is gaining importance in the water demands of many of the 

developing countries. As water sources are over exploited and polluted, maintaining the 

required water quality is becomes increasingly difficult. However due to the costly and 

elaborate measurement procedures, water quality measurements are much rare in the 

developing world. Due to extremely limited data availability water quality aspects of 

allocation were not considered in this study. 

   Some specifics of water allocation in rural river basins in the developing world 

were discussed in this paper. The importance of allocation principles that consider social 

and environmental aspects was highlighted. The use of priority based allocation and the 

use of demand management strategies were demonstrated.  

 Although Walawe is a river basin located in a developing country, the knowledge 

gained through this study can be used to improve water allocation in river basins of the 

developed world where similar or  different socioeconomic conditions may prevail. In the 

western United States water rights are assigned according to the prior appropriation rule. 

The initial ownership of water rights may exchange between the users based on market 

transactions. However at a given point of time each of the water user in the system will 

have a priority based allocation determined by the seniority of the water right. The 

methodology described in this work can be employed by the state water managers to 

evaluate the socio-economic impacts of a given appropriation of water rights. Similar 

methodology could also be employed by the water users in making decisions on trading 

of their water rights.   
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Appendix 

Formulae for assessing the water allocation system performance: 

 

Shortage Index (SI) 

SI =
100
M ��

ASt

ADt
�

2M

t=1

 

where        M         – number of years in the planning g horizon 

                   ADt      - annual water demand in the year t 

                   ASt      - annual water shortage in the year t 

 

 

Reliability (REL)   and  Resilience (RES) 

               REL = 1 −
∑ d(j)K

j=1

T
                                  RES = �1

K
∑ d(j)K

j=1 �
−1

   

where          K     - number of failure events 

                     T     - total number of time intervals 

                  d (j)   - duration of the j th

 

 failure event 

 

Volume vulnerability (Vv)   and   Time vulnerability (Vt) 

                𝑽𝑽𝒗𝒗 = max (𝑺𝑺𝒋𝒋)                                                   𝑽𝑽𝒕𝒕 = max (𝒅𝒅𝒋𝒋)                                                    

where          

      S(j) and d(j)  -  magnitude and the duration of the j th

 

 failure event 
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CHAPTER 4 

ANALYSIS OF CLIMATE CHANGE IMPACTS ON BASIN WATER RESOURCES 

AND EVALUATION OF MITIGATION MEASURES: A CASE STUDY FROM 

WALAWE RIVER BASIN IN SRI LANKA

 

1 

Abstract Demands for freshwater resources in river basins are ever increasing and the 

water managers are faced with the problem of allocating limited water among competing 

users. While usability of available water is reduced by pollution the supply is endangered 

by impacts of climate change. Due to the complex nature of the interactions between 

climate and the hydrologic cycle, impacts on the water resources are hard to predict. 

Moreover the predictions from current generation of climate models are applicable to vast 

spatial resolutions. However the water resources impact assessments and management 

decisions are required at the catchment and sub-catchment levels. In addition, decisions 

related to water resources allocation need to incorporate local hydrologic conditions. 

While improvements in the general circulation model (GCM) predictions and 

establishment of their relationships with local hydrologic variables are awaited, impacts 

of climate change on water resources need to be assessed utilizing the available tools. 

This work investigates such possibility with available GCM predictions, a statistical 

downscaling method, and a water allocation simulation model for a rural river basin in 

the developing world. The water supply and demand situation of the basin is analyzed 

under baseline and future climatic conditions. Mitigation measures for shortages and 

methods for utilizing favorable flows are analyzed.  
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Introduction 

Water Resources Management  
and Climate Change 

Climate change aggravates the stresses imposed on water resources management 

by population growth, urbanization, industrialization and environmental degradation. It is 

argued that rising water demands due to human development outweigh the impacts of 

global warming on the world’s water resources (Vorosmarty et al. 2000). However an 

increasing number of evidence indicates that global water use will be negatively affected 

by the predicted changes in climate and the corresponding impacts on water supply 

(IPCC 2008; USGS 2000; WMO 2007). 

  Globally an increasing number of people are living in water stressed basins, 

where the annual per capita water availability for domestic, industrial and agricultural 

water needs is bellow 1000 m3

 

.  The growing population in the developing world requires 

increased food production. As per the estimates of FAO, a 0.6 % annual expansion of 

irrigated area is expected in the developing countries until 2030. Currently about 40 % of 

global agricultural output is produced by irrigation (Fischer et al. 2006), which consumes 

more than 70 % of global water withdrawals.  The amount of water available for 

irrigation is declining due to urban, industrial, energy and environmental demands. The 

same human development processes that place increased demands on water have 

impacted the world climate. Due to the increase in greenhouse gases in the atmosphere 

the global mean temperatures are predicted to increase, resulting in significant changes in 

the global hydrologic cycle (IPCC 2008).  
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Climate Impacts on Hydrology  
and Water Resources 

The global climate and the hydrologic cycle are tightly related. Water in its three 

phases contributes in different ways to define Earth’s climate. The increase of global 

temperature is expected to increase evaporation from seas. The high temperatures enable 

the atmosphere to hold additional water vapor which in turn acts as a greenhouse gas 

(GHG) creating a positive feedback. In addition, the predicted change in the cloud cover 

is expected to affect earth’s radiation budget resulting in a range of effects from cooling 

to warming.  Precipitation is predicted to increase at higher latitudes and over tropical 

oceans.  Different GCMs produce different geographical patterns of precipitation change. 

The agreement among GCMs is less with regard to precipitation than with temperature. 

However, many models conclude that intensity and variability of precipitation will 

increase (Trenberth et al. 2003; WMO/GWP 2009). Predictions on evaporation generally 

follow the rainfall and also share similar uncertainties (Gautier 2008). The vegetation 

cover over the land surface further complicates the estimation of evaporation. The 

melting of the ice on land and sea is also expected to create a global mean sea level rise 

between 14-44 cm by the end of this century (IPCC 2007). The above discussion 

exemplifies the complicated nature of interactions between climate change and the 

hydrologic cycle. 

 The surface runoff and the groundwater are two important components of the 

hydrologic cycle that define the availability of water for human use. The magnitude of 

runoff  predictions also contain vast differences among GCMs. However many models 

agree that, changes in flow seasonality can be expected in the river basins where much of 
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the winter precipitation falls as snow, whereas in rainfall dominated basins an increase in 

seasonality is observed (IPCC 2007). Due to the increased variability in river flows the 

occurrence of floods and droughts increase (Wetherald and Manabe 2002). According to 

simulations using the HADCM3 GCM the global land surface in extreme drought is 

expected to increase between 10-30% under SRES A2 scenario (Burke et al. 2006). The 

impacts of climate change on groundwater have shown very site specific results (IPCC 

2007). Climate change impacts are felt both on the quality and quantity of groundwater 

resources. Generally groundwater levels have shown higher correlation with precipitation 

than with temperature. Change in precipitation seasonality affects the aquifer recharge 

patterns (Brouyere et al. 2004). The sea level increase can impact the saltwater intrusion 

in to coastal aquifers (Hiscock and Tanaka 2006). These impacts on surface and 

groundwater resources limit their availability for use in different water use sectors.  

 
Climate Change Impacts on  
Water User Sectors 

The changes in climate affect both availability and demand for water. Moreover 

there exist a number of non-climate related factors that affect the future water demand.  

Therefore water management decisions need to be made considering these climate and 

non-climate driven impacts on supply and demand.  

 Agriculture sector, the largest of global consumptive water user, provides a good 

example of climate change affected supply and demand. Rainfed agriculture which 

consists of about 80% of agriculture globally is directly affected by the change in rainfall 

patterns. As a result the global cereal production is expected to reduce between 5 - 40% 

by 2100 (Aggrawal 2009; Easterling et al. 2007).  In China and India, the countries with 
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largest irrigated areas worldwide, net irrigation demands are expected to change by +2 to 

+15% and -6 to +5% in 2020 (IPCC 2007). The water demands from domestic, industrial 

and other sectors are expected to be less affected by climate driven changes when 

compared to non-climate driven changes.   

The non-climate drivers of water demand change include population growth, 

urbanization, industrialization, economic policies, lifestyles and society’s valuation of 

environmental requirements. Developing countries with rising populations, income levels 

and energy use are expected to be increasingly affected by climate change related water 

scarcity issues (Cosbey 2009). Two thirds of world population is expected to live in the 

developing countries by 2025 (Pinstrup-Andersen et al. 1997). Consequently the urban 

and industrial water demand in the developing world is expected to be twice as high 

when compared to the countries in the developed world (Rosegrant et al. 2002; 

Vairavamoorthy et al. 2008). Moreover the urban and industrial growth along with 

improved living standards creates increased demands for energy. The developing 

countries are projected to account for almost 60 percent of the global increase in 

commercial energy consumption by 2020 (U.S. Congress 1991).  Hydropower generation 

which remains an attractive option for energy production in the developing world is also 

affected by the predicted changes in climate. The above mentioned estimations indicate 

impact of climate change (along with the non-climate driven changes) on the water 

demands for agriculture, domestic use, industry and energy production.  
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Assessing the Impacts of Climate Change 
 on Water Resources 

 Assessment of climate change impacts on water resources provides important 

information for the efficient allocation of water and sustainable management of the water 

resources. A framework for climate change impact assessment prepared under IPCC 

suggests seven steps in conducting such assessment (Carter et al. 1994). The “selection of 

analysis methodology” and “definition of climate scenarios” are identified as the most 

important steps in hydrological and water resources impact studies (Arnell 1996). 

Hydrological models can be used to analyze the hydrological implications of changes in 

climate inputs. Water allocation and distribution models utilizing these hydrologic 

responses can be used to evaluate effects on different water user sectors. The current 

study uses the Water Evaluation and Planning (WEAP) model (a network flow simulation 

model) to evaluate a priority based water allocation strategy under a baseline and future 

climate scenarios.  

 An impact assessment compares the conditions before and after a change. The 

baseline period of assessment should be selected based on the objective of the study as 

well as the data availability (Arnell 1996). The selection of a future climate scenario 

could be based on the general circulation model (GCM) outputs. The current generation 

of GCMs simulates the atmospheric circulation, and also represent the relationships and 

fluxes between atmosphere, land surface and oceans. The climate (temperature, rainfall 

etc) predictions are available for different levels of GHG concentrations in the 

atmosphere.  While GCM predictions on climate are available as far as to the end of 

current century, the selection of a future assessment period for water allocation can be 
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constrained by other factors. Evaluating the water management options for future requires 

predicting not only the changes in supply, but also the changes in demands and objectives 

of water allocation. Although numerous techniques are available for predicting the future 

water demands in different water use sectors, their use is limited by the data availability 

and the results are considered relatively uncertain (Stakhiv 1993).    

 
Mitigating the Impacts of Climate Change   

 Most water management systems have experience in coping with natural 

variability in supply and demand as well as maximizing the system reliability. The 

options for mitigating the impacts of climate change are similar. Enhancement of supply 

(new reservoirs, dams, pipelines, diversions, treatment plants, etc.) and management of 

demand (efficiency increase, modifying demand, land use change, etc.) remain important 

tools in minimizing the climate effects (USGS 2000). Traditionally planning, design and 

operations of water projects have relied on historic data. Adaptation to climate change 

requires incorporation of anticipated but at times highly uncertain predictions in to water 

management process. Improved monitoring of climate induced hydrological impacts 

(floods, droughts, water quality, etc.) is required to incorporate local conditions to the 

planning and management of water projects. A greater communication among 

stakeholders (climatologists, hydrologists, water managers, and users) is also essential. 

For planning and management purposes the economic valuations of climate change 

impacts and adaptation options are required. In the case of developing countries, where 

financial resources for adaptation and mitigation of climate impacts are limited, efficient 

use of available water supply infrastructure through management improvements play an 
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important role. Water supply and distribution models are widely used to simulate the 

consequences of climate change and evaluate mitigation measures (Arnell 1996). The 

current study demonstrates the use of a water allocation model, to analyze the climate 

change impacts and evaluate possible mitigation measures in a rural river basin of the 

developing world.  

 
Study Area 

Climate, Topography, and Hydrology 

Walawe River basin has a catchment area of 2471 Km2

The mean temperature in the country ranges from 15.8° C in the central 

mountains to a high of 29° C in the north east coast. The average annual temperature in  

. It is located in southern 

Sri Lanka, which is an island in the Indian Ocean  located between 5° 55'- 9° 55' N and 

between 79° 42' - 81° 52' (Fig. 4.1). Topography of the island consists of a central 

mountainous area surrounded by extensive lowlands. The warm climate of Sri Lanka is 

moderated by the ocean winds. The rainfall pattern in Sri Lanka is influenced by the vast 

Asian Monsoon system. Four climate seasons are observed in the country: two monsoon 

and two inter-monsoon seasons.  Monsoon winds from the northeast, carrying moisture 

from the Bay of Bengal generate the North-Eastern monsoon (NEM) during December to 

February. First inter monsoon season (FIM) occurs during March and April. Winds 

originating from the south- west carrying moisture from the Indian Ocean generate the 

South West monsoon (SWM) rains from May to September. The second inter monsoon 

(SIM) season occurs from October to November.   
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Fig. 4.1 Physical layout of the Walawe river basin, its water resources and demand sites  

 
 the country varies between 26°-28° C. The temperature variation between day and night 

ranges from 4°-7° C. The rainfall and temperature patterns of Sri Lanka are found to be  

significantly influenced during El-Nino Southern Oscillation (ENSO) episodes (Suppiah 

1996; Zubair et al. 2008).   

 The headwaters of the Walawe River basin are located in the aforementioned 

central mountainous area of the island, and receive rainfall during both SWM and the 
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NEM seasons. The average annual rainfall over the basin varies between 2000 mm and 

1000 mm from upper reaches to the coastal plain. The average annual reference 

evapotranspiration in the basin is about 1700 mm. The groundwater recharge in the basin 

is estimated to be about 10% of the annual rainfall. The major land use types in the basin 

are: forests (29%), scrubland (26%), shifting cultivation (23%), rice (10%) and home 

gardens (12 %) (Droogers 2004). The Walawe River runs about 106 Km, mostly along 

the flat plains before it reaches the Indian Ocean. Under natural conditions the average 

annual discharge to sea is about 1 billion cubic meters.  

 
Water Users and Demands 

The major water use in the basin is irrigated agriculture. One minor and two 

major irrigation systems IRR 1, IRR 2, IRR 3 (Fig. 4.1) are located in the basin. The main 

crop grown in these systems is rice. Rice is cultivated during two cropping seasons 

attuned to the occurrence of monsoon rainfall. The average annual irrigation demand in 

the basin for the 1990-99 period equaled 790 MCM.  The irrigation demands of the two 

major irrigations systems are supplied by reservoir R 2 (Fig. 4.1). This reservoir has a 

capacity of 268 MCM.  

The main function of the reservoir R 1 at the upper reaches of the basin is 

hydropower generation. In addition it acts as a flood control reservoir. This reservoir has 

a capacity of 278 MCM. Power station HYDRO at this reservoir is capable of generating 

about 400 GWh annually.  The average annual flow allocated to hydropower generation 

equaled 350 MCM during the 1990-99 period.  
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 Other main water users in the basin include municipal and industrial water users. 

These water uses are concentrated in the urban areas of the basin near the coast. These 

water use sectors indicate a rapid increase in demand due to urban population growth and 

industrial development. During the period of 1990-99 the population in the basin 

exceeded 600,000. However the municipal water demand was represented only by the 

number of households supplied with pipe borne water. This consisted of a small fraction 

of the total population. Therefore during the period of 1990-99 the annual municipal 

water demand increased from 32 MCM to 50 MCM. Majority of urban water demand 

was supplied by the shallow groundwater wells. The annual industrial demand rose from 

5 MCM to 15 MCM during the same period.   

 
Climate Change 

 Analysis of historical records indicates changes in temperature and rainfall over 

Sri Lanka. During 1961-1990 the mean air temperature increased at a rate of  0.016° C 

annually.  The Hambantota meteorological station within the Walawe river basin 

indicated a temperature increase of 0.5° C from 1981-2000 (Droogers 2004). Reduced 

rainfall has been observed during NEM and SIM seasons, while increased variability in 

rainfall is reported during NEM season (Basnayake et al. 2002; Jayatillake et al. 

2005).Changes in rainfall trends are observed (based on 30 year rainfall records) over the 

mountainous regions of Sri Lanka, where the headwaters of Walawe River originate 

(Herath and Ratnayake 2004).   Identifying the past trends in climate, a number of 

attempts have been taken to predict the future rainfall and temperatures using GCM 

simulation outputs. Outcomes from these studies indicate an approximate 2.5 °C (SWM 
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season) and a 2.9°C (NEM season) increase (above the 1961-90 average temperatures) by 

year 2100. Predictions of rainfall vary over a wide range. In addition, Sri Lanka falls in to 

the IPCC’s category of vulnerable small island nations which are predicted to face 

multiple effects of climate change, like sea levels rise, severe droughts and floods (IPCC 

2001). 

 
Methods 

 
Selection of Scenario Time Periods 

 Two simulation periods were selected for comparison of climate change effects 

on basin water users. The baseline period consisted of 10 year period from 1990 to 1999. 

The selection of which, is based on the availability of meteorological, hydrological and 

water demand data. Usually the future time period is selected based on the requirement of 

the analysis. However the prediction of water demands by different water user sectors is 

again limited by the data availability. Analyzing the past trends, available development 

plans and population growth in the basin a ten year period (2041-50), leading to the 

middle of the next century is selected as the future time period of this analysis.  

 
Selection of GCMs and Future  
Climate Scenarios 

The effects of future climate on basin water resources are assessed based on the 

predicted changes in precipitation and temperature. Coupled atmosphere-ocean general 

circulation models (AOGCM) consider a wide range of physical processes occurring on 

land, in the atmosphere and in the upper ocean layer, when simulating the response of the 

global climate system to increasing greenhouse gas (GHG) concentrations. The Fourth 
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Assessment Report (AR4) of the United Nations Intergovernmental Panel on Climate 

Change (IPCC) identifies a number of GCMs that simulate global climate, under a range 

of GHG emission scenarios. While majority of these models agree on their predictions on 

global mean values, significant differences are observed in the predictions at local levels. 

This is due to the structural differences in models and individual model biases (IPCC-

AR4 Chapter 10). This study incorporates rainfall and temperature predictions by 5 

GCMs: CGCM3 (Boer et al. 2000), HADCM3 (Gordon et al. 2000), ECHAM5 

(Roeckner et al. 2003), CSIRO (Gordon et al. 2002) and PCM (Washington et al. 2000). 

In general the atmospheric component of these GCMs has a spatial resolution of 2.75° 

latitude and 3.75° longitude at the equator. This corresponds to a grid cell of 

approximately 275 km by 375 km. From each GCM, precipitation and temperature value 

of the grid cell closest to the study area are selected for the analysis. 

The observed historical mean annual rainfall over the study area could be 

compared with the estimations by the 5 GCM models to identify the GCM model that 

best simulates the basin rainfall. However the annual values may not indicate how best 

the monthly variation is represented. Therefore an analysis is carried out based on the 

model error in estimating historical monthly means of rainfall and temperature for the 

period of 1961-90. Weights are assigned to each model based on the correctness in 

estimating historical values. Separate model weights are calculated for rainfall and 

temperature. Model selection for the analysis is based on these weights. 

 A GCM predicted value of a climatic variable for a given grid cell, represents the 

average value of that variable over that grid cell area. Generally significant scale 

differences exist between the GCM grid cell area and the headwater areas of the river 



112 
basins for which the river flows are needed to be predicted (Leavesley and Hay 1998). 

Effects of meso-scale forcings (topography, coastline, inland water bodies and 

vegetation) on the local climate are not reflected in the GCM predictions (Arnell 1996; 

Giorgi and Mearns 1991). Generally two basic approaches are used to incorporate the 

influence of finer scale topographic and land cover features in to GCM predictions: 

dynamic and statistical downscaling (Wilby and Wigley 1997; Xu 1999). Dynamic 

downscaling refers to regional climate models (RCM) nested within the GCMs. The 

statistical downscaling requires establishing empirical relationships between GCM 

variables at grid scales with the surface variables at sub-grid scales (Wilby et al. 1999). 

Several attempts to investigate the South Asian monsoon dynamics using RCMs are 

available in literature (Ashfaq et al. 2009; Kumar et al. 2006). However due to the 

unavailability of RCM simulation data for the specific study area, a conventional 

downscaling method was adapted for this study. Details of using this method for 

downscaling precipitation and temperature are described in sections below.   

 The IPCC climate scenarios are based on four qualitative storylines that describe 

how the future will develop: A1, economic-global; B1, environmental global; A2, 

economic regional; and B2, environmental regional. Six scenario groups are derived from 

these four categories (families). One group each in A2, B1, B2, and three groups within 

the A1 family, characterizing alternative developments of energy technologies: A1FI 

(fossil fuel intensive), A1B (balanced), and A1T (predominantly non-fossil fuel) (IPCC 

2000).While population growth in the study area remains low the land use changes and 

energy use are increasing. In the absence of one single scenario that describes the 

development conditions within the Walawe river basin, a range of scenarios were 
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analyzed. Accordingly, Scenarios A1B, A2 and B1 are selected for this analysis. 

Characteristics of the selected emission scenarios are given in Table 4.3 in the appendix.  

 
Estimation of Future Water Availability 

 Water availability in the basin under future climate is assessed by calculating 

runoff generated by the predicted rainfall. Each of the five selected GCMs provides 30 

year mean monthly rainfall under A1B, A2 and B1 emission scenarios on a global scale. 

The rainfall flux through the GCM grid cell that is closest to the Walawe River basin is 

selected for this analysis. 

  A downscaling approach described in Droogers (2004) and  Alcamo et al. (1997) 

is used in this work. In this approach the future rainfall is estimated by multiplying the 

measured historical precipitation by a transformation factor. This transformation factor is 

established in the following manner. The GCM estimations of 30 year mean monthly 

rainfall values for the historical (1961-1990) and the future (2040-2069) periods are used 

to calculate the ratio of precipitation change between the historical and future time 

periods. This calculation generates a set of 12 mean monthly ratios (transformation 

factors) of GCM estimated rainfall change. Precipitation in each year of the historic time 

period (1961-90) multiplied by the relevant monthly transformation factor now 

corresponds to the precipitation in future period (2040-69). According to this 

correspondence, the observed precipitation of 1962-71 can be used to predict the 

precipitation in 2041-50 using the calculated transformation factors. This procedure is 

described by Equation 1 in the appendix. This method does not allow incorporating the 
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change in rainfall variance (Xu 1999). However in the absence of high resolution 

predictions of rainfall data for the region, the above approach was selected. 

 In tropical climate runoff is generated by rainfall infiltrating into and flowing 

through soil and the rainfall incident on the saturated areas.  The increased temperatures 

and rainfall can result in loss of soil organic matter, soil cracking and formation of gleyed 

layers within soil (Arnell 1996). This in turn will affect the moisture holding capacity as 

well as infiltration of rainfall through soil. However in the absence of information on the 

relation of soil properties and climate change, future runoff is calculated using runoff 

coefficients estimated for the baseline period. Analysis of available land use maps 

indicates that, the forest covered mountainous headwater areas of this basin have 

remained mostly unchanged during the past 40 years. Therefore, it is assumed that the 

baseline land cover/land use conditions remain unchanged in the basin. 

 In addition to future inflows, changes to the storage capacity also affect the 

surface water availability in the basin.  While capacities of the current reservoirs in the 

basin may remain largely unchanged, the water losses due to reservoir surface 

evaporation may change under future climate. Evaporation from reservoirs is estimated 

for current and future temperatures based on the heat-budget method using Penman 1948 

formula (Vardavas and Fountoulakis 1996).  These evaporation losses are incorporated in 

the corresponding simulation scenarios. 
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Estimation of Future Water Demands 

Irrigation Water Demand 

A major component of irrigation water demand is the crop water requirement for 

evapotranspiration. Evapotranspiration from crop fields is influenced by energy supply, 

vapor pressure gradient and wind. It is also affected by the plant physiology (Allen et al. 

1998). While the maximum energy supply for evapotranspiration is not expected to 

change, net radiation will be affected due to changes in cloud cover, atmospheric vapor 

content, Co2 content and surface temperature. The increased Co2 concentrations affect 

the plant growth rates and stomatal conductance rates (Arnell 1996; Drake 1992; Kimball 

et al. 1993). Moreover crop biomass increase under elevated Co2 concentrations is 

dependent on a range of factors: crop type, crop water stress, nutrient supply etc. Recent 

studies have revealed that changes in temperature and precipitation can offset the effects 

of increased Co2

Detailed crop modeling under a range of models and range of water availability 

conditions are required clarify this uncertainty. Literature reveals some efforts that have 

satisfactorily modeled the crop response for Co

 concentration on plants (IPPCC 2007). Therefore the overall effects of 

climate change on crop evapotranspiration remain uncertain.  

2

Future changes in average surface temperature over the study basin are estimated 

based on the predictions of 5 GCMs described above. Downscaling is similar to the 

 effects (Asseng et al. 2004; Ewert et al. 

2002). However within the scope of this study only two aspects of climate change on 

irrigation demand is evaluated: 1) the effects of temperature increase on crop 

evapotranspiration water demand and 2) the change in rainfall over the crop growing 

areas (change in the rain-fed portion of crop water requirement).  
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above mentioned procedure for downscaling rainfall (Alcamo et al. 1997; Droogers 

2004). The GCM predicted changes in temperatures are estimated as the difference of 

model predictions for historic and future periods. This offset value should be then applied 

to the measured historic values to calculate future temperatures. The relevant 

transformation is shown in Equation 2 in the appendix.  

For the purpose of estimation of reference evapotranspiration, it is assumed that 

minimum and maximum deviations in future mean monthly temperatures remain similar 

to the current conditions. The FAO Penman-Monteith method is used to estimate 

reference evapotranspiration. Other climatic parameters required are estimated based on 

the predicted temperature.  Crop evapotranspiration is calculated using the current crop 

coefficients assuming no change. 

The crop growing areas in the study basin are both rain-fed and irrigated. The 

rainfall on command and surrounding areas plays a major role in defining irrigation 

requirement. The current cropping seasons are scheduled to coincide with the two 

monsoon seasons. Consequently the current irrigation demands correspond to the rainfall 

deficiency during the cropping season. GCM predicted changes in magnitude and 

seasonality of rainfall will have a significant effect on the irrigation water demand. To 

estimate this effect, rainfall incident on the largest command area in the basin was 

calculated under current and future rainfall scenarios.  

 
Hydropower Water Demand 

The amount of power generated at reservoir R 1, is based on the national power 

demand. However, along with hydropower there are a number of other power generation 
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sources that supply the national power demand. Statistics indicate that the role of 

hydropower in supplying the national demand in the country has been declining due to 

uncertainty related to rainfall availability (Somatilake 2002).Moreover, the power station 

at reservoir R 1 feeds into a national power grid along with other hydropower stations, 

and the actual distribution of future demand among these hydropower stations remains 

unknown. However the total predicted demand is expected to exceed the supply 

generated by the available power generation facilities. Therefore it can be assumed that 

power station at reservoir R 1 will operate utilizing the future inflows up to the limit of 

storage and generation capacities of current infrastructure. The implications of future 

supply and demand pattern changes on hydropower generation were studied in this work. 

Three annual water demand patterns for hydropower production were analyzed: 

variable, fixed and step wise (2-step). A variable water demand curve represents the 

average monthly variation of demand for hydropower within a year. This demand curve 

was derived using actual hydropower water demands for the period of 1999-2003 at 

reservoir R 1. A fixed demand curve assumes a fixed flow rate through turbines. A range 

of flow rate values were evaluated to establish a constant rate that maximizes the power 

output under the available inflow patterns and storage. The step wise (2-step) water 

demand curve was designed to demonstrate the possibility of using the increased flows to 

increase power production in the future. The step wise demand curve utilized in the 

simulations of this study represents two levels of demand that correspond to the high and 

low inflows periods of the year. The turbine flow rates for the high and low steps were 

estimated through a trial and error basis. Derivation of optimal hydropower demand 

curves that maximize the power generation falls outside the scope of this paper. 
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  The power generated under each demand curve is a function of the turbine flow 

discharge, the hydraulic head under which the turbines operate, and the efficiency of the 

turbine-generator group. Usually the amount of energy generated by a power plant is 

expressed by the energy rate function (ERF) (Diaz et al. 2000). The ERF calculates the 

amount of energy (in KWh) generated by the power plant per unit volume of water (in 

m3

 

) per unit time (in 1 hour). A simplified ERF is derived by assuming the effective head 

as a linear function of reservoir storage. An ERF for reservoir R 1 is derived based on a 

range of water surface elevation and corresponding energy storage data available.  

Municipal and Industrial Demands 

 The future water demand for municipal and industrial sectors in the Walawe  

basin are estimated based on the proposed developments in each sector. The annual water 

demand in municipal sector in 1990 was 5.72 MCM. According to the Southern Area 

Development Master plan (GOSL 1997) this demand will increase up to 9.11 MCM by 

2015 under the current development plans. In the absence of a better information, the 

same annual rate of increase was assumed to predict the water demands for the simulation 

period from 2041-2050. However these values represent the domestic water requirement 

of a small fraction of population that is supplied with pipe borne water. Majority of 

population in Walawe still relies on shallow groundwater wells to satisfy their domestic 

water demand. A comparison of future groundwater recharge and domestic water demand 

was carried out based on the ECHAM5 rainfall predictions, population projections and 

per capita water consumption in the basin. In the industrial sector annual water demands 
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increased from 32.2 to 42.1 MCM during the baseline period. Water demands for the 

future simulation period were estimated assuming the same annual rate of increase.  

 
Estimation of Climate Change-  
Related Water Deficits 

 The water evaluation and planning (WEAP) model (Yates et al. 2005) is used to 

simulate the water allocation among water users in the basin under future climate 

conditions. This model has been successfully used to analyze the water allocation options 

in river basins with competing water users under current and future climate conditions 

(McCartney et al. 2009). WEAP is a network flow-based water allocation model. The 

water supply, demand locations and the conveyance paths in the basin are modeled as a 

network consisting of arcs and nodes. The inflows to the network, its physical features 

and water demand at each user node are input to the WEAP model. Each model 

configuration is called a scenario and allocation simulations can be carried out on a daily, 

weekly, monthly or annual time step. Model runs can be carried out for multiple year 

simulation periods in a continuous manner. WEAP allocates water to each user node 

based on the priority order, flow and storage availability, equity and other network 

constraints. Unmet demand (deficit) at each user node is calculated at each simulation 

time step. 

 Model runs for the  future  period were carried out under the three SRES 

scenarios described above (A1B, A2, B1) for each of the five selected GCMs. A model 

time step of one week was selected according to data availability. At each run the WEAP 

model simulates 10 consecutive years of water allocation. The model simulated deficits 
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under baseline and future time periods are compared to assess the effects of climate 

change on water demands.   

 
Analysis of Climate Change-Related 
Water Deficits 

Comparison of Rainfall Seasonality  

 It has been observed that generally GCMs predict a change in the monsoon 

rainfall pattern for the South Asian region (IPCC 2007; Kripalani et al. 2007). To verify 

this fact and its effect on the future distribution of monthly rainfall over the study area, 

the mean monthly rainfall predicted by the 5 models was compared with the baseline 

(1990-1999) period rainfall.  Observations for this analysis were used to explain the 

simulation outputs and design mitigation measures.  

 
Comparison of Runoff Variability  

 Increased variability of rainfall and the corresponding shifts in runoff are 

important in determining the basin water availability. A flow duration curve shows the 

proportion of time the river flows exceed a given discharge. By examining the slope and 

the shape of the flow duration curve, the variability of flows can be assessed. The change 

in flow variability in the baseline and the future period is evaluated using flow duration 

curves for the Walawe River and one of its major tributaries.  

 
Climate Change Incorporated Future 
Water Deficits 

 Unmet water demands in each water use sector are analyzed to identify climate 

change incorporated future water deficits. Water deficits are analyzed under monthly and 

weekly time steps to identify the impacts of seasonal variations in rainfall and 
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temperature. Feasible management and structural solutions are proposed considering the 

site conditions, for mitigating the identified deficits.  Additional model scenarios are run 

to test the usefulness of proposed mitigation measures.  

 
Results and Discussion 

Assignment of Model Weights 

 Figure 4.2 compares the measured mean annual rainfall over the study area with 

model estimations, for the historical period 1961-1990. On an annual basis HADCM3 

and ECHAM5 models predict mean rainfall values closer to the basin observations. 

Further, an analysis of mean monthly values (rainfall and temperature) is carried out. 

Each of the 5 GCMs show different degrees of success in estimating the historical 

monthly means of rainfall and temperature in the study basin. Weights are assigned to the 

models accordingly. The ECHAM5 and the PCM models that carry weights 0.31 and 

0.26 perform better in estimating the mean monthly rainfall for the historical period. For 

the purpose of this study, these two models are considered to have a higher confidence in 

predicting future rainfall. The CSIRO, CGCM3 and HADCM3 models carry the weights 

of 0.17, 0.13, and 0.13, respectively.  

 The PCM model with a weight of 0.40 performs best in estimating the mean 

monthly temperature for historical period. The CSIRO, ECHAM5, CGCM3, and 

HADCM3 models carry weights of 0.25, 0.14, 0.13, and 0.08, respectively.  The CGCM3 

and HADCM3 models do not perform well in estimating both monthly rainfall and  
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Fig. 4.2 Comparison of measured mean annual rainfall over the Walawe river basin 
(column 1) with estimates of five GCM models for the historical period 1961-90  

 
 

temperature. These results indicate the suitability of a multi-model approach when model 

predictions vary in a wide range.  

 
Assessment of Basin Inflows 

The mean annual rainfall (MAR) over the Walawe River basin is analyzed under 

future rainfall to identify the changes in basin inflows. Figure 4.3 compares the MAR for 

baseline and future time periods as predicted by the five GCM models.  

According to all five models, the MAR in Walawe basin will either increase or 

remain at the baseline level under all three emission scenarios. The high confidence 

rainfall models ECHAM5 and PCM predict a MAR of about 2000 mm for A1B and B1 

scenarios. This is a 25% increase from the baseline scenario. The ECHAM5 model shows 

more variability across emission scenarios when compared to the PCM model. Therefore  
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Fig. 4.3 Mean annual rainfall over the Walawe river basin. Values for the baseline period 
(1990-99) compared with predictions for 2041-50 period under A1B (top), A2 (middle), 
and B1 (bottom) emission scenarios  

 

ECHAM5 predictions are better suited for identifying a wider range of climate change 

impacts on basin water resources. 
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Fig. 4.4 Comparison of mean monthly rainfall over the Walawe  basin under baseline and 
future climate scenarios (A1B-top, A2-middle, B1-bottom): ECHAM5 and PCM  
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The seasonal variation of rainfall within a year has significant impact on water 

allocation. To identify this effect, mean monthly rainfall predictions by the ECHAM5 and 

PCM models are compared to the baseline period. Figure 4.4 shows the mean monthly  

rainfall over the Walawe river basin.  Both models predict an increase in mean monthly 

rainfall during the last five months of the year under the three emission scenarios. 

Moreover the rainfall is predicted to increase in the first inter monsoon season during 

March and April.  

 The magnitude of runoff variability under the baseline and future (EHCAM5-

A1B) scenarios are compared in Fig. 4.5, for the headflows of the Walawe River and for 

one of its right bank tributaries.  In both cases the future flow duration curve lies above 

the baseline curve, indicating that a given magnitude of flow will be exceeded more 

frequently in the future. For example, a head flow discharge of 20 m3

 

/sec  (Fig. 4.5-top) 

that is exceeded 22% of the time in baseline scenario will be exceeded 30% of the time in 

future. However the presence of similar slopes in the flow duration curves indicates no 

significant changes in variability between baseline and future flows.  

Effects of Climate Change on 
Basin Water Users 

 The effects of climate change are assessed by estimating the water deficits in each 

water use sector under baseline and future scenarios. Water supply and demand in each 

water user sector is estimated incorporating the predicted rainfall and temperature 

changes as well as the projected demand expansion of that sector. For the purpose of 

clarity in the analysis that follows, predictions from ECHAM5 and PCM models are 

used. These two models show similar rainfall and temperature response for the study area  
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Fig. 4.5 Flow duration curves for Walawe River headflows (top) and right bank major 
tributary (bottom) : baseline and ECHAM5-A1B scenarios 
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under emission scenarios A1B and B1. Therefore only predictions for scenarios A1B and 

A2 are used in this analysis. Results are shown only for the combination of GCM model 

and emission scenario that has most extreme effects on the water use sector analyzed.  

 
Irrigation Water Demands 

 In estimating the irrigation water demands for the Walawe River basin, several 

assumptions are made. First, the total irrigable area in the river basin is assumed to be 

utilized during the baseline period, and no expansions of agricultural areas are 

anticipated for the future time period. This is based on the available information on land 

resources of the area. The irrigation infrastructure, the water distribution and water use 

efficiencies, cropping patterns, irrigation and farming techniques for the future period are 

assumed to be same as in the baseline period.  Therefore any change in the irrigation 

demand in future is attributed to crop evapotranspiration demand driven by climate 

change.  

The evapotranspiration demand is expected to increase due to temperature effects. 

The highest temperature increase is observed under the A2 scenario. However according 

to EHCAM5 predictions this increase is less than 2° C for the study area. Analysis 

indicates that increase in evapotranspiration requirement for a 2° C increase in 

temperature in the study area is around 1 %. As described before the mean annual rainfall 

over the study area is predicted to increase according to most GCMs considered. 

Therefore the crop ET-related demand increase is expected to be offset by the increased 

rainfall over the command area.  
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In ECHAM5, scenario A1B predicts the highest precipitation and temperature 

increase. Scenario A2 predicts the lowest precipitation increase along with a lower 

temperature increase. To capture the effects of both precipitation and temperature  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6  Comparison of mean monthly irrigation demands (incorporating temperature 
effects) with mean monthly rainfall over the command area in IRR 2 right bank during 
2041-2050 under SRES A1B (top) and SRES A2 (bottom) according to model ECHAM5 
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extremes on overall irrigation demand, two estimations were carried out under the A1B 

and A2 scenarios. The increased irrigation demand and the rainfall over the command 

area were calculated for the largest rice irrigation system (IRR 2 right bank) in Walawe 

Basin. Results are shown in Fig. 4.6. 

Figure 4.6 compares the average rainfall and irrigation demand for the period of 

2041-2050 as water heights over the command area for A1B (top) and A2 (bottom). 

Higher rainfall predicted in A1B scenario is evident in the months of March-April and 

October-November. The increase in ET (and the corresponding irrigation demand) due to 

elevated temperatures are evident in the period from April to August. 

 In both A1B and A2 scenarios, the average monthly rainfall incident on command 

area comprises between 3 – 36 % of the average monthly irrigation demand. Therefore 

this rainfall increase can easily surpass the 1 % demand increase due to temperature 

effects.  However the overall agricultural water requirement is not significantly reduced 

by the rainfall increase during the crop growing months (May-August and October-

January). Therefore supplemental irrigation is required even under the enhanced rainfall 

scenarios.  

 The water allocation options for Walawe irrigation systems are analyzed under 

baseline and future scenarios with WEAP model. The future scenario incorporates the 

rainfall and temperature effects as predicted by ECHAM5 model for A1B. The annual 

irrigation deficit in Walawe irrigation systems in the baseline period is about 1 % of the 

annual demand. This deficit occurs in the months of April and October, when land 

preparation of the rice fields occur. According to the simulations, during 2041-50 period  
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Fig. 4.7 Comparison of annual irrigation allocation in Walawe river basin under baseline 
and future (ECHAM5-A1B) climate scenarios  

 
 
irrigation deficits do not exist. Moreover the irrigation allocation is reduced due to the 

increased rainfall on command area. Figure 4.7 compares the annual irrigation supply 

during the two periods. The reduction in irrigation requirement varies between 3 – 16 % 

during the 10 year period analyzed.  

 
Hydropower Generation Water Demands 

 The annual inflows to reservoir R 1 under baseline and future scenarios are shown 

in Table 4.1. The A1B scenario shows an increase up to 40% and A2 shows an increase 

up to 30% compared to the annual inflows for the baseline period. However several years 

show a reduction of inflows to reservoir R 1. These correspond to the years of baseline 

period where  inflows significantly surpass historical mean values. Hydropower  
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Table 4.1 Annual inflows to reservoir R 1 under Baseline (1990-99), A1B (2041-50), and 
A2 (2041-50) scenarios based on ECHAM5 predictions 

Year Baseline A1B    A2 
 MCM  MCM (%) a MCM (%) 
1 422.9  499.0 (18) 484.0 (14) 

b 

2 464.5  648.9 (40) 592.2 (28) 
3 362.2  418.3 (16) 383.3 (6) 
4 467.1  553.2 (18) 534.4 (14) 
5 379.6  500.2 (32) 455.0 (20) 
6 410.7  432.0 (5) 388.4 (-5) 
7 313.7  387.3 (24) 366.3 (17) 
8 514.5  423.1 (-18) 400.8 (-22) 
9 371.4  404.3 (9) 360.4 (-3) 
10 405.1  569.9 (41) 532.0 (31) 
a, b 

 

Percentage of increase from Baseline scenario 

generation at reservoir R 1 is further analyzed based on the A1B and A2 scenarios which 

show the highest and the lowest inflows in ECHAM5 predictions. The hydropower 

generation is analyzed under three power generation modes. In the variable mode weekly 

flows through the turbines vary according to the national power demand. A variable 

mode demand curve (weekly variation of flows through turbines) is developed based on 

the observed data on national power demands. In the fixed power generation mode the 

weekly flow through turbines is fixed to a given discharge rate. Fixed discharge rates 

which generate maximum hydropower output were estimated by trial and error method 

for the baseline and future scenarios. As seen from Fig. 4.4 both ECHAM5 and the PCM 

models predict an increase in precipitation in the latter part of the year. Therefore a third 

mode of operation called 2-step mode was tested to verify the feasibility of increased 

power generation during the last five months of the year. Table 4.2 shows the total 

hydroelectric power generated (during the 10 year simulation period) under the three 

power generation  
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Table 4.2 Total hydroelectric power generated, unmet turbine flow demand and reservoir 
spills, under three power generation modes during the 10-year simulation periods 

Power Generation Climate Power Generation Unmet Demand Reservoir Spills  
Mode  Scenario  (GWh) (%) a

 Baseline 2762  0 0  

 (MCM) (MCM) 

Variable A1B 3248 (18) 0  233 
 A2 2982 (8) 75  78 

 Baseline 2678  0  149 
Fixed A1B 3246 (21) 116 62 
 A2 2982 (11) 36  132 

 Baseline 2217  990 0 
2-step A1B 3173 (43) 399 0 
 A2 2743 (24) 626 0 
a

 

 Percentage of increase from Baseline scenario 

modes in baseline and two future scenarios. The corresponding turbine flow deficits and 

reservoir spills are also shown in the table. 

Results on Table 4.2 indicate that any of the three power generation modes can be 

utilized to generate a comparable amount of hydroelectric power. However the reservoir 

spills and amount of  turbine flow deficits will vary. In A1B scenario (with highest 

inflows) the power generation is increased between 18 - 43 % from the baseline under the 

three power generation modes.  In the A2 scenario (with lowest inflows) this increase is  

between 8 – 24 % from the baseline. The effects of fixed flow rates through the turbines 

are shown under the fixed mode of operation. A 6 MCM weekly discharge under the 

baseline conditions generates a maximum power output while supplying the demand with 

no shortages. However under A1B scenario, an 8 MCM weekly flow through the turbines 

generates the maximum total power output. Under A2 scenario, a 7 MCM weekly flow 

generates the maximum power output. A fixed water allocation for hydropower 

generation will create reservoir spills in all three scenarios. During the 10-year simulation 
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period, there are several occasions when turbine flow demand is not fully met under A1B 

and A2 scenarios. As expected a 2-step power demand curve can utilize the increased 

inflows during the latter part of the year to increase power generation. In this study a 

simple 2-step demand curve was employed to evaluate the effects. An extensive analysis 

with a range of stepwise demand curves is required to reveal the optimum operation. 

However these preliminary results indicate that a step wise mode can be designed to 

maximize the power generation while minimizing the reservoir spills. 

 
Flood Control Requirements 

 In future the flood control capacity of reservoir R 1 will play an important role 

due to the predicted increase in Walawe River flows. As the primary release of water  

   

 

 

Fig. 4.8 Average monthly percentage of volume available in the flood control zone in 
reservoir R 1 under variable, fixed, and 2-step power generation modes for A1B emission 
scenario in 2041-50. 
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from the reservoir R 1 is for hydropower generation, its flood control capacity is 

dependent on the selection of power generation mode. Figure 4.8 shows the average 

monthly availability of flood control zone in reservoir R 1 under the three power 

generation modes for A1B scenario.   

 Up to 60% of the reservoir’s flood control zone is available throughout the year 

irrespective of the power generation mode employed. Under the 2-step mode, the flood 

control zone is completely available throughout the year, except in the months of April 

and May. The fixed mode leaves the flood control zone empty during June to October. 

For the rest of the year the flood control zone is available between 80 - 90% of its 

capacity.  The variable mode leaves the least available volume in the flood control zone 

throughout the year. Finally this analysis indicates that under all three modes, more than 

75% of the flood control zone remains empty during the months of January-February and 

July-August that proceeds the high rainfall season.  

 
Municipal and Industry Water Demands 

 The pipe borne municipal water demands in the study area are significantly low 

when compared to the industrial demands and can be supplied under A1B scenario 

without shortage. The overall domestic water demand (estimated based on an annual 

population growth rate of 0.904 % and per capita water consumption of 50 liters/day) 

ranged from 38.4 mcm/year to 41.6 mcm/year for the 2041-50 period. The estimated 

groundwater recharge (10 % of rainfall over the catchment area) in both A1B and A2 

scenarios can easily surpass this demand (Fig. 4.9).  
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Fig. 4.9 Comparison of basin groundwater recharge with estimated domestic water 
demand in 2041-50 (under A1B and A2 scenarios: ECHAM5).  

 
 
  

  

 

 

 

 

 

 

 

 

Fig. 4.10 Percentage of industrial demand deficits under baseline (1990-99) and future 
ECHAM5-A1B (2041-50) scenarios 
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 Figure 4.10 shows the percentage of industrial water deficits under baseline and 

future (ECHAM5-A1B) scenarios. Although the figure indicates that an increased 

percentage of demand can be satisfied in most of the future years, it also shows that 

annual industrial water shortage can reach up to 10% of the demand during dry years.  

 A detailed analysis at a weekly time step indicates that maximum weekly shortage 

does not exceed 0.5 % of the demand.  This indicates the presence of frequent but low 

magnitude shortages throughout the analysis period. The possibility of overcoming these 

shortages by incorporating additional storage capacity to the supply network was 

analyzed. As part of this analysis the annual river flows under A1B scenario in the 

Walawe River near the water abstraction point for industry was calculated. These flows 

are then compared to the predicted annual industrial water demands. The average annual 

flows surpass the industrial demand by several times in all the 10 years of analysis, 

indicating the feasibility of the proposed solution. 

 The effects of additional storage in the system are evaluated by incorporating a 

reservoir with the capacity of 15 MCM to the supply network. The maximum storage 

capacity was selected arbitrarily. However the topography of the region and the 

increasing demand on land resources prohibit construction of a larger reservoir at this 

location. Results from this analysis indicated that by increasing the storage capacity all 

the industrial water deficits can be mitigated. Moreover simulation results indicate that by 

creating a 15 MCM storage reservoir at the lower reaches of Walawe River, up to  

threefold increase of municipal and industrial demands can be accommodated without 

incurring water deficits in either sector under the A1B scenario in future.  
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Summary and Conclusions 

The current GCM models have low spatial resolutions in their predictions of 

future rainfall and temperatures. While majority of these predictions agree on global 

means of climate change, the regional level predictions vary within a wide range. In the 

absence of regional climate models, water resources planning in the developing world 

river basins need to incorporate effects of climate change, based on the downscaled GCM 

predictions. Employing detailed downscaling methods can be as data intensive as 

building regional climate models. Therefore the use of simple statistical methods is 

preferable for predictions in rural river basins of the developing world. 

   The analysis indicates an increase of rainfall over the basin in all future emission 

scenarios. The last five months of the year are predicted to receive increased 

precipitation. This implies an increase of precipitation during the latter months of SWM 

and early months of NEM seasons. This change in inflow seasonality affects the basin 

water availability for users. 

  The irrigation water demand in the basin has a seasonal variation. Current 

cropping seasons are attuned to the monsoon rainfall pattern of the past decades. 

Moreover the selection of crop type, number of cropping seasons, farming techniques, 

water use efficiencies etc., are all dependant on the timing and the magnitude of monsoon 

rainfall. The anticipated changes in seasonality of rainfall calls for an overall 

reorganization of the crop cultivation process in the basin. 

 The individual effects of temperature and precipitation increase on crop water 

demand were analyzed separately for a selected irrigation system. The influence of 

increased Co2 levels was not considered in this analysis. The results show that crop 
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irrigation demand increases by 1% in response to the anticipated 2° C temperature 

increase. The increase of rainfall over the command area easily compensates the 

additional evapotranspiration demand created by increased temperatures. In fact, due to 

increased precipitation the overall irrigation demand is reduced between 3-16% during 

the analysis period.  Simulation results do not indicate water deficits in the irrigations 

systems in the Walawe River basin in future.   

 The hydropower generation in Walawe River basin is mainly constrained by the 

flow availability. Due to the high demand for electricity in the country, reservoir R 1 

power plant is required to produce hydroelectric power at its maximum capacity. The 

possibility of increasing the power generation under baseline and future scenarios were 

evaluated using different demand configurations (operation modes). The results show that 

increased inflows in future years can considerably enhance the annual power production 

under all three demand configurations tested. However each configuration has a different 

effect on the reservoir spills, unmet power demand, flood control zone availability etc. 

The analysis indicates that current infrastructure can be utilized to significantly enhance 

hydropower generation under future climate conditions. 

 Flood control plays an important role in the case of increased future inflows. The 

flood control capacity of reservoir R 1 is studied to understand the implications. 

Hydropower generation necessitates keeping elevated reservoir levels while flood control 

concerns require keeping the flood control zone free in the months preceding high rainfall 

season. Results from the analyses indicated that 75% of the flood control zone remains 

empty before the rainy season. It also showed the influence of hydropower generation 

mode (demand configuration) on the flood control capacity.  
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  The municipal water demand both pipe borne and groundwater based, can be 

fully supplied under baseline as well as future climate scenarios. The water quality 

requirements are not considered in this work. However past records show increased 

salinity levels (due to backwater effects) affecting the municipal water abstraction during 

dry periods. A climate change driven sea level rise may aggravate this situation.  

Industrial water requirements in the Walawe basin face water deficits under 

baseline as well as future climate scenarios. The shortages in the baseline scenario reach 

up to 14% of the annual demand. Provision of storage capacity can mitigate the shortages 

in both scenarios. This also enables to increase municipal and industrial water supply by 

several times.  

 The above discussed indicate the possible impacts of climate change on the water 

availability for basin water uses in the example of Walawe river basin in Sri Lanka. It 

also describes some mitigation measures which could be useful in minimizing the 

negative effects. This work also demonstrates how large scale predictions by GCM 

models can be used to formulate basin scale water allocation decisions.  
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Appendix 

Table 4.3 Characteristics of emission scenarios A1B, A2 and B1 
Emission scenario characteristic A1B A2 B1 

Population growth Low High Low 
GDP growth Very High Medium High 
Energy use Very High High Low 
Land use changes Low Medium/High High 
Resource availability Medium Low Low 
Phase of technological change Rapid Slow Medium 
Source: IPCC Special Report on Emissions Scenarios, 2000 
 

 

Formulae for downscaling GCM predictions of precipitation and temperature: 

EQUATION 1. 

 𝑃𝑃𝐺𝐺𝐺𝐺𝐺𝐺 ,𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 �
𝑃𝑃�𝐺𝐺𝐺𝐺𝐺𝐺 ,𝑓𝑓𝑓𝑓𝑓𝑓

𝑃𝑃�𝐺𝐺𝐺𝐺𝐺𝐺 ,ℎ𝑖𝑖𝑜𝑜
� 

where 

      𝑃𝑃𝐺𝐺𝐺𝐺𝐺𝐺 ,𝑓𝑓𝑓𝑓𝑓𝑓  - transformed future precipitation (future time period) 

      𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜        -  observed precipitation (baseline time period) 

     𝑃𝑃�𝐺𝐺𝐺𝐺𝐺𝐺 ,ℎ𝑖𝑖𝑜𝑜   - GCM estimated average historical precipitation (historic time period) 

     𝑃𝑃�𝐺𝐺𝐺𝐺𝐺𝐺 ,𝑓𝑓𝑓𝑓𝑓𝑓  - GCM estimated average future precipitation (future time period) 

 

EQUATION 2. 

            𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺,𝑓𝑓𝑓𝑓𝑓𝑓  = 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜   + �𝑇𝑇�𝐺𝐺𝐺𝐺𝐺𝐺,𝑓𝑓𝑓𝑓𝑓𝑓   −  𝑇𝑇�𝐺𝐺𝐺𝐺𝐺𝐺,ℎ𝑖𝑖𝑜𝑜� 

where 

   𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺,𝑓𝑓𝑓𝑓𝑓𝑓   - transformed future temperature (future time period) 

    𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜          - observed temperature (baseline time period) 

  𝑇𝑇�𝐺𝐺𝐺𝐺𝐺𝐺,ℎ𝑖𝑖𝑜𝑜     - GCM estimated average historical temperature (historic time period) 

   𝑇𝑇�𝐺𝐺𝐺𝐺𝐺𝐺,𝑓𝑓𝑓𝑓𝑓𝑓   - GCM estimated average future temperature (future time period)               
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CHAPTER 5 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

 
 This dissertation analyses the challenges to water allocation in the rural river 

basins of the developing world in the example of Walawe River basin, Sri Lanka where 

multiple water users compete for limited water resources. A methodology is developed to 

analyze the water supply demand situation in rural river basins under priority based water 

allocation which is observed in majority of developing world river basins. This 

methodology which utilizes a network flow simulation technique, allows calculating 

allocation schedules under different priority settings. The objectives of water allocation in 

the basin are expressed in terms of priority settings. The resulting allocation schedules are 

used to estimate the socio economic consequences. The methodology is applied to 

analyze the water allocation in Walawe basin under a baseline (1990-1999) and a future 

(2041-2050) demand-supply conditions. Different demand management options are also 

evaluated using the proposed methodology. This chapter provides a summary of the 

study, conclusions and recommendations for future research.  

 
Summary 

Initial Assessment of Water Supply,  
Demand, and Scarcity Issues 

The first major chapter of this dissertation is focused with the analysis of water 

supply and demand situations found in the rural river basins of the developing world, in 

the typical example of Walawe River basin. First, the quantities and patterns of water 

supply and demands in each water use sector are established based on available data. 
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Second, the current water scarcity issues and possible reasons for their existence in the 

basin are identified. Finally some commonly proposed solutions to the water shortages in 

the basin are analyzed.     

The water availability in the basin is analyzed by calculating the annual water 

budgets at upper, middle and lower reaches of the Walawe basin. The average annual 

values of water inflows and depletion are used in this calculation. The analysis indicates 

that between 27-44 % of inflows are available for use in the basin at selected locations on 

an annual basis. The seasonal variation of the supply is then analyzed based on 40 years 

of monthly inflows to reservoir R 2. Two high inflow periods are identified during March 

to May and October to December periods. The irrigation and hydropower demands in the 

Walawe River basin are highly seasonal. Comparison of demand and supply patterns 

indicates that, despite surplus water availability on an annual basis, shortages can occur 

due to seasonal variation of supply and demand. The period of July to September is 

identified as critical for both hydropower and irrigation water supply. In addition, the 

spatial locations of demand sites in relation to the water source can trigger water 

shortages. 

The reasons for current water shortages in the basin are identified as (1) non-

availability of water at the source or the allocation to high priority users; (2) increased 

crop areas with time and high cropping intensity; (3) limitations in the physical 

infrastructure design, construction, operation, and maintenance; (4) absence of a strict 

water management practice; and (5) emergence of new water users with increasing 

demand. The results suggest that management interventions are preferable compared to 
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capital intensive infrastructural improvements and this may be the situation with other 

river basins of the developing world. 

Several management options are analyzed to identify their impact on mitigating 

water deficits in the basin. The irrigation water use efficiencies in rice cultivation are 

considered low due to highly permeable soil conditions, extended land preparation 

periods and inefficient farming techniques. Replacement of rice crop with banana at the 

Walawe basin indicated an annual reduction of irrigation demand up to 50%. However 

the food security in the country is largely dependent on rice production. Moreover there 

are cultural and social impacts of such decisions. The low water use efficiency in 

irrigation leads to investigate the possibility of reallocation water to hydropower 

generation. Analysis indicated a 5 fold increase in net economic gain from 1 m3

 Food production remains the main economic activity of the population in 

developing countries, which is generally undertaken within the rural areas.  Analyses 

carried out in this section of the dissertation indicate that there are many common causes 

for the water allocation challenges faced by agriculture and other water users in a rural 

river basin of the developing world. Improved water allocation methods and demand 

management strategies can provide affordable and sustainable solutions to the allocation 

 of water 

reallocated from irrigation to hydropower at Walawe basin. In Walawe a complete 

reallocation of irrigation water is not possible due to the holding of senior water rights by 

the irrigation water users. It was also found that changing the hydropower generation 

mode from variable to fixed mode enables a 5% increase in annual power output utilizing 

the current infrastructure. This mode of operation allowed of releasing the supplemental 

irrigation flows to the downstream reservoir during the dry months of the year.   
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problems. However, solutions should consider the specific characteristics and socio-

economic constraints of each basin.  

 
Evaluation of Water Allocation and  
Demand Management Strategies 
 

The second major chapter of this dissertation develops a methodology to evaluate 

the water allocation and demand management strategies on basin water users and the 

socio-economic impacts of such actions. The allocation strategies are formulated under 

the preference based allocation method commonly observed in developing world rural 

river basins. First a water balance study is conducted to ensure that supply conditions in 

the basin are correctly identified. Second, a methodology is developed to enable 

simulating the selected water allocation strategies and estimating the corresponding 

supply and deficit situation at each water user. Simulations were conducted for water 

allocation strategies selected based on the regional and national priorities of water 

resources development in the study area. Finally the impacts of allocation strategies are 

evaluated using a set of indices that reflect the system’s performance (in satisfying the 

demands) and the corresponding socio-economic impacts. 

The water supply to the Walawe basin is estimated as the runoff from 11 sub 

catchments.    Weekly rainfall data from 11 rain gauges in the basin for a 10 year period 

was used in this analysis. Conversion coefficients established by previous studies were 

used to calculate the runoff. The flows estimated are compared to the measured river 

flows at two locations of the main river reach. In 8 out of 10 years, the estimated and 

measured annual flows agree above 80%.  Considering the limited data availability this 
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agreement is assumed adequate for the purpose of this analysis. The calculated river and 

tributary flows represent the supply situation in the basin for the analysis period. 

The allocation simulations were conducted based on the proposed methodology 

and used a network flow simulation model (WEAP) where, the water courses connecting 

the water users and reservoirs are represented in a network consisting of arcs and nodes. 

The preference based allocation is simulated by assigning a priority number to each water 

user in the network. The physical conditions in the water distribution network are 

formulated as a set of flow constraints in the network model. The network flow 

simulation software tool  iteratively simulate allocation to each water user in each 

consecutive week throughout the simulation period.  

The supply (and deficit) volumes under different allocation and demand 

management strategies are compared using shortage, reliability, resilience and 

vulnerability indices. According to the results, prioritizing of irrigation over hydropower 

generation is beneficial in Walawe. First, it allows preserving the senior water rights of 

the irrigation system IRR 1. Second a 38% reduction in annual irrigation deficits can be 

achieved during the 10 year analysis period. In addition, the annual reduction in 

hydropower generation due to such prioritization is less than    0.5% in each year of this 

period. Prioritizing irrigation between the left and right bank command areas of IRR 2 

allows to increase the paddy yield by 2% , reduce the number of farmer families affected 

due to irrigation deficits by 30% and increase the overall economic gain by 15.2 million 

dollars during the study period. Demand management options evaluated for hydropower 

generation indicates the possibility of increasing the annual power output up to 40% in 

each year of the study period. The analysis in the previous section indicated the 
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possibility of reducing the irrigation demand by 50% in IRR 1 by changing crop type 

from paddy to banana. This reduction in water demand at irrigation system IRR 1 showed 

a decline in shortages (shortage index reduced from 0.25 to 0.07), increased reliability in 

supply (reliability index increased from 0.72 to 0.97), increased system resilience to 

shortage (resilience index increased from 0.42 to 0.83) and reduced system vulnerability 

to deficits (volume vulnerability reduced from 0.85 MCM to 0.43 MCM and time 

vulnerability reduced from 9 weeks to 2 weeks).  Upgrading the irrigation system 

(resulting in a 30% reduction in irrigation demand) showed the possibility of satisfying 

the water demands of all the users below the reservoir R 2 without shortage.  

The work conducted under in this chapter indicated that (1) data available from 

multiple sources and different analysis / interpolation techniques can be successfully used 

to estimate the water allocation options under data scarce conditions commonly found in 

the developing world; (2) a network flow based simulation technique such as the WEAP 

simulation model, can be used to evaluate different water allocation strategies and 

estimate their socio-economic impacts; (3) Improvement to water management 

(allocation prioritization, demand management etc.) can reduce the water shortages, 

increase productivity and reliability of the Walawe basin water uses. Overall this chapter 

demonstrated a methodology that, while catering to the site specific conditions, draws on 

the strengths of simulation based techniques to evaluate typical management 

improvement options and their socio-economic consequences for water allocation in rural 

river basins. 
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Assessment of Climate Change Impacts on Water  
Supply, Demand, and Scarcity with Corresponding  
Mitigation Measures 

 The final major chapter of this dissertation analyses the impacts of global climate 

change on the water resources and demands in the Walawe River basin. The Walawe 

river basin is located in the tropical region, where an increase in both temperature and 

precipitation is predicted by majority of general circulation models under the emission 

scenarios considered (A1B, A2 and B1).  First, a range of GCMs are analyzed based on 

their estimation of historical climate (1961-1990), to identify the models that best predict 

the rainfall and temperature over the Walawe basin. Second, rainfall and temperature 

predictions from selected models for the future time period (2041- 2050) are used to 

calculate the future water supply and demands in the basin. The impacts of non-climate 

driven changes (population growth, urbanization, industrialization etc.) are also 

considered in projecting the future water demands. Finally, the water demand supply 

situation is simulated for the future time period and is compared with the baseline time 

period (1990-1999). Possible impact mitigation and productivity improvement options 

are analyzed for each water use sector. 

 The best estimations of historical precipitation over the Walawe river basin are 

given by ECHAM5 and PCM models. The best historical temperature estimation is given 

by the PCM model. The ECHAM5 model predicts higher temperature and rainfall values 

for the future period. Moreover the variability of these values is high when compared to 

the PCM model. Therefore the ECHAM5 model predictions are selected for estimating 

the future water supplies and demands. The A1B and A2 emission scenarios (under 

which ECHAM5 model demonstrate extreme values of rainfall and temperature) are 
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selected for the analysis. ECHAM5 predicts a 25% increase in the mean annual rainfall 

over the Walawe basin for the future period. The maximum temperature increase over the 

basin is about 2° C. The model predicted climate data are downscaled using a commonly 

used downscaling method (Chapter 4) to relate them to catchment scale. Rainfall data are 

converted to runoff assuming no major change in basin land use and land cover between 

baseline and future time periods.  

Due to land resource limitations an agricultural area expansion is not expected in 

the Walawe irrigation command area. The results show a reduction in average monthly 

irrigation demand due to increased rainfall over command area. This reduction varies 

between 3 to 36% for A1B and A2 in the irrigation system IRR 2. However the increase 

in evapotranspiration demand (due to temperature increase) is just 1% of mean monthly 

irrigation demand. Therefore the increased rainfall compensates the increase in 

evapotranspiration demand. Accordingly no irrigation water deficits are observed in the 

future time period and the reduction in irrigation requirement between the baseline and 

the future periods vary between 3 to 16% during the 10 years of analysis.  

The increase in annual inflows to the hydropower reservoir is 30% in A2 and 40% 

in A1B scenarios. Under different operational modes an increase between 18 to 43% in 

power generation can be achieved in the future under A1B. The more restrictive A2 

scenario allows an increase between 8 to 24% in power generation utilizing the current 

infrastructure. The available flood control capacity of the reservoir R 1 is dependent on 

the power generation mode. The 2-step power generation modes leaves flood control 

zone free throughout the year except in the months of April and May. The variable power 

generation mode is the least favorable for preserving flood control capacity.  The 
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domestic water demands in Walawe face no deficits in the future time period. The 

increased recharge of groundwater easily surpasses the predicted domestic demands in 

2041-2050. The annual industrial water demands will face deficits up to 10% during the 

future period. However theses deficits can be fully eliminated (and demands can be 

expanded up to 3 times) by providing a 15 MCM storage capacity in the low reaches of 

the basin.  

 Overall the water resources supply and demand situation for Walawe river basin 

has a positive outlook up to the middle of next century. The enhanced supply surpasses 

anticipated demand increase in all major water user sectors. However this analysis does 

not consider water quality and environmental aspects that may significantly influence 

actual availability of water for allocation. Moreover the situation at the Walawe basin 

may not be representative of the many rural river basins in the developing world, where 

extreme climatic variability (severe droughts and floods) is predicted. However this 

analysis provides an insight into how currently available climate predictions can be 

incorporated to improve the water allocation decisions made in rural river basins.  

 
Conclusions 

The analysis and simulation of water allocation in the Walawe river basin was 

conducted under limited data availability, which is a common phenomenon in river 

basins of the developing world. However all possible measures were taken to ensure the 

assumptions made herein are consistent with the realities observed in the basin. The 

simulations of water allocation conducted here does not represent a comprehensive 

optimization analysis where allocation schedules are optimized to achieve a specific 
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objective (net economic benefit, social gains etc). On the contrary the current study 

analyses the possibilities for improvements to prioritization and demand management 

options, that increase the socio economic and environmental benefits with the use of a 

network flow based simulation technique. The conclusions drawn from this study can be 

summarized as follows: 

1. Annual water balance indicates that up to 44% of inflows are still available for 

water users. However due to the monsoonal climate significant seasonal 

variations are observed in supply. The rice-based agricultural systems in Walawe 

are partly rainfed and are sensitive to this seasonal variation of rainfall. In 

addition, the low efficiency in irrigation water use (conveyance, distribution and 

application) produces significantly high water use that leaves no carry over 

storage in the reservoirs from year to year. Poor water management, physical 

infrastructure deficiencies, and other socio-economic factors also contribute to the 

irrigation deficits that are observed in the Walawe basin. 

2. Preference based water allocation remains a feasible option for water allocation 

among competing water users in the Walawe River basin. Prioritization of water 

allocation to selected sectors enables achieving water resources development 

goals. Prioritizing irrigation over hydropower generation at reservoir R 1 reduces 

the average annual irrigation deficits in system IRR 1 by 38% while the 

corresponding reduction in annual hydropower production is insignificant due to 

the differences in volumes involved. Prioritization also affects the economic and 

social outcomes. By prioritizing allocation to the left bank crop area of IRR 2, an 

average increase of 1 million US dollars in economic benefits can be achieved 
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annually. The number of farmer families affected by water deficits can be 

minimized by prioritizing the allocation to cropping areas on either bank of the 

irrigation system IRR 2. Giving similar priorities to both bank increases the 

number of farm plots and families affected by water deficits. 

3. Demand management through water use efficiency increase in agriculture remains 

an attractive option for reducing irrigation water deficits and finding opportunities 

for water re-allocation to other sectors in the basin. Crop changes at IRR 1, enable 

irrigation water savings up to 50%. This increases supply reliability (reliability 

index increase from 0.72 to 0.97), reduces water shortages (shortage index 

reduces from 0.25 to 0.07) and increases the system resilience to deficits 

(resilience index increases from 0.42 to 0.83). A 30% irrigation demand reduction 

achieved through irrigation system upgrade can eliminate deficits in all user 

sectors below reservoir R 2. This also increases the annual flows in the lower 

reaches of Walawe River by 49%, providing more opportunities for expansion in 

industrial and municipal sectors.  

4. The economic gain from 1 m3 of water allocated to hydropower generation is 

about 5 times more when compared to irrigation. Therefore hydropower remains 

an attractive option for increasing economic gain. However the competition 

between hydropower and irrigation water demands in Walawe is minimal, due to 

the upstream location of the power plant. The mode of power generation can 

influence the power output, flood control capacity and irrigation releases to 

downstream from reservoir R 1. Complete reallocation of water to hydropower 

generation under fixed mode of operation can enable releases to downstream. 
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Theses releases may be used to supply 3%, 6% and 29% of the downstream 

irrigation demands in the water short months of July to September. The increased 

flows predicted due to climate change can also be utilized using different 

operation modes. While variable and fixed modes can generate maximum power 

output the stepwise operation mode provides enhanced flood protection at 

reservoir R 1. 

5. All 5 climate models considered agree that rainfall over Walawe basin will either 

remain same or increase by the middle of next century. Models that estimate the 

historical rainfall with higher success predict a 25% increase in average annual 

rainfall compared to the baseline period. The predicted maximum increase in 

temperature over the basin is 1.9 °C. The overall effect of rainfall and temperature 

change on crop water requirement indicates that Walawe agricultural systems will 

require supplemental irrigation even under the future climate. The increased 

rainfall will reduce the irrigation demands between 3 to 16 % during the 2041-

2050 period. The current irrigation infrastructure is able to cater for the future 

demands without the need for capacity expansion.  

6. Network flow simulation techniques can be used to analyze the water allocation in 

river basins with multiple water resources and users. Currently available 

simulation and optimization models can be used to successfully represent site 

specific conditions of a given basin. These mathematical models allow efficient 

estimation of allocation schedules under different management objectives. The 

models also allow evaluating solutions to water allocation problems under current 

and future supply-demand conditions. 
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Recommendations 

Based on the limitations encountered during the current study, the following directions 

for future research can be recommended. 

1. Improved climatic and hydrologic data monitoring should be conducted in the 

study area to enhance the estimation of current and future water resources 

availability. In addition a database of historic data (climate, hydrology, water 

demands and supply and other related socio-economic data) needs to be 

established from the number of currently available sources to facilitate future 

research. 

2. Distributed hydrologic models that represent the catchments response to current 

and future climatic should be developed for the study river basin. It is expected 

that some data limitations will be encountered in the process. However the 

aforementioned establishment of a historic database will reveal the data gaps that 

need to be filled with additional monitoring, remote sensing, and other available 

techniques.  

3. The current study is mainly concerned with the surface water resources in the 

basin. However with the increase of scarcity of water, groundwater resources in 

the basin will come to play a major role in future water resources development. A 

detailed assessment of groundwater resources in the basin is required for 

acquiring data needed for future studies on groundwater use.     

4. The network flow simulation techniques used in the current study does not 

incorporate the optimization capabilities for water allocation. Optimal water 

allocation decisions can be computed when demand supply forecasts can be 



159 
incorporated in to the analysis. Moreover the ability to incorporate demand 

management rules (restriction levels) in to the allocation schedules is highly 

useful. 

5. The water quality of the Walawe River plays a detrimental role in of domestic 

water supply. Increased salinity levels due to backwater flows prevent water 

abstraction at the lower reaches of Walawe during the dry years. The limited data 

availability prevented incorporation of water quality concerns in to the current 

analysis. Studies on water quality of the Walawe River basin and its tributaries are 

needed for future water allocation studies. In addition, the estimation of 

environmental flow requirements is required. This information will reveal 

additional constraints that need to be considered in water allocation. 

6.  Methods for estimating the future water demands in the basin should be 

improved. Research needs to be conducted to establish, how the processes of 

population growth, urbanization, industrialization will affect the future water 

demands in the basin. This information with improved climate predictions can 

provide more accurate estimates of future demand-supply situation in the basin.  
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