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ABSTRACT 

In arid and semi-arid regions, water harvesting systems can 

augment water supply for crop production purposes. The functioning of 

this type of system is controlled by three major factors; weather, crop, 

and soil characteristics. In particular, the weather factors vary 

stochastiscally and thus, need to be predicted on the basis of their 

probability of occurrence. Furthermore, long-term historical data is 

scarce in the arid regions. Consequently, the simulation approach is a 

good alternative for designing the system. 

This study developed a micro-computer based model, SSWHS89.BAS, 

for design of small scale water harvesting systems for perennial crops. 

The model uses elements of a simulation computer program, CLIMATE.BAS 

(Woolhiser, 1988), to generate daily rainfall, maximum and minimum 

temperature and radiation data and predicts evapotranspiration and runoff 

data from a deterministic computer program, PENMNSCS.BAS for the location 

of interest. The model was used to determine the characteristics of a 

water harvesting system in a vineyard field at Sonoita, Az. 
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INTRODUCTION 

With the increasing population moving to marginal land, and the 

industrial expansion in the world, natural resources are becoming 

strained. This imposes to find a better way to provide a better life for 

the world's inhabitants. In particular, supplying food has become a very 

serious problem in the arid and semi-arid regions (U of A, 1980), where 

the water scarcity is more critical to a greater number of people than in 

the humid regions. This problem is closely related to the degradation of 

the ecosystem, the lowering of the groundwater level, and the erosion of 

the landscape; along with a lack of adequate utilization of available 

water resources. Consequently, "the development and wise use of water 

resources can assist in increasing productivity" (Thames and Ziebel, 

1988). 

Agriculture requires more than 1/3 of the total water available for 

all needs (Myers, 1966) . The population pressures and the poor land use 

practices are turning the arid land (from here on arid means arid and 

semi-arid) into desert while more food is needed. So, it is important to 

better manage the available water for agriculture in order to increase 

production (Panda et al, 1988). Among means to increase water supply are 

additional storage reservoirs, groundwater recharge, desalination, 

vegetation management, weather modification, evaporation control and water 

harvesting (Sopper, 1971). For small scale projects, several studies 

(Hornbeck, 1975; Ponce, 1983; Baker, 1974; Ffolliott, 1974) reveal that 
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water harvesting can be a good and appropriate alternative of increasing 

agriculture water in the areas of concern. 

Water harvesting presents several advantages for small projects; 

such as use of the available rainwater for increased crop production. In 

addition, it offers the possibility to do research in erosion and water 

yield, crop response to stress and groundwater recharge. It is a simple 

way to manage the available rainwater. Myers (undated) predicts that this 

kind of system will be more and more used because it offers the 

possibility to exploit rainwater which constitutes a "source of pure, salt 

free water" which no longer can be ignored. Specially in developing 

countries where steep land is common and surface irrigation is mostly 

used, the erosion problem is worse. Consequently, water harvesting is a 

good alternative to provide moisture to crops. 

1.1 Objectives of the Study 

Nowadays, the emphasis is in the modeling aspects of the system 

components. It gives the opportunity to change the governing parameters, 

in order to come up with a more reliable system. The overall purpose of 

this study is to develop a simple procedure for design of a water 

harvesting system given a specific climate, crop and soil conditions, by 

modeling the latter components which control its functionality. The 

development of the model aims 1) to predict the daily water deficit during 

the growing season as means of designing and sizing the system 2) to 

compare the design characteristics obtained from the model to an existing 
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field in Sonoita, Az, using data from that location. To attain these 

objectives, the following steps are taken: 

1- Modification of a microcomputer program developed by Woolhiser 

(1988) to simulate daily weather data, rainfall, temperature, and solar 

radiation. 

2- Use of the synthesized rainfall data as input to a deterministic 

SCS curve number model to predict runoff. 

3- Use of the synthesized temperature and radiation data as input 

to a deterministic Penman modified model to predict evapotranspiration. 

4-Use of the water balance principle to size the system based on 

the greatest period of deficit by minimizing both the stress on the crop 

and runoff excess. 

5-Application of the above parameters by running the program for 

the example field, Sonoita, Az. 

1.2 Limitations of the Study 

The model does not take into account all the factors governing the 

system. Several assumptions were made in order to keep it simple and easy 

to run in places where only readily available data are possible to find. 

Consequently, the input data should be carefully chosen in order to insure 

that they represent the field condition. Small scale here is related 

mainly to the field size to be managed. The evaluation step which is part 

of every modeling process is not studied in this work. 

The study will start with the literature review which consists of 

a brief history of the work already done in the subject, followed by the 
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modeling aspects of the system and its description, in chapter two. 

Chapter three is a detailed description of the actual modeling procedure 

which is divided into three parts: the model assumptions, the model 

formulation, and the model structure. Next will be the application of the 

developed program which consists of a description of the characteristics 

of the tested field and of the example included for Sonoita, Az. This 

offers the user detailed explanations to run the program. Finally, the 

study presents and discusses the results by comparing the existing system 

design and the one obtained from applying the developed computer program 

and concludes with some recommendations. 
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LITERATURE REVIEW 

2.1 History of Mater Harvesting 

Water harvesting is a very ancient method of growing plants which 

has been in practice since about 4000 years ago (Mielke et al, 1981; 

Evenari et al, 1971). However, scientific methods of collecting rain 

water have only recently been included in the literature with the work of 

Richard J. Shaw (1957) and Robert R. Humphrey of the University of Arizona 

in the Sonora desert of Southern Arizona and that of Evenari and his 

associates (1971) in the desert of Israel (Myers, 1966). Farmers in 

developing countries have very little experiences with the method. Since 

then, the subject has received considerable interest (Evenari et al, 

1971; Sharma et al, 1986; Shanan et Tadmor, 1976; Frasier et al, 1975). 

Their research has shown that food production can be significantly 

increased if adequate water harvesting systems are used. 

Most of the methods used to increase soil moisture focus on both 

moisture conservation within the soil profile and the reduction of the 

soil erosion problem. In particular, water harvesting is used to enhance 

soil moisture into the soil profile. 

Several studies have shown that even though the resulting water 

storage increase performed by harvesting water can be small and difficult 

to measure, it may be large enough to be worthwhile because it increases 

crop yields. Indeed, even in areas where rainfall is as little as 100 mm 

a year (Evenari, 1971), water harvesting systems yield increased food 
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production. This occurs because dry lands, though in fragile ecological 

regions, "have abundant sunlight and mineral rich soil [which if combined 

with water becomes potentially] productive" (Ziebel, 1988). 

With the advent of computers which give the opportunity to handle 

long and complex procedures the emphasis now is to model the system 

components in order to improve their reliability. The rest of the 

literature review which follows is concerned mainly with the modeling 

aspects of the system and its description. 

2.2 Modeling Aspects 

The design specifications of a water harvesting system depend on 

the estimation of different factors which varies stochastically, 

particularly weather data. As Hekman (1977) pointed out, ideally the 

development of watershed models is appealing particularly for the 

stochastic description of the hydrologic phenomena. Even with the use of 

computers, this approach is rather complex. Consequently, as an 

acceptable option, he proposed a combination of deterministic models with 

stochastic models of the climatic events for which the data is most 

readily available. 

2.2.1 Advantages 

In recent years, "large agricultural interest have begun to employ 

computers...[to improve the optimization] of water input-crop yield 

relationship" (Gay and Greenberg, 1982). Similarly, for water harvesting 

system design in small scale agricultural projects, the computer-based 

technology can help improve water use-system size relationships for it 
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allows one to make reasonable simplifications to represent the reality of 

the system. 

Particularly in arid regions, the modeling approach offers two main 

advantages. First, it allows the engineer the ease of changing the system 

parameters in order to come up with a more reliable design. Secondly, as 

Boers (1986) mentioned, long-term meteorological records are usually 

scarce in arid regions where water harvesting techniques are suitable for 

use of surface runoff for agriculture production. Consequently, the 

simulation approach is a good alternative for designing the system. 

2.2.2 Past Models 

During the last two decades, the simulation approach is used more 

and and more for design purposes. Several models have been developed 

which account for different aspects influencing a water-harvesting system, 

such as water yield response, storage reservoir size, cost or hydrologic 

data generation. 

The US Army Corps of Engineers (1985) has designed a simulation 

model to generate surface runoff response of a basin to precipitation, 

Hec-1, which is more useful for large projects. In 1974, Hanson et al. 

developed a stock pond simulation model for use in the Northern Plains. 

Morin and Matlock (1974) developed a model simulating desert strip farming 

which has as main features the optimal catchment to crop area ratio with 

storage of additional water in reservoir in case rainfall is poorly 

distributed. Different works have been presented in the optimization of 

the design of the storage part of the system (Cluff, 1977; Risley, 1984; 
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Frasier, 1971). Hekman (1977) and Boers et al. (1986) concentrated more 

on the soil moisture simulation model aspect. Finally, since the first 

statistic symposium on rainfall modeling, several models have been 

developed for weather data generation, in particular rainfall (Khanal and 

Hamrick, 1971; Duckstein and Sanders, 1971; Austin and Claborn, 1971; 

Roldan, 1982; Woolhiser et al. 1971, 1982, 1986). In general none of 

these models are totally comprehensive. Further work is needed in this 

direction. 

2.3 System Description 

In the literature several definitions which generally agree with 

each other have been developed for the system. In this study, that of 

Myers (1967) is adopted; "water harvesting is the practice of collecting 

water from an area treated to increase runoff from precipitation". Thus, 

a water harvesting system consists of two integral parts: an area 

favorable to induce runoff (RA) and an area of storage (SA) which can be 

used at the same time as cropped area (Figure 1). When precipitation 

occurs, the RA collects water and concentrates it in the SA where it is 

stored. The latter can be the soil or any additional facilities such as 

a tank or a reservoir. 

The harvested water may be used for several purposes, such as plant 

production or human and animal uses (Frasier, 1975, 1983). In this study, 

the procedure is mainly developed for perennial crop production. The 

amount of water to collect depends on the precipitation occurrence, the 

efficiency of the RA to produce water and the efficiency of the SA to 
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Fig. 1. Schematic representation of the system. 
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store this water and the choice of the crop to grow. Thus, the system 

specifications include the relationship between the climate, the plant and 

the soil characteristics. The following pages present the importance of 

each component. 

In Figure 1: 

Rin = Runoff into the catchment 

Rout = Runoff from the catchment 

RO = Runoff in the unit system from the RA to the SA 

P = Precipitation 

ETa = Actual crop evapotranspiration 

E = Evaporation from bare soil 

Eo = Evaporation from open water 

SM = Infiltrated water into the soil 

DP = Deep percolation into the soil 

CR = Capillary rise 

WT = Groundwater level 

LWin » Lateral groundwater into the root zone 

LWout = Lateral groundwater out of the root zone 

RZ = Root zone 

TZ = Transition zone 

SZ = Saturated zone 

RA = Runoff or catchment area 

SA « Storage or cropped area 
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2.3.1 Weather Component 

The success of the system depends heavily on weather conditions in 

general, but on the rainfall distribution in time, amount and intensity, 

in particular, (Fairboun et al, 1972). Before making any decision 

concerning the realization of a water harvesting system, the knowledge of 

the rainfall pattern is essential. This is particularly true in arid and 

semi-arid regions which are characterized by moisture deficiencies with 

the potential for evaporation usually much greater than the annual and 

seasonal precipitation (Renard, 1988). In that sense, all prediction of 

the behavior of the system will be represented in a statistical sense by 

the simulation process. Thus, to keep failure at an acceptable level, 

Matlock et al. (1984) recommends to use at least 10 to 20 years of records 

for estimation of the parameters for perennial crops in small watersheds. 

The purpose of designing the system is to collect water during the 

rainy season in order to satisfy the crop needs during the growing season. 

Normally, the system size depends both on the amount of available rainfall 

and its time of occurrence in comparison to the growing season as well as 

the characteristics of the soil in the site. 

2.3.2 Soil Component 

In addition to weather considerations, it is important that the 

soil selected has an adequate depth capable of storing enough of the 

harvested water for the plant use during the growing season. Fortunately, 

arid regions often have relatively deep soil, compared to the humid 

regions (Israelsen and Hansen, 1962). Thus, "a comprehensive study of the 
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importance of soil properties, in relation to treatment performance, is 

needed to obtain maximum benefit from water-harvesting [system]" 

(Emmerich et al, 1986). Common methods of improving collection for the 

RA are : sprayed asphalt, plastic sheeting, water repellent chemicals 

(Frasier, 1975). However, though their costs are lower (Myers, 1966), in 

small scale projects, practices such as smoothing and compaction give good 

results if the decrease of the runoff efficiency is taken into account 

(Sharma, 1986) and the system adequately maintained. This works best for 

soils containing about 5% fines which favors crusting (Shanan, 1976). 

So far, storing harvested water in surface storage has not been 

very successful because of the problem of considerable loss due to 

evaporation and deep seepage (Perrier, 1986). The tendency now is to use 

the soil as a natural reservoir. However, specific research in the 

subject is very limited (Boers, 1986). According to Frasier (1975) one 

of the major problems is to determine the relative size of the catchment 

area with respect to the storage area. He points out that a) if the SA 

is too small compared with the size of the RA, water may be lost by deep 

percolation or excess runoff; b) if the SA is too large compared with the 

size of the RA, crops may be damaged by the lack of soil water. A good 

balance is needed between these two extremes since, especially in arid 

areas, the catchment size is already limited by the quantity of available 

rainwater. Matlock (1984) defined a dimensionless ratio, the catchment 

cultivated area ratio (CCAR) which relates the catchment area to the 

cultivated area. 
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No water harvesting system can be studied without erosion control 

(Gardner, 1974), since the RA is generally on sloping land and thus 

erosion problems occur with the runoff. Shanan (1976) recommends that 

among the means of taking this into account is to limit the slope to 5 

percent and the slope length to 8-10 meter. This study took this problem 

into account only by limiting the excess runoff. 

2.3.3 Crop Component 

Finally, the crop selected is an important factor. Especially in 

areas of unreliable rainfall, "crop water use is a basis for choosing 

which crop to grow" (Dagg, 1985), under a water harvesting system. Any 

crop can be grown under such a system but, in particular, small grains, 

wheat, barley, sorghum, millet, corn, vegetables and deciduous trees are 

more commonly chosen. Narayana (1979) even reports that " by proper 

rainwater storage it [is] possible to grow a good rice crop by utilizing 

the runoff." Flug (1980) pointed out that research is needed to develop 

new varieties and identify crops best suited to water harvesting systems 

and to refine the consumptive use and plant growth data for these 

varieties when grown under such systems. He recommended that to take full 

advantage of the system the crop should be deep rooted, possesses a 

certain tolerance for drought and preferably have a growth period which 

matches the local precipitation pattern. 
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DESCRIPTION OF THE MODELING PROCEDURE 

The methodology developed and described in this study aims to 

determine the size of the catchment area of a water harvesting system for 

growing of a specific crop, perennial in particular. The model is 

stochastically and deterministically based and the objective is to size 

the system depending on the period of largest water deficit, as a function 

of the availability of rainfall. The deficit being defined as the 

difference between the maximum evapotranspiration and the rainfall. It 

is developed to model the major factors of the system which include: 

weather, in particular rainfall, maximum and minimum temperature and 

radiationm data; runoff, evapotranspiration and soil water balance. From 

these four factors which control the functioning of the system, rainfall 

is the most significant in the terms of reliability of the system while 

evapotranspiration is important in terms of the system size. 

Primarily, the program looks at the possibility to store the 

required water into the soil, acting as a natural reservoir so that, the 

crop can use it directly when it needs it. In case soil reservoir is not 

sufficient, the program gives a recommendation for possible use of an 

additional reservoir. The program does not compute the optimum size of 

the system because there are no cost analyses included. To account for 

reliability, the weather components are generated based on their observed 

probability. Yield reduction is limited in an implicit manner, by not 
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allowing the water stress on the crop to be more than a chosen level, that 

will not decrease yield significantly (Stegman, 1983). 

The inputs to the program are: 

-Weather data such as rainfall, temperature, relative humidity, 

radiation, sunshine, wind speed and sunshine. 

-Soil characteristics such as depth, field capacity and permanent 

wilting point, topography and runoff curve numbers. 

-Crop characteristics such as maximum active root depth, crop 

coefficients, planting date, growing season, annual water requirement, and 

maturation time. 

The main program includes three major parts (Fig. 2): 

SETUP RESULT 

SSWHS89.BAS 

SIMULATION 

Fig. 2. General representation of the main program. 

-SETUP (Fig. 3) collects data for use in simulation; however if 

the user possesses the necessary data file, he/she may directly use the 

simulation option. 
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START 

SETUP 

Soil 

Crop 

Location 

Climate 

Enter data 
from disk 

Goto SIMULATION 

Enter data 
from keyboard 

ETr and Runoff data 
(PENMNSCS.BAS) 

Rmax, Rmin 
sunshine and 
wind data 

Prec, Tmax 
Tmin, Rad 

(CLIMATE.BAS) 

Fig. 3. Flow chart of SETUP. 

-SIMULATION (Fig. 4) is divided in three subprograms which compute 

the reference evapotranspiration, runoff data and examine the daily water 

stress level on the crop to size the system. 
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SIMULATION 

Goto RESULT 

Size the system 

Compute daily water deficit 

Fig. 4. Flow chart of SIMULATION. 

-RESULT (Fig. 5) organizes the data to output both a summary of the 

design or a printout to file of the daily results. It also provides some 

recommendations to help the user in his/her decision. 

RESULT 

Return Main Menu 

Printout of 
daily results 

Printout of 
summary of study 

Fig. 5. Flow chart of RESULT. 
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All the subprograms operate in a daily basis in order to be able to 

better predict the periods when the soil water is insufficient to satisfy 

the crop need (i.e. the runoff and storage area need to be increased). 

Using the above data and the following treatment and assumptions, the main 

outputs of the model includes a summary of the final design of the system 

including the maximum size of the runoff and storage areas necessary to 

provide sufficient moisture for the chosen crop, and the peak runoff rate 

for design of hydraulic structures. 

Additional outputs from the program are: first a listing of the 

weather data for the period chosen to study the process, precipitation, 

temperature and radiation; secondly, runoff and reference 

evapotranspiration data for the period chosen for the design; thirdly, a 

listing of the root depth stage, maximum water used by the crop and the 

magnitude and day of stress during the growing season. 

3.1 Model Assumptions 

Schematically, the system can be symbolized as in Figure 1. 

However, as it is not possible to predict exactly the future situations 

of a system, several assumptions have been made to simplify the 

development of the model and enable its general application. 

Consequently, among other assumptions made earlier or later in the course 

of this study the work is developed based on the following assumptions: 

-No variability of rainfall characteristics over RA and SA with 

respect to time and space. This assumption is reasonable given the small 

scale of the system. 
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-Runoff is generated without any consideration for rainfall 

intensity, using the SCS curve number method. A peak runoff rate is 

computed empirically only for the purpose of hydraulic structure design. 

-The root growth is only a function of time. 

-Losses occur mainly through evaporation from the soil and 

transpiration of the crop which are combined as evapotranspiration, while 

no grass cover is assumed. Evaporation and infiltration from the bare soil 

in the RA and evaporation from the SA are neglected because low residence 

time (less than one day) is assumed. In addition the fact that the RA is 

treated to allow only minimum infiltration is taken into account by the 

initial abstraction concept used in the SCS method. Thus, when the soil 

is saturated, any excess water is considered lost by deep percolation or 

excess runoff. 

-The water table is deep enough to have no contribution to the soil 

moisture in the unsaturated root zone (Smith, 1980). 

The model is developed on the basis of mass conservation law: 

water input - water output + change in storage (1) 

for the simplified system in Figure 6. 

The inputs here are mainly direct precipitation from the SA and 

precipitation converted to runoff from the RA. While the outflows 

represent st il water depletion mainly due to evapotranspiration during the 

growing season or evaporation from the soil during the rest of the year. 
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3.2 Model Formulation 

The objective of this part of the study is to help the user 

understand concepts, methodologies and mathematical formulations used in 

the procedure. Appendix A contains a summary of the description of the 

symbols used. 

3.2.1 Weather Model 

The design of a water harvesting system requires weather data as 

input. As was mentioned earlier, the procedure uses stochastically 

generated rainfall, temperature and radiation data based on their observed 

probability accounting for their variability. The simulation program 

used, CLIMATE.BAS, was developed by Woolhiser (1988). For a given 

location, CLIMATE.BAS utilizes a first order Markov-chain model to 

describe the precipitation process and provide daily rainfall amount 

distributed as a mixed exponential. The variations in the parameters, i.e 

the mean mu, the weighting factor alpha and the smaller and larger 

exponential distributions beta and delta respectively, are accounted for 

by a Fourier series which generates maximum and minimum temperatures and 

radiation data on the basis of whether a day is wet or dry. These values 

are described by a stationary generating process developed by Matlas 

(1967) and adapted to daily data by Richardson (1981). Mainly, elements 

of the B option of the original program was used. Several minor 

modifications were made in the program to adapt it to the procedure 

developed in this thesis. These modifications include: 
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1- Flexibility to accept parameters generated outside the program, 

for a given location. 

2- Direct computation of the daily maximum solar radiation because 

the original program uses a procedure depending on screen resolution to 

calculate the latitude of the location, here the latitude is an input 

file. 

3- Possibility to output the generated data to a printer. 

For more information about the program and the theories behind the 

processes, the reader is referred to Woolhiser, Hanson and Roldan (1982) 

and Roldan and Woolhiser (1982, 1986). A flow chart of the Climate 

subprogram is presented in Figure 7. 

The program generates daily precipitation, temperature and 

radiation data for a period equating the crop production life. Two years 

of data corresponding to the minimum rainfall amount and the maximum 

number of dry days during the growing season are chosen to study the 

process. The resulting synthetic rainfall values are used as input to the 

runoff model while the maximum and minimum temperature and radiation data 

predict evapotranspiration data. However, in case the user has his/her 

own data, he/she needs not to use CLIMATE.BAS. 

3.2.2 Evapotranspiration Model 

In arid areas, evapotranspiration dominates the water balance 

equation and controls such hydrologic phenomena as soil moisture content, 

groundwater recharge and streamflow (Dunne, 1978). In this study, it is 
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Fig. 7. Flow chart of the weather generation program, CLIMATE.BAS 
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the main indicator which influences the estimation of the parameters 

forsizing the system. Thus, calculation of the water deficit necessary 

to meet the need of the crop during the dry period of the growing season 

is based on the estimation of the evapotranspiration which is a function 

of reference evapotranspiration (ETr) and crop coefficient (Kc). 

Penman (1948) defined ETr as the "rate of evapotranspiration from an 

extensive surface of 8 to 15 cm tall, green grass cover of uniform height, 

actively growing, completely shading the ground and not short of water". 

The Kc is a factor accounting for crop, location, and climate 

characteristics. 

For better prediction, evapotranspiration is computed on a daily 

basis because it is not a quantity that can be forecasted with less than 

10 to 15 percent error (Horneck and Federer,1975). This is because of the 

inaccuracies occurring in the calculations of crop coefficients (Kc) and 

reference evapotranspiration (ETr) (Emel and Yitayew, 1987). In addition, 

in contrary to an irrigation system which is artificially controlled, a 

water harvesting system is a natural means of preventing moisture 

deficiencies in the soil. Thus, it is essential to have a good estimation 

of the crop water used to be able to size a reliable system. 

3.2.2.1 Maximum Evapotranspiration. 

There are several methods in the literature which are used to 

predict crop evapotranspiration, Blaney-Criddle (1945), Jensen-Haise 

(1963), Penman (1948), and Pan evapotranspiration. The Technical 

Committee on Irrigation Mater Requirements concluded from their evaluation 
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of common equations used for ETr estimation, there is no "single method 

using meteorological data [which] is universally adequate" for all 

climatic conditions. In this study, of the several methods that are 

available, the modified Penman method (Doorenbos and Pruitt, 1977) has 

been included as the procedure for ETr prediction. This is a "combination 

method" (Shih and Cheng, 1988), comprising a radiation and aerodynamic 

term, which estimates reference evapotranspiration based on grass as a 

function of net radiation, air temperature, wind speed, vapor pressure 

deficit and relative humidity. Thus: 

ETr = c*[w*Rn+(l-w)*f(u)*(ea-ed)] (2) 

where: 

ETr = reference evapotranspiration (mm)/d 

c = adjustment coefficient for climatic conditions 

w = temperature related weighing factor 

Rn = net radiation in equivalent evaporation (mm/d) 

f(u) = wind related function 

(ea-ed) = vapor pressure deficit (mbar) 

Jensen (1983) reported that it is one of the most accurate methods for 

very wide range of climatic conditions because of its theoretical basis. 

The reference evapotranspiration data is computed by the program 

PENMNSCS.BAS (Fig. 8), developed for this procedure to compute reference 

evapotranspiration and runoff data. For more information about the 

method, the reader is referred to Doorenbos and Pruitt (1977) in FAO #24 

or Jensen (1983). Given ETr, maximum daily crop water use (ETm, mm) is 

predicted by: 
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Fig. 8. Flow chart of the ETr and runoff data program, PENMNSCS.BAS. 
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ETm = Kc*ETr (3) 

with Kc here being the crop coefficient as a function of the crop growth 

stages, assuming a growing crop under unlimiting conditions. ETr can also 

be estimated from any other methods available (Burman, 1983). Thus, as 

for the weather data, the program gives the user the opportunity to enter 

his/her own data. 

3.2.2.2 Actual Evapotranspiration 

Water that is available to the plant evapotranspiration is 

considered to be that water contained between field capacity and the 

permanent wilting point of the soil. 

When the soil is full of water the crop extracts water at the 

maximum rate. However, as the soil dries out, the rate of evapotran-

transpiration declines (Burman et al,1983). The actual evapotranspiration 

under limiting soil moisture conditions depends on the soil texture, the 

plant physiology, the rooting characteristics, the solar energy and the 

evapotranspiration rate itself (Dunne and Leopold,1978). 

There is little information about the relationship between the soil 

water content and the crop water use (Slack, 1975). Veihemeyer (1964), 

Thornthwaite and Mather (1955) conducted research about the subject. 

Their research leads to the following theories: 

1- The plant transpires at potential rates until the soil is 

depleted to permanent wilting point when the rate drops abruptly to zero. 

2- The evapotranspiration rate is proportional to the soil water 

from field capacity to permanent wilting point. 
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3- Several other authors have found relationships which vary 

between those two extremes. 

Usually when soil moisture is limiting, the relationship between 

soil water and evapotranspiration is expressed as a linear function 

(Sharma et al, 1986): 

ETa = ETm * f(-Sr-) (4) 
where: 

ETa = actual crop evapotranspiration 

AW = available water in the soil profile (mm) 

AWC = available water capacity in the soil profile (mm) 

It is essential to have an actual crop water use-soil moisture 

content relationship accounting for the case of limiting soil moisture 

since as the data published by Doorenbos et al. (1975) shows, crop yield 

is directly a function of crop water use. A typical expression is given 

by: 

w - 4S-) (s) 
where: 

Ya = actual yield production (kilo/ha) 

Ym = maximum yield production (kilo/ha) 

Ky = yield reduction factor 

Generally, in irrigation scheduling, to limit crop yield decrease the soil 

moisture is not allowed to fall below a certain moisture level which is 

defined by a coefficient of acceptable depletion expressed as: 

U A H  CRAW MAD = TAM (6) 
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where: 

MAD = maximum allowable soil depletion (fraction) 

TAW = total available soil water (mm) 

CRAW = crop readily available water (mm) 

This coefficient is a function of the crop stage, the rate of ETm and the 

soil characteristics. 

In this study, the maximum and actual evapotranspiration are 

related by a simple relationship: 

when the soil moisture is more then CRAW, 

ETa = ETm (7) 

and when the soil moisture is less than CRAW, 

ETa = SM*(MAD*TAW) 

where: 

SM = actual soil moisture (mm) 

The FAO #24 has grouped 48 crops (table) based on their maximum 

evapotranspiration. Linear regression was used to relate the maximum 

allowable soil depletion to ETm. The relationships are the following: 

Group 1:MAD = .527-.039*ETm<».5 (9) 

Group 2: MAD = .719-.054*ETm<=.675 (10) 

Group 3: MAD « .857-.059*ETm<=.8 (11) 

Group 4: MAD - .951-.060*Etm<=.875 (12) 

Where MAD is in fraction of water depleted. All the r squared values were 

more than .91. Appendix E contains a representation of the relationship. 
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At any time, the acceptable crop water stress level was limited to 5 

percent, but this number can be changed by the user. 

Table 1. Classification of the crops based on ETm and Mad relationship. 

Group Crops 

1 Onion, pepper, potato 
2 Banana, cabbage, grape, pea, tomato 
3 Alfalfa, bean, citrus, groundnut, pineapple, 

sunflower, watermelon, wheat 
4 Cotton, maize, olive, safflower, sorghum, 

soybean,sugarbeet,sugarcane,tobacco 

3.2.3 Root Growth Model 

The crop extracts water from the soil through the root system. The 

root distribution affects the crop water use both by its depth which 

determines the available soil moisture and its density which determines 

the soil moisture that can be extracted from different levels (Idike, 

1981) and utilized, at any time. For perennial crops the root depth 

changes slowly until maturity and then, once established, the root depth 

changes very little with time through the growing season. An annual crop 

begins with a very shallow root zone which increases rapidly until 

maturity (Burman, 1983). Soil water available to plant needs is computed 

between field capacity and permanent wilting point. However, as Burman 

reported, for the young crop all this water is not available. In general, 

this is particularly true as the soil dries out. Thus, a root growth 

function is necessary to account for the soil water available to the root 
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system at a given time and insure the success of the system before 

maturity. 

In the literature, there has been little work done in this 

direction. Huck et al. (1983) developed a dynamic model of root growth 

and water uptake which accounts for photosynthesis, respiration, 

transpiration and soil hydraulics. This model provides a tool for testing 

of theories regarding plant adaptation to a variable environment. This 

is a complex model which will need much testing to validate it (Huch and 

Hi 11 el, 1983). In this study, the root growth is expressed only as a 

linear function of crop stage until maturity: 

rtdepth - (13) 

where: 

rtdepth = current root depth (m) 

DAP = day after planting (days) 

droot = maximum rooting depth (m) 

matcrop = maturation time (days) 

3.2.4 Runoff Model 

One of the objectives of using a water harvesting system is to 

increase soil moisture for growth of crops. The means used for that 

purpose is to induce runoff in the catchment area to collect additional 

water to augment the amount of rainwater available for the cropped 

area. 

Runoff is a function of precipitation characteristics, soil 

conditions and management practices (Smith and Williams, 1980). More 
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precisely, rainfall duration, intensity and area! distribution and 

watershed shape, size, orientation, topography, geology and surface 

culture are all important. However in the literature, simplifying 

assumptions are made regarding the influence of some factors while the 

others express the runoff amount as a linear function for small watersheds 

(Huggins et al, 1982): 

Ro = precipitation - losses (14) 

where: 

Ro = runoff amount (mm) 

the losses are mainly infiltration, deep percolation or evaporation and 

transpiration. 

In the literature there are several versions of this expression. 

In this study, the synthetic precipitation data is transformed into runoff 

amount by use of a deterministic model, the curve number method. The SCS 

has developed this method for estimating storm runoff volumes from small 

agricultural catchments as a function of soil and land use, for various 

situations. The method is based on empirical approximation and a 

simplified infiltration model expressed as the initial abstraction 

(Hawkins, 1978a). A curve number is associated to each catchment and 

storm to rate the hydrologic performance of the soils depending on its use 

(Dunne, 1978). Runoff is computed as a function of rainfall amount, soil, 

vegetation and antecedent moisture, without giving any consideration to 

rainfall intensity. 

In his report on the "Effects of rainfall intensity on runoff curve 

numbers," Hawkins (1978b) showed the bias resulting on the runoff values 
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when rainfall intensity is neglected. Also, Mills (1988) used a 

probabilistic approach to show the same effect in "Application of bias 

correction in computing runoff condition probabilities". The first author 

developed a rainfall partitioning approach to demonstrate the influence 

of storm duration on runoff amount. He used one example to show the 

overestimation of the runoff amount when computed by the SCS curve number 

method. The second author based his conclusion on the fact that the SCS 

method use only the probability of the runoff producing rainfall. The 

problem with their approach is the lack of validation. Thus, for the 

purpose of this study, the curve number method was assumed sufficient to 

predict runoff because of its simplicity and the data required for its use 

(Hawkins, 1978). It enables daily rainfall (P) data to be directly 

converted into runoff amount by the relationship: 

RO = P(i) - SMl-2 - (p(i^,8.S)]. P > 2*S 

RO = 0, P < =.2*S (15) 

where the detention factor, 

s "  "  2 5 4  ( 1 6 >  

and CN varies depending on the antecedent moisture status of the 

catchment, soil type and kind of cover. 

Conjointly, the SCS utilizes another empirical equation for 

calculation of peak runoff rate. For the hydraulic structure design, this 
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equation is used to predict the peak runoff corresponding to the runoff 

amount associating to the ten year return period rainfall: 

q = .0021*Ro*-^- (17) 

where the time to peak, 

tp = storm duration + 6n<; (J8) 

the time of concentration is, 

tc = .0195*LA.77*sA-.385 (19) 

and A is the catchment area. 

The ten year return period runoff amount (Ro) was chosen by using 

the procedure in PENMNSCS.BAS while a typical storm duration was assumed 

for the example treated in this study. 

3.2.5 Soil Water Balance Model 

The water collected from direct precipitation and runoff is assumed 

to be stored uniformly into the soil profile until it gets to saturation 

but the water between saturation and field capacity is not available for 

plant used. The portion of moisture laying between field capacity and 

permanent wilting point is extracted continuously by the crop as it grows. 

Based on the simplified case adopted in this study (Fig. 6), the soil 

water balance in equation 1 is formulated in the model on a daily basis 

by: 

SM(i) = SM(i-l) + P(i) + R0(i) - ETa(i) (20) 
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(Stegman et al., 1984; Smith et al., 1980), with inputs of daily values 

of each of the components on the current day and the results of the 

previous day. 

3.2.6 Sizing Model 

The ultimate purpose of developing the procedure was to find the 

maximum daily deficit necessary to size the system. Analyses of 

precipitation and runoff available and crop water use serve as the basis 

to choose the design criteria. 

The catchment cultivated area ratio (CCAR) approach is adopted here 

to determine the relationship between the runoff and cropped area. The 

CCAR is defined as: 

CCAR = deficit/runoff (21) 

the deficit being the difference between the crop need and the 

precipitation on a given day. This expression dictates the limitations 

of the system size because practically it makes no sense when the amount 

of runoff is zero. That is, the CCAR cannot be as big as the deficit may 

imply since in a given day the corresponding precipitation may be unable 

to induce any runoff. Consequently, the CCAR is limited to a value of 10 

which can be changed by the user. During the chosen design year(s), the 

program operates daily and give a weekly summary of the crop stage, the 

maximum evapotranspiration, the percent of moisture available and the 

predicted water stress on the crop. 

The advantages of this approach is that on a daily basis the water 

stress on the crop can be known so that the largest feasible CCAR is 
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chosen to size the system while at the same time recommendation may be 

made when it is necessary to supplement with some irrigation water. 

3.3 Model Structure 

In summary, the computer program is SSSWHS89.BAS (Appendix B). It 

comprises only a part of the procedure and is used conjointly with two 

other separate programs, CLIMATE.BAS (Appendix C) and PENMNSCS.BAS 

(Appendix D). The reason for this is that if the user has a file 

containing precipitation, temperature and radiation data he/she need not 

use CLIMATE.BAS or if he/she has a file with precipitation, runoff and 

reference evapotranspiration he/she may choose the simulation option 

directly to size the system of interest. 

The program enters the input data from the keyboard or a disk to 

initialize all the parameters to be used for studying the process for the 

chosen design year. A more detailed flow chart of the simulation option 

is shown in Figure 9. The computations are done for the whole year only 

to get an estimate of the initial soil moisture for the growing season and 

of the excess runoff available for possible additional storage. 

The crop water need is compared to the precipitation to get a 

first estimation of the necessary CCAR. The crop root stage is then 

computed on a daily basis to find the amount of soil water available for 

use. On a rainy days, the soil moisture is increased of the surplus of 

water not used by the crop. If the precipitation on the given day is less 

than the water used by the crop, the difference between the precipitation 

and the maximum crop water used is made up totally by the soil moisture 
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available if the percentage of soil depletion is less or equal to the 

current MAD and partly if the soil depletion is more than HAD. On a non 

rainy-day the soil is only depleted of its contribution to ETa. The 

actual evapotranspiration being the sum of the precipitation and of the 

soil contribution. 

If the actual evapotranspiration is less than the maximum crop 

evapotranspiration the magnitude of water stress is calculated and the day 

recorded for appropriate comment, i.e supplement with irrigation if the 

amount of stress is more than the accepted one. 

At this point, the final design is computed and the user has the 

choice to accept the resulting design or to change some of the assumptions 

and parameters used to modify the system characteristics. Finally, the 

user is offered some comments about the proposed project. 

The current chapter and the two previous ones have presented a 

simple procedure for designing a water harvesting system for growth of a 

perennial crop. This procedure is illustrated with an existing field case 

study in a following chapter, Chapter 4. 
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APPLICATION OF THE DEVELOPED MODEL 

The validation of a model requires an examination of the results 

obtained from different experiments with different situations to evaluate 

how well the developed model represents the particular problem. In this 

study only one example has been studied for application of the developed 

model. 

4.1 Characteristics of the Field Example 

A 16 hectare (40 acre) field in Sonoita, south of Tucson, Az was 

selected to illustrate the procedure presented here. This field is chosen 

because its characteristics are similar to the conditions for which the 

model is developed. The field is located in a semi-arid region at an 

elevation of about 1495 meters (4985 feet), 31.55 degree latitude. 

Appendix F contains a more detailed description of the location of the 

field. 

This location is subjected to a pattern of precipitation 

occasionally intense in July-August, with total mean annual precipitation 

received about 306 millimeters, characterized by generally low runoff. The 

average temperature varies from a low of 4 to a high of 40 degree 

Centigrade (40 to 100 degree Fahrenheit). A plot of 0.57 hectare was 

studied for the comparison. The soil on the watershed is a Mhitehouse 

soil, with the field slope averaging .04 meter/meter. These soils are 

sufficiently deep. Soil samples were taken for field capacity, permanent 
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wilting point and bulk density tests. Data relating to the plot study is 

shown in appendix G. 

The primary objective of the cultivation of the field is to grow 

grapes for wine production purposes. The secondary objective is to 

collect data for research. The variety of grape grown in the plot studied 

is small Pinot Noir which is suitable to the condition of the location. 

It uses about 508 millimeters (20 inches) of water per year. This 

variety possesses a rooting depth deep enough to utilize the moisture 

stored in the soil during the rainy season which overlaps its growing 

season of mid April-October. 

As noticed here, the purpose of using the water harvesting system 

in this field, which is contour terraces of about 4 meter (13 feet) width, 

was to supply the annual water deficit of about 200 millimeters during the 

growing season. This system is supplemented by a drip irrigation system 

which provides only 20 to 30 percent of the annual water use by the crop 

during the period prior to the onset of the rainy season. 

4.2 Computer Example 

A good understanding of the procedure developed and a good choice 

of the necessary input data representating the situation of interest is 

mandatory to insure reasonable results from the use of the program. 

Detailed explanations are included in the program, the example using the 

vineyard field in Sonoita is described below. 
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The menu appears after the screen welcome : 

*** MAIN MENU *** 

1-SETUP :collects and prepares the necessary 
input data for use in SIMULATION and RESULT. 

2-SIMULATION :uses SETUP to compute the model 
components and size the system. 

3-RESULT :organizes SETUP and SIMULATION for 
output of a summary of the study and comments 
screen or printer. 

4-END :end the program execution. 

ENTER OPTION (1/2/3/4) > 1 

Fig. 10. Main Menu. 

There are four options. Obviously, the first choice of the user is SETUP: 

a-SETUP. The user has the option of entering data from the keyboard or 

of using already stored data from disk. Appendix.I contains a listing of 

the input parameters and their description. There are four kinds of data 

input: 

1-Location. These are general information about the location such 

as elevation, latitude and name of the field to identify the project of 

interest, and the starting years of the procedure. 

1-Weather data. An analysis of the weather situation in the 

location of interest is necessary to decide whether or not a specific crop 

can be selected and a water harvesting system project is worth 

undertaking. Figure 11 shows a plot comparing the predicted rainfall and 



51 

3D -

20 -

1D 

5 -

SB 35 '•a E3 7? 91 1D3 113 133 1H? 161 173 IBS 203 B1? 232 

Growing Psys 
• Prec CwrO -I- ETi» CiwtQ 

Fig. 11. Comparison of the rainfall and grape ETm. 



grape water used distribution for the chosen design year. As noticed 

previously, the user has the choice between choosing two low rainfall 

years for the design if he/she has data or has computed the necessary 

weather parameters and uses CLIMATE.BAS to simulate rainfall, temperature, 

and radiation data. 

There were no long-term records existing for the Sonoita area. 

Consequently, the parameters for the precipitation model were estimated 

from the closest available station, Walnut Gulch, gage #5, which reflects 

similar conditions to those of Sonoita (Woolhiser, 1988) from 22 years of 

historical data (1955-1976). The temperature and radiation parameters 

were estimated from maps developed from a computer program written by 

Richardson and Wright (1984), appendix K. Appendix I contains a listing 

of the definitions and estimated values of the rainfall, temperature and 

radiation parameters used for Sonoita. The user enters monthly long-term 

average values for relative humidity, wind speed and height of wind 

measurement, maximum possible and observed sunshine duration. 

2-Crop data. There were three majors components which influenced 

the development of this procedure; the weather, the crop and the soil. 

Weather input has been described previously, the crop characteristics are 

the significant terms governing the selection of system size. In 

particular, in absence of available data, the reference evapotranspiration 

data were described by the Penman method and adjusted for climatic 

characteristics to predict crop evapotranspiration, from PENMNSCS.BAS. 

Average crop coefficients were used for the grape crop which has a rooting 

depth of 3 meters (10 feet) and an effective estimated root zone diameter 
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of 1 meter (3 feet). In the absence of crop coefficients data for the 

grape used, average Kc values published by the FAO #33 were used (Table 

2 ) .  

Table 2. Average Kc value for grape. 

Stage Davs Kc 

1 40 .45 
2 60 .60 
3 60 .60 
4 40 .50 

3-Soil. The next important factor is the catchment size to induce 

additional runoff water and the soil depth to store the available 

moisture. The user is asked to enter the field capacity, permanent 

wilting point and the curve number corresponding to the characteristics 

of the watershed studied, for dry, normal and wet conditions. Appendix 

L contains information about the curve number values. 

4-Runoff and evapotranspiration data. The fourth set of data input 

required are runoff and evapotranspiration data. The grape crop 

production life was estimated at 20 years. Thus, CLIMATE.BAS was used to 

generate 20 years of simulated rainfall, temperature and radiation data 

which was assumed to be representative of the condition of the Sonoita 

area. The runoff amount associated to the ten year rainfall return period 

was chosen for design of the hydraulic structures, using PENMNSCS.BAS. 
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Two years of low rainfall and bad distribution during the growing season 

were selected to compute daily runoff and evapotranspiration data. The 

following results appear on the screen (Table 3). 

Table 3. Precipitation information for the crop life. 

Year Annual P(mm) P(mm) * Wet days * 

1 369.06 192.53 61 
2 349.76 187.96 64 
3 389.89 207.77 60 
4 325.63 162.81 59 
5 298.70 155.19 62 
6 359.66 191.52 64 
7 378.71 193.55 67 
8 341.38 180.34 58 
9 343.41 181.36 57 
10 329.95 165.61 59 
11 363.98 203.45 68 
12 340.61 175.26 64 
13 363.22 189.23 62 
14 347.98 183.90 60 
15 385.57 217.68 68 
16 398.02 208.53 62 
17 344.42 202.18 64 
18 338.33 174.50 60 
19 350.27 185.93 65 
20 349.76 170.94 56 

The year with the minimum rainfall amount is 5 
The year with the maximum number of dry days is 20 
Do you want to change this (these) year(s) (Y/N) ---> Y 
* During the growing season. 

The user may accept this year for the design or in order not to be 

too conservative he/she may want to choose one or two other years. Thus, 

this (these) years are selected to predict runoff and reference 
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evapotranspiration data. In the example studied here, year 12 was 

selected. 

b-SIMULATION. Once a complete data file has been created with location, 

climate, crop, and soil data; this routine was used to simulate the daily 

process. There are three options in this routine (Fig. 12). 

Option 1. The main objective of this procedure was first to get an 

initial estimation of the catchment cultivated area ratio and secondly use 

it to study the water stress level on the crop and predict whether or not 

additional irrigation water will be needed. 

Option 2. This consists of the final design of the system. At 

this point the user can either accept the proposed design or change some 

of the parameters and rerun the program. 

YOU HAVE THE FOLLOWING OPTIONS : 

1-Simulate the system for the chosen design 
years. Be sure you already have the complete 
data input before using this option. 

2-Size the system and comment. 

3-Goto RESULT 

ENTER YOUR OPTION (1/2/3) —-> 1 

Fig. 12. Simulation Options. 

4.3 Results and Discussions 

Example outputs of the solution from the program using the 

parameters of the Sonoita field are listed in appendix H. As no 
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irrigation was assumed in the assumptions developed in the model 

procedure, a bigger system size was expected. However, the resulting 

computed system size is far from reflecting the characteristic of the 

existing system size at the Sonoita vineyard. 

Based on the estimated effective root zone diameter of 1 meter 

assumed for the variety of grape grown and the 4 meter width of the 

contour terrace, the ratio of catchment to the cultivated area is four (4) 

at the existing system. The 0.57 hectare studied is estimated grown with 

1140 grape vines. However, using the developed model a CCAR value of ten 

(10) and an acceptable water stress level of 20 percent of the maximum 

evapotranspiration rate gave unsatisfactory results. Even with these 

parameters, only 9 percent of the area is predicted grown with 659 vines. 

Figure 13 shows a comparison of the predicted maximum and actual 

evapotranspiration and water stress on the crop. As noticed, it is 

predicted that the crop will be stressed at the 20 percent level about 80 

percent of the time during the growing season. 

The assumption of similarity between the Sonoita field and the 

condition developed in the computer program is not conclusive. The 

physical assumptions are fair though. Thus, this disparity is partly 

explained by the fact that the computed evapotranspiration data is 

overpredicted because the crop coefficients are not representative of the 

variety of grape grown. As shown in appendix H, about 594 millimeters 

(23.4 inches) of annual evapotranspiration is predicted while the Pinot 

Noir grape uses only 508 millimeters (20 inches) of water in the same 
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Fig. 13. Predicted ETm, Eta and water stress. 

period, at Sonoita. Based on the previous discussion in Chapter 3, this 

15 percent error is acceptable though in evapotranspiration prediction. 

At this point, it is difficult to make any reasonable comparison or 

conclusions between the computed and existing system. The analysis of the 

simulated data (appendix M) shows that there is an average of 76 dry days 

between the beginning of the growing season and the first rainy days. As 



58 

there is no measured water used by the crop available at the field, it is 

not sure either whether or not the drip system supplements the existing 

water harvesting system with only 20 to 30 percent of the annual water 

used. Better data is needed before any conclusive findings can be made. 
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SUMMARY AND FINDINGS 

This study presented a procedure for sizing a water harvesting 

system given specific crop, soil, and climate conditions. The procedure 

is developed based on 1) the use of a stochastic model to generate long 

term synthetic weather data, 2) the use of a deterministic model to 

transform the synthetic rainfall data into runoff data and the temperature 

and radiation data into evapotranspiration data, reflecting the conditions 

of the chosen field, 3) the comparison of the results of the developed 

procedure with an existing system, in Sonoita, Az. 

The major findings of this study are: 

1- In overall the procedure developed is based on simplified 

assumptions which make it sound for general application. However, it must 

be tested with several situations before it can be considered valid. 

2- As yet, there is insufficient information available for the 

Sonoita system to make any conclusive statement about the application of 

the computer model to the Sonoita field site. However, it is possible to 

states that: 

a) The weather generation model, CLIMATE.BAS, tends to 

overestimate the daily precipitation data, it predicts annually about 350 

millimeters (13.9 inches) while the true mean is 305 millimeters (12 

inches). This is explained possibly in part by the fact that the 

historical record (22 years) used to determine the precipitation 

parameters is too short for an arid region. 



60 

b) The crop evapotranspiration data predicted by the developed 

model is not representative of the Pinot Noir grape grown in Sonoita, 

field data measurement is needed to compare with that of the computer 

model before the design characteristics of the existing system can be 

found. 

CONCLUSION 

The procedure developed is mainly for perennial crops. This option 

dictated the need of analysis of long period of data to choose the design 

year because the risk of failure involved more investment. However, there 

is no reason why the procedure can not be used for annual crops. 

The methodology described here is more useful for estimation of 

pre-design of a small project. It provides the user an understanding of 

the elements necessary for sizing the water harvesting system. But, the 

final decision concerning the realization of the project will depend on 

his/her own judgments and experiences. 

RECOMMENDATIONS 

As noticed earlier, the developed model procedure is not complete. 

As future work, one may include two additional routines into the model. 

One for computation of the possible necessary reservoir to be used by an 

irrigation system and the other one for cost anlysis of the projected 

water harvesting system. In addition, some improvements in the developed 

program are desirable such as daily computations of the crop coefficients 

for finer prediction of crop evapotranspiration, better account of the 
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soil moisture available for crop use by modelling different soil layers. 

Finally, the possibility to start the computation from any month will give 

more flexibility to the program. 
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APPENDIX A: 
Description of the Symbols Used 

This appendix contains the definitions of the symbols used in the 

three programs. Only those which are not common to all of them are 

described separately for CLIMATE.BAS and PENMNSCS.BAS. The symbols used 

in the body of the thesis are the same as the ones in the programs. 

Symbols Definitions 

SSWHS89.BAS 

AREAFIELD Area of the field to grow 

AREAUNIT Area of RA and SA for one 

crop 

AVGPREC Annual mean precipitation 

in location of interest 

CATCAREA Area of RA 

CAW Current crop available 

water 

CCAR(I) Current ratio of catchment 

to cultivated area 

CNi Curve number for dry, normal 

CRAW Current crop readily 

available water 

CRJUDAY Julian day of the crop 

calendar planting date 

Units 

ha 

ha 

mm 

ha 

mm 

mm 

days 
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Symbols 

CROPCOEF(J) 

CROPDAY 

CROPMTH 

CULTAREA 

CUM(M) 

CUMRO 

DAP 

DEFICIT(I) 

DESCCAR 

DESIGNRO 

DIAMCROP 

DROOT 

DSOIL 

ELEVATION 

ETa(I) 

ETm() 

Definitions 

SSMHS89.BAS 

Mean crop coefficient during 

stage J 

Crop planting date 

Crop planting month 

Unit cropped area 

Maximum annual cumulative 

runoff for year m 

Maximum annual runoff for 

design period 

Day after planting 

Current water deficit 

Design CCAR chosen 

Ten year return period 

runoff 

Estimated diameter of 

crop root zone 

Maximum rooting depth 

Estimated soil depth 

Elevation of location 

Current crop 

evapotranspiration 

Current crop maximum 

evapotranspiration 

Units 

fraction 

mA2 

mm 

mm 

days 

mm 

mm 

m 

m 

m 

m 

mm 

mm 
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Symbols Definitions 

SSWHS89.BAS 

ETr(i) Current reference 

evapotranspiration 

FS Safety factor 

HARVESTDAY Julian corresponding to end of 

growing season 

INFILCAP Estimated soil infiltration 

capacity 

LATITUDE Latitude of location 

LENGTH Length of field in slope 

direction 

LSEASON Length of growing season 

LSTAGE(J) Length of stage J 

LUNITSYS Length of RA for one crop 

MAD Current maximum allowable soil 

depletion 

MATCROP Time for crop maturity 

MATIME Julian day corresponding to 

maturity 

MTHJUDAY Starting Julian day for each 

month 

NUMSTR Predicted maximum stress days 

NUMSTRD(I) Current number of stress days 

Units 

mm 

days 

mm/hr 

Degree 

m 

days 

days 

m 

fraction 

days 

days 

days 
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Symbols Definitions 

SSWHS89.BAS 

NUMUNITS Number of crop to grow 

OBSUN(I) Monthly mean observed sunshine 

PEAKRO Peak runoff rate 

PERCRO Percent of the field used as RA 

PERCULT Percent of the field used as SA 

PRECIP(I) Current precipitation in day i 

RA Runoff or catchment area 

RESUME Estimated residence time of 

water in SA 

RHMAX(J) Monthly maximum relative humidity 

RHMIN(J) Monthly minimum relative humidity 

RTDEPTH(I) Current rooting depth 

RUNOFF(I) Current runoff amount in day i 

SA Storage or cultivated area 

SLOPE Average slope of the field 

SM(I) Current soil moisture 

SOILFC Average field capacity 

SOILPWP Average permanent wilting point 

STAGENO Number of stage growth during 

the growing season 

STRESS(I) Current water stress on the 

crop 

Units 

mA3/s 

% 

% 

mm 

mA2 

hr 

% 

% 

mm 

mm 

mA2 

m/m 

mm 

% 

% 

mm 



Symbols 

TAW 

Tc 

Tp 

WATERUSE 

WINDSPD(J) 

WINDZM(J) 

WS 

Symbols 

Cik 

Cj 

Cj(n) 

E { } 

inf 

N 
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Definitions Units 

SSWHS89.BAS 

Total available soil water mm 

Concentration time hr 

Time to lag hr 

Annual crop water use mm 

Monthly average wind speed km/d 

Height of wind measurement m 

Estimated acceptable maximum 

water stress level % 

Definitions Units 

CLIMATE.BAS 

Amplitude of the kth harmonic of a 

Fourier series for probability of 

dry/dry (1=0) or wet/dry (i=l) day 

Amplitude of the first harmonic for 

Fourier series for mean or coefficient 

of variation of Tmax, Tmin or R (j=l,2,3) 

Coefficient of variation of Tmax (j=l) 

Tmin (j=2) or R (j=3) on day n 

Expected values 

Smallest 

Number of years 
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Symbols 

MO 

Ml 

Mi 

N 

POO 

P01 

P10 

Pll 

PiObar 

R 

Rl, R2 

Sj(n) 

T 

Tj(n) 

Tmax 

Tmin 

Definitions Units 

CLIMATE.BAS 

3*3 matrix of lag zero correlation 

coefficients between Tmax, Tmin and R 

3*3 matrix of lag 1 correlation 

coefficients between Tmax, Tmin and R 

Maximum number of harmonic in the Fourier 

series for probability of transition from 

dry (i=0) or wet (i=l) to dry day 

Day number 1,2,...365 

Probability of transition of dry/dry day 

Probability of transition of dry/wet day 

Probability of transition of wet/dry day 

Probability of transition of wet/wet day 

Annual mean probability of a transition 

Daily solar radiation Langleys 

Normally distributed random variables 

with mean=0 and standard deviations 

Standard deviation of Tmax (j=l), Tmin 

(j«2) or R on day n 

Daily precipitation threshold [L] 

Daily values of Tmax, Tmin or R 

Daily maximum temperature [F] 

Daily minimum temperature [F] 
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Symbols Definitions Units 

CLIMATE.BAS 

Ul, U2 Uniformly distributed random variables 

on the interval [0, 1] 

Uj(n) Fourier series representation of Tmax, 

Tmin or R on day n 

Ujbar Mean of coefficient of variation of the 

Fourier series for Tmax, Tmin or R 

Xm(n) Random variables taking on the value 1 

if day n is wet and 0 if it is dry 

Y(n) Precipitation depth on day n [L] 

YY Latitude of location [C] 

W(s) Temperature and radiation parameters 

Alpha(n) Weighing factor in the mixed 

exponential distribution 

Beta(n) Parameter for mixed exponential 

distribution for day n [L] 

Delta(n) Parameter for mixed exponential 

distribution for day n [L] 

Epsilon(n) Normally distributed error term for 

Tmax, Tmin or R 
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Symbols Definitions Units 

CLIMATE.BAS 

Teta(n) Phase angle in radian for the kth 

harmonic of a Fourier series for 

probability of transition from dry/dry 

or wet/dry day 

Lamda mean of exponential distribution 

Mu(n) Mean of the precipitation greater than 

T for day n [L] 

Muj(n) Mean of Tmax, Tmin or R on day n 

Psij(n) Vector of normalized residuals 

[Tj(n)-Muj(n)]/Sj(n) 

Symbols Definitions 

PENMNSCS.BAS 

Units 

Albedo Estimated albedo value for green crops 

Antmoist Five days antecedent soil moisture mm 

Cropgr Crop group function of ETm used 

Dayofyr Current Julian day 

Desdis Maximum number of dry days during 

growing season mm 
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Symbols Definitions Units 

PENMNSCS.BAS 

Desprec Minimum annual precipitation during 

growing season 

Detcoef Coefficient of detention mm 

Ea Saturation vapor pressure of the air mbar 

Ed Actual vapor pressure of the air mbar 

F(j) Wind-related function 

la Initial abstraction mm 

Maxro(m) Maximum annual runoff for year m mm 

Maxsun Maximum possible sunshine for location hr 

n(m) Annual maximum number of dry days during 

growing season mm 

Nl, N2 Chosen design years 

Netlongrad Net long wave radiation mm/d 

Netrad Net radiation mm/d 

Netsolrad Net solar radiation mm/d 

Numsim Estimated production life of the crop years 

P(m) Minimum precipitation during growing 

season mm 

PO Pressure at sea level mbar 

Soldec Daily solar declination C 

Solrad(i) Solar radiation on day i mbar 

VPD Vapor pressure deficit mbar 
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Symbols Definitions Units 

PENMNSCS.BAS 

W Temperature-related weighing factor 

Yearmod4 Module of year by 4 
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APPENDIX B: 
Program Listing of SSWHS89.BAS 

'*** SSWHS89.BAS by Paule-Darly Cadot, August 1989 
'*** Dept of Agr. Eng., University of Arizona. 
/*** This program is a sizing procedure for small scale 
'*** water harvesting systems. 
'*** It is written with QUICKbasic version 4.0 
'*** it is used conjointly with two other separated programs '*** 
CLIMATE.BAS, PENMNSCS.BAS 
'MAIN PROGRAM 

'Declaration of subroutines 
DECLARE SUB cropgrl () 
'Declaration of common variables 
COMMON SHARED cropgr 
'DIMENSION ARRAYS 
OPTION BASE 1 
DIM month$(12), mthjuday(12), maxsun(12) 
DIM precip(2, 365), etr(2, 365), etm(2, 365) 
DIM rhmin(12), rhmax(12), windspd(12), obsun(12), windzm(12) 
DIM runoff(2, 366), cropcoef(4), lstage(4), deficit(2, 366) 
DIM sm(365), stress(250), surplus(2, 365) 
DIM numstrd(3), cum(3), eta(365) 

DATA MARCH,APRIL,MAY,JUNE,JULY,AUGUST,SEPTEMBER,OCTOBER, 
DECEMBER,JANUARY,FEBRUARY 

DATA 1,32,62,93,123,154,185,215,246,276,307,338 

FOR i = 1 TO 12 
READ month$(i): NEXT i 
FOR i = 1 TO 12 
READ mthjuday(i): NEXT i 

'SSWHS89.bas 
'In Quickbasic version 4.0 
'Development of a Model for Design of Small Scale Water Harvesting 
Systems 
'in Rainfed Agriculture. 
'M.S. Thesis, Dept. of Agr. Eng., U of A, August 1989. 
'Paule-Darly Cadot (Haiti). 

'*** SCREEN WELCOME 
KEY OFF: CLS 
PRINT : PRINT : PRINT 
PRINT TAB(IO); " *** WELCOME TO SSWHS89.BAS ***" 
PRINT 
PRINT TAB(IO); "This program is a sizing procedure for 

design " 
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PRINT TAB(IO); "of small scale water harvesting systems in 
rainfed " 

PRINT TAB(IO); "agriculture. It provides generated 
rainfall 

PRINT TAB(IO); "maximum and minimum temperatures and solar 
radiation" 

PRINT TAB(IO); "runoff, and reference evapotranspiration 
data," 

PRINT TAB(IO); "to size the system based on the water 
balance principle." 

PRINT TAB(IO); "Primarily, it looks at the possibility to 
store water" 

PRINT TAB(IO); "in the soil root zone for direct use by the 
crop." 

PRINT TAB(IO); "It treats one field at a time. " 
PRINT 
PRINT TAB(IO); "An application of the program is included 

for Sonoita, Az." 
PRINT TAB(10); "The main program is SSWHS89.BAS which is 

used conjointly" 
PRINT TAB(IO); "with two other separate programs : 

Climate.bas, Penmnscs.bas." 
PRINT TAB(IO); "The user is asked to enter data to 

initialize some of the" 
PRINT TAB(IO); "parameters used in the program." 
PRINT 
INPUT ; "Press RETURN to continue."; x$ 
'SCREEN - PROGRAM OPTIONS 
mainmenu: 
CLS: PRINT : PRINT : PRINT 
PRINT " *** MAIN MENU ***" 
PRINT 
PRINT TAB(15); "YOU HAVE THE FOLLOWING OPTIONS 
PRINT : TROFF 
PRINT TAB(15); "1-SETUP icollects and prepares the necessary 

input data" 
PRINT TAB(15); " for use in SIMULATION and RESULT." 
PRINT 
PRINT TAB(15); "2-SIMULATION :uses SETUP to compute the 

model components" 
PRINT TAB(15); " and size the system." 
PRINT 
PRINT TAB(15); "3-RESULT organizes SETUP and SIMULATION for 

output of" 
PRINT TAB(15); " a summary of the study and comments on 

screen, or" 
PRINT TAB(15); " printer." 
PRINT 
PRINT TAB(15); "4-END :end the program execution." 
PRINT 



INPUT ; "ENTER YOUR OPTION (1/2/3/4) >"; opt% 
IF opt% < 1 OR opt% > 4 THEN GOTO mainmenu 
ON opt% GOSUB setup, simulation, result, 20 

20 ' end the program 
CLS 
PRINT : PRINT : PRINT 
PRINT " *** THIS IS THE END OF THE PROGRAM EXECUTION ***" 
END 

ind%""""cLS SetUP: 

PRINT : PRINT 
PRINT "This subroutine, SETUP, collects data for SSWHS89.BAS" 
PRINT : PRINT : PRINT "YOU HAVE THE FOLLOWING OPTION 
PRINT 
PRINT TAB(15); "l-Enter new information from keyboard, if 

this is the" 
PRINT TAB(15); " first time you have used this program for 

the location." 
PRINT 
PRINT TAB(15); "2-Use already stored information from disk." 
PRINT 
INPUT "ENTER YOUR OPTION (1/2) > opt% 
IF opt% < 1 OR opt% > 2 THEN GOTO setup 
IF opt% = 1 THEN GOSUB enter 
IF opt% - 2 THEN GOSUB disk 
,===============*=================«=t=======================enter: 
CLS : PRINT : PRINT 
PRINT "This allows to enter :" 
PRINT 
PRINT TAB(15); "1-General information about the location" 
PRINT 
PRINT TAB(15); "2-Climate inputs" 
PRINT 
PRINT TAB(15); "3-Crop inputs" 
PRINT 
PRINT TAB(15); "4-Soil inputs" 
PRINT 
PRINT TAB(15); "5-Reference evapotranspiration and runoff 

data" 
PRINT TAB(15); "6-Or return to the MAIN MENU." 
PRINT 
INPUT "ENTER YOUR OPTION (1/2/3/4/5/6) > "; corr% 
IF corr% < 1 OR corr% > 6 THEN GOTO enter 
ON corr% GOSUB infoin, climatin, cropin, soil in, evaprun, 40 
40 RETURN mainmenu 
' »BB£SS8SBSBS888BS88SSSS8B88888SSBSSBSSaBSSSBS&8SS8S8SBSBS8j flfOl 11 

CLS : PRINT : PRINT 
'Information on the LOCATION. 
PRINT "ENTER THE FOLLOWING INFORMATION ABOUT THE LOCATION :" 



PRINT 
INPUT "l-Name of the location > locations 
INPUT "2-Name of the farm > farm$ 
INPUT "3-Elevation of the location (meter) --> elevation 
INPUT "4-Latitude of the location (degree C) --> latitude 
INPUT "5-Name of the crop to be grown > crop$ 
INPUT H6-Area of the field to cultivate (hectare) --> 
areafield 
INPUT "7-Field length in the slope direction (m) ---> 
length 
INPUT "8-Annual average precipitation (mm) --> "; avgprec 
55 INPUT "9-Today's date (month,day,year) ex. 6,22,89 --> 
month, day, year 
IF month > 0 AND month < 13 THEN 
IF day > 0 AND day < 32 THEN 56 
END IF 
56 IF year > 0 AND year < 100 THEN GOTO showinfo ELSE PRINT : GOTO 55 
showinfo: 
IF sav% = 3 THEN cor% = 2 
CLS 
PRINT : PRINT 
PRINT "GENERAL INFORMATION ABOUT THE LOCATION 
PRINT 
PRINT TAB(15); "1-Location's name > locations 
PRINT TAB(15); "2-Farm's name > farmS 
PRINT TAB(15); "3-Crop to be grown > cropS 
PRINT TAB(15); "4-Location's elevation -> elevation; " m" 
PRINT TAB(15); "5-Location's latitude --> latitude; " 

degree C" 
PRINT TAB(15); 

ha" 
PRINT TAB(15); "7-Field length > length; " m" 
PRINT TAB(15); "8-Averaqe precipitation > 

mm" 
PRINT TAB(15); 
V"; day; "/ 

60 PRINT 
INPUT "Are these information correct (Y/N) 
IF anslS = "y" OR anslS = "Y" THEN IF cor% = 2 
- "n" OR anslS = "N" THEN cor% - 1: GOSUB 

correction ELSE 60 
80 PRINT 
INPUT "Do you want to save this data (Y/N) > "; ans2$ 
IF ans2S - "y" OR ans2S = "Y" THEN sav% - 1: GOSUB store 
IF ans2$ » "n" OR ans2S = "N" THEN GOTO 90 ELSE GOTO 80 
90 IF sav% = 3 THEN RETURN disk ELSE RETURN enter 

CLS 
PRINT : PRINT 
'Information on CLIMATE 

"6-Area of the field > "; areafield; 

'7-Field length 
"8-Average precipitation 

"9-Today's date 
'; year 

avgprec; 

month; 

anslS 
THEN 90 ELSE 80 IF ans 
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PRINT "*** This enters information 
PRINT 
PRINT "a.About relative humidity, wind speed and observed sunshine," 
PRINT " for each month, beginning March." 
PRINT 
PRINT "b.About simulation of rainfall, temperature and radiation 
data" 
PRINT " from the program CLIMATE.BAS, Woolhiser (1988); if you 
do not" 
PRINT " have your own data." 
PRINT : PRINT 
INPUT "Enter your option (a/b) or (q) to quit > "; t$ 

IF t$ = "a" OR t$ = "A" THEN IF weat% = 1 THEN RETURN 725 ELSE GOTO 
climatl 
IF t$ = "b" OR t$ - "B" THEN GOTO climat2 
IF t$ = "q" OR t$ *= "Q" THEN IF weat% = 1 THEN RETURN disk ELSE RETURN 
enter 
GOTO climatin 
' BSBSSSSSS8SBSB>BSSBS8SSSSSBX88S8S88;SSBS&BS8SSaSBSSB3SSSB8BSQl 1 lUSt 1 « 

CLS 
PRINT : PRINT 
PRINT "ENTER THE FOLLOWING INFORMATION ABOUT THE CLIMATE :" 
PRINT " (Beginning with MARCH)" 
FOR i = I TO 12 
PRINT 
PRINT month$(i): PRINT 
INPUT "1-Monthly average minimum relative humidity (%) > "; 
rhmin(i) 
INPUT "2-Monthly average maximum relative humidity (%) --> 
rhmax(i) 
INPUT "3-Monthly maximum possible sunshine (hrs) ---> 
maxsun(i) 
INPUT "4-Monthly observed sunshine (hours) > 
obsun(i) 
INPUT "5-Monthly average windspeed (Km/day) > 
windspd(i) 
INPUT "6-Corresponding height of measurement (meter) > "; 
windzm(i) 
NEXT i 

showclimat: 
IF sav% * 3 THEN cor% = 2 
CLS 
PRINT : PRINT 
PRINT "CLIMATE INFORMATION :" 
FOR i - 1 TO 12 
PRINT 
PRINT month$(i) 
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PRINT 
PRINT TAB(15); "1-Minimum relative humidity > 
rhmin(i); " %" 
PRINT TAB(15); "2-Maximum relative humidity > 
rhmax(i); "%" 
PRINT TAB(15); "3-Maximum possible sunshine > 
maxsun(i); " hrs" 
PRINT TAB(15); "4-0bserved sunshine > 
obsun(i); " hrs" 
PRINT TAB( 15); "5-Windspeed > 
windspd(i); " Km/day" 
PRINT TAB(15); "6-Height of measurement > 
windzm(i); " m" 
PRINT : PRINT 
INPUT "Press RETURN to continue > "; r$ 
NEXT i 
100 PRINT 
INPUT "ARE THESE VALUES CORRECT (Y/N) ----> ansl$ 
IF ansl$ = "y" OR ansl$ = "Y" THEN IF cor% = 2 THEN 115 ELSE 110 
IF ansl$ = "n" OR ansl$ = "N" THEN cor% = 1: GOSUB correction ELSE 100 
110 PRINT 
INPUT "Do you want to save this data (Y/N) > ans2$ 
IF ans2$ = "y" OR ans2$ = "Y" THEN sav% = 1: GOSUB store 

IF ans2$ = "n" OR ans2$ = "N" THEN GOTO 115 ELSE GOTO 110 
115 IF sav% = 3 THEN RETURN disk ELSE RETURN enter 

CLS : PRINT : PRINT 
PRINT "Now the program is going to run CLIMATE.BAS to simulate the 
data." 
PRINT 
PRINT "Enter (s) if you need first to save your data, and (k) if 
you do not." 
116 PRINT : PRINT 
INPUT "Enter (K/S) ----> "; W$ 

IF W$ = "s" OR W$ = "S" THEN sav% •= 2: GOSUB store 
IF W$ = "k" OR W$ = "K" THEN 117 ELSE 116 
117 PRINT : PRINT 
INPUT "Put the program disk in the a: drive, <RETURN> to continue 

r$ 
SHELL "a:climate" 
RETURN enter 

CLS C ')in 
PRINT : PRINT 
'Information on the Crop. 
PRINT 
PRINT "This subroutine enters information about the chosen CROP " 
PRINT 
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PRINT "If you don't have your own data, you may use FAO #24 for 
estimation." 

CALL cropgrl 
CLS 
PRINT : PRINT 
PRINT "ENTER THE FOLLOWING INFORMATION ABOUT THE CROP 
PRINT 
IF cropgr = 0 THEN 130 ELSE 140 

130 INPUT "O-Maximum allowable soil depletion (%) > 
mad 
140 INPUT "1-Crop planting date (month,day) > 
cropmth, cropday 
IF cropmth > 0 AND cropmth < 13 THEN 
IF cropday > 0 AND cropday < 32 THEN 141 ELSE PRINT : GOTO 140 
END IF 

141 INPUT "2-Annual crop water use (mm) > 
wateruse 
INPUT "3-Length of growing season (days) > "; 
1 season 
INPUT "4-Diameter covered by the mature crop (m) > 11; 
diamcrop 
INPUT "5-Maximum rooting depth (meter) > droot 
142 INPUT "6-Time to attain maximum root (days) > 
matcrop 
IF matcrop > 1 season THEN 
PRINT : PRINT 
PRINT "This number should be less then the growing season, reenter" 
GOTO 142 
ELSE 

PRINT 
INPUT "7-How many growth stages the crop has > "; 
stageno 
1growth » 0 

FOR i • 1 TO stageno 
PRINT 11 Enter crop coefficient (fraction), stage length 

(days)" 
PRINT " for stage i 
INPUT "(crop coefficient, stage length) > "; 

cropcoef(i), lstage(i) 
1growth = 1growth + lstage(i) 
NEXT i 

IF lgrowth <> 1 season THEN PRINT : PRINT "Growing season should equal to 
sum of four stages, REENTER": PRINT : PRINT : GOTO 140 
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PRINT 
PRINT "You need to enter the productive life of the crop, (default=20)" 
144 PRINT 
INPUT "Enter (P) or press <RETURN> for default"; def$ 

IF def$ = "" THEN numsim = 20: GOTO showcrop ELSE 
IF def$ - "p" OR def$ = "P" THEN PRINT : INPUT "9-Enter the productive 

life"; numsim ELSE 144 
END IF 

showcrop: 
IF sav% = 3 THEN cor% = 2 
CLS 
PRINT : PRINT 
PRINT "CROP INFORMATION : 
PRINT 
PRINT TAB( 15) 
PRINT TAB(15) 
PRINT TAB(15) 
PRINT TAB(15) 
PRINT TAB(15) 
PRINT TAB(15) 

"1-Crop planting date 
"2-Crop annual water use 
"3-Length of growing season 
"4-Average diameter crop 
"5-Maximum rooting depth 
"6-Crop maturation 

cropmth; "/' 
wateruse; 
1 season; " 
diamcrop; 
droot 
matcrop; 1 

IF cropgr = 0 THEN 150 ELSE 160 
150 PRINT TAB(15); "7-Maximum allowable soil depletion > "; 
160 PRINT TAB(15); "7-Crop group > cropgr 

; cropday 
" mm" 
days" 

1 m" 

days" 

mad; 

PRINT TAB(15); "8-Number of stage in the growing season > "; stageno 
FOR i = 1 TO stageno 
PRINT TAB( 15); " Crop coefficient, length stage "; i; " > "; 
cropcoef(i); " ,"; Istage(i); " days" 
NEXT i 

PRINT TAB(15); "9-Productive life > "; numsim 

170 PRINT 
INPUT "ARE THESE VALUES CORRECT (Y/N) -—> "; ansl$ 

IF ansl$ - "y" OR anslS = "Y" THEN IF cor% = 2 THEN 190 ELSE 180 
IF ansl$ = "n" OR ansl$ = "M" THEN cor% = 1: GOSUB correction ELSE GOTO 
170 
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180 PRINT 
INPUT "Do you want to save this data (Y/N) > ans2$ 
IF ans2$ = "y" OR ans2$ = "Y" THEN sav% = 1: GOSUB store 
IF ans2$ = "n" OR ans2$ = "N" THEN GOTO 190 ELSE GOTO 180 
190 IF sav% = 3 THEN RETURN disk ELSE RETURN enter 

CLS 
PRINT : PRINT 
PRINT "This subroutine enters information about the SOIL." 
PRINT 
PRINT "ENTER THE FOLLOWING INFORMATION ABOUT THE SOIL 
PRINT 
INPUT "1-Treatment of runoff area (smoothing, compaction..) > 
treatments 
INPUT "2-Field capacity (% volume) > "; soilfc 
INPUT "3-Permanent wilting point {% volume) > "; 
soilpwp 
INPUT "4-Average infiltration capacity (mm/hr) --- > "; 
infilcap 
PRINT "5-Runoff curve number, use any hydrologic book, select curve 
number" 
INPUT " for dry, normal, and wet conditions (cnl, cn2, cn3) ---> cnl, 
cn2, cn3 
INPUT "6-Soil depth (m) - > "; dsoil 
INPUT "7-Average slope of the field (m/m) —> slope 

showsoil: 
IF sav% = 3 THEN cor% = 2 
CLS 
PRINT : PRINT 
PRINT "SOIL INFORMATION 
PRINT 
PRINT TAB(IO); "1-Treatment of runoff area > " 
PRINT TAB(IO); "2-Field slope > 
PRINT TAB(IO); "3-Field capacity -> " 
PRINT TAB(IO); "4-Permanent wilting point > ": 
PRINT TAB(IO); "5-Infiltration capacity > "; infilcap; " mm/hr" 
PRINT TAB(IO); "6-Runoff curve numbers > "; cnl; cn2; 
cn3 
PRINT TAB(IO); "7-Soil depth -> dsoil 
200 PRINT : PRINT 
INPUT "Are these values correct (Y/N) > "; ansl$ 

IF ansl$ = "y" OR ansl$ - "Y" THEN IF cor% = 2 THEN 215 ELSE 210 
IF ansl$ = "n" OR ansl$ = "N" THEN cor% = 1: GOSUB correction ELSE GOTO 
200 
210 PRINT 
INPUT "Do you want to save this data (Y/N) > ans2$ 

treatments 
slope; " m/m" 
soilfc; " %" 
soilpwp; " %" 

IF ans2$ = "y" OR ans2$ = "Y" THEN sav% = 1: GOSUB store 
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IF ans2$ = "n" OR ans2$ = "N" THEN 215 ELSE GOTO 210 

215 IF sav% = 3 THEN RETURN disk ELSE RETURN enter 

cirrssrrssi evaprun: 
PRINT "Now the SSWHS89.bas is going to run the PENMNSCS.bas program." 
PRINT : PRINT "Be sure you have the climat, crop, and soil data" 
PRINT : PRINT "Enter (s) if you need first to save your data, (k) if you 
do not." 
216 PRINT : INPUT "(S/K) > "; r$ 
IF r$ = "s" OR r$ = "S" THEN sav% = 2: GOSUB store 
IF rS = "k" OR r$ = "K" THEN 217 ELSE 216 
217 PRINT : PRINT 
INPUT "Put the program disk in the a: drive, <RETURN> to continue ---> "; 
r$ 
SHELL "aipenmnscs" 
GOSUB evaprunread 

'This subroutine allows to correct the input data." 
IF corr% * 1 THEN GOSUB infocor 
IF corr% = 2 THEN GOSUB climatcor 
IF corr% = 3 THEN GOSUB cropcor 
IF corr% • 4 THEN GOSUB soil cor 
'******** 

infocor: 
IF sav% = 3 THEN cor% = 2 
CLS : PRINT : PRINT 
PRINT "LOCATION INFORMATION 
PRINT 
PRINT TAB(15); "l-Location's name > "; locations 
PRINT TAB(15); "2-Farm's name > farm$ 
PRINT TAB(15); "3-Crop to grow > crop$ 
PRINT TAB(15); "4-Location's elevation > "; elevation; "m" 
PRINT TAB(15); "5-Location latitude > latitude; " degree C" 
PRINT TAB(15); "6-Field area > "; areafield; " ha" 
PRINT TAB(15); "7-Field length > "; length; "m" 
PRINT TAB(15); "8-Average precipitation > "; avgprec; " mm" 
PRINT TAB( 15); "9-Today's date > "; month; "/"; day; " / 

year 
PRINT TAB(15); "lO-Or all corrections are made" 
250 PRINT 
INPUT "ENTER THE APPROPRIATE NUMBER (1...10) -—> "; numbl% 

IF numbl% < 1 OR numbl% > 10 THEN 250 
ON numbl% GOTO 260, 280, 300, 310, 320, 330, 340, 350, 360, 365 
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260 PRINT 
INPUT "The new location's name is > locations 
GOTO infocor 
280 PRINT 
INPUT "The new farm's name is > farm$ 
GOTO infocor 
300 PRINT 
INPUT "The new crop to grow is > crop$ 
GOTO infocor 
310 PRINT 
INPUT "The new location's elevation (meter) is > elevation 
GOTO infocor 
320 PRINT 
INPUT "The new location's latitude (degree C) is > "; latitude 
GOTO infocor 
330 PRINT 
INPUT "The new field's area (hectare is) > areafield 
GOTO infocor 
340 PRINT 
INPUT "The new field length in the slope direction (m) is > length 
GOTO infocor 
350 PRINT 
INPUT "The new annual precipitation (mm) is > avgprec 
GOTO infocor 
360 PRINT 
INPUT "The new date (month,day,year) is > month, day, year 
GOTO infocor 

365 PRINT 
INPUT "Do you need to save this data (Y/N) > r$ 
IF r$ = "y" OR r$ = "Y" THEN GOSUB store 
IF r$ = "n" OR r$ = "N" THEN 366 ELSE 365 

366 IF cor% = 2 THEN RETURN disk ELSE RETURN enter 
' BB8SSBBBSSBSS88BBBMBBBSaBSBBBSSSBBBSBBBBSSSSa8SSaeSBSBB88S^| *j I 

IF sav% = 3 THEN cor% = 2 
CLS 
PRINT : PRINT 
PRINT "CLIMATE INFORMATION :" 
PRINT 
FOR i - 1 TO 12 
xx: CLS 
PRINT : PRINT TAB(15); month$(i): PRINT 
PRINT TAB(15); "1-Minimum relative humidity > "; rhmin(i); " %" 
PRINT TAB(15); "2-Maximum relative humidity > "; rhmax(i); " %" 
PRINT TAB(15); "3-Maximum sunshine > maxsun(i); " hrs" 
PRINT TAB(15); "4-Observed sunshine > obsun(i); " hrs" 
PRINT TAB(15); "5-Wind speed 
Km/day" 
PRINT TAB(15); "6-Height of measurement 

--> windspd(i); 

> windzm(i); " m 
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PRINT TAB(15); "7-Or go to the next month" 
PRINT TAB(15); "8-0r all corrections are made" 
PRINT 
INPUT "ENTER THE APPROPRIATE NUMBER (1...8) > numb2% 

IF numb2% < 1 OR numb2% > 8 THEN GOTO climatcor 
ON numb2% GOTO 380, 390, 395, 400, 410, 420, 440, 450 

380 PRINT 
INPUT "The new minimum relative humidity (%) is > "; rhmin(i) 
GOTO xx 
390 PRINT 
INPUT "The new maximum relative humidity (%) is > rhmax(i) 
GOTO xx 
395 PRINT 
INPUT "The new maximum possible sunshine (hrs) is > "; maxsun(i) 
GOTO xx 
400 PRINT 
INPUT "The new observed sunshine (hrs) is > "; obsun(i) 
GOTO xx 
410 PRINT 
INPUT "The new windspeed (Km/day) is > windspd(i) 
GOTO xx 
420 PRINT 
INPUT "The new height of measurement (m) is > "; windzm(i) 
GOTO xx 
440 PRINT 
NEXT i 
GOTO climatcor 
450 PRINT 
INPUT "Do you need to save this data (Y/N) > "; r$ 
IF r$ = "y" OR r$ = "Y" THEN GOSUB store 
IF r$ = "n" OR r$ = "N" THEN 452 ELSE 450 

452 IF cor% = 2 THEN RETURN disk ELSE RETURN enter 

3 THEN cor% IF sav% 
CLS 
PRINT : 
PRINT 
PRINT 
PRINT TAB(15); 
PRINT TAB(15); 
PRINT TAB(15); 
PRINT TAB(15); 
PRINT TAB(15); 
PRINT TAB(15); 

PRINT 
CROP INFORMATION 

"1-Planting date 
"2-Annual water used 
"3-Length of growing season 
"4-Average diameter covered 
"5-Maximum rooting depth 
"6-Crop maturation 

=cropcor: 

cropmth; "/"; cropday 
wateruse; " mm" 
1 season; "days" 
diamcrop; " m" 
droot; " m" 
matcrop; " days" 

IF cropgr - 0 THEN 460 ELSE 470 
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460 PRINT TAB(15); "7-Maximum allowable soil depletion > mad; 

470 PRINT TAB( 15); "7-Crop group - ---> cropgr 
PRINT TAB(15); "8-Number of stage in the growing season > stageno 

FOR i = 1 TO stageno 
PRINT TAB( 15); " Crop coefficient, Length of stage i; " ---> 
cropcoef(i); lstage(i) 
NEXT i 

PRINT TAB(15); "9-Productive life > numsim 
PRINT TAB(15); "lO-Or all corrections are made" 
PRINT 
INPUT "ENTER THE APPROPRIATE NUMBER > numb3% 

IF numb3% < 1 OR numb3% >11 THEN GOTO cropcor 
ON numb3% GOTO 480, 490, 500, 510, 520, 530, 540, 550, 570, 580 

480 PRINT 
INPUT "The new planting date (month,day) is > "; cropmth, cropday 
GOTO cropcor 
490 PRINT 
INPUT "The new annual water used (mm) is > "; wateruse 
GOTO cropcor 
500 PRINT 
INPUT "The new length of growing season (days) is > lseason 
GOTO cropcor 
510 PRINT 
INPUT "The new diameter covered (m) is > diamcrop 
GOTO cropcor 
520 PRINT 
INPUT "The new maximum rooting depth (m) is > droot 
GOTO cropcor 
530 PRINT 
INPUT "The new time for maturation (days) is > "; matcrop 
GOTO cropcor 
540 PRINT 
IF cropgr = 0 THEN 544 ELSE 545 
544 INPUT "The new maximum allowable soil depletion (%) is > "; mad: 
GOTO 548 
545 PRINT 
CALL cropgrl 
548 GOTO cropcor 
550 PRINT 
INPUT "The new number of stage in the growing season is > "; stageno 
PRINT 
FOR i = 1 TO stageno 
PRINT "The new crop coefficient (fraction), length (days) of stage i 
INPUT " > "; cropcoef(i), lstage(i) 
NEXT i 



GOTO cropcor 

n . ; r$ 

570 PRINT 
PRINT "The new productive life (years) is " 
INPUT "Enter (P) or <RETURN> for default=20 
IF r$ = "" THEN numsim «= 20: GOTO 571 
IF r$ = "p" OR r$ = "P" THEN INPUT " > numsim ELSE 570 
571 GOTO cropcor 

580 PRINT 
INPUT "Do you need to save this data (Y/N) > 11; r$ 
IF r$ = "y" OR r$ = "Y" THEN GOSUB store 
IF r$ = "n" OR r$ = "N" THEN 582 ELSE 580 

582 IF cor% = 2 THEN RETURN disk ELSE RETURN enter 

IF sav% = 3 THEN cor% = 2 
CLS 
PRINT : PRINT 
PRINT "SOIL INFORMATION 
PRINT 

=soilcor: 

"1-Treatment of runoff area 
"2-Field slope 
"3-Field capacity 
"4-Permanent wilting point 
"5-Infiltration capacity 

treatments 
slope; "m/m" 
soilfc; " %" 
soilpwp; " %" 
infilcap; " mm/hr 

"6-Runoff curve numbers > cnl; cn2; " 

> dsoil; " m" 

PRINT TAB(IO) 
PRINT TAB(IO) 
PRINT TAB(IO) 
PRINT TAB(IO) 
PRINT TAB(IO) 
PRINT TAB(IO) 
cn3 
PRINT TAB(IO); "7-Soil depth 
PRINT TAB(IO); "8-0r all corrections are made" 
PRINT 
585 INPUT "ENTER THE APPROPRIATE NUMBER —-> (1...8) numb4% 

IF numb4% < 1 OR numb% > 9 THEN 585 
ON numb4% GOTO 600, 610, 630, 640, 650, 660, 670, 680 

600 PRINT 
INPUT "The new runoff treatment (smoothing,compacting,..) is 
treatments 
GOTO soil cor 
610 PRINT 
INPUT "The new field slope (m/m) is > "; slope 
GOTO soilcor 
630 PRINT 
INPUT "The new field capacity (%) is > soilfc 
GOTO soil cor 
640 PRINT 
INPUT "The new permanent wilting point (%) is > "; soilpwp 
GOTO soil cor 
650 PRINT 

> 



INPUT "The new infiltration capacity (mm/hr) is > infilcap 
GOTO soil cor 
660 PRINT 
INPUT "The new runoff CN (cnl, cn2, cn3) are > cnl, cn2, cn3 
GOTO soil cor 
670 PRINT 
INPUT "The new soil depth (m) is —-> dsoil 
GOTO soil cor 

680 PRINT 
INPUT "Do you need to save this data (Y/N) > r$ 
IF r$ = "y" OR r$ = "Y" THEN GOSUB store ELSE 
IF r$ = "n" OR r$ = "N" THEN 681 ELSE 680 

681 IF cor% = 2 THEN RETURN disk ELSE RETURN enter 
's=ss===========s=ss=ss=s==s=sssss=sss=s==ssss===sss==sc====stOr6; 
IF ind% = 1 OR ind% = 2 THEN 710 
CLS 
PRINT : PRINT 
PRINT "This subroutine allows to save the input data." 
PRINT 
INPUT "Put the data disk in ardrive and <RETURN> to continue > " 
ind% = 1 

710 IF corr% = 1 THEN GOSUB infosav 
IF corr% = 2 THEN GOSUB climatsav 
IF corr% = 3 THEN GOSUB cropsav 
IF corr% = 4 THEN GOSUB soilsav 
*********** 

infosav: 
CLS 
PRINT : PRINT : PRINT 
PRINT " SAVING THE INFORMATION ABOUT THE LOCATION." 
f5$ = "arinfo.dat" 

OPEN f5$ FOR OUTPUT AS #5 
WRITE #5, locations 
WRITE #5, farm$ 
WRITE #5, cropS 
WRITE #5, elevation 
WRITE #5, latitude 
WRITE #5, areafield 
WRITE #5, length 
WRITE #5, avgprec 
WRITE #5, month, day 
WRITE #5, year 
CLOSE #5 

PRINT 
INPUT "Press <RETURN> to continue —rS 



IF sav% = 2 OR sav% = 3 THEN ind% = 2: RETURN disk ELSE RETURN enter 
'BXSsazEsssssssszsssBSBBSsssssssaBssssssESEBSxsssssssssssszBC]imatsav 
CLS 
PRINT : PRINT : PRINT 
PRINT H SAVING THE CLIMATE INFORMATION." 
f2$ = "a:climat.dat" 

OPEN f2$ FOR OUTPUT AS #2 
FOR i = 1 TO 12 

WRITE #2, rhmin(i) 
WRITE #2, rhmax(i) 
WRITE #2, maxsun(i) 
WRITE #2, obsun(i) 
WRITE #2, windspd(i) 
WRITE #2, windzm(i) 

NEXT i 
CLOSE #2 

PRINT 
INPUT "Press <RETURN> to continue."; r$ 
IF sav% = 2 OR sav% = 3 THEN ind% = 2: RETURN disk ELSE RETURN enter 

CLS " 
PRINT : PRINT : PRINT 
PRINT " SAVING THE CROP INFORMATION." 
f3$ = "a:crop.dat" 

OPEN f3$ FOR OUTPUT AS #3 
WRITE #3, cropgr 
IF cropgr - 0 THEN WRITE #3, mad 
WRITE #3, cropmth, cropday 

WRITE #3, wateruse 
WRITE #3, 1 season 
WRITE #3, diamcrop 
WRITE #3, droot 
WRITE #3, matcrop 
WRITE #3, stageno 
FOR i - 1 TO stageno 
WRITE #3, cropcoef(i), lstage(i) 
NEXT i 
WRITE #3, numsim 

CLOSE #3 

PRINT 
INPUT "Press <RETURN> to continue."; rS 
IF sav% = 2 OR sav% - 3 THEN ind% - 2: RETURN disk ELSE RETURN enter 
' ==s;==s=s:=BsssBSSsa:sss;a:E:a:ss==ss=s======BBsssz=ss=a===ssz=E==50^ "| S3V • 

CLS 
PRINT : PRINT : PRINT 
PRINT " SAVING THE SOIL INFORMATION." 
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f4$ - "arsoil.dat" 

OPEN f4$ FOR OUTPUT AS #4 
WRITE #4, treatments 
WRITE #4, slope 
WRITE #4, soilfc 
WRITE #4, soilpwp 
WRITE #4, infilcap 
WRITE #4, cnl, cn2, cn3 
WRITE #4, dsoil 
CLOSE #4 

PRINT 
INPUT "Press <RETURN> to continue."; r$ 
IF sav% = 2 OR sav% - 3 THEN ind% = 2: RETURN disk ELSE RETURN enter 

IF ind% = 2 THEN 715 
CLS 
PRINT : PRINT 
PRINT "This subroutine allows to read input data from disk." 
PRINT 
PRINT "Put the data disk in the a: drive and <RETURN> to continue ---> 
r$ 
ind% = 2: sav% « 3: cor% = 2 
715 CLS 
PRINT : PRINT 
PRINT "*** Which data do you want to read ?" 
PRINT 
PRINT "l-General information about the LOCATION" 
PRINT "2-Climate data" 
PRINT "3-Crop data " 
PRINT "4-Soil data " 
PRINT "5-Precipitation, reference evapotranspiration, runoff data for" 
PRINT " the chosen design years, and ten year return period runoff" 
PRINT "6-Or return to the MAIN MENU." 
720 PRINT 
INPUT "ENTER THE APPROPRIATE NUMBER (1/2/3/4/5/6) ----> "; corr% 

IF corr% < 1 OR corr% > 6 THEN 720 
ON corr% GOTO inforead, climatread, cropread, soil read, evaprunread, 730 

inforead: 
CLS 
PRINT : PRINT 
PRINT " READING THE INFORMATION ABOUT THE LOCATION." 
f5$ » "arinfo.dat " 

OPEN f5$ FOR INPUT AS #5 
ON ERROR GOTO nofile 
INPUT #5, locations 
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INPUT #5, 
INPUT #5, 
INPUT #5, 
INPUT #5, 
INPUT #5, 
INPUT #5, 
INPUT #5, 
INPUT #5, 
INPUT #5, 
CLOSE #5 

PRINT 
INPUT "Press <RETURN> to continue."; r$ 
GOSUB showinfo 

weat% = 1: GOSUB climatin 
725 CLS 
PRINT : PRINT 
PRINT " READING THE CLIMATE INFORMATION." 
f2$ - "arclimat.dat" 

OPEN f2$ FOR INPUT AS #2 
ON ERROR GOTO nofile 
FOR i = 1 TO 12 

INPUT #2, rhmin(i) 
INPUT #2, rhmax(i) 
INPUT #2, maxsun(i) 
INPUT #2, obsun(i) 
INPUT #2, windspd(i) 
INPUT #2, windzm(i) 

NEXT i 
CLOSE #2 

PRINT 
INPUT "Press <RETURN> to continue."; r$ 
GOSUB showclimat 
'BEXSSBSSBSEBCSBCESSSSSSSSSSBBSSZSSaSSBSSSESSSBnSESacaSSSBSQfOpfgjd; 

CLS 
PRINT : PRINT 
PRINT " READING THE CROP INFORMATION." 
f3$ - "a:crop.dat" 

OPEN f3$ FOR INPUT AS #3 
ON ERROR GOTO nofile 
INPUT #3, cropgr 
IF cropgr - 0 THEN INPUT #3, mad 
INPUT #3, cropmth, cropday 
INPUT #3, wateruse 
INPUT #3, 1 season 
INPUT #3, diamcrop 

farm$ 
crop$ 
elevation 
latitude 
areafield 
length 
avgprec 
month, day 
year 



INPUT #3, droot 
INPUT #3, matcrop 
INPUT #3, stageno 
FOR i = 1 TO stageno 
INPUT #3, cropcoef(i), lstage(i) 
NEXT i 
INPUT #3, numsim 
CLOSE #3 

PRINT 
INPUT "Press <RETURN> to continue."; r$ 
GOSUB showcrop 

CLS 
PRINT : PRINT 
PRINT " READING THE SOIL INFORMATION." 
f4$ = "arsoil.dat" 

OPEN f4$ FOR INPUT AS #4 
ON ERROR GOTO nofile 
INPUT #4, treatments 
INPUT #4, slope 
INPUT #4, soilfc 
INPUT #4, soilpwp 
INPUT #4, infilcap 
INPUT #4, cnl, cn2, cn3 
INPUT #4, dsoil 
CLOSE #4 

PRINT 
INPUT "Press <RETURN> to continue."; r$ 
GOSUB showsoil 

evaprunread: 
IF cropmth > 2 THEN cr - cropmth - 2: GOTO hh 
cr • cropmth +10 
hh: crjuday - mthjuday(cr) + cropday - 1 
harvestday - crjuday + 1 season 
11 = crjuday + lstage(l): 12 - lstage(2) + 11: 13 = lstage(3) + 12 
critro « 1000: maxdef = -1000 
CLS : PRINT : PRINT 
PRINT " * READING THE PRECIPITATION, REFERENCE EVAPOTRANSPIRATION" 
PRINT " AND RUNOFF DATA FOR THE DESIGN YEAR(S)" 
f6$ « "a:penscs.wkl" 
OPEN f6$ FOR INPUT AS #6 
INPUT #6, x 
FOR m - 1 TO x 
FOR i - 1 TO 365 
INPUT #6, d, d, d, precip(m, i), etr(m, i), runoff(m, i) 
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IF i >= crjuday AND i <= harvestday THEN GOTO ii ELSE surplus(m, i) = 
precip(m, i): deficit(m, i) = 0: GOTO pp: 
ii: IF i <= 11 THEN etm(m, i) = etr(m, i) * cropcoef(l): GOTO jj 
IF i <=12 THEN etm(m, i) = etr(m, i) * cropcoef(2): GOTO jj 
IF i <= 13 THEN etm(m, i) - etr(m, i) * cropcoef(3): GOTO jj 
etm(m, i) - etr(m, i) * cropcoef(4) 
jj: deficit(m, i) = etm(m, i) - precip(m, i) 
IF deficit(m, i) < 0 THEN surplus(m, i) = ABS(deficit(m, i)): deficit(m, 
i) = 0: GOTO kk 
surplus(m, i) = 0 
IF deficit(m, i) < maxdef THEN GOTO kkl 
maxdef = deficit(m, i) 
kk: IF i - 1 THEN GOTO pp 
kkl: IF runoff(m, i) - 0 THEN GOTO pp 
IF runoff(m, i) > critro THEN GOTO pp 
critro = runoff(m, i) 
pp: NEXT i: NEXT m 
INPUT #6, designro, desprec 
CLOSE #6 
IF critro = 0 THEN desccar = 0: GOTO ss 
desccar = INT(maxdef / critro) 
PRINT "maxdef critro,desccar"; maxdef, critro, desccar 
ss: GOSUB simulation 
730 PRINT : PRINT 
INPUT "Press <RETURN> to continue > "; r$ 

RETURN mainmenu 

'Declaration of constant values. 
cumexro = 0: numstrday = 0 
rt = droot / matcrop 'Linear relationship for root growth, m. 
ws = 5 'Default maximum % acceptable stress level. 
si = 7 'Default maximum catchment slope. 
fs = 1.5 'Default safety factor to design. 
matime - crjuday + matcrop 
lccar = 10 
'Total available soil water assumed constant, mm. 
taw = (soilfc - soilpwp) / 100 

CLS : PRINT : PRINT : PRINT 
PRINT "This routine, SIMULATION, is the sizing procedure of the program." 
PRINT : PRINT 
745 PRINT : PRINT 
PRINT "YOU HAVE THE FOLLOWING OPTION :" 
PRINT : PRINT 
PRINT TAB(IO); "l-Simulate the system for the chosen design years. Be 
sure" 
PRINT TAB(IO); " you already have the complete data input before using 
this option" 
PRINT 
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PRINT TAB(IO); "2-Size the system and give recommendations." 
PRINT 
PRINT TAB(IO); "3-Or <RETURN> to the main menu." 
750 PRINT 
INPUT "ENTER YOUR CHOICE (1/2/3) > "j choice% 

IF choice% < 1 OR choice% > 3 THEN 750 
ON choice% GOTO waterbalance, size, mainmenu 
'******** 
waterbalance: 
CLS : PRINT : PRINT 
PRINT "The system will be designed based on the day of maximum stress." 
PRINT 
PRINT "1-The criterion used for the first estimation of the system size 
depends" 
PRINT " on an acceptable water stress level less or equal to 5% of ETm." 
PRINT "2-The catchment to cultivated area ratio is limited to 10 
(depending " 
PRINT " on the location this limit may be bigger)." 
PRINT "3-The maximum catchment slope will be limited to 7%." 
PRINT "4-A safety factor of 1.5 will be applied to the final design." 
PRINT 
PRINT "If you want to change one of these values enter the corresponding" 
wl: PRINT : INPUT "number (1/2/3/4) or (0) to continue > value% 
IF value% < 0 OR value% > 4 THEN GOTO wl 
IF value% « 0 THEN GOTO w2 
PRINT 
IF value% = 1 THEN INPUT "Enter the acceptable stress level (%) is > 
"• ws: GOTO wl 
IF value% = 2 THEN INPUT "The limit of CCAR (real) is > lccar: GOTO 
wl 
IF value% « 3 THEN INPUT "The maximum slope is (m/m) > si: GOTO wl 
IF value% = 4 THEN INPUT "The safety factor (real) is > fs: GOTO 
wl 

w2: IF desccar > lccar THEN desccar = lccar 
PRINT : PRINT 
INPUT "Enter the drive and file name to use, i.e a:result or b:result ---> 

f8$ 
f8$ - f8$ + ".wkl" 
OPEN f8$ FOR OUTPUT AS #8 
PRINT #8, USING "# ###"; x; harvestday 

751 PRINT : PRINT 
PRINT "Do you want a weekly summary of the result on screen" 
PRINT : INPUT "(Y/N) > r$ 
IF r$ = "y" OR r$ = "Y" THEN res% - 1: GOTO 752 
IF r$ = "n" OR r$ - "N" THEN 752 ELSE 751 
752 sml - .5 * taw * dsoil 
PRINT "crjuday, harvestday x "; crjuday; harvestday; x 
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CLS 
PRINT • 

• PRINT 
PRINT II MAKING FIRST ESTIMATION OF THE RUNOFF AREA AND " 
PRINT 
PRINT n CALCULATING THE DAILY WATER STRESS FOR THE TWO DESIGN 

FOR m as 1 TO x 
k = 0 
FOR j = 1 TO 53 
FOR i = 1 TO 7 
k - k + 1 

'DAP is day after planting up to maturation time. 
800 IF k >= crjuday AND k <= harvestday THEN 802 ELSE mat% = 0: eta(k) = 
.1 * etr(m, k): GOTO 830 
802 mat% = 1 
IF m = 1 THEN 806 ELSE 809 
806 dap = k - crjuday 

807 rtdepth = rt * dap * 1000 'Current root depth, mm. 
IF rtdepth > droot * 1000 THEN rtdepth = droot * 1000 
IF rtdepth > dsoil * 1000 THEN rtdepth = dsoil * 1000 
caw = taw * rtdepth 'Current soil water available to crop, mm. 

809 'Mad, maximum or current allowable soil depletion, fraction. 
IF cropgr = 0 THEN mad = mad / 100: GOTO 815 
'Reference FAO #33 p28, MAD=f(ETm) 
810 IF cropgr = 1 THEN mad = .52666 - .03916 * deficit(m, k): IF mad >= 
.5 THEN GOTO 815 ELSE mad = .5: GOTO 815 
IF cropgr = 2 THEN mad = .719444 - .05416 * deficit(m, k): IF mad >= .675 
THEN GOTO 815 ELSE mad = .675: GOTO 815 
IF cropgr = 3 THEN mad = .8575 - .05958 * deficit(m, k): IF mad >= .8 THEN 
GOTO 815 ELSE mad = .8: GOTO 815 
mad » .951388 - .06041 * deficit(m, k): IF mad > .875 THEN mad = .875 

815 craw = (1 - mad) * caw 'Readily soil water available, mm. 
IF deficit(m, k) > 0 THEN 816 ELSE defi% = 1: soilcont = 0: stress(k) = 
0: eta(k) - etm(m, k): ccar$ - "OK": GOTO 830 
816 defi% - 0 
830 sm(k) - sml + surplus(m, k) + runoff(m, k) * desccar 
IF sm(k) < 0 THEN sm(k) = 0 
835 IF sm(k) > taw * dsoil * 1000 THEN excess • sm(k) - taw: sm(k) = taw: 
cumexro - cumexro + excess 
IF mat% - 1 THEN GOTO 840 ELSE GOTO 850 'If in growing season. 
840 IF defi% - 1 THEN 843 
IF k = crjuday THEN soilcont = 0: eta(k) = precip(m, k): psm = sm(k) / taw 
* dsoil: stress(k) - deficit(m, k): GOTO 842 
psm = sm(k) / caw 
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IF sm(k) >= craw THEN eta(k) - etm(m, k): soilcont » deficit(m, k): 
stress(k) = 0: ccar$ - "OK": GOTO 843 
soilcont = psm * etm(m, k) / mad 
IF soilcont > sm(k) THEN soilcont « sm(k) 
IF soilcont > deficit(m, k) THEN soilcont = deficit(m, k) 
836 eta(k) = soilcont + precip(m, k) 
stress(k) = etm(m, k) - eta(k) 
842 IF stress(k) <« (ws * etm(m, k) / 100) THEN ccar$ = "OK": GOTO 843 
numstrday = numstrday + 1 
ccar$ = "I-N" 
843 IF res% = 1 THEN 846 ELSE 849 
'If user wants weekly summary and if this is final calculation. 
846 IF i = 1 OR k = crjuday THEN 847 ELSE 848 
847 PRINT : PRINT "I-N - Irrigation needed; OK = Stress level is accepted; 
fr=fraction": PRINT 
PRINT "DAY Root stage(mm) ETm(mm) Soilmoist.(fr) Stress(mm) 
Comment" 
PRINT "========================================= ============="848 
PRINT USING "### ####.# ##.## ##.## 
k; rtdepth; etm(m, k); psm; stress(k); : PRINT " "; ccar$ 
849 PRINT #8, USING "##.## ##.## ##.##"; etm(m, k); eta(k); stress(k) 
850 IF mat% - 1 THEN depletion = soilcont ELSE depletion = eta(k) 
sml * sm(k) - depletion 
IF sml < 0 THEN sml = 0 

IF res% - 1 AND matX - 1 THEN 851 ELSE 853 
851 IF i = 7 THEN 852 ELSE 853 
IF (harvestday - k) < 7 AND k - harvestday THEN 852 ELSE 853 
852 PRINT : INPUT "Press <RETURN> to continue > "; r$ 
853 IF k >= 365 THEN an% = 1: EXIT FOR 
NEXT i 

IF an% = 1 THEN EXIT FOR 
NEXT j 
cum(m) « cumexro: numstrd(m) - numstrday 
NEXT m 

cumro - 1000: numstr = 1000 
FOR m = 1 TO x 
IF cum(m) > cumro THEN GOTO 11 
cumro = cum(m) 
11: IF numstrd(m) > numstr THEN GOTO oo 
numstr = numstrd(m) 
oo: NEXT m 

PRINT #8, USING "###.## ###.## ###.##"; numstr; cumro; desccar 
PRINT #8, USING •###.#"; desprec 
CLOSE #8 

PRINT : PRINT : PRINT 
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PRINT " You have studied the system for the design year(s)." 
PRINT : PRINT 
INPUT "Press <RETURN> to continue > r$ 
ind% = 4 
GOSUB size 

IF ind% = 4 THEN 880 
CLS : PRINT : PRINT 
INPUT "Enter the drive and file name of the result disk > 11; f8$ 
f8$ - f8$ + ".wkl" 
OPEN f8$ FOR INPUT AS #8 
ON ERROR GOTO nofile 
INPUT #8, x, harvestday 
FOR m = 1 TO x 
FOR k » 1 TO harvestday 
INPUT #8, etm(m, k), eta, stress(k), ccar$ 
NEXT k: NEXT m 
INPUT #8, numstr, cumro, desccar 
INPUT #8, desprec 
CLOSE #8 

880 sizing: CLS 
PRINT 
PRINT "A typical storm duration = 6 hrs is assumed, for structure design." 
PRINT 
INPUT "Enter the storm duration (hr) or <RETURN> for default = 6 hrs > 

r$ 
IF r$ = "" THEN duration = 6: GOTO 885 
PRINT 
INPUT "Enter the storm duration (hrs) > duration 
PRINT : PRINT 
PRINT "CALCULATING THE FINAL SYSTEM SIZE ..." 

885 'Calculation of the system size 
cultarea - (3.1416 * diamcrop A 2) / 4 
catcarea • desccar * cultarea 
areaunit « cultarea + catcarea 
numunits « INT(10000 * areafield / areaunit) 
percult = 100 * cultarea * numunits / (areafield * 10000) 
percro «= 100 * catcarea * numunits / (areafield * 10000) 
lunitsys - catcarea / diamcrop 
IF designro > 3 * 25.4 THEN designro = 1.5 * designro: GOTO 886 
designro » 3 * 25.4 
'Calculation of the peak runoff rate for design of the hydraulic 
structures. 
'Using the SCS methods. 
886 tc - .0195 * lunitsys A .77 * si A -.385 'concentration time. 
IF tc - 0 THEN peakro = 0: GOTO w3 
tp - duration / 2 + .6 * tc 'time to peak. 
peakro - .0021 * designro * areaunit / tp 'peak runoff rate. 
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PRINT : INPUT "Press <RETURN> to continue > r$ 

w3: CLS : PRINT 
PRINT "The above assumptions lead to 
PRINT 
PRINT "1) A system unit size of > areaunit; " mA2" 
PRINT 
PRINT "2) and there is > numunits; " system units ("; numunits; " 
crops)" 
PRINT " i.e > "; percult; " is cultivated and >"; percro; 
"provides runoff." 
PRINT 
PRINT "3) Total excess runoff of > cumexro; " mm" 
PRINT 
PRINT "4) A ten year return period runoff design of > designro; " 
mm" 
PRINT " i.e, a peak runoff rate of > "; peakro; " mA3/s" 
PRINT 
PRINT "5) The crop will be stressed during numstr; " days at a level 
more" 
PRINT " than the accepted one." 
PRINT : INPUT "Press <RETURN> to continue > "; r$ 
CLS 
PRINT : PRINT 
PRINT "COMMENT 
PRINT : PRINT 
PRINT "You may want to analyze other factors before considering the 
project." 
PRINT 
IF desccar > 20 THEN 915 ELSE 916 
915 PRINT : PRINT " -The necessary runoff area is significantly big but 
this may not" 
PRINT " be a limiting factor in certain location." 
916 IF droot > dsoil THEN PRINT : PRINT " -The soil is shallow for the 
crop chosen" 
IF numstr > .2 * Iseason THEN PRINT : PRINT " -The location is dry during 
the growing season" 
IF cumro > .5 * desprec THEN PRINT : PRINT " -You may consider storing 
the excess runoff in an additional reservoir." 
IF desccar = 0 THEN PRINT : PRINT "The rainfall produce no additional 
water to collect." 
918 PRINT : PRINT 
PRINT "Do you want a summary of the study (Y/N) > "; r$ 
IF r$ = "y" OR r$ = "Y" THEN GOSUB result 
IF r$ = "n" OR r$ = "N" THEN RETURN mainmenu ELSE GOTO 918 ̂  

CLS 
PRINT : PRINT : PRINT 
PRINT "This subroutine outputs 
PRINT 



97 

PRINT "1-A summary of the results of the program 
PRINT "2-A printout of the whole process for the design year. " 
PRINT "3-Return to MAIN MENU" 
920 PRINT 
INPUT "Enter your choice > choice% 
IF choice?. < 1 OR choice?. > 3 THEN 920 
IF choice% = 1 THEN 930 
IF choicer. = 2 THEN 1000 ELSE RETURN mainmenu 
930 CLS 
PRINT : PRINT 
PRINT "THERE ARE TWO OUTPUT OPTIONS 
PRINT : PRINT "1-Screen" 
PRINT : PRINT "2-Printer" 
960 PRINT 
INPUT "ENTER YOUR CHOICE > choice?. 
IF choice% < 1 OR choice% > 3 THEN GOTO 960 

CLS : PRINT 
IF choice% = 1 THEN OPEN "SCRN:" FOR OUTPUT AS #15: GOTO 970 
IF choice% = 2 THEN OPEN "LPT1:" FOR OUTPUT AS #15 

970 PRINT 
month; "/" 
PRINT #15, 
PRINT #15, 
PRINT #15, 
choice% = 
PRINT #15, 
PRINT #15, 
PRINT #15, 
PRINT #15, 
PRINT #15, 
PRINT #15, 
PRINT #15, 
PRINT #15, 
PRINT #15, 
PRINT #15, 
PRINT #15, 
PRINT #15, 
PRINT #15, 
PRINT #15, 
PRINT #15, 

#15, "Summary of the study"; " 
; day; "/"; year 

WATER HARVESTING SYSTEM DESIGN" 
SSWHS89.BAS PROGRAM" 

="IF 

"2. 
"3. 
"4. 
"5. 
"6. 

2 THEN LPRINT 
"1. Location 

Farm 
Crop 
Field area 
Field slope 
PLanting date 

"7. Length of growing season 
"8. Annual water use 
"9. Annual average precipitation 
"10. Unit system size > 
" a. Cultivated area > 
" b. Catchment area > 
" c. Percent cultivated area > 
" d. Percent runoff area > 
" e. Catchment width 

locations 
farm$ 
crop$ 
areafield; 
slope 
cropmth; "/"; 

> 
> 
> 

ha" 

cropday 
1 season; "days" 

"; wateruse; " mm" 
"; avgprec; " mm" 
; areaunit; " MA2" 
; cultarea; 
; catcarea; 
"; percult; 

percro; 

" mA2" 
" mA2" 

PRINT #15, "11. Number of crops to grow -> 
PRINT #15, "12. Total Excess runoff > 
PRINT #15, "13. Design runoff > 
PRINT #15, "14. Peak runoff rate > ' 
IF choice% = 2 THEN LPRINT 
INPUT "Press <RETURN> to continue > "; r$ 
PRINT #15, 

lunitsys; "m 

; numunits; 
; cumro; " mm" 
; designro; " mm" 
peakro; " mA3/s" 
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PRINT #15, "COMMENT PRINT #15, 
IF droot > dsoil THEN PRINT #15, "The soil is too shallow for the crop 
chosen." 

IF (wateruse - desprec) > .5 * wateruse THEN PRINT #15, "The location is 
dry." 
IF cumro > (wateruse - desprec) THEN PRINT #15, "You may want to consider 
additional storage reservoir." 
IF desccar > 20 THEN 975 ELSE 977 
975 PRINT #15, "The necessary CCAR is big, in certain location this may" 
PRINT #15, "not be a limiting factor. " 
977 IF desccar = 0 THEN PRINT #15, "The rainfall produce no rainfall to 
collect." 
PRINT #15, "The crop is stressed during numstr; " days at a level more 
than the accepted one." 
IF numstr > .2 * lseason THEN PRINT #15, "An irrigation system need to be 
considered." 
PRINT #15, 
PRINT #15, "Cost factors should be analyzed also before any decision." 
PRINT #15, "Remember that this study is only an estimate of the system 
design" 
PRINT #15, "for the location, crop, soil and climate of interest. If for 
any " 
PRINT #15, "reason the user is not satisfied with the results, please use" 
PRINT #15, "your own judgment and experience." 
CLOSE #15 
PRINT : PRINT 
INPUT "Press <RETURN> to continue > "; r$ 
GOTO result 
/************* 

1000 CLS 
PRINT : PRINT 
INPUT "Enter the drive and file name of the result disk, .wkl will be 
appended ---> f8$ 
f8$ = f8$ + ".wkl" 
PRINT : PRINT 
INPUT "Is the printer ready, <RETURN> to continue > "; r$ 

OPEN f8$ FOR INPUT AS #8 
ON ERROR GOTO nofile 
INPUT #8, x, harvestday 
LPRINT " ETM(mm) 
LPRINT " 
FOR m = 1 TO x 
FOR k = 1 TO harvestday 
INPUT #8, etm, eta, stress 
LPRINT USING " ##.## 
eta; stress 
NEXT k 
LPRINT : NEXT m: LPRINT 

ETa(mm) Water stress(mm) " 

##.## ##.##"; etm; 
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INPUT #8, numstr, cumro, desccar 
INPUT #8, desprec 
CLOSE #8 
PRINT : PRINT 
INPUT "Press <RETURN> to continue > r$ 
GOTO result 

'Error handling when the desired file does not exit. 
Cis 
PRINT : PRINT : PRINT 
PRINT "The program can not be executed, you have to start again." 
PRINT 
INPUT "Press <RETURN> to continue > "; r$ 
RESUME mainmenu 
'=======================================================:==="SUB cropgrl 
STATIC 
CLS 
PRINT : PRINT 
PRINT "The FAO #33 relates soil water depletion to potential " 
PRINT "evapotranspiration, based on crop group." 

PRINT : PRINT 
PRINT "In which group is the crop to grow :" 
PRINT 
PRINT TAB(IO); "1-Onion, pepper, potato" 
PRINT 
PRINT TAB(IO); "2-Banana, cabbage, grape, pea, tomato" 
PRINT 
PRINT TAB(IO); "3-Alfalfa, bean, citrus, groundnut, pineapple, sunflower" 
PRINT TAB(IO); " watermelon, wheat" 
PRINT 
PRINT TAB(IO); "4-Cotton, maize, olive, safflower, sorghum,soybean" 
PRINT TAB(IO); " sugarbeet, sugarcane, tobacco." 
group: 
PRINT : PRINT 
INPUT "Enter the crop group (1/2/3/4) or 0 if it is not here > 
cropgr 

IF cropgr < 0 OR cropgr > 4 THEN GOTO group 
END SUB 
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APPENDIX C: 
Program Listing of CLIMATE.BAS 

10 '*** CLIMATE.BAS by D. A. Woolhiser, 8-24-84. (Rev.6-13-88) 
20 '*** This program will run on the IBM PC and compatibles. 
30 CLS : OPTION BASE 1: flag% = 1: FILLS = SPACE$(78) 
40 KEY OFF 
70 '*** SCREEN - WELCOME 
80 CLS 
100 LOCATE 6, 23: PRINT "WELCOME TO CLIMATE.BAS (Woolhiser, 1988)" 
110 LOCATE 9, 8: PRINT "This program is used in SSWHS89.BAS to generate 
information on daily" 
120 LOCATE 11, 8: PRINT "precipitation, maximum and minimum temperature, 
and solar radiation." 
130 LOCATE 20, 8: INPUT ; "Press RETURN to continue.", x$ 
150 DIM BE(366), TH(366), MDAY(12), PSII(31), PSIO(31), N2%(4), XA(40), 
FX(40) 
160 DIM W(12), ws(12), TXM1(365), TMAD(365), TNM(365), RM0(365), RS0(365), 
RM1(365) 
170 DIM RM(365), TXS(365), TXS1(365), TNS(365), RS1(365), A(3, 3), B(3, 
3) 
180 DIM XPRI0R(3), RAN(6), XW(3), E(3), RD(3), RRD(3), ALPHA(20), 
prec(365), tmax(365), tmin(365), rad(365) 
190 FOR j = 1 TO 12: READ MDAY(j): NEXT j 
200 DATA 307,338,1,32,62,93,123,154,185,215,246,276 
210 DIM x(20), Y(20), Z(20, 5, 13), r(20), za(5, 13), N%(20), P0(366), 
Pl(366), PRO(31) 
215 CLS 
220 '*** SCREEN - PROGRAM OPTIONS 
240 LOCATE 6, 12: PRINT " THE FOLLOWING OPTIONS ARE AVAILABLE." 
280 LOCATE 10, 12: PRINT " A. Read daily weather parameters from a disk 
file." 
290 LOCATE 12, 12: PRINT " To simulate daily rainfall, temperature 
and " 
300 LOCATE 14, 12: PRINT " radiation data." 
305 LOCATE 17, 12: PRINT " B. Printout the data" 
306 LOCATE 19, 12: PRINT " Q. To return to SSWHS89.BAS. Be sure the 
program" 
307 LOCATE 21, 12: PRINT " is in the a: drive" 
310 PRINT : INPUT "Enter your option (A/B/Q) > r$ 
315 IF r$ = "a" OR r$ » "A" THEN 330 
316 IF r$ - "b" OR r$ - "B" THEN 400 
317 IF r$ = "q" OR r$ - "Q" THEN 370 ELSE 310 
330 'PROCESS TEMPERATURE, ETC. 
350 GOSUB 7090 'READ TEMPERATURE PARAMETER DATA 
360 GOTO 1970 'COMPUTE DAILY PARAMETERS VALUES 
370 CLS : PRINT : PRINT 
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375 INPUT "Press <RETURN> to continue > r$ 
380 END 
390'########################################################400 CLS 

PRINT : PRINT : PRINT 
INPUT "Do you want to print only the design year(s) (Y/N) > r$ 
IF r$ = "y" OR r$ = "Y" THEN 450 
IF r$ = "n" OR r$ = "N" THEN 420 ELSE 400 
420 PRINT : INPUT "Enter the number of years of data > x 
PRINT : PRINT 
PRINT " Enter the drive and file name with rainfall, temperature,and" 
PRINT " radiation data, i.e. a:weather and .dat will be appended." 
PRINT : INPUT " > "; f$ 
f$ = f$ + ".ptr": GOTO 460 
450 PRINT "Put the data file in the a: drive." 
f$ = "arptrad.wkl" 
460 PRINT : PRINT 
PRINT " Is the printer ready ?" 
PRINT : INPUT "Press <RETURN> to continue > r$ 
LPRINT " Beginning March first" 
LPRINT " —====== ===============================—=» 
LPRINT " P(**) Tmax(F) Tmin(F) Rad(L)" 
LPRINT " ================================================" 
LPRINT " ** If design year(s) then P(mm) otherwise P(in)." 
OPEN f$ FOR INPUT AS #1 
INPUT #1, x 
FOR m = 1 TO x 
FOR i = 1 TO 365 
INPUT #1, prec(i), tmax(i), tmin(i), rad(i) 
LPRINT USING " ##.## ###.## ###.## 
###.##"; prec(i); tmax(i); tmin(i); rad(i) 
NEXT i : LPRINT : NEXT m 
INPUT #1, desprec, desdis, nodryr 
CLOSE #1 
PRINT : PRINT 
INPUT "Press <RETURN> to continue > "; r$ 
GOTO 215 

1970 GOSUB 7230 
1980 PRINT "THERE WILL NOW BE A PAUSE OF APPROXIMATELY 1 MINUTE FOR 
COMPUTING"; 
1990 '*** CALCULATE DAILY PARAMETER VALUES 
2000 T - 3.1416 * 2 / 365: NC% = 0 
2020 AL - albar 
2030 FOR j - 1 TO 4 
2040 FOR i = 1 TO 366 STEP 5' Fourier calculation every 5th day 
2050 TH(i) - za(j, 1) 
2060 IF za(j, 2) > .0001 THEN TH(i) = TH(i) + za(j, 2) * SIN(T * i + za(j, 
3)) 
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2070 IF za(j, 4) > .0001 THEN TH(i) - TH(i) + za(j, 4) * SIN(T *2*1+ 
za(j, 5)) 
2080 IF za(j, 6) > .0001 THEN TH(i) = TH(i) + za(j, 6) * SIN(T * 3 * i + 
za(j, 7)) 
2090 IF za(j, 8) > .0001 THEN TH(i) = TH(i) + za(j, 8) * SIN(T * 4 * i + 
za(j, 9)) 
2100 IF za(j, 10) > .0001 THEN TH(i) = TH(i) + za(j, 10) * SIN(T *5*1 
+ za(j, 11)) 
2110 IF za(j, 12) > .0001 THEN TH(i) = TH(i) + za(j, 12) * SIN(T * 6 * i 
+ za(j, 13)) 
2120 IF i = 1 GOTO 2160 
2130 FOR k = 1 TO 4 'linear interpolation between 5 day values. 
2140 TH(i - k) = TH(i - 5) + (TH(i) - TH(i - 5)) * (5 - k) / 5 
2150 NEXT k 
2160 NEXT i 
2170 FOR i = 1 TO 365 
2180 IF j = 1 THEN PO(i) = TH(i) 
2190 IF j = 2 THEN PI(i) = TH(i) 
2200 IF j = 3 THEN BE(i) = TH(i) 
2210 IF j = 4 THEN TH(i) = (TH(i) - AL * BE(i)) / (1 - AL) 
2220 NEXT i 
2230 NEXT j 
2240'#################################################### 
2250 CLS : PRINT "AVERAGE PARAMETERS FOR STATION": PRINT 
2260 FOR j = 1 TO 4 
2270 IF j = 1 THEN PRINT "POO" 
2280 IF j = 2 THEN PRINT "P10" 
2290 IF j = 3 THEN PRINT "BETA" 
2300 IF j = 4 THEN PRINT "MEAN" 
2310 PRINT USING " #.####AAAA za(j, 1); za(j, 2); za(j, 3); za(j, 
4); za(j, 5) 
2320 PRINT USING " #.####AAAA "; za(j, 6); za(j, 7); za(j, 8); za(j, 
9); za(j, 10) 
2330 PRINT USING " #.####AAAA za(j, 11); za(j, 12); za(j, 13) 
IF flag% = 2 THEN 2335 ELSE 2340 
2335 PRINT #2, USING " #.####AAAA za(j, 1); za(j, 2); za(j, 3); 
za(j, 4); za(j, 5) 
PRINT #2, USING " #.####AAAA "; za(j, 6); za(j, 7); za(j, 8); za(j, 9); 
za(j, 10) 
PRINT #2, USING " #.####AAAA za(j, 11); za(j, 12); za(j, 13) 
2340 NEXT j 
IF flag% = 2 THEN PRINT #2, USING " #.####AAAA "; albar 
2400 PRINT "ALPHA = albar: PRINT 
IF flag% = 2 THEN 2405 ELSE 2410 
2405 FOR k = 1 TO 12 
PRINT #2, USING " #.####AAAA "; ws(k) : NEXT k 
PRINT #2, USING " #.####AAAA "; yy: CLOSE #2 
2410 INPUT "PRESS RETURN TO CONTINUE"; x$: CLS : PRINT 
2780 '*************************************************** 
2790 '*** SCREEN - DATA OPTIONS 
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2800 CLS 
2810 LOCATE 6, 8: PRINT "THE FOLLOWING OPTIONS ARE AVAILABLE" 
2830 LOCATE 10, 10: PRINT "A. Simulate M years of rainfall data, or 
rainfall, max" 
2840 LOCATE 12, 13: PRINT "and min temperature and radiation data." 
2845 LOCATE 14, 10: PRINT "Q. To quit." 
2850 LOCATE 16, 8: INPUT "ENTER LETTER OF OPTION DESIRED "; A$ 
2860 IF A$ - "A" OR A$ = "a" GOTO 3940 
2880 IF A$ = "Q" OR A$ = "q" GOTO 215 
2890 GOTO 2810 
2900 ' mMMMmmummmmmmmmmmm## 
3940 '*** SIMULATE M YEARS OF DAILY RAINFALL DATA BEGINNING MAR. 1 
3950 CLS : PRINT : PRINT "This is the daily rainfall simulation option.": 
PRINT 
3960 PRINT "You will be asked how many years of data you wish to 
simulate": PRINT 
3970 PRINT "and the name of the sequential file to store the data in.": 
PRINT 
3980 PRINT "Each year of precipitation, maximum and minimum temperature": 
PRINT 
3990 PRINT "and radiation data requires about 9,150 bytes. Thus the 
maximum": PRINT 
4000 PRINT "number of years on a 320 K-byte disk is about 30. ": PRINT 
4010 PRINT "THE NUMBER OF YEARS IS THE CROP PRODUCTIVE LIFE." 
4020 PRINT 
4030 INPUT "PRESS RETURN TO CONTINUE"; x$ 
4040 PRINT 
IF so% = 1 THEN m = 20: GOTO 4050 
4041 PRINT "ENTER THE PRODUCTIVE LIFE OF THE CROP TO GROW OR 0 FOR 
DEFAULT=20" 
4042 PRINT : PRINT 
4043 INPUT " > "; numsim 
4044 IF numsim >= 0 THEN 4045 ELSE 4040 
4045 IF numsim <> 0 THEN m - numsim ELSE m = 20 
4050 PRINT : PRINT "ENTER THE LETTER OF THE DISK DRIVE AND THE NAME OF THE 
FILE FOR SIMULATED DATA," 
4060 INPUT "i.e. A: WALL or B:WALL; DO NOT USE THE DATA DISK f$ 
4070 PRINT : PRINT "BE SURE YOU HAVE SPACE ON THE DESIGNATED DISK!" 
4080 PRINT : PRINT "YOU WILL BE ASKED TO INSERT THE DISK IN THE DESIGNATED 
n 

4090 PRINT "DRIVE AT THE APPROPRIATE TIME." 
4100 NC% « -1 
4120 NC% = 1: f$ = f$ + ".PTR": GOTO 4150' Extension for precipitation, 
temperature and radiation. 
4150 IF NC% < -.01 GOTO 4100 
4170 GOSUB 4480 'READ TEMPERATURE PARAMETERS 
4180 ' mmmmmmmummmmmmmmmm 
4190 INPUT "INSERT DISK IN DESIGNATED DRIVE. PRESS RETURN TO CONTINUE.", 
x$ 
4200 OPEN "0", #1, f$' Open sequential file. 
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4210 PRINT : RANDOMIZE: NS% = 0 
4220 UT - (1 - PO(365)) / (1 + Pl(365) - P0(365)) 
PRINT : PRINT "SIMULATING YEAR ... " 
4240 FOR i - 1 TO m 
4250 PRINT " "; i 
'PRINT : RANDOMIZE 
4260 FOR j = 1 TO 365 
U - RND: IF U < UT THEN NU = 1 ELSE NW = 0 
4270 IF NW = 0 THEN 4290 
4280 IF U < Pl(j) GOTO 4330 ELSE GOTO 4300 
4290 IF U < PO(j) GOTO 4330 
4300 NW - 1: IF U < AL GOTO 4320 
4310 P = -TH(j) * LOG(U) + .01: GOTO 4350 
4320 P - -BE(j) * LOG(U) + .01: GOTO 4350 
4330 P = 0: NW = 0 
4350 GOSUB 5330 'SIMULATE MAX-MIN TEMPERATURE 
4360 '#################################################### 
4370 PRINT #1, USING "##.## ###.# ###.# ###.#"; P; tmax; tmin; rad' Write 
all variables to sequential file. 
4400 'DUMMY 
4410 NEXT j 
4420 NEXT i 
4430 CLOSE #1 
4450 PRINT : PRINT : INPUT "PRESS RETURN TO CONTINUE"; x$ 
4460 GOTO 215 
4470 '##################################################### 
4480 '*** This subroutine reads in temperature and radiation simulation 
4490 '*** parameters from a sequential file on disk B. 
4500 '*** Temperature and radiation procedure from Richardson, C. W. and 
4510 '*** D. A. Wright 'WGEN: A model for generating daily weather 
variables' 
4520 '*** USDA-ARS-8, 1984: 83pp. 
4530 IF flag% = 2 OR flag% = 3 GOTO 4790 
4710 '*** Calculate latitude 
4790 LAT = yy * .017453 ' convert to radian 
4800 PRINT : PRINT "CALCULATING DAILY MAXIMUM SOLAR RADIATION" 
4810 FOR i - 1 TO 365 
4820 SD = .4102 * SIN(.0172 * (i - 21.25)) 
4830 CH = -TAN(LAT) * TAN(SD) 
4840 IF CH > 1 THEN H - 0 
4850 IF CH > 1 GOTO 4920 
4860 IF CH < -1 THEN H - 3.1416 
4870 IF CH < -1 GOTO 4920 
4880 IF CH < 0 GOTO 4910 
4890 H - ATN(SQR(1 - CH * CH) / CH) 
4900 GOTO 4920 
4910 CH - -CH: H - 3.1416 - ATN(SQR(1 - CH * CH) / CH) 
4920 DD - 1 + .0335 * SIN(.0172 * (i + 147.2)) 
4930 RM(i) = 889.2305 * DD * ((H * SIN(LAT) * SIN(SD)) + (COS(LAT) * 
COS(SD) * SIN(H))) 
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4940 RM(i) = RM(i) * .8' maximum radiation 
4950 NEXT i 
4960 CVRD = .24: ACVRD « -.08: CVRW = .48: ACVRW = -.13 
4970 '*** Calculate daily parameter values for temp, and radiation 
4980 PRINT : PRINT "CALCULATING DAILY PARAMETER VALUES FOR TMAX, TMIN, AND 
R" 
4990 FOR i = 1 TO 365 
5000 DT = C0S(.0172 * (i - 141)): DR - C0S(.0172 * (i - 113)) 
5010 TMAD(i) = ws(l) + ws(2) * DT' mean of tmax -dry days 
5020 XCR1 = ws(3) + ws(4) * DT 
5030 IF XCR1 < 0 THEN XCR1 - .06 
5040 TXS(i) = TMAD(i) * XCR1' std. deviation of tmax-dry days 
5050 TXMl(i) = TMAD(i) - ws(l) + ws(5)'mean of tmax-wet days 
5060 TXSl(i) = TXMl(i) * XCR1' std. dev. of tmax-wet days 
5070 TNM(i) = ws(6) + ws(7) * DT' mean of tmin-wet and dry days 
5080 XCR2 = ws(8) + ws(9) * DT 
5090 IF XCR2 < 0 THEN XCR2 = .06 
5100 TNS(i) = TNM(i) * XCR2' std. dev. of tmin-wet and dry days 
5110 RMO(i) = ws(10) + ws(11) * DR' mean radiation-dry days 
5120 XCR3 = CVRD + ACVRD * DR 
5130 IF XCR3 < 0 THEN XCR3 = .06 
5140 RSO(i) = RMO(i) * XCR3' std. dev. of radiation-dry days 
5150 RMl(i) = RMO(i) - ws(10) + ws(12)' mean radiation-wet days 
5160 XCR4 = CVRW + ACVRW * DR 
5170 IF XCR4 < 0 THEN XCR4 = .06 
5180 RSl(i) = RMl(i) * XCR4' std. dev. radiation-wet days 
5190 NEXT i 
5200 A(l, 1) = .567: A(l, 2) = .086: A(l, 3) = -.002' "A" matrix 
5210 A(2, 1) = .253: A(2, 2) = .504: A(2, 3) = -.05 
5220 A(3, 1) = -.006: A(3, 2) = -.039: A(3, 3) = .244 
5230 B(l, 1) = .781: B(l, 2) = 0: B(l, 3) = 0' "B" matrix 
5240 B(2, 1) = .328: B(2, 2) = .637: B(2, 3) = 0 
5250 B(3, 1) - .238: B(3, 2) = -.341: B(3, 3) = .873 
5260 FOR i = 1 TO 3 
5270 XPRIOR(i) = 0 
5280 NEXT i 
5285 CLS 
5290 PRINT : PRINT "SIMULATING m; " YEAR(S) OF PRECIP., TMAX, TMIN, AND 
RADIATION." 
5300 PRINT "EACH YEAR WILL TAKE APPROXIMATELY 4 MINUTES.": PRINT 
5310 RETURN 
5320 ' mmmmmmmitmmmmmmMmmm# 
5330 '*** This subroutine simulates max and min daily temp and radiation 
5340 IF NW = 1 GOTO 5380 
5350 RM * RMO(j): RS - RSO(j) 
5360 TXXM = TMAD(j): TXXS = TXS(j) 
5370 GOTO 5400 
5380 RM - RMl(j): RS - RSl(j) 
5390 TXXM = TXMl(j): TXXS = TXSl(j) 
5400 IF NS% > 1 GOTO 5460 
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5410 FOR k = 1 TO 5 STEP 2 
5420 U = RND: U1 = RND 
5430 RAN(k) = SQR(-2 * LOG(U)) * C0S(6.283185 * Ul)' direct transform to 
(0,1)normal 
5440 RAN(1 + k) = SQR(-2 * LOG(U)) * SIN(6.283185 * Ul) 
5450 NEXT k: NS% = 3: GOTO 5470 
5460 NS% = 0 
5470 FOR k = 1 TO 3 
5480 E(k) = RAN(k + NS%)' 3x1 error matrix 
5490 RD(k) = 0: RRD(k) = 0 
5500 NEXT k 
5510 FOR k = 1 TO 3 
5520 FOR 1 = 1 TO 3 
5530 RD(k) = RD(k) + B(k, 1) * E(l) 
5540 RRD(k) = RRD(k) + A(k, 1) * XPRIOR(l) 
5550 NEXT 1 
5560 NEXT k 
5570 FOR 1 = 1 TO 3 
5580 XW(1) = RD(1) + RRD(l) 
5590 XPRIOR(l) = XW(1) 
5600 NEXT 1 
5610 tmax = XW(1) * TXXS + TXXM 
5620 tmin = XW(2) * TNS(j) + TNM(j) 'Changed I to J (3/28/87) DAW 
5630 IF tmin < tmax GOTO 5650 
5640 TMAXT = tmax: tmax = tmin: tmin = TMAXT 
5650 rad = XW(3) * RS + RM 
5660 RMIN = .2 * RM(j) 
5670 IF rad < RMIN THEN rad = RMIN 
5680 IF rad > RM(j) THEN rad = RM(j) 
5690 RETURN 
7070 '################################################# 
7080 '*** READ PRECIPITATION PARAMETERS 
7090 CLS 'OPTION B READS PRECIP. PARAMETERS 
7095 PRINT : PRINT 
INPUT "Are you running the Sonoita example (Y/N) > r$ 
IF r$ = "Y" OR r$ = "y" THEN so% - 1: GOTO 7124 
IF r$ = "n" OR r$ = "N" THEN 7096 ELSE 7095 
7096 PRINT : PRINT "Do you already have your parameters in a format 
readable by this routine" 

INPUT "or do you need to create the file now. Enter (Y/N) > r$ 
IF r$ = "y" OR r$ = "Y" THEN 7100 
IF r$ - "n" OR r$ - "N" THEN flag% - 2: GOTO 7100 ELSE 7096 
7100 PRINT : PRINT "ENTER LETTER OF DISK DRIVE AND NAME OF FILE IN WHICH" 
7110 PRINT : PRINT "GENERATED PARAMETERS ARE STORED, i. e. A:PIERRE or 
B* PIERRE" 
7i20 PRINT : INPUT f$: f$ - f$ + ".PAR" 
IF flag% = 2 THEN 7125 ELSE 7130 
7124 PRINT : PRINT : PRINT " Reading the parameters for 
Sonoita." 
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f$ = na:sonoital.par": GOTO 7130 
7125 OPEN "o", #2, f$ 
PRINT "You need to enter precipitation, temperature, radiation and 
latitude" 
PRINT "parameters. There are 65 values, see Sonoita example for format." 
FOR 3 - 1 TO 4 
FOR k = 1 TO 13 
INPUT za(j, k) 
NEXT k: NEXT j 
INPUT albar 
FOR k « 1 TO 12 
INPUT ws(k) : NEXT k : INPUT yy 
flag% = 2 
GOTO 7220 
7130 OPEN "I", #2, f$ 
7140 FOR j = 1 TO 4 
7150 FOR k = 1 TO 13 
7160 INPUT #2, za(j, k) 
7170 NEXT k: NEXT j 
7180 INPUT #2, albar 
7190 FOR k = 1 TO 12 
7200 INPUT #2, ws(k): NEXT k'READ TMAX,TMIN, AND RADIATION PARAMETERS 
7210 INPUT #2, yy: CLOSE #2: flag% - 3'READ LATITUDE 
7220 RETURN 
7230 ' mmmmmmmmmmmmmmmm 
7240 '*** ROUTINE TO CLEAR CHARACTERS 
7250 '*** ROUTINE PARAMETERS NCHAR%=NUMBER OF CHARACTERS TO ERASE, 
NNR%=STARTING 
7260 '*** ROW, NNC%=STARTING COLUMN. DEFAULT NCHAR%=78, 
NNR%=24,NNC%=1 
7270 IF NCHAR% = 0 THEN NCHAR% = 78 
7280 IF NNR% «= 0 THEN NNR% - 24 
7290 IF NNC% = 0 THEN NNC% = 1 
7300 FILLS - SPACES(NCHAR%) 
7310 LOCATE NNR%, NNC%: PRINT FILLS; : LOCATE NNR%, NNC% 
7320 RETURN 'mmmmmMmmmmmmmmmmmm 
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APPENDIX D: 
Program Listing of PENMNSCS.BAS 

'*** PENMNSCS.BAS by Paule-Darly Cadot, August 1989, U of A. 
'*** This routine is part of SSWHS89.BAS, it is developed to 
'*** compute reference evapotranspiration and runoff data. 

DATA 31,30,31,30,31,31,30,31,30,31,31,28 
DATA 1,32,62,93,123,154,185,215,246,276,307,338 

'Dimension of array 
OPTION BASE 1 
DIM tminf(2, 365), tmaxf(2, 365), maxsun(12) 
DIM so1rad(2, 365), rhmin(12), rhmax(12), mthjuday(12) 
DIM rhmean(12), windspd(12), windzm(12), obsun(12), p2(20) 
DIM mthday(12), precip(2, 365), runoff(366), f(12), windratio(12), 
prec(20, 365) 
DIM lstage(4), cropcoef(4), maxro(20), d(20), p(20), n(20) 

FOR i = 1 TO 12 
READ mthday(i) 
NEXT i 
FOR i - 1 TO 12 
READ mthjuday(i) 
NEXT i 

'Declaration of constant values. 
a = 6.1078: 'mb 
b = 17.269: '/deg.C 
c * 237.3: 'deg.C 
PO = 1013.25: 'At sea level, mb. 
albedo = .25: 'estimated for green crops. 
sigma « 2 * 10 A -9: 'mm/day deg.K 
gam = .66 

'This prints the MENU 
10 CLS 
PRINT : PRINT 
PRINT "This program, PENMNSCS.BAS, computes runoff and reference " 
PRINT "evapotranspiration for prediction of potential evapotranspiration 
11 
PRINT "in SSWHS89.BAS." 
PRINT : PRINT 
PRINT "You have the following options 
PRINT 
PRINT TAB(15); "1-Choose the weather design years and predict daily 
reference " 



109 

PRINT TAB( 15); " evapotranspiration using the modified Penman method, FAO 
#24" 
PRINT TAB(15); " compute daily runoff amount, using the SCS curve 
number," 
PRINT TAB(15); " and the ten year return period runoff for structures 
design." 
PRINT 
PRINT TAB(15); "2-Printout the computed data" 
PRINT 
PRINT TAB(15); "3-0r return to the main program, SSUHS89.BAS." 
11 PRINT : PRINT 
PRINT : INPUT "ENTER YOUR OPTION > •; opt% 
IF opt% < 1 OR opt% > 3 THEN 11 
ON opt% GOSUB 20, 300, 15 

15 CLS 
PRINT : PRINT : PRINT 
PRINT H *** THIS IS THE END OF THE PROGRAM EXECUTION ***" 
END 

20 CLS 
aa: PRINT : PRINT 
INPUT "Are you running the Sonoita example (Y/N) > r$ 
IF r$ = "y" OR r$ = "Y" THEN so% = 1: PRINT : PRINT "Leave the program 
disk in the a: drive t$: GOTO cc 
IF r$ = "n" OR r$ = "N" THEN PRINT : GOTO bb ELSE GOTO aa 
bb: PRINT "Be sure you have already created a data file with rainfall, 
temperature," 
PRINT "and radiation data." 
PRINT : PRINT 
PRINT "Put the data disk in the a: drive, and leave it there" 
cc: INPUT "Press <RETURN> to continue > "; r$ 
PRINT : PRINT 
PRINT "Reading the information about the location, the crop, and the 
soil 

f5$ = "a:info.dat" 
OPEN f5$ FOR INPUT AS #5 
ON ERROR GOTO nofile 
INPUT #5, d, d, d, elevation, latitude, d, d, d, d, d, year 
CLOSE #5 

f2$ - "arclimat.dat" 
OPEN f2$ FOR INPUT AS #2 
ON ERROR GOTO nofile 
FOR i = 1 TO 12 
INPUT #2, rhmin(i), rhmax(i), maxsun(i), obsun(i), windspd(i), windzm(i) 
NEXT i 
CLOSE #2 
f3$ «= "arcrop.dat" 
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OPEN f3$ FOR INPUT AS #3 
ON ERROR GOTO nofile 
INPUT #3, cropgr 
IF cropgr = 0 THEN INPUT #3, mad 
INPUT #3, cropmth, cropday, wateruse, 1 season, d, d, matcrop 
INPUT #3, stageno 
FOR i = 1 TO stageno 
INPUT #3, cropcoef(i), lstage(i) 
NEXT i 
INPUT #3, numsim 
CLOSE #3 

IF cropmth > 2 THEN cropmth - cropmth - 2: GOTO 21 
cropmth = cropmth +10 

21 f4$ = "arsoil.dat" 
OPEN f4$ FOR INPUT AS #4 
ON ERROR GOTO nofile 
INPUT #4, d, d, d, d, d, cnl, cn2, cn3, d 
CLOSE #4 

ind% = 3 
IF so% = 1 THEN 60 
22 PRINT : PRINT 
INPUT "Do you already have two years of selected data (Y/N) > r$ 
IF r$ = "y" OR r$ = "Y" THEN 60 
IF r$ = "n" OR r$ = "N" THEN 25 ELSE 22 
25 PRINT : PRINT 
PRINT "Enter the drive and file name with the rainfall, temperature, and 
radiation" 
PRINT "data; .ptr will be appended, i.e. b:weather will become 
b: weather.ptr." 
PRINT : INPUT " > f$ 
f$ = f$ + ".ptr" 
OPEN f$ FOR INPUT AS #1 

CLS : PRINT : PRINT 
PRINT "Reading the rainfall, temperature and radiation data.": PRINT 
crjuday - mthjuday(cropmth) + cropday - 1 
harvestday » crjuday + Iseason 'Precisely growing season length, 
nodryr - 0 'Count the number of years annual is less than annual water use 
during the growing season. 

CLS 
PRINT " CHOOSING THE WEATHER DESIGN YEAR(S)" 
PRINT " AND THE TEN YEAR RETURN PERIOD RUNOFF" 
PRINT : PRINT "CALCULATING FOR YEAR ..." 
'Compute runoff data for the crop life, rank the annual maximum runoff in 
'ascending order, compute the probability, and choose the design runoff 
'for ten year return period. 



FOR m = 1 TO numsim 
PRINT " m 
pi « 0: nd » 0: p3 - 0 

FOR i = 1 TO 365 
INPUT #1, prec(m,i), tmax, tmin, rad 
prec(m, i) - prec(m, i) * 25.4 
p3 - p3 + prec(m, i) 
IF prec(m, i) - 0 THEN runoff(i) - 0: GOTO 29 
IF i = 1 THEN antmoist = 0: GOTO 27 
IF i = 2 THEN antmoist = prec(m, i - 1): GOTO 27 
IF i - 3 THEN antmoist = (prec(m, i - 1) + prec(m, i - 2)): GOTO 27 
IF i = 4 THEN antmoist = (prec(m, i - 1) + prec(m, i - 2) + prec(m, 
3)): GOTO 27 
IF i = 5 THEN antmoist « (prec(m, i - 1) + prec(m, i - 2) + prec(m, 
3) + prec(m, i - 4)): GOTO 27 
antmoist = (prec(m, i - 1) + prec(m, i - 2) + prec(m, i - 3) + prec(m 
- 3) + prec(m, i - 4) + prec(m, i - 5)) 

'Test for dry, normal and wet conditions. 
27 IF antmoist < .5 * .5 * 25.4 THEN curveno = cnl: GOTO 28 
IF antmoist < .5 * 1.1 * 25.4 THEN curveno « cn2: GOTO 28 
curveno = cn3 
28 detcoef * 1000 * 25.4 / curveno - 10 * 25.4 
ia « .2 * detcoef 
IF prec(m, i) <= ia THEN runoff(i) = 0: GOTO 29 
runoff(i) - (prec(m, i) - ia) A 2 / (prec(m, i) + .8 * detcoef) 
IF runoff(i) > runoff(i - 1) THEN maxro(m) = runoff(i) 
29 IF i >= crjuday AND i <= harvestday THEN 30 ELSE 52 
30 pi = pi + prec(m, i) 
IF prec(m, i) > 0 THEN nd = nd + 1 
52 NEXT i 
p(m) = pi: n(m) - nd: p2(m) - p3 
IF pi < wateruse THEN nodryr = nodryr + 1 
NEXT m: CLOSE #1 

PRINT : PRINT "CALCULATING ..." 
desprec * 1000 
FOR in = 1 TO numsim 
IF p(m) > desprec THEN GOTO ff 
desprec - p(m): nl « m 
ff: NEXT m 

desdis « 1000 
FOR m = 1 TO numsim 
IF n(m) > desdis THEN GOTO gg 
desdis - n(m): n2 = m 
gg: NEXT m 
desdis - 1 season - desdis 
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FOR i - 1 TO numsim 
xl * -1000 
FOR j <= 1 TO numsim + 1 - i 
IF maxro(j) < xl THEN 53 
xl • maxro(j): k = j 
53 NEXT j 
d(i) = xl 
FOR j - k TO numsim - i 
maxro(j) - maxro(j + 1) 
NEXT j: NEXT i 

FOR m = 1 TO numsim 
tr = (numsim + 1) / m 
IF tr >= 9.5 AND tr <= 10.5 THEN designro = d(m) 
NEXT m 

fll$ « "arprecinfo.dat" 
OPEN fll$ FOR OUTPUT AS #11 
PRINT "Year Annual rainfall Rainfall & number of wet days during the 
growing season" 
FOR m • 1 TO numsim 
PRINT USING "## ###.## ###.## ##"; m; p2(m); 
p(m); n(m) 
PRINT #11, USING "###.## ###.## ##"; p2(m); p(m); n(m) 
NEXT m: CLOSE #11 
PRINT "The year with the minimum rainfall amount is > nl 
PRINT "The year with maximum number of dry days is > n2 
dd: INPUT "Enter do you want to change this (these) year(s), (Y/N) > 
"; r$ 
IF r$ • "y" OR r$ - "Y" THEN INPUT "Enter the year number(s), i.e 
1/2/3/.../20 (nl, n2) ---> "; nl, n2: GOTO ee 
IF r$ •= "n" OR r$ = "N" THEN GOTO ee ELSE GOTO dd 

GG! 
I F n l  <  n 2  T H E N  m l  -  n l :  m 2  -  n 2  
SWAP nl, n2: ml « n2: m2 = nl 
IF ml = m2 THEN x = 1 ELSE x - 2 
CLS : PRINT : PRINT 
PRINT " * SAVING THE DESIGN YEAR(S)": PRINT 
OPEN f$ for input as #1 
flO$ - "a:ptrad.wkl" 
OPEN flO$ FOR OUTPUT AS #10 
PRINT #10, USING "#"; x 
FOR m • 1 TO numsim 
PRINT "YEAR "; m 
FOR i - 1 TO 365 
input #1, prec(m,i), tmax, tmin, rad 
IF m - ml OR m - m2 THEN 54 ELSE 55 
54 IF m - ml THEN z - 1 ELSE z - 2 
precip(z, i) « 25.4 * prec(m, i): tmaxf(z, i) - tmax(m, i) 
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tminf(z, i) = tmin(m, i): solrad(z, i) = rad(m, i) 
PRINT #10, USING "##.## ###.# ###.# ###.#"; precip(z, i); tmaxf(z, i); 
tminf(z, i); solrad(z, i) 
55 NEXT i: NEXT m:CLOSE #1 
PRINT #10, USING "###.# ###.# ###"; desprec; desdis; nodryr 
PRINT #10, USING "##.##"; designro 
CLOSE #10: GOTO 70 

ERASE prec 

60 flO$ = "a:ptrad.wkl" 
OPEN flOS FOR INPUT AS #10 
PRINT : PRINT "Reading the weather information ..." 
INPUT #10, x 
FOR m = 1 TO x 
FOR i = 1 TO 365 
INPUT #10, precip(m, i), tmaxf(m, i), tminf(m, i), solrad(m, i) 
NEXT i: NEXT m 
INPUT #10, desprec, desdis, nodryr 
INPUT #10, designro 
CLOSE #10 

PRINT 
PRINT "There were nodryr; " years with annual precipitation less than 
the annual" 
PRINT "crop water use, during the growing season. For the numsim; " 
year period," 
PRINT : PRINT "The year(s) chosen for the design had :" 
PRINT "1) The minimum annual rainfall equals desprec; " mm" 
PRINT "2) The maximum annual dry days equals "; desdis; " days" 
PRINT : INPUT "Press <RETURN> to continue > "; r$ 
70 'year = year + 1900 
IF so% = 1 THEN adjcoef = 4: cli = 0: GOTO 112 

CLS 
PRINT : PRINT 
PRINT "The reference evapotranspiration will be corrected for climatic 
characteristic." 
PRINT : PRINT 
PRINT "Which situation describes the best your location:" 
PRINT 
PRINT "1-Moderate to high radiation (>8mm/d) during summer, with low 
winds" 
PRINT " during the day (>=4m/s) and maximum humidity approaching 100%." 
PRINT "2-Daytime winds are <4m/s) and day-night wind ratio is about 3 or 
n 

PRINT " more, with maximum relative humidity > 75%." 
PRINT "3-Day-night wind ratio is about 2, and maximum humidity >= 60%." 
PRINT "4-Moderate to high radiation, with winds < 4m/s and day-night" 
PRINT " wind ratio is about one, maximum humidity >= 60%." 
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PRINT "5-Moderate to high radiation with winds during the day night 
between" 
PRINT " 5 and 8 m/s, and maximum humidity < 40%." 
PRINT "6-Moderate to high radiation with winds > 8 m/s and maximum 
humidity < 40%" 
PRINT "7-Low radiation (< 4mm/d), with very strong winds > 8m/s and low II 
PRINT " relative humidity (< 40%) during day and night." 
105 PRINT : PRINT 
PRINT "Enter your case or 3 for default adjustment coefficient « 1 " 
INPUT " > "; adjcoef 
IF adjcoef < 1 OR adjcoef > 7 THEN 105 
110 PRINT : PRINT 
INPUT "Is the climate of the location dry (0) or humid (1) > cli 
IF cli < 0 OR cli > 1 THEN 110 

112 CLS 
PRINT : PRINT : PRINT 
PRINT " CAlCULATING REFERENCE EVAPOTRANSPIRATION, RUNOFF AMOUNT " 
PRINT : PRINT 
PRINT "FOR THE DESIGN YEAR(S)" 

f6$ « "a:penscs.wkl" 
OPEN f6$ FOR OUTPUT AS #6 
PRINT #6, USING x 
'Calculation of reference evapotranspiration from Doorenbos and Pruitt 
(1975). 

'1-Calculation of the psychometric constant from the international 
'standard atmosphere (List, 1949). 
gamma = gam * ((288 - .0065 * elevation) / 288) A 5.256 

FOR m « 1 TO x 
dayofyr = 0 
PRINT : PRINT "YEAR m 
'yearmod4 = (year - 4 * INT(year / 4)) 

FOR j = 1 TO 12 
'2-Calculation of saturation vapor pressure from Murray's approximation 
(1967). 
rhmean(j) - (rhmin(j) + rhmax(j)) / 2 'Mean relative humidity. 

FOR i - 1 TO mthday(j) 
dayofyr - dayofyr + 1 
tmaxc « (tmaxf(m, dayofyr) - 32) / 1.8 
tminc - (tminf(m, dayofyr) - 32) / 1.8 
tmeanf « (tmaxf(m, dayofyr) + tminf(m, dayofyr)) / 2 
tmeanc • (tmeanf - 32) / 1.8 
tmeank - tmeanc + 273.16 
ea « a * EXP(b * tmeanc / (c + tmeanc)) 
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'3-calculation of actual vapor pressure of the air from mean relative 
humidity. 
ed = ea * rhmean(j) / 100 
'4-Calculation of vapor pressure deficit. 
vpd = ea - ed 

'5-Calculation of the wind function. 
IF windzm(j) = 2 THEN GOTO 130 
windspd(j) = windspd(j) / (.1877 * L0G(windzm(j)) + .87025) 
130 f(j) = .27 * (1 + windspd(j) / 100) 

'7-Calculation of the weighing factor. W = delta/delta+gamma. 
'DELTA • dea/dtmean, slope of the saturation vapor pressure. 
w = (ea * b * c / (c + tmeanc) A 2) / ((ea * b * c / (c + tmeanc) A 2) + 
gamma) 

'8-Calculation of net radiation. 
'8a-Calculation of solar declination from Ball, 1978, p.253 
'IF yearmod4 = 0 THEN yearmod4 = 4 
'Solar declination. 
'x2 - (.9856 * (dayofyr + .5)) - (.2458333 * (yearmod4 - 1) - 15.785 + 
.0095 * year) 
'y = (.02 * SIN(2 * x2) + 1.916 * SIN(x2) + x2) - ((-47 / 2750) * year + 
111.24) 
'soldec = ATN((SIN(y) * SIN(23.42)) / SQR(1 - (SIN(y) * SIN(23.42)) A 2)) 
'si = SIN(latitude) * SIN(soldec) 
'co = COS(latitude) * COS(soldec) 
'maxsun = (ATN(SQR(1 - (-si / co) A 2) / (-si / co))) / 7.5: 'N 

'8b-Calculation of net solar radiation. 
rad = solrad(m, dayofyr) / 59.5 
netsolrad = (1 - albedo) * rad 

'8c-Calculation of net long wave radiation, Doorenbos and Pruitt (1975). 
IF cli =0 THEN fed = .34 - .044 * SQR(ed): GOTO 135 'In dry climat. 
fed = .56 - .079 * SQR(ed): 'In humid climat. 
135 netlongrad = sigma * tmeank * (.1 + .9 * obsun(j) / maxsun(j)) * fed 
netrad = netsolrad - netlongrad 'Net radiation. 

'Reference evapotranspiration, 
etr - (w * netrad + (1 - w) * f(j) * vpd) * SQR(1.629 - .21046 * adjcoef) 
'Adjustment for climatic characteristic. 'Doorenbos and Pruitt (1975). 
'Ref. linear relationship for adjcoef, Gay and Greenberg (1982) 
'from Doorenbos and Pruitt (1975) 

'Calculation of runoff amount for the design years. 
IF precip(m, dayofyr) = 0 THEN runoff(dayofyr) ® 0: GOTO 230 
IF dayofyr - 1 THEN antmoist = 0: GOTO 210 
IF dayofyr = 2 THEN antmoist = precip(m, dayofyr - 1): GOTO 210 
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IF dayofyr - 3 THEN antmoist = precip(m, dayofyr - 1) + precip(m, dayofyr 
- 2): GOTO 210 
IF dayofyr = 4 THEN antmoist = precip(m, dayofyr - 1) + precip(m, dayofyr 
- 2) + precip(m, dayofyr - 3): GOTO 210 
IF dayofyr = 5 THEN antmoist » precip(m, dayofyr - 1) + precip(m, dayofyr 
- 2) + precip(m, dayofyr - 3) + precip(m, dayofyr - 4): GOTO 210 
antmoist - precip(m, dayofyr - 5) + precip(m, dayofyr - 4) + precip(m, 
dayofyr - 3) + precip(m, dayofyr - 2) + precip(m, dayofyr - 1) 

210 'Test for dry, wet or normal conditions. 
IF antmoist < .5 * .5 * 25.4 THEN curveno - cnl: GOTO 220 
IF antmoist < .5 * 1.1 * 25.4 THEN curveno = cn2: GOTO 220 
curveno = cn3 

'Detention coefficient. 
220 detcoef = 1000 * 25.4 / curveno - 10 * 25.4 
ia • .2 * detcoef 
IF precip(m, dayofyr) <= ia THEN runoff(dayofyr) = 0: GOTO 230 
runoff(dayofyr) * (precip(m, dayofyr) - ia) A 2 / (precip(m, dayofyr) + 
.8 * detcoef) 

230 PRINT #6, USING "###.# ###.# ###.# ##.## ##.## ##.##"; tmaxc, tminc, 
rad, precip(m, dayofyr); etr; runoff(dayofyr) 
NEXT i: NEXT j 
'year = year + 1 
NEXT m 
PRINT #6, USING "##.## ###.#"; designro; desprec 
CLOSE #6 

PRINT : PRINT : INPUT "Press <RETURN> to continue r$ 
RETURN 10 

300 CLS 

PRINT : PRINT : PRINT 
PRINT "This subroutine allows to printout the daily reference 
evapotranspiration," 
PRINT "and runoff data, and ten year return period runoff. " 
PRINT : PRINT 
INPUT "Put the data disk in the a: drive, and <RETURN> to continue > 

r$ 
f6$ - "arpenscs.wkl" 
OPEN f6$ FOR INPUT AS #6 
ON ERROR GOTO nofile 
PRINT : PRINT 
PRINT "Is the printer ready?" 
PRINT 
INPUT "Press <RETURN> to continue > "; r$ 

LPRINT " Beginning march first" 
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LPRINT n B88KS888B8E88BBB8tS88BB8SSBBI8BSSSB8S88aaB86BSBn 
LPRINT " Tmax(C) Tmin(C) Rs(mm/d) P(iran) ETR(mm/d) 
RO(iran)" 
LPRINT " BSBSaSBBZBBSSSSSSBSSBZBBaZEXSSBBCZSBBZSBBSSSSEBaiB1' 

INPUT #6, x 
FOR m = 1 TO x 
FOR i - 1 TO 365 
INPUT #6, tmax, tmin, rad, prec, etr, runoff 
LPRINT USING " ###.# ###.# ###.# ##.## ##.## 

tmax; tmin; rad; prec; etr; runoff 
NEXT i 
LPRINT 
NEXT m 
INPUT #6, designro, desprec 
LPRINT : LPRINT USING "##.## ###.#"; designro; desprec 
CLOSE #6 
CLS 
PRINT : PRINT : PRINT 
INPUT "Press <RETURN> to continue —-> "; r$ 
RETURN 10 

nofile: 
'Error handling when the necessary file is not available. 
CLS 
PRINT : PRINT : PRINT 
PRINT "The program can not be executed, you have to start again." 
PRINT : PRINT 
INPUT "Press <RETURN> to continue > "; r$ 
RESUME 10 



APPENDIX E: 
Graphic Representation of the 

and NAD Relationship 



Data used for the regression is from FAO #33. 

Group 1 I 1 4 ETm 

.5 .675 .8 .875 2 

.425 .575 .7 .8 3 

.35 .475 .6 .7 4 

.3 .4 .5 .6 5 

.25 .35 .45 .55 6 

.225 .325 .425 .5 7 

.2 .275 .375 .45 8 

.2 .25 .35 .425 9 

.175 .225 .3 .4 10 

The regression outputs are: 

Group Constant 

1 .53 

2 .72 

3 .86 

4 .95 

Slope 

-.034 

-.54 

-.059 

-.060 

R squared 

.91 

.93 

.94 

.95 
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APPENDIX F: 
Location characteristics of site. 

Source: USDA,SCS, Oct. 1974 

f-mm-
Mk%k±*. 

9  3 0 0 1 - 1  
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APPENDIX G: 
Soil Information 

The samples were taken from the selected plot (figure 14). The 
moisture content at field capacity (table 6) was determined by the 
gravitational method. The mean was 26.5 percent. 

Table 6. Average values at field capacity, in weight basis. 

For the permanent wilting point (table 7), the moisture was first 
released at 15 bars then the moisture content was determined by the 
gravitational method. The samples were taken from G. Dutt. The mean was 
16.75 percent. 

Table 7. Average values at PWP, in weight basis. 

The clod method was used to estimated the bulk density (table 8). 
The samples were taken from D. Hendricks. The mean was 1.72 g/cmA3. 

Table 8. Average bulk density values. 

Depth 
0-2 
2-6 
6-12 
12-18 
18-24 

FC (%) 
13.45 
16.74 
20.95 
28.23 
26.42 

A1 
BT1 
2BT1 
2BT2 
BT2 
BT3 
BA 

Horizon PWP (%) 
16.92 
10.62 
9.31 
21.92 
15.71 
21.76 
21.00 

Horizon Bulk Density 
A1 
BA1 
BT 
BT2 
BT3 
2BT1 

1.59 
1.73 
1.6 
1.7 
1.84 
1.85 



Table 9. Survey data. 

STA BS HI FS Elev Corrected 
elevation 

BM .74 100.74 - 100.00 
STAl - .645 100.055 100.055 
STA2 

00 • 98.425 3.185 97.555 97.745 
RP 1.40 97.025 97.215 
STA3 .29 97.435 1.28 97.145 97.525 
STA4 2.74 99.245 .93 96.505 97.075 
STA5 1.72 100.515 .45 98.795 99.555 

1.465 99.05 100.00 



STA3 

Fig. 14. Plot studied. 



APPENDIX H: 
Sample Output from the Model 
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Summary of  the study 
WATER HARVESTING SYSTEM DESIGN 

SSWHSQ9.BAS PROGRAM 

8 / 1 / 8 9  

1.  Location 
2.  Farm 
3.  Crop 
4.  Field area 
5. Field slope 
6.  PLanting date 
7.  Length of  growing season 
8.  Annual  water use 
9.  Annual  average precipitat ion 
10.  Unit  system size 

a.  Cult ivated area 
b.  Catchment area 
c.  Percent cult ivated area 
d.  Percent runoff  area 
e.  Cacthment width 

11.  Number of  crops to grow 
12.  Total  Excess runoff  
13.  Design runoff  
14.  Peak runoff  rate 

Sonoita 
Sonoita vineyard 
Gr ape 

.57 ha 

4 /  1 
> 200 days 

508 mm 
> 305 mm 
> 8.6394 M'-:  
> .7854 m~2 
> 7.854 m'~2 
s 9.080326 "/.  
y 90.80325 •/ .  
s.. 7.854 m 
V s 659 
V 
/ 0 mm 
> 76.2 mm 
V .4567088 i  m"3/s 

COMMENT 

The locat ion is  dry.  
The crop is  stressed during 161 days at  a level  more than the accepted one.  
An i rr igat ion system need to be considered.  

Cost factors should be analyzed also before any decision.  
Remember that  this study is  only an est imate of  the system design 
for the location,  crop,  soi l  and cl imate of  interest .  I f  for any 
reason the user is  not sat i f ied with the results,  please use 
your own judment and experience.  



Day P ETm ETa Stress 
28 0 0 0 0 
32 0 0 0 0 
36 0 10.15 0 10.  15 
43 0 15.27 0 15.27 
50 0 11.85 0 11.85 
57 0 13.89 0 13.89 
64 0 18.54 0 18.54 
71 0 20.42 0 20.42 
78 0 23.67 0 23.67 
85 0 23.99 0 23.99 
92 0 24.65 0 24.  65 
99 0 33.78 0 33.73 

106 6.36 27.51 0 27.51 
113 5.59 24.01 16.46 7.55 
120 16.51 24 5.59 18.41 
127 18.29 26.45 13.01 13.44 
134 24.89 23.26 17.2 6.06 
141 19.31 21.26 15.97 5.29 
148 8.63 24.03 15.32 8.71 
155 0.5 25.42 12.83 12.59 
162 0 28.47 7.6 20.87 
169 0 25.59 5.49 20.  1 
176 0 21.5 4.07 17.43 
183 0.51 21.87 3.69 18.  18 
190 10.67 24.5 4.29 20.21 
197 11.69 17.25 10.05 7.2 
204 24.64 12.94 8.8 4.  14 
211 9.39 11.51 9.88 1.63 
218 12.7 14.87 8.  12 6.75 
225 4.57 12.21 7.86 4.35 
232 7.37 11.  12 5.  66 5.46 

Sum 181.62 593.38 171.89 422.09 

P,  ETm, ETa and Stress are in mm. 



Beginning march f i rst .  

Penman 
TmaxCC) Tmin(C) RsCmm/d! '  PCmm) ETRCmm/di  RCKmnO 

18.3 5.7 
20.9 4.  1 
18.5 0.6 
15.8 -3.6 
22.5 -1.4 
15.  1 -0.9 
19.0 -2.3 
22.5 8.4 
24.9 8.  1 
21.2 11.4 
24.6 9.8 
25.6 8.  1 
28.6 11.4 
31.2 12.7 
22.2 8.9 
25.8 3.8 
26.  1 9.8 
22.2 5.9 
29.8 8.3 
20.  1 6 . 6  

16.4 6.3 
11.1 -0.6 
21.6 6.5 
24.7 7.9 
27.2 14.9 
34.7 18.3 
36.9 16.3 
33.4 16.7 
31.4 16.7 
27.3 16.4 
27.8 11.9 
25.  1 12.7 
25.3 12.6 
27.  1  10.8 
27.1 11 . 6  

24.6 4.9 
23.3 5.5 
23.7 5.4 
25.8 6.8 
27.4 8.4 
25.6 7.  1 
23.4 6.  1 
29.2 8.  1 
23.5 7.8 
29.  3  12.5 
26.2 14.7 
25.0 10 . 6  

26.6 9.2 
26.2 6.4 
29.7 14.0 
22.7 10.7 
27.9 9.6 
29.7 6.3 
-̂1 4 

a 1 7.7 
23.6 9.9 
24.4 11.2 
25.2 8.8 

427.7 0.00 
427.7 0.00 
427.7 0.  00 
427.7 0.00 
427.7 0.  00 
427.7 0.  00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.  00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.  00 
427.7 0.  00 
427,7 0.  00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.  00 
427.7 0.00 
427.7 0.  00 
427.7 0.00 
427.7 0.00 
427.7 0.  00 
427.7 0.  00 
427.7 0.00 
427.7 0.00 
427.7 0.  00 
427.7 0.00 
427.7 0.  00 
427.7 0.00 
427.7 0.00 
427.7 0.  00 
427.7 0.  00 
427.7 0.00 
427.7 0.  00 
427.7 0.  00 
427.7 0.00 
427.7 0.00 
427.7 0.  00 
427.7 CI.OO 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.  00 
427.7 0.  00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.00 

3.84 0.00 
3.71 0.  00 
3.  52 0.  00 
3.33 0.00 
3.70 0.  00 
2.95 0.  00 
2.02 0.  00 
2.21 0.00 
3.  11 0.00 
2.  12 0.00 
3.08 0.00 
2.54 0.  00 
2.61 0.  00 
2.88 0.  00 
3.83 0.00 
3.91 0.  00 
2.06 0.00 
3.23 0.00 
4.33 0.00 
3.85 0.  00 
3.04 0.  00 
1.86 0.00 
2.64 0.00 
4.00 0.00 
4.43 0.00 
5.07 0.00 
5.  10 0.00 
4.38 0.  00 
3.92 0.00 
3.  13 0.00 
4.  19 0.00 
6.  13 0.  00 
5.75 0.  00 
5.68 0.00 
4.98 0.  00 
5.  12 0.00 
4.77 0.00 
4.86 0.  00 
4.98 0.  00 
4.91 0.00 
4.88 0.  00 
4.41 0.00 
5.08 0.00 
3.69 0.00 
2.67 0.00 
3.28 0.00 
4.29 0.00 
3.50 0.00 
3.83 0.  00 
4.07 0.  00 
3.44 0.  00 
5.  13 0.  00 
5.07 0.00 
4.38 0.  00 
3.99 0.  00 
4.78 0.  00 
3.46 0.00 



29.  3 9.8 
30.6 15.8 
31.5 14.3 
37.3 18.4 
40.3 22.  1 
34.2 23.7 
29.8 18.9 
31.4 15.7 
31.  1 17.5 
31.2 18.  1 
32.  1 15.  5  
oc uU • w 19.4 
35.8 20.8 
35.2 18.4 
31.  1 16.  B 
29.0 16.6 
33.8 16.2 
36.  7 18.  1 
34.5 21.0 
33.  1 21.6 
29.3 15.6 
32.6 17.3 
31.8 11.8 
32.2 12.  1 
33.8 17.6 
31.9 13.6 
32.8 14.8 
35.  1 15.7 
34.6 16.2 
32.2 16.7 
32.4 18.  1 
36.2 21.7 
37.0 24.4 
29.7 15.9 
33.7 22.2 
36.2 22.4 
38.8 19.7 
37.8 23.  1 
39.6 23.9 
40.2 20.4 
39.9 21.8 
40.3 22.6 
38.6 25.3 
36.6 25.2 
38.6 26.2 
35.8 20.9 
38.  7 23.  1 
40.6 25.6 
35.3 24.5 
40.  4 27.3 
43.3 26.8 
36.8 25.  1 
36.  5 18.2 
34.8 20.  2 
30.9 19.3 
31.7 21.7 

25.6 
35.7 23.7 
35.6 25.6 
35.  1 23.5 
35.5 24.5 
39.2 23.7 
35.8 26.  1 
34.5 23.7 
35.5 26.0 
37.5 26.  9  

427.7 0.  00 
427.7 0.00 
427.7 0.00 
427.7 0.  00 
427.7 0.  00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.  00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.  00 
427.7 0.  00 
427.7 0.00 
427.7 0.  00 
427.7 0.  00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.  00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.  00 
427.  7 0.  00 
427.7 0.  00 
427.7 0.  00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.  00 
427.  7 0.  00 
427.7 0.00 
427.7 0.  00 
427.7 0.00 
427.7 0.00 
427.7 o

 
o

 
o

 

427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.51 
427.7 0.  00 
427.7 0.00 
427.7 1.27 
427.  7 0.  00 
427.7 3.56 
427.7 1.02 
427.7 0.51 
427.7 0.25 
427.7 0.00 
427.7 2.29 
427.7 1.02 
427.7 1.52 
427.7 0.00 
427.7 1.27 
427.7 0.51 
427.7 1.27 
427.7 1.27 

4.87 0.  00 
5.  13 0.00 
5.64 0.  00 
5.91 0.00 
9.48 0.00 
6.69 0.  00 
6.04 0.00 
6.77 0.  00 
6.41 0.00 
6.34 0.  00 
6.53 0.  00 
6.53 0.  00 
6.76 0.00 
6.55 0.  00 
6.  22 0.00 
5.37 0.  00 
6.26 0.00 
6.46 0.00 
6.  10 0.  00 
5.67 0.  00 
5.44 0.00 
5.28 0.00 
5.91 0.00 
5.95 0.00 
6.29 0.00 
5.  12 0.  00 
6.00 0.  00 
6.23 0.  00 
5.40 0.  00 
4.87 0.  00 
5.74 0.00 
6.33 0.  00 
6.77 0.00 
5.75 0.00 
6.55 0.00 
8.43 0.00 
8.73 0.  00 
8.71 0.  00 
8.24 0.  00 
7.92 0.  00 
7.71 0.00 
7.57 0.  00 
6.29 0.  00 
5.93 0.00 
5.72 0.00 
6.87 0.  00 
6.82 0.  00 
6.67 0.00 
5.80 0.00 
5 • 3 ' . '  0 .00 
6.44 0.  00 
5.  17 0.00 
6.69 0.  00 
6.61 0.  00 
4.02 0.00 
4.45 0.00 
2.31 0.  00 
6.41 0.  00 
6.85 0.  00 
6.73 0.  00 
6.34 0.00 
6.90 0.  00 
6.73 0.  00 
6.  38 0.  00 
4.44 0.  00 
7.36 0.  00 
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34.  1 19.4 
33.3 21.  1 
35.6 20.4 
32.  1 17.8 
35.7 19.8 
31.3 16.7 
35.  3 17.0 
28.  1 17.6 
29.5 16.7 
29.8 18.7 
35.6 16.2 
35.2 18.3 
30.3 19.7 
27.4 19.4 
29.5 16.9 
27.7 15.  1 
29.  1 19.4 
26.  1 14.6 
23.9 14.8 
25.2 11.1 
29.8 11.1 
20.  1 12.7 
27.  4 14.2 
29.8 11.2 
31.  1 14.7 
27.7 11.6 
29.0 12.  3 
33.3 13.  1 
31.2 13.3 
28.3 18.5 
35.4 22.2 
32.2 19.5 
30.5 21.5 
27.4 18.7 
26.4 12.2 
23.7 11.2 
26.3 12.7 
29.4 12.7 
26.4 9.3 
21.3 8.3 
26.6 10.8 
24.6 10.6 
22.5 7.6 
27.3 7.9 
23.2 9.2 
23.3 10.8 
27.9 12.8 
33.  1 14.9 
30.6 15.3 
33.5 14.9 
26.4 12.6 
25.  9  16.4 
25.  1 13.6 
24.4 10.0 
21.2 9.  1 
16.8 7.6 
23.  1 9.8 
29.7 12.3 
24.8 9.7 
27.2 13.6 
21.2 10.2 
28.4 14.7 
25.  4 14.3 
29.4 16.6 
29.5 13.0 
28.9 14.2 

427.7 2.03 
427.7 2.54 
427.7 0.00 
427.7 4.32 
427.7 0.00 
427.7 1.78 
427.7 0.00 
427.7 2.03 
427.7 3.05 
427.7 0.51 
427.7 0.00 
427.7 0.  00 
427.7 2.54 
427.7 3.56 
427.7 5.33 
427.7 4.06 
427.7 2.29 
427.7 4.32 
427.7 4.83 
427.7 3.81 
427.7 0.00 
427.7 2.79 
427.7 5.08 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 1.52 
427.7 0.00 
427.7 0.00 
427.7 3.56 
427.7 0.00 
427.7 1.52 
427.7 3.56 
427.7 4.06 
427.7 0.00 
427.7 0.76 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 3.81 
427.7 0.00 
427.7 0.00 
427.7 1.02 
427.7 0.00 
427.7 0.00 
427.7 3.  05 
427.7 0.00 
427.7 0.  00 
427.7 3.  30 
427.7 0.00 
427.7 2.54 
427.7 1.52 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 2.54 
427.7 0.00 
427.7 0.00 
427.7 2.  03 
427.7 0.00 
427.7 0.  00 
427.7 0.00 
427.7 5.  33 
427.7 0.00 
427.7 0.00 
427.  7  0.00 

2.62 0.  OO 
4.98 O.OO 
5.20 0.00 
4.34 0.00 
4.85 0.  00 
3.85 0.00 
4.73 0.00 
4.22 0.00 
3.82 0.  00 
1.61 0.  00 
4.86 0.00 
4.49 0.  00 
4.69 0.00 
2.  18 0.00 
4.49 0.00 
2.57 0.00 
2.78 0.01 
4.37 0.46 
2.61 0.  65 
1.94 0.  30 
4.30 0.  00 
2.74 0.07 
4.  15 0.76 
3.68 0.00 
3.40 0.  00 
4.99 0.00 
5.37 0.00 
5.42 0.  00 
5.05 0.00 
2.33 0.00 
4.04 0.00 
3.53 0.00 
2.20 0.00 
4.36 0.00 
2.91 0.00 
1.37 0.00 
2.81 0.00 
3.27 0.  00 
3.69 0.00 
2.76 0.00 
3.  20 0.  00 
1.88 0.  00 
3.26 0.00 
3.42 0.  00 
2.34 0.00 
2.98 0.00 
3.64 0.  00 
3.73 0.  00 
2.03 0.  00 
3.03 0.00 
2.53 0.  00 
2.36 0.  00 
2.56 0.00 
2.50 0.  00 
3.  10 0.00 
1.32 0.  00 
3.87 0.  00 
4.54 0.  00 
2.62 0.  00 
3.95 0.00 
2.77 0.  00 
2.59 0.  00 
2.99 0.  00 
3.57 0.  00 
3.21 0.  00 
3.07 0.00 



27.2 10.7 427.7 0.00 2.21 0.00 
21.4 11.5 427.7 4.57 1.90 0. 00 
22.3 6. 1 427.7 0.76 2. 12 0. 00 
24.6 3.9 427.7 0.00 2.64 0.00 
22.3 8.9 427.7 2.29 1.76 0. 00 
22. 3 7.5 427.7 0.00 2. 52 0. 00 
25.2 7.7 427.7 0.00 2.80 0.00 
12.3 1.4 427.7 2.03 1.42 0. 00 
17.5 1.2 427.7 2. 03 2.31 0. 00 
18.3 2.9 427.7 0.00 1.45 0. 00 
19.4 5. 1 427.7 1.27 1.39 0.00 
22.9 3.7 427.7 0.00 2.52 0.00 
16.9 3.4 427.7 1.52 2. 18 0. 00 
20.3 3.1 427.7 0.00 1.95 0.00 
15.2 3. 0 427. 7 0. 00 1.51 0. 00 
12.5 0.6 427.7 0.00 2.04 0.00 
6.8 —3. 5 427.7 2.03 1.05 0.00 

15.0 0. 5 427.7 0.00 2. 11 0.00 
1.8 427.7 0. 00 1.93 0.00 

13.2 1.2 427.7 0.00 2. 05 0.00 
12. 1 4.2 427.7 0.00 2. 25 0. 00 
17.8 3.7 427.7 0. 00 A. .  0.00 
20.4 7. 3 427.7 0. 00 2.58 0. 00 
18.2 7.6 427.7 0. 00 1.54 0.00 
12. 1 5.9 427.7 0.00 1. 10 0. 00 
15.3 3.4 427.7 0.00 1.87 0.00 
12.8 0.7 427.7 0. 00 1.74 0. 00 
17.2 3.7 427.7 0. 00 2. 19 0. 00 
20. 0 3.7 427.7 0.00 1.47 0. 00 
19. 4 0.8 427.7 0.00 2. 16 0. 00 
16.8 0. 1 427.7 0. 00 1.68 0. 00 
17.2 4.9 427.7 0. 00 1. 18 0.00 
11.1 1.6 427.7 0.00 1.88 0.00 
16. 1 4.7 427.7 0. 00 1.76 0. 00 
13. 8 2.6 427.7 0.00 1.46 0. 00 
21.7 7.4 427.7 0. 00 0.73 0. 00 
26.7 4.8 427.7 

o
 

o
 2 .38 0.00 

25.6 8.5 427.7 0.00 2. 10 0.00 
20. 1 4.6 427.7 0.00 1.90 0. 00 
16.8 2.4 427.7 0.00 1.93 0.00 
21.9 2.3 427.7 0. 00 2. 17 0. 00 
23. 5 5.3 427.7 0.00 1.92 0. 00 
16.9 1.7 427.7 0. 00 0.99 0.00 
12.2 -2.2 427.7 0. 00 1.09 0. 00 
7.4 -1.9 427.7 0.76 0.48 0. 00 

11.8 -2.0 427.7 0. 00 1.66 0.00 
6.4 -5.4 427.7 0.00 1.50 0.00 
7.4 —5.5 427.7 0.00 0.91 0.00 

11.1 -0.3 427.7 0.00 1.79 0. 00 
11.3 -2.3 427. 7 0. 00 1.74 0.00 
9.9 -2 • 3 427. 7 0. 00 1.48 0. 00 

15.3 -1.6 427.7 0. 00 2. 16 0.00 
16.8 1.0 427. 7 3.56 1.96 0.00 
19. 1 3.9 427.7 0. 00 2. 14 0. 00 
16.8 4. 1 427.7 0. 00 2.03 0. 00 
5.8 0. 2 427.7 4.57 0.72 0.00 

13.8 1.9 427.7 1.52 1.72 0. 00 
16.5 3 • 2 427.7 2.54 0.91 0.00 
14.8 2.4 427.7 4. 32 1. 42 0. 00 
12.7 3.5 427.7 2.54 1.83 0. 00 
15.8 1.6 427. 7 3.56 1.47 0. 22 
11.9 1. 1 427.7 1.02 1. 36 0. 00 
20. 1 4.9 427.7 2. 03 •"i >-> o 0. 00 
16.7 2.9 427.7 C T-k «J • WW 1.39 0. 00 
14. 6 -0.8 427.7 4.83 2.01 0.65 
10. 1 -3.4 427.- 0.5.1 1. 45 0.00 



14.9 -0.2 
14.9 *-< o 

13.8 1.2 
11.9 0.7 
12.4 0.4 
10.7 1.1 
13.8 -0.6 
12.3 -2.3 
13.4 1.8 
9.4 -0.9 

13.  1  -1.4 
12.0 -4.9 
9.7 -5.  1 

11.9 -2.7 
9.0 -2.4 
4.5 -4.3 
4.9 -5.6 
9.4 -3.  1 
9.9 -0.6 

10.0 3.  1 
10.2 2.3 
4.7 -1.8 
3.7 -5.6 
3.3 -2.8 
8.9 —3.3 
7.4 -4.5 

12.2 -2.  1 
7.7 -2.  1 

13.7 2.3 
11.7 0.4 
12.8 2.9 
11.1 1.1 
12.0 0.5 
16.8 0.2 
18.3 -0.2 
15.6 -3.8 
18.9 0.  9 
23.3 6.5 
20.8 4.2 
18.  1 6.6 
18.8 5.6 
16.  1 -0.2 
12.6 -2.3 
18.  1 2.0 

427.7 2.  03 
427.7 3.05 
427.7 1.52 
427.7 2.54 
427.7 3.30 
427.7 3.81 
427.7 3.05 
427.7 2.54 
427.7 1.27 
427.7 2.79 
427.7 4.32 
427.7 2.29 
427.7 2.79 
427.7 3.30 
427.7 6.35 
427.7 3.05 
427.7 3.56 
427.7 6.  10 
427.7 2.03 
427.7 5.84 
427.7 0.76 
427.7 2.54 
427.7 2.03 
427.7 1.02 
427.7 3.56 
427.7 4.32 
427.7 2.29 
427.7 2.54 
427.7 0.76 
427.7 0.00 
427.7 2.03 
427.7 3.05 
427.7 1.02 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 0.  00 
427.7 0.00 
427.7 0.00 
427.7 0.00 
427.7 .0.00 

0.61 0.  00 
0.88 0.  11 
0.94 0.  00 
1.49 0.00 
0.98 0.  00 
1.00 0.00 
1.49 0.  11 
1.75 0.  03 
0.69 0.00 
1.30 0.00 
1.62 0.00 
1.56 0.00 
1.83 0.00 
1.55 0.00 
1.71 1.37 
0.52 0.  11 
1.69 0.23 
2.29 1.24 
1.60 0.00 
1.09 1.11 
1.20 0.00 
0.75 0.03 
0.90 0.00 
1.48 0.  00 
1.90 0.00 
1.60 0.00 
1.24 0.  00 
0.65 0.  00 
1.80 0.  00 
2.  02 0.00 
1.79 0.00 
0.7^ 0.00 
1.68 0.00 
2.29 0.00 
2.04 0.00 
2.33 0.00 
1.97 0.  00 
2.73 0.00 
2.33 0.00 
2.31 0.00 
3.09 0.00 
2.46 0.  00 
2.24 0.00 
2.98 0.00 
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3.45 0 .00 3.45 
3 .93 0 .  00 3 .  93 
5 .06 0 .00 5.06 
5 .24 0 .00 5.24 
5 .23 0 .  00 fej  •  jL.  wV 
4 .94 0 .00 4.94 
4 .75 0 .00 4.75 
4 .63 0 .00 4.63 
4.54 0 .00 4.54 
3 .77 0 .00 3.77 
3.56 0 .00 3 .56 
3 .43 0 .00 3.43 
4 .12 0 .00 4 .  12 
4 .  09 0 .00 4 .09 
4 .00 0 .  00 4 .00 
3 .48 0 .51 2.97 
3 .  18 0 .00 3 .  18 
3 .86 0 .00 3 .  86 
3 .  10 1 .27 1 .83 
4 .  01 0 .00 4.01 
3 .97 3.56 0 .41 
2 .41 1 .02 1 .  39 
2 .67 0 .51 2 .  16 
1 .39 0 .25 1.  14 
3 .85 0 .00 3.85 
4 .  11 2 .29 1.82 
4 .04 1 .02 3 .02 
3 .80 1 .52 2 .28 
4 .  14 0 .00 4 .  14 
4 .04 1 .27 2 .77 
3.83 0 .51 3.32 
2.66 1 .27 1 .39 
4 .42 1.27 3 .  15 
4 .00 4 .00 0 .00 
3 .  19 2 .84 0 .34 
4 .31 1 .85 2 .46 
3 .83 2 .09 1.74 
2 .65 2 .65 0 .00 
3.93 3 .93 0 .00 
3 .82 O Of  wj • til O 0 .49 
2 .63 2 .21 0 .42 
3 .83 2 .30 1.54 
2 .57 0 .69 1.89 
2 .85 2 .85 0 .00 
2.58 2 .58 0 .00 
1.98 1 .98 0 .00 
3.33 1.53 1 .80 
3 .87 3.B7 0 .00 
3 .85 0 .36 3 .50 
2.80 2 .80 0 .00 
3.14 3 .14 0 .00 
3.46 1 .03 2 .43 
2.76 2 .07 0 .69 
2 .59 2 .59 0 .00 
4.07 1 .29 2 .78 
4.06 1 .25 2 .80 
3.95 3 .95 0 .  00 
2 .78 2 .78 0 .00 
3.01 0 .91 2.09  
3.91 1.  17 2 .75 
3 .46 1 .01 2 .46 
4 .08 2 .68 1.40 
4 .  17 1 .  16 3 .01 
4 .01 3 .  12 0 .89 
3.43 1.16 2  > £7 
4 .74 1 .24 3 .50 



4.44 1 .38 3 .06 
4.08 1 .01 3 .06 
3.29 O.BO 2 .49 
4.30 1 .03 3 .28 
4.19 0 .98 3 .22 
2.85 0 .65 2 .20 
3.77 0 .84 2 .93 
3.41 0 .75 2.66 
3.94 0 .85 3 .09 
4.02 0 .85 3 .  17 
3 .93 0 .81 3 .  12 
3 .67 0 .74 2 .92 
3.43 0 .68 2.75 
3.27 0 .64 2 .63 
3.65 0 .70 2 .95 
2.65 0 .50 2.15 
2.35 0 .44 1 .92 
2.54 0 .46 2 .08 
3.61 0 .65 2 .96 
3 .  37 0 .60 2 .77 
3.30 0 .57 2 .72 
2.94 0 .50 2.44 
3 .43 0 .58 2 .85 
3.42 0 .57 2.85 
2.89 0 .47 2 .42 
2.52 0 .40 2 .  11 
2 .66 0 .42 2 .24 
3 .58 0 .57 3 .02 
3.22 1 .01 2 .21 
4.21 0 .65 3 .55 
3.50 0 .53 2 .96 
3.67 0 .56 3 .  12 
3 .66 0 .55 3 .11 
1.70 1 .70 0 .00 
3.24 3 .02 0 .22 
3.43 0 .51 2.93 
2.17 2 .17 0 .00 
2.42 0 .37 2.06 
1.92 1 .92 0 .00 
2.37 0 .36 2 .01 
2.11 2 .11 0 .00 
1.91 1 .91 0 .00 
0.81 0 .63 0 .  18 
2 .43 0 .37 2 .06 
2.24 0 .34 1 .90 
2.35 2 .35 0 .00 
1.09 1 .09 0 .00 
2.24 2 .24 0 .00 
1.28 1 .28 0 .00 
1.39 1 .39 0 .00 
2.  18 2 .  18 0 .00 
1.30 1 .30 0 .  00 
0 .97 0 .97 0 .00 
2.  15 0 .52 1 .63 
1.37 1 .37 0 .00 
2.08 2 .08 0 .00 
1.84 0 .51 1.33 
1 .70 0 .47 1 .23 
2.49 0 .69 1 .81 
2.68 2 .26 0 .43 
2.71 0 .74 1.97 
2 .53 0 .68 1.84 
1.  16 1 .  16 0 .00 
2.02 0 .56 1.46 
1.76 1 .76 0 .00 
1.  10 1 .  10 0 .00 



2. ia  2 .  18 0 .00 
1.46 0 .42 1.04 
0 .69 0 .69 0 .00 
1.40 0 .40 1 .01 
1 .63 0 .46 1 .17 
1 .85 0 .52 1 .32 
1 .38 1.38 0 .00 
1.60 0 .46 1 .  14 
0 .94 0 .27 0 .67 
1.63 1 .48 0 .15 

V. l&l .OO 0 .00 lO. i  
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APPENDIX I: 
Listing of the Weather Parameters 

Used for Sonoita 

The precipitation should be calculated using long-term historical 
records representative of the location of interest to estimate the 
parameters for use in CLIMATE.BAS. Walnut Gulch, Gage #5 was use for 
Sonoita for the period 1955-1976. 

Table 8. Precipitation parametersfor Sonoita. 

J Parameter 
1 POO 
2 P10 
3 Beta 
4 Mu 
K Fourier parameter 
1 Annual mean 
2 Amplitude of first harmonic 
3 Phase angle of first harmonic 
4 Amplitude of second harmonic 
5 Phase angle of second harmonic 
6 Amplitude of third harmonic 
7 Phase angle of third harmonic 
8 Amplitude of fourth harmonic 
9 Phase angle of fourth harmonic 
10 Phase angle of fifth harmonic 
11 Amplitude of fifth harmonic 
Alfa .333 

See the maps in figures A1 to A12 in appendix K for definitions 
and estimation of the temperature and radiation parameters. 

Table 9. Temperature and radiation parameterfor Sonoita. 

Svmbol Value Fiaure 
W(l) 82.5 A1 
W(2) 19.5 A2 
W(3) .085 A3 
W(4) -.045 A4 
W(5) 75.0 A5 
W(6) 54.0 A6 
W(7) 19.0 A7 
W(8) .12 A8 
W(9) -.05 A9 
W(10) 525 A10 
W(ll) 208 All 
W1(12) 390 A12 
YY 31.55 

POO P10 Beta flu 
.93 .64 .58 .21 
.71 .57 .00 .048 
.81 .62 .00 -1.11 
.73 .57 .00 .00 
.31 .39 .00 .00 
.61 .53 .00 .00 
.04 .95 .00 .00 
.54 .52 .00 .03 
.81 .89 .00 2.56 
.51 .56 .00 .00 
.36 .26 .00 .00 
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Average values for the maximum and minimum relative humidity were 
estimated from Canelo for the period 1935-1972 while wind speed and 
observed sunshine were estimated from Tucson for the period 1948-1955, 
from Arizona Climatological Data. The wind data is measured at 10 meter 
(33 feet). The maximum possible sunshine data as a function of the 
location latitude is from Dunne and Leopold (1978), the source is Standard 
Meteorological Tables. 

Rhmax Rhmin Wind Sunshine(hr) 
Month 1%) (%) (Km/d) Observed Maximum 

J 71 59 244.8 7.65 10.45 
F 70 50 244.8 9.00 11.20 
M 61 39 244.8 8.20 11.90 
A 51 30 284.1 12.50 12.90 
M 43 24 284.1 13.00 13.70 
J 41 23 284.1 13.75 14.00 
J 57 40 262.0 12.30 13.90 
A 65 42 262.0 12.20 13.20 
S 60 37 262.0 11.80 12.30 
0 59 42 264.5 10.00 11.40 
N 61 52 264.5 7.80 10.70 
D 68 62 264.5 7.70 10.20 
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APPENDIX J: 
Map of Temperature and Radiation 

Parameters Information 

The following maps are taken from Richardson and Wright (1984). 
They were developed for the USA. 



Figure Al. Distribution of the ncan of t for dry days (TWn) 

Figure A2. Distribution of the amplitude to t for wet or dry days (ATX) ibflx 
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cm 
, t .  i  

Figure A3. Distribution of the mean of the coefficient of variation of t for 
wet or dry days (CVTX). 

4CVTX 

•J04—•' 

-.04 

Figure A4. Distribution of the amplitude of the coefficient of variation of 
t̂  for wet or dry days (ACVTX). 



Figure AS. Dlatributlon of the aean of t for wet day* (TXHW) 

Figure A6, Dlatributlon of the Man of t 
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figure 
A7. Distribution 

.. t- for wet or 
0£ the amplitude ot tfflln 

dry days (AW), '*• 

err* 

of the mean of the coe: 
fficient 

0f variation of tmin 
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Figure A9. Distribution of the amplitude of the coefficient of variation of 
for wet or dry days (ACVTN). 

KM9 

Figure A10. Distribution of the mean of r for dry days (RMD), ly. 



ITO. 

Figure All. Distribution of the amplitude of r for dry days (AR) , ly. 

KMW 

Figure A12. Distribution of the aean of r for wet days (RMW), ly. 
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APPENDIX K: 
Curve Number Information 

Information developed by Matlock (1986) was used to get an 
estimation of the initial abstraction for vegetation removal and smoothing 
conditions (table 12). Then the SCS equation of the detention storage was 
solved for the curve number. The value found was assumed representative 
of wet condition. Thus, this value was converted to the corresponding dry 
and normal conditions. The user may use any hydrology book to get the 
conversion factor. The following table (10) was taken from Schwab et al 
(1981), the source is the National Engineering Handbook, Section 4, 
Hydrology (NEH-4). 

Although the SCS curve number method is internationally used the 
user should bear in mind that those values were empirically developed for 
situation in the USA. 

Table 10. Curve numbers and Conversion factors (for Ia=.2S). 

Conversion factor from CN2 to 
CN2 (normal condition) CN1 

.40 

.45 

.50 

.55 
.62 
.67 
.73 
.79 
.87 

1.00 

CN3 
2 . 2 2  
1.85 
1.67 
1.50 
1.40 
1.30 
1.21 
1.14 
1.07 
1.00 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

The conditions are described in table 11. As these conditions were 

eveloped for cropped area, only 50 percent of the limits was considered 

for the bare soil in the catchment area. 
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Table 11. Antecedent rainfall conditions. 

Condition Description 5-Day antecedent rainfall(mm) 
of soil Dormant Growing (season) 

Lower plastic <13 <36 
limit to PWP 

Average value 13-28 36-53 
for annul storm 

Heavy rainfall >28 >53 
or light rainfall 
with low temperature 

Table 12. Summary of catchment treatments to increase runoff. 

Problems Treatment Threshold 
rainfall(mm) 

None 
Soil surface 
Rock 

Rock clearing 
Vegetation 
Removal 
Type change 
Rotation 

Smoothing 
Shaping 

Compacting 
Colloid 
dispersion 
Repellents 
Sealing 

Covers 
Permeable 

Sealed 
permeable 
Impermeable 
Buried 
impermeable 

3.1 

2.7 

2.3 
2 . 2  

2 . 2  
1.2-1.8 
.5-1.7 

.4 
.03-1.1 

Life 
years 

Permanent 
I I  

5-10 
Indefinite 
Permanent 
5-10 

Permanent 

5-10 
5-8 
2-5 

Permanent 

10-20 
10-20 

10-20 

NAV* 

Regrowth 

Regrowth II 
Erosion may 
cause change 

Oil Spray lasts 
about two years 

Surface may be 
eroded 

* Not always available. 



147 

APPENDIX L: 
Analysis of the Number of Dry Days Before 

the First Rainy Days at Sonoita 

This is a summary of the number of annual dry days containing in 
the 20 year period of the crop life from the planting date to the first 
rainy days. 

Year Number of drv davs 
1 75 
2 81 
3 77 
4 79 
5 81 
6 78 
7 75 
8 73 
9 77 
10 77 
11 77 
12 75 
13 72 
14 71 
15 74 
16 74 
17 75 
18 78 
19 74 
20 77 

Mean 76 
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