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ABSTRACT 

Risk assessment was performed analyzing the outputs of a stochastic simulation 

model of the water balance for a Strip Farming System. 

The simulation model involves runoff threshold functions for different soil types, 

and for different initial soil water content. Also involves actual evapotranspiration model 

that accounts for dynamic root water extraction using regressions that correlate canopy 

cover with root growth as a function of time. 

The analysis indicate that the feasibility of the system depends upon the type of 

farmer (in economical sense) involved in the decision. The availability of resources is a 

main issue that constraint the optimal decision. 

The sensitivity analysis ranks the sensitivity of the variables as: Initial soil water 

content, soil depth and finally, soil texture. 



Problem Statement 

CHAPTER 1 

INTRODUCTION 
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It is well known that Water Harvesting Systems (WHS) are a promising 

alternative for marginal lands where there is no means of alternate sources of water. 

However, these methods of collecting water are not fully accepted as a competitive 

method of providing water supplies in rain fed areas. 

Even though the potential of WHS has been demonstrated, their practical 

application has not been very successful due to the initial investment which is quite often 

expensive. The expensiveness of the systems is mainly due to the storage facility and its 

parts as: Water distribution devices, Evaporation suppression technique and System 

protection (fences). 

No universal, single method or system is best suited for all sites or water needs 

(Frasier, 1982). Moreover, the system should be selected taking into account climate, 

soils and water needs. Besides the selection should be dependent upon the economical 

situation of the users; this is of crucial importance in rainfecl areas of developing 

countries where traditional and subsistence agriculture are characterized by: a)extensive 

type of agriculture with low unitary yields, b) Low economical and technological levels, 

and c) scarce inputs, credits, capital, technical assistance and sources of energy. (Anaya, 

1987). 

As a study case, in Mexico 23 millions hectares are under a precipitation regime 
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of 500 mm or less yearly affecting the northern portion of the Mexican Republic. In this 

regions, WHS have not been fully adopted by farmers due the expensiveness of the 

operation and maintenance of the systems. Two WHS types have been designed and 

operated in northern Mexico: Water traps and Microcatchments. In the former a cistern 

is filled out with water running off from a roof or sealed surface for human, livestock 

and agricultural consumption (Carmona and Velasco, 1981). Microcatchments have 

been based on either increasing the runoff area for augmenting the availability of water 

for a crop planted downslope (Villanueva et al. 1987) or arranging the spacement 

between plants and rows within a rain fed field (Anaya, 1981). 

Even though the initial investment for Water Traps have been subsided, the 

expensiveness of the maintenance and operation have made their use economically 

inconvenient. Nevertheless its use is the more indicated when economical support exists. 

Microcatchment have had more acceptance among users due its simplicity in management 

and the low initial investment. The main constraint of Microcatchment layouts have been 

the randomness of rainfall distribution that causes low crop yields (corn and beans 

mainly). Researchers have proposed a change in crop patterns to crops more resistant 

to water stress; this have had little or null acceptance among users since the yields quite 

often are for the farmers own consumption. If the rainy season is "good", the household 

needs are fulfilled and the remainder is sold for buying inputs for the next agricultural 

year. If the rainy season is not "too good", the crop does not mature but some forage is 

obtained for livestock consumption (an alternate source of income). Another alternative 
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has been the introduction of new and improved varieties of corn and beans but the 

problem of rainfall distribution sti11 persists. It is desirable then, to have an alternate 

support for decision making that involves a prediction model to estimate crop yields as 

a function of variant physical and climatological conditions. 

The WHS that could have potential acceptance among users will be the one with 

the least cost and "acceptable" performance. According to the experience of many arid 

and semiarid regions of Mexico, this system could be the "Strip Farming". This research 

is intended to gain knowledge about the feasibility of the system in terms of economical 

risk involved given the physical conditions of an arid region of northern Mexico. 

Objectives 

The objectives of this study are: 

I. To delineate a methodology for achieving the feasibility of a water harvesting system 

for an arid ecosystem under different physical and climatological conditions. 

2. To develop a simulation model for the water balance of a Strip Farming System, and 

3. To perform a sensitivity analysis of the model to identify future research in relation 

to model parameters. 

Benefits 

The benefit from this research will be the development of a methodology to asses 

the feasibility of water harvesting systems given economical and physical constraints in 

a region when the conditions change. With appropriate climate inputs, a region could be 

divided into potential areas for developing WHS or to identify risky areas. 



CHAPTER 2 

REVIEW OF LITERATURE 

2.1 Water Harvesting Systems 
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Plant growth in a semiarid region may be enhanced if the plants have the 

opportunity to use, in addition to direct rainfall, runoff water from adjacent areas; the 

technique is suitable for most crops, (School of Renewable Natural Resources, University 

of Arizona, 1984). 

Rainfall collection (more commonly termed Water Harvesting) has been practiced 

since centuries ago. The most widely used example of this is the LIse of rainl~tll collection 

by the inhabitants of the Negev desert in Israel (Evenari et al. 1971). In the United 

States, rainfall collection has been used for centuries. For instance, Billy (1981), cites 

the testimony of an Indian agent regarding the use of rainfall collection by the Navajos 

in Arizona in 1881. 

In Mexico, there are also indications of ancient rainfall collection. The Maya 

culture (since 2000 years B.C.) whose main settlement was the Penisule of Yucatan, was 

dependent mainly upon agriculture. Since the Penisule of Yucatan has no rivers, lakes, 

or ponds, the Maya's agriculture was dependent on rainfall. In this way the Mayas used 

the water contained in natural cavities for irrigation. Since this type of water supply was 

not enough for agricultural purposes, the Mayas began to excavate holes for storage of 

rainfall. Some of this storage devices are still existent nowadays and are known as 

"Aguadas and "Cenotes", (Forston, 1986). 
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WHS involves collection and storage of water from precipitation. Several 

definitions of WHS have been proposed since Gedes used the term in the 1950' s. 

Although there are slight differences among them they have a common point: Water 

Harvesting is a method for increasing water supply for human, animal or agricultural 

consumption. Any definition of WHS encompasses methods to induce, collect, and store 

storm runoff from various sources and for various purposes. 

Some of the' advantages of WHS compared with large catchments are: a) 

construction and maintenance expenses are relatively low and do not require high 

technology, b) water does not need further transportation as is stored close to the runoff 

generating site, in the root zone where it is absorbed by plants, c) the possibility of the 

system's destruction in the event of heavy storms is low compared with large catchments, 

and d) due to its simplicity, the WHS layout can be easily constructed by farmers 

themselves, (Oron and Enthoven, 1987). 

Many types of WHS have evolved over time. According to Matlock and Dutt 

(1986) three principal types can be identified namely: Water Spreading, 

Diversion/Terrace System and Microcatchments, (Figure 2.1). Further classification may 

be done according to their main use (i.e. crops, forage, domestic and/or livestock and 

water conservation). 

According to Boers and Asher (1982), despite the differences among WHS, all 

methods have three characteristics in common: 
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EPHEMERAL STREAM CHANNEL 

WATER SPREADING 

EPHEMERAL STREAM CHANNEL 

DIVERSION/TERRACE SYSTEM 

SLOPE , CATCHMENT 

CATCHMENT 

CATCHMENT 

MICROCATCHMENTS 

Figure 2.1. Types of Water Harvesting/Runoff Farming systems 
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I. WHS are applied where runoff has an intermittent character. 

2. WHS depend upon local water such as surface runoff, creek flow, springs and 

soaks. 

3. WHS are relatively small-scale operations in terms of catchment area, volume 

storage and capital investment. 

The type of water harvesting to be used should depend upon the objective. Myers 

et al. (1967) pointed out that because of the stochastic nature of runoff, storage must be 

an integral part of any water harvesting project. When the objective is runoff farming, 

the soil provide the storage. On the other hand, if the objective is to use the harvested 

water for human or livestock consumption or for supplemental irrigation, a storage 

facility of some kind will have to be provided. Frasier (1984,1985) referring to previous 

water storage techniques, divides them into two kinds: soil profile or monoliths and tanks 

or ponds. 

The main parameter in evaluating the success of a WHS is the total amount of 

water harvested from a given area under specific climatic conditions; in this way the 

greater the runoff efficiency (ratio of runoff volume to precipitation volume) the better 

the system may be cataloged. 

A wide variety of methods and materials have been used to increase precipitation 

runoff into storage facilities; these methods can be divided into four general categories 

(Cooley et al. 1975): a) vegetation management, b) land alteration c) chemical treatments 

and d) soil covers. Frasier (1985) grouped the methods to increase precipitation runoff 
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as: a) topography modifications, b) soil modifications and c) impermeable covering or 

membranes. 

Table 2.1. Water-harvesting catchment treatments (Frasier, 1985) 

TREATMENT RUNOFF EFFICIENCY ESTIMA TED LIFE 
(%) (Years) 

TOPOGRAPHY MODIF. 
Land smoothing and clearing 20 - 35 5 - 10 

SOIL MODIFICATIONS 
Sodium salts 50 - 80 5 - 10 

Water repellents, paraftin wax 60 - 95 5 - 8 
Bitumen, asphalt 50 - 85 2 - 5 

IMPERMEABLE COVERINGS 
Gravd covered sheeting 75 - 95 10 - 20 

Asphalt-fabric membranes 85 - 95 10 - 20 
Concrete, sheetmetal, 

artificial ruhber 60 - 95 10 - 20 

For the specific case of Mexico where the rainfed farmers are characterized for 

the lack of permanent economical inputs, the WHS should involve the least cost. Thus, 

dealing with Strip Farming Systems, the soil should be used as a natural reservoir. 

2.1.1 Desert Strip Farming Systems 

Desert Strip Farming (DSF) uses water harvested from a collector area to help 

supply the moisture requirements of a cultivated crop on a smaller farmed area (Morin 

and Matlock, 1974). DSF is a method of increasing agricultural productivity in arid and 

semi-arid regions by using water harvesting to augment natural precipitation. This 

methodology could be a promising tool for getting water in rural areas of developing 

countries since the soil is used as a storage device for growing crops. In some countries 
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like Mexico, this type of systems is termed Water Harvesting "Ill Situ" (Anaya, 1981); 

see Figure 2.2. 

Figure 2.2 Diagram of a Desert Strip Farming System 
(Source: Morin and Matlock, 1974) 

Some models have been proposed to compute the magllitude of the areas shown 

in Figure 2.2, i.e., collector area versus farmed area, (also called runoff or catchment 

and cropped areas). Although the models proposed uses eli rrl'rcnt notation for the 

variables involved, the objectives are the same. The majority of lll11dels lIses the concept 
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of terraces, contour borders or antierosive borders where given a vertical interval 

between antierosive borders or terraces, the aim has been to divide the area between two 

consecutive borders in two areas called Runoff area and Crop area. 

Smith (1978) proposed a model for "optimizing" the above mentioned areas. 

Villanueva et al. (1987) proposed a model for the same purpose. The principles in which 

they based their rationale are shown in Figure 2.3. 

S1I1th AnalYsis 

P 

t t , 
A'll Ac~ 

~Q 

t t 
R 

Velazco. Sanchez 
and Villanueva 

Analysis 

""--a... Lt 

Pr 

Figure 2.3 Considered variables for designing microcatchments 

In the development of the Smith's model, the following variables were defined: 

A w = Runoff area 
Ac = Cropped area 
P = Precipitation 
R = Soil moisture retention 
Q = Runoff to cropped area 

Ps = soil depth 
Hs = Soil water content 

HS1 = Soil water content before rain 



but 

HS2 = Soil water content after rain 
HS3 = Soil water content between rains 

D = Water depth applied to cropped area 
n = Number of days between rains 

ET = Actual evapotranspiration 

The analysis is performed as: 

Q=P-R 

Aw 
D=P+Q*-

Ac 

D=(Hs2-Hs1)*Ps 

ET=(Hs2 -Hs3) *Ps 

Il= 
Ps*(Hs2 -Hs3) 

ET 

23 

[2.1 ] 

[2.2] 

[2.3] 

[2.4] 

12.5] 

if D = nET and P is an average precipitation then from equation 2.2 is obtained: 

D_P=Q*Aw 
Ac 

Aw P P 
- =D-- =nET--
Ac Q Q 

[2.6] 

[2.7] 

Given a fixed value of Ac, depending upon the width of machinery and 

management practices, Aw may be obtained with given values or P, Q, and ET. 
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Regarding to the analysis done by Villanueva et al. (1987). the following variables 

are defined: 

L = Length of cropped area 
C = Runoff coefficient 
PP = Rainfall 
LT = Length between consecutive antierosive borders 
cc = Field capacity 

pmp = Wilting point 
da = Bulk density 
Pr = Root depth or soi I depth 

PPe = Effective rainfall 
m = Number of rainfalls of magnitude (cc - pmp)*da*/Jr needed for satisfying 

the consumptive use of the crop 

The model is developed doing a balance among volumes of water in both areas 

as follows: 

The first term of the left hand side of equation 2.8 is the volume of water 

available in the runoff area (running off to the cropped area). The second term is volume 

of water available in the cropped area (from direct rainfall over that area) and the right 

hand side term is the demand of water by the crop in order to satisfy its water 

requirements. Doing some algebraic manipulations the model obtained is: 

L=CE*pp* _____________ L_T __________ __ 
(cc-pmp) *da*Pr*m +(CE ... PP-PPe) 

[2.9] 

Anaya et al. (1976) formulated an equation for estimating the size of microbasins 

based on root-area size, runoff coefficient, crop consumption, alld precipitation during 
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a vegetative cycle. Their formula which can be applied to plants clIltivated in rows, fields 

or individually is: 

(C-P)*D 
D=D + r *P , K 

[2.10] 

where: 
D = Microbasin area, (viewed as a unit cross-sectional area), which equals the 

distance between rows,. in cm., for crops like corn and soybean; or the width 
between planting areas (strips), in m., for tiled crops like barley, grasses and 
wheats; or the surface area of tree we11s, in m2, for slIch trees as fruit trees. 

Dr = Root area (viewed as a unit cross-sectional area), which corresponds to the 
diameter in cm of the planting root zone for row crops; or the width in m 
between strips for field crops; or the land area in 1112 thm the tree roots occupy. 
Maximum developmetH should be considered. 

K = Runoff coefficient 

C = Consumptive use 

P = Precipitation based on 50% of probability of occurrcilce during tile 
vegetative cycle 

2.2 Water Harvesting Simulation 

Planning of Water Harvesting Systems (WHS) is orten difficult, because 

of the lack of long term meteorological methods. Therefore simulation approach seems 

to be the most appropriate for getting extended synthetical meteorological records for the 

computation of the variables involved in the design of WHS. Simulation modelling 

techniques are increasingly being used as a means of extrapolating the results of tield 

trials and of designing and assessing new agrotechnology that can then be passed on to 
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farmers (Jones and T~omton, 1993). 

A large number of simulation models have been described in the literature. 

According to Linsley (1976) these models can be classified as a) linear models, b) 

routing models, c) event models, and d) continuous water-balance models. The later type 

of models are capable of continuous simulation of flow for long periods of time and can 

be considered as most closely meeting the ideal of hydrologic simulation. 

In general it is desirable to have soil water-balance and crop-growth models that 

are as simple as possible. Also it is desirable to have a few parameters capable of being 

measured, directly or indirectly. The crop and the soil system should interact with each 

other, (Feddes, 1988). 

The general goal of simulation models has been to test the effect of different 

climatic conditions and soil physical properties on the optimum ratio between runoff area 

and basin area. According to Boers et al. (1986 a), most research within the concept of 

WHS has concentrated on the runoff problem, while the storage problem of soil water 

in the basin area has received less attention. Besides, the feasibility of the WHS 

according physical and economical constraints have not been addressed properly. 

In WHS simulation models, the water balance is often used as a tool to analyze 

the performance of the system, and to locate problems in the water harvesting process, 

(Boers et al. 1986). The driving force within the water balance is evaporation and or 

evapotranspiration. In the late, basically, crop simulation models work from two modules 

describing growth and development of the canopy, (Nadine, et al. 1992). 
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The general approach for analyzing WHS has been to divide the system into three 

areas namely: a) the catchment area (where the runoff for the cropped area is generated 

and where the main components are: precipitation, infiltration and runoff; evaporation 

is usually neglected), b) the cropped area (where runoff is utilized by the crop and is 

where the soil-water-plant relationship takes place, and c) the storage area (some 

methodologies proposes the use of storage devices for lise during dry periods). Several 

methodologies have been proposed for computing the variahles within each area varying 

from empirical to physically (process) based approaches. 

2.2.1 Empirical models 

Empirical (black box) models attempt to describe the system in terms of 

empirical, or statistical relationships. In contrast to process-based models, empirical 

models provide little insight into the internal mechanisms of the system and they are not 

designed to aid explanation (Fogel and Lopes, 1990). 

Perhaps the most widely used method for computing runoff applied to WHS is the 

Soil Conservation Service Method (SCS) or Curve Number Method: 

where: 

Q = storm runoff in inches 
P = storm rainfall in inches 

Q (p-O.2S)2 

(P+O.8S) 

S = potential maximum retention in inches 

[2. I I] 
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The potential maximum retention S is related to a CllrVL' number (CN) by the 

empirical expression: 

CN= 1000 
(lO+S) 

[2.12] 

Curve numbers are dependent on soil type, general hydrologic condition of 

watershed, land use and treatment or practice, and antecedent moisture condition, (Soil 

Conservation Service, 1972). 

Other examples of empirical approaches are linear relationships between rainfall 

and runoff and statistical relationships between two or morc variah les (regressions), (i .e. 

Osborn and Lane 1969, Diskin 1970, Karnieli et al 1988, Boers L't al 1986 a, and Boers 

et al 1986 b). 

2.2.2 Process based models 

Process based models are based on the requirement to (kscribe the hydrologic 

system in terms of fundamental laws or theoretical principles of science. The rigorous 

scientific approach provides the potential to describe the relevant \.'\lJ1trolling mechanisms 

of the system, the nature of their interaction, and their spatial and temporal variability 

(Fogel and Lopes, 1990). 

The application of the mechanistic approach to WHS is nOl widely reported in the 

literature. Nevertheless, some applications are those reported by Grecngard (198 I), 

Hjelmfelt (1986) and Smith et al. (1991). 
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The use of continuity and momentum equations for overland flow were first 

proposed by Keulegan (1945). After an analysis of the magnitude of the terms in the 

momentum equation he suggested that the kinematic wave equation would be appropriate 

for overland flow (Woolhiser, 1981). 

Kinematic wave models mathematically simulate the hydraulics of overland and 

channel tlow and can provide insight into the mechanics of the rainfall-runoff process on 

permeable soils. The kinematic wave equation can be written in its most general one-

dimensional form as: 

where: 
h = depth of flow (L) 
t = time (T) 

Ct,{3 = empirical parameters 

all Ph P -1 all _ "( ) -+a --I X,t at ax 
[2.13] 

i(x,t) = the rate of lateral inflow (LIT), variable in space alld time, defined as: 
p(x,t) - r(x,t) 

p(x,t) = rainfall rate (LIT), and 
f(x,t) = infiltration rate (LIT) 

The discharge (q {UIT}) can be related to the depth of !low by a power function: 

q=ah P [2.14] 

The coefficient a reflect the effects of surface slope and hydraulic roughness of 

the depth of flow. The exponent {3 is a measure of fI uid turbulence that characterizes the 

flow regime (laminar, turbulent or transitional). Mathematically, Ihe value of {3 indicates 
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the linearity or no linearity of the depth-discharge relationship. If /3= 1 then the rainfall-

runoff process is linear. 

Some methodologies for the computation of runoff bases their rationale in 

infiltration models as Youngs (1981) who uses the Green and A IlIpt model and Quian et 

al. (1981) who developed runoff equations based on Horton's and Philip's equations 

The overall size in WHS layouts is relatively small being of greater importance 

the total volume of runoff produced by a single storm than the variation in time of the 

runoff from a single storm (hydrograph). Thus, within WI-IS, l11echanistic models have 

been used as point of comparison with empirically based models, (Osborn et al 1982). 

2.3 Risk Analysis 

Risk analysis have not been addressed explicitly in WHS. I{isk is implicit in most 

methodologies for water harvesting design since 1110st of them consider probability of 

occurrence of rain. However, the commonly used procedure is Ilot enough for planning 

purposes since it gives no idea of the relationships between the lype of farmer (leveled 

according the availability of resources willing to put on risk) and lile severity of the harm 

that could occur. 

According to Cohessen and Covello (1989), a risk estim<tlc is an estimate of the 

likelihood or statistical probability that harm will occur as a resull of exposure to a risk 

agent. Dealing with WHS or dryland farming, that risk agent is mainly weather (among 

other factors). 
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The severity of harm depends upon the type of fanl1(!r. For economically 

vulnerable farmers, the impact of extreme weather can have an importance that outweighs 

by far its apparent probability of occurrence, (Jones and Thorntlln, 1993). 

Agricultural systems are characterized by the complexity and interdependency of 

their components and by the variability and risk involved in their management. In 

irrigated agriculture the risk is restricted to diseases, pests and mainly to changes in 

prices and market conditions. In rainfed or marginal agriculture, in addition to those 

restrictions, the farmers deal with weather conditions which are l1Iore unpredictable than 

those restrictions for irrigated agriculture. 

In irrigated agriculture, the risk (probability of failure) is usually estimated in 

percentage of loss based on long term average regional yield (/\bbaspour 1992). One 

approach to deal with risk has been to optimize a yield function (minimize loss or 

maximize benefit) based on some restrictions to the system (Ikrbel, 1993). A good 

example of this approach is the M UDAS model developed by Kinwell et al. (1992) which 

accounts for climatic risk and dryland farm management responses to such risk. The 

restrictions are set according to the availability of resources. In this latter approach, if 

there exist a lack of adequate information, technical coefficients arc developed based on 

experience. 

Decision trees are also a means of dealing with risk (Ang and Tang, 1984). In 

decision trees the alternatives of management are set in a tree ( or in a decision matrix) 

and the possible outcomes associated with each alternative are also listed. In other words, 
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decision trees integrates the relevant components of the decision analysis in a systematic 

manner suitable for an analytical evaluation of the optimal alternative. After setting a 

decision tree, a utility function may be obtained. In WHS the corresponding probability 

assignments for each alternative should be included. 

Fischhoff et ai. (1984) proposes the uses of indexes for h:veling risk. The index 

is defined as: 

/I 

[2.15] 

where Yj is the expected utility for attribute j and Wj is a weighting factor, expressing 

its relative importance. "Expected utility" is the product of a consequence's utility and 

the probability of it being incurred if a technology is pursued. 

In rainfed agriculture is cumbersome to optimize an objective function (yield) or 

to adjudicate an "intuitive value" to an index since yields are Illainly dependent upon 

rainfall inputs. Thus, a stochastic approach should be lIsed taking into account the 

transition matrix probabilities for the climate inputs. 

2.4 Sensitivity Analysis 

The process of modeling a physical system can be divided into the following three 

phases: (1) model formulation; (2) model calibration, and (3) model veri fication. 

Sensitivity analysis is a modeling tool that, if properly used, can provide a model 

designer with a better understanding of the correspondence between the model and the 

physical processes being modeled. Sensitivity of model components and parameters is 
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potentially useful in the formulation, calibration and verification of any model, (McCuen, 

1973). 

The sensitivity of a model's response to variations in input data can be used to 

indicate the relative importance of various types of input information. Emphasis can then 

be placed on developing and refining those data which have th~ greatest influence on 

model output, (Meier et al. 1971). Nadine et aJ. (1992), also poinl~.'d out that the required 

accuracy in parameter assessment depends on the sensitivity of the model to those 

parameters. 

Two approaches for assessing sensitivity may be utilized: a) Deterministic analysis 

(here, the analysis considers the influence of small change in parameter vallie on model 

output), and b) Stochastic sensitivity analysis ( this is based upon the assertion that 

uncertainties in the model structure and data allow meagninful analysis to deal with 

probabilities of model behavior), (Howes and Anderson, 1988). 

When performing stochastic sensitivity analysis, Monte-Carlo simulation is the 

most suitable method for assessing model sensitivity. MonIc-Carll) simulation consists in 

generating "synthetic" realizations of model outputs by producing "synthetic data sets" 

of model inputs. First, the procedure consists in drawing random numbers from 

appropriate probability distributions so as to simulate the variability of the model 

parameter in the field. Such parameter probability distributions imply the natural 

sampling error. Second, the random draws or random variates, represent a number of 

measured parameters so that every set of parameters represent a unique scenario to be 
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used in a single model simulation. Third, a number of simulations are performed to 

obtain a distribution of model predictions which can be compared with the deterministic 

predictions of the model or with established limits to estimate potential bias of model 

results (Press et al., 1986; Kirchner, 1991; Tiscareno-Lopez, 1992). 
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CHAPTER 3 

RESEARCH APPROACH 

3.1 Model formulation 

The methodology used for achieving the objectives of this study consists of 

developing a simulation model of daily water balance having stochastic inputs. 

The water balance approach is used relating the moisture added to the soil through 

precipitation to that lost through evapotranspiration and deep percolation. A conceptual 

model of a Strip Farming System is shown in Figure 3.1. The general computer model 

flow diagram is shown in Figure 3.2 and diagrams of the catchment and cropped modules 

are shown in Figures 3.3 and 3.4 respectively. A definition of processes and parameters 

used in the simulation model is shown in Table 3.1 

Table 3.1 Processes and parameters used in the simulation model. 

Process I Symbol I Units I Parameters 

Rainfall Rn mm A 

Water Ev mm 
evaporation 

Runoff Z mm Threshold 

Actual AE mm tn, a, bn, k 
Evapotranspiration 

Maximum Etmax mm ky 
Evapotranspiration 

Catchment soil water dWj mm Ev, Fc 
dynamics 

Deep percolation D mm 



Runoff 

Catchment module 

AE 

SSSSS 

Holding capacity 

Deep percolation 

Cropped module 

~ top 10 em 
> Root depth 

Figure 3.1 Conceptual model of a Strip Farming System 
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INPUT SOIL AND CROP PARAMETERS 

, GENERATION OF STATISTICS , 
RAINFALL OCCURENCE EVAPORATION 

RAINFALL DEPTH 

N 
RAIN .GT. THRESHOLD ~ RUNOFF = 0 

y 

COMPUTE RUNOFF COMPUTE SOIL WATER BAlANCE 

Figure 3.2. Simulation model flow chart 
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INPUT INITIAL SOIL WATER CONTENT 

[L:;,.WI] 

THRESH(ld) = exp ((s+(-b*llw(ld-1)))] 

II1WI(ld+1) =[ll WI(ld) - [(EV(ld)!Fc)*!J WI(ld)]~ 

t 
N I !JWI(ld) =MI(ld-1)+RAIN 

RUNOFF = RAIN + CCAR*[RAIN - THRESH(ld)) 

CROPPED MODULE COMPUTATIONS 

Figure 3.3. Catchment module computations 



INITIAL WATER CONTENT 
mn(1},lncrmn(1} 

CROP AND SOIL 
PARAMETERS 

I Ya = 1·[Ky*(1.(ETa/ETmax}]"Ymax 

TOTW =mn(ld·1}+lncrmn(Id·1}+ra/n+runo" 

Y N 
r---------~_-II ...... 

mn(ld) = k' 
Incrmn(ld) == TOTW·k' 
perc(ld) = aV/·lncrmn(ld) 

N 
I compute _01/ Ell ~ 

TOTW=lncrmn(ld)+mn(ld)·Ev(ld) 

y 

N 

mn(ld} == TOTW 
Incrmn(ld) = 0 

compute AE(ld) 

TOTW=lncrmn(ld)+mn(Id)-AE(ld) 

mn(ld)=TOTW 
Incrmn(ld)==O 

Y 

mn(ld)==k' 
Incrmn(Id).,TOTW·'" 
perc(ld) ",av/.lncrmn(ld) 

Figure 3.4. Cropped module computations 

PRINT RESULTS 
yearly 
dally 
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The daily soil water balance equation acting over the systl:l11 shown in Figure 3.1 
is written as: 

where: 

AM =R +2 -(AE+D) n n n n 

LlMn = Soil moisture change (mm) on day n 
Rn = Rain (mm) on day n 

AEn = Actual evapotranspiration (mm) on day n 
Zn = Runoff to cropped area (mm) on day n 

Dn = Deep percolation in cropped area (mm) on day n 
n = Time index (day) 

[3.1] 

As shown in figure 3.1, rain falls over both catchment module and cropped 

module; in this way, the total water received by the cropped module is that running off 

catchment module plus that rain that falls directly over the cropped module. In this study, 

no runoff excess is assumed to run off the cropped module and the catchment module is 

not subject to any type of sealing treatment. 

3.1.1 Climate inputs: The computer model developed for this study, generates an 

extended precipitation record that is transformed into runoff. To obtain the statistical 

parameters for the simulation procedure, the distribution functions of the actual data must 

be known and its parameters obtained. According to the approach used here for 

computing actual evapotranspiration (AE), records of daily precipitation and daily 

evaporation (Standard pan type "A") must be known. 

3.1.1.1 The generating procedure: Daily rainfall can be simulated, using a stochastic 

model such as the Markov Chain-exponential model, in which rainfall occurrence is 
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described by a two-state Markov Chain with parameters Po and PJ' If no precipitation 

occurred in the previous day, Po is the probability of precipitation; and if precipitation 

did occur in the previous day, PJ is the probability of precipitation. The distribution 

function of daily rainfall is assumed to be exponential: 

[3.2] 

where the parameter A is the inverse of the sample mean of all daily precipitations. 

The simulation procedure consisted of generating a random number between 0 and 

from a uniform distribution to determine whether precipitation occurs on any given 

day. If it occurs, another random number is generated and transformed to compute the 

amount of precipitation according to the previous equation. 

The distribution function of daily evaporation is assumed to be normal. A zero 

order Markov process is applied to obtain a normal random variate from a normal 

probability density function. 

X=jJ. +0 *r [3.3] 

where: 
I-' = mean of the variable 
(J = standard deviation of the variable 
r = a normalized random deviate with N(O,I) 

The random normalized deviate is obtained as by Law and Kelton (1982), in 

which two random numbers are imputed: 
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[3.4] 

The number of simulation runs is based in the Central Limit Theorem in relation 

to the minimum sample size necessary to maintain a desired minimal error, (95% 

confidence interval, t= 1.96); thus the next equation was used: (Hahn and Shapiro, 1967) 

where: 
t = critical value from a t (Student) table 
Sx = is a preliminary standard deviation 
E= is the half width of thc desired contidcnce inlaval 

[3.5] 

First, 100 growing seasons were simulated for obtaining tile preliminary statistics. 

From this was concluded after using the previous equation that a minimum of 350 model 

runs were necessary to maintain an acceptable error in the estimations. 

3.1.2 Soil inputs: The runoff model transforms generated precipitation to runoff. The 

amount of water received by the cropped module (2) per unit of area is given by: 

Z=RAIN+[CCAR*(RAIN-TRESHOLD)J 

where: 
CCAR = Cropped/catchment area ratio 

THRESHOLD = Minimum initial soil water content ill the catchment 
module for initiating runoff 

[3.6] 

From the previous equation it can be noted that Z = H:tIN if RAIN is less or 

equal to THRESHOLD or if CCAR = O. 
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3.1.2.1 Threshold definition: The initial soil water content for the threshold functions 

is defined here as the depth of water held in the upper 15 cm of soil prior to any rainy 

event in the catchment module. The variable c:'Wiid_1 refers to the soil water content at the 

end of the previous day. Three general threshold functions were obtained for the study 

area for light soils, medium soils and heavy soils. For purposes of generality, the soils 

within each texture were taken as: sand to sandy-loam for light soils, loam to silt-loam 

for medium textured soils and, clay to clay-loam for heavy soils. The threshold functions 

were obtained by means of rainfall simulation. The rainfall silllulator used was that 

described by Asseline (1981) shown in figure 3.5. The rainfall simulator is of type 

Sprinkler which can reproduce precipitation events up to 180 I1l1n/llr. The intensities 

chosen for the study were 10, 30 and 60 I11m/hr. Rainfall simulation runs were done 

under different initial soil water contents. According to the findings, the "Threshold 

Point" is not as sensitive to intensity in terms of accumulated '"vater up to "threshold 

point" for a given initial soil water content as "time to threshold point". This is shown 

in figure 3.6 and is based on that fact that intensity data are not imputed in the simulation 

program. Instead the threshold value is computed as a function of soil water content. The 

relationships between initial soil water content in the catchment module and the threshold 

value are shown in tigure 3.7. It can be found from the regressions used for the 

threshold value that when the soil water content in the catchment module is set to 0, the 

threshold values are 4.1, 3.5, and 2.0 mm for light, medium al1d heavy textured soils, 

respectively. 
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3.1.2.2 Catchment module soil water variation definition: According to Sellers (1965), 

evaporation from soil may occur in two different stages. First, when the soil moisture 

content is greater than some critical value (for this study assul1l~tI to be Field capacity, 

Fe), evaporation proceeds at about potential rate (Ev measured ill a standard type" A" 

pan) and is dependent mainly on external meteorological factors. Second, when the soil 

moisture is less than the defined critical value, evaporation depends on the moisture 

content of the soil with the relationship assumed to be linear. Thlls for the first stage: 

and for the second stage: 

with: 

EVid a=--
Fe 

[3.7] 

[3.8] 

[3.9] 

and w is the volume fraction of soil moisture expressed III millimeters of water in the 

active soil layer: w = t:.Wiid' In this way. daily updating of the soil water content in the 

catchment module prior computation of the threshold value, the next equation is used: 

[3.10] 

Computation of the threshold value is then performed as shown in figure 3.3. 

3.1.3 Actual evapotranspiration: The model used I"llr computing actual 
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evapotranspiration in any given day (AEid) is a modification of till.! model developed by 

Reddy (1983). Evapotranspiration can be divided into two paris. First, under fallow 

conditions, the soil looses water through evaporation. The rate nr water loss with time, 

in turn depends upon soil type, the available soil moisture in till' top few centimeters of 

the soil profile and evaporative demand. Secondly, under croPI>L'd conditions, the soil 

looses water through evaporation and transpiration which in turn depends upon the soil 

type, evaporative demand, available water in the root zolle and type of crop cover at 

different stages of crop growth. Reddy's model is: 

(5 -Ev ) t 12 ( ) 
AEid=[[1+( id)*(_,I) ]exp[ -tll+(J ll .. Evid 

16 EVid bll "'k 
[3.11] 

3.1.3.1 Variables definition: Tim£' facIO,. (fl. The time factor tn depends on the 

frequency of soil wetting. Precipitation falling on a dry soil without increasing the 

moisture content of the transpiration zone to some critical value k "(here defined as Fe) 

for potential evapotranspiration, is not distributed over the transpiration zone, but 

remains in the top layers of the soil. When soil is wetted by rain ~Irter a long dry period, 

then (fl = /,2,3, .... x days, where I stands for the rainy day, 2 for the first non rainy 

day, 3 for the second non rainy day through the subsequent rain-free periods. For 

subsequent rains if the rain is less than the evaporation of that day, then the value of the 

time factor, 111, proceeds uninterrupted, i.e., 11/ = X + J, x + 2., etc. If however the 

rain is greater than the evaporation and the soil water content or the previous day in the 
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cropped module is = 0 or the actual evapotranspiration of the previous day is = 0, then 

In = 1,2, ... x. 

Porenrial evaporatiol1 factor a: In the model the available moisture in the top 10 

cm soil layer in the cropped module is denoted by 11111. If I11I1;d_1 = 0, when precipitation 

occurs, then a is obtained as follows: when raill + rLln(?/l is gn:;t1er than the maximum 

available water-holding capacity at the top 10 cm of the soil (111111) (k"), then 11111 = k" 

otherwise 11111 = rain + run(?fl and a is the number of days for which mil can meet 

potential evaporation demand (mnIEv;,J assuming that water is I\~moved only from the 

surface 10 cm of soil. If k" is less than EV;d then a = I and AC;d = 17111. 

Crop growth stage coefficiel1t bll: Evapotranspi ration is a function or soil 

evaporation and plant transpiration; in the natural system, the soil evaporation gradually 

changes to evapotranspiration with the stage of crop growth, and the stage of crop growth 

defines the depth of water extraction; thus, the parameter IJII accounts for this variation. 

According to Reddy (1983), the parameter 1m can be assumed to be 0.02 (or fallow 

conditions (prior emergency) and increases up to 0.24 for a Leaf Area Index (LAI) equal 

o greater than 2.75. The rationale is based on the assumption that once LAI reaches 2.75, 

transpiration does not change significativelly with time. Between these two extremes bll 

varies according to the growth stage of the crop from sowing to harvest and is taken as 

a linear function of time. For the present study the next relationships were obtained from 

Reddy (1983), and Jasso (1993) and imputed in the simulation llIodel for computing 1m 

as a function of time: 
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Table 3.2: Regressions used for computing crop growth stage coefficient bn. 

CROP REGRESSION 1{2 

Maize & 1m =0.022091 +0.0046432*(d:lY) 0.98 
Sorghum 

Bean hn =0.02357 +0.0039669*(u:IY) 0.98 

3.1.3.1.4 Actual evapotranspiration and actual yield : In order to compute actual 

yield, Ya, as a function of actual evapotranspiration, AE, water production functions 

were used as reference of maximum yield, YIll , and maximulll evapotranspiration, 

ETmax. The water production functions were generated al JNJFAP-PRONAPA, 

(Pronapa, 1993). The fitted model to the results was: 

1- Ya =Ky*(l AE) 
Ym ETmax 

[3.12] 

where: 

Ky = crop reduction factor or yield response faclor 

The Ky factor relates relative yield decreases (1- YalYm) to relative 

evapotranspiration deficits (J - AEIErmax). Water deticit expressed as (AEIE1/llax) may 

either occur continuously over the total growing period of the crop or it may occur 

during anyone of the individual growing periods. According to the climatic statistics for 

the region of study, deficit over the total length of the growing period was assumed, i.e. 

deficit in relation to the total crop water requirements. A ky < J means that the decrease 

in yield is proportionally less with the increase in water delicit. Thus, it depends on the 
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type of crop and the associated resistance to drought, (Doorenbos and Kasam, 1979). 

The parameters of the model for the different crops are sllOwn in table 3.3. 

Table 3.3. Parameter values of some crops for Doorenbos and 
Kasam model. 

ETmllx \'111 

CROP Ky (mm) (tIlUI/IlI) 

CO'nON \.0 692.2 6.05 

MAIZE \.09 804.4 8.77 

SORGHUM \.65 609.0 8.2 

S.FLOWEIl 1.70 551.5 2.33 

BEAN 0.95 515.0 2.00 

3.1.5 Restrictions to the AE model: The next restrictions applies to the AE model 

according to Reddy (1983). When rail1+rlll1(~tl is less than £1',,/ then AE;d = rain + 

runofl' + !(AE;d./£Vid.I)*Evid!. On any rainy day when raill + rtllll!/j'iS greater than EVid , 

if EV;d is greater than 7 mm and EVid.1 greater than O.75*EI',.I' then it is assumed that AE;d 

= O.50*Evid• 

3.2 Description of the study area 

An arid region of Mexico was chosen for testing the methodology developed in 

this study. Research data were drawn from a research station froJll the National Institute 

of Forestry, Agricultural and Livestock Research (lNIFA!» called PRONAPA (National 

Program of Research for Water Utilization). The PRONAP/\ lies in an area of Northern 

Mexico known as Comarca Lagunera which involves two states, Coahuila and Durango 

and is located at 2SU 30' Nand 104" W having 1135 m of altitude over the sea level. The 

rain fed portion of the area consist of 452 000 ha in the state of Durango and 52 000 ha 
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in the state of Coahuila. The rainfed area is dedicated to the production of basic grains 

such as maize, wheat and beans. 

According to the Koppen classification, the climate of the region is very arid with 

mean annual temperature of 22° C. The rain season occurs during the summer with low 

rainfall occurrence during the winter. 

The length of the actual climatic record was 15 years. III order to compute the 

statistical parameters of the distribution functions used , the length of the rainy season 

(June-October) was broken down into 4 semi-seasons: June-July. July-August, August-

September and September-October. The results of the analysis arl! shown in table 3.4 and 

in figures 3.8 and 3.9. 

Table 3.4. Statistics for the study region 

PERIOD Ev RAIN 

X I STU I'ww" I PI)\\' I I'\\'I) I 
JUN·JUL 9.09 2.40 0.3134 0.6866 0.1087 

JUL-AUG 8.26 2.02 0.4719 0.5281 0.1147 

AUG·SEP 7.48 3.48 0.3432 0.6568 0.1040 

SEP-OCT 5.79 1.82 0.3090 0.6910 0.0873 

~ PWW = Probability of a day bl!ing Wl!t given that thl! prl!vious one was wei 

PDW = Probability of a day being dry givl!n that the prl!vious onl:' was wI.!! 

PWD = Probability of a day being wd given that thl! prl!vious on~' was dry 
PDD = Probability of a day being dry givl!n that the previous one was dry 

I'l)l) I ). 

0.8912 0.311 

0.8852 0.280 

0.8960 0.256 

0.9126 0.343 



0.4 

0.3 

0.2 

0.1 

o 

0.18 

0.15 

0.12 

0.09 

0.06 

0.03 

0 
0 

Frequency Histogram 

(Jun-Jul. INIFAP-PRONAPA) 

1 2 3 4 

Frequency Histogram 

(Aug-sept. INIFAP-PRONAPA) 

~ -. 
~ .. ". 

5 

1 2 3 . 4 

0.4 

0.3 

0.2 

0.1 

o 

0.24 

0.2 

0.16 

0.12 

0.08 

o 

Rainfall Depth (mm) 

Frequency Histogram 

(Jul-Aug.INIFAP-PRONAPA) 

[iJ I:l 

1 2 3 4 5 6 

Frequency Histogram 

(Sept-Oct. INIFAP-PRONAPA) 

1 2 3 4 5 

Figure 3.8. Rainfall characteristics at PRONi\PA 

53 



I 

~ 
c: 
Q) 
;:, 
tr e 

La:: 
Q) 

~ 
.!!! 
Q) 

a: 

0.16 

0.12 

0.08 

0.04 

Frequency Histogram 
(June-July INIFAP-PRONAPA) 

0.16 

0.12 

Frequency Histogram 
July-August INIFAP-PRONAPA) 

o~ 
o 

0.18 

0.15 

0.12 

0.09 

0.06 

0.03 

0 
o 

4 8 12 16 20 

Frequency Histogram 

(Aug-Sept. INIFAP-PRONAPA) 

4 8 12 16 20 

0.15 

0.12 

0.09 

0.06 

0.03 

o 3 6 9 12 15 18 

Frequency Histogram 
(Sept-Oct. INIFAP-PRONAPA) 

A 
o rr/;j;r 

o 3 6 9 12 15 

Evaporation (mm) 

Figure 3.9. Evaporation characteristics at PRONAPA 

54 



55 

3.3 Method of analysis 

Due to the nature of the simulation model, several assumptions about soil 

characteristics, crop growth types, etc., must be made making this situation practically 

impossible for the validation of the model. Thus, the factors or study and the levels 

within the factors were chosen according to the experience of local farmers. The factors 

were: cropped-catchment area ratio (CCAR) with levels I :2, I :6, I: 10, I: 14, I: 18, 1 :22, 

I :26, and 1 :30 meaning 1 unit of catchment for 2 units of cropped area and so on. 

Initial soil water content in the cropped module with levels 0, 20, 40, 60, 80, and 100% 

of the total available soil water content. Texture with levels light (sand to sandy-loam), 

medium (loam to silt-loam) and heavy (clay to clay-loam). The simulation program offers 

an option of initializing any model fun with different initial soil water content in the 

catchment and cropped modules. For the purpose of this study, the same initial soil water 

content was assumed in either module. Another factor was the crop. The default crops 

are Maize and Beans. Maize was chosen for the analysis becallsl! this is the main crop 

for rainfed agriculture in the region. Nevertheless, any crop may be analyzed if the 

regression for computing the "1m" factor for ETa is imputed into the model. Data for 

computing maximum evapotranspiration and maximum yield wer~ also available for the 

default crops. 

3.4 Model Validation 

Actual evapotranpiration is considered the driving force for depleting the soil 

water content. Two data sets were used for validating the model. The first data set was 
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drawn Reedy (1983). The crop was sorghum under rainfed conditions. The available soil 

moisture capacity over the root depth was 200 mm beginning tile growing season with 

184 mm of the total soil moisture capacity. The second data set used actual data from the 

place where the study is directed. The crop was maize witll three supplementary 

irrigations, the available soil moisture capacity over the root depth was 341 mm 

beginning the growing season with 325 mm of the total soil moisture capacity. The 

irrigations were intended to rise the soil moisture up to tile total soil moisture capacity 

over the root depth (120 cm). The results are shown in tigures ].10 and 3.11 a and b. 

The validation was done assuming CCAR = a thus only counting for precipitation and/or 

irrigation. 
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4.1 Yield response (MAIZE) 

CHAPTER 4 

RESULTS 
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According to the factors and levels chosen for analysis, 144 combinations per 

crop are found considering all combinations of: cropped catchment area ratio, initial soil 

water content, and soil texture. An example of an output from the simulation program 

is shown in figure 4.1. The yield response to any combination is shown in figure 4.2; 

each point on the figures consist of 350 simulations,( i. e. 350 simulated growing 

seasons). 

Storms smaller than the threshold value produce no runoff although they do 

increase the soil water content in both modules (catchment and cropped). This has the 

effect of reducing the threshold value for the next day in the catchment module and 

adding some moisture for actual evapotranspiration in the upper few centimeters of soil 

in the cropped module. Larger storms produce considerably more runoff as a function 

of CCAR and soil type. In this study the CCAR = 0: 1 was not analyzed (i. e. no runoff 

area) except for the validation of the model due the restricted availability of field data. 

According to figure 4.2 the higher the initial soil water content becomes, the 

smaller the value of CCAR needed for reaching high yields. This is tied to the soil 

texture as well. In general, as the CCAR increases the initial soil water content becomes 

less important with the largest intluence at low values of CCAR. 
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For light soils with an initial soil water content of 100% of the available soil 

water, a CCAR of 1:14 yields the same as a CCAR of 1:30. For medium and heavy 

textured soils the value of CCAR is 1:10. This value of CCAR increases as the initial 

soil water content decreases. 

In general, the response curves are asymptotic to the "x" axis more rapidly as the 

texture becomes heavier indicating less variation in the dependent variable as the CCAR 

increases. The opposite effect is more notorious when the water use efficiency is 

analyzed. 

4.1.1 Water use efficiency: The efficiency of the process of water harvesting can be 

defined as: 

[4.3] 

where TOTWjd is total water in the cropped module in any day (mm) being equal to RAIN 

+ RUNOFF, and AEjd is actual evapotraspiration in the same period. Figure 4.3 shows 

eu for the different treatments studied. The heavier the soil the more abruptly the water 

use efficiency drops when CCAR increases. 

For a CCAR ranging from 2: 1 to 5: 1 the water use efficiency practically does not 

change, falling abruptly beyond that ratio for all three textures studied (i. e. as the 

conditions becomes drier in the cropped module the water is used more efficiently). 
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4.2 Risl" analysis 

Risk is defined here as the probability of losing money in a 2 year period of time 

given the climatological and soil conditions that yield any given amount of total water 

for the crop development in a growing season. This can be described mathematically as: 

[4.4] 

where T is the return period [1/P(X> =x)/ and n it is the time interval (2 years). The 

risk analysis implies net benefit/costs relationships (i.e. the amount of money that any 

farmer is willing to put on risk according to their specific economical conditions). In this 

way, figure 4.4 shows gross benefit/cost relationships for the three textures studied as 

a function of CeAR and initial soil water content. Table 4. 1 shows the production costs 

included in the analysis which was done on a unitary CCAR basis. 

Table 4.1. Costs included in the benefit/cost relationships 1 

ACTIVITY 1 COSTS U.S. DOLLt\R 

FALLOW 

SLED 

LEVELING 

SEED 

FERTILIZER 

CULTIVATE 

INSECTICIDE 

HARVEST 

TOTAL 

I SARH Mexico, 1993. 
" Includes planting 
""Includes application. 

47.14 

37.43 

26.6 

44.18" 

183.69"" 

39.73 
75.8 )"" 

45.50 

500.08 
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The production costs shown in table 4.1 involve the cropped module only. For 

the catchment module $35.03 U.S. were added for each unitary increase in the CCAR. 

In this way, for a CCAR of 2: 1 the total cost is $570.06. For a CCAR of 6: 1 the cost 

will be $710.13 and so on. 

All treatments bellow the cost line implies losses. According to figure 4.4, for 

light soils, there is no chance of earning any money. For medium textured soils, it is 

possible to obtain yields if the initial soil water content is above 40% of the total 

available water. For heavy soils with 20% of initial soil water content and above, is 

possible to obtain yields except for a CCAR below 5: I. 

It is desirable for any decision maker to obtain the max i Illum benefit. Thus the 

choices will be those treatments furthest above the line cost. It is thus necessary to know 

what is the risk of a loss for any point above the cost line. I f for instance a gross income 

of $1250 is desired with a medium textured soil and beginning tile growing season with 

100% of the total available water in the soil, a CCAR around 6: I is necessary. That 

CCAR implies that the total water will be 500 mm (see figure 4.5) and the risk of loss 

will be 0.40 or 40%.(see figure 4.6). The same procedure may be applied in the opposite 

way. Thus, if a 40% of risk is desired, this implies having 500 mill of total water for the 

growing season. Those 500 mm are achieved with a CCAR of 6: 1 and with those 

conditions $ I 250 are earned as gross income. 
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4.2.1 Risk behavior: Once having defined risk as the probability of losing, the feasibility 

of a Strip Farming system will depend upon the farmers own criteria (i.e. Risk-taking 

or Risk-averse. Risk-neutral kind of farmers may be thought as intermediate point 

between the two first categories). 

Figure 4.4 shows that all the treatments above the costs line are profitable. In this 

way, only medium and heavy textured soils are recommended under the climatic 

conditions of the region. The shapes of the curves reflect the impact of weather 

conditions on the response of output to varying CCAR. Lack of rainfall prior and during 

the growing season results in poor outputs as depicted by the curves of 0% at the 

beginning of the growing season for all three textures involved. 

Farmers using the greatest possible CCAR are looking for the greatest profit 

possible even though, for the case of medium textured soils, the greatest gross income 

is obtained with a CCAR of 2: I and with 100% of initial soil water content with a risk 

of 20%. 

For heavy textured soils, the maximulll gross income is reached wit a CCAR of 

10: 1 with 100% of initial soil water content. Farmers choosing to operate at this position 

are described as risk taking since there is a risk of almost 60%. Profit is also reached 

if a CCAR of 2: 1 is used with 100% of initial soil water content with a risk of 20%. 

Farmers choosing to operate at this position are described as risk adverse. 

There is a wide spectrum of choices between the two extremes of profits for both 

textures. Nevertheless, the minimum initial soil water content for producing profits is 
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60% with a CCAR of 2: 1 for medium textured soils and 20% for heavy soils. 

Among the possible options, it can be seen that when till? CCAR increases the 

profit increases up to a maximum after which the profit decreases when the CCAR is 

increased. The risk of a loss increases as the CCAR increases for the two textures where 

a profit can be achieved, although at different rates. f.'igure 4.7 shows curves of 

minimum risk-maximum benefit for those treatments. 

For instance, for a medium textured soil the minimum risk-maximum net benefit 

is achieved with CCAR 2: 1 and an initial soil water content of 100%. The system will 

have a risk of 0.2 and a net benefit of $510.00 . For this soil, the net benefit could be 

increased up to $545.00 but the risk will increase up to 0.4 for the same initial soil water 

content. If the initial soil water content is dropped to 80% under the same CCAR, the 

net benefit will be $330.00 with a risk of 0.3. For that initial soil water content the 

maximum benefit could be $380.00 with the risk around 0.58. 

For a heavy textured soil, the maximum benefit of $580.00 is achieved with an 

initial soil water content of 100%, a CCAR of 10: 1 ancl a resulting risk of 0.55. For the 

same CCAR, dropping the initial soil water content to 80% will reduce the net benefit 

to $500.00 and the risk will be the same. Figure 4.7 may be used for deciding the best 

treatment according to the type of farmer (risk taking or risk adverse). 

4.3 Sensitivity analysis 

The purpose of the sensitivity analysis is to delineate those factors that are critical 

for obtaining good estimators of actual evapotranspiration and/or residual soil 
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moisture contents. This in turn points out the sensitivity of the simulation model to the 

inputs and brings to light those parameters that need more careful consideration. 

The parameters involved are: initial soil water cnntenl, soil depth, and soil 

texture. Texture is used as a synthetic parameter, relying on the results of workers who 

have established connections between textural esti mates and characteristic soil variables. 

In this study total available soil water was used as synonymous with texture. 

Several simulation runs were done for the different parameters to be evaluated 

keeping constant the variables not in the sensitivity analysis. The analyzed variable was 

the reduction of maize yield. Figure 4.8 shows the sensitivity of lhe model to the three 

parameters evaluated. The rank may be established as: 1) initial soil water content, 2) 

soil depth and 3) soil texture. These results indicate that lighl soils tend to be less 

sensitive to variant soil water conditions and depth. MediulIl and heavy soils are more 

sensitive to those variations with the rales of change in yield reduction being very 

similar. 

The analysis underlines the role of initial soil water content and depth in 

providing water to crops. The maximal available soil water capacity cannot satisfy 

entirely the crop evapotranspiration. In addition, the initial soil water content from a 

previous rainy season appears as a limiting factor. 
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CHAPTER 5 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

5.1 SUMMARY 
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The objectives of this study were: a) to delineate a methodology for determining 

the feasibility of a water harvesting system for an arid ecosystem, b) to develop a 

simulation model for the water balance of a water harvesting strip farming system, and 

c) to perform a sensttivity analysis of the simulation model. The discussion focuses on 

the feasibility as constrained by risk. 

A computer program was developed for the computations. The results indicate 

that light textured soils cannot be used for this type ot' farming system since their 

hydrodynamic characteristics do not allow runoff from light rains (i .e. the threshold value 

is high). Medium textured soils requires a minimum of 50% of initial soil water content 

and a CCAR of 2: 1. Heavy soils requires a minimum of 20% of initial soil water content 

and a CCAR greater than 5: 1. As a general rule, the system is more efticient, in terms 

of water use efficiency (ell), as the conditions becomes dryer. In this way, for CCAR 

ranging from 0 to 5 ell is around 95 % for all three textures. Beyond that point, as the 

CCAR increases ell decreases being more efficient light soils and less efficient heavy 

soils. The shapes of the curves of profit, renect the impact of weather conditions on the 

response of output to varying CCAR. Lack of rainfall prior to and during the growing 

season results in poor outputs. 
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The risk (probability of loss) will depend on both the farmers own criteria and 

the economical situation. Thus, these criteria can be divided intn two broad categories: 

risk-taking (those farmers who pursue a high level of investment relative to the 

probability of failure), and risk-adverse (those farmers with lllW level of investment 

relative to the probability of failure). Curves of minimulll risk-maximum net benefit 

(minimax) were developed as a guide for decision making processes. According to the 

minimax curves, for medium soils, the minimum risk maximum net benefit is achieved 

with CCAR 2: 1 and initial soil water content of 100%. This implies a risk of 0.2 and net 

benefit of $510.00 . For heavy textured soils, the minimum risk maximum net benefit 

is achieved with CCAR 10: 1 and initial soil water content of JO()% with a risk of 0.55 

and net benefit of $580.00. 

The sensitivity analysis indicate that the model is sensitive 10: 1) initial soil water 

content, 2) soil depth and 3) soil texture in terms of reduction on yield (actual/potential 

yield). 
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5.2 CONCLUSIONS 

The following conclusions can be drawn from the simulation model regarding the 

feasibility of a water harvesting system for an arid ecosystem of Northern Mexico: 

(1) The approach used in this research is useful for the decision making process when 

a Desert Strip Farming water harvesting type is desired. Moreover, it could serve for 

preliminary designs. The overall size of the system is directly dependent upon the rainfall 

pattern and the soil physical characteristics. 

(2) The simulation model appears to be simple in operation as compared with previous 

models for water harvesting. It has been developed to use readily available inputs. It can 

work with several crops when linear relationships of Leaf Area Index (LA!) and the Crop 

Stage Coefficient (bn) are provided. 

(3) Strip Farming Systems for the area of influence of the climatologic station used, are 

recommended under the initial soil water content conditions specified for an acceptable 

yield and for medium and heavy soils only. The analysis indicated that little or no 

improvement can be expected for larger CCAR. Moreover, the risk of loss increases as 

the CCAR increases. Initial soil water content defined as the residual soil water content 

prior to the beginning of the growing season appears to be a limiting factor and is of 

crucial importance. No planting in dry conditions is recommended. It is shown that the 
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distribution of rainfal~ in time is more important than total rainfall. 

(4) The experimental plot used with the rainfall simulator was of I m2 area which is not 

representative considering the spatial distribution of the physical characteristics of the 

soil. However, in this study the threshold value was calculated on a daily basis as a 

function of soil moisture content whereas in other studies a fixed threshold has been used 

independently of soil water content. More rainfall simulations are necessary for a wider 

range of conditions in order to use an interpolation method for computing that threshold. 

(5) The production costs included in the feasibility analysis were developed assuming that 

the farmers used machinery. This is not the general case for farmers in rain fed conditions 

in many developing countries. Moreover, the costs may be reduced substantially since 

the field operations are performed by animal traction. In such cases, the cost of labor 

may be included in the economic analysis. Unfortunately, this type of information is not 

always available. 

(6) The model behaves well especially under rainfed conditions. This was illustrated in 

the model validation. Discrepancies noted may be due to the Crop growth stage 

coefficient bn . The model considers a linear relationship between time and "bn" values 

with a constant value of 0.24 after flowering (60 days after planting approximately). 

Adjustment of the "bn" parameter will require additional field work. 
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(7) Strip Farming Systems are readily adaptable to arid environments and can provide 

production at subsistence levels. For the specific case of the Comarca Lagunera, this type 

of system can provide livestock feed, a complementary source of income in areas with 

large amounts of idle, land. 

(8) The applicability of the model is not restricted to any specific physical condition. 

However, it should be applicable to those areas where rainfall patterns and soil 

characteristics are known or can be estimated. 
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5.3 RECOMMENDATIONS 

More field research is necessary for model parameters definition over a wider 

range of conditions. Special focus should be placed on the crop stage coefficient (bIZ) and 

soil parameters . 

More research on grass and shrub type crops is necessary for those areas where 

livestock production is the main source of income (some rainfed areas of northern 

Mexico). Preliminary studies in the region have shown the potential of species of the 

Atriplex gender under water harvesting systems (Martinez and Sanchez, 1987). 

In order to better define those areas with potential for water harvesting, it is 

necessary to obtain more climatic records from localities near or within the selected 

regions in order to obtain the parameters of the probability distribution functions. With 

this information isolines of parameters may be included in maps for planning purposes. 



APPENDIX A 

GUIDE TO PROGRAM USE 
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The program GROWING performs a water balance for a Strip Farming System given several 

inputs regarding the crop,. soil type, initial soil water content (either in the catchment module or cropped 

module or both), and cropped-catchment area ratio. 

It includes 6 subroutines: Hydr.for, Evapot.for, Iyield, Rana, Eva, and Sort. The main program 

calls for inputs to the simulation model. 

INPUTS 

CROP OPfIONS: There are 6 crop options; cotton, maize, sorghum, sunflower, beans, and user defined 

crop. The default crops are maize and beans. The source code contains data about maximum 

evapotranspiration and maximum yield of the remainder crops but, the Crop growth stage coefficient "bn" 

must be imputed for the computation of actual evapotranspiration (ETa). If the 6th option is chosen (User 

defined crop) the program asks for the next information: 

CROP REDUCTION FACTOR: This factor correspond to the model of Doorenbos and Kassam 

"ky" and it depicts th~ susc~ptibility of the crop to deficits in water inputs in any developmental stage. The 

manual No. 33 of F AO contains information for this factor for several crops. 

MAXIMUM EVAPOTRANSPIRATION: This is the sum of all daily values of maximum 

evapotranspiration (the consumptive use of the crop). This value is used for computing the relative yield. 

MAXIMUM YIELD: The crop yield under unlimited water amounts. 

OUTPUT FILES: At the prompt, the name of the output files must be imputed, (i.e. daily and yearly 

results). A third file it is created by default, "CROP.STA". This file contains the statistics of the simulated 

variables: Rainfall, Runoff, Actual evapotranspiration, Yield and Total water (The water that runs off to 

the cropped area plus that falling directly over the crop). 

CCAR: Cropped-catchment area ratio. It is the units of catchment area for each of the cropped area. If 

for instance a ratio of 3: 1 is desired, a value of 3 must be imputed. 
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TEXTURE: The program offers 3 textures as choices, Light, Medium and Heavy. For purposes of 

generality Light texture encompasses soils within the range Sand-Sandy loam; for medium soils Loam-silt 

loam and for Heavy soils clay-loam-loam. Depending upon the texture the program compute the threshold 

value for initiating runoff. 

AVAILABLE WATER: Available water is defined here as the capacity of the soil for holding water AT 

FIELD CAPACITY in the upper 15 cm of soil in the catchment module. This value is used for the 

computation od the threshold value. The program offers a table as a guide to the user. Also a table guide 

is presented for the input of available water at field capacity over the entire soil profile in the catchment 

module. For the cropped module a table is presented also as a guide for input of total available water in 

the root zone. This value is used for computing possible deep percolation looses. The value depends upon 

depth considered. 

INITIAL WATER CONTENT: This value correspond to the soil water content at the beginning of the 

computations in any simulation run. It is given in rum at the depth considered (mm/total depth). 

HOLDING CAPACITY: The program requires to input the holding capacity in the upper 10 cm of soil 

in the cropped area. This is a requirement of the model used for computing actual evapotranspiration. 

NUMBER OF SIMULATIONS: Here, the desired number of simulated growing seasons must be imputed. 

One growing season is assumed to last 120 days since planting. 

SEED: As rainfall and evaporation are generated stochastically, a initial seed is necessary for the random 

number generation. The seed is changed yearly in order to avoid repetition of random numbers. 

DEFAULT INPUTS: The program includes the transition matrix probabilities for a specific region of 

Northern Mexico known as Comarca Lagunera. The default values are shown in table 3.4 in the body of 

the dissertation. For other regions, these values must be changed. 
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OUTPUTS 

The simulation program yield three output files: daily computations, yearly computations and 

statistics for the simulated variables. 

DAILY COMPUTATIONS: The output variables are: 

Mn = List the daily values of the water held in the upper 10 cm of soil in the cropped module 

(mm). 

Rain = The daily generated rainfall (mm). 

Runoff = The daily runoff as a function of precipitation and threshold value (mm). 

Awi = The daily variation of the soil water content in the upper 15 cm of soil in the catchment 

area (mm). 

Threshold = The threshold value as a function of Awi (mm). Threshold is defined as the required 

amount of water held in the upper 15 cm of the catchment module necessary for initiating runoff. 

The simulation program includes three regressions (obtained with a rainfall simulator) for the 

computation of the threshold value and for the three general textures. 

Ev = The daily generated evaporation (mm). 

ETa = The daily computed Actual Evapotranspiration (mm). 

Tn = Number of days since the last rain (days). 

A = Number of days that the soil water content in the cropped module can meet potential 

evapotranspiration (days). 

Incrmn = List the daily values of the water held in the root zone of the cropped area (mm). 

YEARLY COMPUTATIONS: The output variables are 

Year = Number of year simulated. 

Train = Sum of the daily rainfall occurrences (mm). 



Trunof = sum of the daily runoff occurrences (nun). 

Totalevt = Sum of all daily values of actual evapotranspiration (mm). 

Act Yield = Actual yield as a function of actual evapotranspiration (tontha). 

Totwat = Sum of all daily runoff occurrences plus all daily rainy events (mm). 

STATISTICS OF SIMULATED VARIABLES: The output variables are 

Rainfall = Mean and Standard deviation of rainfall (mm). 

Runoff = Mean and Standard deviation of runoff (nun). 

Evt = Mean and Standard deviation of ETa (mm). 

Yield = Mean and Standard deviation of actual yield (tontha). 

Totwat = Mean and Standard deviation of total water (mm). 
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PROGRAM GROWING 

INTEGER ID, DAY(130), DRY, WET, IYEAR,CCAR,SIMU,GROUP,TN(300) 
INTEGER EMERG, DEEP,INDEX 
REAL RAN(130), RAIN, PWD,PWW, LAMNDA,TRESH(300), AWI(300) 
REAL TRAIN,TRUNOF,RUNOF,FC,EV(300),UNUM,P, ETMAX,ETA(300) 
DOUBLE PRECISION SEED 
REAL MN(300),KPRIM,INCRMN(300), TETA, AVL, YA,KY, YM,TOT,BN 
CHARACTER* 10 OUTNAME 
CHARACTER* 10 OUTNAME2 

C------------------------- MENUS 

23 WRITE(*,6) 
6 FORMAT(/6X,' SELECT CROP AMONG THE NEXT OPTIONS') 

WRITE(*, *) , -----------------------------------------, 
WRITE(*,7) 

7 FORMAT(//6X,' 1.- COTTON') 
WRITE(*,9) 

9 FORMAT(//6X,' 2.- MAIZE') 
WRITE(*, 10) 

10 FORMAT(//6X,' 3.- SORGHUM') 
WRITE(*,ll) 

11 FORMAT(//6X,' 4.- SUNFLOWER') 
WRITE(*, 12) 

12 FORMAT(//6X,' 5.- BEAN') 
WRITE (*,88) 

88 FORMAT(//6X,' 6.- USER DEFINED CROP') 
WRITE(*,61) 

61 FORMAT(//6X,' INPUT SELECTION: ---->' ,$) 
READ(*, *) INDEX 
IF(lNDEX .GT. 6 .OR. INDEX .LT. 1) THEN 

WRITE(*, *) , 1-----------------------------------1 ' 
WRITE(*,*) , I !!!!!GROUP NOT VALID, TRY AGAIN!!!!! I' 
WRITE(*, *) , 1------------------------------------1 ' 
PAUSE 
GOTO 23 

ENDIF 
IF(lNDEX .EQ. 6)THEN 
WRITE(*,89) 

89 FORMAT(l6X, , INPUT CROP REDUCTION FACTOR ----> ',$) 
READ(*, *) KY 
WRITE(* ,90) 

90 FORMAT(l6X, , INPUT TOTAL MAXIMUM EVT (MM) ---- > ' ,$) 
READ(*, *)ETM AX 
WRITE(*,91) 

91 FORMAT(l6X, , INPUT MAXIMUM YIELD (TONI HA) ----> ',$) 
READ(*, *) YM 
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ENDIF 
WRITE(*,73) 

73 FORMAT(/6X, , DAYS FROM PLANTING TO EMERGENCE ---- > ' ,$) 
READ(*, *) EMERG 
WRITE(*,I) 
FORMAT(l6X,' OUTPUT FILENAME DAILY RESULTS ---- >' ,$) 
READ(*,IOI) OUTNAME 
WRITE(*,99) 

99 FORMAT(/6X," OUTPUT FILENAME YEARLY RESULTS ---->',$) 
READ(*,lOl) OUTNAME2 
WRITE(*,2) 

2 FORMAT(l6X,' INPUT CCAR ---- > ' ,$) 
READ(*, *) CCAR 
WRITE(* ,540) 

540 FORMAT(8(/» 
WRITE(*, *) , SELECT TEXTURE ACCORDING THE NEXT' 
WRITE(*,*) , GENERAL TABLE GUIDE (1, 2 OR 3) , 
WRITE(*, *) , -----------------------------------------, 
WRITE(*, *) , , SAND 
WRITE(*,*) , (I) LIGTH SOILS <, 
WRITE(*,*)' \SANDYLOAM 
WRITE(*,*) 
WRITE(*, *) , , LOAM 
WRITE(*,*) , (2) MEDIUM SOILS <, 
WRITE(*,*) , 'SILT LOAM 
WRITE(*,*) 
WRITE(*, *) , , CLA YLOAM 
WRITE(*, *) , (3) HEAVY SOILS < I 
WRITE(*, *) , \ CLA Y 
WRITE(*, *)' = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = ' 

521 WRITE(*,520) 
520 FORMAT(l6X,' INPUT TEXTURE (1, 2 OR 3) ---->.,$) 

READ(*, *) TEXTURE 
IF«TEXTURE .GT. 3) .OR.(TEXTURE .LT. I»THEN 

WRITE(*,*) 
WRITE(*,*)' TEXTURE NOT VALID .... TRY AGAIN 
GOTO 521 

ENDIF 
WRITE(*,3) 

3 FORMAT(l6X,' INIT WATER CONTENT CATCH.AREA(MM)--->' ,$) 
READ(*, *)UNUM 

WRITE(*,503) 
503 FORMAT(9(1» 

WRITE(*,*) 
WRITE(*,*)' TABLE GUIDE FOR INPUT AVAILABLE WATER AT FC' 
WRITE(*,*) , IN CATCHMENT AREA AT THE TOP 15 CM (MM) , 
WRITE(*,*) , (CONTROL DEPTH FOR THRESHOLD VALUE), 
WRITE(*, *) , = = = = = = = = = = = = = = = = = = = = = = = = = = = = ' 
WRITE(*, *) , TEXTURE ' 
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WRITE(*,*)' SAND SANDYLOAM LOAM SILTLOAM CLAYLOAM CLAY' 
WRITE(* , *) , -------------------------------------------' 
WRITE(*,*)' / LIGTH SOILS / MEDIUM SOILS / HEAVY SOILS /' 
WRITE(*, *) 'DEPTH' 
WRITE(*, *) '(CM)' 
WRITE(*,*)'15 14.31 24.30 37.20 41.29 45.61 48.0' 
WRITE(*, *)' = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = ' 
WRITE(*,4) 

4 FORMAT(l6X,' AVL. WATER AT FC. CATCHMENT A.(MM)---->',$) 
READ(*, *)FC 
WRITE(*,*) 
WRITE(* ,504) 
WRITE(*,*) 

504 FORMAT(6(1» 
WRITE(*, *)' TABLE GUIDE FOR INPUT TOTAL A V AILABLE WATER' 
WRITE(*,*), . IN THE ROOT ZONE OF CROPED AREA 
WRlTE(*,*), (FC - WP) 
WRITE(*, *)' = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = ' 
WRITE(*, *)' TEXTURE ' 
WRITE(*,*), SAND SANDYLOAM LOAM SILTLOAM CLAYLOAM CLAY' 
WRITE(*, *)' ----------------------------------------------
WRITE(*,*)' I LIGTH SOILS I MEDIUM SOILS I HEAVY SOILS I' 
WRITE(*, *),DEPTH' 
WRITE(*, *)' (CM)' 
WRITE(*,*), 50 36.05 56.0 76.85 79.35 77.10 60.60' 
WRITE(*,*),100 72.10 112.0 153.70 158.70 154.20121.20' 
WRITE(*,*),150 108.15 168.0 230.55 238.05 231.30181.80' 
WRITE(*,*),200 144.20 224.0 307.40 317.40 308.40242.40' 
WRITE(*, *)' = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
WRITE(*,21) 

21 FORMAT(l6X,' AVL. WATER (FC-WP) ROOT ZONE(MM)---->',$) 
READ(*, *)A VL 
WRITE(*,34) 

34 FORMAT(l6X,' INIT. WATER CONTENT CROP AREA(MM )---- > ',$) 
READ(*, *)INCRMN(l) 
WRITE(* ,502) 

502 FORMAT(15(1» 
WRITE(*,*), TABLE GUIDE FOR INPUT HOLDING CAPACITY AT TOP' 
WRITE(*,*), 10 CM OF SOIL IN CROPED AREA (MM).' 
WRITE(*, *)' = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =' 
WRITE(*, *)' TEXTURE ' 
WRITE(*,*), SAND SANDYLOAM LOAM SILTLOAM CLAYLOAM CLAY' 
WRITE(*, *). -----------------------------------------------, 
WRITE(*,*) , I LIGTH SOILS I MEDIUM SOILS I HEAVY SOILS I' 
WRITE(*,*), 9.54 16.20 24.8 27.53 30.41 32.0 
WRITE(*, *)' = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = ' 
WRITE (*,28) 

28 FORMAT(l6X,' HOLDING CAPACITY AT TOP 10 CM(MM)----> ',$) 
READ(*, *)KPRIM 
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505 WRITE(*, I I 1) 
III FORMAT(/6X,' INPUT SEED ---- > ' ,$) 

READ(*, *)SEED 
WRITE(*,*) 
WRITE(*,*) 
WRITE(*,S) 

5 FORMAT(l6X,' NUMBER OF SIMULATIONS ---- > ',$) 
READ(*, *)SIMU 
WRITE(*,77) 

77 FORMAT(20(/» 
WRITE(*,*) , ********************************************' 
WRITE(*,*)' * ...... DOING COMPUTATIONS PLEASE WAIT ...... *' 
WRITE(*,*) , ********************************************' 
OPEN (102, FILE = OUTNAME, STATUS='UNKNOWN') 
WRITE(102, *)' MN RAIN RUNOFF AWl TRESH EV 

1 ETA TN A INCR' 
WRITE(102, *)'(MM) (MM) (MM) (MM) (MM) (MM) 

1 (MM) (MM) , 
WRITE(l02, *)' __________________ _ 

1 __________ _ 

OPEN (109, FILE = OUTNAME2, STATUS='UNKNOWN') 
WRITE(109,*)' *********************************************, 
WRITE(l09,*), CROPED-CATCHMENT AREA RATIO INPUT =',CCAR 
W RlTE( 109, *)' *********************************************. 
WRITE( 1 09, *) 
WRITE( 1 09, *) 
WRITE(109,*), YEAR TRAIN TRUNOF TOTALEVT ACT. YIELD 

1 TOTWAT' 
WRITE(l09,*), (MM) (MM) (MM) (TON/HA) 

1 (MM)' 
WRITE( 1 09 , *) , --------------------------------------------------

1--------' 
C------------------- SETTING UP INITIAL V ARJABLES VALUES 

EV(l) =9.09 
A Wl(I) = UNUM 
IF(A WI(l) .GE. FC)THEN 

AWI(I) = AWl(1) -EV(I) 
IF(AWI(I) .LT.O)THEN 

AWI(I) = 0 
ENDIF 

ELSE 
AWI(I) = (AWI(I) -«EV(1)/FC)*AWI(1))) 

IF(AWI(1) .LT. O)THEN 
AWI(l) = 0 

ENDIF 
ENDIF 
INCRMN(I) = INCRMN(I) 
IF(INCRMN(I) .LT. KPRIM)THEN 

MN(l) = INCRMN(I) 
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INCRMN(l) = 0 
ETA(l) = MN(l) 

ELSE 
MN(l) = KPRIM 
INCRMN(l) = INCRMN(l) - MN(l) 
TOTW = MN(1) + INCRMN(l) 
ETA(1) = 2 . 
TOTW = TOTW - ETA(I) 

IF (TOTW .GT. KPRIM) THEN 
MN(l) = KPRIM 
INCRMN(l) = TOTW - MN(l) 

ELSE 
MN(1) = TOTW 
INCRMN(l) =0 

ENDlF 
ENDlF 
IF(lNCRMN(l) .GT. AVL)THEN 

INCRMN(l) = A VL-KPRIM 
MN(l)= KPRIM 
DEEP = INCRMN(1) - A VL 

ENDlF 
IF(TEXTURE .EQ. l)THEN 

TRESH(l) = 2.72**(1.40756+(-0.0328*AWI(1») 
ELSEIF(TEXTURE .EQ. 2)THEN 

TRESH(l) = 2.72**(1.26755 + (-0.04268* AWI(1») 
ELSEIF(TEXTURE.EQ. 3)THEN 

TRESH(l) = 2.72**(0.72450+(-0.026000*AWI(l))) 
ENDlF 

EV(l) =9.09 
RAIN = 0 
RUNOF = 0 
TN(I) = 1 
WRITE(l02,103) MN(1), RAIN,RUNOF, AWI(l), TRESH(l), EV(I), 

1 ETA(l), TN(l), A, INCRMN(l) 

C --------------------------- YEARLY LOOP 

DO IYEAR = 1, SIMU 
IF(IYEAR .GT.l)THEN 

SEED = SEED*IYEAR 
ENDlF 

WRITE(*, *) 'COMPUTING YEAR ---->', IYEAR 
TRAIN = 0 
TRUNOF=O 
DRY = 0 
WET = 1 
DAY(l)=DRY 
TOTWAT = 0 
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ID =1 
TN(I) = 1 
TETA =0 
EV(I) = 9.09 
ETA(I) = MN(I) 

C ------------------------- SEASONAL LOOP 

DO ID =2,120 
IF(TEXTURE.EQ.l)THEN 

TRESH(ID) = 2.n ...... (1.40756+(-0.03288 ... AWI(ID-l))) 
ELSEIF(TEXTURE .EQ. 2)THEN 

TRESH(ID) = 2.n ...... (1.26755+(-0.04268 ... AWI(ID-l))) 
ELSEIF(TEXTURJ? .EQ. 3)THEN 

TRESH(ID) = 2.72*"'(0.72450+(-0.02600*AWI(ID-l))) 
ENDIF 
IF(lD .LT.31 )THEN 

MEANEV = 9.09 
STDEV = 2.40 
PWW = 0.3134 
PDW = 0.6866 
PWD = 0.1087 
PDD = 0.8912 
LAMNDA = 0.311 
CALL EVA (MEANEV, STDEV,ID, EV, SEED,IYEAR) 

CALL HYDR (IYEAR, ID, DAY, WET, DRY, 
RAN, PWD, PWW, LAMNDA, RAIN, CCAR, TRESH,RUNOF,AWI, 
EV, FC,TN,ET A,P,ETMAX,A VL,EMERG,MN,KPRIM,A,INCRMN ,SEED,BN, 
INDEX) 

ELSEIF(ID .GT. 30 .AND. ID .LT.61) THEN 
MEANEV = 8.26 
STDEV = 2.02 
PWW = 0.4719 
PDW = 0.5281 
PWD = 0.1147 
PDD = 0.8852 
LAMNDA = 0.2807 
CALL EVA (MEANEV,STDEV, ID,EV,SEED,IYEAR) 
CALL HYDR (IYEAR, ID, DAY, WET, DRY, 
RAN, PWD, PWW, LAMNDA, RAIN,CCAR, TRESH,RUNOF, 
AWL, EV, FC,TN,ETA,P,ETMAX,AVL,EMERG,MN,KPRIM,A,lNCRMN, 
SEED ,BN ,INDEX) 

ELSEIF(ID .GT. 60 .AND. ID .LT. 91)THEN 
MEANEV = 7.48 
STDEV = 3.48 
PWW = 0.3432 
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PDW = 0.6568 
PWD = 0.1040 
PDD = 0.8960 
LAMNDA = 0.256 
CALL EVA( MEANEV, STDEV, ID,EV,SEED,IYEAR) 
CALL HYDR (lYEAR, ID, DAY, WET, DRY, 

1 RAN, PWD, PWW, LAMNDA, RAIN,CCAR, TRESH,RUNOF, 
1 AWl, EV, FC,TN,ETA,P, ETMAX,AVL,EMERG,MN,KPRIM,A,INCRMN, 
1 SEED,BN,INDEX) 

ELSEIF(ID .GT. 90 .AND. ID .LE. 120) THEN 
MEANEV = 5.79 
STDEV = 1.82 
PWW = 0.3090 
PDW = 0.6910 
PWD = 0.0873 
PDD = 0.9126 
LAMNDA = 0.3433 
CALL EVA( MEANEV, STDEV, ID,EV,SEED,IYEAR) 
CALL HYDR (lYEAR, ID, DAY, WET, DRY, 
RAN, PWD, PWW, LAMNDA, RAIN,CCAR, TRESH,RUNOF, 
AWl, EV, FC,TN,ETA, P, ETMAX,AVL,EMERG,MN,KPRIM,A,INCRMN, 
SEED,BN,INDEX) 

ENDIF 
TRAIN = TRAIN + RAIN 

IF (CCAR .EQ.O)THEN 
TRUNOF =0 
TOT A = INCRMN(1) + MN(I) 
TETA = TETA+ETA(ID) 
ELSE 
TRUNOF = TRUNOF+RUNOF 
TOTA = INCRMN(I) + MN(1) 
TET A = TET A + ET A(ID) 

ENDIF 
TOTWAT = TOTA+ TRAIN+TRUNOF 
WRITE(102,103)MN(ID), RAIN, RUNOF,AWI(lD), TRESH(lD), 
EV(ID), ET A(ID) , TN(ID), A, INCRMN(ID) 
ENDDO 
CALL IYIELD(TETA, INDEX, KY, YM, ETMAX,YA,SEED,IYEAR) 
WRITE(109,104) IYEAR, TRAIN, TRUNOF,TETA, YA,TOTWAT 
ENDDO 
CALL SORT (SIMU) 
WRITE( 1 09, >Ie)' -----------------------------------------------------

1------------' 
IF(lNCRMN(l) .GT. KPRIM)THEN 

TATO = INCRMN(l) + KPRIM 
ELSE 

TATO = MN(I) 
ENDIF 
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WRITE(109, *) 
WRITE(109, *)' THE DIFFERENCES BETWEEN TRAIN + TRUNOF' 
WRITE(109,*)' AND TOTWAT 
WRITE(109,*), IS DUE TO AN INITIAL SOIL WATER CONTENT' 
WRITE(109,*), OF', TATO 
WRITE(*,S) 

8 FORM A T(l 0(1» 
WRITE(*,22) 

22 FORMAT(I/I/1/,', SIMULATIONS END RESULTS IN THE OUTPUT FILES I') 
STOP 

101 FORMAT(AlO) 
103 FORMAT(lX, F5.2, 3X, F5.2, 3X, FS.2, 3X, F5.2, 

1 3X, F4.2, 3X, F5.2, 3X, 
F5.2, 3X, I4,2X, F5.2, 2X, FS.2, 2X, F5.2) 

104 FORMAT(6X, 13, 3X, F6.2, 5X, F9.2,3X, F6.2, 3X, F6.2, 
1 3X, FS.2) 

END 

SUBROUTINE HYDR (lYEAR, ID, DAY, WET, DRY, 
1 RAN, PWD, PWW, LAMNDA, RAIN,CCAR, TRESH, RUNOF, 
1 AWI,EV,FC,TN,ETA,P,ETMAX,AVL,EMERG,MN,KPRIM,A,INCRMN,SEED,BN, 
1 INDEX) 

INTEGER ID, DAY(l30), DRY, WET,CCAR, TN(300),EMERG 
REAL RAIN, PWD, PWW, LAMNDA, RAN(130),AWI(300),FC,MN(300) 
REAL TRESH(300),ET A(300),KPRIM,INCRMN(300),EV(300) 
RAN(l) =.2 
CALL RANA (SEED,IYEAR,ID,RAN(ID» 

IF (DAY(ID-I) .EO. DRY .AND. RAN(ID) .LT. PWD)THEN 
DA Y (ID) = WET 
CALL RANA ( SEED,IYEAR,ID,RAN(ID» 
RAIN = LOG(RAN(ID» / (-LAMNDA) 

IF(DAY(ID-l) .EQ. DRY .AND. DAY(ID) .EQ. WET)THEN 
TN(ID) = 1 
ELSEIF(DAY(ID-l) .EQ. DRY .AND. DAY(ID) .EQ. DRY)THEN 
TN(ID) = TN(ID-l)+ 1 

ELSEIF(DAY(ID-l) .EQ. WET .AND. DAY(lD) .EQ. WET)THEN 
TN(ID) = 1 

ELSEIF(DAY(ID-l) .EQ. WET .AND. DAY(ID) .EQ. DRY)THEN 
TN(ID) = TN(ID-l) + 1 

ENDIF 
IF(RAlN .GT. TRESH(ID-I»THEN 
IF(CCAR .EQ. O)THEN 

RUNOF = 0 
ELSE 
RUNOF= RAIN + CCAR*(RAIN-TRESH(ID-l» 

ENDIF 
AWI(lD)=AWI(ID-l) + RAIN 
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IF(A WI(lD) .GE. FC)THEN 
A WI(lD) = A WI(lD) -EV(lD) 
IF(A WI(lD) .LT.O)THEN 
AWI(lD) = 0 

ENDIF 
ELSE 
A WIelD) = (A WI(lD)-«EV(lD)/FC)*AWI(lD))) 
IF(AWI(ID) .LT.O)THEN 
AWI(lD) = 0 

ENDIF 
ENDIF 
MN(ID) = MN(ID-I) + RAIN + RUNOF 
IF(MN(lD) .QT. KPRIM)THEN 
MN(ID) = KPRIM 
A = MN(lD)/EV(lD) 
INCRMN(lD) =INCRMN(lD-l)+MN(lD-l)+RAIN +RUNOF-KPRIM 
IF(INCRMN(lD) .GT. A VL)THEN 
INCRMN(lD) = A VL 

ENDIF 
ELSE 
MN(lD) = MN(lD) 
A = MN(lD) IEV(lD) 
INCRMN(ID) = INCRMNOD-I) 

ENDIF 
ELSE 
RUNOF = 0 
AWI(lD) = AWI(lD-l) + RAIN 
IF(A WIelD) .GE. FC)THEN 
AWI(ID) = AWI(ID) -EV(ID) 
IF(A WI(ID) .LT.O)THEN 
AWI(ID) = 0 

ENDIF 
ELSE 
A WI(ID) = (A WI(ID)-«EV(ID)/FC)*A WI(ID») 
IF(AWI(ID) .LT.O)THEN 
AWI(ID) =0 

ENDIF 
ENDIF 
MN(lD) = MN(ID-I) + RAIN + RUNOF 
IF(MN(lD) .GT. KPRIM)THEN 
MN(ID) = KPRIM 
A = MN(ID)/EV(ID) 
INCRMN(ID) = INCRMN(ID-I) + MN(ID-I) + RAIN + RUNOF-KPRIM 
IF(INCRMN(ID) .GT. A VL)THEN 
INCRMN(lD) = A VL 

ENDIF 
ELSE 
MN(ID) = MN(ID) 
INCRMN(ID) = INCRMN(ID-I) 
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ENDIF 
ENDIF 
CALL EVAPOT(DAY(ID),TN,ID,EV,ETA,P,ETMAX,AVL.EMERG, 

1 AWI(ID), MN(ID), KPRIM, A, INCRMN(ID),SEED,BN,IYEAR, 
INDEX) 
IF(KPRIM .LT. EV(ID»THEN 
A=l 
ET A(ID) = MN(ID) 

ENDIF 
IF«RAIN + RUNOF) .LT. EV(ID»THEN 
TN(ID)=TN(ID-l)+ 1 
ETA(ID) = RAIN +RUNOF+ «ETA(ID-I)/EV(ID-I» * EV(ID» 

ENDIF 
IF«RAIN+RUNOF) .GT. EV(ID) .AND. (INCRMN(ID-l) .EQ.O 

1 .OR. ETA(ID-l) .EQ.O»THEN 
TN(ID) =1. 

ENDIF 
IF«RAIN +RUNOF) .GT. EV(ID-I»THEN 
TN(ID) =1 

ENDIF . 
IF((RAIN + RUNOF) .GT. EV(ID»THEN 
IF«EV(ID) .GT. (7.» .AND. (EV(ID-I) .GT. 

(0. 7S*EV (ID»»THEN 
ET A(ID) = O.SO*EV(ID) 

ENDIF 
ENDIF 
IF(ETA(ID) .GT. EV(ID»THEN 
ETA(ID) = EV(ID) 

ENDIF 
IF«ETA(ID) .GE. MN(ID» .AND. (INCRMN(ID) .NE. O»THEN 
TOTW = (INCRMN(ID) + MN(ID» 
IF(ETA(ID) .GE. MN(ID»THEN 
MN(ID) = 0 
INCRMN(ID) = TOTW - (ETA(ID) - MN(ID» 

ELSE 
MN(ID) = MN(ID) - ETA(ID) 
INCRMN(ID) = INCRMN(ID) 

ENDIF 
ELSEIF«ET A(ID) .GE. MN(ID» .AND. (INCRMN(ID) .EQ.O»THEN 

ET A(ID) = MN(ID) 
MN(ID) = 0 
INCRMN(ID) = 0 

ELSEIF«ETA(ID) ·.LT. MN(ID» .AND. (lNCRMN(ID) .NE. O»THEN 
MN(ID) = MN(ID) - ETA(ID) 
INCRMN(ID) = INCRMN(ID) 

ELSEIF«ETA(ID) .LT. MN(ID» .AND. (INCRMN(ID) .EQ.O»THEN 
MN(ID) = MN(ID) -ET A(ID) 
INCRMN(ID) = 0 

ENDIF 
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IF(INCRMN(ID) .GT. A VL)THEN 
INCRMN(JD) = AVL 

ENDIF 
IF(ETA(JD) .GT. (lNCRMN(JD-l)+ MN(ID-I)+ RAIN + RUNOF»THEN 
ETA(ID) = MN(lD-l)+INCRMN(ID-l)+RAIN+RUNOF 
MN(ID) = 0 
INCRMN(ID)=O 

ENDIF 
IF(INCRMN(ID) .LE. (0.5*A VL»THEN 
IF«ETA(JD)/EV(ID».LT.O.lO)THEN 
ETA(ID) = 0.10 

ENDIF 
ENDIF 

ELSEIF(DA Y(JD-J) .EQ. DRY .AND. RAN(JD) .GT. PWD)THEN 
DA Y(JD) = DRY 
IF(DAY(ID-l) .EQ. DRY .AND. DAY(lD) .EQ. WET)THEN 
TN(ID) = 1 

ELSEIF(DAY(ID-l) .EQ. DRY .AND. DAY(ID) .EQ. DRY)THEN 
TN(ID) = TN(ID-l) + 1 

ELSEIF( DAY(ID-l) .EQ. WET .AND. DAY(ID) .EQ. WET)THEN 
TN(ID) = 1 

ELSEIF(DA Y(JD-J) .EQ. WET .AND. DAY(JD) .EQ. DRY)THEN 
TN(lD) = TN(JD-J) + 1 

ENDIF 
RAIN = 0.0 
RUNOF = 0 
AWI(ID) = AWI(JD-J) 

IF(A WI(ID) .GE. FC)THEN 
AWl(ID) = AWl(JD) -EV(JD) 
IF(AWI(ID) .LT.O)THEN 
AWI(JD) = 0 

ENDIF 
ELSE 

A WJ(JD) = (A WI(JD) - «EV(lD)/FC)*A WJ(JD») 
IF(A Wl(JD) .LT.O)THEN 
AWI(JD) = 0 

ENDIF 
ENDIF 

INCRMN(JD) = INCRMN(ID-l) 
MN(ID) = MN(JD-J) 
A = MN(lD)/EV(ID) 
CALL EVAPOT(DAY(ID). TN. 10. EV. ETA.P. 
ETMAX. AVL.EMERG.AWI(JD).MN(ID).KPRIM.A. 
INCRMN(JD). SEED. BN.IYEAR.INDEX) 
IF(KPRIM .LT. EV(lD»THEN 
A=J 
ETA(JD) = MN(ID) 

ENDIF 
IF«RAIN + RUNOF) .LT. EV(JD»THEN 
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TN(ID) = TN(ID-I)+ 1 
ETA(ID) = RAIN +RUNOF +«ETA(ID)/EV(lD»*EV(ID» 

ENDIF 
IF(ETA(lD) .GT. EV(ID» THEN 
ETA(ID) = EV(ID) 

ENDIF 
IF«ETA(ID) .GE. MN(ID» .AND. (lNCRMN(ID) .NE. O»THEN 
TOTW = INCRMN(ID) + MN(ID) 
IF(ETA(ID) .GE. MN(ID»THEN 
MN(ID) = 0 
INCRMN(ID) = INCRMN(ID) -ETA(ID) + MN(ID-I) 
ELSE 
MN(lD) = MN(ID) - ETA(ID) 
INCRMN(ID) = INCRMN(ID) 

ENDIF 
ELSElF«ETA(ID) .GE. MN(ID» .AND. (INCRMN(lD) .EQ.O»THEN 
ETA(ID) = MN(ID) 
MN(ID) = 0 
INCRMN(ID) = 0 

ELSEIF«ETA(lD) .LT. MN(ID» .AND. (INCRMN(lD) .NE. O»THEN 
MN(ID) = MN(ID) - ET A(ID) 
INCRMN(ID) = INCRMN(ID) 

ELSEIF«ETA(ID) .LT. MN(lD» .AND. (lNCRMN(lD) .EQ.O»THEN 
MN(ID) = MN(ID) -ET A(lD) 
INCRMN(ID) = 0 

ENDIF 
IF(INCRMN(lD) .GT. A VL)THEN 
INCRMN(ID) = A VL 

ENDIF 
IF(ETA(ID) .GT. (MN(ID-I) +INCRMN(ID-I)+RAIN+RUNOF»TIIEN 
ETA(ID) = MN(ID-I)+INCRMN(ID-I)+ RAIN +RUNOF 
MN(ID) = 0 
INCRMN(ID) = 0 

ENDIF 
IF((INCRMN(ID» .LE. (O.5*AVL).AND. INCRMN(lD) .NE.Orn-IEN 
IF«ETA(lD)/(EV(ID))) .LT. O. IO)THEN 
ET A(ID) = o. IO 

ENDIF 
ENDIF 
ELSEIF (DAY(ID-l) .EQ. WET .AND. RAN(ID) .LT. PWW)THEN 
DA Y(ID) = WET 
CALL RANA (SEED.IYEAR.ID.RAN(ID» 
RAIN = LOG(RAN(ID» / (-LAMNDA) 
IF(DAY(ID-I) .EQ. DRY .AND. DA Y(ID) .EQ. WET)THEN 
TN(ID) = I 

ELSEIF(DA Y(lD-I) .EQ. DRY .AND. DA Y(lD) .EQ. DRY)THEN 
TN(ID) = TN(ID-I) + I 

ELSEIF( DAY(ID-I) .EQ. WET .AND. DAY(ID) .EQ. WET)THEN 
TN(lD) = 1 
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ELSEIF(DAY(lD-J) .EQ. WET .AND. DA Y(ID) .EQ. DRY)THEN 
TN(lD) = TN(lD-I) + I 

ENDIF 
IF (RAIN .GT. TRESH(ID-I»THEN 
IF(CCAR .EQ. 0 )THEN 
RUNOF = 0 

ELSE 
RUNOF = RAIN +CCAR*(RAIN-TRESH(ID-l) 

ENDIF 
AWI(lD) = AWI(lD-I) + RAIN 
IF(A WI(ID) .GE. FC)THEN 
A WIelD) = A Wl(lD) - EV(lD) 
IF(AWl(lD) .LT. O)THEN 
AWI(ID) = 0 

ENDIF 
ELSE 
A WI(lD) = (AWI(ID)-«EV(lD)/FC)*A WI(ID))) 
IF(AWI(lD) .LT.O)THEN 
AWl(lD) = 0 

ENDIF 
ENDIF 
MN(lD) = MN(lD-I)+RAIN + RUNOF 
IF(MN(ID) .GT. KPRIM)THEN 
MN(lD) = KPRIM 
A = MN(lD)/EV(lD) 
INCRMN(lD) = INCRMN(lD-I)+MN(lD-I)+RAIN+RUNOF-KPRIM 
IF(lNCRMN(ID) .GT.A VL)THEN 
INCRMN(ID) = A VL 

ENDIF 
ELSE 
MN(lD) = MN(lD) 
A = MN(lD)/EV(lD) 
INCRMN(lD) = INCRMN(lD-I) 

ENDIF 
ELSE 
RUNOF =0 
AWI(lD) = AWl(lD-l) + RAIN 
IF(A WI(lD) .GE. FC)THEN 
A WI(ID) = A WI(ID) - EV(ID) 
IF(AWl(lD) .LT.O)THEN 
AWI(ID) = 0 

ENDIF 
ELSE 
A WI(lD) = (A WI(lD)-«EV(lD)/FC)*A WI(lD))) 
IF(AWl(lD) .LT.O)THEN 

AWI(ID) =0 
ENDIF 

ENDIF 
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MN(ID) = MN(ID-I) + RAIN+RUNOF 
IF(MN(ID) .OT. KPRIM)THEN 
MN(ID) = KPRIM 
A = MN(lD)/EV(ID) 
INCRMN(ID) = INCRMN(ID-I)+MN(ID-I)+RAIN+RUNOF-KPRIM 
IF(lNCRMN(ID) .OT. A VL)THEN 
INCRMN(ID) = A VL 

ENDIF 
ELSE 
MN(ID) = MN(ID) 
A=MN(ID)/EV(ID) 
INCRMN(lD) = INCRMN(ID-I) 

ENDIF 
ENDIF 
CALL EVAPOT(DAY(ID), TN, 10, EV, ETA, P, 
ETMAX, AVL, EMERO,AWI(ID),MN(ID), KPRIM,A, 
INCRMN(ID), SEED, BN,IYEAR,INDEX) 
IF( KPRIM .LT. EV(ID»THEN 
A=I 
ETA(ID) = MN(ID) 

ENDIF 

IF«RAIN+RUNOF) .LT. EV(ID»THEN 
TN(ID) = TN(ID-I)+I 
ETA(ID) = RAIN+RUNOF + «ETA(ID-2)/EV(lD-2»*EV(ID» 

ENDIF 
IF«RAIN+RUNOF) .OT. EV(ID) .AND. (INCRMN(ID-I) .EQ. 0 

.OR. ETA(ID-I) .EQ. 0» THEN 
TN(ID) = I 

ENDIF 
IF«RAIN + RUNOF) .OT. EV(ID-I» THEN 
TN(ID) = I 

ENDIF 
IF«RAIN + RUNOF) .OT. EV(ID» THEN 
IF(EV(ID).OT.7 .AND. EV(ID-I).OT.(0.75*EV(lD)))THEN 
ETA(ID) = 0.50*EV(ID) 

ENDIF 
IF(ET A(ID) .OT. EV(ID»THEN 
ET A(ID) = EV(ID) 

ENDIF 
IF«ETA(ID) .OE. MN(ID» .AND. (INCRMN(lD) .NE. O»THEN 
TOTW = (INCRMN(ID) + MN(ID» 
IF(ETA(ID) .OE. MN(ID»THEN 
MN(ID) = 0 
INCRMN(ID) = INCRMN(ID) - ETA(ID) + MN(ID) 

ELSE 
MN(ID) = MN(lD) - ETA(ID) 
INCRMN(ID) = INCRMN(ID) 

ENDIF 
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ELSEIF«ETA(ID) .GE. MN(ID» .AND. (lNCRMN(ID) .EQ.O»THEN 
ETA(ID) = MN(ID) 
MN(ID) = 0 
INCRMN(ID) = 0 

ELSEIF«ETA(ID) .LT. MN(ID» .AND. (INCRMN(ID) .NE. O»THEN 
MN(ID) = MN(ID) - ETA(ID) 
INCRMN(ID) = INCRMN(ID) 

ELSEIF«ETA(ID) .LT. MN(lD» .AND. (INCRMN(ID) .EQ.O»THEN 
MN(ID) = MN(lD) -ETA(ID) 
INCRMN(ID) = 0 

ENDIF 
IF(lNCRMN(ID) .GT. A VL)THEN 
INCRMN(ID) = A VL 

ENDIF 
IF(ETA(ID) .GT. (MN(ID-I)+INCRMN(ID-I) +RAIN+RUNOF»THEN 

ETA(lD) = MN(ID-I)+INCRMN(ID-I)+RAIN+RUNOF 
MN(ID) =0 
INCRMN(ID)=O 

ENDIF 
IF(lNCRMN(ID) .LE. (0.5*AVL).AND. INCRMN(ID) .NE.O)THEN 
IF«ETA(ID)/EV(ID» .LT. O.IO)THEN 
ET A(ID) = 0.10 

ENDIF 
ENDIF 
ELSE 
DA Y(ID) = DRY 
RAIN = 0.0 
RUNOF = 0.0 
AWI(ID) = AWI(lD-I) 
IF(AWI(ID) .GE. FC)THEN 
A WI(ID) = A WI(ID) - EVOD) 
IF(AWI(lD) .LT. O)THEN 
AWI(ID) = 0 

ENDIF 
ELSE 
A WI(ID) = (A WI(ID) -«EV(ID)/FC)*A WI(ID))) 
IF(AWI(ID) .LT.O)THEN 
AWI(ID) = 0 

ENDIF 
ENDIF 
IF(DA Y(JD-I) .EQ. DRY .AND. DAY(ID} .EQ. WET)THEN 
TN(ID) = I 

ELSEIF(DAY(ID-I) .EQ. DRY .AND. DA Y(JD) .EQ. DRY)THEN 
TN(ID) = TN(ID-I) + I 

ELSEIF( DA Y(ID-I) .EQ. WET .AND. DA Y(ID) .EQ. WET)THEN 
TN(ID) = I 

ELSEIF(DAY(ID-l) .EQ. WET .AND. DAY(ID) .EQ. DRY)THEN 
TN(lD) = TN(ID-I) + I 

ENDIF 
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INCRMN(ID) = INCRMN(ID-l) 
MN(ID) = MN(ID-I) 
A = MN(ID)/EV(ID) 
CALL EVAPOT(DAY(lD), TN, ID, EV,ETA, P, 

I ETMAX, A VL,EMERG,A WI(lD),MN(ID),KPRIM,A, 
I INCRMN(ID), SEED, BN ,IYEAR,INDEX) 

IF(KPRIM .LT. EV(ID»THEN 
A=I 
ETA(ID) = MN(ID) 

ENDIF 
IF«RAIN+RUNOF) .LT. EV(ID»THEN 
TN(lD) = TN(ID-l) + I 
ETA(ID) = RAIN + RUNOF +«ETA(ID)/EV(ID»*EV(ID» 

ENDIF 
IF(ETA(lD) .GT. EV(ID»THEN 
ET A(ID) = EV(ID) 

ENDIF 
IF«ETA(ID) .GE. MN(lD» .AND. (INCRMN(lD) .NE. O»THEN 
TOTW = (INCRMN(ID) + MN(ID» 
IF(ETA(ID) .GE. MN(ID»THEN 
MN(ID) = 0 
INCRMN(ID) = INCRMN(lD) - ETA(ID) + MN(ID-l) 

ELSE 
MN(ID) = MN(ID) - ETA(ID) 
INCRMN(ID) = INCRMN(ID) 

ENDIF 
ELSEIF«ETA(ID) .GE. MN(ID» .AND. (INCRMN(lD) .EQ.O»THEN 
ETA(ID) = MN(lD) 
MN(ID) = 0 
INCRMN(ID) = 0 

ELSEIF«ETA(ID) .LT. MN(ID» .AND. (INCRMN(ID) .NE. O»THEN 
MN(ID) = MN(ID) - ET A(ID) 
INCRMN(ID) = INCRMN(lD) 

ELSEIF«ETA(ID) .LT. MN(ID» .AND. (INCRMN(ID) .EQ.O»THEN 
MN(ID) = MN(ID) -ETA(ID) 
INCRMN(ID) = 0 

ENDIF 
IF(lNCRMN(ID) .GT. A VL)THEN 
INCRMN(ID) = A VL 

ENDIF 
IF(ETA(lD) .GT. (MN(ID-I)+ INCRMN(ID-l)+ RAIN + RUNOF»THEN 
ETA(ID) = MN(ID-I)+INCRMN(lD-l)+RAIN+RUNOF 
MN(ID) = 0 
INCRMN(ID)=O 

ENDIF 
IF(lNCRMN(ID) .LE. (O.5*AVL).AND. INCRMN(ID) .NE.O)THEN 
IF«ETA(lD)/EV(ID» .LT. O.lO)THEN 
ET A(ID) = 0.10 

ENDIF 
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ENDIF 
ENDIF 

RETURN 
END 

SUBROUTINE EVAPOT(DAY, TN, ID,EV, ETA,P, ETMAX,AVL,EMERG, 
1 AWI,MN,KPRIM,A,INCRMN,SEED,BN,IYEAR,INDEX) 

REAL ETA(300),EV(300),A, A VL, K,AWI, MN(300),KPRIM 
REAL INCRMN(300),BN 
INTEGER DAY(l30),ID, TN(300),EMERG 
K = AVL 
IF(INDEX .EQ. 2)THEN 
IF(ID .LE. EMERG)THEN 
ETA(ID) = «I + «5 - EV(ID»1l6) * (TN(ID)/EV(ID»**(0.5» 
*EXP « -TN(ID.) + A)/ (0.02*K)))*EV(ID) 

ELSEIF(ID .GT. 60 .AND. 10 .LE. 120)THEN 
BN = .24 
ETA(ID) = «(I + «5 - EV(lD»/16) * (TN(ID)/EV(lD»**(0.5» 
*EXP «-TN(ID)+A)/ (BN*K)))*EV(lD) 
ELSE 
BN = 0.022091 + (0.0046432*(ID» 
ETA(ID) = «I + «5 - EV(ID»/16) * (TN(ID)/EV(lD»**(0.5» 
*EXP « -TN(ID) + A)/ (BN*K»)*EV(ID) 
ENDIF 

ELSEIF(lNDEX .EQ. 5)THEN 
IF(lD .LE. EMERG)THEN 
ETA(ID) = «I + «5 - EV(ID»/16) * (TN(lD)/EV(ID»**(0.5» 

1 *EXP « -TN(ID) + A)/ (0.02*K)))*EV(I D) 
ELSE 
BN = 0.0576 +(0.001916*(ID» 
ETA(ID) = «I + «5 - EV(ID»1I6) * (TN(lD)/EV(ID»**(0.5» 
*EXP «-TN(ID)+A)/ (BN*K)))*EV(lD) 
ENDIF 

ENDIF 
RETURN 
END 

SUBROUTINE IYIELD (TETA, INDEX,KY,YM,ETMAX, YA,SEED,IYEAR) 
REAL KY,YM 

IF(lNDEX .EQ. I)THEN 
IF(TET A .GT. 692.2)THEN 
YA= 6.0527 

ELSE 
Y A =( 1-( 1.00*( 1-(TETA/692.2»»*6.0527 

ENDIF 
ELSEIF(lNDEX .EQ. 2)THEN 
IF(TETA .GT. 804.4)THEN 
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YA = S.77 
ELSE 
YA = (l-(I.09*(l-(TETA/S04.4))))*8.77 

ENDIF 
ELSEIF(lNDEX .EQ. 3)THEN 
IF(TETA .GT. 609.0)THEN 
YA = S.21O 

ELSE 
YA = (I-(I.65179*(I-(TETA/609.0»»*S.21O 

ENDIF 
ELSEIF(lNDEX .EQ. 4)THEN 
IF(TETA .GT. 55I.5)THEN 
YA =2.330 

ELSE 
Y A = (1-(0.7093*( 1-(TETAI55 1.5»»*2.330 

ENDIF 
ELSEIF(JNDEX .EQ. 5)THEN 
IF(TETA .GT. 515.0)THEN 
YA = 2.603 

ELSE 
YA = (1-(0.95*(l-(TETAI515.0))))*2.603 

ENDIF 
ELSEIF(INDEX .EQ. 6)THEN 
IF(TETA .GT. ETMAX)THEN 
YA = YM 

ELSE 
YA = (i-(KY*(i-(TETA/ETMAX))))*YM 

ENDIF 
ENDIF 
IF( YA .LT. O)THEN 
YA = 0 

ENDIF 
RETURN 
END 

SUBROUTINE RANA (SEED.IYEAR.ID.RAN) 
INTEGER ID 
DOUBLE PRECISION X.SEED 
X =(SEED+3.141593)**5 
SEED = X-AINT(X) 
RAN =SEED 

IF(RAN .LT.O)THEN 
RAN = RAN *(-1) 

ENDIF 
RETURN 
END 
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SUBROUTINE EVA (MEANEV,STDEV,ID, EV,SEED,IYEAR) 
REAL RAN ,EV(300) 
INTEGER ID 
CALL RANA (SEED,IYEAR,ID,RAN) 
RANl=RAN 
CALL RANA (SEED,IYEAR,ID,RAN) 
RAN2 = RAN 
R = «-2*ALOG(RANl)**0.5) * COS(2*3.1416*(RAN2» 
EV(ID) = MEANEV + STDEV*R 
IF(EV(ID) .LT. 3)THEN 
EV(ID) = 3 

ENDIF 
RETURN 
END 

SUBROUTINE SORT(SIMU) 
INTEGER I, K, J, SIMU 
REAL NUM( 1050,6), AVGNUM(6), SUMSQ(6), TEMP(6) 
DOUBLE PRECISION STDDEV(6), CV(6),SUMNUM(6) 

NYEAR = SIMU 
OPEN (160, FILE='CROP.STA', STATUS='UNKNOWN') 
REWIND( 109) 
READ(l09,99) 
DO 1 = I, NYEAR 
READ (109,*, END=20) (NUM(l,J), J = 1,6) 
DO J = 1,6 
TEMP (J) = NUM(I,J) 
SUMNUM(J)= SUMNUM(J) + TEMP(J) 
SUMSQ(J) = SUMSQ(J) + TEMP(J)**2 
A VGNUM(J)= SUMNUM(J)/(I) 

ENDDO 
ENDDO 

20 CONTINUE 
DO J = 1,6 

STDDEV(J) = SQRT«SUMSQ(J) - SUMNUM(J)**2/(I-l)/(l-2» 
CV(J) = STDDEV(J)/A VGNUM(J) 

ENDDO 
CLOSE(9) 
WRITE(l60,*) , STATISTICS OF THE SIMULATED VARIAULES' 
W R ITE( 160. *)' -------------------------------------
WRITE(l60.*) • PARAMETER RAINFALL RUNOFF EVT 

IYIELD TOTWAT' 
WRITE(l60. *)' (MM) (MM) (MM) 

I(TON) (MM) • 
WRITE( 160. *) • ************************************************** 

1****************' 

104 



WRITE(l60,11O)' MEAN = ',(AVGNUM(J),J=2,6) 
WRITE(l60,11O)' STD. DEV. = ',(STDDEV(J), J=2,6) 

99 FORMAT(7(1), lOX) 
110 FORMAT(AI3, 3X, 4FIOA, FI3.4) 

RETURN 
END 

105 
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