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ABSTRACT 

The Alto Rio Lerma Irrigation District (ARLID), located in the state of 

Guanajuato in Mexico, is an agricultural area whose sustainability depends partially upon 

groundwater withdrawal for crop irrigation. Because of high pumping demands and 

current land-management practices, water levels in the regional groundwater aquifers 

have declined severely, resulting in aquifer overdraft. The potential adverse 

consequences of this overdraft cannot be overstated, as the long-term economic viability 

and environmental integrity of the region is threatened. In order to analyze this 

economic, environmental, and water use problems in this region, simulation of the 

agricultural system was performed and associated water use impacts quantified under 

different management scenarios. Linear prograitmiing identified the 12 optimal cropping 

patterns, and then multi-criteria decision-making methodologies were applied to rank and 

identify the best cropping pattem (satisficing solution). 

The GLEAMS model was used to simulate the amounts of water, nitrate, and 

pesticides in both run-off and percolation for each cropping pattem. In order to quantify 

the economic and environmental impacts of aquifer overdraft, two attributes were used; 

pumping costs and an aquifer exploitation coefficient. The first attribute was computed 

as a function of lift, and the second was generated using historical aquifer recharge and 

withdrawal data collected in the study area. 

Three multiple criteria methods: Q- analysis, Electre II, and the Range of Value 

Method, were evaluated and the latter method was selected to analyze the payoff matrix 

for the ARLID, where 12 alternatives, each with 13 attributes, were considered. The 
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results show the best alternative for effectively balancing environmental with economic 

considerations was the farming practice, consisting of land leveling, growing vegetables 

such as red tomato, and controlled groundwater withdrawals to preserve aquifer 

sustainability. 

This suggests that low water availability does not necessarily reduce farmer's 

profits, if new water saving alternatives such as land leveling are applied, combined with 

more profitable crops. Given that ROV method only considers full compensation between 

objectives (linear case Li), this research contemplate an extension for the nonlinear case 

in order to assess the whole range of values of the objective function. The final findings 

suggest that the best methodology was to apply Li in the lower levels and then L2 for the 

highest level in the hierarchy. In this manner, the partial compensation between 

objectives is considered and also the decrease in the uncertainty of alternatives selection. 
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1. INTRODUCTION 

1.1. Statement of the Problem 

This research focused on the ARLID (Alto Rio Lerma Irrigation District) located in the 

state of Guanajuato in Mexico which has a total irrigated area of 112,772 heu with two 

water sources: surface water and groundwater. Three aquifers are located in the command 

area of the ARLID exploited by 190 public wells and 1868 private wells. This study 

focuses on that part of the ARLID irrigated by wells (36,772 has) for two reasons: First, 

gravity water in the ARLID is affected by industrial and residential waste for which there 

are no available data, so introduction of high profitability crops is limited. Second, 

important environmental concerns related to agricultural production in the ARLID are 

groundwater depletion and nitrate percolation, both related to groundwater. 

The ARLID has an annual average precipitation of 757 mm, an average relative 

humidity of 60%, and an average annual temperature of 19° C . The ARLID was 

transferred to the farmers in November 1992, creating 11 user associations. The seasons 

in the irrigation district are: Winter (Dec-April) and Spring (Feb-June); however a second 

crop could be planted after harvesting the first crop in one of the two seasons. These 

crops are called "Second Crops "(May-July). 

The major agricultural constraint in this irrigation district is water. From October 

to June, there is a deficit of rainfall with respect to evapotranspiration, for the remainder 

of the year, rainfall is greater than evapotranspiration. Thus in the Winter season. 
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irrigation plays a more important role in agricultural production than for the Spring and 

Summer crops. 

The short period of rainfall is reflected in high groundwater withdrawals, 

generating both aquifer overexploitation (overexploitation coefficients of 1.2-1.4) and 

subsidence (the most affected places have 8 cm per year average subsidence). In addition, 

current management practices in the irrigation district, such as high fertilizer and 

pesticide application, may cause aquifer contamination. On the other hand, farmers need 

to maximize their net benefit by increasing yields. In summary, the problems in the 

ARLID may be classified as economic, environmental and water resources. The goal was 

to find the best compromise or satisficing solution, maximizing economic benefits, 

reducing negative environmental effects and using water most efficiently. Because these 

are conflicting objectives, improvement in one objective could reduce another, 

application of multicriteria methodologies was necessary. 

Multiple-criteria decision-making technique involves: first, the definition of the 

objectives based on the specific problem; second, the establishment of scenarios or 

alternatives; and third designation of attributes or characteristic performance for the 

evaluation of the alternatives. The result is a payoff matrix in which the rows are the 

attributes and the columns are the alternatives. Each alternative must be evaluated in 

terms of its performance in view of three major objectives: economic benefits, 

environmental consequences and water efficiency. 

There are many multiple objective techniques. Some of them are distance based, 

like Compromise Programming and its extension Composite Programming. Some are 
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pair wise comparison techniques, such as ELECTRE II (Elimination and (et) Choice 

Translating Algorithm II), and some use the relationships between alternatives and 

attributes, like Q analysis. The Range of Value (ROV) Method (Composite 

Programming with assessment of weights), ELECTRE II, and Q-analysis were compared 

to obtain a basis for tool selection. 

Gershon and Duckstein (1982) surveyed 13 multiobjective techniques. They 

tested them in terms of interaction with decision maker, implementation time, 

consistency of the results, and the need of choosing between continuous alternatives, 

aspiration levels and complete ranking. They found that Nash Bargaining solution and 

Compromise Programming were the best in terms of all these characteristics. This 

research applies a frequently used distance based technique. Compromise Programming, 

and its extension. Composite Programming. 

A special case of Composite Programming is called "The Range of Value 

Method" (ROV) in which the decision maker does not provide weights, rather the 

importance order of the criteria from which minimum and maximum of the "range of 

value" of the objective function is determined. 

Even though the ROV method represents a good tool to analyze alternatives in 

an easy and understandable maimer, it only includes the case of linear objectives, or the 

case in Composite Programming when p=l. The combination of the weights for 

maximum and minimum objectives is obtained from the extreme points of the constraint 

set. However with p=2, the problem becomes more complicated because a nonlinear 

program to determine maximum and minimimi objectives needs to be solved for each 
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branch in the hierarchical structure and the weights are not necessarily the extreme 

points. Therefore, an additional problem addressed in this research was to determine all 

point of views from most optimistic to most pessimistic when the objective was non

linear (partial compensation between objectives) and the constraints were linear. 

The objectives of this research were: 

1. To measure the impact of current management practices applied in the ARLID on 

possible groundwater and surface water contamination by nitrates and pesticides 

for the most representative cropping pattern. 

2. To compare the actual surface irrigation systems with leveling and no leveling 

options in terms of net income, water use, and nutrient, and pesticide 

contamination. 

3. To determine the cropping pattern that maximizes the farmers' net income with 

different groundwater extraction scenarios, using linear programming. 

4. To compare results obtained with the ROV method with results obtained with 

pairwise comparison method, ELECTRE II, and a system theoretic approach, Q-

Analysis. 

5. To find the best satisficing solution for the specific problem in the ARLID. 

6. To develop a model similar to ROV for the nonlinear or partial compensation 

case. 
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1.2. Literature Review 

Two of the environmental concerns related to irrigated agriculture include non-

point source pollution (nps) and aquifer depletion. The first problem produces the 

movement of pollutants off a field depending on rainfalL soil characteristics, slope, crops, 

chemical management, water management, and conservation practices. These factors 

determine the amount of soil particles, nutrients, and pesticides that leave a field. All of 

the nutrients move from fields to surface waters and then are dissolved in runoff water or 

absorbed to eroded soil particles (Ribaudo et al. 1999). 

If soils have been over fertilized. Nitrogen and Phosphorus can cause water 

quality problems. Nitrogen is found as nitrate and it is easily soluble and transported both 

in runoff and with leachate. Phosphate is moderately soluble and not very mobile in soils. 

Some of the consequences of nutrient nmoff are the promotion of algae reproduction, 

which can clog pipelines, kill fish, and reduce recreational opportunities. In addition 

nitrate in drinking water is a potential human health threat especially to young infants 

(Ribaudo et al. 1999 ). 

Castellanos and Pena (1990) mention that due to the impact of Nitrogen 

fertilization on crop yields, the farmers apply high amount of fertilizers without taking 

into account the leaching, denitrification or volatilization. These processes have negative 

influence on economics and environmental quality. The use of agrochemicals is 

necessary to have high yields; however, these chemicals can reach the aquifer. They 

reported that Nitrogen leaching losses average 25-50% of the Nitrogen applied for most 
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of the crops. Also, overirrigation produces nitrate leaching. The wash fraction is about 

20 -40% of the irrigation depth. 

In a study done in 1981 in the Comarca Lagunera (Estrada. A. T., 1996), 187 

wells were tested and the nitrate concentrations vary between 3.6-207 ppm the wash 

fraction was estimated at about 20-40% of the irrigation depth, in other words, from 100 

cm of water there are 20-40 cm of water for leaching. The excess of Nitrogen applied to 

the plants produces nitrates leaching, which generates aquifer pollution. The use of 

Nitrogen fertilizers and the excess of irrigation is the most probable cause of nitrate 

contamination. Estrada tested some of the wells located in Jaral, Cortazar, and Valle de 

Santiago and found a nitrate's concentration between 0.1-51.2 ppm. 

Other agricultural pollutants include pesticides applied to agricultural crops to 

control insect pests, fungus and disease. Pesticides can be transported both by surface 

ainoff and leachate. In addition, pesticides can be carried into the air attached to soil 

panicles. Pesticides may harm freshwater and marine organisms, damage recreational and 

commercial fisheries, and affect human health. (Ribaudo et al. 1999 ). 

The second environmental concern, the groundwater depletion problem, not only 

increases groundwater pumping and use but can also cause land subsidence . The 

damages associated with subsidence can be hurricane surges, freshwater flooding, and 

fault activation. 

Garduno et al. (2000) mention that in the last years many places in the center of 

Mexico have been affected by subsidence. This process has been related to aquifer 

overexploitation; the vertical movements have been from 4-6 cm per year. The damage 
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is also in pipes, streets and drinking water. In addition, recent studies show that 

geological failures are due not only to aquifer overexploitation, but also to well design 

and climate. Specifically, in Celaya, which covers part of the Alto Rio Lerma Irrigation 

District, the subsidence rate is about 8 cm/year and the accumulative subsidence is about 

2 m. 

KJoezen and Garces (1998) report that the high gross return of investments of 

private wells (80%) combined with low pumping costs of about 6.3 % of the total cost in 

1996 (cost of water service as a percentage of total cost) in the Alto Rio Lerma Irrigation 

District (ARLID), explains the high concentration of wells in the irrigation district. 

However, the energy cost will increase dramaticedly over the coming years as a result of 

the elimination of energy subsidies by the National Government and this will change 

considerably the profitability in the places where the aquifer is located 150 m below field 

level. From 1990-1995 static water tables fell at an average aimual rate of 2 to 5 meters, 

reaching an average depth of more than 100 m. The high concentration of wells in the 

ARLID has resulted in an annual overexploitation of 117 million cubic meters (Mm3) for 

the three aquifers, corresponding to an overexploitation of the aquifers by factors of 1.2 

to 1.4. 

Chavez (1998) mentions that between 1970-1997 there was a water decline firom 

20 m to more than 80 m in the aquifer located in Celaya, which is part of the Alto Rio 

Lerma Irrigation District (ARLID). The static water levels are from 40 to more than 120 

m. In the last few years, there has been an aquifer decline of about 6 m/year due to less 

recharge as well as an increase in groundwater withdrawals in dry years. The 
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groundwater storage is being mined at about 1000 Mm3 with irrigated agriculture the 

major contributor to this problem. The ecological impact of aquifer overexploitation has 

been the loss of ecosystems, extinction of rivers, and spring exhaustion. The economic 

effects have been the increase in pumping cost associated with increases in energy use 

and land subsidence damage in industrial and residential areas. In addition, there is a 

decrease in water quality due to rapid access of fluids through the fissiu'es produced by 

subsidence. The author concludes that a strategy to stop the problem of aquifer decline is 

to change irrigation techniques, and to change the cropping pattern for more profitable 

crops with lower water requirements. (Chavez 1998; CNA 1992). 

The total cost of water pollution from point and non-point sources as well as 

groundwater depletion are largely unknown. Farmers have been given no incentive to 

consider the pollution cost when they make their production decisions. 

Ellis (1990) mentions that an alternative irrigation technology for water savings 

and for decrease in the problem of aquifer mining, is land leveling. The two benefits of 

land leveling are increased yields and reduced water use. The increase in yields from 

sloping system to dead level varies from 0-30%, and from sloping system to lasered-to-

slope field can be up to 10 %, and the water savings can vary from 10-30%. 

According to Daubert and Ayer (1982) large initial capital cost is required in most 

technologies to save water, as a result laser leveling could be a good alternative to 

preserve water by improving irrigation application efficiencies, and to increase crop 

revenues by reducing water cost and increasing crop yields. The authors assert that laser 

leveling promotes better water distribution over the field, increasing yields. They 
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estimate that after tvvo years, yield increases from zero to over 10 percent for laser 

planning to slope and from zero to 30 percent for dead level field. In addition, the 

benefits of laser leveling can continue indefinitely if a periodic (every 5 years) touch up 

leveling prevents deterioration. Daubert and Ayer conclude that both laser leveling to 

slope and dead leveling are often profitable. 

Jones and Clark (1987) statethat land leveling is the most effective practice to 

eliminate runoff and provide more water to the crop, but costs for leveling are 

expensive, and fertility problems may develop when deep soil cuts are made. In addition, 

Thomas et al. (1974) point out that the expected benefits of land leveling include better 

water distribution and the increase in crop production; however, for soils in which the 

organic matter is highest in the surface soil, the productivity may decrease and more 

fertilizer may be required in the cut areas. In this case, removal of surface soil affects the 

availability of all plant nutrients. 

IMTA (The Mexican Institute of Water Technology 1998) recommends a land 

leveling program in the ARLID in order to decrease irrigation time and to improve water 

distribution. They estimate land-leveling cost at about 2028 pesos/hectare. 

According to the above review of literature the ARLID has environmental 

problems: aquifer overexploitation, nitrates, ammonia, pesticides runoff and percolation.. 

On the other hand, farmers needs to maximize their net income given the water and land 

resources. Because of the conflicting nature of these objectives, the decision maker needs 

to make a selection that perhaps is not optimal in both objectives but still is a satisficing 

solution. 
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Multiple objective decision making techniques (MODM) allow the decision 

maker to analyze alternatives when conflicting objectives are present, and develop the 

decision makers confidence in a best solution. This research pays special attention to 

distance-based techniques. One of them called Composite Programming is the 

hierarchical e.xtension of Compromise Programming. 

Duckstein, et al. (1994) applied Fuzzy Composite Programming to a waste water 

management case study problem at the U.S Mexico international border in Nogales. 

Twelve criterion and fifteen alternatives compose the payoff matrix. Two cases were 

tested p=2 (partial compensation between objectives) and p=6 (infinite) and he found 

that the best and worst alternatives were ranked in the same place for these two values of 

p using the same set of weights. They concluded, that Fuzzy Composite Programming 

provides better flexibility and insight than Fuzzy Compromise Programming. 

Barsoddy, A. (1998) mentions that the common problems in formulating 

multiobjective models are the difference in importance of objectives and the different 

compensation among them. For instance, some environmental objectives do not 

compensate for each other. The author applied Fuzzy Composite Programming to six 

alternatives with different degrees of mining development; he applied different 

compensation factors for different objectives depending on the nature of the objectives. 

For monetary objectives he applied full compensation and for environmental objective he 

applied partial compensation (p=2). He uses what he calls the " appropriate weights" in 

each case. 
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Besides die balancing factors, assessment of the weights has been a difficulty in 

Compromise Prograrmning. Gershon (1982) asserts that a criticism made in 

Multiobjective Decision Making is that " the decision maker can obtain any solution he 

desires through the proper specification of the weights" however iterative algorithm have 

been develojied in which an initial approximation of the weights is provided and after a 

solution is obtained they updated the set of weights until a satisfactory solution is 

reached, but this process overcomes the strong role of the weights. The author tests four 

multiobjective techniques with the same set of weights and he found different results 

because the weights are used differently in each technique. The algorithms differ in the 

way the best alternative is selected; many algorithms scale the objectives or introduce 

additional parameters and this affects the weights already chosen. The differences 

between techniques yield different results for a specific problem. 

Marichal (2000) developed a model to determine the weights related to interacting 

criteria based on the partial preorder of a set of alternatives , the partial preorder of the 

criteria, and the interaction between criteria. The set of weights is obtained by solving a 

linear program. In this case the decision maker has to tell the relative importance of the 

criteria, and the kind of interaction between them. AH this data is related in the form of 

linear inequalities, which are solved for a different threshold for the inequalities. 

Many decision situations are characterize by a significant uncertainty of the 

weights. Because of this, sensitivity analysis is very important in the decision making 

process and to look for stable and robust decisions (Bana, 1988) . 
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A problem faced in all of these techniques is that the decision maker has to 

provide the importance weights of the attributes. Yakowitz et al. (1997) developed an 

algorithm ( Range of Value (ROV) Method) that allows the weights to vary subject only 

to an importance ordering within each hierarchical group. Tliis approach has many 

advantages: there is no need to provide particular weights, it is easy to apply, computes 

all possible range of values from the best to the worst for each alternative, for any 

hierarchical arrangement. 

In this research, the problem of finding the best and worst scores for different 

alternatives given the importance order when p=2 or when the objectives are nonlinear is 

addressed. 

1.3. Thesis format 

1.3.1. Contribution Paper 1: A comparison of multiple objective techniques: Q- Analysis, 

ELECTRE II, and the Range of Value Method (ROV): Case of study in Mexico 

• The implementation of Q-analysis in a programming language C. 

• The comparison of the ROV method, which is a relatively new technique, with a 

pairwise comparison technique, and Q- analysis. 

1.3.2 Contribution Paper 2: Finding a Satisficing Solution for Environmental Economic 

and Water Efficiency Problems in an Irrigation District in Mexico 

• The assessment of nutrient and pesticide runoff and percolation for 10 crops in the 

ARLID, given the current agricultural practices: irrigation, pesticides, fertilizers. 
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and tillage used in the ARLID. No research data in the literature was found for the 

irrigation district with regard to effects of nutrients and pesticides on surface and 

groundwater contamination. 

• To model the problems in the ARLID as a multiple criteria (or multicriteria) 

decision-making problem in which there is a conflict between environmental 

objectives (aquifer overexploitation and contamination), economic objectives 

(farmers net benefit, pumping cost and leveling cost) and water use objectives. 

The problem was to find the best compromise solution : to obtain the possible 

maximum net benefit with the minimum environmental damage while using the 

water in an efficient way. This will be the first time that research addresses the 

problems in the ARLID as a multiple criteria decision-making problem. 

1.3.3. Contribution of paper 3.: Multiatribute decision-making: Composite Programming, 

the assessment of the most pessimistic and most optimistic point of views for the 

nonlinear case p=2. 

• The assessment of all objective values from most pessimistic to most optimistic, 

for the nonlinear case or when p=2. The new problem represent the maximization 

and minimization of a nonlinear objective arrangement in a hierarchical structure, 

where the optimal points are not the extreme points as in the linear case. These 

two methods p=l and p=2 were compared and combined using different 

preferential order. 
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1.3.4. Relationship between papers. 

The first paper was written for the purpose of determining how the ROV method 

performed in comparison to other discrete multiple criteria techniques. The findings were 

that the ROV method obtained similar results with the advantage that the implementation 

time is small and the sensitivity analysis can be done simultaneously. In the second paper 

the ROV method was used to evaluate the alternatives for the multiple criteria decision

making problem in the Alto Rio Lerma Irrigation District. The environmental and water 

use attributes for 10 crops were estimated using GLEAMS (Groundwater Loading 

Effects for Agricultural Management Systems). A linear program was implemented to 

maximize the farmer's net income subject to land and water constraints for the purpose of 

estimating the economic attributes. Such other attributes as pumping cost, leveling cost 

and aquifer overexploitation were estimated directly from the provided data. In 

summary, the second paper presents an estimate of the payoff matrix and then results of 

ROV method with different objective priorities. Though the ROV method compares 

alternatives in a fast effective manner, it does not consider partial compensation between 

objectives. For instance, economic improvement cannot compensate for the negative 

environmental effects. In order to account for partial compensation between objectives a 

third paper analysis used Composite Programming approach with assessment of all 

possible objective values when p=2. 
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2. PRESENT STUDY 

The methods results and conclusions of this study are presented in the papers 

appended to this thesis. The following is a summary of the most important fmdings in 

these papers. 

2.1. Overall Summary 

2.1.1. Comparison between ELECTRE II, Q-Analysis, and ROV method. 

Three multicriterion decision making techniques: ELECTRE II (Elimination and 

(et) Choice Translating Algorithm II), Q-analysis I and II and The Range of Value (ROV) 

Method under a Hierarchy of the Criteria were applied to a water management problem in 

a module of ARLID. Three objectives were considered: farmer's income, environmental 

effects, and water efficiency. Attributes used to evaluate a given alternative were: net 

income, initial investment, salinity, operation and maintenance cost, water volume, 

conveyance efficiency, and erosion. The principal actions were: to line the main channel, 

to change cropping pattem and to dig additional wells. Considering combinations of 

these actions, seven alternatives were constructed. After estimation of the attributes for 

each alternative, a payoff matrix was generated (Table A. I). 

Two sets of weights and priority orders were tested, one when economic aspects 

are more important than environmental and water use, and the reciprocal case, when 

economic concerns are less important than environmental concerns. The purpose was to 

suggest some alternatives to improve farmer's income, water efficiency, and mitigate 

salinity problems. 
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These multicriteria techniques produced different rankings of the alternative. 

However, A4, A5 and A7 were consistently the best alternatives for all three techniques. 

The least preferred group of alternatives were alternatives A I, A2, A3 and A6. From 

this group the worse alternative according to the three techniques was Al, namely the 

status quo, to continue with the same cropping pattern and infrastructure (see Appendix 

A). 

Given these results, the best actions were to build 13 pumping stations, to change 

cropping pattern, and line the main channel or, change cropping pattern and combine the 

source of water (surface and groundwater) in order to improve water management in the 

Module Huanimaro in the Alto Rio Lerma Irrigation District. 

The three methods perform in a similar way except that the Q-analysis was 

insensitive to the weights in this problem that could be viewed negatively if one wants to 

emphasize an attribute. Disadvantages of Q-analysis and ELECTRE II compared to the 

ROV method is that in both techniques the weights and additional parameters. like 

slicing levels, need to be provided. If the weights change, all calculations need to be 

redone. Q-analysis is also difficult to interpret. A disadvantage of the ROV method with 

respect to these techniques, is that it does not provide a complete ranking of the 

alternatives when two or more altematives results overlap. However, to avoid this 

problem the decision maker can rank based on the bar length and midpoints. A complete 

list of characteristics of the three methods is provided in Table A. 17. 
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2.1.2. Water management problems in the Alto Rio Lerma Irrigation District 

Based on the comparison of multiattribute decision-making techniques in the first 

paper, the ROV method was applied for the general problem of the Alto Rio Lerma 

Irrigation District. 

Groundwater extraction and aquifer recharge from 1994-1998 were used to 

generate four groundwater extraction options: maximum, average, minimum, and aquifer 

sustainability (see Table E.2). Using leveling and no leveling options and groundwater 

extraction scenarios, twelve cropping pattern scenarios were created by maximizing the 

farmers net income from 1998 through 2015, subject to land availability, area restrictions 

for each crop, and water constraints. The modeling language and optimizer LINGO was 

used to solve the linear model. 

Land available for private wells was completely used for the cases of high 

groundwater extraction scenarios and aquifer sustainability scenario without area 

restrictions imposed on crops (Tables C.4 and C.5). The most profitable crops for the 

Winter and Spring seasons were red tomato, onion, broccoli and carrots, when area 

restrictions are removed the land is assigned to red tomato for Winter season, and red 

tomato and wheat for Spring season in order to maximize profits. The results obtained 

from the linear model suggest leaving some land idle in order to maximize net income 

when water availability decreases. These results demonstrate that high economic benefits 

can be obtained if farmers plan their cropping pattern in the beginning of the season 

according to crop prices and water availability; however this task is difficult to do 

because farmers make their own particular decisions. 
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The objectives considered to evaluate the performance of each scenario were 

divided into three categories: economic, environmental and watc* use. The first one takes 

into account net income, pumping cost and leveling cost. For the second category, 

aquifer overexploitation was considered as the most important, followed by pesticides, 

nitrates, ammonia. Nitrogen and Phosphorus in runoff and percolation. The third 

category only considers water runoff and percolation. The general structure of the 

hierarchy is given in Figure C.l with importance order of the attributes assumed to be 

from the left to the right. 

GLEAMS (Groundwater Loading Effects for Agricultural Management Systems) 

was used to estimate nitrate. Phosphorus and pesticides in percolation and nmoff as well 

as the application efRciencies for the most representative cropping pattern (com, barley, 

wheat, carrots, cauliflower, broccoli, red tomato, beans, onion) in the irrigation district. 

The hydrology, erosion, nutrient and pesticide input files were constructed for 

each crop using the information provided by the irrigation district, INIFAP (Instituto 

Nacional de Investigaciones Agricoias y Pecuarias), and from the literature. A total 

drainage area of one hectare and characteristics of a clay soils were assumed. Twelve 

years of daily rainfall from the hydrologic station at Yuridia and the water supply for 

each crop were used to construct the rainfall files. 

Maximum and minimum values of water. Nitrogen, nitrate. Phosphorus and 

pesticides in runoff and percolation for the 12-year simulation were obtained from the 

output file to account for the uncertainty in the simulation results. 
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Land leveling was considered in order to increase the application efficiencies and 

at the same time reduce nutrients and pesticides in runoff and percolation (see Appendix 

F). 

Water runoff and piercolation obtained from GLEAMS were used to estimate 

application efficiencies for the actual and adjusted irrigation depths with land leveling. 

Figure C.4 shows these results. 

The length of the bars in Figure C.4 represents the variability in the application 

efficiencies during the 12 year simulation. The crops with the highest actual application 

efficiencies were sorghum and beans. 

According to the output from GLEAMS the amount of Phosphorus and ammonia 

in runoff and percolation was negligible for all crops. However. Figure C.5 shows that 

onions, beans, broccoli, red tomato and com have the highest nitrate in percolation, 

which may be due to the high fertilization formula and frequent irrigations. Low water 

percolation after land leveling reduces the nitrate leached for all. The amount of nitrate 

percolation was high, but it is within the range of Nitrogen leached reported by Saxton, et 

al. (1977). The reduction of nutrients in runoff decrease the algae in canals is an 

additional economic benefit in the ARLID. 

The pesticides in runoff and percolation are reported in Figures C. 6 and C. 7. 

Three crops present pesticides in percolation. An example of the assessment of 

pesticides in percolation and runoff for com is provided in Tables D.3 and D.4. Due to 

the high toxicity level of two pesticides, com presents the highest pesticide weighted 

sum. 
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Two attributes were estimated to account for the groundwater depletion problem: 

the pumping cost and the aquifer overexploitation coefficient. 

The pumping cost was calculated using the relation given by Schwab (1993): 

KWJ-^ 
Ep 

where KW=(input) power delivered to pump; q= discharge rate in m^/s; Ep=pump efficiency 

as a decimal fraction; h= total head in m. 

According to Information provided by ARLID, Ep =50% in the average, the total 

head varies from 40-120 m, and a 5.3 ha/user/well was assumed (calculated fi-om area 

irrigated by wells and the number of wells in the ARLID), q= 29.3 It/sec (CNA, 1992). The 

1999 price of 250 pesos per 1000 kw-hr was used. 

Table E.l show the calculation of pumping costs for different pumping depths and 

groundwater extraction scenarios. In addition to electrical costs, the repair cost was assumed 

as 20 % of the variable cost. Finally average variable groundwater cost was calculated as 

(Ellis , 1998): 

GW ={h*a)IEp* EC-^R*h 

Where GW=average variable groundwater cost in $/m3; a=KW-h required to lift 1 m3 of 

water 1 m; EC=average annual energy cost $/kw-h; and R=repair cost in $ /ha-m (column 

8, Table E.l). 



36 

Repair costs account for the fact that greater lifts will increase energy use and 

pumping cost. As water availability declines because of the continuing fall in well yields, 

irrigators find it necessary to install new wells or install more efficient pumps in order to 

maintain an adequate water supply. 

Since monthly data of water extracted from wells was from 1995-1998, and 

monthly recharge from 1963-1995, it was required to predict the recharge from 1996-

1998 using the rainfall data from 1963-1995. Provided that rainfall decreased in the latter 

years, a minimum recharge scenario was implemented combined with four groundwater 

withdrawal scenarios: minimum, average, maximum and aquifer sustainability. To 

implement the aquifer sustainability scenario policy makers need to create prices to 

account for the externalities in the production process such as taxes. 

Aquifer overexploitation coefficient is defined as the ratio of withdrawals and 

recharge. From May to October recharge is greater than extraction, due to the amount 

of rainfall in this period (Figure C.l). 

Using the results obtained in GLEAMS and from the linear programming model 

a payoff matrix was constructed for two cases: with land leveling and without land 

leveling. A particular case for 80 m pumping lift is presented in Tables C. 6 and C.l. 

The corresponding normalized matrices to [0, 1] be shown in tables C.8 and G.l. 

The ROV method was implemented using the normalized payoff matrices. The 

results when economics is ranked as most important is shown in Figures C.8. The length 

of the bars represent the uncertainty in objective value for each scenario. A big 

difference between the leveling and no leveling alternatives was found for all water 
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extraction scenarios. The aquifer sustainabiiity scenario performed satisfactorily when 

economics is most important because leveling and pumping costs decrease, 

compensating for the decrease of net income. Furthermore, net income increases 

significantly when area restrictions imposed on crops are removed (Tables C.6 and C.7). 

The results of the ROV method when environment is ranked as most important is 

presented in Figure C.9. In this case, there is no distinction between leveling and no 

leveling, but again the aquifer sustainabiiity scenarios were the best. The worse scenarios 

were the maximum extraction scenarios because of greater aquifer overexploitation and 

nutrients and more pesticides in runoff. In both importance order cases, based on the bar 

midpoints, the best alternatives were the cropping pattern scenarios of aquifer 

sustainabiiity with land leveling (ASL), with and without area restrictions. 

The ROV method was also applied for different pumping lifts and land leveling 

using the normalize payoff matrix given in Table G.3. The results for the economics more 

important than environment are given in Figure C.IO. As expected, the lower 

groundwater extraction and least pumping lift scenarios performed better. 

The results when environment is more important than economics are shown in 

Figure C.ll. In this case pumping lift had little effect on the alternatives and the 

distinction is found between water extraction scenarios. The alternative that dominates 

the others is the ASL 40 (aquifer sustainabiiity with land leveling and 40 m pumping lift). 

It is noted though that the pumping cost includes repair costs to account for pump 

replacement due to more pumping lift, the social cost of subsidence has not been 

considered because of a lack of information. 
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2.1.3. Composite Programming: The Assessment of the Most Pessimistic and Most 

Optimistic Point of Views for the Nonlinear Case 

In order to account for the fact that full compensation between economic and 

environmental objectives does not exist, a new model that considers partial compensation 

is proposed. 

The formulation of Composite Programming for L2 (p=2) when only the 

importance order weights is known: 

( . ) v - "" Ill ( 2 2 )1 /2 max m1n w J - L. i=J w i v i J 

t ""Ill -] S. · L. i= l Wi-

WJ 2 W2 2 .. . 2 W 111 2 0 

The objective is non-linear but the constrains are linear. Given that the square 

root function is a monotonic function strictly increasing, and the square root of a 

number between 0 and 1 is greater that the number itself, the quadratic function can be 

maximized without the square root. The square root is performed after the maximization 

and the result introduced as an input for the next level. 

For minimization, the same rule can be applied. Since the minimum occurs in 

the same place with or without the square root operation. 

This nonlinear methodology was applied to the problem of water management in 

an irrigation district in Mexico using the normalized payoff matrix in Table G.1 and the 

hierarchical structure of Figure C.2. The minimization and maximization of the 

nonlinear problem was found by solving a nonlinear program for each group of the 

hierarchy and substituting the maximum (or minimum) as the attribute value for the 
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next level. The sequential quadratic programming included in the package LINGO was 

applied. 

In the nonlinear case the optimal decision variables are not the extreme points as 

in the linear case; therefore, the nonlinear program in each group of the hierarchy was 

solved for several initial points. The best outcomes were selected for the maximization 

(or minimization). The output from LINGO for each level in the hierarchy and for the 

best initial points is displayed in APPENDIX I. 

The results when economics is ranked as most important is given in Figure H.5. 

There is not a clear distinction between scenarios with and without land leveling. TTie no 

area restrictions scenarios (Max ns L, AS ns L, Max ns NL, AS ns NL) have the biggest 

length of the bars, meaning that these scenarios would fierform poor or good depending 

on the decision maker perspective. As we expected Composite Programming p=2 (L2 ) 

emphasizes the differences between alternatives for the same attribute. For instance, the 

net income for scenarios with no area restrictions is much higher than those with area 

restrictions. Since economic attributes are more important, L2 highlights this fact by 

increasing the length of the bars, and complicating the selection of the scenarios. 

A comparison between Composite Programming for p=I (Li )(Figure H.4) and 

p=2 (L2 )(Figure H.5) for our problem case reveals that L2 yields more uncertainty in the 

selection of the scenarios than Lj. Furthermore a clear distinction between leveling and 

no leveling is made using L|. 
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Based on the mid-point, the best scenarios according to L2 are those with no area 

restrictions (Max ns L, AS ns L, Max ns NL, AS ns NL) even though there is less 

confidence about the selection. 

Given the above results, a combination of L] and L2 is proposed. Since the 

attributes in the lowest levels in the hierarchy (Figure C.2) are linked to a general 

objective such as economics, environment or water use. Using Li minimization (or 

maximization) at the lowest levels is recommended. Therefore, full compensation 

between attributes belonging to the same class is assumed. Partial compensation 

between environmental and economic objectives at the highest level in the hierarchy 

(economics, environmental and water use) might be suggests using L^. Applying this 

methodology, the results are exhibited in Figure H. 6. Comparing Figure H.6 with the 

graph obtained for Li (Figure H.4) two advantages in using the combination of p norms 

are distinguished; there is a clear distinction between alternatives and the uncertainty 

decreases. In addition, the application of L2 for the last level reduces considerably the 

number of nonlinear programs to be solved. 

The second preference order, (environment more important than economics) is 

shown in Figure H.7. As the Li only case, there is no distinction between leveling and no 

leveling scenarios. Only changes in water withdrawals: maximum, medium, minimum 

and aquifer sustainability have an effect on the scenarios performance. 

The combination of L| in the lowest levels, and L2 for the highest level when 

the environment is the highest priority, is shown in Figure H.9. Again, the combination 

of the Lp norms shrink the length of the bars, reducing the uncertainty in the 
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performance of each scenario. In this case, the best alternatives are AS L (cropping 

pattern with aquifer sustainability, leveling) and AS ns L (cropping pattern with aquifer 

sustainability no area restrictions, leveling). 

2.2. Overall Conclusions 

1. Q-analysis and ELECTRE II techniques require that weights and additional 

parameters such as slicing levels be provided. A disadvantage of the ROV 

method with respect to these techniques is that it does not provide a complete 

ranking of the alternatives when the results for two or more alternatives overlap; 

however a selection between alternatives can be made based on mid-fwints and 

length of the bars 

2. Based on the MCDM results, land leveling appears to increase profits and 

application efficiencies and to reduce pesticides and nutrients in runoff" and 

percolation. 

3. The reduction of nitrates and Phosphorus in runoff, has an additional economic 

benefit to the ARLID, The decrease in costs of removing algae and plants from 

the canals. 

4. The ARLID needs to plan the cropping pattern in the beginning of the season 

according to water availability and crop prices in order to increase each fanner's 

profits. However, this task is difficult to do because the farmers make their own 

particular decisions. 
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5. As groundwater levels decline and operating costs increase, water saving 

technologies and crops that require less irrigation water are the best choices. 

6. To control the problem of aquifer mining some economic instruments may be 

used by policy makers such as taxes to create prices for the externalities in the 

production process. 

7. In general, less water availability does not necessarily reduce economic returns if 

farmers grow more profitable crops and use some alternative such as land leveling 

to reduce water losses. 

8. The present study illustrates how the "Range of Value" Method can be used to 

analyze tradeoffs in an easy and understandable way in order to examine 

alternatives from different points of views or by different decision makers. 

9. According to the results the best methodology was to apply L| for the lowest 

levels of the hierarchy, assuming full compensation within the attributes that 

belong to the same class: economic, envirotmiental, or water use, and then apply 

L2 for the highest level since there is no compensation between the envirorunental 

and economic objectives. This approach reduces uncertainty and facilitates the 

decision between scenarios. 

10. The application of L2 for finding the best and worse scores in each alternative was 

ineffective because the uncertainty in the selection of the scenarios increased. In 

addition the number of nonlinear programs that has to be solved is expanded as 

the number of alternatives and attributes increases. 
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ABSTRACT 

This paper applies three multicriterion decision making techniques: ELECTRE11, Q-

analysis I and II, and The Range of Value (ROV) Method under a Hierarchy of the Criteria to 

a water management problem in the Module Huanimaro in Mexico. Seven alternatives are 

evaluated considering six attributes: net income, initial investment, salinity, operation and 

maintenance cost, water volume, conveyance efficiency and erosion. Two sets of weights and 

priority orders are tested, one when economic aspects are more important than environmental 

and water use aspects and the reciprocal case. The same three alternatives are found to be the 

best satisficing by all three methods. This result has the advantage that the farmer can chose 

between the following: build 13 pumping stations; change cropping patterns and line the 

main channel, or a combination of these three actions. Finally, a summary of advantages, 

disadvantages and characteristics of each method is presented. 

Keywords: Irrigation. Multicriterion Decision Making, Multiobjective. 
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INTRODUCTION 

The purpose of this paper is to apply three Multiobjective techniques: ELECTRE II 

(Elimination and (et) Choice Translating Algorithm I, II, Tecle, et al,1988; Shafike, et al, 

1992), Q-Analysis II ( Ertunga C.O., Duckstein L, 1996; Duckstein. L., S.A Nobe. 1997) 

and The Range of Value (ROV) Method under Hierarchy of the Criteria 

(Yakowitz. D. S., M. Weltz, 1998) to a water management problem in the module 

Huanimaro in the Alto Rio Lerma Irrigation District (ARLID) located in the state of 

Guanajuato in Mexico. The modules in this irrigation district are Ac^baro. Salvatierra, 

Jaral. Valle, Cortazar, Salamanca, Irapuato, Abasolo, Huanimaro, Corralejo and La Purisima. 

The water is supplied from four dams, 1,868 private wells and 190 public wells. 

The module Huam'maro has 2556 hectares; the main crops are wheat, com, sorghum 

and alfalfa. Some of the problems in this module are; low water efficiencies in conduction 

(53%) and application (60%) due to poor infrastructure conditions, insufficient quantity and 

quality of water and high annual operating costs. High value crop production is restricted 

due to the low quality of water affected by industrial and domestic wastes. 

The multi-objective techniques were applied based on data provided by IMTA 

(Instituto Mexicano de Tecnologia del Agua, 1997), in order to suggest alternatives that 

improve farmer's income, water efficiency and mitigate salinity problems. However, it is 
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important to point out that because of the lack of data, the values of such attributes as 

salinity and erosion can only be defined subjectively. The presence of sodium chloride 

restricts the use of sprinkler systems. Therefore, high resistance to salinity crops are 

recommended together with tillage practices that improve drainage. In addition, the presence 

of fecal wastes limit the production of high value crops. 

The general assumptions in this study are; evaluation of the alternatives is at a point 

in time; alternatives are discrete; enough investment capital is available; water from wells is 

not contaminated; and no overexploitation of water from the aquifer occurs. The decision 

makers in this problem are assumed to be: Comision Nacional del Agua (National Water 

Commission) and the Producers Association. 

Three objectives were considered: maximization of farmer's income, environmental 

effects, and water efficiency. The criteria to evaluate the alternatives include: net income, 

initial investment, salinity, operation and maintenance cost, water volume, conveyance 

efficiency, and erosion. 

The main actions considered were: line the main channel, change the cropping 

pattern and dig additional wells. Combining these actions, seven alternatives were 

generated: 

Alternative 1: No changes (continue with the same cropping pattern ) 

Alternative 2: Change cropping pattern (introduce cabbage, broccoli, chili, and tomatoes 

besides the current cropping pattern) 
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Alternative 3: Line 2 km of the main channel and use current cropping pattern 

Alternative 4: Build 13 pumping stations using the current cropping pattern 

Alternative 5: Change cropping pattern and line the main channel 

Alternative 6: Line the main chaimel and build 6 pumping stations 

Alternative 7: Change the cropping pattern, line the main channel, and build 6 pumping 

stations. 

The estimation of the attributes are given in Appendix B. Table A.l presents the 

payoff matrix for the module Huanimaro, which will be used as a data source for the 

multicriteria techniques. 

Table A. 1. Payoff matrix for Module Huanimaro 
Attributes/Altem 1 2 3 4 5 6 7 
Net income(thousand dollars) 2,207 3,449.6 2,273 3,542 3,515 2,908 4,143 
Initial invest(thousand dollars) 0 0 2,386 2,340 2,386 3,556 3,556 
Salinity 
(EC mmhos/cm) 

3.2 3.2 3.2 2.5 3.2 2.8 2.8 

Oper. Main. Cost (thousand dollars) 71.67 71.67 73 74 73 74 75 
Water volume 
(mill m') 

30 27 20.9 21 17.75 20.97 17.97 

Conveyance Effic(%) 53 53 76 75 76 79 79 
Erosion 
(ton/ha-year) 

3.57 2.88 2.85 2.14 2.09 2.50 1.83 

METHODOLOGY 

Description of Elimination and (et) Choice Translating Algorithm II (ELECTRE II) 

Technique (Tecle, et al, 1988; Shafike, et al. 1992) 

ELECTRE I uses pairwise comparisons among alternatives in order to provide a 
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partial ordering of the non-dominated set. ELECTRE II uses strong and weak outranking 

relationships among the alternatives that may lead to a complete preference ordering. These 

are outranking techniques used in a complementary way to provide the preference ordering. 

The first step in this method is the construction of the concordance matrix. It is a 

weighted measure of the number of criteria for which alternative i is preferred or equivalent 

to alternative j 

=  0 < C ( / , y ) < l  

2-^ 

where: 

w+ : sum of the weights of criteria for which alternative i is preferred over alternative 

j-

w= : sum of the weights for which the preference is equal between alternatives. 

The second step is the construction of the discordance matrix which measures the 

discomfort the decision maker has in accepting alternative i over alternative j . An interval 

scale range is assigned to each criterion and the discordance index is calculated as: 

D(i, J) = 7^max(r(/, k) - z(j, k)) k e K' 
k* 

where: 
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k: set of criteria for which alternative j is preferred over alternative i 

z(i,k): normalized evaluation of the alternative i with respect to criterion k, k* is the 

largest of the k criterion scales. 

Finally, threshold values are selected using the general rule: alternative i outranks 

alternative j if and only if 

c { i , j ) > p  a n d  d { i , J ) < q ,  c(/.y) e C(/,y) 

e D(/,y) 

where: 

p= minimum concordance level a decision maker can accept 

q= maximum acceptable discordance level 

C(i, j)= concordance matrix with elements c(i, j) 

D(iJ)= discordance matrix with elements d(i,j; 

Description of the Q- Analysis technique (Chin, 1991; Duckstein Nobe, 1997). 

Q-analysis is a technique based upon the relationship between criteria and 

alternatives. This relationship is presented in a so called incidence matrix. Once the payoff 

matrix has been normalized, the incidence matrix is constructed using a slicing level a. The 

elements in the matrix are 1 if the criterion is greater or equal to a, and 0 otherwise. For 

each alternative, three indices are calculated: 

a). Project Satisfaction Index (PSI) 

(J)b(i,j)a(k) 
k 
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where: 

w(J)=weights corresponding to the j th criterion 

b(i.j)=(i, j) the element in the incidence matrix 

a(k)= slicing level k 

The normalized index is: 

PSI (/) PSIN = 
PSI. 

b). Project Concordance Index (PCI) 

PCI(0 = 

where: 

= largest q level of alternative A(i) in the Q- analysis 

q^in = is the q level the first tim.e that A(i) appears in an equivalence class with at least one 

other alternative 

The normalized index is: 

pcm = <'•> 
PCI ̂  

rmx 



51 

c). Project Discordance Index (PDI) 

This index is computed from the complementary incidence matrix b* (k) for each 

level k. 

PDI (/) = ̂  (/, k) - (/, k)) 
k 

t>*(ij)=l if b(i,j)=0 and b*(ij)=0 if b(i.j)=l 

Similar to PCI (i). 

The normalized index is: 

PDIN = IBM. 
(TUX 

The three indices are combined in an Lp norm to rank the alternatives with respect to 

the ideal point of PSI=1, PCI=1 and PDI=0, the new indices are called Project Rating 

Index(PRIl) given by 

PRI\(i) = [(1 - PSIN)'' +(1 - PCINmYY 

and Project Rating Index 2 (PRI2) which includes the project discordance index. 

PRim =[a - PSIN)̂  + 0 - PCIN)it)Y+ POmP] P 
where; 
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p=I perfect compensation 

p=2 partial compensation 

p=Qono comp)ensation. 

Another measure considered in Q-analysis is eccentricity, which for the purpose of 

MCDM, "expresses the extent to which a criterion stands out from other criteria, with respect 

to equivalent class membership" ( Duckstein and Nobe, 1997). 

Eccentricity was computed using the formula: 

ecc (cr) = — 
+ ' )  

Where: 

qi = every q level <y appears in 

cr, = number of elements in equivalence class at qj 

q = maximum q-level in analysis 

If an alternative has high eccentricity, it is not well integrated with the others. This 

could be good depending on the criterion. However, if only one alternative out of many 

satisfies a particular criterion and if the criterion is not important for ranking the alternatives, 

then the eccentricity cannot be the deciding factor. 

Description of Range of Value (ROV) Method under a Hierarchy of the Criteria 

(Yakowitz, et al. 1992; Yakowitz and Weltz,1998). 

In this method the objectives and attributes are arranged in a hierarchical structure 

shown in Figure A.l. 
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Figure A.l Generic Decision Hierarchy 

Given the importance order and the criteria values for alternative j, the best (worst) 

composite score that alternative j can achieve is determined by solving the following linear 

programs for each branch in the hierarchy starting in the lowest level: 

Best (Worst) Additive Value: 

max( min) w V J = L ~~~J Wi Vi .J 

t ""Ill -] S. · L.. i= l Wi-

WJ ~ W2 ~ · · · ~ Wm ~ 0. 

where m= # of elements in each branch in the hierarchy; v= value assigned to the j 

alternative with respect to each terminal element and w= unknown weights for each attribute 

or criteria (decision variables). 
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The best additive value is found by maximizing the objective function while the 

worst additive value is found by minimizing the objective function. These programs are used 

as intermediate elements, substituting the maximum (or minimum) as the value assigned to 

the particular element at the higher level in the hierarchy. The above can be solved by 

evaluating the objective fiinction at the extreme points of the constraint set (Yakowitz, et al. 

1997). 

RESULTS 

These three techniques were applied to the payoff matrix of module Huanimaro 

shown in Table A.l. In order to see how sensitive each technique is to the changes in 

weights, two sets of weights were used, the first when economics is more important than 

environment and water use, and the other when the opposite was true. The results obtained in 

the former case are presented below. In the conclusion, the results for the two cases are 

analyzed. 

Results of the multiobjective techniques when economics is more important than 

environment and water use are shown below. 

ELECTRE II 

Table A.2 presents a list of the attributes and the corresponding weights used for the 

calculation of the concordance and discordance matrix. 
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Table A.2. Weights for the attributes 
Attributes Higher Weights 
Net income Advantage 0.22 
Initial investment Disadvantage 0.2 
Salinity Disadvantage O.l 
Oper. Main. Con. Cost Disadvantage 0.12 
Water volume Disadvantage 0.1 
Conveyance Efficiency Advantage 0.2 
Erosion Disadvantage 0.06 

Using the payoff matrix given in Table A.l and the weights provided in Table A.2 

concordance and discordance matrices were calculated in Appendix B and a summary is 

presented in Tables A.3 and A.4. 

Table A.3. Concordance matrix 
Alternatives 1 2 3 4 5 6 7 
1 0.62 0.42 0.32 0.42 0.32 0.32 
2 1 0.64 0.32 0.42 0.54 0.32 
J 0.68 0.46 0.42 0.62 0.42 0.32 
4 0.68 0.68 0.58 0.52 0.58 0.32 
5 0.68 0.68 1 0.48 0.6 0.32 
6 0.46 0.46 0.46 0.3 0.3 0.6 
7 0.68 0.68 0.68 0.58 0.68 0.88 

Table A.4. Discordance matrix 
Altematives 1 2 3 4 5 6 7 
1 0.300 0.182 0.322 0.316 0.197 0.467 
2 0.000 0.175 0.167 0.185 0.197 0.241 
3 0.016 0.604 0.306 0.300 0.094 0.094 
4 0.592 0.592 0.017 0.069 0.030 0.467 
5 0.604 0.604 0.000 0.011 0.094 0.094 
6 0.900 0.900 0.296 0.308 0.350 0.298 
7 0.900 0.900 0.296 0.308 0.296 0.000 
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Assuming the following values: 

q Q < 0 .25 and P 0 ^ 0 .55 

a weak graph is constructed in Figure A.2. 

\ 
KD 

Q 

Figure A.2 Weak Graph 

Similarly, a strong outranking is constructed assuming the following values: 

q „ < 0 .20 and p „ > 0 .65 

Figure A.3 illustrates the relationships. 

Figure A.3 Strong Graph 

Based on weak and strong preference matrices one can see when 

an alternative is dominated by another. Alternatives 2,4, 5 juid 7 form the non-dominated 

set. After constructing the composite relationship or graph, the results below are obtained. 

(D 
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Ranking of the alternatives using ELECTRE II when economics has a greater weight than the 

other factors is shown in Table A.5. 

Table A.5. Alternatives ranking by ELECTRE II 
Category Alternatives 
Best A2, A4, A5, A7 
Medium A3 
Worse Al, A6 

Q-analysis 

A program in C language was written to perform Q- analysis technique. The results 

for Project Satisfaction lndex( PSI), Project Comparison Index(PCI) and Project 

Discordance index (PDI) are presented in Table A.6. 

Table A.6. Project indices using 10 equal slicing levels 
Alternatives PSI PSIN PCI PCIN PDI PDIN 
1 13.5 0.32 0 0 2.5 0.64 
2 20.5 0.48 0 0 0 0 
J 28.2 0.67 0 0 0.9 0.23 
4 41 0.97 3.5 0.7 0 0 
5 41.9 1 4.6 0.92 0 0 
6 21.5 0.51 0.3 0.06 3.9 1 
7 37.5 0.89 5 1 1.4 0.35 

PSrN= normalized PSI index PDrN=normalizcd PDI index 

Q-analysis 1 calculates the Project Rating Index I (PRI1) which includes the indices 

PSIN and PCIN. while Q-analysis II calculates the Project Rating Index which includes the 

two indices mentioned plus the PDIN. The indices are combined in an Lp norm, using two 

values of the balancing factor p; p=l and p=2. The results are displayed in Table A.7. 
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Table A.7. Project rating index using p=l and p=2 
Alternative pRir PRI2' PRIl- PRI2-
A1 1.678 2.31 1.208 1.368 
A2 1.511 1.51 1.123 1.123 
A3 1.327 1.55 1.052 1.077 
A4 0.321 0.32 0.301 0.301 
A5 0.08 0.08 0.08 0.08 
A6 1.427 2.42 1.059 1.456 
A7 0.105 0.46 0.105 0.374 

A lower value of these indices indicates a better alternative. Based on this fact the 

ranking of the alternatives is shown in Table A.8. One can notice that the ranking of the 

alternatives varies slightly according to the value of p. 

Table A.8. Ranking of the alternatives using p=l for 9 slicing levels 
PRII' PRIl- PRI2' PRI2-

A5 0.08 0.08 A5 0.08 A5 0.08 
A7 0.105 0.105 A4 0.32 A4 0.301 
A4 0.321 0.301 A7 0.46 A7 0.374 
A3 1.327 1.052 A2 1.51 A3 1.077 
A6 1.427 1.059 A3 1.55 A2 1.123 
A2 1.511 1.123 A1 2.31 A1 1.368 
A1 1.678 1.208 A6 2.42 A6 1.456 

The ranking of the alternatives by Q-analysis I (PRI1) is the same using p=l or p=2. 

However for Q-analysis II (PRI2) the ranking of the alternatives is somewhat 

different between alternatives A3 and A2. In spite of the differences, alternative 5 is the best 

and alternative 1, 2 and 6 are the worst. 

Table A.9 shows the eccentricities for 9 slicing levels, alternative 7 shows the highest 
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eccentricity for highest slicing levels, while alternatives 4 and 5 show high eccentricities for 

slicing level 0.6, these are the alternatives that satisfy more criteria at the higher slicing 

levels. 

Table A.9. Eccentricities for the 9 slicing levels 
Alt\ecc' 0-1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
2 0.048 0.024 0.008 0.011 0.011 0.011 0.000 0.000 0.000 
J 0.086 0.090 0.056 0.078 0.078 0.088 0.075 0.042 0.000 
4 0.431 0.436 0.163 0.478 0.500 0.688 0.175 0.153 0.056 
5 0.145 0.150 0.163 0.478 0.500 0.688 0.575 0.153 0.056 
6 0.431 0.436 0.448 0.144 0.078 0.038 0.000 0.000 0.000 
7 0.145 0.150 0.163 0.478 0.167 0.088 0.175 0.653 0.889 

ROV under Hierarchy of the Criteria 

Table A. 10 illustrate the spreadsheet format of the decision hierarchy used for the 

ROV method. The priority orders are indicated to the left of each attribute. 

Table A. 10. General structure in the hierarchy for the objectives and attributes 
Decision Hierarchy 

Goal 
>1 Economics 

>I Net income 
>2 Initial invest 
>3 Oper. Main. C 

>2 Environmental 
>1 Salinity 
>2 Erosion 

>3 Water 
>1 Water volume 
>2 Conveyance Effic 

The indicator Table A. 11 is obtained normalizing the values in the payoff matrix. 
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Table A.11. Indicator values 
Name Alt.l Alt. 2 Alt. 3 Alt. 4 Alt. 5 Alt. 6 Alt. 7 
Net income 0.000 0.642 0.034 0.690 0.676 0.362 1.000 
Initial invest 0.000 0.000 0.981 1.000 0.981 0.658 0.495 
Salinity 0.000 0.000 0.000 1.000 0.000 0.510 0.510 
Oper. Main. 1.000 1.000 0.708 0.227 0.708 0.325 0.000 
Con 
Water volume 0.000 0.161 0.631 0.601 1.000 0.624 0.970 
Conveyance 0.000 0.000 0.885 0.846 0.885 1.000 1.000 
Effie 
Erosion 0.000 0.252 0.266 0.703 0.739 0.450 1.000 

After maximization and minimization of the additive value function in the main goal 

for each alternative, the values in Table A.12 and Figure A.4 were obtained: 

Table A.12. Final results for the alternatives. 
Alt. 1 Alt. 2 Alt. 3 Alt. 4 Alt. 5 Alt. 6 Alt. 7 

Max 0.333 0.642 0.574 0.922 0.828 0.611 1.000 
Midpoint 0.167 0.388 0.296 0.781 0.583 0.486 0.749 
Min 0.000 0.134 0.017 0.639 0.338 0.362 0.498 
Range 0.333 0.508 0.557 0.284 0.491 0.249 0.502 

1.0 
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0 .8 

0 .7 

5 
c 0 .6 

0 
0 .5 

r 
e 0.4 

0 .3 

0.2 

0 .1 

0 .0 
Alt.1 Alt. 2 Alt. 3 Alt. 4 Alt. 5 Alt. 6 Alt. 7 

Alternatives 

Figure A.4. Ranking of the alternatives using ROV method when economics is ranked as 
most important. 
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Figure A.4 shows that alternatives 4 and 6 have the smallest differences between 

best and worse values which means that they are less sensitive to the weights. However, 2, 

3. 5 and 7 are more sensitive to the weights or there is more uncertainty in the performance 

of these alternatives. The strongly or absolutely dominating alternatives are identified if the 

worst value of one alternative is better than the best value of another alternative. In this 

particular example it is evident that alternative 4 strongly dominates alternatives 1,2,3 and 

6. Finally the ranking of the alternatives based on midpoint, without taking into account the 

sensitivity to the weights, is given in Table A. 13. 

Table A. 13. Ranking of the altematives by ROV method 
Economics is more 
important 

Best A4 Best 
A7 

Medium A5 Medium 
A6 

Worse A2 Worse 
A3 

Worse 

A1 
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DISCUSSION AND CONCLUSIONS 

The three techniques produced different alternative rankings. However, alternatives 

4.5 and 7 were consistently the best alternatives for the three techniques. The least preferred 

group of alternatives were alternatives 1, 2, 3 and 6. From this group the worst alternative 

according to the three techniques was alternative 1, namely the status quo, to continue with 

the same cropping pattern and infrastructure. 

Based on these results, the best actions are to build 13 pumping stations, change the 

cropping pattern, and line the main channel, or change the cropping pattern and combine the 

source of water(surface and groundwater) in order to improve water management in the 

Module Huanimaro in the Alto Rio Lerma Irrigation District. 

A sensitivity analysis of the three techniques was done assuming that environment is 

more important than economics and water use. 

Table A. 14 presents the results of the ELECTREII technique, when the weights are 

changed to favor environment, ziltemative 4 and 7 are still the best. However, alternatives 5 

and 2 are intermediate and alternative 3 moves from intermediate to least desirable. These 

results show that the method is sensitive to the weights. 

Table A. 14. Ranking of the alternatives using ELECTRE II 
Outranking Alternatives (Economics is 

more important) 
Alternatives (Environment 
is more important) 

Best A2, A4, A5, A7 A4, A7 
Medium A3 A2, A5, A6 
Worse AI, A6 A3, Al 
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Table A. 15 point up the results for Q analysis, PRIl index give the same outcome 

using two sets of weights, which means that the technique is not sensitive to the weight; 

PRJ2 change the priority order for alternatives 2 and 3. 

Table A. 15. Ranking of the alternatives using Q-analysis from best to worst 
Economics more important than Environment 

PRIl' PRIl- PRI2' PRI2-
A5 0.08 0.08 A5 0.08 A5 0.08 
A7 0.105 0.105 A4 0.32 A4 0.301 
A4 0.321 0.301 A7 0.46 A7 0.374 
A3 1.327 1.052 A2 1.51 A3 1.077 
A6 1.427 1.059 A3 1.55 A2 1 .123 
A2 1.511 1.123 A1 2.31 Al 1.368 
A1 1.678 1.208 A6 2.42 A6 1.456 
Environment more important than economics 

PRIl' PRIl' PRI2' PRI2-
A7 0.082 0.082 A5 0.22 A5 0.168 
A5 0.227 0.168 A4 0.3 A4 0.3 
A4 0.3 0.3 A7 0.44 A7 0.368 
A6 1.44 1.065 A2 1.65 A3 1.136 
A3 1.488 1.11 A3 1.71 A2 1.197 
A2 1.657 1.19 Al 2.42 Al 1.422 
A1 1.783 1.27 A6 2.44 A6 1.461 

The sensitivity analysis was performed for different values of p . The results 

illustrates that there is no distinction between alternatives for a p value equal to 2. 

Table A. 16 summarizes the ROV results. 
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Table A. 16. Ranking of the alternatives using ROV method 
Economics is more 
important 

Environment is more 
important 

Best A4 A4 Best 
A7 A7 

Medium A5 A6 Medium 
A6 A5 

Worse A2 A3 Worse 
A3 A2 

Worse 

Al Al 

Despite the change in the priority order of the attributes, alternatives 4 and 7 are still 

the best. This result agrees with the one obtained in ELECTRE II, but not for Q- analysis. 

Also alternative 1,2 and 3 have poor performance for both priority orders. In comparison 

with ELECTRE II and ROV, Q-analysis presented more robustness (it was unaffected by the 

weights), this is because the weights are only used in the PSI (Project Satisfaction Index). 

Some characteristics of the techniques are summarized in Table A. 17. 
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Table A.17. Characteristics of Three Multiple Criteria Techniques 
Q-Analys is 
Advantages Disadvantages Characteristics 
It is simple and flexible (change in The interpretation of the results is not It is robust with respect to changes in 
slicing levels) to use. always straightforward. weights.for the problem here. 
It may provide a complete ranking for a If the weights of the attributes or the 
set of alternatives. slicing levels change all calculations need 

to be done again. 

The mathematical theory behind the 
technique is not simple but it can be 
used by people who do not understand 
it. 
ELECTRE II 

It is simple to use If the weights ofthe attributes change, all It is sensitive to weight changes. 
calculations need to be done again. 

It may give a complete preference order Requires weights criterion for the This technique is robust with respect to 
ofthe alternatives. calculation of the concordance matrix and changes in the concordance levels. 

the interval scales for the calculation ofthe 
discordance matrix. 

T he Range of Va lue Method 
It is simple and flexible to use and can It is a linear approximation. The ranking is robust with respect to 
be implemented by people not familiar changes in weights. 
with multiobjective techniques. 
It is not necessary to provide the It does not state explicitly what is the best 
weights; only the importance order of alternative, this has to be decided by the 
the attributes which is left to decision decision maker, depending on how much 
makers. uncertainty he is willing to accept, which 

is represented by the height of the bars in 
the graph. 

Provides complete range of the additive The hierarchy of the criteria must be 
value function for each alternative from defined. 
the most pesimistic to the most 
optimistic point of views. The 
sensitivity of each alternative to the 
weights can be seen directly in the 
graph. 

The consequence of increasing the 
number of attributes or alternatives is 
easily examined. 
The strong or absolute dominance is 
easily seen by looking at the bars in the 
graph of this method. 
If the priority order changes, only the 
calculations from this level and above 
needs to be redone. 
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The three techniques are simple and flexible to use. In Q- Analysis and ELECTREII 

the weights need to be provided, for the former the slicing levels too; however a complete 

ranking of a set of alternatives is obtained. On the other hand the ROV method under a 

Hierarchy of Criteria does not need the weights, only the priority order. Moreover, the final 

decision about the best alternatives is left to the decision maker's judgment based on the 

result's bar graphs. 
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APPENDIX B 

Estimation of the attributes 

ALTERNATIVE 1: No changes 

Table B.l Estimation of the net income for the actual cropping pattern 
Crop Area Production Production Total Net Benefit Crop 

(has) (ton) Value ($) Production ($) 
Cost ($) 

wheat (Fall) 2,188 13,128 1,719,142 1,172,924 546,218 
com (Spring) 17 119 21,250 6,674 14,575 
Sorghum(Summer) 1,583 12,664 2,261,428 621,515 1,639,912 
com(Summer) 21 147 16,625 10,017 6,607 
Total 3,820 2,207,313 

Salinity=3.2 (mmhos/cm) 

Operation and maintenance cost=$71,677 

Water volume for the current cropping pattern is 30 million m^ 

Erosion was estimated using the general formula: 

E = R*K*LS*C*P 

(0.065 + 0.045J + 0.00655- ) 

where: 
E=Tnean annual soil loss 
R=rainfall erosive factor=50 
K.=soil erodibility factor=0.2 
L=sIope length factor 
S=slope steepness factor 
P=erosion control practice factor(P=0.6; table 5.3, Morgan 1986) 
x=slope length=30 m 
s=sIope gradient=7% 
n=0.5 

Using the above values; LS= 0.6 and E=3.57 ton/ha-year 

LS = 



69 

ALTERNATIVE 2:Change cropping pattern 

Table B.2 Estimation of the net income for suggested cropping pattern 
Crop Area (has) Production 

(ton) 
Production 
Value ($) 

Total 
Production 
Cost ($) 

Net 
Benefit 
($) 

wheat (Fall) 2,414 16,898 2,325,321 1,580,595 744,726 
broccoli(Fall) 78 1,404 208,928 83,521 125,357 
cabbage(Fall) 64 448 106,666 35,809 70,857 
Sorghum (Spring) 1,332 11,988 2,140,714 713,571 1,427,143 
com (Spring) 993 7,547 853,507 650,178 203,329 
broccoli (Spring) 69 1,242 184,821 73,928 110,893 
cabbage(Spring) 63 441 105,000 33,750 71,250 
chili(Spring) 55 385 550,000 58,928 491,072 
tomatoes(Spring) 44 880 282,857 78,047 204,810 
Total 5,112 6'757,814 3,449,437 

Table B.3 Cost of water Alternative 2 
Cropping pattern Water Volume 

(Million m^) 
Cost of Water 
($) 

Actual 30 538 
Suggested 27 372 
Reduction cost 165 

Net income of the suggested cropping pattem= $ 3'449,602 

The mean annual soil loss with the suggested cropping pattern is 

E = 50*0.2*0.6*0.33 *0.6 = 1.3 ton! acre — year = 2.88 ton! ha — year 

ALTERNATIVE 3: Line 2 km of the main canal and same cropping pattern 

Table B.4 Water volume savings for lining the canal 
WATER VOLUME 
Without lining the canal 
(Million m^) 

Lining the canal 
(Million m^) 

Savings 
(Million m^) 

9 54 = 30 
.53 *.60 

9 54 = 20.9 
.76 *.60 

9.1 
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Water savings= $66,000 

Net income=2207,000+66,000=$2,273,000 

E=46*0.2*0.6*0.33*0.6=1.01 toni/acre-year=2.85 ton/ha-year 

ALTERNATIVE 4: Build 13 pumping stations using actual cropping pattern 

Table B.5 Net income cropping pattern for wells 
Crop Production Value Production Cost Net Income 

($) 
wheat 2,511,882 1,713,820 798,062 
com 97,981 23,164 74,816 
sorghum 3,768,541 1,035,759 2,732,782 
com 22,102 10,017 12,085 
alfalfa 57,927 7,619 50,308 
total 3,668,055 

Table B.6 Water savings for wells 
WATER VOLUME 
Without lining the canal 
(Million m^) 

Lining the canal 
(Million m^) 

Savings 
(Million m^) 

9 54 —^ = 30 
.53 *.60 

9-54 = 21.2 
.75 *.60 

8.8 

Price of gravity water= $85/ha; price of water from wells=$190/ha 

Table B.7 Net income alternative 4 
WATER VOLUME 
Water cost gravity 
($) 

Water cost wells 
($) 

Net income alternative 4 
($) 

I \J31m^lha 
2r20QOOOn^,,„^,, r *19C8//ia=S34318 
\VTiln?lha 

3,542,128 
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Table B.8 Initial investment to drill new wells 
Station Area (has) ($/ha) Total ($) 
1 25.4 1968.6 50,002 
2 178.9 928.8 166,171 
-» J 220.7 976.3 215,481 
4 170.3 1009.7 171,961 
5 394.3 897 353,678 
6 147.4 987 145,528 
7 97.5 1132 110,391 
8 120.1 892.3 107,169 
9 153.7 932.6 143,351 
10 261.8 848.8 222,224 
11 127.1 751.1 95,470 
12 416.3 698.4 290,755 
13 242.6 1105.7 268,248 
Total 2,556 915.6 2'340,435 

Conveyance efficiency of wells=75% 

£=30*0.2*0.6*0.45*0.6=0.972 toni/acre-year=2.14 ton/ha-year 

ALTERNATIVE 5: Change cropping pattern and line canal 

Net income=net income of new cropping pattem+ increase in income for lining the main 

canal=$3'449,43 7+65,903=53'515,340 

Water volume for changing the cropping pattem=27 million m^ 

Savings of water for lining the canal=30-20.75=9.25 million m^ 

Water volume alternative 5=27-9.25=17.75 million m"* 

£=40*0.2*0.6*0.33*0.6=0.972 toni/acre-year=2.09 ton/ha-year 

ALTERNATIVE 6: Line the main canal and build six pumping stations 

Half of the area irrigated by wells and half by canals 

Net income=$ r771,064+ri36,608=$2'907,672 
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Initial investment=investment in lining the canal+investment in building 6 pumping 

stations=$2'385,703+l' 170,217=$3'555,920 

Salinity decrease because of water from wells=2.8 (mmhos/cm) 

Operation and maintenance cost= Oper. Main, lining canal + Oper. Main. 6 wells 

Operation and maintenance cost=$72,667+1,355=574,032 

Water Savings=water volume required in the actual cropping pattern-water savings from 

main canal-savings from water from wells 

9 25 + 8 8 
water volume = 30 ^ = 20.97 mill ion m 

2 

£=35*0.2*0.6*0.45*0.6=1.13 toni/acre-year=2.5 ton/ha-year 

ALTERNATIVE 7: Change cropping pattern, line the main canal and build six 

pumping stations 

Net income=net income from alternative 6 + increment in income for changing the 

cropping pattem= 2'907,672 + 1 '242.289= $4' 143,173 

Water volume=water volume in altemative 6-savings for changing the cropping 

pattem=20.97-3=17.97 million m^ 

£=35*0.2*0.6*0.33*0.6=0.86 toni/acre-year=1.835 ton/ha-year 



Tabic B.9 Calculation of the concordance matrix 
Alternative i superior to alternative j across attributes If inferior (0), if superior (1) 

Net income Init. Inv Salinity Op. Maint Water Vol Conv Effic Erosion C(1J) 
c(I,2)= 0 0.2 0.1 0.12 0 0.2 0 0.62 
c(l,3)= 0 0.2 0.1 0.12 0 0 0 0.42 
c(l,4)= 0 0.2 0 0.12 0 0 0 0.32 
c(l,5)= 0 0.2 0.1 0.12 0 0 0 0.42 
c(l,6)= 0 0.2 0 0.12 0 0 0 0.32 
c(l,7)= 0 0.2 0 0.12 0 0 0 0.32 
c(2,l)= 0.22 0.2 0.1 0.12 0.1 0.2 0.06 1 
c(2,3)= 0.22 0.2 0.1 0.12 0 0 0 0.64 
c(2,4)= 0 0.2 0 0.12 0 0 0 0.32 
c(2,5)= 0 0.2 0.1 0.12 0 0 0 0.42 
c(2,6)= 0.22 0.2 0 0.12 0 0 0 0.54 
c(2,7)= 0 0.2 0 0.12 0 0 0 0.32 
c(3,l)= 0.22 0 0.1 0 0.1 0.2 0.06 0.68 
c(3,2)= 0 0 0.1 0 0.1 0.2 0.06 0.46 
c(3,4)= 0 0 0 0.12 0.1 0.2 0 0.42 

c(3,5)= 0 0.2 0.1 0.12 0 0.2 0 0.62 
c(3,6)= 0 0.2 0 0.12 0.1 0 0 0.42 
c(3,7)= 0 0.2 0 0.12 0 0 0 0.32 
c(4,I)= 0.22 0 0.1 0 0.1 0.2 0.06 0.68 
c(4,2)= 0.22 0 0.1 0 0.1 0.2 0.06 0.68 
c(4,3)= 0.22 0.2 0.1 0 0 0 0.06 0.58 



Table B.9 continue 
Alternative i superior to alternative j across attributes If inferior (0), if superior (1) 

Net income Init. Inv Salinity Op. Maint. Water Vol Conv IZffic Erosion c(io) 
c(4,5)= 0.22 0.2 0.1 0 0 0 0 0.52 
c(4,6)= 0.22 0.2 0.1 0 0 0 0.06 0.58 
c(4,7)= 0 0.2 0 0.12 0 0 0 0.32 
c(5,l)= 0.22 0 0.1 0 0.1 0.2 0.06 0.68 
c(5,2)= 0.22 0 O.l 0 0.1 0.2 0.06 0.68 
c(5,3)= 0.22 0.2 0.1 0.12 0.1 0.2 0.06 1 
c(5,4)= 0 0 0 0.12 0.1 0.2 0.06 0.48 
c(5,6)= 0.22 0.2 0 0.12 0 0 0.06 0.6 
c(5,7)= 0 0.2 0 0.12 0 0 0 0.32 
c(6,l)= 0 0 0.1 0 0.1 0.2 0.06 0.46 
c(6,2)= 0 0 0.1 0 0.1 0.2 0.06 0.46 
c(6,3)= 0 0 0.1 0 0.1 0.2 0.06 0.46 
c(6,4h 0 0 0 0 0.1 0.2 0 0.3 
c(6,5)= 0 0 0.1 0 0 0.2 0 0.3 
0(6,7)= 0 0.2 0.1 0 0.1 0.2 0 0.6 
0(7,1)= 0.22 0 0.1 0 0.1 0.2 0.06 0.68 
c(7,2)= 0.22 0 0.1 0 0.1 0.2 0.06 0.68 
0(7,3)= 0.22 0 0.1 0 0.1 0.2 0.06 0.68 
c(7,4)= 0.22 0 0 0 0.1 0.2 0.06 0.58 
0(7,5)= 0.22 0 0.1 0 0.1 0.2 0.06 0.68 
0(7,6)= 0.22 0.2 0.1 0 0.1 0.2 0.06 0.88 



Table B. 10 Calculation of the discordance matrix (Compare alt 1 to alt j across all attributes, find where alt 1 compares least 
favorably to alt j) 

Net income Init. Inv Salinity Op. Maim. Water Vol Conv Effic Erosion Ddo) 
d(l,2)= 0.30 0.00 0.00 0.00 0.06 0.00 O.IO 0.30 
d(l,3)== 0.02 0.00 0.00 0.00 0.18 0.17 0.10 0.18 
d(l,4)= 0.32 0.00 0.16 0.00 0.18 0.17 0.20 0.32 
d(l,5)= 0.32 0.00 0.00 0.00 0.25 0.17 0.21 0.32 

d(l,6)= 0.17 0.00 0.09 0.00 0.18 0.20 0.15 0.20 

d(l,7)= 0.47 0.00 0.09 0.00 0.24 0.20 0.24 0.47 
d(2,l)= 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
d(2,3)= 0.00 0.00 0.00 0.01 0.12 0.17 0.10 0.17 
d(2,4)= 0.02 0.00 0.16 0.00 0.12 0.17 O.IO 0.17 

d(2,5h 0.02 0.00 0.00 0.00 0.19 0.17 0.11 0.19 
d(2,6)= 0.00 0.00 0.09 0.00 0.12 0.20 0.15 0.20 
d(2,7)= 0.17 0.00 0.09 0.00 0.24 0.20 0.15 0.24 
d(3,l)= 0.02 0.60 0.00 0.01 0.00 0.00 0.00 0.02 
d(3,2)= 0.28 0.60 0.00 0.01 0.00 0.00 0.00 0.60 
d(3,4)= 0.31 0.01 0.16 0.00 0.00 0.00 0.10 0.31 
d(3,5)= 0.30 0.00 0.00 0.00 0.06 0.00 0.11 0.30 
d(3,6)= 0.00 0.00 0.09 0.00 0.06 0.02 0.05 0.09 
d(3,7)= 0.45 0.00 0.09 0.00 0.06 0.02 0.14 0.09 
d(4,l)= 0.00 0.59 0.00 0.03 0.00 0.00 0.00 0.59 

d(4,2)= 0.00 0.59 0.00 0.03 0.00 0.00 0.00 0.59 

d(4,3)= 0.00 0.00 0.00 0.02 0.01 0.01 0.00 0.02 



Table B. 10 continue 

Net income Init. Inv Salinity Op. Maint. Water Vol Conv Effic Erosion D(lj) 
d(4,5)= 0.00 0.00 0.00 0.02 0.07 0.01 0.01 0.07 
d(4,6)= 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.03 
d(4,7)= 0.47 0.00 0.00 0.00 0.06 0.03 0.04 0.47 
d(5,I)= 0.00 0.60 0.00 0.01 0.00 0.00 0.00 0.60 
d(5,2)= 0.00 0.60 0.00 0.01 0.00 0.00 0.00 0.60 
d(5,3)= 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
d(5,4)= 0.01 0.01 0.16 0.00 0.00 0.00 0.00 0.01 
d(5,6)= 0.00 0.00 0.09 0.00 0.00 0.02 0.00 0.09 
d(5,7)= 0.15 0.30 0.09 0.00 0.00 0.02 0.04 0.09 
d(6,l)= 0.00 0.90 0.00 0.02 0.00 0.00 0.00 0.90 
d(6,2)= 0.13 0.90 0.00 0.02 0.00 0.00 0.00 0.90 
d(6,3)= 0.00 0.30 0.00 0.01 0.00 0.00 0.00 0.30 
d(6,4)= 0.15 0.31 0.07 0.00 0.00 0.00 0.05 0.31 
d(6,5)= 0.15 0.30 0.00 0.01 0.06 0.00 0.35 0.35 
d(6,7)= 0.30 0.00 0.00 0.00 0.06 0.00 0.09 0.30 
d(7,l)= 0.00 0.90 0.00 0.04 0.00 0.00 0.00 0.90 
d(7,2)= 0.00 0.90 0.00 0.04 0.00 0.00 0.00 0.90 
d(7,3)= 0.00 0.30 0.00 0.03 0.00 0.00 0.00 0.30 
d(7,4)= 0.00 0.31 0.07 0.01 0.00 0.00 0.00 0.31 
d(7,5)= 0.00 0.30 0.00 0.03 0.00 0.00 0.00 0.30 

d(7,6)= 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
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ABSTRACT 

A multiple objective decision making technique the Range of Value Method (ROV), 

was applied to the Alto Rio Lerma Irrigation District (ARLID) located in the state of 

Guanajuato in Mexico in order to find a satisficing solution between environmental 

concerns such as aquifer mining, pesticides and nutrients in runoff and percolation, and 

economic returns. 

Twelve optimal cropping pattern scenarios, six with land leveling and six without 

land leveling were identified using a linear program that maximizes the present value of 

farmer's net income subject to area and groundwater extraction scenarios constraints . The 

results show that economic returns increase with land leveling and for the fanning scenarios 

without area restrictions. 

The Groundwater Loading Effects of Agricultural Management Systems ( GLEAMS) 

was used to simulate the amount of nitrates and pesticide in runoff and percolation for each 

cropping pattern scenario. The results show land leveling decrease the amount of nutrients 

and pesticides in percolation and nmoff 

Additional attributes were estimated to consider the environmental problem of aquifer 

mining: pumping costs and aquifer overexploitation coefficient (ratio of withdrawals over 

recharge). Pumping cost was estimated for different water lifting from forty to one hundred 

and twenty meters, the range of the water table in the ARLID (Chavez 1998). 
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After estimation of the attributes for the twelve cropping pattern scenarios, the ROV 

method was applied. Three economical attributes were considered: present value of net 

income, pumping cost and land leveling cost; two water efficiency attributes: water runoff 

and water percolation; and eight environmental attributes: pesticides, nitrate and Phosphorus 

in runoff and percolation, and aquifer overexploitation coefficient. The best farming 

scenarios from the environmental and economic point of views were the cropping patterns 

to grow vegetables such as red tomato, land leveling, and the groundwater extraction 

scenario to preserve the sustainable yield of the aquifer. The results demonstrate low water 

availability does not necessarily reduce farmer's profits if new water savings alternatives 

such as land leveling are applied, combined with more profitable crops. 
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INTRODUCTION 

Two of the environmental concerns related to irrigated agriculture are non-point 

source pollution (nps) and aquifer depletion. The first problem produces the movement of 

pollutants off a field depending on rainfall, soil characteristics, slope, crops, chemical 

management, water management, and conservation practices. These factors determine the 

amount of soil particles, nutrients, and pesticides that leave a field. TTie nutrients move from 

fields to surface waters dissolved in runoff water or absorbed to eroded soil particles. 

If soils are over fertilized. Nitrogen and Phosphorus can cause water quality 

problems. Nitrogen is found as nitrate and it is easily soluble and transported both in runoff 

and with leachate. Phosphate is moderately soluble and not very mobile in soils. Some of the 

consequences of nutrient runoff are the promotion of algae reproduction, which can clog 

pipelines, kill fish, and reduce recreational opportunities. In addition nitrate in drinking water 

is a potential human health threat especially to young infants (Ribaudo et al. 1999 ). 

Other agricultural pollutants include pesticides applied to agricultural crops to control 

insect pests, fungus and disease. Pesticides can be transported both by surface runoff and 

leachate. In addition, pesticides can be carried into the air. Pesticides may harm freshwater 

and marine organisms, damage recreational and commercial fisheries, and human health. 

(Ribaudo et al. 1999 ). 

Hoag and Homsby (1992) point out concern about agricultural pollution is increasing 

throughout the world, but little is known about the extent of groundwater contamination and 
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the risk it poses to society because farmers historically have paid little attention to 

groundwater pollution in their production choices. 

Wedwick (1998) mentions runoff, deep percolation, and agricultural chemicals are 

the areas of concern due to inefficient irrigation. Irrigation practices principally are selected 

for economic benefits. However, a need exists to evaluate not only economic aspects, but 

also environmental concerns. 

Leonard and Knisel (1988) used GLEAMS (Groundwater Loading Effects of 

Agricultural Management Systems) to assess the potential of herbicide leaching. GLEAMS 

evaluates scenarios that affect potential pesticide transport through the plant root zone and in 

surface runoff from a field sized management unit. They mention soil texture and structure 

determine water holding capacity and flow paths, furthermore that the potential herbicide 

loading to the groundwater system depends on organic matter content and soil texture. The 

authors mention leaching potential is directly proportional to pesticide solubility and 

inversely proportional to vapor pressure. 

The authors simulated herbicide losses from two soils, and found that losses 

increased with increased herbicide half-life. The probability of pesticide transport depended 

strongly on rainfall amounts and distribution. 

Saxton et al. (1977), developed a digital model to estimate the occurrence, movement 

and dissipation of nitrate-Nitrogen within the soil profile of two watersheds in western 

Iowa, one normally fertilized (160 kg/ha/year) and the other excessively fertilized (448 



82 

kg/ha/year). For the first watershed, the predicted nitrate leached was between 40 and 278 

kg/ha and for the second was between 183-748 kg/ha. 

The second environmental concern, groundwater depletion not only increases 

groundwater pumping and use, but can also cause land subsidence. The damages associated 

with subsidence can be hurricane surges, freshwater flooding, and fault activation. 

Garduno et al. (2000) mention that in the last few years many places in the center of 

Mexico have been affected by subsidence. This process has been related to aquifer 

overexploitation ; vertical movement has been from 4-6 cm per year. Susbsidence effects 

include damage pipes and polluted drinking water. Recent studies have shown geological 

failures are due not only to aquifer overexploitation but also to well design and climate. 

Specifically, in Celaya which covers part of the Alto Rio Lerma Irrigation District, the 

subsidence rate is about 8 cm/year and the accumulative subsidence is about 2 m. 

Crosswhite et al. (1990) asserts declining groundwater levels influence long term 

changes in irrigation systems. Only small increases in pumping cost occur in a particular 

year due to greater lift and declining well yields. In the long run, the effects of small annual 

changes in pumping cost and water availability require changes in organization and 

operation. Low application efficiency systems can be replaced by more efficient systems. 

Declining groundwater levels increase irrigation cost in four ways : increasing energy cost 

associated with greater lifts, decreasing well yields, increasing pumping time, and decreasing 



83 

in pump efficiency or involving costs to modify the pumping unit to maintain the same 

efficiency. 

The above environmental concerns are externalities in the production process. 

Externalities exist when some of the consequences of production are not considered when 

production decisions are made. The total cost of water pollution from point and non-point 

sources as well as groundwater depletion are largely unknown. Farmers have no incentive to 

consider the pollution cost when they make their production decisions. 

In Mexico, from the 320 watersheds at the national level, there are 441,000 Mm^ 

available for use and 110,000 Mm^ of nonrenewable groundwater. There are annual losses of 

500 million tons of fertile soil, 2.8 kg/ha/year of Nitrogen and 4.2 kg/ha/year of Phosphorus. 

The over-exploitation of aquifers in different places in the country together with the 

contamination due to irrigation drainage has caused soil salinity. There is a need for 

managing these problems, otherwise the consequences could be irreversible (Traconis, 

1990). 

IMTA (The Mexican Institute of Water Technology 1993) mentions erosion and 

contamination produced by irrigation alter the physicochemical characteristics and 

sometimes introduce toxic materials to the soils. They also stress the importance of 

considering the risk introduced by the irrigation district when the irrigation return flow is 

used for other purposes. Finally, they argue that the environmental problems in developing 

countries are a consequence of deficient planning and management. 
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Castellanos and Pena (1990) discuss the impact of Nitrogen fertilization on crop 

yields. Farmers apply high amounts of fertilizers without taking into account the leaching, 

deniirification or volatilization. These processes have negative influences on economics and 

environmental quality. The use of agrochemicals is necessary for high yields, however these 

chemicals can reach the aquifer. They reported the Nitrogen leaching losses average 25-50% 

of Nitrogen applied for most of the crops. 

Estrada A. T. (1996) mentions in a study done in 1981 in the Comarca Lagunera, 

187 wells were tested and the nitrate concentrations varied from 3.6-207 ppm. She estimated 

the leaching fraction to be 20-40% of the irrigation depth. In other words, from 100 cm of 

water there are 20-40 cm of water for leaching. Estrada tested some of the wells located in 

Jaral, Cortazar and Valle de Santiago and found nitrate concentration to be 0.1-51.2 ppm . 

Kloezen and Garces (1998) report the high gross return of investments of private 

wells (80%) combined with the low pumping costs of about 6.3 % of the total cost in 1996 

(cost of water service as a percentage of total cost) in the Alto Rio Lerma Irrigation District 

(ARLID) explains the high concentration of wells in the irrigation district. However, the 

energy cost will increase dramatically over the coming years as a result of the elimination of 

energy subsidies by the National government and this will change considerably the 

profitability in the places where the aquifer is located 150 m below field level. From 1990-

1995 static water tables dropped at an average annual rate of 2 to 5 meters, reaching an 

average depth of more than 100 m. The high concentration of wells in the ARLID has 
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resulted in an annual overexploitation of 117 millions of cubic meters (Mm3) for the three 

aquifers, corresponding to an overexploitation of the aquifers by factors of 1.2 to 1.4. 

Chavez (1998) mentions that between 1970-1997 there was a water decline from 20 

m to more than 80 m in the aquifer located in Celaya, which is part of the Alto Rio Lerma 

Irrigation District (ARLID). The static water levels are from 40 to more than 120 m. In the 

last few years, there was an aquifer decline of about 6 m/year due to less recharge as well as 

an increase in water pumping in dry years. The groundwater storage is being mined at about 

1000 Mm3 per year with irrigated agriculture being the major contributor to this problem. 

The ecological impact of aquifer overexploitation has been the loss of ecosystems, extinction 

of rivers, and spring exhaustion. The economic effects have been increase in pumping cost 

associated with increases in energy use and land subsidence damage in industrial and 

residential areas. In addition, there is a decrease in water quality due to rapid access of fluids 

through the fissures produced by subsidence. The net environmental -economic cost of many 

crops has been negative since 1980. Chavez concluded a strategy to reduce aquifer declines 

is to change irrigation techniques and to change the cropping pattern for more profitable 

crops with lower water requirements. (Chavez 1998; CNA 1992). 

Ellis (1990) states an alternative irrigation technology for water savings and to 

decrease the problem of aquifer mining is land leveling. Two benefits of land leveling 

can be increased yields and reduced water use. Increases in yields from sloping systems 
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to dead level irrigation varied from 0-30% , and from sloping systems to lasered-to-

slope fields were said to be 10 % and the water savings can vary from 10-30 %. 

Daubert and Ayer (1982), mention large initial capital cost is required in most 

technologies to save water but laser leveling could be a good alternative to preserve water by 

improving irrigation application efficiencies, and to increase crop revenues by reducing 

water cost and increasing crop yields. The authors assert laser leveling promotes better water 

distribution over the field, thus thereby increasing yields. They estimated that after two years, 

yield increases could be zero to over 10 percent with laser planing to slope and from zero to 

30 percent with dead leveling field. Benefits of laser leveling can continue indefinitely if a 

periodic (every 5 years) touch up leveling prevents deterioration. Daubert and Ayer 

concluded that both laser leveling to slope and dead leveling are often profitable. 

Gamer (1971) pointed out land leveling causes better distribution of irrigation and 

less runoff, increasing crop growth and yielding on investment return of three years. 

Nevertheless, land leveling has to be designed according to variations of soils, crops, water 

supply and the method of irrigation. The author stressed good water management and 

having the correct amount of water at the right time and place plays an important roll in the 

land leveling payoff. 

According to Jones and Clark (1987) land leveling is the most effective practice to 

eliminate runoff and provide more water to the crop, but leveling is expensive, and fertility 

problems may develop when deep soil cuts are made. In addition, Thomas et al. (1974) point 
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out the expected benefits of land leveling include better water distribution and increase in 

crop production; however for soils in which the organic matter is the highest in the surface 

soil, the productivity may decrease and more fertilizer may be required in the cut areas. 

IMTA (The Mexican Institute of Water Technology 1998) recommends a land 

leveling program in the ARLID in order to decrease irrigation time and to have better water 

distribution. They estimate land-leveling costs to be about 2028 pesos/hectare. 

Solis and Arenas (1998) mention that in the state of Guanajuato the water application 

efficiencies are low because the land is not leveled. They estimate water losses of 55 Its for 

every 100 Its of water applied. However, if a gated pipe irrigation system is used together 

with land leveling, the losses are reduced to 15 Its. The land leveling investment from 1997-

1998 was 4, 995,200 pesos for 3771 has or 1324 pesos/hectare. 

Multiple objective decision making techniques (MODM) allow the decision maker to 

analyze alternatives in which conflicting objectives are present. Frequently, economic and 

environmental concerns are conflicting objectives and the decision maker needs to make a 

selection that perhaps is not optimal in both objectives but is a satisficing solution. 

There are many MODM techniques, classified as utility type, outranking, distance-

based. direction based and mixed techniques (Duckstein et al. 1994). A problem faced in all 

of these techniques is that the decision maker has to provide the importance weights of the 

attributes. Yakowitz et al. (1997) developed an algorithm ( Range of Value Method) 

(ROVM) that allow the weights to vary subject only to an importance ordering within each 
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hierarchical group.This approach has many advantages: there is no need to provide 

particular weights, it is easy to apply, computes all possible range of values from the best to 

the worst for any hierarchical arrangement. 

Heilman et al. (1997) uses MODM (Multiple Objective Decision Maidng) to 

determine if alternative management systems can improve economics and/or environment 

and identify the required tradeoffs. They proposed a method which links a Multiobjective 

Decision Support System (MODSS) to two optimization models. The MODSS was 

developed to rank farm management systems for individual fields based on farm income , 

water quality stresses, and the preferences of decision makers. Because agriculture is spread 

over a large area, it is difficult and expensive to measure the amounts of pollutants leaving 

whole farms and even harder to trace their movement to affected water bodies. Heilman et al. 

(1997) quantify the agri-chemicals leaving a farmers field using expert opinion combined 

with scoring fimctions and simulation models for individual pollutants. 

No research data in the literature was found for the irrigation district with regard to 

the effects of nutrients and pesticides on surface and groundwater contamination. Therefore, 

the expected contribution of this research will be the estimation of the environmental impact 

of current agricultural practices: irrigation, pesticides, fertilizers, and tillage used in ARLID 

on surface 2ind groundwater contamination. A linear programming model was used to 

generate twelve optimal cropping patterns for different groundwater extraction scenarios, 

assuming farmers are ma.\imizing their net income. Because of the lack of data for the 
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aquifer mining problem, only two attributes were calculated: pumping cost and aquifer 

overexploitation coefficient. The economic, environmental and water efficiency attributes 

were estimated for the evaluation in the Range of Value Method multiobjective technique 

(ROV)(Yakowitz et al. 1997). 

This research paper presents an evaluation of part of the ARLID irrigated by wells 

(36.772 has) for two reasons: First, gravity water in the ARLID is affected by industrial and 

residential waste for which there are no available data, so introduction of high profitability 

crops is limited. Second, important environmental concerns related to agricultural production 

in the ARLID are groundwater depletion and nitrate percolation. 

The objectives of this study were: 

1. To estimate the impact of current management practices applied in the ARLID on 

possible groundwater and surface water contamination with nitrates and 

pesticides, for the most representative cropping pattern. 

2. To compare the actual surface irrigation system with leveling and no leveling 

estimates in terms of net income, water savings, nutrients and pesticides 

contamination. 

3. To determine the optimal cropping pattern that maximizes the net income of 

farmers for different groundwater extraction scenarios including a groundwater 

sustainability scenario using linear progranmiing. 
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4. To apply the ROV multiobjective technique to evaluate the economic, 

environmental and water efficiency effects on the ARLID, for each groundwater 

extraction scenario as well as the uncertainty involved in each scenario. 

METHODOLOGY 

Description of the ARLID 

The ARLID is located in the state of Guanajuato in Mexico which has a total 

irrigated area of 112,772 ha, with two separated water sources: surface and groundwater 

water. Three aquifers are located in the command area of the ARLID exploited by 190 

public wells and 1868 private wells. 

The ARLID has an annual average precipitation of 757 mm, an average relative 

humidity of 60%, and an average annual temperature of 19°C . The ARLID was transferred 

from the government to the farmers in November 1992. creating 11 user associations. 

The cropping seasons in the irrigation district are : Winter (Dec-April) and Spring 

(Feb-June); however, when there is sufficient surface water a second crop is planted after 

harvesting the first crop in one of the two seasons. These crops are called "Second Crops" 

(May-July). 

The major agricultural constraint in this irrigation district is water. The hydrologic 

balance for the ARLID is shown in Figure C. 1 (Mejia 1999). From October to June there is a 

deficit of rainfall with respect to evapotranspiration; for the remainder of the year rainfall is 
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greater than evapotranspiration. Thus, in the Winter season, irrigation plays a more important 

role in agricultural production than in the spring and with second crops. 
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Figure C.1 Average Hydrologic Balance in the ARLID (1999) 

Water use problems are related to low application (46%-69%) and conveyance (63-

73%) efficiencies. Relative water availability computed as total water supply to the crop and 

the water demand is 2-3. (Kloezen and Garces 1998). This fact does not signify an excess of 

water in the ARLID, since in a record of 10 years production (1986-1996) there is an 

average of 12,736 ha of non-irrigated land. The main water losses occur on the farmer's 

field as reflected in the low average application efficiencies of 55o/o with most of the water 

losses due to non adaptive operation. For instance, surface water is lost and meanwhile 

considerable amounts of groundwater from the aquifer are pumped. 
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In addition to irrigation efficiency problems, there are environmental problems 

related to agricultural practices. However, little is known about groundwater and surface 

water contamination in the ARLID. Farmers face a variety of prices, uncertain yields and 

resource risk and behave in risks adverse ways. Many producers continue to irrigate 

intensively, applying excessive water to avoid yield reductions and variability in net returns. 

In summary, the Alto Rio Lerma Irrigation District has problems related to 

economics, environment, and water use. Producers need to increase net income but at the 

same time they face concerns about surface and groundwater contamination and 

groundwater mining . 

The problems stated above could be classified as a multicriterion decision making 

problem of an irrigation district in which three aspects should be considered: economic, 

environmental, and water efficiency. 

The application of the Range of Value Method (ROV) multiobjective technique for 

the problem in the irrigation district, requires the generation of alternatives and estimation of 

attributes. The alternatives were obtained by maximizing the farmers net income for four 

groundwater extraction scenarios: maximum, average, minimum and aquifer sustainability, 

using linear programming for two modalities: one with land leveling and the other without 

land leveling. Table C.l summarizes the list of alternatives. 

The attributes considered to evaluate the performance of each scenario were divided 

in three categories: economic, environmental and water use. The first considered net income. 
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pumping cost and leveling cost. In the second category, aquifer overexploitation was 

considered as the most important, followed by pesticides, nitrates, ammonia. Nitrogen and 

Phosphorus in runoff and percolation. The third category only considered water runoff and 

percolation. 

Table C.l. List of alternatives 
Alternative 

1. Max L Cropping pattern scenario for maximum groundwater availability 
with land leveling. 

2. Max ns L Cropping pattern scenario for maximum groundwater availability 
with land leveling and no area restrictions for each crop. 

•n Ave L Cropping pattern scenario for average groundwater availability 
with land leveling 

4. Min L Cropping pattern scenario for minimum groundwater availability 
with land leveling 

5. ASL Cropping pattern scenario for aquifer sustainability groundwater 
supply with land leveling 

6. AS ns L Cropping pattern scenario for aquifer sustainability scenario 
groundwater supply, land leveling and no area restrictions for 
each. 

7. Max NL Cropping pattern scenario for Maximum groundwater availability 
without land leveling 

8. Max ns NL Cropping pattern scenario for Maximum groundwater availability 
and no area restrictions without land leveling 

9. Ave NL Cropping pattern scenario for Average groundwater availability 
without land leveling 

10. Min NL Cropping pattern scenario for minimum groundwater availability 
without land leveling 

11. ASNL Cropping pattern scenario for aquifer sustainability groundwater 
supply without land leveling 

12. AS ns NL Cropping pattern scenario for aquifer sustainability groundwater 
supply and no area restrictions without land leveling. 
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Table C. 2 List of Attributes 
Attributes Estimation 
Net lncome(Million pesos) Generated in the linear program for 

each alternative 
Pumping cost(Million pesos) Calculated separately for 40 80 and 

120 m lift using data from ARLID 

Leveling Cost (Million pesos) Calculated using data from ARLID 
and the cropping pattern scenarios 
generated in the linear program 

Water Runoff (m^*1000) 

Output from GLEAMS for each crop 

Water Percolation(m^*IOOO) 

Output from GLEAMS for each crop 

Nitrogen Runoff (kg* 1000) 

Output from GLEAMS for each crop 

Nitrate Percolation (kg* 1000) 

Output from GLEAMS for each crop 
Ammonia Percolation kg 

Output from GLEAMS for each crop Phosphorus Runoff (kg* 1000) Output from GLEAMS for each crop 

Phosphorus Percolation (kg* 1000) 

Output from GLEAMS for each crop 

Pesticides Runoff (gm*1000) 

Output from GLEAMS for each crop 

Pesticides Percolation (gm*1000) 

Output from GLEAMS for each crop 

Aquifer overexploitation Evaluated for each groundwater 
supply 

The first part of this study involved the estimation of nitrate. Phosphorus and 

pesticides in percolation and runoff using GLEAMS as well as the estimation of the 

application efficiencies for the most representative crops in the irrigation district with land 

leveling and without land leveling using GLEAMS. The second part was the generation of 

cropping pattern scenarios for different groundwater supplies using linear programming to 

maximize the present value of the net income subject to water and area constraints. The third 

part was the prediction of the net income for each crop as well as the estimation of the new 



95 

irrigation depths when land leveling was implemented, and then to implement GLEAMS 

and the linear program to generate the optimal cropping patterns for different groundwater 

supplies when land leveling was implemented. The fourth part was the estimation of the 

groundwater attributes: pumping cost and groundwater mining coefficient. Finally after all 

alternatives had been generated and the attributes estimated, the ROV method was applied to 

evaluate the performance of alternatives. 

The Groundwater Loading Effects from Agricultural Management Systems 

( GLEAMS) 

The GLEAMS (Leonard andKnisel 1988) model has four components: Hydrology, 

Erosion. Pesticides and Nutrients. The Hydrology submodel uses the SCS curve number 

method and soil moisture routing approach to predict daily soil moisture balance and 

runoff. The purpose of the nutrient submodel is to calculate Nitrogen concentration in runoff, 

transport sediment and percolation below the root zone. The pesticide submodel simulates 

the interactions among pesticide properties, soils, climate and management, as well as 

pesticide losses in surface runoff, attached to transport sediments, and in percolate below the 

root zone. The foliar behavior of a given pesticide can have significant effects on runoff and 

leaching losses. Finally, the erosion submodel predicts erosion based on the dynamic 

interaction between the effects of practices on overland flow, soil erodibility and on flow 

resistance. 
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A representative cropping pattern was selected using a 10-year record from ARLID. 

GLEAMS was implemented for each of the following crops: com, beans, sorghum, wheat, 

broccoli, cauliflower, red tomato, onion and barley. 

For the hydrologic simulation, a total drainage area of one hectare or 2.47 acres was 

considered for all crops. Characteristics of a clay soil were used because it represents 56.5% 

of the soil in the ARLID. (Mejia 1999). 

For each crop the hydrology, erosion, nutrient and p)esticide input files were 

constructed using the information provided by the irrigation district, INIFAP (Instituto 

Nacional de Investigaciones Agricolas y Pecuarias) and from the literature. The irrigation 

supply for each crop was included in the daily rainfall files. Twelve years of daily rainfall 

data from the hydrologic station at Yuridia were used. To account for the uncertainty in the 

simulation results, the maximum and minimum values of each parameter in the output file 

for the 12 years was considered. Since the interest of this study was to evaluate the effects of 

actual management practices on the environment, only the following parameters of the 

output file were considered: water. Nitrogen, nitrate. Phosphorus and pesticides in runoff and 

percolation. 

GLEAMS was implemented for two cases: with actual irrigation depths, and with 

adjusted irrigation depths (actual depth minus water savings when land leveling is 

considered). Land leveling was considered as an alternative to increase the application 

efficiency and at the same time reduce nutrients and pesticides in runoff and percolation. 
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For the pesticide simulation, the following terminology is used: Toxicity is a term 

used in reference to pesticides and is given as LD 50, expressed as milligrams (mg) of 

toxicant per kilogram of body weight, the dose that kills 50 % of the test animals, usually 

laboratory rats. A classification of toxicity and the importance degree weights for the 

pesticides applied to the crops in this simulation is given in Table C.3 (Ware 1978, 

Freeman 1983). 

Table C.3. Toxicity Classification for the Pesticides used in GLEAMS 
Pesticide Name Label LD50 (mg/kg) Importance degree: 

classification Weight 
Permethrin Slightly toxic >4000 0.2 
Terbutryn Moderately toxic 2100 0.4 
Aatrex Moderately toxic 1869 0.4 
Linuron Moderately toxic 1500 0.4 
Pirimiphos Moderately toxic 2050 0.4 
Orthene Moderately toxic 866 0.4 
Malathion Moderately toxic 885 0.4 
2-4-D amine Very toxic 375 0.6 
Carbaryl Very toxic 307 0.6 
Sevin Very toxic 307 0.6 
Diazinon Very toxic 300 0.6 
Metasystox Very toxic 65 0.6 
Thiodan Extremely toxic 18 0.8 
Lannate Extremely toxic 17 0.8 
Methomyl Extremely toxic 17 0.8 
Carbofiiran Extremely toxic 8 0.8 
Azodrin Extremely toxic 8 0.8 
Parathion Super toxic J 1 
Mevinphos Super toxic J 1 
Phosdrin Super toxic 3 I 
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The assessment for pesticides in percolation and runoff for each crop is given as the 

weighted sum of all pesticides applied to crops. 

I 

PTP = LPpi * W; 
i=l 

I 

PTr = LPri * W; 
i=l 

where: PTP =Weighted sum of pesticides in percolation; PTr =Weighted sum of 

pesticides in runoff; n= Number of pesticides for a particular crop; Pr; =Pesticide in 

percolation in gm/ha; Pp; =Pesticide in runoff in gmlha and W; =Weight for each pesticide. 

Generation of cropping pattern scenarios using a linear programming model. 

The objective of ARLID is to provide water to 11 crop production modules which 

are legal civil associations with concessions granted by the Government that allow them to 

use the irrigation infrastructure and water (Johnson 1997), for the purpose of growing crops. 

However, an important consideration is the maximization of net income given the 

restrictions of land and water. 

The following linear model considers the farmer's maximization of net income from 

1998-2015 subject to land and water constraints. 
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Objective Function 

max NB= .J *X . n [(YP-C) . J 
~ (l+i)"' J 

where NB=net benefit in pesos($); X= areajth crop in hectares; Y= yield crop j in ton/ha; P= 

crop price for jth crop in $/ton; C= production cost $/ha for jth crop; n= number of crops; i= 

interest rate; and m=number of years. 

Subject to: 

Land Constraints 

1) Winter and spring crops have to cover all or part of the crop production area of 

the district irrigated by wells 

w s 
I x 1 + Ix.i ~ T 
j = J W +l 

where W= number of winter crops; S=number of spring crops; T=total area of the irrigation 

district irrigated by wells; 

2). Spring and summer crops 

Land that is left idle when spring crops are harvested can be sown with summer crops (second 

crops). 
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f f / = ! .V/f-l 

where SC= number of summer crops 

3). Maximum and minimum area for each crop 

Minarea<X^ < Max area 

Water availability constraints 

4). The monthly cropping pattern water requirement has to be less than or equal to 

the water extracted from wells in each month. 

and the cropping pattern water requirement in a year has to be less or equal than the 

groundwater extracted in this year. 

k=i j=\ 
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= 

where k=month of the year; akj=unit coefficient of gross irrigation water requirement in 

month k, for crop j; Mj= groundwater extracted for each month; G= groundwater extracted 

in a year; V|^j=net volume of crop j in month k in thousand of m^; Aj = physical area of crop j 

in ha; =conveyance efficiency in month k. 

The most important season for irrigation is the Winter season from November to May 

when the irrigation requirement is high. Using the monthly extractions from wells for the 

years 1994-1998 and the aquifer recharge in the same period provided by the irrigation 

district, four groundwater extraction scenarios were generated: maximum, average, 

minimum, and the aquifer sustainability. In addition, the high water extraction and aquifer 

sustainability scenario were tested without area restrictions. The modeling language and 

optimizer LINGO was used to solve the linear model. Two cases were analyzed: without 

land leveling, and with land leveling. 

Land Leveling 

Land leveling was considered as a good alternative to increase application 

efficiencies, yields, and reduce the negative effects of management systems for the 
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following reasons: 1) Sprinkler and drip systems are used in less than 1% of the irrigation 

district due to the high initial investment required,(IMTA,i997 estimate a cost of 18,031 

pesos/hectare for sprinkler irrigation). A technology that is less expensive is gated pipe 

irrigation which corresponds to 5.7% of the irrigation district with a cost in the average of 

6780 pesos /ha compared to 2028 pesos/ha of land leveling. 2) Drip and sprinkler systems 

often are optimal for farms with sandy soils, which is not the case in the ARLID where 

56.5% of the area has clay soil type vertisol: deep fertile soils with high content of organic 

matter (Mejia 1999). 3) Only 21.7 % of the irrigation district has slopes greater than 2%; 

therefore, not too much movement of soil is required and the negative effects of land leveling 

will be minimized. 

In 1998 only 6 % of the total area in the ARLID was leveled, according to the data 

provided in the ARLID. For a clay soil, the application efficiency increased from 60-65% 

with a sloping system to 70-80 % with a lasered-to-slope field. For the present study, an 

increase of 10% in the application efficiency and up to 10 % increase in yields was assumed. 

Also, the cost of land leveling, including three periodic relevelings (every 6 years), was 

assumed at 2028 pesos/ha for the first year and increased according to inflation rate. 

New application depths were calculated for all crops using the increased efficiency 

for use in GLEAMS. In addition, the increase in yields was estimated to calculate the new 

net income for all crops. Land leveling is a long-term investment. It was therefore necessary 

to consider the net benefit in the future years. A series of prices and production costs from 



103 

1960-1998 was available. Using a price index for agricultural products, a constant net 

income was generated. Because of the stochastic behavior of the net income and the lack of 

information, a multiple regression model was used to make a rough net income prediction 

for 18 years, using data from 1960-1998. Based on the prediction, a present value of the 

benefits for each crop was estimated for the two cases; with land leveling and without land 

leveling. using an interest rate of i = CETES + 2% = 24% (CETES are treasure certificates 

for agricultural loans). 

Estimation of the Groundwater attributes 

Two attributes are estimated to account for the groundwater depletion problem, the 

pumping cost and the aquifer overexploitation coefficient. 

Pumping cost 

More than 90% of the wells in the ARLID use electrical energy, and 80% of the 

pumping cost corresponds to electrical power. Power delivered to the pump was calculated 

using the relation given by Schwab (1993). 
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where KW=(input) power delivered to pump; q= discharge rate in m^/s; Ep=pump efficiency 

as a decimal fraction; h= total head in m. 

Information provided by ARLID are average Ep =50%, 5.3 ha/user/well (calculated 

from area irrigated by wells and the number of wells in the ARLID), q= 29.3 It/sec (CNA, 

1992); h=total head varies from 40-120 m. Using the 1999 price of 250 p)esos/1000 kw-hr, 

pumping costs were calculated for different pumping depths and water extraction scenarios. 

In addition to electrical costs, a 20% repair cost was included that depends on the pumping 

lift. The average variable groundwater cost is given as (Ellis , 1998) 

G W  =  i h * a ) I E p * E C  +  R * h  

where GW=average variable groundwater cost in $/m3; a=KW-h required to lift 1 m3 of 

water 1 m; EC=average aimual energy cost $/kw-h; and R=repair cost in $ /ha-m. 

The repair costs consider other well costs beyond increased energy use and the cost of 

pumping. As water availability declines because of the continuing fall in well yields, 

irrigators find it necessary to lower the depths of existing wells, install new wells and install 

more efficient pumps in order to maintain an adequate water supply. 
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Attributes of aquifer mining 

For this part of the study, information was deficient. The monthly data for water extr 

acted from wells was for 1995-1998. On the other hand, the monthly recharge data was 

for 1963-1995. Hence, with only one overlapping year, it was required to predict the 

recharge from 1996-1998 using the rainfall data from 1963-1995. Since rainfall decreased 

in the latter years, a minimum recharge scenario was implemented combined with four 

groundwater scenarios: minimum, average, maximum and aquifer sustainability. The 

aquifer overexploitation coefficient is the ratio of withdrawals to recharge. From May to 

October, recharge is greater than extraction due to the amount of rainfall in this period. 

The Range of Value Method (ROV) 

Using the results obtained in GLEAMS, the linear programming model, land 

leveling and the attributes of aquifer mining, the range of value method was implemented. 

The general structure of the hierarchy of the criteria is shown in Figure C.2 

In the hierarchy, the main goal is at the highest level, water management optimization, and 

the subsequent levels contain subelements of the parent or previous levels. For instance, level 

2 has three objectives: economic, environmental and water efficiency and at the same time 

these objectives have other branches. 

The importance order of the attributes is from left to the right, in this case economic 

attributes are more important than environmental consequences and water use efficiency. 
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Figure C.2 General structure for the hierarchy of the objectives 

Given the importance order and the criteria values for alternative j, the best (worst) 

composite score that alternative j can achieve is determined by solving the following linear 

programs for each branch in the hierarchy starting in the lowest level: 

Best (Worst) Additive Value: 

max('min^ V, = Y. T̂ iw.v,, 

s.t. S "L, w, = J 

Wl — VVr Wm—0. 
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where m= # of elements in each branch in the hierarchy; v= value assigned to the j th 

alternative with respect to each terminal element and w=weights for each attribute or criteria 

(decision variables). 

The best additive value is found by maximizing the objective function while the 

worst additive value is found by minimizing the objective function. These programs are used 

at intermediate elements substituting the maximum (or minimum) as the value assigned to 

the particular element at the higher level in the hierarchy. The above can be solved by 

evaluating the objective function at the extreme points of the constraint set (Yakowitz et al. 

1997). 

The procedure to calculate the best and worst values for each alternative generates 

results illustrated by the for instance the following example graph. 
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Figure C.3 Example of the results in the ROV method 
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The top of the bars represents the best value and the bottom of the bars represents the 

worse value that an alternative can obtain; when these values have little difference between 

them it means that this alternative is insensitive to the weights; Therefore, the length of the 

bars represents the sensitivity of each alternative to the possible weights given the 

importance order of the criteria. For instance in Figure C.3, alternative 2 is more sensitive to 

the weights than the rest of the alternatives. 

An important concept in multiobjective analysis is the dominance between 

alternatives; a given alternative A is nondominated if there is no other solution which would 

improve at least one objective function and not worsen any other ( Zeleny 1982). In the 

Figure C.3. alternative 3 dominates alternative 1 if the worse value of alternative 3 is greater 

or equal to the best value for alternative 1. Also, alternative 3 strongly dominates alternative 

1 if and only if the worse value of alternative 3 is greater than the best value of alternative 1 

(which is not the case in Figure C.3). When the alternatives overlap, the best alternative is 

based on the middle p)oints and the height of the bars. Even when the middle points for two 

alternatives are equal, the alternative that has smaller length in the bar is preferable. 
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RESULTS 

Results from GLEAMS 

Hydrological simulation 

The water runoff and percolation obtained from GLEAMS were used to calculate the 

irrigation application efficiencies for the actual and adjusted irrigation depths with land 

leveling. The results are shown in Figure C.4. 
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Figure C.4 Application efficiencies for 12 years simulation for leveling and no 
leveling options 

The length of the bars in Figure C.4 represents the variability in the application 

efficiencies during the 12 year simulation. The crops with the highest actual application 

efficiencies were sorghum and beans. 
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At the actual irrigation depths, almost half of the water goes to runoff and 

percolation. Conversely, for the adjusted water depths, the application efficiencies increase 

for almost all crops. 

Nutrient Simulation 

The amount of Phosphorus and Nitrogen in runoff and percolation was negligible; 

however, the amount of nitrate in percolation was high as shown in Figure C.5. 
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Figure C.5 Nitrates in Percolation for leveling and no leveling options 

As expected, the years with more rainfall yield more nitrate leached. Nitrates that are 

not absorbed by plants or microorganisms may readily move with percolated water and may 

leach through the soil to groundwater. 
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The highest level of nitrates leached was found for onions, beans, broccoli, red 

tomato and corn. This high nitrate leaching may be due to the high fertilization formula and 

frequent irrigations and because GLEAMS assumes that all residue is left on the ground. In 

general, the nitrate leached for all crops decreases after leveling because of low water 

percolation. The amount of nitrate percolation is high, but is within the range of Nitrogen 

leached reported by Saxton et al. (1977). 

Pesticide simulation 

The results for pesticide runoff and percolation are presented in Figures C.6 and C.7. 

-ro 140 
..c 
E 120 

B 
E! 
:t: 100 
0 
c 80 2 
.!: 60 
(/) 
Q) 
"0 40 "(3 

t; 20 
Q) 
a_ -0 

E3eE3 ----c (/) 

0 e 
0 rn 

0 

(/) 0 -ro (i) c -ro ro "0 Q) 3 
Q) 

Q) E ..c 0 
aJ 0::: 0 s ~ 

1-- :J 
ro 
0 

Crop 

Figure C.6 Pesticides in runoff for leveling and no leveling options 
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Figure C.7 Pesticides in percolation for leveling and no leveling options 

Only three crops had pesticides in percolation water, and the amount of pesticides 

was reduced with land leveling (Figure C. 7). The crop with the highest amount of pesticides 

in runoff and percolation was corn because six different pesticides are applied. 

The results from the linear program are shown in Tables C.4 and C.5. The crops are 

divided in three seasons: winter, spring and second crops (crops produced after spring or 

winter crops are harvested). The third and fourth column represent the area that can be 

occupied by each crop according to the ten year record from the irrigation district. The four 

columns after the area restrictions, correspond to optimal area occupied by each crop for 

different water availability scenarios from maximum to aquifer sustainability. In addition, 

the linear program was implemented without area restrictions imposed on each crop and the 
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results are shown in columns 9 and 10. Finally, the last column represents the aimual crop 

water requirement. 

Table C.4. Optimal cropping pattern for different groundwater extraction 
scenarios without land leveling. 

Area restrictions Water withdrawal scenario (hectares 

PV ' 1487 1405 1297 1136 4063 5442 

Crop Min Max MaxNL AveNL MinNL ASNL ASnsNL MaxnsNL 
Annual 
CWR=(dm) 

w 
Onion 256 1,118 1,118 1,118 1,118 1,118 0 0 7.86 

w Barley 2,082 7,020 2.082 2,082 2,082 2,082 0 0 7.87 
I Beans 29 1,198 214 29 29 29 0 0 6.95 
N broccoli 1,057 2,871 2,871 2,871 2,871 2,871 0 0 9.4 
T Carrots 79 202 202 202 202 202 0 0 7 
E cauliflower 273 1,327 1,327 1,327 1,327 1,327 5,453 17,145 9.4 

R red tomato 93 474 474 474 474 474 12,523 13,466 3.7 

wheat 8,902 17,103 17,103 15,669 13,123 9,350 0 0 5.8 

onion 9 265 265 265 265 265 0 0 5.59 

S 
barley 0 1,417 0 0 0 0 0 0 6.5 

S 
beans 199 1,306 199 199 199 199 0 0 5.15 

P broccoli 104 756 756 756 756 756 0 0 6.87 
R carrots 22 158 158 22 22 22 0 0 7.15 

I com 161 1,790 161 161 161 161 0 0 6.41 

N red tomato 54 1,109 1,109 1,109 1,109 1,109 11,240 6,161 6.2 N 
sorghum 313 5,934 5,934 5,934 5,934 5,488 0 0 8.2 

G 
wheat 288 2,799 2,799 2,715 1,595 288 0 0 5.8 

•^nd beans 0 144 144 0 0 0 0 0 16.67 

CROPS 
com 0 127 127 127 127 127 25,532 20,368 na 

CROPS 
sorghum 415 8,467 8,467 7.055 5,594 3,733 0 10,243 2.2 
Winter 
+Spring 36,772 34,933 31,267 25,740 29,216 36,772 
Spring + 2st 
crops 20,119 18,343 15,762 12,147 36,772 36,772 

[.Present value (18 years) in millions of pesos; 2. Crop water requirement. 
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Table C. 5. Optimal cropping pattern for different groundwater extraction scenarios with 
land leveling. 

Area restrictions Water withdrawal scenarios (hectares) 

PV ' 1739 1642 1493 1271 5059 6759 

Crop min max Max L Ave L Min L 
AS 
ns L 

AS 
ns L 

Max 
ns L 

Annual 
CWR=(dm) 

w onion 256 1 1 1 8  1 1 1 8  1 1 1 8  1 1 1 8  1 1 1 8  0 0 7.86 

I barley 2082 7020 2082 2082 2082 2082 0 0 7.87 
I 

beans 29 1198 1198 29 29 29 0 0 6.95 
N broccoli 1057 2871 2871 2871 2871 2871 0 0 9.4 
T carrots 79 202 202 202 202 202 0 0 7 

E cauliflower 273 1327 273 273 273 273 0 0 9.4 

R 
red tomato 93 474 474 474 474 474 17480. 29052 3.7 

R 
wheat 8902 17103 17103 16547 14002 10228 0 0 5.8 

S onion 9 265 265 265 265 265 0 0 5.59 

barley 0 1417 0 0 0 0 0 0 6.5 
P beans 199 1306 269 374.9 199 199 0 0 5 . 1 5  

R broccoli 104 756 756 756 756 756 0 0 6.87 

I 
carrots 22 158 158 22 22 22 0 0 7 . 1 5  

I 
com 161 1790 161 161 161 161 0 0 6.41 

N red tomato 54 1109 1 1 0 9  1109 1109 1 1 0 9  1 1 2 3 9  7719 6.2 

G sorghum 3 1 3  5934 5934 5934 4690 2593 0 0 8.2 

wheat 288 2799 2799 2799 2799 2799 5 1 1 2  0 5.8 
beans 

0 144 144 0 0 0 0 0 16.67 

•^nd 
com 

0 127 127 127 127 127 20420 20084 na 
Crops sorghum 4 1 5  8467 8467 7055 6442 5706 0 8968 2.2 

Winter 
+Spring 36772 35017 31052 2 5 1 8 1  33832 36772 
Spring + 2st 
crops 20189 18603 16570 13737 36772 36772 

1 .Present value (18 years) in millions of pesos; 2. Crop water requirement. 
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The land available for private wells is completely used in the cropping pattern 

scenarios with high groundwater extraction with and without area restrictions as well as the 

aquifer sustainability scenario without area restrictions. The last result shows that the farmers 

have the option of growing the most profitable crops if they know the future prices for the 

next season. The most profitable crops for Winter and Spring seasons were red tomato, 

onion, broccoli and carrots, when area restrictions are removed the land is assigned to red 

tomato for the Winter season and red tomato and wheat for the Spring season in order to 

maximize profits. 

The results obtained from the linear model suggest leaving some land idle when 

water availability decreases in order to maximize net income. 

Multiobjective Results 

A summary for a particular case with land leveling and no leveling for 80 m water 

lift is presented in Tables C.6 and C.7. 
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Table C. 6. Attributes for cropping pattern scenarios with land leveling ( 80 m pum. lift) 
AttributesXAltematives Max L Max ns L Ave L MinL AS L AS ns L 
Net Income(Million pesos) 1739 6760 1642 1494 1272 5060 
Pumping cost(MiI!ion pesos) 76 76 63 56 45 45 
Leveling Cost (Million pesos) 132 160 132 92 75 132 
Water Runoff (m3*ld00) 380 697 360 322 268 661 
Water Percolation (tn-^*1000) 456 499 438 396 335 534 
Nitrogen Runoff (kg* 1000) 79 133 72 65 55 114 
Nitrate Percolation (kg* 1000) 4363 9308 4176 3867 3432 8592 
Ammonia Percolation kg 2 0 2 2 2 0 
Phosphorus Runoff (kg* 1000) 31 19 30 29 27 17 
Phosphorus Percolation 
(kg*1000) 

49 I 48 48 47 1 

Pesticides Runoff (gm*1000) 126 1837 114 103 90 1829 
Pesticides Percolation 
(gm* 1000) 

6 315 6 6 6 320 

Aquifer overexploitation 1.66 1.66 1.40 1.20 1.00 1.00 

Table C.7. Attributes cropping pattern scenarios without land leveling ( 80 m 3um. lift) 
Attributes Ma.x NL Max ns NL Ave NL Min NL AS NL AS ns NL 
Net Income(Mill pesos) 1487 5443 1406 1297 1137 4064 
Pumping cost(MilI pesos) 76 76 63 56 45 45 
Leveling Cost (Mill pesos) 0 0 0 0 0 0 
Water Runoff (miles m3) 554 817 516 443 341 806 
Water Percolation (miles m3) 623 720 584 501 385 644 
Nitrogen Runoff (miles kg) 96 168 89 80 67 144 
Nitrate Percolation (miles kg) 4876 12333 4645 4187 3553 10206 
Amonia Percolation kg 5 0 5 5 5 0 
Phosphorus Runoff (miles kg) 45 94 44 42 39 49 
Phosphorus Percolation (miles 
kg) 

64 177 63 63 62 88 

Pesticides Runoff (miles gm) 170 1901 158 141 1 1 7  2301 
Pesticides Percolation (miles 
gm) 

7 324 7 7 7 401 

Aquifer overexploitation 1.66 1.66 1.40 1.23 1.00 1.00 
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The inverse was taken for negative attributes (all of them except net income) in 

Tables C.6 and C.7 and to uniformize units, the attributes were normalized between zero and 

one using the following formula: 

Z.(x) = 
.Vmax ~ .^min 

ymin =minimum value of an attribute for all alternatives decreased by 20%. 

ymax =maximum value of an attribute for all alternatives increased by 20%. 

yi =value of an attribute for a specific alternative. 

The normalization results for Table C. 6 are summarize in Table C.8. 

Table C. 8. Normalized attributes for cropping pattern scenarios with land leveling and 
80 m pumping lift. 

Attributes Max L Max ns L Ave L Min L AS L AS ns L 
Net Income 0.115 0.812 0.102 0.081 0.050 0.576 
Pumping cost 0.167 0.167 0.328 0.456 0.722 0.722 
Leveling Cost 0.476 0.393 0.476 0.687 0.833 0.476 
Water Runoff (cm) 0.472 0.130 0.515 0.607 0.787 0.153 
Water Percolation (cm) 0.437 0.362 0.474 0.571 0.758 0.308 
Nitrogen Runoff (kg/ha) 0.471 0.162 0.538 0.625 0.786 0.237 
Nitrate Percolation (kg/ha) 0.577 0.149 0.613 0.680 0.795 0.181 
Amonia Percolation (kg/ha) 0.833 0.000 0.833 0.833 0.833 0.000 
Phosphorus Runoff (kg/ha) 0.376 0.712 0.392 0.414 0.447 0.811 
Phosphorus Percolation (kg/ha) 0.013 0.833 0.014 0.014 0.014 0.775 
Pesticides Runoff (gr/ha) 0.583 0.015 0.651 0.719 0.829 0.015 
Pesticides Percolation (gr/ha) 0.767 0.006 0.832 0.832 0.832 0.006 
Aquifer overexploitation 0.168 0.168 0.324 0.489 0.721 0.721 

The results of the ROV method, when economic attributes are more important than 

environmental attributes and vice versa, are shown in Figures C.8 and C.9 respectively; 
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Figure C.8. Ranking of cropping pattern scenarios for 80 m pumping lift when 
economics is ranked as most important 
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Figure C.9. Ranking of cropping pattern scenarios when environment is ranked as 
most important 
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When economic attributes are more important than environmental attributes there is a 

big difference between leveling and no leveling for all groundwater extraction scenarios, and 

within each category: leveling and no leveling. The best scenario is the cropping pattern for 

aquifer sustainability because aquifer overexploitation coefficient plays an important role in the 

environmental objective. The length of the bars represent the uncertainty involved in each 

scenario. When environment is more important than economics, there is no distinction between 

leveling and no leveling, the cropping pattern for maximum groundwater extraction has the 

lowest score because of more aquifer overexploitation, and more nutrients and pesticides in 

runoff. In both cases, considering only the average total score, the best alternative is the 

cropping pattern scenario for aquifer sustainability with land leveling (ASL). This alternative 

dominates the others. 

Figures C.IO and C.I I show the pumping lift effect on the ranking of the alternatives 

considering land leveling in all cases. 
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Figure C.10. Results for cropping pattern scenarios for 40 m 80 m and 120m pumping lift 
when economics is more important than environment and water use. 
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As shown in Figure C.IO, when economics is more important than environmental 

factors, the scenarios with 40 m pumping lift is much better than that with 120 m lift. However 

when environment is more important, pumping lift has little effect on the alternatives.. 

SUMMARY AND CONCLUSIONS 

The present study illustrates how the "Range of Value" Method can be used to analyze 

tradeoffs in an easy and understandable way in order to examine alternatives from different 

points of views. 

According to the results, land leveling seems to be a good alternative to increase profits 

and application efficiencies and reduce pesticides and nutrients in runoff and percolation. 

In general, less water availability does not necessarily reduce economic returns, if 

farmers grow more profitable crops and use some altemative to reduce water losses, in this 

case land leveling. As ground water levels decline and operating costs increase, water saving 

technologies and crops that require less irrigation water are the best choices. 

To reduce pollution requires changing the behavior of polluters and this is difficult to 

do. However, some changes can be encouraged by providing information to producers about 

more efficient technologies that minimize excess use of chemicals and are more profitable. 

Conservation tillage is one such technology. So far, only one of the modules in the ARLID 

has conservation tillage because it has been so difficult to change the farmer's customs. 
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Because of the lack of information about subsidence it was not possible to include 

an attribute to account for this environmental concern. Even when the pumping cost 

includes repair costs to account for pump replacement due to greater pumping lift, the 

social cost of subsidence is greater than pumping cost. 

To control the problem of aquifer mining, some economic incentive based 

instruments such as taxes or subsidies, can be used by policy makers to create prices for the 

externalities so that producers have incentives to control pollution at socially desirable 

levels. Taxes make it more expensive for producers to pollute; on the other hand, subsidies 

make it less expensive for producers to reduce pollutants (Kim and Moore 1989). 

The actual Public Policy of energy subsidy reduces irrigator's costs and makes the 

mining of aquifers less costly and thus tends to thwart the water conservation objective. 

One of the advantages of reducing Nitrates and Phosphorus in runoff is the decrease 

of algae in the canals. This could reduce ARLID expenditures for removing algae and plants 

from canals. The nitrates in groundwater might permit the reduction of application rates an 

require cover crops to remove Nitrogen remaining in the soil after harvest. 

The ARLID needs to plan the cropping pattern prior to each sezison according to 

water availability and crop prices in order to increase farmer's profits. However, this task is 

difficult to do because farmers make their own particular decisions. 
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APPENDIX D: Input and Output from GLEAMS 
Table D.l. General crop data used in the GLEAMS simulation 

CROP broccoli barley onion cauliflower Beans red 
tomato 

wheat corn sorghum carrots 

Crop code 12 3 40 18 7 68 74 20 56 17 
Yields (ton/ha) 9,5 3 20.8 10 2 18 5.2 4.4 6 20 
Planting date( day 
of the year) 

20 2 30 20 31 15 2 75 105 100 

Harvest date (year, 
day of the year) 

120 1122 1160 1120 1151 1125 1147 1225 1265 1210 

Vegetative 
cycle(days) 

90-100 115-130 135 90-110 90-120 110-120 139-147 130-
170 

140-180 100-
120 

Sowing depth (cm) 3.81 10 5-7 2-4 5 - 7  
Rooting depth (cm) 100-150 30-50 100-150 150 120-150 80-200 100-150 
Begin irrigation 1020 1002 1002 1020 1056 1015 1002 1128 1130 1100 
2o irrigation 1045 1047 1022 1045 1056 1045 1037 128 1190 1130 
3o irrigation 1070 1077 1037 1070 1086 1075 1067 158 1145 
4o irrigation 1095 1062 1095 1116 1110 1097 183 1160 
So irrigation 1120 1087 1120 1146 1127 208 1175 
60 irrigation 1145 1112 1145 1190 
7o irrigation 1170 1137 1170 1205 
Number of 
irrigations 

7 3 7 7 4 4 5 4 2 7 

Irrigation depth 
(cm) no leveling 

8.5 
20.6 10 9.6 15 15 19 16 14 11 

Potential yield 
(ton/ha) 

14 6.2 45 18 2.7 35 6,5 10 11 28 

Total water apply 
(cm/ha) 

59,5 61.8 70 67.2 60 60 95 9 11 77 



Tabic D.2. Calculation of the runoff number to use in GLEAMS 

Crop Depth(nim) Efficiency Runoff S N Q 

Corn 160 0.65 56 162.66 60.961 56.0032 

Barley 200 0.65 70 203.337 55.5389 70 

Beans 150 0.65 52.5 152.5 62.4846 52.5009 

Broccoli 85 0.65 29.75 86.41 74.6159 29.7527 

Carrots 110 0.65 38.5 111.83 69.4312 38.5018 

Coiiflower 96 0.65 33.6 97.6 72.2412 33.6006 

Onion 100 0.65 35 101.66 71.4165 35.0028 

Red tomate 150 0.65 52.5 152.5 62.4846 52.5009 

Sorghum 140 0.65 49 142.33 64.088 49.002 

Wheat 190 0.65 66.5 193.17 56.8017 66.5001 



Table D.3. Average amount of pesticides in runoff (example calculation for corn) 

weight 0.4 0.4 0.4 0.6 0.8 0.8 

Aatrex Terbutryn Malathion Carbaryl Methomyl Carbofuran 

1985 0.11 56.36 37.02 103.03 0.03 0.00 

1986 0.09 53.60 35.34 90.95 0.02 0.01 

1987 0.13 61.14 40.06 86.70 0.01 0.00 

1988 0.11 41.16 25.63 79.43 0.03 0.01 

1989 0.07 49.61 31.74 74.61 0.05 0.01 

1990 0.10 50.46 31.81 64.95 0.08 0.08 

1991 0.08 34.49 19.02 17.16 0.03 0.00 

1992 0.11 55.38 36.95 74.71 0.04 0.00 

1993 0.11 54.59 35.60 66.51 0.24 0.23 

1994 0.16 48.23 31.90 131.74 0.03 0.00 

1995 0.06 47.02 30.60 78.25 0.03 0.00 

1996 0.09 48.94 31.40 103.10 0.04 0.01 

sum 0.04 59.68 154.10 69.20 0.07 0.08 

Max 0.16 61.14 40.06 131.74 0.24 0.23 

Aver 0.10 50.08 32.25 80.93 0.05 0.03 

Min 0.06 34.49 19.02 17.16 0.01 0.00 Sum 

Max weighted 0.06 24.45 16.02 79.04 0.19 0.18 119.96 

Aver weighted 0.04 20.03 12.90 48.56 0.04 0.02 81.60 

Min weigted 0.02 13.80 7.61 10.30 0.01 0.00 31.74 



Table D.4. Average amount of pesticides in percolation(example calculation for corn) 

weight 0.40 0.40 0.40 0.60 0.80 0.80 

Aatrex Terbutryn Malathion Carbaryl Methomyl Carbofuran 

1985 0.05 0.00 0.00 0.00 0.00 0.98 

1986 0.23 0.00 0.00 0.00 0.00 15.07 

1987 0.55 0.00 0.00 0.00 0.03 43.29 

1988 0.66 0.00 0.00 0.00 0.01 33.67 

1989 0.39 0.00 0.00 0.00 0.00 14.27 

1990 0.41 0.00 0.00 0.00 0.01 16.63 

1991 0.18 0.00 0.00 0.00 0.00 9.94 

1992 0.62 0.00 0.00 0.00 0.00 26.72 
1993 0.71 0.00 0.00 0.00 0.01 24.00 

1994 1.01 0.00 0.00 0.00 0.01 41.79 

1995 0.59 0.00 0.00 0.00 0.01 27.35 

1996 0.48 0.00 0.00 0.00 0.00 20.05 

summary 1.16 0.00 0.00 0.00 0.19 25.30 

Max 1.01 0.00 0.00 0.00 0.03 43.29 

Aver 0.49 0.00 0.00 0.00 0.01 22.81 

Min 0.05 0.00 0.00 0.00 0.00 0.98 

Max weighted 0.40 0.00 0.00 0.00 0.02 34.63 35.06 

Aver weighted 0.20 0.00 0.00 0.00 0.01 18.25 18.45 

Min weigted 0.02 0.00 0.00 0.00 0.00 0.79 0.81 



Table D.5. Summary of results for 12 years simulation in the Alto Rio Lerma Irrigation District (no land leveling) 
CORN CARROTS BEANS BARLEY BROCCOLI 

Attribute Max Aver Min Max Aver Min Max Aver Min Max Aver Min Max Aver Min 
WATER(CM) 

Runoff (cm) 23.11 17.98 12.31 18.39 13.47 10.90 12.79 11.42 9.06 15.61 11.82 9.90 14.96 12.31 10.53 
Percolation (cm) 20.25 13.04 5.11 33.22 25.92 18.17 10.83 4.49 0.00 18.32 10.66 2.75 20.66 18.78 15.33 
EfTicicncy(%) 60.49 48.04 32.22 60.36 48.85 32.96 84.96 73.51 62.03 78.75 62.51 48.59 53.28 47.01 42.46 

NITROGEN(kg/ha) 

Runoff 6.34 4.34 3.27 1.49 1.03 0.77 3.84 3.14 2.16 0.58 0.44 0.32 9.41 4.92 1.66 
Leached Nitrate 392.17 154.94 23.71 270.67 180.70 123.97 451.5 95.00 0.00 266.7 74.20 4.42 431.15 239.58 94.84 
Leached Ammonia 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 431.15 239.58 94.84 
PHOSPHORUS(kg/hii) 
Runoff 0.91 0.51 0.33 3.93 1.82 0.03 0.69 0.54 0.27 0.89 0.62 0.17 9.07 5.51 1.81 
Leached Phosphorus 0.04 0.02 0.01 15.74 9.59 4.44 0.05 0.01 0.00 0.06 0.03 0.01 13.89 8.97 3.81 
PESTICIDES WEIGHTED SUM gm/ha 
Pesticides runoff 120.56 82.51 57.47 4.48 3.10 1.87 24.20 15.70 12.21 0.00 0.00 0.00 0.13 0.09 0.07 
Pesticides percolation 35.69 15.66 0.80 3.06 1.14 0.02 0.00 0.00 0.00 0.42 0.27 0.10 0.00 0.00 0.00 

RE DTOMATE WH EAT COL FLOWER SORGHUM ON ON 
Attribute Max Aver Min Max Aver Min Max Aver Min Max Aver Min Max Aver Min 
WATER(CM) 

Runoff (cm) 14.10 12.45 9.82 21.25 18.08 16.02 10.42 9.41 8.64 9.45 4.39 2.11 12.59 10.51 9.52 
Percolation (cm) 17.19 9.51 0.73 29.16 22.83 15.12 17.66 15.59 12.82 0.00 0.00 0.00 21.56 20.31 17.82 
Efriciency(%) 82.49 63.44 49.33 66.90 57.05 49.81 68.25 62.98 59.30 92.46 84.34 66.27 60.21 56.67 54.54 
NITROGEN(kg/ha) 
Runoff 1.15 0.92 0.64 2.42 1.55 1.19 2.80 2.16 1.76 4.27 2.40 0.40 4.40 3.20 2.58 
Leached Nitrate 656.64 190.14 0.50 248.91 124.80 10.81 638.3 317.60 68.29 0.00 0.00 0.00 633.28 359.98 137.98 
Leached Ammonia 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 
PHOSPHORUS(kg/ha) 
Runoff 0.91 0.57 0.32 0.61 0.43 0.06 6.05 4.09 0.93 0.44 0.25 0.08 4.46 3.05 0.41 
Leached Phosphorus 21.69 1.82 0.00 0.09 0.06 0.03 13.16 8.19 2.23 0.00 0.00 0.00 15.28 9.72 3.13 
PESTICIDES WEIGHTED SUM gm/ha 
Pesticides runoff 12.60 7.32 6.27 6.79 4.09 3.11 4.84 3.65 3.22 4.31 1.37 0.71 27.16 14.83 11.26 
Pesticides percolation 0.00 0.00 0.00 0.00 0.00 0.00 0.38 0.29 0.03 0.00 0.00 0.00 2.35 1.00 0.11 



Table D.6 Summary of results for 12 years simulation in the Alto Rio Lerma Irrigation District (land leveling) 
CROP CORN CARROTS BEANS BARLEY BROCCOLI 
Attribute Max Aver Min Max Aver Min Max Aver Min Max Aver Min Max Aver Min 
WATER(CM) 
Runoff (cm) 18.38 14.64 11.98 8.94 5.77 0.00 7.09 5.95 4,36 11.26 7.94 6.26 10.74 8.80 7.32 
Percolation (cm) 19.16 11.74 5.90 43.50 35.67 29.38 9.93 3.79 0.00 15.13 7.20 0.00 17,92 16.12 12.62 
Efnciency(%) 64,55 51.92 36.28 45.06 36.88 22.85 91.41 80.82 68.74 87.76 70.54 54.05 58.26 51.11 45.83 
NITROGEN(kgAia) 
Runoff 4.73 3.54 2.70 0.65 0.54 0.41 2.55 2.04 1.27 0.43 0.31 0.20 7.53 4.03 1.24 
Leached Nitrate 331.2 150.4 16.1! 242.2 195.3 169.3 461.8 89.84 0.00 302.5 66.44 0,00 436.8 233.85 84.42 
Leached Ammonia 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
PHOSPHORUS(kg^a) 
Runoff 0.65 0.42 0.28 2.30 1.07 0.09 0.44 0.31 0.13 0.66 0.43 0,12 7.71 4.43 1.24 
Leached Phosphorus 15.65 1.32 0.00 20.76 12.50 6.27 0.05 0.01 0.00 0.05 0.02 0.00 13.19 8.16 3.32 
PESTICIDES WEIGHTED SUM (gm/ha) 
Pesticides runoff 94.60 67.50 51.38 4.25 2.33 1.05 12.65 8.16 6.07 0.00 0.00 0.00 0.10 0.06 0.05 
Pesticides percolation 25.08 12.77 0.40 9.30 3.67 0.22 0.00 0.00 0.00 0,07 0.03 0.00 0.00 0.00 0.00 

RED TOM ATO WHEAT COLIFLOWER SORGHUM ONION 
Attribute Max Aver Min Max Aver Min Max Aver Min Max Aver Min Max Aver Min 
WATER(CM) 
Runoff (cm) 9.28 8.08 5.96 14.85 12.02 10.36 9.25 7.84 6.48 5.11 2.66 0.75 8.24 6.53 5.71 
Percolation (cm) 13.76 6.44 0.00 22.42 16.24 8.31 17.54 16.20 13.06 0.00 0.00 0.00 18.06 16.76 14.25 
Efficiency 88.26 71.43 55.70 76.94 65.45 57.22 64.30 57.74 54.04 96.86 88.86 78.61 65.56 61.47 58.87 
NITROGEN(kg/ha) 
Runoff 0.86 0.65 0.51 1.95 1.21 0.90 2.28 1.56 1.21 3.23 1.67 0.23 3.33 2.28 1.75 
Leached Nitrate 292.9 117.2 0.00 295.9 

7 
115.2 

7 
6.54 553.1 320.29 148.14 0.00 0.00 0.00 649.1 

0 
348.39 103.27 

Leached Ammonia 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 
PHOSPHORUS(kg/ha) 
Runoff 0.37 0.17 0.06 0.43 0.30 0.04 5.82 3.42 1.05 0.23 0.16 0.04 3.71 2.25 0.33 
Leached Phosphorus 0.05 0.02 0.00 0,07 0.04 0.02 13.72 8.48 3.20 0.00 0.00 0.00 14.08 8.62 2.51 
PESTICIDES WEIGHTED SUM (GR/HA) 
Pesticides runoff(gr/ha) 7.69 4.55 3.89 4.31 2.68 2.08 2.64 1.88 1.61 2.97 1.03 0.46 17.98 9.48 6.90 
Pesticides percolation(gr/ha) 0.00 0.00 0.00 0,00 0.00 0.00 0.80 0.62 0.55 0.00 0.00 0.00 1.73 0.64 0.08 



APPENDIX E: Pumping Cost and Aquifer Ovcrexploitation CocfTicicnt 
Table E. 1 Calculation of pumping cost for different pumping lift 

Pumping 
depth 
(m) 

15% 
friction 
losses KW 

Energy 
use 

m3/k\v-
hr 

Energy cost 
pesos/lOOOkw-

hr 

Energy 
cost 

pesos/ 
1000 m3 

Repair 
cost 

Total cost 
S/1000m3 

Pumping cost for different groundwater extraction 
scenarios in thousands pesos 

Pumping 
depth 
(m) 

15% 
friction 
losses KW 

Energy 
use 

m3/k\v-
hr 

Energy cost 
pesos/lOOOkw-

hr 

Energy 
cost 

pesos/ 
1000 m3 

Repair 
cost 

Total cost 
S/1000m3 

High 
486817*lO' 
m 

Average 
408429*lO' 
m' 

Minimum 
361886.9M0' 
m' 

Aquifer sust. 
292907*10' 
m 

1 1.15 0.66 159.75 250 1.56 0.38 1.94 945 793 702 568 

3 3.45 1.98 53.25 250 4.69 1.13 5.82 2834 2378 2107 1705 

20 23.00 13.21 7.99 250 31.30 7.51 38.81 18894 15852 14045 11368 

40 46.00 26.42 3.99 250 62.60 15.02 77.62 37788 31704 28091 22736 

60 69.00 39.63 2.66 250 93.90 22.54 116.43 56682 47555 42136 34105 

80 92.00 52.83 2.00 250 125.20 30.05 155.25 75576 63407 56182 45473 

100 115.00 66.04 1.60 250 156.50 37.56 194.06 94471 79259 70227 56841 

120 138.00 79.25 1.33 250 187.80 45.07 232.87 113365 95111 84272 68209 

140 161.00 92.46 1.14 250 219.10 52.58 271.68 132259 110963 98318 79577 

Table E.2 Calculation of the Aquifer Ovcrexploitation coefficient for different scenarios 

Recharge-
Withdrawals Recharge Withdrawals Overdraft 

Aquifer 
overexploitation 

max-max 389291.78 486817.00 97525.22 1.25 

max-aver 389291.78 408429.88 19138.09 1.05 

max-min 389291.78 361886.90 -27404.88 0.93 

aver-max 320530.29 486817.00 166286.71 1.52 

aver-aver 320530.29 408429.88 87899.59 1.27 

aver-min 320530.29 361886.90 41356.61 1.13 

min-max 292907.29 486817.00 193909.71 1,66 

min-aver 292907.29 408429.88 115522.59 1.39 

min-min 292907.29 361886.90 68979.61 1.24 

Average recharge and withdrawals from 1994-1998 ARLID 
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APPENDIX F: NET INCOME PRESENT VALUE FOR CROPPING PATTERN 
AND LAND LEVELING 

Table F.l Present Value (18 years) of the net income $/ha for the cropping pattern 
ARLID 

Crop no leveling land leveling 
difference (lev-no 
lev) 

wheat 14300.27 20735.40 6435.12 
sorghum 38202.96 50809.93 12606.98 
red tomate 134377.35 167971.68 33594.34 
com 5404.66 6350.47 945.82 
barley 5649.73 7344.65 1694.92 
beans 6430.43 7459.30 1028.87 
broccoli 398.53 498.17 99.63 
onion 57338.46 66142.63 8804.18 
coliflower 5275.62 6594.52 1318.90 
carrots 28679.86 35849.83 7169.97 

Table F.2 Application efficiency increase with land leveling 

no leveling leveling 
average increase 
% 

clay 60-65 70-80 10-15% 
loam 55-60 65-75 10-15% 
arena 50-55 60-65 10% 

Data provided by ARLID 

Table F.3 Water savings with land leveling 

Crop 
Actual Irrig 
depth m3/ha 

Depth after 
leveling m3/ha 

Difference 
cm 

Savings 
m3/ha 

wheat 19 1900 16.29 1628.68 13.96 271.32 
sorghum 14 1400 12.00 1200.08 10.29 199.92 
red tomate 15 1500 12.86 1285.80 11.02 214.2 
com 16 1600 13.72 1371.52 11.76 228.48 
barley 20 2000 17.14 1714.40 14.69 285.6 
beans 15 1500 12.86 1285.80 11.02 214.2 
broccoli 8.5 850 7.29 728.62 6.25 121.38 
onion 10 1000 8.57 857.20 7.35 142.8 
coliflower 9.6 960 8.23 822.91 7.05 137.088 
carrots 11 1100 9.43 942.92 8.08 157.08 



APPENDIX G: PAYOFF MATRICES USED IN THE ROV METHOD 

Table G.l. Normalized attributes for cropping pattern scenarios without land leveling and 80 m pumping lift. 

Max Max ns Aver Min AS AS ns 
Attributes NL NL NL NL NL NL 

Net Income 0.080 0.629 0.069 0.054 0.032 0.438 
Pumping cost 0.001 0.001 0.002 0.003 0.003 0.003 
Leveling Cost 0.000 0.000 0.000 0.000 0.000 0.000 

Water Runoff 0.236 0.070 0.274 0.365 0.558 0.075 
Water Percolation 0.199 0.113 0.243 0.359 0.603 0.179 
Nitrogen Runoff 0.335 0.070 0.380 0.456 0.604 0.128 
Nitrate Percolation 0.492 0.057 0.528 0.611 0.761 0.116 
Amonia Percolation 0.417 0.000 0.417 0.417 0.000 0.000 
Phosphorus Runoff 0.249 0.039 0.262 0.281 0.312 0.218 
Phosphorus Percolation 0.009 0.001 0.009 0.009 O.OlO 0.006 

Pesticides Runoff 0.427 0.014 0.460 0.519 0.630 0.007 

Pesticides Percolation 0.684 0.006 0.699 0.699 0.699 0.003 
Aquifer overexploitation 0.168 0.168 0.324 0.461 0.721 0.721 

In Table G. 1 the inverse was taken for the negative attributes and then normalize between zero and one 

U) 



Table G.2 Payoff matrix for cropping pattern scenarios with different pumping lifts 
Attributes MaxL 40 MaxL 80 MaxL 120 AvcL 40 AvcL 80 AvcL 120 MinL 40 MinL 80 MinL 120 ASL 40 ASL 80 ASL 120 

Net Income(pesos) l,7EH09 1.7E+09 1.7E+09 1.6E+09 1.6E+09 1.6E+09 1.5E+09 1.5E+09 1.5E+09 1.3E+09 l,3E+09 I.3E+09 

Pumping cost(pesos) 3.8E+07 7.6E+fl7 l.lE+08 3.2E+07 6.3E+07 9.5E+07 2.8E+07 5.6E+07 8.4E+07 2.3Et07 4.5E+07 6.8E+07 

Leveling Cost (pesos) I.3E+08 I.3E+08 I.3E+08 I.3E+08 1.3E+08 1.3E+08 9.2E407 9.2E+07 9.2E+07 7.5E+07 7.5E+07 7.5E+07 

Water Runoff (•lOOmS) 3.8E+05 3.8E+05 3.8E+05 3.6E+05 3.6E+05 3.6E+05 3.2E+05 3.2E+05 3.2E+05 2.7E+05 2.7E+05 2.7E+05 

Water Percolation (*100 ni3) 4.6E+05 4.6E+05 4,6E+05 4,4E+05 4.4E+05 4.4E+05 4.0E+05 4.0E+05 4.0E-V05 3.4E+05 3.4E+05 3.4E+05 

Nitrogen Runoff kg 7.9E+04 7.9E+04 7.9E+04 7.2E+04 7.2E+04 7.2E+04 6.5E+04 6.5E+04 6.5E+04 5.5E+04 5.5E+04 5.5E+04 

Nitrate Percolation kg 4.4E+06 4.4E+06 4.4E+06 4,2E+06 4.2E+06 4.2E+06 3.9E+06 3.9E+06 3.9E+06 3.4E+06 3.4E+06 3.4E+06 

Amonia Percolation kg 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 

Phosphorus Runoff kg 3.IE+04 3.IE+04 3.1E+04 3.0Et04 3.0E+04 3.0E+04 2.9E+04 2.9E+04 2.9E+04 2.7E+04 2.7E+04 2.7E+04 

Phosphorus Percolation kg 4.9E+04 4.9E+04 4.9E+04 4.8E+04 4.8E+04 4.8E+04 4.8E+04 4.8E+04 4.8E+04 4.7E+04 4.7E+04 4.7E+04 

Pesticides Runoff gr 1.3E+05 I.3E+05 1.3E+05 l.IE+05 I.lE+05 I.IE+05 I.OE+05 l.OE+05 l.OE+05 9.0E+04 9,0E+04 9.0E+04 

Pesticides Percolation gr 6.5E403 6.5E+03 6.5E+03 6.0E+03 6.0E+03 6.0E+03 6.0E+03 6.0E+03 6.0E+03 6.0E+03 6,0E+03 6.0E+03 

Aquifer overexploitation 1.7 1.7 1.7 1.4 1.4 1.4 1.2 1.2 1.2 1.0 1.0 1.0 



Table G.3 Normalize payoff matrix for different cropping pattern scenarios with different pumping lifts 
Atlribulcs MaxL 40 MaxL 80 MaxL 120 AveL 40 AvcL 80 AvcL 120 MinL40 MinL 80 MinL 120 ASL 40 ASL 80 ASL 120 

Net Income(pesos) 0.67 0.67 0.67 0,58 0.58 0.58 0.45 0,45 0.45 0,24 0.24 0.24 

Pumping cosl(pesos) 0.42 0,14 0.04 0.54 0.19 0.08 0.62 0.23 0.11 0.81 0.33 0.17 

Leveling Cost (pesos) 0.15 0.15 0.15 0.15 0.15 0.15 0.49 0.49 0.49 0.73 0.73 0.73 

Water Runoff (•I00m3) 0.22 0,22 0.22 0.28 0.28 0.28 0.42 0.42 0.42 0.69 0.69 0.69 

Water Percolation (*100 m3) 0.24 0.24 0,24 0.29 0.29 0.29 0.42 0.42 0.42 0.67 0.67 0.67 

Nitrogen Runoff kg 0.22 0.22 0.22 0.32 0,32 0.32 0.45 0.45 0.45 0.69 0.69 0.69 

Nitrate Percolation kg 0.28 0,28 0.28 0.34 0.34 0.34 0.45 0.45 0.45 0,65 0.65 0.65 

Amonia Percolation kg 0.50 0.50 0,50 0.50 0.50 0.50 0.50 0,50 0.50 0.50 0.50 0.50 

Phosphorus Runoff kg 0.35 0.35 0,35 0.41 0.41 0.41 0.48 0.48 0.48 0.60 0.60 0.60 

Phosphorus Percolation kg 0.44 0.44 0.44 0.52 0.52 0,52 0.53 0.53 0.53 0.54 0.54 0.54 

Pesticides Runoff gr 0.23 0.23 0,23 0.35 0.35 0.35 0.48 0.48 0.48 0.68 0.68 0.68 

Pesticides Percolation gr 0.40 0.40 0.40 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 

Aquifer ovcre.xploitation 0.17 0.17 0.17 0.32 0.32 0.32 0.49 0.49 0.49 0.72 0.72 0.72 

In table 0.3 the closest the number is to one the better is its performance. F or instance, for scenario MaxL 120 in attribute 
aquifer overexploitation the value 0.17 mean that this alternative does not perform well and there is a high aquifer 
overexploitation. 

Ui 
OS 
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ABSTRACT 

A common problem in applying Multicriteria Decision Making (MCDM) is the 

uncertainty involved in the assessment of the weights. The Range of Value Method , 

which is a Composite Programming technique for L|, assesses the range of the objective 

values from the most pessimistic to the most optimistic ones rather than assigning 

individual weights. In this paper, we extend this method to the nonlinear case of Li. This 

method requires the maximization and minimization of nonlinear objectives arranged in 

a hierarchical structure. The optimal points are not extreme points of the constraints as in 

the linear case. Composite Programming results for Li and Li were compared using 

several different preferential orders. It was found that the choice of L2 increases the 

uncertainty in the selection of the alternatives because it enlarges the scale of the 

objectives. The number of nonlinear problems to solve also increases as the number of 

alternatives and attributes increase. 

On the other hand, L| reduces the differences and the selection between 

alternatives is easier. However, the partial compensation between objectives is not 

considered. Therefore, a combination of the two approaches is suggested; Li for the 

lower levels of the hierarchy, attributes belonging to the same categories, and then L2 for 

the upper level. 

Keywords: Multicriterion Decision Making, Composite Programming, Range of Value 

Method. 
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INTRODUCTION 

In solving complicated decision problems, most decision makers are more 

concerned about obtaining a compromise between objectives, such as reducing risk and 

minimizing cost, rather than simply minimizing or maximizing a single objective. 

Multiple Criteria Decision Making (MCDM) techniques are used to solve decision

making problems in which conflicting objectives are present. Any improvement in one 

objective is usually at the expense of another. Each objective indicates a direction of 

potential improvement. The decision maker is faced with the problem of making one 

choice among several possibilities, called alternatives, wherein a set of attributes 

characterizes their performance. The criteria, representing the different points of view, 

are often contradictory but serve as a basis for evaluation. 

In MCDM, an ideal praint is defined as one whose coordinates are the maximum 

value of all objective functions. However, the criteria are often contradictory and 

therefore the ideal point is not feasible. As a consequence, a satisficing solution is sought, 

which is a nondominated solution in a subset of the feasible set. It is a solution that has 

acceptable values for all criteria. A solution is nondominated if there is no other feasible 

solution that will yield an improvement in at least one objective without worsening at 

least one other. (Jou Lai and Hwang, 1994; Keeney and Raiffa, 1976; Pomerol and Barba, 

2000). 

The selected MCDM method and analysis should depend on the size of the 

problem and the uncertainty facing the decision makers. Current multiobjective decision 
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making techniques may be classified into five categories: utility-type, outranking, 

distance based, direction based, and mixed techniques (Bardossy, 1985). 

Gershon and Duckstein (1982), tested 13 multiobjective techniques in terms of 

interaction vvith decision maker, implementation time, consistency of the results, the 

need for choosing between continuous alternatives, aspiration levels and complete 

ranking. They found that the Nash Bargaining solution and Compromise Programming 

are the best in terms of all these characteristics . 

This study used the most frequently used distance based technique. Compromise 

Programming and its extension Composite Programming, assuming the decision maker is 

unable to provide weights and only the importance order of the attributes and criteria are 

known. A brief description of the Compromise Programming method. Composite 

Programming and the Range of Value(ROV) Method follow. 

Compromise Programming is a distance based Multiobjective Decision Making 

Technique developed by Zeieny(1972). This method is also called the method of global 

criteria when the metrics are weighted in order to produce different Pareto optimal 

solutions. This approach can be used when the decision maker does not have special 

expectations about the outcomes (Miettinen, 1999). 

The basic idea in Compromise Programming is to measure the distances from 

various feasible points to the ideal point. The best solution is defined as the point which 

minimizes the distance from the ideal point. 

The distance measures are defined as the Lp metrics: 
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„ X 1 / /> 

'I G.,-G, , 

where G«i is the ideal point; m is the number of objective functions ; G*i represents the 

worst value, or minimum objective function value and Wj is the weight of objective i. 

The ratio : 

g,(x)-G* 

G.,-G, 

normalizes the attributes into the unit interval [0,1]. According to Miettinen (2000), this 

normalization procedure is possible only if the objectives are bounded. The exponents, p, 

should satisfy 1 < p < qo . 

The compromise solution must be as close as possible to the ideal point. The p 

values are called the compensation levels or balancing factors, which reflect the 

exchangeability between objectives belonging to the same class. High values of p 

indicate low degrees of compensation, and greater emphasis is given to larger deviations. 

TTie value of p=l (L|) means full compensation between weighted deviations and implies 

the longest distance between two points in a geometric sense, if all deviations are 

weighted equally; p=2 (L2) means that each deviation is weighted in proportion to its 

magnitude. It is the shortest distance between any two points in a straight line. As p 

becomes larger, the largest deviation receives more and more weight. If p= 00, then only 

the largest deviation is considered and there is no compensation between the objectives. 

The compensation levels refer to the fact that some environmental objectives do not 
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compensate for each other, and the election of p reflects the decision maker's concerns 

about some objectives. 

Compromise Programming is not restricted 

adapted to discrete case where the ideal solution is 

set of values.(Zeleny, 1972). 

Composite Programming 

Composite Programming was proposed in Bardossy et al. (1985) as a hierarchical 

extension of Compromise Programming. The general structure of the hierarchy of the 

criteria is shown in Figure H. 1. 

to continuous settings, it can be 

defined as the best value in a finite 

Main 
goal 

element 
3.1.1 

element 
N-1.1 1 

element element 
N.I 1 N.I 2 

element 
2.1 

element 
3.1.2 

element 
N.I m 

element 
3.1.n 

element 
2.2 

element 
2.P 

Figure H.l. Hierarchical structure of the objectives 
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In the hierarchy, the main goal resides at the highest level, with lower levels 

containing subelements of the parent or previous levels. At each level, a Compromise 

Programming problem is solved to find the maximum or minimum objective value, 

which is then used as input to the next level. The number of objective functions at level n 

has to be less than the number of objective functions at level n-l; in this way, a single 

objective problem will be found in a finite number of steps (Barsossy, et al.l985; and 

Miettinen, 1999). 

Special case Range of Value Method 

A special case of Composite Programming is when Lp is Li, and the 

Compromise Programming problem to be solved for each group in the hierarchy is 

reduced to: 

where the weights w,, i=l...m, are typically provided by the decision makers. Because 

small changes in the weights can greatly affect the results, Yakowitz, et. al (1993) 

developed an algorithm to allow the weights to vary, subject to an importance ordering 

of the criteria. This method, extended to include the hierarchy of the attributes (Yakowitz 

and Weltz , 1998), allows one to compute the range of values for each alternative from 

the best to the worst in the hierarchically arranged multiple attribute problem under L|. 
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Given the importance order and the criteria values for alternative j , the best 

(worst) composite score that alternative j can achieve is determined by solving the 

following linear programs, for each branch in the hierarchy, starting in the lowest level: 

max(min)w vj = L ~~~ } WiVij 

s. t. L ~~ } Wi = 1 

WJ ~ W 2 ~ .. · ~ Wm ~ 0. 

In this case, m designates the number of elements in each branch in the hierarchy, 

vis the value assigned to the j th alternative with respect to each terminal element, which 

is assumed to be normalized between 0 and 1; 

g .(x)- G~ 
V . = I I 

I G*i -Gi* 

and Wj, i= l. .. m, are the weights of the decision variables. The first constraint in the linear 

model is a normalized constraint and the second set is due to the importance order. 

For each alternative, these two linear programs determine the maximum and 

minimum possible objective function values for any combination of feasible weights. The 

above programs can simply be solved by evaluating the objective function at the extreme 

points of the constraint set as given in Y akowitz et. al (1993) . 

An example of how the ROV results can be displayed is shown in Figure H.2. 
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Value Ranges 
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0.0 

2 3 4 

Alternatives 

Figure H.2. Example of the results in the ROV method 

The tops of the bars represent the best value and the bottoms the worst value that 

each alternative can achieve. When these values have little difference between them, the 

alternative is insensitive to the weights. Therefore, the length of the bars indicates the 

sensitivity of each alternative to feasible weights given the importance order of the 

criteria. For example, in this case, alternative 2 is more sensitive to the weights than the 

rest of the alternatives. 

An important concept 1n multiobjective analysis is dominance between 

alternatives. By definition, a given alternative A is nondominated if there is no other 

solution which would improve at least one objective function while not worsening any 

other objective ( Zeleny 1982). In the ROV method, alternative k dominates alternative j 

with respect to an additive value function and a given importance order, if and only if, for 

every vector of weights w (consistent with the importance order), the following 

inequality is satisfied; 
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< = I  / = !  

and for at least one i, the inequality is strict. 

Alternative 3 strongly dominates alternative 1 if and only if the worse value of 

alternative 3 is greater than or equal to the best value of alternative 1. When the 

alternatives overlap, the dominant alternative cannot be identified unless we test every 

extreme point. However, an alternative can be selected based on the mid-points and 

length of the bars. A dominant alternative will have a mid-point greater than any 

alternative it dominates (Yakowitz and Weltz, 1993). Even when the mid- points for two 

alternatives are equal, one should prefer the alternative that has the smaller bar length is 

preferable. 

The ROV method considers only the linear objective case Li- For Li, the problem 

is more complicated. A nonlinear program needs to be solved, and the optimal weights 

may no longer be extreme points of the constraint set. 

Duckstein et al. (1994) applied Fuzzy Composite Programming to a waste water 

management case study problem at the U.S Mexico international border in Nogales, 

where 12 criterion and 15 alternatives composed the payoff matrix using two cases, Lt 

and L(, (infinite) with the same weight set. He found that the best and worst alternatives 

ranked in the same place for the two p values. It was concluded that Fuzzy Composite 

Programming provides better flexibility and insight than Fuzzy Compromise 

Programming. 
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Ballestero, (1996) relates risk theory to Compromise Programming methods. He 

mentions that a risk averter is a decision maker who prefers a non-random value to a 

random one. The greater the risk aversion, the larger the p. In addition, the smaller the 

number of attributes, the larger the p metric to use. 

Besides assigning the balancing factors, the assessment of the weights has 

traditionally been a difficulty in Compromise Programming. Gershon (1982) mentions 

that a criticism made in Multiobjective Decision Making is that " the decision maker can 

obtain any solution he desires through the proper specification of the weights". To try 

and get around this problem, iterative algorithms have been developed in which an initial 

approximation of the weights is provided, and after a solution is obtained, the set of 

weights is updated until a satisfactory solution is reached. This process overcomes the 

strong role of the weights. The author tested four multiobjective techniques using the 

same set of weights. He obtained different results because the weights were used 

differently in each technique. For example, the algorithms differ in the way the best 

alternative is selected, (many algorithms scale the objectives or introduce additional 

parameters and this affects the weights already chosen). 

Diakoulaki, et al. (1995) states that estimation of the weights is a critical problem 

in the decision making process. Several methods have been developed to extract the 

decision maker preferences; however, these methods could obtain different results from 

the same decision maker. They suggest determining the objective weights without 

intervention from any decision maker. The attributes can be seen as information sources 

and the weights of importance reflect the amount of information contained in each of 
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them. The proposed method assesses the weights by taking into account the conflicting 

character of the criteria and the contrast intensity, called CRITIC (criteria importance 

through intercriteria correlation). They generate objective weights when the decision 

maker is not present, reducing the subjective character of the decision making process. 

Later, Marichal (2000) developed a model to determine the weights related to 

interacting criteria. Based on the partial preorder of a set of alternatives and the 

interaction between criteria, the set of weights is obtained by solving a linear program. In 

this case, the decision maker is required to supply the relative importance of the criteria 

and the interaction between them. All this data is related in the form of linear 

inequalities which are solved for different thresholds of the inequalities. 

Bana (1988) mentions that many decision situations are characterized by a 

significant uncertainty of the weights, and therefore, sensitivity analysis and searching for 

stable and robust decisions is very important in the decision making process. 

ICiyotada (2000) performed a survey of multicriteria analysis in agricultural 

resource management and found two types of methods have been applied to problems in 

agricultural management: methods based on compensation between attributes, and non

compensatory methods. The Analytical Hierarchical Process (AHP) is classified as 

compensatory . This author also points out that difficulties in multiattribute decision 

theory include weight assessment and interpretation of the weights. Many application 

papers point out that including multiple criteria in evaluation or planning processes make 

the models more realistic and enhance their applicability. 
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The problem in Composite Prograimning addressed in this paper is the assessment 

of the whole range of objective values for a partial compensation between objectives or 

the nonlinear case (L2). The L2 norm yields a nonlinear problem in the hierarchical 

structure. Based on the literature review, assessment of the weights is a difficulty in 

MCDM because of the decision maker's uncertainty in specifying appropriate weights, 

selection. In order to avoid this problem, the ROV method provides results for all 

possibilities of prioritized weights. One can observe the output for all points of view, 

from the most pessimistic to the most optimistic for the linear case. 

OBJECTIVES 

1). To develop a model similar to ROV Method for nonlinear objectives and 

solve for all ranges of weights. 

2). To apply this methodology to a practical problem of water management in an 

irrigation district in Mexico, and compare the results in Com|X)site Programming using 

L1 and L2 metrics. 

3). To test the sensitivity of the results with respect to the importance order, and 

the change in Lp norms. 
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METHODOLOGY 

The formulation of the Range of Value method using L2 metrics is given below: 

max(min) V . = ~ "~ ( 2 2 .)
112 

W .J ~ t- f W tV IJ 

s.t. L ~~~ ~ Wi = 1 

W 1 ~ W2 ~ · · · ~ Wm ~ 0. 

The constraints are still linear, but the objective is a non-linear square root 

function strictly increasing. Given that the square root of a number between 0 and 1 is 

greater than the number itself, one can maximize the quadratic function without the 

square root, and then take the square root after the maximization. For the minimization 

problem, the same process can be applied because the minimum, (with or without the 

square root) occurs in the same place. 

Sequential quadratic Programming, with the software LINGO, was used for 

maximization and minimization of the objective function. In this case, the weights were 

the decision variables in the problem. 

This methodology was applied to a specific problem in an irrigation district in 

Mexico under different cropping pattern scenarios. Two modalities: land leveling and no 

leveling, were compared to see the impact of reduced water availability on both 

net benefits and environmental consequences. Table H.1. summarizes the list of 

alternatives considered. Table H.2. presents the payoff matrix for the water management 

problem in the Alto Rio Lerma Irrigation District in Mexico. The attributes are estimated 

in Appendix C. 
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Table H.I. List of cropping pattern scenarios 

Alternative 
1 Max L Cropping pattern scenario for maximum groundwater 

extraction with land leveling. 

2 Max ns L Cropping pattern scenario for maximum groundwater 
extraction with land leveling and no surface 
restrictions for each crop. 

-> J Ave L Cropping pattern scenario for average groundwater 
extraction with land leveling 

4 MinL Cropping pattern scenario for minimum groundwater 
extraction with land leveling 

5 AS L Cropping pattem scenario for aquifer sustainability 
groundwater extraction with land leveling 

6 AS ns L Cropping pattem scenario for aquifer sustainability 
groundwater extraction, land leveling and no surface 
restrictions for each. 

7 Max NL Cropping pattem scenario for maximum groundwater 
extraction without land leveling 

8 Max ns NL Cropping pattem scenario for maximum groundwater 
extraction and no surface restrictions without land 
leveling 

9 Ave NL Cropping pattem scenario for average groundwater 
extraction without land leveling 

10 Min NL Cropping pattem scenario for minimum groundwater 
extraction without land leveling 

II AS NL Cropping pattem scenario for aquifer sustainability 
groundwater extraction without land leveling 

12 AS ns NL Cropping pattem scenario for aquifer sustainability 
groundwater extraction and no surface restrictions 
without land leveling. 
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Table H.2. Normalized attributes for cropping pattern scenarios for land leveling 

and no leveling for 80 m pumping lift. 

Attributes 
Ma.\ 
L 

Max ns 
L 

Aver 
L 

Min 
L 

AS 
L 

AS ns 
L 

Ma.x 
NL 

Max 
ns 
NL Aver NL 

Min 
NL 

AS 
NL 

AS ns 
NL 

Net Income 0.12 0.81 0.10 0.08 0.05 0.81 0.08 0.63 0.07 0.05 0.03 0.44 

Pumping cost 0.17 0.17 0.33 0.46 0.72 0.72 0.17 0.17 0.33 0.46 0.72 0.72 

Leveling Cost 0.57 0.39 0.61 0.69 0.83 0.39 0.00 0.00 0.00 0.00 0.00 0.00 

Water Runoff (cm) 0.47 0.13 0.51 0.61 0.79 0.15 0.24 0.07 0.27 0.37 0.56 0.07 
Water Percolation (cm) 0.44 0.36 0.47 0.57 0.76 0.31 0.20 0.11 0.24 0.36 0.60 0.18 

Nitrogen Runoff (kg/ha) 0.47 0.16 0.54 0.63 0.79 0.24 0.33 0.07 0.38 0.46 0.60 0.13 
NitratePercolation 
(kglia) 

0.58 0.15 0.61 0.68 0.80 0.18 0.49 0.06 0.53 0.61 0.76 0.12 

Amonia Percolation 
(kg/ha) 

0.83 0.00 0.83 0.83 0.83 0.00 0.42 0.00 0.42 0.42 0.00 0.00 

Phosphorus Runoff 
(kg/ha) 

0.38 0.71 0.39 0.41 0.45 0.81 0.22 0.03 0.23 0.25 0.28 0.19 

Phosphorus Percolation 
(kg/ha) 

0.01 0.89 0.01 0.01 0.01 0.83 0.01 0.00 0.01 0.01 0.01 0.01 

Pesticides RunotT 
(gr/ha) 

0.58 0.02 0.65 0.72 0.83 0.02 0.43 0.01 0.46 0.52 0.63 0.01 

Pesticides Percolation 
(gr/ha) 

0.77 0.01 0.83 0.83 0.83 0.01 0.68 0.01 0.70 0.70 0.70 0.00 

Aquifer overexploitation 0.17 0.17 0.32 0.49 0.72 0.72 0.17 0.17 0.32 0.46 0.72 p.72 

In Table H.2, the inverse was taken for negative attributes (all of them except net 

income) and then normalized to [0, 1 ] using the following formula: 

Z,(x)= 
>'m« - y  min 

ymin =minimum value of an attribute for all alternatives decreased by 20%. 

yma\ ^maximum value of an attribute for all alternatives increased by 20%. 

yi =value of an attribute for a specific alternative. 

The higher the value of the attribute, the better the characteristic; for example, the 

scenario AS L in Nitrate percolation has a value of 0.8, which denotes low nitrate 

percolation. 
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The hierarchical structure of the attributes is shown in Figure H.3. 

Water Management 
Satisficing Solution 

Economical Environmental 

Net 
Income 

Land 
Leveling 

Pumping 
Cost 

Aquifer 
Overexploitation 

Water 
EfTlcicnc 

Pesticides 

PR PP 

Nutrients Percolation Runotr 

NiP AP N 
• R 

PhR PhP 

PR=Phosphorus runofT; PE*=Phosphorus in percolation; NiP=Nitratc in percolation; AP=Amonia In pcrcolation;NR=Nitrogen in 

runon";PhR=Phosphorus in runofT; PhP=Phosphorus in percolation. 

Figure H.3. Hierarchical structure of the attributes for the Alto Rio Lerma 

Irrigation District 

The results for L| and Lz using the same priority order, with economic attributes 

more important than environmental attributes, are given in Figures H. 4 and H.5. 
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Figure H.4. Range of objective values for Composite Programming L1 when 
economics is ranked as most important 
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Figure H.5. Range of objective values for Composite Programming L2, when economics 
is ranked as most important. 
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In Figures H.4 and H.5, the top of the bars represent solution values for the 

maximization problems; the bottom of the bars represent solution for the minimization 

problems. 

As expected, Lj emphasizes the differences between alternatives for the most 

important attribute. For instance, cropping pattem scenarios with no area restrictions 

(Max ns L, AS ns L, Max ns NL and AS ns NL) have higher net income than alternatives 

with area restrictions. Hence, the length of the bars is greater for the former ( Figure H.5). 

This characteristic of the L? norm generates more uncertainty in the scenarios 

performance. In contrast, Li norm make a clear distinction between leveling and no 

leveling. The selection of the alternatives could be easier based on the mid-point and the 

length of the bars. For instance, the best cropping pattem scenario in Figure H.4 was 

aquifer sustainability and leveling (AS L ). 

Recognized the strengths and weakness of using Li or L2 norms, and given that 

attributes in the lower levels of the hierarchy (Figure H.3), are linked to a general 

objective (economics, environment, and water use), one can minimize or maximize the 

lower levels using Li, assumed full compensation between attributes belonging to the 

same objective, and then use L2, considered there is a partial compensation between 

environmental and economical objectives, for the uppermost level. 

Figure H.6 depicts the results obtained from the combination of Li and L2. 
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Figure H.6. Range of objective values for the combination of L1 and L2 , when 
economics is ranked as most important. 

Two benefits obtained using a combination of L1 and L2 norms, depicted in Figure 

H.6, are the decrease in the uncertainty of the selection between alternatives, and the fact 

that partial compensation between objectives is assumed. The best alternative according 

to Figure H.6 is the cropping pattern for aquifer sustainability, leveling and no area 

restrictions imposed on crops(AS ns L) 

Figures H.7 and H.8 show the results for L1 and L2 when the preferred order is 

environment over economics. In this case there is no a clear distinction between scenarios 

with land leveling and no leveling because the most important attribute is aquifer 

overexploitation coefficient. 
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Figure H. 7. Range of objective values for Composite Programming L1, when 
environment is ranked as most important. 
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Figure H. 8. Range of objective values for Composite Programming L2, when 
environment is ranked as most important. 

The results (when ranking environment as most important) exhibited in Figures 

H. 7 and H.8, indicate that the land leveling option performs similarily to the no leveling 
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option. The reason of this behavior, is that the most important attribute for both cases was 

aquifer overexploitation coefficient, regardless of leveling or no leveling exist. 

The results for the combination of L 1 in the lower levels and L2 in the highest for 

the case of environment with top priority are shown in Figure H.9. 
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Figure H.9. Range of objective values for the combination ofL1 and L2, when 
environment is ranked as most important 

Again, the combination of the Lp norms shrinks the length of the bars, reducing 

the uncertainty in the performance of each scenario. In this case, the uncertainty in the 

scenarios selection is reduced. For example, the alternatives that perform best listed in 

descending order are: AS L(aquifer sustainability, leveling) and AS ns L (aquifer 

sustainability, no surface restrictions, leveling). In the case L2 (Figure H. 8), four 

scenarios performed in a similar manner: AS L, AS ns L, AS NL, and AS ns NL. 
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CONCLUSIONS 

Applying Li only emphasized the most important attributes, resulting in a large 

difference between the maximum and minimum payoffs for each alternative. These large 

differences increase the uncertainty in the selection process. Besides, when applying L2 

the number of nonlinear programs that have to be solved increases as the number of 

alternatives and attributes increases. To cope with this problem, a computer code is 

necessary. 

Since there is no full compensation between objectives in the highest level, a 

combination of Li and L2 values was tested. Application problem results show that the 

selection between alternatives became more clear-cut probably because of a decrease in 

the uncertainty. 

The most encouraging methodology was applying the Li metric to the lowest levels 

of the hierarchy, assuming full compensation between attributes, then applying the Li 

metric to the highest level to account for the fact that there is no fiill compensation 

between environmental and economical objectives. In this way, partial compensation 

between main objectives is considered and the uncertainty (given by the length of the 

bars) is reduced. 

Since alternative selection depends upon the distance type chosen, the decision 

maker needs to select Lp norms according to the nature of the problem and the 

importance of each attribute. As in all multiattribute methods, the preferences of decision 

maker or mediator significantly affect the final outcome of the multiattribute analysis. 
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APPENDIX 1: 

Results from nonlinear programming 

General notation for the nonlinear program 

XI, X2, X3, X4, X5 denote the decision variables or the unknown weights. 

A, B, C, D, E denote the attribute value for a specific branch in any level, these are the known variables 

Rest= restriction imposed to the weights to sum up to one s.i. Z , w i - i 

Obj= objective value function without square root max (min ;. r , = I 7-,(w\v\,) 

Orig obj= original objective function max r min ;. r , = I r. / ( » ^ v',,)"' 

ON K) 
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Table 1.1. Results of the nonlinear program for ma.\imization branch pesticides and water using the best initial point XI =.7 
X2=0. 

Water 
MaxL 
40 

MaxL 
80 

MaxL 
120 

AveL 
40 

AveL 
80 

AveL 
120 

MinL 
40 

MinL 
80 

MinL 
120 

ASL 
40 

ASL 
80 

ASL 
120 

XI 1.00 0.50 1.00 1.00 1.00 0.50 1.00 0.50 1.00 1.00 1.00 0.50 

X2 0.00 0.50 0.00 0.00 0.00 0.50 0.00 0.50 0.00 0.00 0.00 0.50 

A 0.47 0.13 0.51 0.61 0.79 0.15 0.24 0.07 0.27 0.37 0.56 0.07 

B 0.44 0.36 0.47 0.57 0.76 0.31 0.20 0.11 0.24 0.36 0.60 0.18 

Rest 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Obj 0.22 0.04 0.26 0.37 0.62 0.03 0.06 0.00 0.08 0.13 0.31 0.01 
Orig obj. 0.47 0.19 0.51 0.61 0.79 0.17 0.24 0.07 0.27 0.37 0.56 0.10 

Pcsticidcs 
MaxL 
40 

MaxL 
80 MaxL 120 

AveL 
40 

AveL 
80 

AveL 
120 

MinL 
40 

MinL 
80 

MinL 
120 ASL 40 ASL 80 

ASL 
120 

XI 1.00 1.00 1.00 1.00 1.00 1.00 0.50 1.00 1.00 1.00 1.00 1.00 
X2 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.00 0.00 0.00 0.00 0.00 
A! 0.58 0.02 0.65 0.72 0.83 0.02 0.43 0.01 0.46 0.52 0.63 0.01 

A2 0.77 0.01 0.83 0.83 0.83 0.01 0.68 0.01 0.70 0.70 0.70 0.00 

Rest 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Obj 0.34 0.00 0.42 0.52 0.69 0.00 0.16 0.00 0.21 0.27 0.40 0.00 

ORIOBJ 0.58 0.02 0.65 0.72 0.83 0.02 0.40 0.01 0.46 0.52 0.63 0.01 

On u> 



Table 1.2. Results of the nonlinear program for maximization branch nutrients using the best initial point XI =.7 X2=0.3 

Nutrients 

MaxL 

40 

MaxL 

80 

MaxL 

120 

AveL 

40 

AvcL 

80 

AveL 

120 

MinL 

40 

MinL 

80 

MinL 

120 

ASL 

40 

ASL 

80 

ASL 

120 

XI 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

X2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

X3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

X4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

X5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

A 0.47 0.16 0.54 0.63 0.79 0.24 0.33 0.07 0.38 0.46 0.60 0.13 

B 0.58 0.15 0.61 0.68 0.80 0.18 0.49 0.06 0.53 0.61 0.76 0.12 

C 0.83 0.00 0.83 0.83 0.83 0.00 0.42 0.00 0.42 0.42 0.00 0.00 

D 0.38 0.71 0.39 0.41 0.45 0.81 0.22 0.03 0.23 0.25 0.28 0.19 

E 0.01 0.89 0.01 0.01 0.01 0.83 0.01 0.00 0.01 0.01 0.01 O.OI 

Rest LOO 1.00 1.00 1.00 LOO 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Obj 0.22 0.03 0.29 0.39 0.62 0.06 0.11 0.00 0.14 0.21 0.36 0.02 

Orig obj 0.47 0.16 0.54 0.63 0.79 0.24 0.33 0.07 0.38 0.46 0.60 0.13 



Table 1.3. Results of the nonlinear program for maximization branch economics using the best initial point XI =.8 X2=.l and 
X3=.l 

MaxL MaxL MaxL AveL AveL AveL MinL MinL MinL ASL ASL ASL 

Economics 40 80 120 40 80 120 40 80 120 40 80 120 

XI 1.00 1.00 1.00 0.33 0.33 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

X2 0.00 0.00 0.00 0.33 0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

X3 0.00 0.00 0.00 0.33 0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

A 0.15 1.04 0.13 0.10 0.06 0.74 0.10 0.81 0.09 0.07 0.04 0.56 

B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

C 0.48 0.39 0.48 0.69 0.83 0.48 0.00 0.00 0.00 0.00 0.00 0.00 

Rest 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Obj 0.02 1.08 0.02 0.05 0.08 0.55 0.01 0.65 0.01 0.00 0.00 0.31 

orig obj 0.15 1.04 0.13 0.23 0.28 0.74 0.10 0.81 0.09 0.07 0.04 0.56 

L/t 



Table 1.4 Results of the nonlinear program for maximization branch environment using the best initial point Xl=l X2=0.and 

X3=0 

MaxL MaxL MaxL AveL AveL AveL MinL MinL MinL ASL ASL ASL 

Environment 40 80 120 40 80 120 40 80 120 40 80 120 

XI 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 LOO LOO 1.00 

X2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

X3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

A 0.17 0.17 0.17 0.32 0.32 0.32 0.49 0.49 0.49 0.72 0.72 0.72 

B 0.58 0.02 0.65 0.72 0.83 0.02 0.40 0.01 0.46 0.52 0.63 0.01 

C 0.22 0.16 0.54 0.63 0.79 0.24 0.33 0.07 0.38 0.46 0.60 0.13 

Rest 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 LOO 1.00 

Obj 0.03 0.03 0.03 0.10 0.10 0.10 0.24 0.24 0.24 0.52 0.52 0.52 

orig obj 0.17 0.17 0.17 0.32 0.32 0.32 0.49 0.49 0.49 0.72 0.72 0.72 



Table 1.5 Results of the nonlinear program for maximization branch environment using the best initial point Xl=.4 
X2-0.3.and X3=0.3 

Upper MaxL MaxL MaxL AveL AveL AveL, MinL MinL MinL ASL ASL ASL 

level 40 80 120 40 80 120 40 80 120 40 80 120 

XI 0.33 1.00 0.33 0.33 0.33 1.00 0.50 1.00 0.50 0.50 0.33 0.50 

X2 0.33 0.00 0.33 0.33 0.33 0.00 0.50 0.00 0.50 0.50 0.33 0.50 

X3 0.33 0.00 0.33 0.33 0.33 0.00 0.00 0.00 0.00 0.00 0.33 0.00 

A 0.15 1.04 0.13 0.23 0.28 0.74 0.10 0.81 0.09 0.07 0.04 0.56 

B 0.17 0.17 0.17 0.32 0.32 0.32 0.49 0.49 0.49 0.72 0.72 0.72 

C 0.47 0.19 0.51 0.61 0.79 0.17 0.24 0.07 0.27 0.37 0.56 0.10 

Rest 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Obj 0.03 1.08 0.03 0.06 0.09 0.55 0.06 0.65 0.06 0.13 0.09 0.21 

orig obj 0.17 1.04 0.19 0.24 0.30 0.74 0.25 0.81 0.25 0.36 0.30 0.46 



N'llNIMlZATlON 

Tabic 1.6 Results of the nonlinear program for minimization branch pesticides and water using the best initial point XI =.7 

X2-0.3 

MaxL MaxL MaxL AveL AveL AveL MinL MinL MinL ASL ASL ASL 
Water 40 80 120 40 80 120 40 80 120 40 80 120 
XI 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
X2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
A 0.47 0.13 0.51 0.61 0.79 0.15 0.24 0.07 0.27 0.37 0.56 0.07 
B 0.44 0.36 0.47 0.57 0.76 0.31 0.20 0.11 0.24 0.36 0.60 0.18 
rest 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Obj 0.22 0.02 0.26 0.37 0.62 0.02 0.06 0.00 0.08 0.13 0.31 0.01 
ORIG OBJ 0.47 0.13 0.51 0.61 0.79 0.15 0.24 0.07 0.27 0.37 0.56 0.07 

MaxL MaxL MaxL AveL AveL AveL MinL MinL MinL ASL ASL ASL 
Pcsticiiies 40 80 120 40 80 120 40 80 120 40 80 120 
XI 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
X2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
A! 0.58 0.02 0.65 0.72 0.83 0.02 0.43 0.01 0.46 0.52 0.63 0.01 
A2 0.77 0.01 0.83 0.83 0.83 0.01 0.68 0.01 0.70 0.70 0.70 0.00 
rest 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Obj 0.34 0.00 0.42 0.52 0.69 0.00 0.18 0.00 0.21 0.27 0.40 0.00 
ORIG OBJ 0.58 0.02 0.65 0.72 0.83 0.02 0.43 0.01 0.46 0.52 0.63 0.01 

o\ 
00 



Tabic 1.7.Results of the nonlinear program for minimization branch nutrients using the best initial point XI =.8 X2=0.1 
X3=.l X4=0,X5=0 

Nutrients 
MaxL 
40 

MaxL 
80 

MaxL 
120 

AveL 
40 

AveL 
80 

AveL 
120 

MinL 
40 

MinL 
80 

MinL 
120 

ASL 
40 

ASL 
80 

ASL 
120 

XI 0.25 0.33 0.21 0.20 0.20 0.32 0.21 0.20 0.20 0.20 0.20 0.25 

X2 0.19 0.33 0.20 0.20 0.20 0.32 0.20 0.20 0.20 0.20 0.20 0.25 

X3 0.19 0.33 0.20 0.20 0.20 0.32 0.20 0.20 0.20 0.20 0.20 0.25 

X4 0.19 0.01 0.20 0.20 0.20 0.01 0.20 0.20 0.20 0.20 0.20 0.13 

X5 0.19 0.01 0.20 0.20 0.20 0.01 0.20 0.20 0.20 0.20 0.20 0.13 

A 0.47 0.16 0.54 0.63 0.79 0.24 0.33 0.07 0.38 0.46 0.60 0.13 

D 0.58 0.15 0.61 0.68 0.80 0.18 0.49 0.06 0.53 0.61 0.76 0.12 

C 0.83 0.00 0.83 0.83 0.83 0.00 0.42 0.00 0.42 0.42 0.00 0.00 

D 0.38 0.71 0.39 0.41 0.45 0.81 0.22 0.03 0.23 0.25 0.28 0.19 

E 0.01 0.89 0.01 0.01 0.01 0.83 0.01 0.00 0.01 0.01 0.01 0.01 

rest 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Obj 0.05 0.01 0.06 0.07 0.09 0.01 0.02 0.00 0.03 0.03 0.04 0.00 

Orig obj 0.23 0.07 0.25 0.26 0.29 0.10 0.15 0.02 0.16 0.18 0.20 0.05 



Table 1.8.Results of the nonlinear program for minimization branch economics the best initial point XI =.4 X2=0.3, X3=.3 

Economics 
MaxL 
40 

MaxL 
80 

MaxL 
120 

AveL 
40 

AveL 
80 

AveL 
120 

MinL 
40 

MinL 
80 

MinL 
120 

ASL 
40 

ASL 
80 

ASL 
120 

XI 0.49 0.33 0.49 0.50 0.50 0.33 0.33 0.33 0.33 0.33 0.33 0.33 

X2 0.49 0.33 0.49 0.50 0.50 0.33 0.33 0.33 0.33 0.33 0.33 0.33 

X3 0.02 0.33 0.02 0.01 0.00 0.33 0.33 0.33 0.33 0.33 0.33 0.33 

A 0.15 1.04 0.13 0.10 0.06 0.74 0.10 0.81 0.09 0.07 0.04 0.56 

B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

C 0.48 0.39 0.48 0.69 0.83 0.48 0.00 0.00 0.00 0.00 0.00 0.00 

rest 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Obj 0.01 0.14 0.00 0.00 0.00 0.09 0.00 0.07 0.00 0.00 0.00 0.03 

orig obj 0.07 0.37 0.06 0.05 0.03 0.29 0.03 0.27 0.03 0.02 0.01 0.19 



Table 1.9 Results of the nonlinear program for minimization branch environmental the best initial point Xl=.6, X2=0.3, 
X3=.3 

MaxL MaxL MaxL AveL AveL AveL MinL MinL MinL ASL ASL ASL 

Environmental 40 80 120 40 80 120 40 80 120 40 80 120 

XI 0.78 0.33 0.81 0.58 0.65 0.33 0.33 0.33 0.33 0.33 0.33 0.33 

X2 O.ll 0.33 0.09 0.21 0.18 0.33 0.33 0.33 0.33 0.33 0.33 0.33 

X3 O.Il 0.33 0.09 0.21 0.18 0.33 0.33 0.33 0.33 0.33 0.33 0.33 

A 0.17 0.17 0.17 0.32 0.32 0.32 0.49 0.49 0.49 0.72 0.72 0.72 

B 0.58 0.02 0.65 0.72 0.83 0.02 0.43 0.01 0.46 0.52 0.63 0.01 

C 0.23 0.07 0.25 0.26 0.29 0.10 0.15 0.02 0.16 0.18 0.20 0.05 

rest 1.00 1.00 1.00 1.00 LOO LOO LOO LOO LOO LOO LOO LOO 

Obj 0.02 0.00 0.02 0.06 0.07 0.01 0.05 0.03 0.05 0.09 0.11 0.06 

orig obj 0.15 0.06 0.15 0.25 0.26 0.11 0.22 0.16 0.23 0.30 0.33 0.24 



Table 1.10 Results of the nonlinear program for minimization branch environmental the best initial point Xl=.6, X2=0.2, 
X3=.2 

Upper MaxL MaxL MaxL AveL AveL AveL MinL MinL MinL ASL ASL ASL 

level 40 80 120 40 80 120 40 80 120 40 80 120 

XI 0.33 0.33 0.33 0.33 0.35 0.35 0.36 0.39 0.41 0.57 0.65 0.76 

X2 0.33 0.33 0.33 0.33 0.35 0.35 0.36 0.39 0.38 0.31 0.26 0.18 

X3 0.33 0.33 0.33 0.33 0.30 0.29 0.28 0.21 0.20 0.12 0.10 0.07 

A 0.27 0.24 0.23 0.27 0.21 0.20 0.30 0.22 0.21 0.22 0.19 0.14 

B 0.10 0.10 0.10 0.16 0.16 0.16 0.22 0.22 0.22 0.30 0.30 0.30 

C 0.16 0.16 0.16 0.20 0.20 0.20 0.30 0.30 0.30 0.48 0.48 0.48 

Rest 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Obj 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.02 0.02 0.03 0.02 0.02 

orig obj 0.11 0.10 0.10 0.12 0.11 0.11 0.16 0.14 0.13 0.16 0.15 0.12 
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