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ABSTRACT
 

Analysis of Chilean Meteorological Data to Estimate
 

Evapotranspiration and Irrigation Requirements
 

by 

Juan Tosso, Master of Scienci 

Utah State University, 1972 
1 

Thesis Director: Professor Emeritus J. E. Christiansen 
Major Professor: Dr. J. Alfaro" 
Department: Agricultural and Irrigation Engineering 
College: Engineering 

A formula for e'stimating Class A pan evaporation was developed 

using data from six ENDESA meteorological stations and eight Meteor

ological Institute stations. The formula is of the form 

E =KRMMC 
v c 

whe re 

E V = pan evaporation 

K = a constant 

RMM = extraterrestrial radiation 

C = climatic coefficients.
C 

An evapotranspiration equation was developed using Class A pan 

evaporation as a base. Using this equation, and the gamma distribu

tion that calculated the dependable precipitation at five probability levels, 

the irrigation requirements for twelve stations were calculated. 



An equation that estimates dependable precipitation at 75 percent 

probability level was developed using the gamma distribution as a base. 

Equations to estimate crop coefficients were developed using mea

sured evapotranspiration and climatic data. 

(110 pages) 



INTRODUCTION 

Description of Chile 

Location and Boundaries 

Chile is a republic located in the very southwest of South America. 

It is a narrow and long strip of land. Its length is about 4, 200 kilo

meters with a width that varies from 80 to 400 kilometers. Chile is 

situated between latitude 18 south and 55 south. Tha country bor

ders on Peru on the north, the South Pole on the south, Bolivia and 

Argentina separated by the Los Andes range on the east, and the Paci

fic Ocean on the west. 

Climate 

According to climate it is possible to divide the country from north 

to south as follows (A map of Chile is shown in Figure 1. ): 

Norte Grande: From the Lluta River to the Copiapo River. Its 

climate is typical of deserts with extremely scarce water. 

Norte Chico: From Copiapo River to Aconcagua River. It has 

the characteristics of a semi-arid stepe with scarce and variable pre

cipitation from one year to another. 

Zona Central: From Aconcagua River to Bio-Bio Province. It 

has a Mediterranean climate with well differentiated seasons. 

Zona Sur: To the south of Bio-Bio Province. Here the climate is 

cooler and more humid and water is very abundant. 
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F igure 1. Map of Chile Showing the Climatic Zones 
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There is also a variation in climate from west to east. Along the 

coast the climate is moderated by the ocean. In the central valley the 

climate is warmer. Farther inland the climate cools with elevation 

to the top of the Andes. 

The Coastal and Los Andes ranges influence the climate by acting 

as curtains intercepting the fronts that come from the Pacific Ocean. 

In the Central Coast zone there is an increase of precipitation due 

to the effect of the Coastal Range. Going to the east of this range the 

precipitation decreases and then increases again as the Andes Range 

is approached. 

Without considering the antarctic territory, Chile has an area of 

75. 7 million hectares from which 50. 3 million are non-arable. Of the 

remaining 25.4 million hectares, 13. 8 million constitute the agricul

tural area of the country, of which 5. 5 million are plow land and 8. 3 

million are used only for pastures. 

Almost 4 million hectares of the plow land are to the north of the 

Temuco Province. In most places this area could benefit from arti

ficial irrigation. About 1.4 million hectares of this area would prob

ably require sprinkler irrigation because of the topography and soil 

conditions. This area is not irrigated at the present time. The area 

that is economically irrigable is, therefore, about 2.4 million hectares 

which represents 3 percent of the national territory. This indicates 

that there is a necessity for a highly intensive and specialized agri

culture under irrigation. 
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At this moment 1. 17 million hectares that are irrigated have an
 

adequate water supply. 
 Another 0.8 million hectares are irrigated
 

but with a deficient water supply.
 

Agricultural Development
 

According to the Office of 
Agricultural Planification (ODEPA)
 

as cited by Politica Nacional de Riego (1970), 
 it will be necessary toadd 

another 600, 000 hectares of new land to the irrigated area before 1983 

in order to produce enough foodstuff to achieve a balanced diet for the 

population of the country. 

Another important aspect in the process of agricultural develop

ment is the Agrarian Reform which has 
resulted in a modification of 

the water laws. According to this new set-of laws, the water will be 

delivered to the farriers in relation to the water requirements (Tasa 

de use racional y beneficioso) of the farm. 

All the considerations expressed above show the necessity of an 

accurate calculation L ' evapotranspiration and effective precipitation. 

Through these two basic parameters one can arrive at a good estimate 

of the actual water requirements. This information will provide a firm 

foundation for water supply planning and development and effective 

management for new projects. 

The objective of this study then is to: 

1. Analyze the available climatic data for Chile and determine 

the best formula for estimating potential evapotranspiration. Coin
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plete climatic data are available from 13 stations for this study. 

2. Process the available monthly rainfall data to estimate the 

dependable and effective precipitation. 

3. Relate the dependable precipitation with estimated potential 

evapotranspiration to determine potential irrigation water require

ments. 

4. To show how the study can be used to determine actual water 

requirements for the crops grown. 



DEFINITION OF TERMS 

Evaporation 

Evaporation from natural surfaces such as open water, bare soil 

or vegetative cover is a diffusive process by which water in the form 

of vapor is transferred from the underlying surface to the atmosphere. 

Pan Evaporation 

Pan evaporation is the amount of water that evaporates from a 

standard Class A U.S. Weather Bureau pan. These pans have been 

adopted by the World Meteorological Organization and are used in many 

countries including Chile. It is expressed as depth per unit of time, 

i.e., mm per month. 

Evapotranspi ration 

Evapotranspiration is the amount of water used by the vegetative 

growth of a given area in transpiration and that evaporated from soil, 

snow, or intercepted precipitation on the area in any specified time. 

It is usua1ly expressed as a depth for unit of time, i.e., mm per month. 

Consumptive Use 

According to Israelsen and Hansen (1965) consumptive use is for 

all practical purposes identical with evapotranspiration. It differs 

by the inclusion of water retained in plant tissues. For most agricul

tural plants the amount of water retained by plants is insignificant when 

compared with evapotranspiration. 
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Potential Evapotranspiration 

Potential evapotranspiration is defined as the consumptive use or 

the evapotranspiration loss from a short, green, vigorously growing 

crop (usually grass) that completely shades the ground or provides full 

crop cover under conditions where moisture supply is not limiting on 

moisture use. 

Actual Evapotranspiration 

Actual evapotranspiration is the evapotranspiration, Et, for any 

specified crop which may or may not completely shade the ground, 

and which may be less than potential Et because of soil moisture limi

tations. It is usually calculated or estimated by multiplying a crop 

coefficient times a soilwater coefficient times potential evapotranspira

tion, or by a pan evaporation. 

Crop Coefficients 

Crop coefficients are estimated values of the ratios of actual 

evapotranspiration to computed potential evapotranspiration for dif

ferent stages of growth, or the ratios as compared to measured or 

computed pan evaporation. It is very important when using crop coeffi

cients to specifically state whether they apply to potential evapotrans

piration or to pan evaporation. Soil water status if important. 

Irrigation Water Requirement 

Irrigation water requirement is defined as the quantity of water 
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required to maintain the desired soil moisture and salinity level during 

a crop growing season, in addition to precipitation. 

Potential Irrigation Requirement 

This is defined as the difference between potential evapotrans

piration and dependable precipitation. 

Precipitation
 

Precipitation is 
 the total amount of water that is received from 

the atmosphere in the form of rain, snow or hail. It is expressed as 

a depth per unit of time, i.e., mm per month. Precipitation inten

sities are nmust often expressed as mm (or inches) per hour for any 

specified period of time. 

Dependable Precipitation 

Dependable precipitation is the precipitation that can be antici

pated at a specified probability level from an analysis of available 

precipitation records. Probability levels of from 60 to 80 percent may 

be used for irrigation projects because agricultural crops can with

stand some moisture deficiency without seriious injury. 

F ffective Precipitation 

Effective precipitation is that part of the dependable precipitation 

that can be stored in the root zone of the crops grown and used by the 

crop. It excludes surface runoff and deep percolation, and will, there



9 

fore, depend on the rainfall intensity as related to the infiltration rate 

and the moisture holding capacity of the soil, and on the crops grown. 

Moisture Availability Index (MAI) 

Hargreaves (1971) defines this term as an index of the adequacy 

of precipitation in supplying moisture requirements. It is computed 

by dividing the dependable precipitation by the potential evapotrans

piration. 

Adequacy Percentage 

Hargreaves (1971) defines this term as the percentage of years in 

the precipitation record during which precipitation for any given month 

equals or exceeds the potential evapotranspiration. 

Moisture Deficit 

Moisture deficit is the difference between potential evapotrans

piration and dependable precipitation. A moisture excess is indicated 

by a negative number. 
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REVIEW OF LITERATURE 

Evaporation 

The concept of evaporation from water surfaces has been a very 

useful tool used by scientists and engineers in the development of irri

gation. 

Utilization of Evaporation Data
 

Evaporation 
has been measured by many kinds of evaporimeters
 

including the Class A pan. These 
measurements are used to estimate 

actual evaporation from lakes and reservoirs, as well as evapotrans

piration from crops, by applying a suitable coefficient.
 

One use 
of this concept is to estimate the evaporation from reser

voirs and lakes by applying a coefficient to the observed or derived 

pan evaporation. The Special Committee of Irrigation Hydraulics of 

the American Society of Civil Engineers adopted the value .7 as the 

ratio of the annual evaporation from a reservoir to the evaporation of 

a USWB Class A pan. This ratio is called the pan coefficient. The 

monthly ratios have been found to vary considerably because of the 

greater heat storage capacity of reservoirs compared with a standard 

pan.
 

Because of its heat storage capacity, the water temperature lags 

behind the air temperature during the daily cycles. The temperature 

of a leaf from which transpiration occurs follows the air temperature 

more closely. 



The evaporation from a pan is affected by advective energy more 

than a large body of water, and hence a coefficient of less than 1. 0 

must be applied to reduce the measured evaporation to lake or reservoir 

evaporation. 

According to Kohler. Northensonand Fox (1955) this coefficient 

may lead to appreciable error without consideration of advective energy 

to either the pan or lake. 

Allen and Crow (1966) showed that the ratio between evaporation from 

Hefner Lake to a 15-foot tank was 1.01. They also presented an equa

tion which expresses lake evaporation as a function of the product of a 

9-foot or 15-foot tank evaporation and the ratio of the vapor pressure 

deficits over the lake and the tank, respectively. 

Probably the most important application' of evaporation from a 

water surface in irrigated agricultural development is its relationship 

with evapotranspiration. 

Tanner (1967) stated that there is a relatively high correlation of 

ETP (potential evapotranspiration) to Ep (pan evaporation). The cor

relation between actual evapotranspiration, ETa, and Ep may be low 

when soil moisture is limiting and when the crop cover percentage is 

low. 

Pruittand Lourence (1968) compared evapotranspiration for different 

crops in California with Class A pan evaporation. They related the values 
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By calculating evaporation from climatic data it is possible to get a 

good estimation of evapotranspiration for areas with similar climatic 

conditions by multiplying the calculated evaporation by this coefficient. 

The importance of this is that it would not be necessary to measure 

evapotranspiration in yery many places in an area, because it is very 

difficult and costly to measure evapotranspiration accurately. 

Weaver and Stephens (1963) concluded that the standard open pan 

as an integrator of climate appears to have a real value as an index of 

crop water requirements in the southern Florida area. where manage

ment does not permit soil water to become limiting. 

Pruitt (1960) stated from his results that the coefficient relating 

consumptive use to evaporation (he worked, with grass) depends upon 

the type, size and environment of the pan. The coefficients obtained 

ranged from a low of .75 up to 1.25. He found a difference in the 

coefficients of from 30 to 35 percent for like pans located in different 

environments. -le also showed that the relationship between consump

tive use and evaporation from pans emained fairly constant through 

the season regardless of the type of pan, but that the USWB Class A 

pan was somewhat more consistant than smaller above-ground pans. 

Pan Evaporation Measurements 

There are several instruments that have been developed to mea

sure evaporation. The most prominent ones are: atmometers, Piche 
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evaporimeter, Bellani plate atmometer, Fuess evaporimeter, and 

various other pan evaporimeters. 

The Standard Weather Bureau Class A pan evaporation is the 

method most widely used, and it is being recommended by engineers 

even for scheduling irrigation on the farm. 

Details of construction and operation of Class A pan are given by 

the U.S. Weather Bureau (1962). 

Some advantages of Class A pan evaporation are: 

1. More data are available from Class A pans than for any other 

type of evaporimeter. 

2. It is comparatively inexpensive. 

3. It is not appreciably affected by heat transfer to or from the 

soil through the bottom. V 

4. It is less liable to corrosion than a sunken pan of galvanized 

iron and leakage is more easily detected. 

5. Being raised it collects less drifting weeks and soil than 

sunken pans.
 

6. It is less affected by splash in rain storms than sunken pans. 

Some disadvantages of Class A pan are: 

1. Its average rate of evaporation is high and must be multiplied 

by a low coefficient or reduce it to the less from a large surface of 

open water. 
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2. Errors result from birds and animals drinking from the pan 

and bathing in it. When screens are used to exclude birds and animals, 

the evaporation rate is reduced, but the relative amount is not well

known. 

Nimmo (1964) describes the following type of pans for measuring 

evaporation: 

1. Colorado sunken pan. 

2. U.S. Bureau of Plant Industry pan. 

3. Los Angeles County Flood Control District pan. 

4. Twelve-foot diameter pans. 

5. Two-foot screened pans. 

Evapotranspi ration 

To attempt concurrently to measure evapotranspiration of the 

many species of irrigated crops grown in a large area is impractical 

because of financial and manpower requirements. It is also imprac

tical to measure evapotranspiration for a single crop at more than a 

few locations. For this reason the most promising approach, according 

to the Department of Water Resources of California (1963), appears to 

be to determine the important annual measurable parameters affecting 

evapotranspiration rates, and to correlate actual measurements of 

evapotranspiration with those parameters. 
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Factors Affecting Evapotranspiration
 

The most important factors which 
appear independently to affect
 

evapotranspiration 
are: climate, plant conditions, and soil moisture 

availability. 

Climate, in the evapotranspiration process, can be thought of as 

a combination of parameters such as air temperature, wind, humidity, 

elevation, precipitation, solar radiation, and length of daylight. These 

parameters are not independent factors but are interrelated in a com

plex manner. 

The energy sources for the evapotranspiration process are de

rived principally from direct solar radiation and advection or exchange

able heat from the air. The evaporative demand of the atmosphere is 

largely a function of those two elements, however. According to 

Penman et al. (1967) not all of the solar radiation that falls directly 

on the plant or ground surface is used in evapotranspiration. A por

tion is reflected back into the atmosphere, a portion is utilized in 

heating up the air, a portion is absorbed in heating the soil, and the 

balance is utilized in evapotranspiration and plant growth. 

It is likewise probable that the energy available from advection 

is not all utilized, depending upon many factors such as vapor pres

sure deficits and extent of wind movement. Under certain conditions 

it has been demonstrated that advecting cooling, as well as advecting 

heating, can occur. 
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The difference between incoming total radiation and the amount
 

lost by reflection and long wave 
raditation from a surface is commonly 

referred to as the net radiation at the surface, as described by Rose
 

(1966). Of this energy, 
 a relatively small amount would go into heat

ing up the soil. 
 At midday the net energy consumed in plant processes 

is also a small percetage of the net radiation available. Of the re

maining energy, the 'greatest amount would normally be used up in
 

evapotranspiration, 
 with smaller amounts in warming the air. At
 

night sensible heat losses from the 
soil and air would provide the main 

source of energy loss. 

As the moisture content of the air increases through evaporation
 

and transpiration, 
 the moisture gradient (vapor pressure gradient)
 

between an air mass and an 
evaporating su-rface decreases and retards
 

further moisture transfer. 
 Under field conditions the air mass near 

the ground is far from stable. Air movements act to mix moisture

saturated air near the evaporating surface with drier air from above.
 

Wind speed and surface roughness influence the relative turbulence 

of air, moving the moisture away from the evaporating surface and 

bringing in drier air to further the evaporation process. Thus it is 

apparent that the evaporative demand of the atmosphere is determined 

by the interaction of several climatic elements. 

Progress is being made in determining the relationship between 

the aforementioned climatic factors to arrive at a quantitative approach 

to estimate evapotranspi ration. 
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The estimation of evapotranspiration from a purely theoretical 

approach is not entirely practical because the d a required are not 

normally available. The two basic approaches to evapotranspiration 

are from the energy budget standpoint and from the vapor transfer 

standpoint. 

Crop Factors 

While evaporation from a shallow, free water surface is limited 

only to the evaporative demand at the earth's surface, evapotranspira

tion may be controlled also by the physiological and physical condi

tions of the transpiring vegetation. 

According to Gates and Hanks (1967) a plant leaf loses water at a 

rate that depends on the concentration grad'ient of water vapor between 

the saturated cellwalls of the mesophyll and that in the face air beyond 

the plant. The rate is regulated by the diffusion resistance in the sub

stomatal, stomatal, and boundary layer regions of the diffusion path. 

The water vapor density at the saturated mesophyll cell walls depends 

on the temperature of the leaf which in turn depends on the energy bud

get of the leaf. 

The greatest difference among crops occurs during the growth 

period when the crop cover is less than 50 percent complete. During 

this time evapotranspiration of most irrigated crops is less than where 

the cover is greater, because evaporation from bare soil decreases 

rapidly as the surface soil dries. There appears to be little difference 
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in evapotranspiration among many crops after the cover is greater 

than 50 percent until maturity. Pineapple, however, is a notable 

exception. 

Penman (1956),cited byGates and Hanks (1967) in relation with
 

this difference of evapotranspiration for different plant species, 
 states: 

1. "For complete crop covers of different plants having about 

the same color, i. e. , the same reflection coefficient, the potential 

transpiration rate is the same irrespective of plant or soil type." 

2. This potential rate is determined by the prevailing weather. 

Van Bavel, Fritschen and Reeves (1963) concluded that a full stand 

of sudan-grass under conditions of high temperature, high light inten

sity, very low humidity of air, and sufficient soil moisture (in short, 

in a highly evaporative environment) can transpire in proportion to the 

evaporative demand. This does not mean that a sudan-grass stand is 

physically identical to an open water surface nor that the conclusion 

would apply to another crop. Both the radiation balance and the con

vective sensible heat exchange of a crop differ materially from those 

of an open water surface. 

Gates and Hanks (1967) discuss in some detail the specific pro

perties of the plant community that influence evapotranspiration. 

Soil Factors 

The primary means by which the soil can influence the rate of 

evapotranspiration is through the affect of various soil properties 
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upon Zhe storage capacity and availability of moisture at the soil sur

face or to the plant. 

Evaporation from Soil Surfaces 

Ekern, Robins, and Staple (1967) indicate that the rate at which 

the bare soil supplies water at the evaporative site is controiled by 

the water content and hydraulic conductivity of the soil. 

According to the Department of Water Resources, California (1967) 

the rate of movement of moisture "through the soil to the surface is re

lated primarily to soil texture and structure. Surface evaporation, 

however, under usual irrigation practices, is not appreciably affected 

by the rate of moisture movement. 

A soil with a very moist surface will lope about the same amount 

of moisture as a very shallow water body or an irrigated, improved 

pasture. Evaporation and/or evapotranspiration rates are nearly the 

same for all three. In each case, the evaporation rate is controlled 

almost entirely by the climate, that is, the evaporative demand. In 

cropped lands the plants act as a sort of wick connecting the subsur

face soil moisture to the atmosphere. With bare soils, the connection 

is broken as soon as the soil surface becomes dry through evapora

tion. 

Availability of Soil Moisture to Plants 

The availability of soil moisture to plants depends upon the amount 

that either can be, or is stored, within the soil, and upon various 

33 
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internal and external factors that limit the availability of such mois

ture. Some 
of the factors that affect moisture availability are: amount 

and intensity of precipitation as related to the soil infiltration rate, the 

effective rooting depth of crops, and available moisture holding capa

city of the soil. 

Various concepts have been advanced regarding the effect of mois

ture availability on evapotranspiration rates of plants. According to 

one concept, the evapotranspiration rate decreases as available mois

ture in the soil decreases from field capacity to the permanent wilting 

point. Another concept is that, as long as available moisture exists 

within the root zone, the evapotranspiration rate is not materially 

affected. 

Field observations by the Department of W2,ter Resources of Calif

ornia (1967) relating soil moisture depletion from deep permeable soils 

to .cvapotranspiration, support the position that evapotranspiration rates 

are not affected over rangea wide of soil moisture availability. How

ever, there are indications that crop yields sometimes materiallyare 

affected before evapotranspiration rates decrease. 

Jensen (1968) indicates that as the soil water content decreases 

and is not replenished by rainfall or irrigation, the effective hydraulic 

resistance increases greatly. This increase in hydraulic resistance 

results in various degrees stress,of plant water depending on the 

evaporative demand and plant characteristics. As plant water stress 
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increases, diffusive resistance also increases, illustrating the inter

dependence of hydraulic and diffusive resistances. 

Summary of Factors Affecting Evapotranspiration 

While the numerous factors affecting evapotranspiration may at 

first appear to be so complex that realistic estimates of crop water 

use are beyond our ptesent power to predict, this is not the case. 

Numerous factors do exist, but they are physical processes and sub

ject to physical laws. Through an,understanding of these physical 

processes the insight necessary to make reasonable estimates of water 

use by crops is gained. 

Determination of Evapotranspiration 

V 

Tanner (1967)divides the determination of evapotranspi ration into 

three classes: 

1. Water balance or hydrologic methods. 

2. Micrometeorological methods. 

3. Empirical methods. 

The methods of the first two classes have a rational basis: they 

are based on measurements of theoretical variables which affect evapo

transpiration. Such measurements are not normally made and reported 

by meteorological services, hence, in most instances, these methods 

cannot be used without first performing the research necessary to 

obtain such data. Empirical methods, if reasonable confidence is to 
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be obtained, must be "calibrated" by relating the empirical evapotrans

piration indices to actual evapotranspiration measurements. 

Water Balance Method
 

This method includes natural catchment hydrology, soil water
 

depletion sampling, and/or lysimeters.
 

The general equation for water balances as described by Tanner
 

(1967) is as follows:
 

ET= P - (Dr + De + Di +'ADw + ADs)/A (1) 

in which all variables arte expressed in depth per unit time. 

ET = evapotranspiration 

P precipitation or irrigation 

Dr = surface or subsurface runoff 

De = deep percolation 

Di = intercepted precipitation 

ADw = change in groundwater storage 

ADs = change in water stored above the water table (soil 

moisture). 

The three methods that will be discussed next are based upon this 

general equation. 

Catchments. This method is usually applied to large areas. For 

such cases the value, De, is generally assumed to be zero. To obtain 

satisfactory results, the renaining variables must be measured with 

the required precision. Because of the problems involved in obtaining 
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exact measurements of these variables, independent meteorological 

methods should be used where possible to check the results obtained 

from the hydrological measurements. 

Soil Water Depletion. The most common method of determining
 

the average evapotranspiration rate is soil sampling 
as described by 

Pair (1969), Jensen (1967), Davidson and Nielsen (1966) and 

Christiansen (1972). This method consists of taking soil samples at 

two or more times between consecutive irrigations and drying these 

0samples in an oven at a temperature of 105 C. The decreases in soil 

moisture between samplings is used to compute the rate of evapotrans

piration. The precipitation occurring during the interval between irri

gations must be taken into account. 

To obtain satisfactory results the following precautions must be 

observed:
 

1. The water table must be well below the root zone so that it 

does not have an effect on the soil moisture in the sampling depth. 

2. The soil should be sampled to a depth greater than the actual 

rooting depth. 

3. A pre-irrigation to completely wet the root zone should be 

applied, when the soil has not been thoroughly wetted by precipitation, 

about ten days before planting. The amount of water added at each 

irrigation should then not exceed that which can be stored within the 

rooting depth in order to prevent deep percolation losses. 

1-vWr2.C i~~ )V~11l Q 
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4. Extreme care should be exercised to prevent loss of moisture 

from samples before they are weighed and dried. 

5. The depth of water applied in each irrigation should be mea

sured when possible as a check on the results obtained. 

6. The soil texture in the plots or fields to be sampled should 

be quite uniform without appreciable stratification. 

7. Samples should be taken in nearby locations at exactly the same 

depth at each sampling. 

8. In order to convert the soil moisture percentage losses to
 

actual depths of water 
used, the bulk density of the soil must be accur

ately determined and used in the computation. An alternative procedure 

is to use a precision soil sample,- that takes a sample of a precise 

length so that the actual depth of water in thg sample can be deter

mined directly. Such a sampler is described by Taylor et al. (1961). 

9. The first sampling after an irrigation should be made within 

a period of two to four days after the irrigation when the soil moisture 

can be assumed to be at an approximate field moisture capacity, i.e., 

when most of the downward movement of soil moisture has taken place. 

Errors in this method may result from any of the following causes: 

1. Deep percolation or drainage from the root occurs duringzone 

the sampling period and is neglected in the determination. 

2. Heavy precipitation may occur during the period and may cause 

either deeppercolation losses or runoff which cannot be accounted for. 



25 

3. Moisture losses from samples before weighing. 

4. Variations in texture and moisture holding capacities of the 

soil in different samples. For example, if the first sample after an 

irrigationwere of coarser texture than the later one before the next 

irrigation, the difference in soil moisture between these samples would 

be in error. 

Taylor et al. (1961) indicate that a probable relative error of 

ten percent or more may be expected in measuring evapotranspiration 

by the soil sampling method. They also indicate that soil volume samp

ling will not give reliable values over periods much shorter than two 

or three weeks. They also discuss the use of the neutron meter to 

measure soil moisture. Tanner (1967) says the neutron meter has 

several advantages and that it is preferred over other methods for de

termining soil moisture. 

Lysimeter. Lysimeters are tanks filled with soil in which crops 

are grown to measure the amount of water used. This is the only hy

drological method in which the experimenter has complete knowledge 

of all the terms in equation (1). This lysimeter has great importance, 

not only for gathering evapotranspiration information, but also as an 

independent check on the suitability of micrometeorological methods 

and for calibrating empirical formulas used for estimating evapotrans

piration. 
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Lysimeters have some advantages and some disadvantages as com

pared with soil sampling. Since lysimeters are of several kinds, in

cluding sensitive weighing lysimeters, the accuracy of the moisture 

loss determination varies with the kind of lysimeter used. Very sensi

tive and accurate weighing lysimeters of the type used by Pruitt (1960) 

in California are very expensive. He can measure Et values to + .025 

mm per d y, whereas pan evaporation cannot be determined much 

closer than 0. 25 mm per day, although they may be reported to the 

nearest 0. 1 mm. Inexpensive lysimeters in which only the water 

added and the drainage are measured are not highly accurate and can

not be used for short period determinations. 

The principal difficulty in obtaining accurate determinations of 

most crops with lysimeters is in being able to obtain the same density 

and height of growth inside and outside of the lysimeter. Often the 

growth inside the lysimeter is more vigorous than outside, and for small 

lysimeters the area actually receiving the radiation energy is appre

ciably greater than the actual area of the lysimeter. This is espe

cially true for tall crops. Griffin (1971) using one meter diameter 

lysimeters with maise reported that "The corn (maise) in the lysimeters 

grew more vigorously than the corn in the surrounding area and was 

soon two feet (60 cm) higher..." although "no fertilizer was applied" 

to the lysimeters. In addition to the greater incoming radiation re

ceived, these taller plants received considerably more advective energy 
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than the remainder of the field. His results showed that the ratios 

of the water loss from the lysimeters for the medium and wetter treat

ments averaged from 105 to 117 percent of the evaporation from a 

Class A pan. The percentages are appreciably greater than are nor

mally obtained from field moisture sampling. 

Lysimeters are best suited for low growing crops such as grass 

for which reasonably good values of potential evapotranspiration can 

be obtained. 

Micrometeorological Methods 

The more common microclimatological methods are: aerody

namic methods, energy balance methods and combination& of both. 

The aerodynamic method has not been 'successful in all instances. 

Under some conditions it has given reasonable results. 

According to Hanks (1971) the basic assumptions are not always 

met. 

The energy balance methods starts from the basic equation 

LE = RN - G - H (2) 

in which 

LE = evapotranspiration 

RN = net radiation 

G = heat flux density into ground 

H = sensible (or non-latent) heat flux into the atmosphere. 

41 
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RN and G are measured in the field with currently available in

struments.
 

H is not easily measured so this value is obtained through the 

Bowen ratio, consequently the equation (2) is modified as follows: 

RN - GLE =• 
l+B 

where B i the Bowen ratio. The value of B, the most uncertain of the 

above, does not make much difference on LE if B=+ 0.1, which will 

normally be the case in humid regions. 

Combinations of aerbdynamic and energy balance methods are 

discussed by Tanner (1967). 

The major problem of these theoretical methods is the need for 

highly precise instrumentation to collect theodata needed. 

Empirical Methods 

Many formulas have been developed relating measured climatic 

variables to measured evapotranspiration. All of them estimate 

potential evapotranspiration and then make corrections for different 

crops and soil status. These formulas are especially useful for pre

diction of future water needs for irrigation in areas where measure

ments of evapotranspiration have not been made. Some of the more 

prominent methods are reviewed in detail by Criddle (1952) and Pardo 

(1968). 
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In most instances simultaneous measurements of climatic vari

ables and pan evaporation are also made so that the measured evapo

transpiration can be compared directly with the pan evaporation. This 

makes it possible to develop formulas relating pan evaporation to the 

climatic variables. Then evapotranspiration can be estimated from 

relationships developed from highly accurate determinations of both 

pan evaporation and evapotranspiration, such as have been made by 

Pruitt (1960). 

Blaney-Criddle Formula' 

A study of this method is given by Blaney and Criddle (1966). 

This formula was developed in the arid western United States and is 

one of the most popular formulas in use today. The formula, in metric 

units, can be written in the form: 

Ep=kp (.457t +8.13)c 

in which 

Ep = monthly consumptive use in mm per month 

t = mean monthly temperature, in 0 C 

k = crop coefficient 

p = monthly percent of annual daytime hours. 

The main problem associated with this method is that some important 

variables such as wind, humidity and radiation are ignored, and to obtain 

good results the crop coefficient must have been determined for similar 

*climatic conditions and crops. Often no reliable k values are available 

to the user. 
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Thornwaite Formula
 

Thornwaite (1948), 
 cited by Pair (1969), correlated mean
 

monthly air temperature with evapotranspiration as determined by
 

water balance studies in valleys of the east-central USA with adequate 

soil moisture so as not to limit evapotranspiration. The following 

empirical equation was obtained: 

1. 6 Ld (10 T/I)aEp = 

in which 

Ld = total daytime hours in month days in month times 12 hours 

T = mean monthly temperature in °C 

a and I are constants depending on location, such that 

i = (T/5) 514 

12 
I Z2 i (summation of 12 monthly values of i) 

i 

6.75 x 7I xa = 10 - 7.71 104 12 +1.792x10- 21+.4924 

Ep = potential evapotranspiration in cm/month 

The disadvantage of this method is that it relies on the correla

tion between radiation and temperature, which is not always good, and 

neglects some important factors that influence Ep such as wind and 

humidity. 

Jensen and Haise 

Jensen and Haise (1963) developed an equation for evapotranspir

ation that can occur in well watered, irrigated fields located in semi

arid and arid areas. 
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This equation can be written: 

Etp = (0. 014 t - 0.37) Rs 

in which 

Etp = potential evapotranspiration in inches per day or mm/day 

t = air temperature in F 

Rs = incoming solar radiation, expressed as equivalent evap

oration, in inches per day or in mm/day. 

They state that solar radiation, Rs, when not measured, can be 

calculated using the following equation: 

Rs = Rso (.35 +..61 Sf) 

in which 

Rs = solar radiation under existing conditions 

Rso = solar radiation on a cloudless day 

Sf = fraction of possible sunshine for the time period. 

Formulas Developed at Utah State University 

Rujirakul (1970) reviewed the studies and the development of form

ulas for computing evaporation and evapotranspiration at Utah State 

University (USU). Since 1960, Professor Christiansen and several 

graduate students have developed some equations for evaporation or 

evapotranspiration which are easy to apply and which take into consid

eration most of the important climatic parameters that affect evapora

tion and evapotranspiration. 
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Christiansen Formulas
 

The approach was both rational and empirical. Christiansen (1968)
 

prcsented a detailed explafnation of this rnethodology. He states the
 

f0o winf : 

I. "Only data of the kind that. are readily available to the user 

should be i,-cqiirid for application of the procedure, and only such data 

should be usec! in the development of formulas. 

2. The procedure or formulas should utilize all of the available 

climatic para.meters that are found to significantly affect evaporation 

or evdpotran.spiration, but should permit use of more limited data. 

3. 1-fie jormuias oeveloped should be dimensionally sound and should 

be applicable in either English or metric units. 

5. The formulas should, insofar as possible, provide the prac

ticing engineer with a working tool that would give reliable results when 

applied to climatic data from any part of the world." 

Christian,.,!, (1968), an(! graduate students at USU, first developed 

a formula for estimating Class A pan evaporation using, as a basis, 

e::traterrestriAl radiation, Rt and cliiiatic data. He later developed 

forrnulas for e stirnating both pan evaporation and evapotranspiration 

using incongiiu radiation and climatic data (Christiansen and Hargreaves, 

1969). 

The basic formul;L for pan evaporation, based on data from many 

countries of the world and a wide range of climatic conditions is: 
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Ev= 	0.459 Rt CC CC C C 

where 

R t extraterrestria radiation reaching the earth's atmos

plere, compvtie fronm a .uolar cor,:l;ant of 2 calories 
2 

per cm per minute (these values are given in the tables) 

The coefficients given in dimensionless forin 	in metric units are: 

° =in C, Tc, and for T o 20 
for mean temperature 

C t = 0. 393 + 0. 559 (Tc/T 0 ) + 0. 048 (Tc/T 0 ) 

For mean wind velocities, W, above the evaporation pan at a height 

above ground of 60 cm, W 0 96. 7 kiloneters per day 

2C= 	 (. 7n = 0. 3, (WW/0 ) - n 036 (W AT 
w .. . . . . ... .. 0 

For mean relative humidity at noon, In, or average humidity for 

11 and 17 hours, and for I 0 - 40 percent or 0.40: 

C h = 1.250 - 0.348 (1n/]0 ) + 0. 120 (11/10)2 _ 0. 022 (Hn/H0)4 

or, 	where mean humidity is available, and Itm 0 = 0. 55, an approxi

mate 	relation is 

6 
C = 1.255 - 0.242 (VIm/Jrim) - 0.013 (-Im/Hnm 0)nm00 

For mean sunshine percentage, S, and for So = 80 percent, or0.80 

3 
C = 0.542 + 0.640 (S/S0) - 0.499 (S/S0 ) + 0.317 (S/S0) 

For 	elevation, E, and for E 0 1.000 feet or 305 meters
 

C e = 0. 970 + 0. 030 (E/E 0 ).
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The rnonthly coefficient, C , is the ratio of the reported pan 

evporation to the ccrr:puted value, which appears to vary somewhat 

from place to place ano' Possibly depends on factors not taken into con

side ration i-,the formruL,, such as tlt' pan exposure, days of precipita

tici,, and -hadirg fror- m7)ountains. The mean value of C is 1. 00, and 

the standard deviation for 3928 months of data from more than 80 sta
tions in 8 countries was 0. 116. Ordinarily the coefficient C is omitted. 

m 

Form)u]:,i! for Poteniial Evapo ran.-piration, Etp. Christiansen 

gives three formulas dcveloped for potential evapotranspiration using 

data from Pruitt for rye grass from 6. 1 meter diameter weighing lysi

.......r (C ri-,;..... a rgreaves, The- .l.. 1969). evapotranspiration 

data used were recorded to 0. 001 inch per day (0. 025 mm) and all cli

matic factors considered were carefully measured. 

The first formula used pan evaporation, Ev, as a base, the second 

one used exterrestrial radiation, lt, as the base, and the third used 

incoming measured radiation, Rs, as the base. 

The formula relating potential evapotranspiration, Etp, to pan 

evaporatioi,, v, can be expressed by the equation 

Etp = 0.755 EvC Cw2 Ch2 Cs2 

where Ev is the incasu red Class A p-an evaporation. 

C t = . 862 - 0. 179 ('ic/T 0) - 0. 041 (Tc/Tc 0 )2 

where Tc is the mean teinperature in 0C, and Tc = 20 C.0 
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CwZ0C = 1. 189 - 0. 240 (WlWo) + 0.051 (w/W ) 

where W is the mean wind velocity 2 meters above ground leve in miles 

per day or kilometers per hour, and W0 100 miles per day or 6. 7 

kilometers per hour. 

hZ = 0.499 + 0.620 (]im/Hm0 ) - 0. 119 (Hm/JIm 0 )2 

where Hrn is the mean relative humidity, expressed decimally (60 per

cent = 0.60), and H0 = 0.60. 

C = 0. 904 + 0. 008 (S/S0) + 0.2088 (SIS0) 

where S is the percentage of possib]e sunshine, expressed decimally, 

and S = 0.80. 

The formula relating potential evapotranspiration to extraterres

trial radiation, Rt, and climatic factors can be expressed by the equa

tion: 

Etp = 0. 3Z4 RtC Cw Cht Cst C e 

whe re 

2= 0.463 + 0.425 (Tc/fTc 0 ) 0. 112 (Tc/Tc 0 ) 

The symbols for the climatic parameters are the same as for the pre

vious formula. 

wt =. 672 + 0. 406 (W/W) - 0. 078 (W/Wo) 

0)3ht= 1.035 + 0.240 (JWim/fm0) - 0. Z75 (Jlm 

C = 0.340 + 0.856 (S/Sn) - 0. 196 (S/S") 2 
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C C = 0. 970 + 0.030 (E/E 0 ). 

Thc formula relating poteitial evapotranspiration, Etp, to mea

sured incoming radiation, Rs, as a base can be written: 

Etp = 0.-9Z Rs Ctt CWt Cit 

where Ils is the meiasured incoming solar radiation expressed as equi

valent dcpth of cvaporation. The equations for the coefficients, Ctt, 

Cwt, and Cht are the same as given before. 

As stated by Christiansen and Hargreaves (1969), the measured 

incoming solar radiation is generally reported as Langleys per day, 

T) 2 
(..Iorie5s,yr cm per day). The equivalent depth of evaporation 

per day is obtained by dividing Langleys per day, RI,, by the latent 

heat. of vaporization, L: 

Rs = R L/,. 

At a temperature of 20 C, L has a value of 584.8 calories per 

gram. For other temperatures in °C, the relation is 

1,- 595.9 = 0.55 Tc I 

'.o obtain Rs for a month cme must multiply the mean daily value 

of Rs by the nurnber of days in the month, or use the total Langleys per 

month. Because of the small variation of L with temperature, the value 

for 200 C is geierally used except for comiputer computations. 
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Hargreaves Formulas 

Hargreaves (1972) has developed several equations to estimate pan 

evaporation and potential evapotranspiration. 

Evtporation from a Class A pan located in an irrigated grass area 

is given by the equation 

CE (3)EV = 	.43 RT CT CIH CW 

in which 

EV = 	Class A pan evaporation 

RT = 	extraterrestrial radiation reaching the earth's atmos

phere 	computed from a solar constant of 2. 0 calories 
2 

per cm expressed in equivalent depth of evaporation 

(3a)CT = .40 + .024 TM 

(TM is mean temperature in 0C) 

(3b)CT = .140 + .555 (T - 32) 


(T is mean temperature in OF)
 

CH = 	.05 + 1.58 (1.00 - JIM) I / 2 (3c) 

(HM Is mean relative humidity in percent expressed 

decimally) 

CW = .68 + .04 WlO (3d) 

(WIO is wind at an elevation of 10 meters in Kmn/hr) 

(3e)CW = 	 .47 - .04 WP 


(WP is wind at the pan in Km/hr)
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CW = .47 + .00276 WPM (3f) 

(WPM is wind at pan in miles per day) 

CE 1.00 + . 07 x EL/1000 (3g) 

(EL is clewtion in inmters) 

CE = 1.00 + .021 x ELF/1000 (3h) 

(ELF is elevation in feet). 

Potential evapotra- ;spiration equivalent to thiat from a short, green, 

rapidly growing grass vegetation with a continuously adequate moisture 

supply is given by the ecuation 

ETP = .82 EVP Cfi-tTV CfWTV CEl V (4) 

in which 

ETP is potential evapotranspi ration
 

EVP is Class A pan evaporation inan irrigated area exposure
 

CIITV .55 + .75 1IM (4a)
 

CWTV = 1.08 - . 01 W10, or (4b)
 

cWTV = 1.03 - . 01 w1P (4c)
 

CFTV 1.00 - .04 EL/1000. (4d)
 

Crop coefficients to be used with either standardized t- iaporation 

or potential evapotranspiration arc given in Table I. Root depths in 

meters are also given in Table 1, Appendix A. 

These equations have been tested for California, Arizona, Nicar

agua, Venezuela, Ecuador and Iraii with good results. According to 
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Hargreaves (1972) these are general equations and they should fit al

most any irrigable area in the world, making the following considera

tions: 

1. The coefficient CW is baserl on 24-hour wind data. Daytime 

wind velocities are higher, and therefore when daytime data are used, 

the value .43 should be correspondingly decreased. 

2. The CE value is a function of advection which usually increases 

with elevation. But this is no valid for all locations, so in some cases 

this must be estimated. 
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IRRIGATION REQUIREMENTS 

Irrigation water requirements is defined as the amount of water
 

exclusive of precipitation needed to maintain a desired 
soil moisture
 

and salinity level during a crop season (Pair, 1969). This defi

nition contains the unique environments, existing for each crop, in 

each soil, locality, soil moisture level, cultural environment, and stage 

of growth which make irrigation requirements unique also. 

Christiansen and Hlargreaves (1970, 1971) proposed as an index 

of actual irrigation water requirements the term potential irrigation 

requirement, where the potential irrigation requirement on a monthly 

basis is the potential evapotranspiration less dependable precipitation. 

Dependable precipitation was defined by them as the mean amount of 

precipitation equaled or exceeded 75 percent of the time based on rank

ing distribution. 

Consumptive use data are used in estimating the irrigation water 

requirements of existing or proposed projects and for crop production 

on individual farms. The actual irrigation water requirement is de

pendent not only on the total consumptive need but also on the amount 

of moisture contributed from such natural sources as effective growing

season rainfall, carryover soil moisture fr'om winter rains, and some

times any contributions from ground water. 

Shockly (1966) has presented an equation through which it is pos

sible to calculate irrigation water requirement and where the evapo
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can be writtentranspiration is only one component of the equation which 

as follows: 

IR = 100 ((Et + LR - Re - Mc - Mg) + Lc)/E 

whe re 

IR = irrigation water requirement 

Et = evapotranspiration 

LR = leaching requirement 

Re = effective rainfall 

Mc carryover soil moisture 

Mg = ground water contribution 

E = field capacity efficiency 

Lc = conveyance and operation losses. 

The various factors vary greatly. In arid areas where the irriga

tion water contains appreciable amounts of salt, LR may be high and 

Re almost negligible. In areas where the water is relatively pure and 

LR may be zero. If depths to groundrainfall sufficient for leaching, 

water are in excess of the depth of the root zone, Mg can be disre

garded.
 

Effective Precipitation
 

Effective precipitation supplies part of the evapotranspiration
 

requirement of crops. It may be a very small part in an arid arca, 

or it may be a major part in humid areas such as the south of Chile. 
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Since there are few records of effective precipitation available, it is 

necessary to utilize total precipitation records and estimate the per

centage that is effective. 

The factors affe:cting total precipitation effectiveness are: 

1. 'T'otal precipitation. 

2. Intensity of precipitation. 

3. Intake rate of soil. 

4. Water holding capacity of soil. 

5. Evapotranspiration rate of crop. 

6. Timing of precipitation in relation to irrigation. 

The mayimuin effective precipitation for a month or season cannot 

exceed the evapotranspiration for that period plus water holding capa

city of the soil. Storms occurring just after an irrigation or in rapid 

succession when the soil profile is filled with water may provide little 

effective water for evapotranspi ration. 

Where the intensity of the precipitation exceeds the intake rate 

of the soil, runoff will reduce the effectiveness of the total precipita

tion even ihough storage space is available in the root zone. 

High water-holding capacity soils will hold precipitationmore 

than soils with low water-holding capacities. 

High evapotranspi ration rates will deplete the soil moisture rap

idly, thus providing storage capacity for subsequent precipitation. 
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Rainfall Probabilities 

The Soil Conservation Service (1967) has concluded that because 

of the wide variation in the net irrigation requirements caused by the 

variation of the climatic factors and the irregular distribution of pre

cipitation from year to year, the development of a dependable water 

supply cannot be based on average requirements, or computations of 

these requirements from average values of data available, since this 

would provide an adequate supply approximately half the time. 

Methods Used for Computing Precipitation Probabilities 

Several methods have been advanced to determine rainfall prob

ability. Some are relatively simple and easy to apply, whereas others 

involve mathematical formulas that are time consuming to Zolve. An 

ideal method of estimating probability would: a) apply to any period 

of time such as a year, season, month, or week; b) provide reliable 

estimates for a return period of 50 to 100 years by extrapolation; and 

c) be easily and quickly computed. None of the probability methods 

now in common use meets all of these requirements. 

The most common probability methods in use are: normal distri

bution, ranking distribution, and incomplete gamma function. Burchinal 

and Dickerson (1961) presented a good analysis of these methods. 

Normal Distribution. This normal distribution is usually referred to 

as Gaussian Distribution. The function is completely determined by 
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two parameters: the mean value, X, and the standard deviation, oY. 

It is synietrica], tails out of the extreme values and has shapea 

resembling a bell. It is defincd by the following equation: 

IF(x) = (Zn o) exp [-1/ (X-5X) l ,2]. 

The normal distribution provides a good fit for most climatologi

cal variables that are, for all practical purposes, unbound above and 

below such as temperature. Precipitation is bound on the lower end 

by zero but it is unbound at the upper end. According to Ramirez (1971) 

some distribution other than normal should be expected to provide the 

best fit for precipitation data. 

Ranking Distribution (Dete rmined by Kimball Equ ation). Burchinal 

and Dickerson (1961) show a good procedure to analyze the rainfall 

data using the Kimball equation. 

The equations are: 

F = m/(N + 1) 

or 

T = (N + I)/rn 

whe re 

F = percent frequency or probability 

T = return period in years, or recurrence interval 

i = rank number in an array of decreasing order of magnitude 

N number of years of record. 
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The procedure indicated by the aforementioned author is: 

1. Tabulate 	the average annual rainfall. 

2. Array the 	rainfall amounts in order of decreasing magnitude. 

3. Compute and tabulate thf-- plotting position, i.e., percent fre

quency or return period, by the formula. 

4. Plot the arrayed rainfall amounts against the percent fre

quency on probability paper. 

5. Draw the line of best fit by eye, giving less weight to single 

points that plot far out of line. 

Incomplete Gamma Distribution Function. Barger and Thorn (1949) 

made 	studies related with rainfall distribution based upon frequency 

They concluded analyzing that the normal distributionhistograms. 

shorter than four months. This was becausedid not fit well for periods 

of the large number of weeks with zero rainfall. It has been proposed 

that the incomplete gamma distribution function may offer an appropri

ate model fcr weekly, monthly or seasonal raiifall. 

Hardee (1971) and Ramirez (1971) made a study for Colombia and 

Venezuela, respectively, finding that the incomplete gamma distribu

tion can give reliable information. Hardee concluded from an analysis 

of 103 years of precipitation records that a gamma distribution pro

vides the best fit.
 

The incomplete gamma frequency as presented by Thorn (1958)
 

for random variable x is given by:
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-x/B rn-I
f(X) e 	 x
 

i'(m)
(3 

in which 

x = precipitation amount 

B and m are parameters 

x -x Xm-1 	dm x
=rn-i dx
 

0
 

0 <x <. rn 0. 

The probability that precipitation will not exceed x amount as well 

as the precipitation associated with any probability can be found from 

f X) x 0-x/O xm-1
f(x) = e mx
 

0 ryn)
 

whe re 

x is the amount of precipitation (daily, weekly, monthly, 

annual, etc. ). 

Miller and Weaver (1968), using the incomplete gamma distribution 

for climatic division in Ohio, determined the monthly and annual preci

pitation amounts for the 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 95 

percent probability levels. Rather than utilizing a desk calculator 

and the T'horn moniogramn of Pearson's tables of the incomplete gamma 

distribtion functi on (which are related to probability [absissa] and the 

ratio 5/M [ordinate.] Jin Thorn': graphs, the value of precipitation asso

ciated with a given probability and gamrn-la pararneter is the x term in 

the ratio K/(]). 
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Weaver and M.iller (1967) wrote a computer program for the pur

pose of computing precipitation associat.-i with se),'cted probiloilities. 

This program calculated ganma and beta paramicers. Precipitation, 

xi, for a given probability, 3, is estirntaled from: 

Xi
 
x Xj i (S) P(r3)) (!- 

]TI 11- 1
xj
 

where 

d=i -1 

z 3 

m +1 (m + )(rn+2) ( + 1) (rn+ 2) (m + 3) 

m = P - gamma. 

The gamma parameter, F , is found by solving for m in the quad

ratic equation: 
2
 

12 (In - II/N Z In x) m - l - I = 0
 

or 

12 (In x - I/N In x) 2 F 1 = 0. 

If I' is less than 36, the gamma function is caluclated by using an 

algorithm developed by Collinge (1961). If the r value is greater 

than 36, the gamma functions were found by linear interpolation of 

Pearson's gamma function table. 
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PROCEDURE
 

Evapo ra)tion ~]'q.uation 

Usinvy I)ata fron the N,etorolorical (Office of C1!ile 

The first siep in the present study was to anal'yze climatological 

and evaporation data at eight different station.; in Chile where the data 

was found to be complete enough for such use. These eight stations are 

listed below in Table 1 together with their latitude, 'ongitude, and ele

vation. 

Table . Chiilcn _eteorologicil Salions 

Identifi- Latitude Longitude Elevation Anemometer 
cation Station osu On InlMeters Height 

Number In Meters 

2 Se reria 29.90 71.25 32 9
 

4 Ovalle 30.36 71.20 250 9
 

10 Santiago 30.45 70.70 520 22
 

12 San Fernando 34.58 71.00 342 8
 

13 Curico 34.98 71.23 211 9
 

15 Linares 35.85 71.60 157 9
 

18 Los Angeles 37.47 72.35 160 9
 

20 Temuco 38. 75 75.28 114 9
 

The data used were monthly means, with a total of 290 months. All 

data for a single month for a given station were punched onto one card. 

The data were obtained from the Chilean Meteorological Office. Corn
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puter program 810 written in FORTRAN V language for the UNIVAC 

9200 was used to process the data and analyze the results. 

The following minurnum information (for the eight stations) was 

required for the computations: wind velocity, relative humidity, temp

erature, precipitation, percentage of sunshine, and measured pan 

evaporation. Also the following was taken into consideration: latitude, 

longitude, elevation and extraterrestrial radiation. 

The main lin-itation of the data was that they wce-re not consistant 

for the winter periodts, esc cially for stations that had high precipita

tion during this period. 

Computer program 810 was used to relate the values of measured 

evaporation with the different climatic parameters that were measured 

at all of the stations. Following the methol given by Christiansen 

(1968), and starting from a very general equation to calculate evapora

tion, every clirnatic parameter was related several times with the 

measured evaporation in order to develop a forinula for average evapora

tion and climatic conditions. 

The general equation for pan evaporation is 

EVP = K R Chv C C C Cev t Ct h 

in which 

K is an appropriate dimensionless constant for pan evapor
ev 

ation 
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Rt is the extraterrestrial radiation computed for the month 

and latitude, and expressed as equivalent evaporation by 

dividing the radiation (cal/cm2/day) b-j the heat of vapor

ation at the mean temperature, TM, -nd converting to 

appropriate units, usually rmn per day or per month 

(given in the tales). 

With the exception of C p, which is a coefficient for precipitation, 

all of the coefficients have been defined and described in a previous 

section. 

The coefficients are dimensionless and most of them are of the 

general form: 

C = A + 1B X + C X 

where 

Cx represents the coefficient for the specific parameter 

X represents the ratio, X/X0, where X is the parameter and 

X0 is the standard value of the parameter, preferably 

an aLpproximate mean value for the data used 

n generally has a value of 2, but sometimes has other values. 

The coefficients are written so that A + 11 + C = 1.00. 

The ratios of measured evaporation to calculated evaporation were 

plotted against each of the cli matological parameters in order to ir

prove the corresponding coefficient and obtain a better fit. The abso

lute error, standard deviation and R square were used as a measure 

of how well the computed values compared with the measured pan evap

o ration. 
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Use of ENDESA Data 

Due to the delay in obtaining the climatic data from the National 

Electrical Company (ENDESA), these data were analyzed separately. 

Prog:ram 810.-1k was written for thi; Purpose. This computer program 

was basically a modification of program 810, and it is shown in Appen

dix B. The procedure followed waS the same as for the data from the 

Meteorological Office. The only difference was that the equation already 

developed with the first data was introduced in the program to see how 

well it fit. This equation was modified because the rmeasurements of 

pan evaporation correspcnding to the ENDESA dala were Cla;s A pan 

evaporation (Weather Bureau), but apparently the other set of data was 

taken from a different type of evaporimeter. Unfortunately it was not 

possible to find out exactly the type of pan used, but it may have been 

a Wild type vaporimeter. Another difference was that the ENJ)ESA 

data did not include sunshine measurements and maximurn and mini

mum temperatures (only mean temperature was available); it was not 

possible, therefore, to use a coefficient for temperature difference, 

TD, which has a good correlation with sunshine. 

The data used were rmonthly rreans, with a total of 272 months for 

six stations. They were found to be complete enough for the cornpu

tations needed. These stations are listed below in Table 2 together 

with their latitude, longitude, and elevation. 
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Table 2. ENDESA AMeteorolop.ical Stations 

Identi fi - Anemometer 
Latitude Longitude Elevation I-leig r 

Cal i ,:11 Station: oS owr In Meters Height 
Num,1)( r In Meters 

2 Desagute 37, 73 70. 78 1325 .6
 

Inve rnada
 

3 Polcura 37.32 75.53 740 .6
 
Ermba seadero
 

4 Armerillo 35.72 71.08 450 .6
 

5 Puente 34.28 71.35 199 .6
 
A rque do
 

6 Quelantaro A 34. 03 71.58 260 .6
 
Radio
 

Evapotran spiration Equation 

Usinl, Chilean ]Evapotranspi ration Data 

There are very few data related to measured evapotranspiration 

in Chile. The only information available for this study was that 

obtaied by 1Frisch dj Tos so (]969). This information con

sisted of a mrnt, lly average of three years of measured evapo

transpir;,tion for the following crops in Santiago Province: clover, 

alfalfa, corn, and wheat. Program 812 was written to analyze these 

data. The prograin is given in Appendix B. 

'Tlhe monthly average iteasured evapotranspiration for every crop 

was ]punched onto cards. The computer program related these values 

with the meastired evaporation for the sarme place and months. The 
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climatological data for the corresponding months were also punched 

onto cards and printed out in order to relate these values with the ratios 

ET/EV for each crop. The purpose of this was to find an equation to 

compute the crop coefficients. 

Evapotranspiration FEcuation Using Pruitt's Data 

Using a program written by Professo) Christiansen, data from 

experimental work at Davis, California, using a 6. 1 meter diameter 

lysimeter planted to rye grass, were used to develop a formula for 

potential evapotranspiration. The procedure used is that given by 

Christiansen (1968). The equation is in the section on Results and 

Discussion. 

Irrigation Requirements 

Program 691-GV, -Appendix B, was written to read the basic pre

cipitation data to calculate the gamma distribution of precipitation 

data on a monthly and annual basis. The same program computes 

precipitation for different probability levels according to the normal 

distribution and ranking distribution. The gamma distribution is given 

at 13 different probability levels. A subroutine was used to calculate 

potential evapotranspiration using the formula developed in this study 

using Pruitt's data. 
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RESULTS AND DISCUSSION 

New E]vauoration Formulas 

Usii-ti )ata_ froini t!ie Mel e,-,]j'ia1 n tikiute of Chile 

The new forrnula developed to estimate pan evaporation using 

data fromn the 'Moet¢:orological Institute is: 

EVPT' : KT RMM CWT CET CTT CHVT CTDT CPT 

\whe r'e 

EVP? is evaporation, mm per month 

KT = .328 

RMM is extraterrestrial radiation in evaporation units, the 

same as EVr]T (given in Table 2, Appendix A) 

cWVT = .41+ .92 (WIOC/l0) - .33 (WJOC/10) 2 

If W OC (wind velocity in kilometers per hour at 10 meters 

height) is greater than 14.0, CWT = 1.06 

CET = .94 + . 06 (-L/b000)
 

EL is elevation in meters
 

CTT = . 12 - .92 (TM/15) - .04 (TM/15)2
 

TM is nean temperature in °C
 

1.13 - . 13 (IM/. 70)2
CHVT = 

1-M is daytimiie relative humidity expressed in decimal 

fo r 1n 

(TD/15)2 
CTDT = .72 + .28 

'D is mean temperature difference (maximum tempera

ture, inininium temperature 
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CPT = 1.05 - .05 (P/100) 

P is mean precipitation. 

All of these coefficients have been calculated for the range of 

values that may ,:e expected for Chile. These coefficients are pre

sented in Table 5. 

This formula was compared with Christiansen' s formula that uses 

extraterrestrial radiation as a base and was given by Christiansen and 

Hargreaves (1969). The only modification to the original equation was 

the value of the constant . 459 which was changed to . 430. 

Hargreaves' formula, as given in the literature review of this 

study, was also used for the same purpose. A modification of the wind 

coefficient was made by Hargreaves as follows: 

Original: CW = .68 + .04 W10 

Modified: CW = .82 4 .0225 W10 

The constant was also changed from . 430 to . 413. 

The absolute error, standard deviation and R square were com

puted and used as a measure of how well the formulas fit the data. 

A comparison of these values are given in Table 4 which shows that 

the Tosso forrnula has the ]east error and standard deviation, and at 

the same time has the highest coefficient of correlation squared (R ) 

with an overall value of . 93. This indicates that 93 percent of the vari

ance is predicted by the equation, leaving only 7 percent unexplained. 
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Using the same computer program with some slight modifications, 

Christian.zen's formula (Christiansen and I-largreaves, 1969), and 

Iargreave.-' formulA: (Jiargreave.-, 1972) wtre introduced in order to 

compare them with the new formiula deve],d for Chile. 

The Blaney-Criddile formula, as applied to pan evaporation, was 

also tried. For this purpose it was necessary first to compute mean 

monthly k, values, which are pan coefficients, and which are different 

for every month. These k valuc.s were computed from the equation: 

k = EVPMIf 

in which 

EVPM = measured pan evaporation 

k pan evaporation coefficient 

f = the product of mean monthly temperature and monthly 

percent of daytime hours. 

The mean monthly k values were then averaged for all stations for each 

month and then used in the computer program to calculate the pan 

evaporation from the ]Blaney-Criclcle formula. The computed evapo

ration values were averaged for each station by months and for the 

year. Monthly ratios of EVJINI/EVIBC and the absolute errors were 

also computed and averagcd. 
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The mean absolute errors for the Blaney-Criddle formula also 

appear in Table 4 . In order to compare this formula with the new one 

developed 	 in the present study, it was first necessary to obtain the 

average monthly 1. values as was explained in the section on Procedure. 

The following are the average monthly k values computed from the 

data from 	the Meteorological Institute. 

Table 3. 	 Mean Monthly Values of k for the Blaney-Criddle Formula 

Month k 	 Month k Month k 

January 1.40 May .56 September .74 
February 1. 33 June .42 October .92 
March 1.05 July .41 November 1.11 
April .71 August .56 December 1.28 

Table 4. 	 Comparisonof Christiansen, Hargreaves, 1lancy-Criddle, and 
TossoFormulas Using Data from the Meteorological Institute 

Station Average Absolute Error
 
No. Christiansen Hargreaves B]aney-Criddle Tosso
 

2 11.5 13.4 	 20.7 10.2 
4 	 9.6 11.7 22.0 8.6 
10 9.8 18.5 24.3 10.8
 
12 13.2 23.1 16.Z 15.6
 
13 20.7 11.1 18.9 7.5
 
15 13.9 14.8 25.4 11.3
 
18 15.1 22.2 23.9 10.5
 
20 15.0 11.8 33.7 18.4
 

Overall 13.2 16.4 22.7 11 .4 
Average 

Standard 23.0 280 19.0 
Deviation 

R Square .89 .85 	 .93 
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Using Data from ENDESA 

The ne'w formula developed to estimate Class A pan evaporation 

using the climatological inforrnmation given by ENDESA is: 

E\rPT = KT RMM CWT CET CTT CIIVT CPT 

where 

RMM is the extraterrestrial radiation as given in TableZ, 
Append ix A 

KT = . 40 

.28 (W10C/10)
2 

CWT = .18 + 1. 10 (W1OC/10)-

If the wind velocity is greater than 19.4, CWT = 1. 27 

CET = .94 [ .06 (EL/1000) 

+ .32 (T./15)z 
CTT = .50 + . 18 (TM/15) 

(1IM /.70)8
CHVT = 1.07 - .07 


CPT = 1.05 - .05 (P/]00).
 

All of these coefficients have also been calculated for the differ

ent values that are probable for Chile. These coefficients are pre

sented in Table 6. 

This equation is a modification of the formula developed using 

data from the Meteorological Institute for which every term has pre

viously been defined. 

Due to the fact that there were no data from which the coefficient 

for temperature difference, CTDT, could be computed, this coeffi

cient was omitted. This has the same effect as making CTDT = 1. 0. 
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This formula was also compared with the Christiansen, Hargreaves 

and Blaney-Criddlc formulas. 

To obtain the same average value of the computcd evaporation 

and the measured evaporation, the con:taT't for the Christianscn form

ula changed from .459 to .562. The sunshine coefficient used was 

equal to 0. 865, which was the mean value for the data from the Meteoro

logical Institute. This was necessary because the ENDESA data did 

not include sunshine measurements. 

The Hargreaves formula which did not include a sunshine coeffi

cient was used in the same way as the Meteorological Institute data. 

For this comparison only the constant was changed from 0. 430 to 0. 480. 

The mean monthly k values for the Blaney-Criddle formula obtained 

for ENDESA stations are given in Table 7. 

Table 7. 	 Mean Monthly k Values for the Blaney-Criddle Formula 
for ENDESA Staticns 

Month k Month k 	 Month k 

January 1.60 May .65 September .94 
February 1.43 June .5] October 1.07 
March 1.33 July .53 November 1.33 
April .99 August .69 December 1.50 

A comparison of these formulas with the new formula developed 

to estimate Class A pan evaporation (Tosso formula) is given in 

Table 8. From this table it is possible to observe that the Christiansen 
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and Hargreaves formulas present relatively low absolute errors giving 

an overall error, standard deviation and coefficient of correlation 

squared pretty similar to that ol!ained with the Tosso formula. There 

appears Lu be no si;,,, ficant diiffrerice in the resuli from these,- three 

formulas, but the mean absolute errors for the laney-Criddle form

ula were much higher. Details of these results appear in Tables 3. 1 

to 3.5 in Appendix C. 

Table 8. Comparison of Chri stiansen, Ha rgreavcs, .3]aney-Cri.ddle 

and Tos so Formula Using Data Given by E>M)ESA 

Avc ge Absolia; ErrorStation 

No. Christiansen t]argreaves Dlaney-Cricdle Tos,so
 

2 8.7 8.7 24.8 8.9 
3 12.4 17.3 48.3 11.1 
4 11.6 12.3 13.6 10.9 

5 7.5 7.3 20.8 7.3 
6 10.6 11.4 24.5 9.8 

Overall 10.6 11.4 21.5 9.8 
Average 

Standard 22.6 24.3 21.2 
Deviation 

R Square .94 .93 .95 

New Evapotraispi ration Formulas 

Evapotranspiration Fornmdas Developed for Chilean Data 

An analysis of the clinmatic data and measured evapotranspiration 

for the Santiago Province was nade. There was information for four 

crops and they were analyzed individually. 
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As a result of this analysis a formula to estimate evapotranspira

tion for every crop was obtained. 

Evpotranspiration for Clover (CL). The following formula to 

estimate actual evapotranspiration for clover was developed: 

ETCL = EVPM CTCL CHCL 

in which 

ETCL = actual evapotranspiration for clover in the same 

units as EVPM 

EVPM = pan evaporation 

CTCL = .82 - .20 ((TM-10)/5) + .06 ((TM-10)/5) 2 

M iz mean tcn ipe rature in ° 

= 1.18 -. 795 ((IJM - .50)/.15) + .465 ((IJIM - .50)/1.15)2CHCL 

HM is mean rel -tive humidity in percent expressed 

decimally. 

The average absolute difference between the mez sured and calculated 

evapotranspiration from the above equation is 5 millimelcrs per month. 

Evapotranspiration for Alfalfa. The following fornmala to esti

mate actual evapotranspiration for alfalf;a was developed: 

ETAL = EVPM CTAL CHAL 

in which 

ETAL = actual evapotranspiration for alfalfa in same units 

as EVPM 

.EVPM - pan evaporation 

CTAL = 1. 18 - . 18 (TM/15) 



64 

CHAL = 1. 03 - .14 ((JIM - .50)/.15)4 .09 ((HM - .50)/.15) 

The average absolute difference between the measured and calcu

lated evapotranspi ration from th-e above equation is 7. 2 millimeters 

per month. 

Evapotranspiramiion for Corn. The following formula to estimate 

actual ev, potranspiration for corn was devcloped: 

ETCO = EVPM CLO 

in which 

ETCO = actual evapotranspiration for corn in the same units 

as EVPM 

CCO = .72 + .38 cos (1.047 (Xlv - 12. 2)) 

where for months preceding September, 

XM = Month + 12 

and for September to December, 

XM = Month. 

These values are given in the following tabulation: 

Month XM Moith XM Month XM 

January 13 May 17 September 9 
February 14 June 18 October 10 
March 15 July 19 November 11 
April 16 August 20 December 12 

The average absolute difference between the meia sured and calcu

lated evapotranspi ration from the above equation is 5. 7 millimeters 

per n-onh. 
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Evapotranspiration for Wheat. The following formula to estimate 

actual evapcf ranspiration for wheat was developed: 

ETWH = EVPM CWH 

in which 

ETWH = actual evapotranspiration for corn in the same units 

as EVPM 

EVPM = pan evaporation 

CWH = .545 + .345 cos (1. 2548 (XM - 10. 5)). 

The average absolute difference between the measured and calcu

lated evapotranspiration from the above equation is 4. 3 millimeters 

per month. 

The measured and calculated values of evapotranspiration and 

some of the ratios are given in Table 3, Appendix A. The symbols 

used appear in Append ix A. 

Potential Evapotranspiration Formula Developed from Pruitt's Data 

From the analysis of Pruitt's data at Davis, California, the follow

ing formula to estimate potential evapotranspiration was developed: 

EVTT = .81 EV CH CT CW 

in which 

EVTT = potential evapotranspi ration 

EV = measured oi computed Class A pan evaporation 

C = 2.0 (JIM/. 80) - 1.0 (JIM/. 80)2
 

If HM is greater than .80, CII = 1.0
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1IM is daytime relative humidity expressed in decimal 

form 

CT =. 91 + .09 ( 15)lM/ 

TM is mean temperature in °C 

CW = 1.12 - . 12 (W1O/10) 

WO is wind velocity in kin/hours at 10 meters height. 

Relating these valucs of measured evapotranspiration at Davis with 

those calculated from the above equation for the same period, an a. o

lute error of 6. 6 percent average was obtained. 

Due to the reliability and the greater amount of data from which 

this equation was developcd, and con-i.dcring that the climatic condi

tions for Davis are, in general, similar to those of the irrigated areas 

of Chile, this equation was used in the gamma program as a base for 

the calculation of the potential irrigation requirement. 
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Irrigation Requirements 

Potential Ir rigation R{equire-r.enlt .* 

To arrive at the actual irritation requirements, two basic para

meters need to be determined: effective precipitation and evapotrans

piration. The amount of water used by a crop and the amount of water 

required for leaching are directly proportional to evapotranspiration. 

Part of this water used is supplied by effective precipitation and the 

remainder must be supplied by irrigation. Unfortunately it was not 

possible to obtain values of effective precipitation for this study because 

data related to intensity of precipitation, soil charact,-ristics, drainae, 

and runoff were not available. 

The gamma distribution analysis was used to compute precipitation 

probability values for stations. Potential evapotranspi ration and poten

tial irrigation requirements for 5 precipitation probability levels 

appears in Appendix D. The calculated value of potential evapotrans

piration for each month and the annual value, which is the sum of the 

monthly values, are printed out. The potential irrigation requirenment 

is obtained by subtracting from the values of evapotranspiration the 

precipitation at 5 probability levels. Positive values indicate that irri

gation is :equired and negative values indicate that dependable preci

pitaticu exceeds the potential evapotranspiration, therefore irrigation 

may not be required. 



68 

Monthly and annual probabilities of receiving equal to or greater 

than a certain amount of precipitation for 13 probability levels were 

also calculated. The annual values do not corrcspond with the sum of 

the monthly values since th,.ey represenrt the distribution of the annual 

totals for each year of record. As an example, in Table 8. 5 for Santiago 

we find under Ihe 70 percentile column and for May the value 17. This 

indicates that in 7 years out of 10, the May precipitation total for 

Santiago is expected to be equal or greater than 17. 0 millimeters, or 

alternatively, that 3 years out of 10 the May precipitation total is 

expected to be less than 17. 0 millimeters. 

]n Appendix 1) also appear values of maximum ard mniinu-i Pre

cipitation for each month as well as the annual value, dependable pre

cipitation, evapotranspiration deficit (ETDF) and moisture available 

index (MAI) at the 75 percent level of probability. 

Actual Irrigation Requirements 

As previously stated, actual irrigation requirements depend upon 

both crop and soil conditions as well as the climate. For this reason 

it is not possible to compute actual irrigations in this study. The in

formation given here, however, provides a basis for estimating actual 

irrigation requireinrents on a specific project basis where crop to be 

grown and soil conditions are known or can be determined. Some 

apl)ropriate precipitation, such as 75 percent, can be selected for this 

purpose and tabulated for each month. An analysis of the irrigation 
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requirement can then be made by first estimating the effective preci

pitation on a month to month basis by considering the probable runoff 

as related to soil infiltration rates and precipitation intensities. Using 

appropriate crop rooting depths, the amount of the precipitation that 

infiltrates into the soil and is retained in this rooting depth can be 

estimated and the carry-over moisture determined for each month. 

An irrigation efficiency percentage can be assumed for the method of 

irrigation to be used. Where the water quality may be relatively poor, 

the leaching requirement should be taken into consideration. 

An example of such a detailed procedure for maise (corn) grown in 

the Santiago areawould lIe as given in Table 9. 

From a personal knowledge of the soils, precipitation intensities, 

and irrigation methods used, the following assumptions are made: 

1. The furrow method of irrigation will be used for corn. 

2. The irrigation efficiency is assumed to be 60 percent. 

3. The maximum rooting depth for maise for the soils in this 

area will be taken as I20,-rn. Since maise is an annual crop, the root 

development will occur simultaneously with the vegetative growth, so 

the monthly percentage of rooting depth will be assumed the same as 

the crop coefficient. 

4. The carry-over moisture will be assumed to be that remain

ing in the total rooting depth. 

5. A minimum values of actual evapotranspiration (Eta) of 20 

mm was used for the six winter months. 



Table 9. Analysis of Actual Irrigation Requirements for Corn in Chillai'. 

o.nth 
Dep. P 

(S0 
Monh 
rrCoc 

Est. 
Runoff 

(,0% 

infiltrated 
Prec. ET P 

m 
mi-mm 

Crop 
Coe-ff. 

. 

EA 
ETA 
mm 

Mcisture 
Carr v-

r 

Deficit IT7N?. 

Moi: 
D 

ss 

ure 
r 

Jul 79 10 69 30 -- 20 120 .... 49 

Aug 69 10 39 44 -- 20 1200 .... 

Sep 36 -- 36 62 -- 20 120 ... 1 

Oct 20 -- 20 108 -- 21 119 ...... 
N ov 3 -- 3 168 .40 47 75 ...... 

Dec ...... 223 1.10 249 -- 174 250 --

Jan ...... 254 .90 229 -- Z29 328 --

Feb ...... 184 .50 92 -- 92 131 --

Mar ...... 137 -- Z7 -- 27 39 --

A p r 11I.. - 8 1 - - 20 .....--. 

May 73 10 63 35 -- 20 43 ...... 

Jun 116 16 100 24 -- 20 120 .... 3 

-
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Estimating Dependable Precipitation at 75uc Probability Level 

To calculate the Gamma Distribution the Univac 1108 computer was 

used. It seemed desirable that a simpler method be developed to esti

mate precipitation at the 75"C probability level which is used in estimat

ing water requirements for irrigation projects. 

Eighteen stations with records verifying from 30 to 100 years were 

used for the development of this method. The monthly values of preci

pitation for the 75% probability level from the Gamma Distribution 

were plotted against the monthly mean values. A curve was fitted by 

eye to the plotted points and the equation for this curve was developed. 

The equation obtained was: 

PD(75%/c) = -7 + 31.5 (PM/100) + 13.5 (PM/100)2 

in which 

PD(75%/-) is the dependable precipitation at 75/c of probability 

level, in millimeters per month 

PM is the mean precipitation from more than 10 years of 

records for a certain inmonth, millimeters. 
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SUMMARY AND CONCLUSIONS 

The objectives of this study were to: 

1. Analyze the available climatic data for Chile and determine 

the be.st formula for estimating potential evapotranspiration. 

Z. Process tile available monthly rainfall data to estimate the 

dependable and effecLive precipitation. 

3. Relate the dependable precipitation with potential evapotrans

piration to determine irrigation water requirements. 

4. Choose what seems to be the best formula for potential evapo

transpiration. 

5. Combine this formula v.,ith depc-ndahi piecipiLation and make 

a complete study of potential irrigation requirements for 13 stations 

in Chile. 

Two sets of data were analyzed to develop a formula to estimate 

pan evaporation. The first one was data from the Meteorological 

Institute of Chile. A total of 290 months of data from 8 stations was 

used. 

A formula to estimate pan evaporation was obtained and compared 

with other formulas. The new formula developed gives the l.east abso

lute error. 

Analyzing the second set of data obtained from ENDESA, with 272 

months of data from 6 stations, a formula to estimate Class A pan 
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evaporation was also developed. This formula gives an overall abso

lute error equal to 9. 6 percent. The new formula was also compared 

with others and it seems to be the most reliable. 

An evapotranspiration study was made using measured evapotrans

piration and climatic data from Santiago Province for -1 different crops. 

Formulas that relate evaporation and two climatic parameters were 

developed to estimate actual evapotranspiration for the 4 crops. 

Using Pruitt's data from Davis, California, a formula to estimate 

potential evapotranspiration was developed. This formula was used 

for the study of potential irrigation requirerric.nts for the 13 stations. 

Thirteen probability levels of precipitation were 1.( erniined for 

the 13 stations, corresponding to 13 different provinces in Chile 

(Table 8. 1 to 8. 13, Appendix D). 

Potential irrigation requirements for the same 13 stations were 

computed using the ganima distributioi. at 5 probability levels subtracted 

from the potential evapot ranspiration. 

An example of how ht results from this study can be used in a 

practical way is given and surn-nari zed in Table 9. 

A formuLa for computing precipitation at 75"/(: probability level 

was developed based on a garnma distribution and average monthly 

value of the years of record available. The formula was tested and 

appears to bc fairly reliable for estimating precipitation probability 

for Chile. 
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APPEND] CES
 

APPENDIX A
 

Crop Coefficients and Extraterrestrial Radiation Tables
 



Table 1. Crop Coefficients, K 

Root Depth Full Crop Cover 	 Seasonal K 

in Meters 	 Range Average Range Mean 
in K K 

Field and Oil Crops 	 1.00-1.30 .90-1.08 1.00 .60-.81 .73 

Fruits and Grapes 
Grapefruit 1. 20 .65 .65
 
Grapes 1.26 .69-.73 .71 .55
 
Naval Oranges 1.07 .53 .53
 
Peaches . 92 

Grain and Forage Crops 1. 12-1.35 .89-1. 39 1.12 .78-.95 .85 

Grass and Hay Crops 
Alfalfa i. 83 1. 07-1. 10 1.09 1.09
 
Bc rn-uda Lawvn 1.19 .86 .86
 
Blue Paniciurn Grass 1.20 .91 .91
 

Green .Mlanure Crops 	 .86-1.31 .79-1.00 .91 .70-.97 .79 

Winter Vegetables 	 .64-. 95 1. 00-1.53 1. 19 . 70-. 97 .83 

Sum.-.er 	Vegetables .86-. 95 1.00-1. 15 1.05 .67-. 69 .68 

'Zotes: 	 Root depth is zone from which 90 percent of soi -moistIre dep etion ocurred. Coeffi
cicnts are to bc usecd with Class A pan evaporation fron an irrigateri area exposure, 
standardized and adjusted in order to compensate for differences in wind speed and 
humidity. Values of K x 1. 22 may be used ,ith computed values of potential evapotrans
piration.
 

Source: 	 Erie, French and Harris and Niddleton, Pruitt, Crandall and Jensen. 
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SYMBOLS USED IN TABLE 3 

TM = mean monthly temperature. 

HM = mean monthly humidity. 

W10 = mean monthly wind velocity. 

EVPM = measured pan evaporation.
 

ETCL = measured evapotranspiration for clover.
 

R = indicates a ratio; i.e., RCLM 
= measured evapotranspira

tion for clover divided by measured pan evaporation for the 

same month. 

ETHCL = calculated evapotranspi ration for clover. 

ER = indicates the error or the difference between the measured 

evapotranspiration and calculated evapotranspiration; i.e., 

ER TCL = ETCL - ETHCL. 
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APPENDIX B
 

Computer Programs
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APPENDIX C
 

Comparison of Evaporation Equations
 



TA4LE 3.1 Comparison of EVPM with EVBC, EVPC, EVPH and EVPT PAGC 1. 
57* ?7 AULE OrSAGUS L- INVERN*nA LAT. -35.7! LONG. 70.78 E LEV. 1325. ANrMOMETER HEIGHT .6 

-0 WOS TM oro 9Cr EV9C HM S RKm BCK RSC rqC W1 rc EVPM rVPC EVPH EVPT RCC H RCT ERCC "RCH ERCT 

I r IS. 7 "7.2 157. 2 R .5 .500 .00 1-. 15 2.772 1.7 5, 2C.1 21 . 3q.7 3r4.5 3;n.r 356.0 .9 9 1.l 4.7 4.0 7.84 

2 1 r.F 77.S I1 R. 225.r .4 2 .0CO 1.627 2.18 1.345 Z5.6 21.8 303.3 3n7.4 306.6 296. .99 .99 1.02 5.% 4.5 8.0 

3 ; Ic.I 7. A I t0. 3 12.r .470 .ro 1 .4 7M 2.121 1.u 35 31.3 21 . 1 27r.% 257.0 259.0 7,2.1 1.-0 1.07 1.14 S.2 8.S 12.9 

4 7 11.5 3q.9 10l.0 115,1 .497 .000 1-1 30 1.512 1.344 2;.r. 1P.1 154.7 154.5 1 55.1 144.2 1.25 .9q 1.07 S.9 7.5 1-.8 

5 A A. 17. q 46.5 63.6 .5 41 .000 .736 1.112 1.517 36.1 15.3 59.5 96.6 97.1 90. 1.00 .99 1.06 12.1 12.9 13.0 

£. 1. .4 63.1 3;.2 .584 .CCD .574 .769 1.143 2r,.5 14.7 49.5 F56.7 54.4 5.I .t , ."3 .9 7 19.' 21.7 19.0 

7 5 3.7 7r.a 6.3 40.7 .5 7F .000 .597 .8 99 1.503 33.7 1s.6 61.5 6,.7 GA.7 65.1 .12 .qj .94 13.Z 14.4 13.3 

e q 4.F 2q.9 77.1 1.5 .572 .0100 .782 1.16S 1.u 95 37.1 15.R 90.4 q7.r 94.G 89.0 .98 .96 1.02 17.5 19. 16.9 

9 6 7.7 41.4 oP.U 999-q .575 00 1.0S3 1.506 1.418 29.5 16.7 141.7 147.7 I50.8 13;.4t .9S .94 1.04 5.0 9.8 7.8 

IU 9 9.4 52.1 I1 l. 1 R.c .53 .rOO 1.217 1.571 1.37S 27.3 17.1 100.6 709.5 211.0 195.1 .91 .q0 .98 9.93 10.7 5.5 

11 9 13.5 z. 2 13r,.1 705.7 .51? .000 1.511 1.869 1.23' 19.0 19.1 53.8 2v9.9 287.8 776.9 .48 .44 .A2 1RS.2 13.4 10.4 

12 6 14.8 $'. 9 151.9 253.2 .556 . 0 o 1.701 7.115 1.248 19.8 21.7 372.1 335.4 326r.1 376.2 . ;; .95 .99 5.8 5.G 3.6 

57 m r7 In.5 47.6 110.- 1q4. 4 .529 .oou 1.111 1.503 1.330 24.8 18.2 192.0 199.1 19.8 190.2 .96 .97 1.01 8.7 8.7 Its 

N 
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q 5 t.9 73.t 77.P ;0.9 .77F .000 77 .ftRi .6IS F2.5 5.0 37. 4T.7 51.4 37.9 .79 .73 .99 26.0 37.3 7.2 
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S'A . 41 MAULF AP -EPILLO LAT. -35.72 LONG. 71.08 E LEV. 1SO. ANNEMOMETEQ HEIG7T .6 

0 vo TP rrn PCf EVEC Hs S BCKM BCK RPC EPF;C WIOC EVPM EVPC tV!,4 EVPT RCC RCH PCI RCC (8CH CRCT 

1 77 .' .3 179.A 321.5 .60 .Dar) 1.815 1.8 Cq .996 F.8 9.7 319." 79.5 Z70.7 320.0 1.11 1.1 1.CGO 15.9 1 7.8 9.e 

W 19.7 10.1 ISI." 2 W;.4, .60O .000 1.627 1.6 2 .998 8.1 9.4 715.8 224.7 220.6 2149.4 1.4IC 1.11 .99 11.2 13.2 7.6 

3 7 17.7 79.7 14n.S , u.'.7 .629 .Onr 1.,,78 1.626 1.098 12.G 10.0 228.2 188.3 181.2 203.3 1.21 1.24 1.12 17.5 19.3 12.0 

11 7 14. 1 21.1 111.0 125.5 .6E14 .0o 1.130 1.180 1.0949 1.0 9.9 131.C 115.7 117.5 118.7 1.1 a 1.17 1.11 12'.1 14.6 9.8 

5 , 11.? Il.u 914.9 69.8 .E83 .OO .736 .821 1.119 12.8 9.9 78.1 77.A 79.1 76.7 1.00 1.03 1.02 8.6 8.9 7.4 

6 8 0.1 P. u 78.n 44.R .715 .000 .574 .650 1.132 15.7 It0.1 50.7 53.4 52.7 51.7 .95 .qG .99 12.3 9.9 11.2 

7 A P.7 1.?7 87.7 4q.4 .6S7 .nC .597 .813 1.3f,55 27.7 11.1 7.4 65.q 5.6 63. 0 1.02 1.03 1.07 11.0 11.8 11.0 

R 7 A.I IF.? 8q.9 70.3 o663 .00 .782 .9148 1.16 19.0 10.q 85.5 85.3 84.5 82.5 1.00 1.01 1.04 15.3 1S.0 13.2 

cl A 11.1 17.7 1Co6. 113.1 .&7 .nrU 1.OG6 1.182 1.112 10.1 10.8 125.A 1?S.8 123.4 174o1. 1.00 1.02 1.01 2.1 3.5 1.5 

10 7 11.1 2'.r 12q.1 157.1 .80 .0o 1.217 1.781 1.053 13.7 11.0 165.. 174.S 167.5 179.2 .95 .93 .92 7.3 7.3 10.3 

1 1 7 16.6 2a.0 114.8 22r.1 .657 .000 1.511 1.405 .930 13.8 10.6 210.3 272.7 214.2 2140.0 .9 .98 .88 12.2 9.6 19.% 

1? r IP.5 47.7 I8.6 286.8 .G57 .000 1.701 1.558 .920 17.9 9.5 263.o9 752.4 241.8 28C ., 1.05 1.09 .94 9.2 9.7 12.3 

ST " 7C 13.7 ?1.6 121.; 154.2 .G55 .no 1.1 $A 1.224 1.032 13.6 10.3 159.1 151.3 147.1 1C0..4 1.OS 1.08 .99 11.6 12.3 10.9 
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TA. 9 RAPEL oUrLANTAQO ANTENA RADIO LAT. -3.03 LONG. 71.58 E LEV. 26o. ANNEMOMETER HEIGHT .6 

MO YRPS T)P on r(rC EVBC HM S CKM RCK RC ERSC WI C VPM fVPC EYPH EVPT RCC PCH n RCC rpCH CRCtPC T 


1 3 7U.0 10.6 171.n 310. 
 ., 83 .000 1.815 1.850 1.019 3.3 10.7 3 1;.2 275.0 770.9 310.9 1.15 1.17 1.02 13.O 1%.3 6.4 

2 3 19.8 A.8 150.7 25.2 r627 oo00 1.627 1.667 1.02% 2.-, 9.8 251.1 221.7 214.0 752.5 1.13 1.17 .99 11.7 1s.8 f.7 

3 3 17.u 10.7 1 3q. 2 20.8 .6;3 .h0t i.87A 1.55 1.o0 C .9 9.0 21.8 169. 9 196. 13.8 1.27 1.30 1.18 21.5 22.9 15.Z 

8 3 l.q 23.A 114.2 1279.1 .737 .On0 1.i3 1.218 1.082 1,.9 1&.2 13q.7 130.2 119.9 139.7 1.07 1. 1.00 6.8 14.1 3.8 

5 3 12.3 7.3 q9.7 73.4 .773 .0no .73; .706 .62 )10. 9.8 70.6 73.8 69.5 74.9 .() 1.02 ., o 9.3 5.9 9.6 

6 3 9.R 5.5 94.5 84.5 .8 In .OO .574 .510 0.8e7 12.9 10.7 43.1 53.5 4e.1 57.5 .81 .MR .82 24.2 18.1 22.0 

7 3 R.8 %.8 85.1 51.7 .797 .000 .597 .534 .8qG 11.8 9.1 45.9 54.,q 57.5 53.0 .a4 .R7 .87 19.5 1#.5 15.6 

8 3 q.; S.2 q .2 74.4 .783 .000 .787 .717 .917 9.0 R.0 68.3 71.? 69.9 ;67.& .96 clB 1.01 1O.9 6.6 15.0 

9 3 11.6 12.6 108.5 115.3 . 783 .D0 I.o63 .947 .R91 12.3 A.? 102.7 106.2 104.9 103.3 .97 .18 .93 13.4 7.8 18.6 

1i) 3 13.8 9.8 130.0 159.2 .677 .000 1.217 I.1S1 .98. 6.6 7.8 19.6 153.3 15r.7 I8r,°. .°8 .Q5 1.O2 14.9 10.1 2.6 

1 1 3 1f6. 16.3 1?.6 223.0 .r7 .000 1.511 1.515 1.004 7.3 8.5 223.9 203.8 208.0 208.5 1.10 1.10 1.07 9.1 8.9 11.5 

1? 3 18.7 1-.? l67.8 2 35. 20 .000 1.701 1.7 2 1-0!3 5.7 9.3 289.0 75O._ 249.1 278.5 1.15 1 .1 1.05 13.4 131.8 6. 

51 .4 I8 .8 12.1, 160.U .70S .000 1.196 1.175 .998 6.A 9.6 159.7 146.q 183.9 15.6 1.0q 1.11 1.03 13.3 130W 10.6 
OV 2 12.8 116. 150.3 .6SO .000 1.17A 1.185 -999272 37.3 21.% 10.6 150.3 149.7 150.2 1I9.2 1.00 1.00 1.01 10.6 11.4 9.8 

STANCARD OEVIATION 22.55 28.3! 21.20
 

R SOUACZE .9 .93 .95 

4f1 OF MONYMS IX XxS IXE IKxSC xvC XVH 

772. 272. 272. .00 1.000 .562 .180 
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s5 7It±r p.'u 
'
c 1p.Ucr o L AT . -14 .78 LC0NG. 71.36 F" LFV. I 99. A!J.- IMrI(I.TET .6 

-0 ypS T" CD PCF EVPC Hi S qCKM 1CK F,1C ERMC WioC Evp. rvc c _'C T R C ZHEv,-H T ERc r[fCH ERCT 

I 1 70.7 Fp.q 174.5 31;.7 .610 .000 1.815 1.453 .801 ,4 -.A 7.3 25' .R ?lq.& 240.9 2r,4.4 1.06 1.02 .96 5.6 2.6 F42 

2 3 70.0 t,. 7 151.7 2 '6.7 . D10 .,00 1.F,27 1.3 .0 .P.23 ;I.s 6.r 203.0 lql.l 2 1. 1 I ' .M4 1.-< i.tO 1.01 5.3 2.6 2.5 

1 1 7. e '1., 1sIq.- ?0.2 .r47 .nno 1 .4 7a 1.181 .798 1;2.3 6.1 1A4,.6 10-3 159.8 I 0.7 1.0 1 .L3 1.09 8.7 2.9 8.5 

q 3 14.5 I1.6 1 I1.7 127.4 .A9 .0C0 1.130 .847 .757 33.' 6.0 95.8 qs.I 101.3 89.7 1.V1 .95 1.07 5.0 5.8 6.9 

'. 3 11.6 1 .4 97.4 71.6 .717 .Ml .77; .57,3 .75 7.4 5.7 56.2 r,'.94 . r.S.3 3 . .P5 1.00 10.1 17.7 6.4 

- 3 9.2 1.9 87._ 47.T .78Fn .n0o .574 .433 .756 3?.5 5.1 35.7 4Z.$ 45.2 3;.1 .86 .79 .99 19.4 26.6 8.3 

7 3 9.1 o4 9 .F 51.7 .7 .. .597 .4ER .SIR 7.? 7.n 47.3 50.5 51.6 47.1 .89 .42 .90 19.4 22.0 15.0 

R '1 10.3 17.0 97.1 7C. 3 .760 .,00 .7 52 .;07 .777 28 .7 6.7 59.3 S' .F 72.2 65.3 .85 .:.2 .31 17.& 21.5 15.3 

i 1 2.8 17.1 I11. 
n 

120.2 .723 .Oro 1.061 .911 .857 1,. 6.9 103.0 115.6 10?.1 103.4 .98 .94 1.00 4.4 6.? 2.9 

1,0 3 14. 10.9 134 .n 163.0 .653 .001 1.217 1.079 .885 13.0C 7.2 144.2 156.5 165.3 154.8 .92 .87 .93 8.5 14.6 7.3 

I 1 3 17.8 2P9. 8 110.A 232.5 .620 .000 1.511 1..,]? .872 1.47 7.8 202.7 208.7 21r.9 221.5 .97 .- 4 .91 6.2 6.5 11.7 

1,? 3 19.6 17. w 172.? 92. 8 .in .000 1.701 1.488 .874 4.a.5 7.9 255.9 743.1 250.1 267.3 1-0S 1.02 .96 6.2 5.1 8.7 

ST M Ir 14.8 70.0 126.T 162.7 .sas .Oo 1.186 .977 .828 ,31.6 6.7 134.7 134.6 140.7 138.2 1.00 .G, .97 7.5 7.3 7.3 

'.0 
,,"
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APPENDIX D
 

Precipitation and Potential Irrigation Requirements
 

Based on Gamma Distribution
 



T'ALE R- I "PECVITAllr. AN)O POTF14TIAL I" IGATION PEGUIREMENTS FOR GIVEN PRO3ABILITY LEVYFLS BASfo ON GAMMA DISTRIRUTICN, IN M.o 

5717~C IN..
OIF OP IAPO 587'. %0. 1LAT. -7'121. LCNG. 70 21. [LEV. 3S0. YEARS Of DATA 57
 
^"trU' 95. 92. 
 80. 75. 7U. 6O. 50. 40. Ia. 25. 20. 10- S. 90. 80. 75. 70. 60. 

- *P.4EA?. POECIPITAT I06 AT VARIOUS PRO0A0ILITY LEVELS FTT ITIRIGATION RFQt:IR1N!EN1S 
J*j.El . 0. . . . U. Po. nl. .rn . 2. 0. • D.. 0.0. o.0. . . 0. 0. 0. 0. 0. 0. o. 21.0. 0. 236. 2;. 734. 236. Z36.nl. U. U. 23..
0. 0. 0. 0. 0. 0. 0. 
 0. C. 1.
)I.. 1]. C. :. 0. 1. 2t4 20 . ;,1. 2U1..L. 2'1
0. 0. 0. 2,4.P. 0. 1. . l. U. U. 0. 0. 0. 0. 2. 2. 3. 

7. 3. 132 . 13U. 131. 130. 130. 13E.Q. 11. 18.
JU1 q D.0 U. o. o. 9c. 90. 9j. ?0. 90. 90.
0. n. 15
JLt 2 S. 7. 11. 2,. 4,.
(. 0. ,t. 


aU', a° fl. . 
3. 5. 7. 16. 2G. 71. 71. 71. 71. 71. 


0- U. n. 0. 0. 1. 2. 
A q. F.. 64. 64. 6q. 

U. . 0 2. 70.0. 0. .n 1.
0. 0. 0. 3. 5. 1?- 21. 9C. 9G.0r. 0. n. 0. 0. 0. 0. 0. q8 6:. . 96.0. 1.3.
C 2 131 1311. i31. 131.. a. 0. O. a. a. O."0. n. r.o . u. n. a. 0. 1. 1. 1. 3. 6.0. 0. 0. 0. D. 0. 18!. 183. 1 S3. 185.183. 183.0. 1. 1.
r " n. 0. 0. 0. 21q. 211. 219. 219. 219. 219.0. 0. 00. . 0. 0. 0. 0. 0. 0. 
 240. 2.0. 2'0. 
 240. 240. 2.0.
 
Id,: 7a . n. U. 1. 2. 3. F. In. 16. 25. 31. 39. CS. 43. 19a5. 1944. 1qj3. 1943. 19ti2. 1339. 

Pt"L.FTFOS F0,n 0LuMA PIST1PUTION 
"'4- JA F.njF Mt APO MAy JU-1 JUL AUC SEP OCT NOV DEC 
 ANN 

= L" - A .rlu' 1I. 186? .U7 15 .?QF. .53ns .070 .0423 .0s1 .4Z87 .It 
L f " 

.. ...' .. .78?pi .IPR .171 .187 .177 .13 .175 
CS 1.0725 .0000 .0197 

! .r:f) :. 1 .5P pl .1Ba .172 .IgR.. . . . . ..q 1.G867 1.5927 1. r 43 .4671.4285 1.r67Z 1 .89 1.6411 1-58a6 .OUOO .6409PI?.AT." mf.PcEr1P. ANn A SUMMA Y OF C7DCENDOBLF POEC. EVAPOTRANSPIRATION nEFICIT AND MOISTURE AVAILASILITY AT THE 75 P.C.PRO8., VEL 
pfJ 1). 1. t0. 70. 32. 7S. 40.P"N r. U. 0. 0. 0. 

G . 12. 19. 10. 0. 95. 
Or 7 ,.. 0. 0.r. U. 0. 3.P. 0. 0. 0. 0.. O. 0. fl. 0. 0.E I:- f 72I . 236. 04. 1 r). 90. 

0. 2. 
s .UOnp .0U0 .0O1 . 0O 

6 4. 71. 9G. 131. XIA. 21'l. 2a0. 1943..000 .000 .nDo .000 .000 .000 .000 .000 .DoI 
CLIMATIC PrTA USED To COMPUTE COEFFICIENTS WHICH 
TOGETHER WITH ELEVATION AND SOLAR RADIATION DETERMINE ETCH 
Tr q.p 1.A 1. ? 15.7 13.41 .. 11.1 12.2 13.1 15.0HI'" - .3 .8,5 .FA .72 16.7 17.7' 15. 4.73 .74 .72 .72 .70 .s9 .GG .65
1S.1 119.6 17.7 11.6 .7010.2 1O-6PfrC.UATS n. 0. 0. 11.2 13.Z 14.3 15.50. 0. 16.1 13.6 . 0.
St'J5I . r .NEr a. 0. 0. 0.,U11 .70 .00 0. 2..6s .63 .0 .00 .00 .00 .00 .0 
 .22 . NDIC)Tr-S MISSING DATA 

.0
co 



TALE 8. :7 OCIOITATIIN AND P0 TrtPTIIL IPQIGATION PEOUIREt NTS FOR GIVEN PRORABILITY LEVrLS BAStn ON GAMMA DISTRIBUTION. IN MM. 

SATIOAT1 A- SERENA COOUIMRO ;tR. NO. 
 2
LAT. -2q 54- LONG. 71 IS. tLEV. 32. YEARS OF DATA SO 

P-SAFItTTY 9S. CI. so. 75. 70. 613 so. 40. 30. 75. 20. in. 5. 90. 80. 75. 70. 60.
 

uri T-L mr4a 
 PECICPITAT ION AT VAR IOUS PROBABILITY L(V;-LS PTr N r; " :1\ Q-,:.* Po-E'r:!ExIs
 

JI'd 0. IT. 0. 
 0. U. ,0. 0. a. 0. 0. 0. 0. 0. 1. 157. 157. I7. 157. 157. 157.rE3 I. 
 0. 0. o. 0. U. 0. 0. 0. 1. 1. 1. 4. 7. - 177. 1zz. 1,?. 122. 122. 122. 
- z 1. 1. r). 0. n. 0. D. U. V. O. 1. 1. N. S. 99. 1A. 'G. 9. 16. 96.1 -, 7. 0. U. O. 0. [. o. 0. 0. 1. 2. 3. r. 11. 5 . 58. 5A. %3. 5q. 58.

" '1. . 0. U. n. U. 1. 3. 7. 13. 19. 27. 57. 9 3. 7q. 28. 28. 25. 23. 27.
JU. 30. 0. 0. 1. 2. 3. S. 11. 1"3. 3n. 3A. 49. 5S. 175. II. 31. 30. 29. 24. 2S.I t. 77. n. 0. 1. 2. 3. 5. 9. 1 5. 73. 7q. 3C.. 1 . 8 . 7%. 28. 27. ZI. 26. 23.AU - . 0. n. 0. 1 3. 5. 10. 18. 73. 30. 97. fG. 4c. 4. 313. 33. 3.. 37.
iLC 6. 0. 0. U. n. 0. 0. 1. 2. '. s. - 17. 28. ro. so. o. 6o. o. 59..CT . 0. U. U. 1. U. 0. 0. 1. 2. . 5. 10. Jr. A . 8r. R6. ?;-. 6. 86.NOv I1. 0. U. 0. 0. 0. 0. 0. 0. 1. I. 1. 3. 4. 1nP. 104. i0;. Iu. IC.. 104.

1EC 0. 0. 0. 0. 0. 0. 0.I. 0. 0. 1. 1. . 4. IAO. 160. ISO. 160. 160. 160.
 
ANN 10'. 21. 30. 4 S. v,3. 60. 74. 90. 107. 
 129. 141. 157. 202. 244. 961. '939. 924. S17. 910. 895. 

pe4,ETros foe GA-A CITcT tuTrCV 

"JP- TF Jj'I rr P aP ap q MAY JUN JUL AUG SrP OCT C [rEC AINNC 


L "- 1. 1501 1 Q7 .2010 .0 9 . 124 .01 3% .COS .0170 .04 IF .0712 .2526 .2131 .0205.21f, . IF 3 .171 .IG .2 3c; .40u .4 57 .3 30 .23% .?79 .212 .175 2.167L, .'K 1.4-75 1.7376 1. .u 3 1.3518 .78IrA,7 I.P-0 . Fr, 75 .3q62 1.3584 1.3792 1.4&17 1.f6S7 .0795 

-t%.A NIN.rRECIP. AND A SUMMARY OF OFPENDABLE PPEC. EVAPOTRANSPIRATICN ODEFICIT AND MOISTURE AVAILABILITY AT THE 75 P.C.PRCR.LEVEL 

F-t 7. 54. T3. 30. ? 3. 11 3. 11? IC. 60. 47. 11. 17. 271.
0. 0. C. 0. 0. r. 2. 1. 0. 0. 0. D. 5. 

E F 157. 127. 96. 58. ZS. 29. 27. 3a. 60. PS. 104. 160. 917. 
PIT .000 .00 00) .(0r .005 .059 .0 S1 .01c; .001 .0ao .POD .0r) .055 

CLT"ATIC MATA USE. 70 COPUTE COEFFICIENTS VHICH TOGETHER WITH ELEVAl ION AND SOLAR RAT:, 'TION DETERMINE ETCH 

T 17.r I .5 15.1 1 4l.0 12.1 10.9 10.5 10 .f 11- 17.4 1' . 1 17.0 13.5
* .79 .81 . Au .R5 .86 .83 . sto .83 .83 . S . A .79 .82w 1*,0 2. 10.3 7.a 4.1 5.8 4.8 5.510.s 9.5 7.4 7.6 7.6 10.1 7.6P-rC-Oa 0. U. 0. 0. 3. 6. 4. 3. 1. 0. a. 0. if.
S14 S IIE .60 .SG .47 .51 .43 .58 .51 .54 .51 .59 .53 .50 .53 
* INDICATES MISSING DATA 

%0 



TVALE . -RECI TTATT0N 5,E D0:TFlTI'!L IDOGATION rE9UIPMENT; Feq GIVEN PRBABILITY LEVELS BASED 0.4 -'$MMA DISTRI SUTION. IN M1. 

SIATIONJ NAEr 'VALLE COOUIMBOD SEq. NO. 4
 
LAT. -30 3 . LIG. 71 12. FLEV. 750. TEARS OF DATA 47
 

P 'BA=[ IT? 9r. 90. RU. 75. 70. 60. 5n. 40. 30. 25. 20. 10. S. 90. qO. 75. 70. 60. 

- ?Tu MrhA POECTOITAT IO'J AT VARIOUS PRORhARILITY LEVELS ETT ;PR,,GATION R.EQ"1RE.ENTS
 

1J'-. r. o0 . C. u. . U. o. 0. 0. 0n..) 7. 7,. 25C. '50. 25C. 25C. 250.

rET I. C. o. 0. 0. 0. 0. n. 0. 1. 1- 1. . G. 701. 22q. 2'!9. 
 ZL . 201. 209.
.:7 1. n. 0. 0. V. 0. 0. q. 0. n. 1. 1. 2. 4. 172. 172. 17Z. 172. 172. 172. 
irz r. 0. 0. . 0. G. 2. 5. 1. 7. 2. 35. 1. 117. 63. 63. 1.7. 57. q. S1. 

20'7. 0. 0. . 1. 2. 5. 5. 1n. 25. 26. 35. 77. 104. ;3. G . ,3. 63. 63. 61.
 
L'n . u- . 3. 1. 2. I5- 18. I8. 23. 53. 65. IV7. 151. F9. 48. 4,.. 47. 66. 3. 

E . 0c. o. a. . . 0. 1. I . 35. 5. 7. 1. 7F. 12. "OZ. 112. 10 . 10. 12.
 
C r 0l. U. C. n. 0. 0. 0. 1. 2. 
 3. 4. 1. 1 . 11;4. 1i,4. 15'.. '3". 153. 153.
 

"ici 0. 0. 0. 0. U. 0. C. 0. 
 0. 0. 1. 19,r. 

PEC 1. 0. o. 0. 0. a. 0. 0. 0. 1. 1. 1. 3. G. 245. Zq5. 245. 245. 245. 245.
 

0 0. 1. ?. 196. 191.. 196. 136. 19f6. 

.' 1 0. 3-. 4q. 66. 75. A3. 99. 116. 135. 157. 170. IAG. 231. 273. 15ss. 1608. 155 . 1550. 15Z. 1S56. 

P'-'"[DOS FCO GA1-A DI 
T
O19UTION
 

MJI jA. FER MAP AP., MAY JUN JUL AUG SEP OCT NOV DEC ANN
 

r
LP -A too .1-17.39 .279 .0S48 .111Ol .01 -m .0157 .0151 G 35 .3999 .1386.03 .l, .C230
 

0 ...... 15. .I r1 .176
" - 7 
.262 .SII .3 l6 .3qO .1q3 .1 F .179 .159 2.936 

L . aM .tjuO 1. 9j1 1.7224 1.583 1.2370 .5469 * P0O .8240 1.5608 1.6154 1 .C 33 1.7650 .6802
 

Pfr.l A im. P,-Prtp. A?? A CUMMK1Y OF OF-ENoABLE PPEC. EVAPOTRANS-IRATION DEFICIT AND MOISTURE AVAILBILITY AT THE 75 P.C.PRO.LEVCL 

.
P-'- x 0. 52. 30. 5t 257. ISR. 114. 139. 91. 37. 13. 27. 346. 
..- 1- 0. a.U. 0. n . o. 0. 0. o. 0. 19. 

P1 %. Ir. . 0. 0. 4. I. 1. 0. 0. 0. 0. 75. 
E,rF '0. 2U9. 177. q7. 6 3. 45. 4S. Ft. 102. 154. 1qr. 245. f590. 

.0 .000 -000 Do0 .005 .0r .030 .0T0 .000 .00 .000 .no0 .. 05 

Ct"AT*t VATA uIrn TO COPUTE COEFFICIF-T5 WHICH TOGETHER WITH ELEVATION AND SOLAR RADIATION DETERHINE rTCP. 

T10.2 19.3 17.7 1 4.6 12.5 12.0 10.6 11-. 12.7 14.1 1,.1 15.1 14.7 
ut.. . 9-n .62 . 'i .69 .77 .76 .75 .77 .77 .,7 .C5 .6: .66 
WU'*i 17.q 17.1 11.0 8.6 8.0l 8.6 8.7 9.4 10.6 11.0 12.0 13.? 1C.6 
PcV C.DAYS U. 0.). 0. 4. 7. S. S. I. 0. 0. 0. 22. 
S 1?? 1 !*JE .1? .77 .67 .56 .55 .:7 .68 .66 .67 .71 .79 .72 .67 
* ItDICATES MISSIN, DATA 

C)

C0
 



TAMLE R FAOPrCIPTTAT~nN AND POTENTIAL IPRIGATION REOUIREMENTS FOR GIVEN PROBABILITY LEVELS BASED 
ON GAMMA DISTRIBuTION. 
IN 1,".
 

STAII0" NA-E VALPAPAISO VALPARAISO StR. NO. 9
LAY. -33 1. LONG. 71 311. ELEV. 41. 
 TEARS OF DATA Go 
P-'JAqILI T qS. 9L. TU. 75. 70. r0. 50. 4U. %D. 25. 20. 10. 5. 90. p0. 75. 70. G0. 
NIH r 3 0 PQECIPITAT IfN AT VAPIOuS PROBAFIILITT LErL ETT IRRIC;,NTIOT PQt'IRpM£ETS 

J -4 7. . l. 0. 0. 0. U. V. L. I.rET1 1. 	 .. 2. A .n. 0. 	 10. 200.U. 0. 0. 0. 0. 0. 1. 1. 2. 
200. 200. 200. 20n. 2C0. 

w= 4. 7. 154. 154. 154.£. 0. 0. 	 154. 154. 15%.U. n. 0. 0. 0. t. 2. 1. 5. 1I. 19.,1. [e O . n . I . 7 l1. 	
172. 122. 122. 122. I2. 122.4. 2 S. A,Gf. GA.•,v OI. 1. 2. .. 17. 16. 27. 	

68. 6 A. GA. f, A . [67.43. A 3.J t I 11 . . IT. 3 1. be. 	
'1. 110. 134. 21? . 794. ,f. 4 . 3s'.. r r. AT. I112. 	 34. 30.14 3. 162. 1 E;G %'7 29. 	 19.6. 37. is. 
 -0. -8. -11. -35.L,L tr.. 7. 17. 24. 2q.* . 9. 6.. 8 . 105. 119. 13f.ktiS rr,. 	 16q. 741.S. B. 17. 21. 7f,. 3 G. 48. 6 2. 80. 	

33. 20. 9. 3. -3. -16. 
-,E 	 91. 105. 149. 190. 51.'4. n. u. 1. 2. 1. 	 43. 35. 30. 26. 15.7. 12. 1 9. 29. 36.nct i,. 0. 0. O. 	 4G. 77. 11?. 75. 75.O. 1. 1. 3. 6. i1. 14. 19. 3r. 	

74. 73. 72. 69. 
.2,v . 0. 	 56. 120. 120. 120.n. 0. 0. 0. 0. 0. 	 120. 120. 119.1. 3. 4.

[ a. o. a. 0. 	
7. 16. 27. 157. 157. 157. 157. 157. 157.0. 	 0. 0. 1. 2. 2. 4. q. IS. 197. 192. 142. 192. 192. 192.

3-., 	 474. 1;?. lq7. "S4. 
 ?7. 307. 347. 193. 44t', S02. 536. 7 G. 
 691. 79. 1757. 1055. 91A. 974. 911. 905. 

0:D'3E[( rOoQ5 GA'.- 0iKT.lIuTio'J 

-: JA-4 FER AQ APO MAT JUN JUL AUG SEP 
 OCT NOV o.c 
 ANN
 
t '.. .%b', . li7 .Ul, 11 .014? .eel 73 - 179 	 .01 r4 .0141 .019 .01 A1. )74 .1 90 .75.1 .593 , 	 .0247 .0363 .06181. I 	 .01071.C' 1.119 .4 50 .30 •41F7L .€171 , 1. 664q7 1.51Pc3 1.2736 .0 04 .180 4.SZ4
 -. ni 00 - .cs j -. C,7I .f;7 16. R03 
 1 .!47 & 1.6339 2.4375- A 'l,,. vrcrjp. 4-4r A U"' ACV OF DrFPE DABLF P' EC. EVAPOTRANSPIPATION DEFICIT 
AND MOISTURE AVAILABILIITY A T I N 75 P.C.PR B.LFVEL 
o4: 47. 3u. 40. 102. 452. 458. 3E. 324. 175. 105.5 	 6,A. 33.r'0 .	 1245.
a. .0. a. 0. 3. 7.
) ? 	 0. 0. C.
t-U.. S.O 	 0.
O n. . 2 1. 7. O. O. 	 62.

16,. 177. 	 0. 2TB.A"'. 34.,,. 	 -8. 3. 3n."t.U-!!I 	 73. 120. 1 07..Lu'I .Po 	 192. 974.. f 3 .251 1.762 .4 13 0 0 .002 .00C .OO .27Z 
CL!"AiTC rATA Uj,[, 10 Cr'mUIE CCEFFICIrNTS WHICH TOrETHi; WITH ELrVATION ANS SOLAR RADIATION CE7ERMNE ETTCo 
Tr-D 17. 7 17.4 1r,.1 1 1.3 13.1 11.)HI 	 11.7 11.8 12.1.76 .7R .si .R3 	 14.1 15.3 16.8.83 .P4 .P5 .84 .83 

14.3 
., 10.3 1. q. 9. .4 

.81 .77 .76 .81 
vrrC-0Ays 0. 8.2 10.7 13.00. 	 15.3 16.83. 12. IS. 	 16.7 13.1I2. 10.S:*',s"l.,r -r' .uoi 	 5. 2. 1..00 .00 	 0. 60..tr .71o .tO .00 .00A t'	 .00 .GO 
. ?5 	 .00 .00IC F, "ISSIN5 DATA 



0

TA LE A. €O~rECITi'TaTr.,; £.'40PDTF:T. L t~T'IG&T3O4 REQUIRENENTS rR GIVEN PRO ABILITT LEVELS BASEO ON GA'hA DISTRIBUTION. IN MM. 

S'ATIOJN SANTIAGO SANTIAGO SEP. NO. 30 

LIT. -33 2?7. LONO. 70 42. ELEV. 570. YEARS OF DATA 1G4 

P-dA4 LITY q5. 9u aU. 75. 70. G0. SO. 40. 30. 2S. 20. 1o. 5. 90. 80. 75. 70. 60. 

Mr% Tw -rALpi -EC 10ITATION AT VARTOSJ PRO3 ASILITY LEVt.LS ETT I , RMAT',': . ,MT STN 1Q.'t 

,1. 1. 0. 0. 0. 0. 0. 0. n. 0. 1- 1. 2. 4. 8. 15. 185. 13. i.5. 1q . 385.
r[3 . 0. 0. j. f. 0. 0. 0. 0. 1. 2. 3. 7. 12. 134. 134. 13k. . 13.. 1,i. 
AO =- *3. a. a. O. a. a. t]. 1. 7. '. . 11. 20. 17. 10. Cz. 10?. 10?. 10. 
A., I': u. U. a.0 . 1 . 1. z9 . 4. I9s 9. 49. 4'). 4a. 47.*f. 6,- 7. 4. 10. 1'. 17. ?G. 37. S1. 69. 91. 95S. 147. 189. 24. 20. 13. 11. 7. -2. 

J13. 4 35. 8. 52. 78. 39. 117. 1,'. 175. 222. 1. -1. -l1. -17. -22. -3S. 
" O. 3. q. I. z 14. 2.:8.1l;; 1?. 7 . I A,. 2'11. 30. 4D 8. 11. l1. 14.3 . 21* 8:. -2. -. -87. - .53 7,1? 119. - 23. r= ~1-~ ~ ~ S. ~ g ~ . ~1 . ~7; ~ * 0n .. '). A. 7 . 103 c,r. 7 . . 3J 

! 1 - 7. 

SO f'. 01- 1 F 3 r. 1[,& I. z Z 

U.- U. 1. . 2. 4;. a. 1 3. 17. 2 . 3q. 59. p . p8 7 7. 87. e S° 
NOV r.. U. n. U. n. 0. 0. 1. 2. 4. S. r. 17. 29. 1134. 134. 134. 13,.. 134. 134. 
DEC . G. U. U. E). a. n. 0. 1. 2. 3. 5. 13. 73. 175. 175. 175. 175. 175. 175. 

AIN i34. 137. 154. U9. 27q. 748. 284. 321. 361. 407. 434. 46f. 55F. 639. 1001. 838. 792. 772. 754. 718. 

Pfn' ETFr) r. P rA--L 0 TPT3U1T70N 

-JA FTF3ElP MAY JUN JU L AUG SEP CCT 0EC 14NOV AN 

LaboA .12t5 .0742 .C 13 .0187 .113q .01 Fla .,11143 .0188 .02 1Ft .0?F.1 .0373 .0406 .0138
.376 .173 .195 .2716 .814 1.707 1.U83 1.U71 .6,3 .31% .213 .171 4.74B 

LjAM 3.C5q7 1.G01 1.5517 1.105 .1391 -. 1377 -. or73 -. 0372 .3395 .3156 1.45 Or 1.6987 2.8030 

-fI. A 0 0lt-.00ECIo. aNo a SuMmApy or OrOEr4DABLE PEC. EVAPOTRANSPIRATION ODEFICI7 AND MOISTURE AVAILABILITY AT THE 75 P.C.PROeI.LEVEL 

P1 T. R5. 40. 1 1. 2 6. 43 1. 3,65. 31 3. 250. 10?- 57. 60. 800. 
pfl . U. 0. 
 0. 0. 0. j. 0. D. 0. 0. 0. 66.
p'?' fl. (. 0. 0. 1 3. 29. '3. I A. S. I. 0. 0. 229. 
ElVr IA,. 134. 10. I. i I. -1 7. -5. 1 7. 41. F7. 13'. 175. 772. 
MAY . 0 .000 .OD .005 .5 4f; 2.?qS 1.;, 71 .590 .095 .007 .000 .000 .229 

CLItAT PATA USEn T0 CCMPUTE COEFFICIENTS VHICH TOGETHER WITH ELEVATION AND SOLAR RADIATION DETERMINE ETCH 

Trtp 71.2 70.U 17.7 14.5 11 .3 8.5 R.1 9.5 11.4 14.4 17.4 39.8 14.S 
941;? . ;7 .56 . %I .6 7 .7% .79 .80 .75 .70 . ,5 .57 .53 .66WIliO %.2 4.5 3.9 2.5 1.9 1.3 2.3 2.6 3.1 3.8 4 .8 5.3 3.4 
P"rC.DAY1 n. U. O. 2. 9. 1?- 11. 5q. 2. C.. 1. 51.
SINS4 TNF .76 .76 A65 .57 .%8 .33 .33 .45 .47 50 .62 .70 .55 

14OI¢CTr% WI1SSNG DATA 



TI'L.E P. . oPcIPTATIMN 4N0 POTENTIAL "IPPIGAT'ION 'REOUIREENTS 
'FOR 'GIVEN PRORASII.[TY LEVELS BASED ON CAMNA DIS3RIOUTTON. TN MV.
 
T


S ATIC% NA"E SAN FERNANDO O" h4IGrNis SEq. no. 12 
LIT. -34 3-- LONG. 71 0). ELEv. 342. YEARS OF0 TA 49 

Pr"al6tIly lei. 9U. 60. 7%. 70. 60. 51. 80. 30. 25. 
 ?0. 10. 5. 90. 8o. 7S. 70. 60.
 

IN MEAN PPECIPITAT I AT VuP:-S PP DARILITY LFVELS ETT IRRIG'ATIO RF1QUIREMENT5
 

JAN * n. a. U. . 0. 0. 0. 1. 3. 4. 7. 1 . 34. 276. 77 G. 27. 2 76. 276. 76 . 
*. 1. U. 0. 0. . 3. . 28 177.a. C. . .3. l 51. 17 . 177. 177. 171. 177.In3 . U . 0. 1. 1". 2. 1. 11- 3. 3,.J3 uo. 0l. . 1 . 1 . 2o . q . -U . 3. 1 n0. 10.6. 11,. IS 'I. 15C.'1 7 . 3 . 4 U . 3 . Wi . 1 5 . 65 . 150. 15 .6 . ; . b 3 . 6 3 . (00.

1;1 . Z1- 38.. I1 ?T. 57. 7 ? n.rO 17qR. 16 . 185!- 21 1- 2-7 . 370. 3 A. 17. -0. - IL. -19. -39.
 
JU% l7it.. 37. 1;. 8'B. 
 ?8. 11. 11. 171. ? 1f. 74 8. 774. 3 5.- 3r5. 4 87. 72. -32. -F7. -76. -90. -116.
JtL 1,. 13. 24. 44. 55. 6,5. 83. 115. 14f. lG. 210. 240. 31n. 419. 
 2(6. 2. -1. -28. -39. -67.aL; IDA. .- 1.. 29. 3b. .. 61. Rri. 103. 132. 150. 172. 2%0. 307. 3G. 21. 7. -0. -8. -25.
SEP rb If. Z.• 7. 
 *. 1. 20. 11. 4'. 62. 74. 89. 13A. 8* 67. F-S. 6 . 58. 54. .4s.
C1 '1. 0. 0. 2. 3. 
 4. 8. 13. 21. 33. 40. 1;0. 6. . 12(0. 110. 11!? 11. 118. 1(16. IC2.Pv 7'. 0. 0. U. (i. 1 2. 5. 11- 20. 27. 36. 70. 108. 170. 170. 16 9. 1&3. 1f,.). 167. 
n 7. (I. 0. 0. 0. 0. n1. 1. 2. S. 7. 10. 27. 3s. 227. 227. 227. 227. 227. 227. 

IL'. 771V. !4?. 815. "10. 59. 587. S8. 730. 8r)7. R96. q7o1.1007. 1175. 1327. 13c. 949 . 855. 815. 778. 736. 

Ar'-!T.rOS rOO G4'4 11I1TOlquTIO 

q T 4 J114 Fr RR APR MAY JUN JUL AUG SFP OCT NOV CEC ANN 

L .a l G 0317 070 .0088 . t94 .0099 .01 ORn94 .08C *.01 23 .01s, .0124 .0296 .C034 . 11S .Jr7 .205 .172 1 z56 2 .0 ? 1.278 1.174 .665 .478 .292 .212 6.43?1.7155L%rA'q 
I .00.6 I.ta 1..974 1.0v27 -. 1997 .00 8s -. 1341 -. 0775 .30 i .61 AM 1 .1245 1.4607 .5%9z 

r
"L.vC MIN.FoECIP. ANO A UM.-AQY OFl WtPENDASLE PREC. EVAPOTRANSPIRATION DEFICIT AND MOISTURE AVATLABILITY AT THZ 75 P.C.PRO0..LEVEL 

0 11 77. 10. 51. 1 P9. 46. A25. 'iO. 3C1. 308. 187. 14r,. 51. 1618.
P'-N 0. U. 1. 0. 1. 7. 10. 0. 0. 2. . 0. 164.

S 050. . . 8 7. 98. 5S. 3 6. 9. 3. 0. 0. 549. r T-t 77;. 177. It.O. 63. -10. -76. -2 A. -0. 58. 1CA. 1& 9. 227. 815.
"'? .'n n .CUO .'co .U 6C 1.254 4 .376 '2.0 76 1.011 1 vq .076 s.3 .000 .%03 

CLIXSATr 0TA USEP TO COMPUTE COEFFICIENTS WHICH TOGETHER WITH EI.EVATION AND SOLAR RADIATION DETERMINE ETCH
 

IG. 7 10.0Trp 70. 1 1 R. 1 12.6 7.3 6.s 7.4 9.8 12.5 15.9 17.7 13.2
HIP. .70 .74 .7% .79 .83 . 85 .A? .8? .79 .78 .75 .71 .77w 1% 13.1 9.? 1o. 7.6 8.1 .1? 9.2 7.3 8.7 9.4 1C.0 12.0 9.0P-'rC.cavs 1. 1. 1. A. 17. 22. 18. 14. q. G. 4. 1. 10O. 
5".S. I:! 
 .A8 .7q .63 .42 .36 .28 .10 .45 .Qg A8 .61 .43 .49
 

.TN1IfNTE5, wT51'f' DATA
 

L4)
 



T' LE A. 7 POECIOTTATIAN AND P0TE.jTIPL IPQ'IGATICN REQUIREMENTS FOR GIVEN PROBABLITTY LEVELS BASED ON GAMMA DISTRIBUTION, IN "y. 

r rITIrN N,-E cu z rl CUzIca 5 '. tO. 13
 
LI '. -It SO, L1j'S. 71 1 U. [LEV. 711, E f. RS OF E'A7A %3
 

P"eoAILIT QS. 90. I. 7s. TO. r l. so. t 0. 3'. 25. 20. 10- S. 90. 8C. 75. 70. 60. 

'IWI1 AN '*ECIPITATION AT VA'R10US PROBh'ILITV LEVFLS ETT IRRIIGATION REQO'IREM.ENTS 

ol4 v . C) 0j. t). 0. n.I. OU. 1 9. 74. 4 3. ,11 . 29 1. 20 1. 29 1 29 1. Z91 . 

.
 
X ) . - 0¢O ] . - 2.. 13. 1. 


r r L . ? C .- 7l.. . 0. 1* b. 7. . ?'. 271. 2?, . 72o. 221 221. 221. 
15 FT . IC'S. L''. '"5. 145. lS 

i - '.'. 0. 2. I. . 3. 7. I4. 24. . 7%. ; 9 . I?I. 153. 70- ','. b"). 63. 

Ua; 0. 1 .U.1 2 
71. b?. 

-
" 
i L., 5t p 0. 105. 1; 9. IRS. 771,. 776. . 43 7. 1 . r 3. -8 1- . 

i'. 1. 2. '*. 5'. tsl6.7. SI. 182. I1". 14 .. 713. 111. 27 . 357.20. -. -25. -6. -1 . -..14 2. 12. 130. 724 9. 3, ,- - -7C, . 4. lc 

I lot . I c- 24. a . -, . 64. R 7. 112. 14 7. Io 1. 70 3. 23 1. 317. 40 1. 1 *3. -6. -25. -36. -46. -68.
 

u

1! 3. I . 25?Z. 37. t!A. 51. 6f. 
 8I. 20?. 11. 141. 159. 211. 2;3. 3 R. 16. I. -6. -1 3. -28."t . 7. ' :. 3 . 1 7. ? . ti 7. 5r. 7 14. .7. 12 l1 9 . 70. f . O. 5 7. 53. 45. 

3'. rCT". 1- (. S. 7. 12. 1 R. 26. 37 45. 1 1'. ;.. 115. 121. ?7. Sq. 1 3. IIG. III. 
I. r'l. C. Q. n. 1. 7. 5. I . 1 . 2. 1?.- '.. ln7. II7. I37. 137. 107. 195. 
I.. 1 0U. 0. 0. a. I S. 3-3 .2=t ; .. - S. Z1. 
n. 4 1," . €?u 3 S 0. CO 3. 53 1 . S74. 6 G. 706 7. . A 7. S.6. 1S1 .1 F. 181. 344. 2B.5c..110. 84%. 

pf"a-('Tro €f': .;I..A DISTPI3'JTICNs 

,- T- Ji' FF- -o A CAT JU!1 JUL AUG SEP OCT NOV DEC ANN 

.r'117 4 .0 3Q5 C1 3 . rlip .; M8 .CI 15 . 1n113 .1-1 SA .f1 rI .01 s .t 13 .0193 .0O"G . .I18 . .7 1 3: .31S l. r13 . 9 Fla 

" 


.I AI .,_ I ' .i 2 .1 1 .37 . 3 0- .211 7. 121 
L.- A- I .7S i 1.67A 1. 3r"'4 .R - .o57 .of-03 -. ITIO. -. II0 .0385 .343 1 1.55 1 .%698 6.e066 

" 
31AwbN tIN.PPECIP. AND A SUNMAPY OF DEPENDABLE PPEC. EVAPOTRPANSPIRASI ON DEFICIT AND MOSTURE AVAILARILITY AT THE 75 P.C.PROR.L(VEL 

0.1 1 79. pe". 84. 71. 43 1. 51 T. 138. 294. 77fG. 131. 73. 6q. 1302.o. L. Q
. 0. a. I r. 3. S. 0. 0. C . 0. 123. 

0. LI. 0. 7. 34. .. 5 4. 4 . I I. S. 0. 539. .
E r 7-11|. ?711. 14 S. ASc. -7. -7 6. -- ,° -'A. 5 7. 11 F,. 26 5 944 .197 ,_r 
P,-." -;,'} .Olu . C :uz .02 1.2 . 5. F,81 7.q11 1.157 .1 9-1 .0443 . rj2 .000 .363 

CLtIwATIr 711A USEO TO COMPUTE COEFFICIFNTS WHICH TOGET14EP WITH ELEVATION AND SOLAR RAnIATION OE7ERMIE ETCH 

-0 9.9 18.5 15.11 27.3 9.1 7.3 6.9 8.1 9.8 17.3 15.7 18.2 12.8 
HU". .A .65 .70 .79 .88 -31. ql .87 .87 .78 .71 .6 .78 
wTV 0 19.7 13.A 0.5 '1.S 8.3 9.C 10.4 11-2 1O.0 17.1 13.8 15.8 11.S 
Pvrr.[A , I. 1. 7. 7. IS. 71. 1R. 14. 8. 6. 3. 2. 98. 
S 1j" It, IN E on' .85 .68 .50 .31 .23 • .31€ .38 .144 ft9 .59 .75 .54 

. I:0!C~kT( ISSING DATA 



T&l LE A. tRPqRr1 TATIlN ANO POTEtJTIAL 1I GATION REDUIREPENTS FOR GIVEN PROBABILITY LEVELS BASEr ON GAMMA OISTRIBUTION. ItN MM.
 

,TATION NAE LIN (S LINARES SER. NO. 1s 
LAT. -3, '-. LONG. 71 3.G ELEV. I',. rEADS OF DATA q4 

P -BAOiLTTr 14. S0. 8U. 7. 70. 60. 5(0. riU. 30. 75. 70. 10. 5. 90. 80. 7S. 70. 60. 

N2TS4aI EAF ' AT I0
EC IIT AT VAtIO2S PRCPABILITY LE'ELS ETT IV IATION RFQUIR FE. N1 S 

JAN I . 0. 0. 0. 0). 0. 0. 1. . 7. 17. 1R. 45. 81. 239. 23q. 23q. 2o9. 239. 239. 
F 1. 0. 0. o. . U. I. 3. 7. 16. 7. 32. 70. 116. 1057. 107. 107. 101. 1547. 106. 

,'2 : . I. 3. 9. 13. 17. 1. 38. 70. 81.:. o ir.. A.. - 78. 1 q. 10 . 1s. II. I. 
14l~q 31- 5 . 17S: 84. q4- 11 2 11 153. 179. 19J 217. 26 S. 314. JR. -35. -ST. -hG. -T6. -94. 
,"lq. 75.
JU' , t.. 104. 118. 210. 155. 1.'. 71 1. Z%;. 767. 191. 3, 2. 42R. 14. -. I. -'1. -. C4. -117. -1q.


JUL 177. 36. 57. 77. 89. lon. 1 . IT. 730. 375.
17 14. 710. 754. 392. 11. - 6 . -r-6. -77. -89. -112.

AUG tIr. 31. 44. 64. 73. 82. o0. 117q. 14. 16 5. lq. 19P. 251 . la U. 2P. - ;,. -3 5. 
 -444. -53. -71.
 
- E0 P7. 1Z. 1q. 31. 36. 42. 54. 67. 
 706.
S7. 101. 117. 12G.1 167 . ;a. 3 ,. 1. 12. G. -6.nCT R. 2. a . 9. 12. I. 2-3. 32. 43. 5E. 67. 79. 115. 151. F7. 83. 7R. is. 72. 64.

'OV 77. n1. U. 
 0. 1. 1. 4. 7. 1 to. 24. 32. 43. 80. 123. 145. 1R5. 144. 144. 143. 141.
 
CEC 7 U.U. U. . " . 0. 1. 3. 
 8. 16s. 21. 33. 70. 134. 212. 212. 212. 212. 212. 211. 

A,:. 94C. 574. 643. 73.. 771 - '05. P69. q32. 9qR. 1072. 1115. 11r3. 1298. 1416. 10-7. i . 35R. 321. 27. 222 . 

PA1AMrTEOs rOr IAP'AcTTc'TqUTION 

MMI T'4 JAN FrF mAR a pp M AY JUN JU L AUG SEP OCT NOV O"c ANN 

L A-1 .h1 17 .1qp .0095 .011 3 .P1 S .1 47 .0133 .0185 '.1207 .01R5 .0116 .0100 .0143p .1711 . ;10 .771 .779 2.815 3.001 2.2,6 2.51 1.707 .8S3 .318 .232 13.696 
L 04' A 1. c9~t 1.4742 1 . t105 .2771 S,388 . rli ? . 1149S .2960 -. 09 43 .f,675 1 .0356 1 .3f, p0 21 .7 f3 e 
MA!. q) " I'.PorCIP. AD A SUpmpy OF IEPENDARLE P-EC. EVAPCTRANSPIPATION DErICIT AN1D MOISTURE AVAILAOII JTV AT THE 75 P.C.PRO6.LFVEL 

P-Ax 91. 130. 19r. 2r7. 2T 9.r4. 50nS. 294. 270. 139. 117. 141. 15C6. 
P., N . U. 0. 0. u. 2 4. 72. 1 q. 4. 0. 0. 0. 476.
 
P "T5 0. a. 0. 
 13. 84. 11 B. 89. 73. 36. 
 12. 1. 0. 771. 
E T-F 73q. 154. 107. 15. -66. -104. -77. -4 4. 17. 7. 14 4. 212. 321.
 
Si! .uU .CIO0 .000 
 .035R 4.697 8.5 7r 7.911 2.5FIG .749 .142 .005 .000 .706 

('AT TOCLT"ATI t llSrV C"qvUTE CCEIFFTCIrNT; VHICH TE(ETHCP WITH EL.-V4TION AND SCLAR RAT'IATION DE1E'!.IE,[TC; 

Trp 1'.4 18.1 15.8 1 2.3 9.1 7.8 7.0 7.9 9.8 12.4 15.- 17.7 12.6c
HIP' .A. .6 . 72 .80 .88 .P9 .91 .86 .82 .79 .74 .69 .76
V1% 1f.p 6.4 .4% 1.7 4.1 S.7 4 .1 6.1 .6 6.3 7.7 9.3 6.1P-'"C.OAYs I1. 2. 4. 10. 18. 22. 70. 17. 12- . 5. 4. 125. 
S'ftSHIzt .00 .00 .00 .00 .0 .tm .00 .00 .00 .00 .00 .00 .00 
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TA .E PECrP?'TATjz-
 AND POTMNTILL 
 IvorGATION REGUIREMENTS 
FOr. GIVEN PROBABILITY LEVELS BASED ON GAMMA 
DISIRIUTION. IN 
MM.
 

SsTIC 'i,'E CI'ILLA4 N URLE SEP. 1:0. 1
 
LAT. -Ig 36. LONG. 72 26. ELEv. 144. 
 YEAPS OF VS1A 47 

PO'SAPI ITV 9S. 90 RG.. 75. 7U. go. 5). 40. 30. 25. 20. 10. 5. 9- 80. 75. 70. 60.
 
" ' w PrAN P2ECIPITAT iO,-
 AT VARIOUS PPOBASILITY 
LEVELS 
 ETT IRRIGATION iEQLI7PE:%.lENT5
 

JAN 1'.
 0. . 0. 
 1. ~. 0. 2. AI. r). a. C. n. iS. 23.1 50.5. 95. 25 S'. 251- 2. q. 4. 254. 254. 254.a. 1. 71. 
 '5. 8'r.84. ' r.- i!'. 1T'.. 184 . I83.I S. 7. 34'. 137. 1':. 137. 
 2!.. 13S. 133.
 
JAY I 7C. 31. 47. 
 73. 9 ,. 77 . 121. 114 .7. 
 7 .1 5. 717. 28.4 33. 377.9. 419 3. 
 .
 

1.
'us 14 1. 35. 4,. . 1 h41 7 . '3.3.79. 88.. 1. 9- 19c.5 3 .~~~~~~~u7. q .? 1o 271 1S. 7 ,7 72 1 S 1.1- 5.5 1 9 37. ° .C7. ?O. G6 1 1I 0. 30.3 10.G- -2 3. -4 -1. -73. -97E o -9) . - 8 .It; .3 2. r'..1 ;-S 1
. 7 . R58 . I0s. 115. 14 7. 173- 1I8-. 206. 260. 310. 44.Pt0. 17. 24. 3S. 41. 46. 
-, 2 5: q- 62.

57. FF. 

E ,'. 

81. 97. 106. 117. 10o. 181. 62.
- 12. 20. 38. 27. Zl.23. 2T. 35. 16. 5.4 3. 5 3."': . " ;O 1 . . S . 65. 72. Sl. 117. 133.7 . 1 1 . 7 2 . 3 . 4 3 . S ? . 2 . Ic9. -,. P9. 95. 82.3 . LF,q . ?G . 1 . 1 3 G . 1 7cGSrC ? - 0. . O. I. 
 2. . .o. I5. z26. 3 . '5. 17.
12- 121. 2 . 223. 2"2. 2 1 ° 19.
A N, 103. ;T. 744. R31. 8,S . 837. I57. 1015. 1075. 11%2. 1181. 
1224.4'. 13;! .. 
 1351. Sor. 
 521. 48S. 454. 
 394.
 
P1'14rTr0* F)0j GA--A ri'ITOiPuTi0N
 

P*lJA F&I M ' APR MAY JUN JUL AUG 
 SEP 
 OCT NOV DEC 
 ANN
 
L ", --
 U 1 4 . al 1 . 0 130 -0117, .1t .7;3 o1 .01 ?9 C187. 35 .915 1.937 1. .7 90 .03?0 .0116 .01151 2.27q .0186L'ra- 2 .S-2 ?.30i 1.C18-€l.iq 1.1 ?4 .. 1.2 .37 19.161*q -130 -. L 14 1.00 87 .1 b15 .4173 1567 -°0962 .36.91 1.0030 36.8647NAT.-SW "1'.PF rrp. Ap) A SUMMAPY OF DFPEN A LE PPFC. EVAPOTRANSPIPATION DEFICIT AND MOISTURE AVAILABILITY AT THE 75 P.C.PROR.LEVEL 
P1X 31. 83. 133. 272. 43 1. 5l. 565.P:.N C. 0. O. O. 

30. 255. 200. 122. 184.9. 1563.5s. 
 9. 25. 7. 3. 
 0.
.9. 0. 0. '82.1. 14. 85. 179. 1 1. 7A. 4 1.E1 73.. 1 '. 13C. r7. 5. 1 .F.5. 
M.' .010 -5C. -10S. -;I. -35..002 . 0 r.7 21. 89..177 7.4 24 5-311 3.044 13. 222. 486.1.790 .GSR .214 .023 .Ooq .640 
CLI'aTIC fIAT& USEO TO COMPUTE COEFFICIENTS WHICH TOGETHER WITH ELEVATION AND SOLAR RADIATION DETERMINE ETCH 
Tr1P IR.g 17.8 
 15.8 13.3 
 9.3 8.0 7.2 7.9 9.5"r'- .59 11.0 15.0.57 .Fo .f3 17.1 12.S.8an .4S .87 .8aiI" [1 14.3 1 1.5 9.1 .75 .72 .63 .6%9.0 7.a 11.7 11.7 .71Pr CGa, t . 10.83. S. 10. 7.7 10.3 11.4 1Z.620. ?2. 70. 17. 10.6
S .. sqI.,r .71 .77 .72 .57 

1I. . S. 5. 130..4.4 .7.2 .43 .48 .56 .59 .62 .53* INDICATES "ISSING DATA
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TABLE A.10 PRECIPTTATInM 440 POTrNTIAL IPPIGATION RSEUTRVFMNTS FOR GIVEN PROIADILITY LEVELS BASED ON GAMMA OISTAIRUTION. IN NM. 

STATION NA-E CONCEPCION CONCEPCION SER. NC. 17 
L4T. -3s Sn. LONG. 73 2. [LEV. In. YEARS OF DAi9, qS 

parAPI1 ITI 9s. 9c. 80. 75. 70. s0. So. SO. Ia. 25. 20. 10. 5. 90. no. 75. 70. 60. 

qnN -re-, POECIPITAT TON AT VAO OUS PROARAILITY L.VIL FTT IRRICf;ATW' : .Q!?-.!.,'S 

jF( 71. 0. U. 1. 1. 2. 4. 7. P. I i. 19. 3. u. 7 . IS.. ,. 116. 11%. 19S. 132.FO 1 0..1. U. 0 . 1. 7. 7. 3 7. .. 26. 33. 1. 11. 1,,. I?. 11S5. 13,5. IS.AD ,,n. 48. S. l0. i]3. 15. 725. 7q. 371. 4 q. 
. I5.

S. 314. 91f. 4CC. 227. 117. 11-. 110-. 1-"7. - L2 . 
JUN ,. 10. 15. 7G. 12. 3 : !;. 5. A9. 102. lq 134. 19.7 6; 2?. 15. _1. - 0. 3&IS. -1 q3. 16. 
JUL 7 0 . V ?. . 90. 1 F 124. 174=. . 47. Z14. 71 ". 7F. 9. 2 ," 15. W. 1. . -3 1. -73. . .JU4 7117- 1 1277. . i1 1IRS. 183. 240 . ?7"8. 88. 3 4 4 936. -6 3. -92 -12a33 2 . 321. "ti 4 . 4iR . u;r. g 25. -1 2 . -13 S. -150. -1( 3 - 1 Fl 

JL 21'. k,7. 90. 129. 119. 1t;. 714. q ;RS. 712.1P3. Zu.. 3"U. 3 1°. t7. 40. -t ,. -95. -11,. -1 9. -1.o 
'[, e o . 37. T . 5 3. 59. 7-,. 8 ,.- 10 - 11 9. 13(,. 143. 1~l 7 1 7. f 1. 3 7. '2. : . . - 5A 


CT 1(. IS.1%. Z4. 2 S. 3 2. 5 U . ;1. 74. A 7. 01. 
 170. 147. 111. 95. 87. ES. 73. 7.
NV 5'. . 1 4. 9. 1. . 2 . 39. 57. 70. 85. 137. 192. 149. 147. 134. 141,. 139. 132. 
eCC I1. 0. 0. 1. 2. 7. c. l0. IS. 30. 39. 50. A9. 133. 187. 18,. 1 G. I .. 14. 13]. 

IN 134 917. 0I*q5. 0I0q 1132. 1786. 1365.II.I?.%. 0. 1210. 1453. 1504. 1562. 1770. 1858. 1185. 253. 1?40. 95. 53. -25. 

P-'&." ETES roo -,i-x CITc'TluTlO% 

q 'N T 4 JAN r(9 -sp A PR? MAV JUN Jtl L AUG S'P CCT , GOV OFC ANN 

Lf"3 A .01A7 .0196 C771 .0 159 .O 13 .0201 .0171 .01 45 .r?5R .0307 .10C7 .0119 .0116o . Olt .402 1 .08 1.t 7 2.422 5.1 F9 3.n96 7.852 7.5 39 1-55 .553 .373 17.es2 
L -I I.fl23 .7177 - . ru40 -. 17010 .2313 3. 41 rQ . 7.1 4r) SGO8 .3124 -. 0542 .4743 .590 33.08124 

-v .3 1 7N. ,ECI P. I.N' A SU--APY tnF !'PENI'98LE PPE°C. EVAPOTF.%SPIIT ION 'ErICIl AND OI1,TLRE AVAILARILITY 4T T.'E 75 r.c.PRcn.LryrL 

P37; 0. 13. 113. 17. i. 7. iq.i . 3 7. .F. 37.v-: -E.! .3. 1. . 1145.q 9 . :.2 .1. 1 1 - ?. n; 6..6 .
P: 1; 0. 1 . 1 3. 3."- 11 3. IT 4. 13; 9. 11 51. 2 A.-q 2. i r3,.
['! 10€,. 15%. 110. 34. -78. - 1E . -110. -71 19. 83. 14 Z. 185. 
"AI .0'2 .hO(' .103 .4RG 3.15G 7.0 77 t.775 2.76, °7A9 .?52 .043 U38 92U 

CL T"AIC fAll u SE'r TO C0-'UTE COEFFICIENTS WHICH TOGETHER WITH ELEVATION AND SOLA-4 RADIATION DETERMINE ETCH 

,V..4 l., It. 3 12.2 1. .7 9.5 8-S t .9 9.q 11. 14 .3 15.6 12,
.7 .73 .- 1 . ;I .8 .AT .i4 8a. .7q .75 .74 .71 .79S'.5 1 7. 1.2 1 3.A 13.C 15.7 18.I 17.7 13.1 Il.8 21.4 21.2 16.6pr'rc.C&, A. At. 7. 12. 22. 7'4. 2i. Z1- 3. 9. 8. S. 5 3,

S rE Sj IN .r5e .77 .A .50 .10 .14 .a0 .47 .51 .59 2 .66
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L .11 VrCVIDTATIN 4N1 POT'4TIAL IPPIGATION RFOUIREMENTS FOr GIVEN PROBABILITT 
LEVELS BASED ON GAMMA DIsTRInUTION, IN MR.
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STiTIC 4 NI-E LOS ANGrLES 8i0- Pro SER. NO. 18
 
LAT. -37 ?m. 
 Ln G. 72 21, ELEV. 160. YEARS OF OATA 46 
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MrNd4 IdtAN r 
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ECI AITATION AT VARI0U' PPCfP-qILITY LEVELS E T ;: 1(GAT!_CN -i?,(I .'1-',, S
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J5'd 75. 2 I. I41. 17.1. ?. 
 1S. 1n6. 1 . 3 - 1 
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7,. 1k. 13. 13-! . 1 1 13 1 . q 1F, . 93. 10 . 1:! 1.137.. 4, . 123. -1 . -A S.-95 1I. -1 . 

%fD I1n. 1. 27. 
 . 1 7.. 2. B 143r.q . 7 . 52 1.g.8777 c. 1 3 . 2 3 . . 3 a lq. 70 25S.4 . s q . 7 . S 3 . o s . u1 9 . 1 1.34191 3 . 7 n s. 1 o . 1 O . 9 . 17r. .. 7 .
' v e I. 1 . . 7 . I1u . 1 3 . 2 1. 3 0 . 113. 5 9 . 7 G. 83 . 17 . 17 0. IF,4 F.7 . 16 2 . 15 3 . 15 6 . 1 9 . 
0 14. 0. 0. 1- 2. 3. 7. 13. 2 3. 40. 51. 47 . 177. 13. 27r. 22r. 225. 2214. 223. 213.
 

A 4,4 4 ?. 'q)9. 1r'37. 
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 3Q 3. 297. 25S. 177.
 

PAQA'ETtED'S rt P A 91STP7R1UTIrnj 

T .03*JAN FER A- APR MAY JUN JUL AUG SEP 
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LlvdA "D'37 .0118 .U1 S7 .0141 .n121 .T!1 , -26 ." 0 0194 .0181 
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t %- A 1 . ft I1"I I.0 Uu 231; -- o 1 .18 57 2. '. F . 111) .SQ1 -. 01,1 -- 11 o .219, .9260 31.35U 

&N.OPN3 AND A1'IPI.PECrP. UIMAP y OF" r[PENDAeLE PPEC. EVAPOTqANSPIPATION DEFICIT AND MOISTURE AVAIL111ILITY AT THE 75 P.C.PROI.LTVEL 
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TrwP ]1.U 17.19 15.9 12.5 9.q 7.7 7.0 7.9 9.3 11.6 11.6 17.1 Ia.(,.1.Sq .& . r .71; .78 .87 .87 .R2 .7A .72 . .637 .73v'D 73.1 22.2 18.9 1*3.G 12.8 1,.3 13.5 18.2 17.5 1R.2 21.3 20.0
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TtoLE P.12 PRECtI"TATIN A&n POTrNTI&L 
IPRIGATION PEGUIREMENTS 
FOR GIVEN PROBABILITV LEVELS BASED ON SAMM4A DISTRIBUTION# TN NM.
 

SATInN Ns-F PA"iCA.UA 
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Nr" H E N PtECIPITTITTf)N 
AT VARIOUS PROnA'ILIT 7 LEVELS EIT I-RUKGATrON RFQ;IRM.OFN-TS
 

. 0n. 0. . 0 . 0. 0. 1V 0. U. 1. ? 2;2- q 25q. 253f,. I. U. n. U. I 259. 259I . .q3. .* . q 0a. 0- 0. 1-. . 4. 
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4 1. 34. 30. 25. 1%.4C. 47. 5k. 68. 85. 101. 17 C. 140. 
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"AT *-',1 "i4-'?C1C. A') A 5UM'ARY or rEPENOARLE PPEC. EVAPOTRPASPIPATION DEFICIT AND MOISTURE AVAILIRILITY AT 
THE 75 P.C.PROB.LEVEL 

P41 1 4l. 4. 7. 1 ". 250. 47 3. 757. 205. 70 . 73. &4.p. 0. 0. 0. 
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Ct I-s rr A T4 USED TO C"MrUT17 CEFFIcIrNTS WHICR TOGETHER WITH4 ELEVATION AND SOLAR RADIATION DETERMINE ETCH 

r9 lq.P I q.6 15.2 12.5 9.8 7.3 6.9 7.9 9.8 12.- 15.9,- .61 .AG .77 18.4 12.9.78 Al1 .?3 .79 .75 .7? , 10.3 '-. 8.. 8.? 
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