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FOREWORD 

Water resource systems have been an important part of resources and environment 
related research at IIASA since its inception. As demands for water increase relative to 
supply, the intensity and efficiency of water resource management must be developed 
further. This in turn requires an increase in the degree of detail and sophistication of anal- 
ysis, including economic, social, and environmental evaluation of water resource develop- 
ment alternatives aided by application of mathematical modeling techniques, to generate 
inputs for planning, design, and operational decisions. 

This report outlines an approach to  the assessment of supplementary irrigation water 
requirements in semi-humid climatic zones. These water demands are seen in the broad 
context of input data required for long-range planning in models of water resource systems. 

The stochastic character of supplementary irrigation water requirements is generally 
recognized, although in most cases it is not adequately reflected in the water resource sys- 
tems models used in long-range planning. This report describes how mean monthly time 
series of supplementary irrigation water requirements may be developed, based on generally 
available data on rainfall, temperature, humidity, wind velocity, and amount of sunshine. 
The Labe River catchment in Czechoslovakia was used as a test case and illustrates the 
application of the proposed approach. 

JANUSZ KINDLER 
Chairman 

Resources and Environment Area 
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SUMMARY 

In semi-humid and humid climates of the temperate zone, supplementary imgation 
water requirements depend on meteorological conditions. A mathematical model is devel- 
oped to assess monthly time series of imgation water requirements, based on Penman's equa- 
tion and calibrated on the basis of data obtained from irrigation systems in Czechoslovakia. 
In the model, monthly time series of temperature, relative humidity, sunshine, wind 
velocity, and precipitation are used as input data. Because of the persistence phenomena 
often noted in irrigation practices, the correlation between the current irrigation water 
requirements and those of  the previous month is taken into account. The statistical prop- 
erties of  imgation water requirements are analyzed as the basis for the generation of a 
synthetic water requirement time series. The model can be used for long-term planning of 
water resource systems incorporating supplementary imgation water use, as is shown in 
the case of  the Labe River catchment area in Czechoslovakia. 

1 PROBLEM DEFINITION 

In dry regions, irrigation water requirements exhibit a more or less regular cyclic form 
with only slight deviations from year to year, so that conventional attitudes to  irrigation 
planning and modeling are adequate. However, in semi-humid and humid areas, supple- 
mentary irrigation is closely related to the variability of factors such as precipitation and 
potential evapotranspiration. This should be proved not only qualitatively but also quan- 
titatively on the basis of data from some irrigation systems. 

Meteorological data are the records of stochastic events, so the supplementary irriga- 
tion water requirements that depend on them are also stochastic. In long-term planning of 
water resource systems, including large-scale irrigation, the stochastic character of irriga- 
tion water requirements should be reflected on the same hasis, and with the same accuracy, 
as other input variables. A monthly time series of flows is commonly adopted for this 
purpose as an appropriate input into water resource system (WRS) models. Therefore, 



a monthly time series of irrigation water requirements could also be adopted as an adequate 
form of input to these models, bearing in mind the purpose of long-term planning of large. 
scale irrigation. 

In keeping with this main aim of the model, a prescriptive rather than descriptive 
model is adequate in order to create a tool with approximately the same accuracy as the 
other inputs and to quantify the effects of alternative irrigation and WRS designs. Other- 
wise, the WRS model would be too cumbersome for engineering and planning purposes. 

As the results of this study will be used for long-term WRS planning, the aggregation 
of some data is necessary. Therefore, the influences of the type of soil, vegetation, and 
agricultural production on irrigated fields are aggregated into calibration coefficients, and 
are not taken into account as variables. Meteorological data are the only variables used for 
determining monthly time series. 

The monthly time series is an adequate form of input for all principal kinds of WRS 
models, i.e., 

deterministic simulation models, when observed time series are used directly as 
inputs; 

an implicit stochastic model, where the basis of synthetic time series generation 
is the observed (or on the observed data calculated) time series; 

an explicit stochastic model, where the parameters of the compound probability 
distribution are determined on the basis of the set of input time series (observed or gener- 
ated). 

From this analysis, it can be concluded that the most appropriate form of irrigation 
requiremerit inputs into WRS models is the time series based on climatic data, as related 
to large-scale irrigation policies and methods. 

2 ANALYSIS OF IRRIGATION WATER REQUIREMENTS 

One of the objectives of water resource systems planning, including irrigation, may 
be to supply water for irrigation in such a way as to maximize the net economic return of 
a farm, or a whole system, or to maximize the yields of marketable products. The latter 
objective will be attained (e.g. Skogerboe 1977), if soil water is not the limiting factor in 
plant growth. 

The total quantities of water affecting the soil in a month during the vegetative 
period can be expressed in the following water budget equation (Fleming 1975): 

A S , = P , - E , - R , - G , - U ,  (1) 

where 
AS, = the change in water storage (mainly as soil water in an unsaturated zone); 
P, = precipitation (mainly rainfall); 
E, = evapotranspiration; 
R, = surface run-off; 
G, = subsurface flow; 
U, = underflow (deep,percolation); 
t = month. 
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The term (Rt + Ct + Ut) can be used to express the unused (ineffective) part of precipi- 
tation equal to (1 - a)Pt .  Equation (1) can then be simplified to 

AS, = atPt - E, (2) 

The coefficient a is not constant and depends on many hydrological and soil conditions. 
However, keeping in mind the aim of the study and the aggregated character of the data, 
an approximation by a constant value (or determined only by precipitation) can be ad- 
mitted. 

The maximum value of Et under given meteorological conditions is the potential 
evapotranspiration PEt that occurs when the soil water content is not a limiting factor in 
evaporation and transpiration. This state can be reached by adding an amount of irrigation 
water, I t .  The water budget can then be expressed by 

Considering the losses in delivering irrigation water to the field (expressed by a coef- 
ficient k), the equation will be 

I,' = k(PEt - atPt + AS,) (4) 

This equation was derived in a slightly different form by Holy (1979) for the whole vege- 
tative period. 

At the beginning of the vegetative period, the term ASt can be considered as the 
available store of water due to winter precipitation. For planning purposes, Holy (1979) 
recommended the following values according to the permeability of soils: 

Low: 23-55 mm 
Mean: 26-45 mm 
High: 12-21 mm 

The depth of the active soil layer is assumed to be 0.3-0.6 m. 
The individual terms in eqns. (3) and (4) will now be analyzed further, with the 

emphasis on the potential evapotranspiration term, as this is crucial in determining irriga- 
tion water requirements. 

3 POTENTIAL EVAPOTRANSPIRATION 

The best method of determining potential wapotranspiration would be its measure- 
ment under field conditions, but because this is not technically or economically feasible, 
sample measurements are used. Sampling may involve the measurement of soil moisture 
and the indirect calculation of evapotranspiration; or the lysimeter method may be used, 
whereby some crop (usually grass) is planted in tanks and the losses of water used to main- 
tain satisfactory growth are measured. In general, the conditions in the tank may not 
closely simulate actual field conditions, and the results thus obtained may not be reliably 
extrapolated to a much larger area (Veihmeyer 1964). Nevertheless, the reliability of 



various methods of evapotranspiration estimation on the basis of measured meteorological 
data is often determined by comparison with lysimetric measurements. This is one of the 
contradictions that this study attempts to  analyze. 

3.1 Evapotranspiration Estimation 

The basis for the determination of evapotranspiration is the physical process of 
evaporation, regardless of the evaporating medium (water surface, soil, vegetation, etc.). 
In hydrology, the term evaporation refers to the evaporation from a water surface, and 
evapotranspiration refers to the evaporation from soil and vegetation (but evaporation 
can also include evapotranspiration from bare soil). It is commonly accepted that evapora- 
tion and evapotranspiration under conditions of abundant water supply (i.e., potential 
evapotranspiration) are governed by the same physical laws and can be expressed by the 
same, or similar, formulae. Attitudes to  this process differ among authors, and the following 
methods have been used: energy budget approach, aerodynamic approach, eddy flux 
measurement, heat flow measurement of sap flux and the empirical or semi-empirical 
method (Rodda et al. 1976), water budget method, energy budget method, aerodynamic 
profile method, eddy correlation method, combination method, and empirical formulae 
(WMO 1966). This classification isnot unique; other authors distinguish humidity methods 
(e.g., Ivanov 1954, wcha 1965), methods using primarily temperature (Linacre 1977), and 
multiple correlation methods (Christiansen 1968, Christiansen and Hargreaves 1969, Kos 
1969). As the classification of methods is not the primary aspect of this study, that used 
here is rather arbitrary. 

3.1.1 Water Budget Method 
The basic water budget method requires an inflow of water to the soil profile, an 

outflow, and a change in storage. Determination of these relations is the basic aim of 
hydrological models describing the dynamics of water in soil. However, only short time 
intervals are required; the longest acceptable interval for these deterministic hydrological 
simulation models is one day. 

The choice of the appropriate model for this study is very difficult, as each one has 
its advantages and disadvantages (e.g., US Army Corps of Engineers SSARR model; 
Stanford Watershed model; British Road Research model; Dawdy and O'Donell model; 
Boughton model; Huggins and Monke model; Hydrocomp simulation model; Kutch- 
ment model; Hyreun model; Lichty, Dawdy, and Bergmann model; Kozak model; Mero 
model; USDAHL model; Institute of Hydrology model; Vemuri and Dracup model; Water 
Resources Board "Disprin" model; UBC watershed and flow model; Shih, Hawkins, and 
Chambers model; Leaf and Brink model; and Balek Dambo model). The application of 
deterministic hydrological simulation models is also not straightforward, and will be con- 
sidered in the second phase of this study. For the estimates in this study, only a simple 
procedure is necessary. 

3.1.2 Energy Budget Method 
The energy budget method assumes that the energy received by a surface through 

radiation equals the energy used for evaporation and for heating the air and the soil, plus 
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any advective energy. For monthly balances, the energy used in heating the soil and the 
advective energy may be neglected (Veihmeyer 1964), and the energy balance can then be 
written as follows: 

where 
Q, = solar radiation incident on the soil (or vegetation) surface; 
Q, = reflected solar radiation; 
Qb = net energy lost by a body of soil and vegetation through the exchange of 

long-wavelength radiation; 
Qh = energy conducted from a body of soil and vegetation to the atmosphere as 

heat; 
Q, = energy utilized for evapotranspiration. 

Other authors use different terminology in the energy budget (e.g. WMO 1966), i.e., 

where 
E = energy due to evaporation; 
R n  = net radiation flux; 
S = soil heat flux; 
A = sensible heat flux, 

or 
R n = E ( l  + B ) + S  

where B is the Bowen ratio. 
From the engineering point of view, the energy budget method cannot be used with- 

out an additional empirical approach, as there are not enough data for its application 
(Balek 1980). 

3.1.3 Aerodynamic Profile and Eddy Correlation Methods 
The classical Thornthwaite and Holzman relation (1939, 1942) gives evaporation as 

a function of wind speed u and the specific humidity of air q at different heights above 
the ground (z,, z,) 

where 
E = evaporation; 
a = density of air; 
q ,  and q, = specific humidities at heights z, and z,, respectively; 
u,  and u, = wind speeds at heights z, and z,, respectively; 
k = Karman's constant. 



This equation is valid under strictly neutral conditions; otherwise, it gives very high results 
due to the brealung of the logarithmic profile law. This aerodynamic profile method, 
which requires precise determination of wind and water vapor profiles near the evaporating 
surface, is therefore suitable for short-term studies, but cannot be used as a routine method 
(WMO 1966). The same holds true for the eddy correlation method, which uses measure- 
ments ofvertical turbulent fluxes in the atmosphere. It involves the measurement of short- 
period fluctuations in vertical wind velocity and water vapor at some arbitrary level. 

3.1.4 Combination Methods and Empirical Formulae 
From an analysis of all evapotranspiration estimation methods at monthly intervals 

from the standpoint of irrigation requirements determination in this study, it seems that 
the only adequate ones are combinations of methods and empirical formulae. As there are 
many of these (e.g. Seuna 1977 lists ten methods and formulae), the most commonly used 
will be listed in abbreviated form here, and in detail in Appendix A, and some will be dis- 
cussed as to their possible application for the purpose of this study. In this listing, PE, is 
the potential evapotranspiration in period t. 

Penman 
PEt = f (sunshine, temperature, relative humidity, wind velocity) 

Linacre 
PE, = f (temperature, relative humidity) 

Thornthwaite 
PEt = f (temperature) 

Blaney and Criadle 
PE, = f (temperature, crop coefficient) 

Turc 
PE, = f (temperature, solar radiation, precipitation, yield, crop coefficient) 
PEt = f (temperature, solar radiation, humidity) 

Johansson 
PE, = f (solar radiation, wind velocity) 

Ivanov 
PE, = f (temperature, relative humidity) 

Ostromecki and Alpatjev 
PE, = f (saturation deficit, crop coefficient) 

@cha 
PEt = f (saturation deficit, crop coefficient, temperature) 

Makking, Stephens, Jensen, Jensen and Haise 
PEt = f (solar radiation, temperature) 

McIlroy 
PE, = f(atmospheric pressure, net radiation, soil heat flux, wind velocity, 

humidity) 
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Christiansen and Hargreaves (multicorrelation) 
PEt = f (solar radiation, temperature, wind velocity) 

Baier and Russelo (multicorrelation) 
PEt = f (temperature, solar radiation, wind velocity, saturation deficit) 

Morton 
PEt = f (temperature, relative humidity, sunshine, areal evapotranspiration). 

A brief discussion of Morton's method is included in Appendix C. 

3.2 Comparison of Evapotranspiration Formulae 

Many authors have compared evapotranspiration values estimated by a combination 
of methods and empirical formulae (e.g., WMO 1966, Penman 1963, Rodda et al. 1976, 
Blaney and Criddle 1966, Christiansen 1968, Schulz 1973, Seuna 1977). Some of these 
comparisons were for semi-humid climatic conditions (e.g., Penman 1954, 1963), but 
most of them referred to arid and semi-arid zones. 

Measurement of data from which the potential evapotranspiration is computed 
depends on local site conditions, since there is no way to measure the evapotranspiration 
that depends purely on meteorological conditions. 

Some authors claim that the best methods are those based on net radiation, but since 
this is difficult to measure, it is therefore calculated from the total incoming radiation 
and other values, such as the amount of sunshine. In some formulae, the temperature and 
amount of sunshine are considered to be good indicators of radiation, and can be used for 
monthly intervals. According to Tanner (1967), these methods give lower values in spring 
and higher values in autumn since there is a time lag between radiation and temperature 
readings due to the storage of heat in the ground. 

For the purpose of this study, the comparisons made by Johansson (1970) are im- 
portant, as they were done for monthly values and in a semi-humid climate of the temper- 
ate zone (Sweden). He compared the calculations from the formulae of Penman, Thorn- 
thwaite, Blaney and Criddle, and Turc, with his own, and the results were as follows. 
Johansson's formula gave highest radiation values in spring and the beginning of summer. 
Almost as high as Johansson's values were those of Penman for May and June. Thorn- 
thwaite's formula gave highest values in August and September, while Johansson and 
Penman gave the lowest values. This seems to confirm the suggestion of the time lag be- 
tween radiation and temperature readings. 

The values calculated from the formula of Blaney and Criddle were profoundly dif- 
ferent. Their formula was derived for arid regions and was therefore not applicable to 
humid and semi-humid areas. 

The adequacy of evapotranspiration formulae can also be judged from the stand- 
point of the time and space intervals to which they are applied. The Swedish International 
Hydrological Decade (IHD) Commission (see Forsman 1969) recommended Penman's, 
McIlroy's, and Konstantinov's formulae for monthly values on the micro- and meso-scales 
(1 m-1 km), and Budyko's formula for annual values on the meso- and macro-scales (1 - 
100 krn). 



McGuinness and Parmele (1972) investigated evapotranspiration rates in Ohio (using 
the US Weather Bureau method based on Penman's formula) for different periods of time 
(1 day to  1 month), and obtained very close correlations (coefficient of multiple correla- 
tion R = 0.96), taking into account only the number of months t and days d: 

F o r d  = 30, this equation reduces to 

PE, = (1.54 + 0.989t - 0.0858t2)/10 (ft) (10) 

For instance, for June (r = 6), this formula gives 0.439 f t  (134 mm), which supports the 
statement above that evapotranspiration and consequently irrigation requirements in arid 
and semi-arid areas are more or less constant and are not dependent on meteorological 
deviations, as are those in semi-humid zones. 

In Finland, Seuna (1977) calculated evapotranspiration rates in 20 regions using the 
US Weather Bureau formula (based on Penman's equation). The accumulation of heat in 
the ground was not taken into account, but the same differences as stated above occurred. 

Mustonen and McGuinness (1968) criticized the lysimeter method as a basis of 
measuring field evapotranspiration because it gives higher values due to  advection, espe- 
cially over shorter periods. This effect is more pronounced in arid regions, but it may also 
be noticeable during dry periods in semi-humid zones. For instance, in Arizona, evapotran- 
spiration according to  net radiation was 6.4 rnmlday, but the lysirneter method gave a 
value 159% greater. In the UK, Penman found that lysimetric measurements over a three- 
day interval were 112% higher than net radiation. 

Riou (1 977) based his theory on Penman's equation. Using a more general thermo- 
dynamic approach, he concluded that in evapotranspiration the two main terms in Penman's 
equation (radiation and vapor flow) are influenced by vegetation in different ways, and 
he therefore used the term "apparent" saturation deficit. The same effect can be achieved 
using different empirical coefficients for these terms, as shown in the model described in 
Section 5. 

Brochet and Gerbier (1977) also used Penman's equation as a basis. They suggested 
a correction of radiation and vapor flow terms, whlch then led to  a correction of the regres- 
sion constants in Penman's equation. 

Perrier (1977) stated that some differences in methods and results were the conse- 
quences of unequal notation by different authors, so that incomparable values are then 
discussed. He therefore suggested a classification of evaporation phenomena, explaining 
different definitions of evaporation and evapotranspiration. 

3.3 Penman's Equation 

As a result of the comparisons made in Section 3.2, it can be stated that the choice of 
the "best" equation to  calculate evapotranspiration is not an easy one. However, some of 
the equations can be excluded for semi-humid climatic conditions, some are not used as they 
do not use all the available information, and the results of others do not differ significantly. 
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According to the comprehensive evaluation of Penman's equation made by Rodda 
et al. (1976), which gives many references, and to the facts that it was derived for a semi- 
humid climate and, according to Jensen's statement (1973), gives best results with proper 
calibration, Penman's equation was taken as the basis of the irrigation water requirements 
model. This decision was supported by the recommendations of the WMO and the practice 
of the FAO/WMO agroclimatology surveys. The equation will now be described in detail; 
the general form is 

where PEt is the potential evapotranspiration in period t (mmlmonth), and ft is a factor 
converting potential evaporation Eo to PE,. For the northern hemisphere, Penman sug- 
gested the following. 

t ft  

March 0.7 
April 0.7 
May 0.8 
June 0.8 
J ~ Y  0.8 
August 0.8 
September 0.7 
October 0.7 

A R n  + y E  
Eo = 

A + ?  
= potential evaporation (mm/month) 

where 
y = psychrometric constant (= 0.49 mm "C-' = 0.65 mbar "c-I); 
A = slope of the saturation vapor pressure curve of air (mm "C-I). In the model, 

this is approximated by A = 0 . 3 5 5 9 e ~ ~ ' ~ m m  "C-', where T is the mean 
monthly air temperature; 

Rn = energy budget or net radiation (mmlmonth); 
= H/L,  where H = net radiation (J cm-'/nonth or cal cm-'/month); 

L = latent heat of evaporation (1 mm = 59 cal cm-' = 247 J ~ m - ~ ) .  The value 
of L at 12 "C was considered; for 20 "C it would be 245 J ~ m - ~ .  In the 
model, it was taken to be constant. 

Because net radiation is not usually measured, it was calculated from measured data 
as follows: 



TABLE 1 Mean monthly intensity of solar radiation on a horizontal surface, R i / L  (mmlday) (after 
Criddle). 

Latitude 
c' N) M A M J J A S 0 

Ra = maximum solar radiation (J ~ m - ~ / m o n t h  or cal ~m-~/month) .  See Table 
1 for R:/L (-/day); Ra/L = R~/LD,  where D is the number of days in 
a month; 

r = surface albedo (0.05 for water); 
n = duration of sunshine (h/month); 
N = maximum possible duration of sunshine (h/month). See Table 2 for N ~ ,  

then N = N ~ D ,  where D is the number of days in a month; 
a,b = constants: a = 0.18; b = 0.55 (other values ofa and b given by WMO (1974) 

for tropical and humid zones differ slightly; original values used in our 
model have been recommended by the WMO for the semi-humid temperate 
zone); 

Rb = back-reflected radiation (J ~ m - ~ / m o n t h  or cal ~m-~/month) .  

where 
UT: = black-body radiation (J ~ m - ~ / m o n t h  or cal ~m-~/ rnonth)  at mean air 

temperature Ta (K); 

ad = Stefan-Boltzmann's constant x 1.17 X lo-' cal cm-2 K-4/day; 
o = odD (cal cm-2  month); 
ed = saturation vapor pressure at the dewpoint (mm); ' 

E = vapor flow parameter (mmlmonth). 

The constants in eq. (14) may vary with latitude (Rodda et al. 1976), but only slightly. 

TABLE 2 Maximum possible duration of bright sunshine in hours per day ( N d  calculated after 
Veihmeyer). 

Latitude 
(ON) M A M J J A S 0 

60 11.6 13.9 16.9 17.8 17.7 15.4 12.3 10.0 
5 0 11.9 13.3 15.4 15.7 15.8 14.4 12.2 10.7 
40 12.0 12.9 14.4 14.5 14.7 13.7 12.1 11.1 
30 12.1 12.6 13.7 13.7 13.9 13.3 12.0 11.5 
20 12.1 12.3 13.2 13.0 13.3 12.9 11.9 11.8 
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According to Penman's later studies 

where 
ea = saturation vapor pressure at mean air temperature (mm); 
ed = saturation vapor pressure at the dewpoint (mm); 
w = mean wind velocity 2 m above the ground (m s-I); 
D = number of days in a month. 

Note: In SI units, ea and ed should be expressed in millibars (mbar), but the measured 
values available are in millimeters of mercury, so that the expression in mbar would require 
a double recalculation. For WMO recommendations concerning the use of Penman's for- 
mula, see Appendix B. 

Some attempts have been made to simplify Penman's equation; for instance, Linacre 
(1977) suggested the formula 

where 
E, = evaporation (mmlday); 
T = mean temperature ("C); 

= Td + 0.006 h, h = elevation (m); 
A = latitude (degrees); 

Td = mean dewpoint temperature (OC). 

Linacre noted that typical monthly values may differ by as much as 0.5 mmlday in the 
calculation of evaporation from a lake surface. In fact, Linacre's method requires only air 
temperature and relative humidity as input data (the dewpoint temperature Td can be 
calculated from the relative humidity and vice versa; the same applies to saturation vapor 
pressure ed at the dewpoint). This method is therefore only suitable for locations where 
these data are available for evaporation estimation. 

Linacre's formula was tested on the input data used in this study and it was found 
that in comparison with Penman's equation, it overestimated evaporation in the late months 
of the vegetative period. However, when an empirically determined correction coefficient 
Z was introduced, the deviations of both methods in the vegetative period were less than 
5% in 60% of compared pairs, and the maximal deviation was 20% in April. 

The formula for potential evapotranspiration PEt was PEt = E,/Z, where E, is 
evaporation calculated from eq. (16). 

April 1.7 
May 1.8 
June 1.9 
July 2.0 
August 2.5 
September 3.2 



Summarizing Penman's equation, it could be expressed as F or Fm,  i.e., P 

PEt = Fp(r, n/N, e,, ed, W, Ta) = F,,,(r. n, Ta, Tb, w) 

where Tb is the wet bulb temperature (OC), Fp is a combination of eqs. (9)-(13), and Fm 
is the function of measured values n, Ta, Tb, w, and estimated albedo (r). Other values 
have been defined. 

The sensitivity of this equation to errors or deviations in the measured values has 
been analyzed by Howard and Lloyd (1979), who concluded that the errors in the input 
parameters were found to affect the evapotranspiration estimates significantly, particularly 
those that were very sensitive to marginal variations in the albedo regression constants 
(a and b) and temperature measurements. In turn, evapotranspiration was found to be the 
most significant variable in the water balance. On the other hand, errors in wind speed 
and sunshine measurements were far less critical (this fact also supports Linacre's simplifi- 
cation). 

4 PRECIPITATION 

The second important part of the calculation of irrigation requirements is the eval- 
uation of effective rainfall. This can be done on the basis of continuous precipitation 
records, or hourly, daily or monthly rainfall values. Accurate hydrological evaluation 
requires time intervals not longer than one hour (Balek 1980), but for preliminary plan- 
ning purposes, longer intervals can be used. The effective rainfall is evaluated on the basis 
of average or prevailing conditions. The most common methods use a coefficient of effec- 
tiveness a(see eq. (2)), the determination of which is discussed below. 

It can be taken for granted (Holy 1980) that a is closely related to  the coefficient 
of run-off c from irrigated fields, i.e., 

where r is the coefficient of evapotranspiration during the precipitation interval. This value 
is often neglected, mainly because of uncertainty in the determination of c. In this case 
a = 1 - c is used, and further analysis concerns the run-off coefficient c. 

Hartel (1925) was one of the first scientists to  deal with t h s  problem using 

where n,  represents the length of the field. In calculating the amount of irrigation required, 
the length of the field (in m) is greater than the critical value, and a constant value n, = 
0.55 is used. The second term, n,, represents the amount of forest cover; where there is 
little or none, 0.95-0.9 is used for the coefficient. The slope of the field is expressed by 
n,: for hilly country, 0.8 is suggested, and for plains 0.6 (according to other authors, 
such as Cermak and Brenda 1971). The last term, n,, represents the permeability of the 
soil. The following table gives a summary of these terms according to various authors. 
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Coefficient of run-off ( c ) .  
-- 

Soil ~ermeabil i tv 

Almost 
Author Slope (%) impermeable Minimum Mean Maximum 

Hirtel(1925) Hilly 0.38 0.33 0.3 1 0.29 
Ven Te Chow (1964) 7 0.25 -0.35 0.15-0.20 

2 0 . 1 3  0.17 0.10-0.15 
Kostjakov (195 1) 5 0.3-0.6 0.25-0.45 0.20 -0.30 0.15-0.25 

< 1 0 . 2 5 0 . 4 0  0 . 2 0  0.40 0.15-0.25 0.10 -0.20 
Cermak and Brenda (197 1) 10 0.54 0.45 0.37 0.24 

< 5 0.38 0.32 0.26 0.18 

Other authors have also investigated the run-off coefficient c,  such as Hudson (1973), 
NEmec (1972), Ogrosky and Mockus (in Ven Te Chow 1964), Rodda et al. (1976), and 
Fleming (1975). The last author evaluated the role of c in hydrological models. The coef- 
ficient can be used in simple models based on the "black-box" approach, but on the other 
side of the complexity scale, deterministic hydrological simulation models such as the 
Stanford model can be used (this approach attempts to introduce physical relevance to 
the equations and formulae in the model, but more detailed data on time and area are 
required). In the present study a compromise between the two methods was achieved by 
means of physically based calculations of evapotranspiration and a simple evaluation of 
the effective precipitation. 

If the systems and sensitivity analyses of the WRS show that a more detailed investi- 
gation is necessary, a conceptual model can be used. Then, instead of a run-off coefficient, 
other process parameters are necessary. These can obtained by a combination of measured 
data and indirect assessment in the process of model calibration. In the choice of the 
model, one that is readily available and relatively simple (in terms of the number of inputs 
and calibrated parameters) is preferred. 

5 MODEL OF IRRIGATION WATER REQUIREMENTS 

Having discussed all the main terms in eq. (4), the irrigation water requirements 
model can be formulated as follows: 

where WZt are irrigation water requirements, the first two terms express the potential 
evapotranspiration (corresponding to PE, in eq. (4)), and the third term represents the 
precipitation P t .  The fourth term was not directly used in eq. (4), but it may have some 
relation to changes in the soil moisture content expressed by the last term in eq. (4). The 
last term is the intercept C, which can be taken to be a constant part of the effective pre- 
cipitation. 

In eq. (20), four coefficients k , ,  k , ,  k , ,  k4 , and the intercept C have been used. The 
factor ft converts the potential evaporation to potential evapotranspiration (see eq. (1 1)); 



Rn is Penman's net radiation in period t (see eq. (12)); E, is the vapor flow parameter in 
pe60d t (see eq. (15)); P, is the precipitation in period t ;  WZ,-, are irrigation water require- 
ments 1. the previous time period t - 1; 7 is the psychrometric constant; and A is the 
slope of saturation vapor pressure. 

The coefficients k , ,  k ,  , and k ,  have been suggested a priori from physical and 
operational considerations, and these can be explained as follows: 

where k  is a coefficient (see eq. (4)) giving the losses due to transportation and distribution 
of water in irrigated fields (the typical value for sprinkling irrigation is k = 1.1-1.2), and 
k ,  is the coefficient of exploitation, giving the degree to which the irrigation capacity has 
been exploited (in the WRS discussed later, this was approximately 0.2-0.4 for the 
present state and 0.9 for the future). 

The main difference between eqs. (4) and (20) is that the evapotranspiration term 
has been split into two parts by using weighting coefficients g and h. If g = h = 1, then it 
is apparent that the first two terms will produce evapotranspiration PE, calculated by 
Penman's equation and multiplied by the coefficient kk,  (see eq. (21)). According to the 
results of the model application in this study, and comments by Barton (1979), Brutsaert 
and Stricker (1979), and Brochet and Gerbier (1977), different values (i.e., h # g) can be 
used. This is due to the fact that in irrigation system management, water is supplied at a 
lower rate than that indicated by the requirements of potential evapotranspiration. Some 
crops are only partly irrigated and, at some times, potential evapotranspiration occurs. 
When good irrigation practices are followed, the moisture content of the soil in the most 
productive aieas never drops significantly below the field water capacity. However, such 
soil surfaces cannot usually be called saturated, and some modification to the evapotran- 
spiration formula is necessary. Barton (1979) suggested the equation 

PE, = - 
a ~ +  -yRn +a= E 

where a i s  a constant. Brutsaert and Stricker (1979) used a similar equation: 

A 
PE, = (20 - 1)- 

where 0 is aconstant. Both of these equations indicate that modified weights for the terms 
Rn and E might be used; in model (20) Penman's original values were modified by the 
weighting coefficients g and h. 

The coefficient a refers to the rainfall effectiveness (see eq. (18) discussed in Section 
4). The term WZ,-, with coefficient k ,  was used to introduce autocorrelation due to soil 
water storage and the persistence of weather conditions and irrigation practices. This re- 
flects the fact that every kind of man-controlled operation is affected by human as well as 
physical factors. The positive and relatively high values of k ,  (see eqs. (27) and (30)) indi- 
cate the influence of long-term irrigation policies ("If the irrigation of some crop has started 
it will continue till the end of the vegetative period."). The initial values of WZ,-, can be 
considered to be negligible (WZ, = 0). 
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As a second method of taking into account soil moisture storage and the persistence 
of irrigation practices and weather conditions, the previous irrigation index can be used, 
derived experimentally to be: 

Then eq. (20) can be modified to  

For cases where only temperature and relative humidity had been measured (or tempera- 
ture with a dry and wet bulb), Linacre's simplification with the described correction was 
used. The following modification to the irrigation water requirements model was then used: 

where PE, = E, /Z ,  E, is calculated from eq. (1 6), and Z was evaluated as described above. 

6 APPLICATIONS OF THE MODEL 

The model was applied to  two irrigation subsystems in the Labe River catchment 
area in Czechoslovakia, namely, the Vltava I11 and Vltava V irrigation systems (from now 
on called the V-111-V system), and the Celakovice-Vsetaty irrigation system (denoted as 
the C-V system; see Figure 1). The technique used was sprinkling irrigation, and both sys- 
tems were observed during 1970-76. In this period, no water supply deficiency was ob- 
served in either system, for the following reasons. 

The V-111-V system draws water mainly from the confluence of the Labe and the 
Vltava Rivers. On the Vltava River there is a cascade of reservoirs, which is used for elec- 
tricity generation, and serves to regulate the river flow through Prague. This low-flow aug- 
mentation is not fully utilized downstream of Prague and the withdrawal of water for 
irrigation is a complementary use. 

The C-V system takes water from the Labe River, the flow of which is regulated by 
the Roskos dam. The capacity of this dam has not yet been fully utilized, and the with- 
drawals of water in the observed period were not limited by low flows. Therefore, both 
irrigation systems used in the calibration of the model were supplied with as much water 
as required during the calibration period, i.e., with no reduction due t o  deficits. 

It is intended to  use the model of irrigation water requirements for the Czecho- 
slovakian general water plan for irrigation and water resource systems for the year 2000, 
using measurements of water withdrawals by pumping stations in the Labe River basin. 
The prevailing soil type is a chernozem with a silty loam texture, and typical crops grown 
include cereals (40%), sugar beet (8%), potatoes (lo%), vegetables (lo%), alfalfa (27%), 
and others (5%). The intensity of agriculture on irrigated fields can be demonstrated by 
the crop yields: wheat 0.4 kg m-2, sugar beet 4.5 kg m-2, potatoes 1.5 kg m-2 (spring), 
2.3 kg m-2 (autumn), and alfalfa 0.8-1.0 kg m-2 (hay). The area of cultivated. land under 
irrigation is approximately 100 km2. 
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TABLE 3 Input variables in regression analysis: V-111-V system (mrn). A = it[A/(A + r ) ] R n , ~ ; B  = 
i t  [ r / (A + r ) ]  Et. Other variables are explained in eqs. (20) and (25). 

Previous irrigation index 
A 

M Wit_, Pt a+rRn*, hEt WIt WIt-l Pt A B WIt 

1970 6 0.24 75.50 81.90 17.40 2.67 0.24 75.50 52.81 11.22 2.67 
7 2.67 48.90 74.70 23.10 13.61 2.67 48.90 55.20 17.07 13.61 
8 13.61 106.30 57.00 9.60 2.24 13.61 106.30 56.18 9.46 2.24 
9 2.24 23.60 28.80 11.10 0.68 2.24 23.60 20.86 8.04 0.68 

1971 4 0.00 16.50 33.30 14.40 0.33 0.00 16.50 33.30 14.40 0.33 
5 0.33 124.30 57.60 13.20 1.48 0.33 124.3037.38 8.57 1.48 
6 1.48 109.70 59.10 14.70 0.10 1.48 109.70 41.14 10.23 0.10 
1 0.10 9.30 84.30 19.80 12.47 0.10 9.30 53.83 12.64 12.47 
8 12.47 57.20 68.10 22.20 26.52 12.47 57.20 65.85 21.47 26.52 
9 26.52 37.70 26.40 9.30 7.89 26.52 37.70 30.20 10.64 7.89 

1972 4 0.00 24.20 27.60 15.90 0.71 0.00 24.20 27.60 15.90 0.71 
5 0.71 76.10 53.70 17.40 1.98 0.71 76.10 35.73 11.58 1.98 
6 1.98 78.90 73.20 16.80 6.72 1.98 78.90 52.34 12.01 6.72 
7 6.72 40.70 75.30 14.10 13.78 6.72 40.70 64.24 12.03 13.78 
8 13.78 51.50 57.00 14.70 9.03 13.78 51.50 56.33 14.53 9.03 
9 9.03 37.30 24.30 6.90 0.85 9.03 37.3021.96 6.24 0.85 

1973 4 0.00 47.30 27.00 18.30 1.47 0.00 47.30 27.00 18.30 1.47 
5 1.47 54.70 62.40 18.60 3.41 1.47 54.70 43.42 12.94 3.41 
6 3.41 44.10 80.70 19.50 10.62 3.41 44.10 61.59 14.88 10.62 
7 10.62 69.00 72.90 20.70 24.72 10.62 69.00 68.13 19.35 24.72 
8 24.72 14.10 68.10 18.90 26.72 24.72 14.10 76.68 21.28 26.72 
9 26.72 9.90 29.70 17.40 14.60 26.72 9.90 34.03 19.94 14.60 

1974 4 0.00 10.00 33.30 22.20 15.70 0.00 10.00 33.30 22.20 15.70 
5 15.70 70.10 54.90 18.90 3.91 15.70 70.10 55.83 19.22 3.91 
6 3.91 65.80 65.10 18.90 6.26 3.91 65.80 50.67 14.71 6.26 
7 6.26 54.30 61.20 28.20 11.88 6.26 54.30 51.53 23.74 11.88 
8 11.88 44.70 65.10 21.30 13.61 11.88 44.70 62.30 20.38 13.61 
9 13.61 38.90 30.30 13.20 6.41 13.61 38.90 29.86 13.01 6.41 

1975 4 0.00 19.90 30.90 18.30 0.30 0.00 19.90 30.90 18.30 0.30 
5 0.30 65.50 55.80 15.30 2.91 0.30 65.50 36.14 9.91 2.91 
6 2.91 62.00 66.30 14.40 5.55 2.91 62.00 49.52 10.76 5.55 
7 5.55 48.50 78.30 17.40 15.58 5.55 48.50 64.52 14.34 15.58 
8 15.58 20.90 65.40 17.10 20.32 15.58 20.90 66.40 17.36 20.32 
9 20.32 20.90 33.00 8.40 9.31 20.32 20.90 35.55 9.05 9.31 

1976 4 0.00 17.50 33.00 16.80 2.98 0.00 17.50 33.00 16.80 2.98 
5 2.98 55.50 63.30 26.10 16.24 2.98 55.50 47.43 19.56 16.24 
6 16.24 32.00 83.10 26.10 16.11 16.24 32.00 85.15 26.74 16.11 
7 16.11 29.50 78.00 30.30 38.39 16.11 29.50 79.78 30.99 38.39 
8 38.39 37.50 59.10 25.20 26.37 38.39 37.50 73.45 31.32 26.37 
9 26.37 29.50 24.60 9.60 11.16 26.37 29.50 28.11 10.97 11.16 
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The coefficients in eq. (20) were determined for the V-111-V system by linear regres- 
sion analysis, using the input data shown in Table 3: 

Then eq. (20) for the observed period becomes 

(27) 
A comparison between observed and calculated data is shown in Figure 2. 

To calculate the coefficient of exploitation ke and the weighting coefficientsg and 
h ,  some assumptions have to be made since there are only two equations for the three 
unknowns, i.e., 

The coefficient k was evaluated as k = 1.11 (i.e., efficiency 90% and k = llefficiency). 
The relation between g and h was based on the following. 

As stated earlier, the maximum yield seems to be connected with potential evapo- 
transpiration. If Penman's equation is used to calculate the potential evapotranspiration 
in the original form (eq. (l2)), then the weighting coefficients in eq. (2 1) will be g = h = 1, 
and their sunl will therefore b e g  + h = 2. In eq. (20), the conditiong =h = 1 is not re- 
quired, but a weaker condition, g + h = 2. With this equation, the following system can 
be obtained: 

and the resulting values are 

If a maximum feasible coefficient of exploitation estimated by k, = 0.9 has to be 
reached, then the regression coefficients k,, k,, k,, and the intercept C have to be multi- 
plied by the ratio of actual and maximum coefficients, i.e., d = 0.910.381 = 2.36. Equa- 
tion (20) then becomes: 
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The multiregression coefficient of correlation is 0.873, indicating a close correlation. 
(further details are given below). For the same V-111-V system, eq. (25) was cahbrated by 
regression analysis and the resulting coefficients were 

Equation (25) then becomes: 

The resulting multiregression coefficient of correlation is 0.846. 
For the C-V system, the following results were obtained: 

and eq. (20), based on the input data in Table 4 ,  becomes: 

The goodness-of-fit of the model is apparent from Figure 3. If the same procedure is used 
to calculate the coefficients k,, g,  and h ,  then ke = 0.228,g = 0.59, and h = 1.41 will be 
obtained. For maximum possible utilization (k ,  = 0.9), k , ,  k , ,  k , ,  and C can be multi- 
plied by the ratio d = 0.910.228 = 3.95, and eq. (20) then becomes: 

The relation of the individual terms in eq. (31) to  irrigation water requirements can 
be expressed by the individual correlation coefficients rird relating the independent vari- 
able i, and the dependent variable (irrigation water requirements) d. The degree of the 
explained part of the relation is characterized by the multiple correlation coefficient Ri,  
where i denotes the number of independent variables (e.g., R ,  takes into account the first 
three components: the radiation term, and vapor flux term of evapotranspiration and 
precipitation). The reliability of the derived equation can also be tested by the F-test. 
The critical values of the F-test (Fcrit) of the a value of significance (a = 0.05) were: 

Because the sampling values of the F-test were much greater, the relation is highly signifi- 
cant. The values of riPd, Ri ,  and Fi were as follows. 
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TABLE 4 Input variables in regression analysis: C-V system (rnrn). WI;  = WIt12.22,  W I ; _ ,  = Wit.] 
12.22;  A = i t [ A / ( A  + y ) ]  Rn , t ;  B = i t [ y / ( A  + y ) ]  E p  Other variables are explained in eqs. ( 2 0 )  and 
( 2 5 ) .  

Previous irrigation index 
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For eq. (27) and the V-111-V system: 

For eq. (30) and the C-V system: 

For eq. (29) using the previous irrigation index and considering i, = 7.0 as an additional 
parameter, the values for the V-111-V system will be: 

Very useful indicators of the significance of the regression coefficients are their 
standard errors and t-values; these have been computed for eqs. (27, V-111-V system) and 
(30, C-V system). For eq. (27) and the V-111-V system: 

The t-values were defined as Iki - 011s .When ti > tcIit, the hypothesis that ki = 0 is re- 
ki 

jected. The value tcrit (level of significance a = 0.05; n = 40) = 2.02. Since the relation 
ti > tcrit is fulfded for all i, the coefficients ki are statistically significant. 

For eq. (30) and the C-V system: 

Since ti > tcrit = 2.02 for all i, all the regression coefficients are statistically significant. 
The results of the calibration show that irrigation water requirements are more sensi- 

tive to evapotranspiration than to precipitation. As evapotranspiration has been expressed 
in two terms, the irrigation water requirements are more dependent on vapor flow than 
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on radiation, in good agreement with the observations of some authors of evaporation 
formulae, based on the vapor flux term only. 

An interesting result is the relatively low correlation between irrigation water require- 
ments and precipitation, which can be explained in several ways. First, the evaporation 
term is an index oftheoverallsynopticsituation.High evaporation means little precipitation, 
and vice versa. Secondly, irrigation practices are governed more by evaporation than by 
precipitation. Thirdly, the intercept C can be considered to  be a constant part of effective 
precipitation. More precisely, the effective rainfall can be considered as a linear function of 
precipitation: 

as compared t o  the original equation (Pe = a'P) .  
It is worth noting that there is a relatively close positive correlation between irriga- 

tion in the current month and that in the previous one, i.e., autocorrelation indicates the 
persistence of weather conditions and irrigation practices. 

The relatively low value of a in eqs. (27)-(3 1) needs further discussion. According 
t o  Section 4, the expected value of a would be 0.5-0.7. At first, a fully exploited and 
developed irrigation system should be considered for this comparison; eqs. (28) and (3  1) 
are therefore used. Further, theintercept C i s  considered t o  be a constant part of effective 
precipitation. Then, for average precipitationp, the following values are derived comparing 
P, = a ' P with eq. (32) and considering the loss coefficient k = 1 . 1 .  

For the V-111-V system, 

and for the C-V system, 

The resulting values correspond closely to  the expected ones, and are in accordance with 
the values of the run-off coefficient, c .  

The regression analysis and calibration procedure was also carried out for eq. (26) 
using Linacre's formula. The resulting equations were: 

(a) Observed V-111-V system: 

(b )  Fully developed V-111-V system (using the transformation coefficient d = 2.37): 

( c )  Observed C-V system: 
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(d) Fully developed C-V system (using the transformation coefficient d = 3.96): 

WIt=0 .883PEt -0 .471P t+0 .S02WI t - ,  -11.76 

The statistical parameters were as shown below. 

V-111-V system 
ri,d 0.473 -0.296 0.534 
R i 0.636 0.864 
FI 12.5 35.4 

C-V system 
d 0.455 -0.417 0.595 

R i 0.670 0.871 
Fi 15.0 37.6 

6.1 Time Series Modeling 

The time series of irrigation requirements were modeled using eqs. (27), (28), (30), 
and (3 1) for the period 193 1-70 (for eqs. (27) and (30) in 193 1-36, see Figure 4). Equa- 
tion (29) was not used because it does not give significantly better results. Since data 
were available from meteorological station S for Penman's equation (Table S), these were 
used for time series modeling. Linacre's simplification was used for comparison only; it is 
only useful when temperature measurements (dry and wet bulb) are available. 

The soil moisture conditions at the beginning of the vegetative period were deter- 
mined to be 40 mm, and this average was used for planning purposes (Holy 1979). 
If this stored water is not exhausted by March, the rest will be used in April. The October 
values were reduced by a coefficient 0.3 because only about 30% of the area is generally 
utilized in this month. 

For time series modeling, eqs. (27), (28), (30), and (31) should contain an error 
term because the compiled values give averages of WIt and the computed series will thus 
have lower variances than the observed series. However, it is first necessary to determine 
the type of probability distribution of Wit, which was the main aim of the analysis. 

The resulting time series model of irrigation water requirements was analyzed 
statistically. The main input time series (based on observations at station S) was also ana- 
lyzed to discover the statistical properties of the results. The averages, standard deviations, 
and coefficients of variation of e l t ,  e2t, and Pt are shown in Table 6 ,  where 

ft, A, y, Rn, and E were defined in eqs. (1 1)-(IS), and Pt is precipitation. 



FIGURE 4 Time series of input data and irrigation water requirements of the V-111-V system (using 
eq. (27)), and the C-V system (using eq. (30)). 

The coefficient of variation values, CV, suggest that e l  is a relatively stable element 
(C, = 0.084 on average, or 8.4%). The second evapotranspiration term expressed by vapor 
flux e2 has a higher variation (CV = 0.23 on average, or 23%). Since the corresponding 
regression coefficients in eqs. (27)-(31) have the highest values, this term adds consider- 
ably to the final variation. Precipitation has the greatest value (C, = 0.52 on average, or 
52%). Therefore, in combination with a higher regression coefficient (e.g., eq. (3 I)), it can 
be an important source of variability in the resulting irrigation water requirements. 

The question as to whether the differences in averages for 1931-70 and 1970-76 
are statistically significant can be answered by comparing the computed ti and tcrit values. 
Both averages and standard deviations differ, so tcrit values were computed by means of 
the formula given by Janko (1958): 
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TABLE 5 Data for Penman's equation. (M = 2 :  April; M = 3: May, etc.) 



where 

For the 5% level of significance, t f i  t,, = 1.68, t f2  = t ,  = 1.94, and a ,  and 0 ,  are the 
standard deviations obtained from Table 6 .  The values ti were 

- @2 I 
t .  = 

Od 

where ad = ( v ,  + v,)', and and G2 are averages from Table 6 .  Since ti < tcrit in al- 
most all cases, the hypothesis that both averages are from the same population was not 
rejected. The only exception was the precipitation in July, where ti 2.4 and tcrit A 2.3. 
However, the difference is very small, and for a slightly lower level of significance (e.g., a  
= 4%) the relation ti < tcrit will be fulfilled. 

In order to investigate the serial dependence, the correlation coefficients ri between 
successive months were computed. For e l t  and P, the ri values were smaller than rcrit 
C f  = n - 1 = 6 ,  a  = 5%) = 0.7067 and rcrit Cf= n - 1 = 39,  a= 5%) = 0.3084,  and so 

TABLE 6 Statistical parameters o f  input variables from station S. $J = average (approx.); cr = standard 
deviation; C, = coefficient o f  variation. 

Value 

e l  t tcrit 2.338 2.295 2.407 2.388 2.347 2.406 
ti 2.227 2.292 1.434 0.446 0.210 0.391 

e2 t tcrit 2.383 2.332 2.377 2.332 2.380 2.369 
ti 1.086 1.433 1.546 0.168 0.072 1.756 

Pt t crit 2.395 2.334 2.377 2.300 2.377 2.324 
ti 0.558 0.782 0.443 2.436 1.224 1.392 
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these were not statistically s i m c a n t .  For e2, the following values for ri were obtained: 

A-M M-J J-J J-A A-S 

The values for 193 1-70 were statistically significant starting from May (May-June, June- 
July, etc.), showing a positive serial correlation. 

Further analysis concerned the monthly probability distributions of el t ,y,  e2t,y, 
and Pt,y, where t is the month (e.g. t = 2 for April, y = year = 1 , 2 , .  . . ,40), and then 
the sums of these values for the whole vegetative period, namely: 

PS, = Z P,,, 
t= 1 

The cumulative frequency curves are shown in Figures 5-24. The probabilities pi 
were determined by the formula pi = i/(m + 1) where i is the rank number (i = 1 ,2 ,  . . . , 
m) and m is the total number of observations (m = 40 in this case). In the middle part, 
approximately 0.2 < pi < 0.8, some points were not plotted because they were not im- 
portant in an approximate fitting of theoretical distributions. In some figures the theoret- 
ical normal cumulative distribution function was fitted on probability paper, with pi on 
the vertical axis. On this paper a normal cumulative distribution function is projected as a 
straight line. 

The results of some of these tests of e l ,  e2, and P for May and July are given in 
Figures 5- 10, and those of E 1 E2  , and PS are given in Figures 1 1-1 7. These results 

Y' Y Y seem to show that the distributions of e l ,  e2, and P (Figures 9 and 10) can be regarded as 
normal with some outliers (one or two in the 40-year sequence). These outliers are prob- 
ably not error measurements, but reflect the fact that in a semi-humid climate, conditions 
typical of a semi-dry or humid climate sometimes occur and may last for several months 
(the prevailing synoptic situation with persistent high or low pressure governing the air 
mass circulation). 

The El values showed a normal distribution (Figure 1 l), but the probability distri- 
bution of E 2  values was obviously not normal, and produced an S-shaped curve (Figure12). 
The minimum value that caused this rather strange behavior was tested at the neighboring 
meteorological station B, and it was found that it occurred at both stations in 1955, so 
that the minimum at station B could not have been an outlier. Therefore, asymmetrical 
distributions were tested. At first, a log normal distribution with the transformation w = 

Y 
log E2y was tested, but the result was unsatisfactory, so that w = log (E2, -A)  was 
used (with A = 2), and this was sufficient to transform the distribition to normal (Figures 
13, 15). 



FIGURE 5 Distribution of e l ,  in May (daily values). 

FIGURE 6 Distribution of e l ,  in July (daily values). 
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FIGURE 7 Distribution of  e2 ,  in May (daily values). 
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FIGURE 8 Distribution of  e 2 ,  in July (daily values). 
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FIGURE 9 Distribution of precipitation, P, (May). 

20 40 60 80 100 120 140 

Precipitation (rnrn) 

FIGURE 10 Distribution of precipitation, P, (July). 
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FIGURE 12 Distribution of E2 at station S .  
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FIGURE 13 Distribution of log (E2 - 2.0) at station S .  
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FIGURE 15 Distribution of log (E2 - 2.0) at station B. 
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FIGURE 16 Distribution o f  precipitation PS at station S. 
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FIGURE 17 Distribution of precipitation PS at station B. 
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FIGURE 20 Distribution of irrigation water requirements WI, based on eq. (28). 
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FIGURE 23 Distribution of irrigation water requirements WI, based on eq. (31). 
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FIGURE 24 Distribution of irrigation water requirements log(WI), based on eq. (31). 



The total precipitation for the vegetative period PS had an approximately normal 
y . 

distribution with an outlier on each side of the curve (minimum and maximum). This 
phenomenon was tested using station B values where a normal distribution fitted better 
(Figures 16 and 17). Because the irrigation water requirements model, WI,, is based on a 
linear combination of the terms e l t ,  e2t, Pt ,  and Wit-, , it can be expected that the distri- 
bution of WI, wlll be either normal or log normal according to the prevailing component 
(see Figures 18-24). 

First of all, the normal distribution was tested for WI, values, but it did not fit well, 
and the log normal distribution with the transformation z, = log(WI,) was not sucessful 
in all cases. With the additional parameter the transformation z, = log(WIt - A )  fitted 
well with the constant A = 100 for eqs. (27) and (28). In eq. (30), a normal distribution 
was thought to be satisfactory if the maximum value was assumed to be an outlier; other- 
wise, a log normal distribution with A = 0 gave better results. 

In eq. (3 l) ,  the minimum value was assumed to  be an outlier and a log normal distri- 
bution was used (A = 0). This decision was supported by the fact that in this study, we 
were interested in maximum and average, rather than in minimum values, because these 
influence the WRS. It was stated above that a prescription model was tested, so that it 
is unimportant that it did not describe the occurrence of the minimum value. 

Some other probability distributions were tested (e.g., Weibull and Pearson) with 
no significantly better fits. If all the known distributions(e.g., Johansson 1970) were tested, 
a better goodness-of-fit could be found. A log normal distribution, however, has some ad- 
vantage in the generation of a synthetic time series. This distribution has been carefully 
studied by hydrologists and is therefore recommended. 

Results based on time series using Penman's equation (Table 7) were compared with 
those based on Linacre's simplification. For this purpose, the time series based on eqs. 
(35)-(38) were modeled and the results are summarized in Table 8 ;  differences can be 
seen in both averages and standard deviations. The main source of these differences lies in 
the fact that, in irrigation water requirement models, the second term of Penman's equa- 
tion is decisive, whereas in Linacre's equation both terms have the same weight. This is 

TABLE 7 Statistical parametersof irrigation water requirements, WI, at station S using Penman's equa- 
tion. @ = average (approx.); a = standard deviation; Cv = coefficient of  variation. 

A M J J A S Z @ 
WI @ 3.57 28.87 30.80 29.73 27.71 22.61 143.3 
Eq. (27) a 3.83 5.21 3.80 5.65 4.85 4.02 

Cv(%) 107.3 18.0 12.3 19.0 17.5 17.8 19.1 

WI @ 20.85 48.26 52.80 50.27 45.50 33.50 251.2 
Eq. (28) a 11.44 12.30 8.97 13.35 11.46 9.49 

cv(%) 54.9 25.5 17.0 26.5 25.2 28.3 26.5 

WI @ - 18.04 19.72 18.19 17.17 15.13 88.2 
Eq.. (30) a 5.14 4.03 6.10 4.99 3.86 

CV(%) 28.5 20.4 33.5 29.1 25.5 27.3 

WI @ 6.81 34.07 39.90 35.47 30.50 22.16 168.9 
Eq. (31) a 10.05 18.17 15.65 20.66 18.06 13.57 

C 147.6 53.3 39.2 58.2 59.2 61.2 56.9 
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TABLE 8 Statistical parametersof irrigation water requirements, W I ,  at stations S and B using Linacre's 
equation. QB and GS = averages at stations S and B, respectively; 0s = standard deviation at station S; 
Cv = coefficient o f  variation at station S. 

WI @B 

Eq. (35) @s 
0s 
CV(%) 

WI @B 

Eq. (36) @s 
0s 
CJ%, 

WI QB 

Eq. (37) @s 
us 
cvcs, 

WI @B 

Eq. (38) @s 
us 
CV(%, 

supported by a comparison of time series values for monthly evapotranspiration. With 
one exception in May, the values calculated by Linacre's equation for May-September 
were within 10% limits, as compared with those calculated by Penman's equation. In April, 
the values were systematically higher, so obviously a reduction by approximately 10% 
(e.g., a reduction by the coefficient of 0.9) was necessary. WRS are not very sensitive to 
April demands and, further, these are lower because of soil water storage. Thls difference 
in April was therefore not analyzed further. 

As a result of these differences, Penman's equation is recommended even when the 
available data for, say, station X qualify for Linacre's simplification only with some station 
Y with "similar conditions" that has all the necessary data. These vague terms of similarity 
should be specified, but generally there are not enough data to do so. Then, the decision 
as to whether the conditions can be regarded as similar is one for meteorological and 
hydrological expert judgment. If conditions can be regarded as "similar", it is recommended 
that the missing data from station Y be used. 

This problem is connected with the conlmon question of transferability of the results 
from one place (such as a meteorological station) to another. In the present study, two 
stations (B and S) were tested, and it was found that the main difference was in precipita- 
tion, in the e2 term (differencesof up to 5%). and differences in the e l  term were the least 
pronounced. The stations were in similar geographical, meteorological, and hydrological 
conditions, about 40 km apart. Apart from precipitation, the data were transferable from 
one station to the other within the error of measurement. 

The irrigation water requirement values are not only dependent on meteorological 
conditions, but also on agricultural and irrigation practices. Equations (27) and (28) derived 
from the V-111-V system in Czechoslovakia reflect a relatively rigid irrigation scheme in 



which the water requirements are insensitive to precipitation. This policy can be adopted 
where there is a relatively low degree of exploitation (low k,). Therefore, it can be con- 
cluded that the transformation of eq. (27) to (28) does not reflect the changes that can 
occur where there is more effective use of irrigation water. Equations (30) and (3 1) derived 
from the C-V system reflect a better and more flexible irrigation system with more effi- 
cient use of water. Therefore, these equations are recommended for irrigation water require- 
ment calculations as a time series for WRS modeling. 

7 CONCLUSION AND DISCUSSION 

Data concerning irrigation water requirements are essential in the planning of water 
resource systems (WRS). Used in the form of time series, they can be applied as a direct 
input into deterministic simulation models and as an indirect input into stochastic models 
for the derivation of the necessary statistical parameters. In the present study the elements 
that affect irrigation water requirements were analyzed, and it was found that evapotran- 
spiration, precipitation, and irrigation in the previous time periods were the decisive fac- 
tors. A model relating irrigation water requirements to these elements was derived and 
tested on two irrigation systems in Czechoslovakia. 

The model is comprehensive enough to  be used in other areas and under different 
conditions for irrigation systems in semi-humid climates in moderate climatic zones. How- 
ever, it has to  be based on observed data (monthly irrigation water requirements), since 
not only can the influence of individual terms change, but also the degree of exploitation 
and irrigation practices may differ from place to place, and this can have a profound effect 
on the resultini model parameters. I t  is not justifiable to calibrate the model in one area 
and then to use it in another that has different economic, agricultural,soil, vegetation, and 
irrigation conditions, because all of these factors must be taken into account in the cali- 
bration coefficients. Further research in this direction depends on the data available, and 
it is recommended that this work is carried out as soon as these are obtained. 

The application of calibration coefficients makes use of prevailing irrigation practices, 
although their improvement is considered tllrough the use of the coefficient of exploita- 
tion k,. Long-term experience in Czechoslovakia has shown that changes in irrigation policy 
have little effect on the pattern of water requirements(distribution in the irrigation season), 
and therefore the difference between present and future irrigation policies can be evaluated 
using k,. 

The second step in the perfection of the model is connected with the effects of irriga- 
tion water requirements on the WRS, or vice versa. These can be analyzed by two basic 
methods. First, the model can be used (e.g., eq. (31)), and the area irrigated (with or with- 
out k,) can be taken as the variable. This approach is called experimenting with the model. 
Secondly, experiments on the model can be done, i.e., the irrigated area is held constant, 
and the parameters and terms of the model can be analyzed as far as their influence on 
the WRS is concerned. 
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APPENDIX A Formulae for Evapotranspiration 

Thornth waite 

where 
PEt = monthly potential evapotranspiration (mm); 
Tt = mean monthly air temperature T C ) ;  
I = annual heat index 



This formula is relatively simple and requires few input data, so that it has been one 
of the most commonly used (and' misused) empirical equations in generating inaccurate 
estimates of potential evapotranspiration. This equation is valid only for the conditions 
of the east-central USA. Thornthwaite and Mather (1955) required that (1) the albedo of 
the evaporating surface must be a standard; (2) the rate of evapotranspiration must not be 
influenced by advection of moist or dry air; and (3) the ratio of energy utilized in evapo- 
transpiration to that used in heating the air must remain essentially constant. Since it is 
questionable whether these conditions exist in the investigated area, this equation cannot 
be used. 

Blaney and Criddle 

where 
PE, = potential evapotranspiration (inlseason); 
kt = monthly crop coefficient; 
Tt = mean monthly air temperature (OF); 

Pt = mean monthly percentage of annual daytime hours. 
(This equation could be converted to SI units (i.e., mm, "C), but with some loss of sim- 
plicity .) 

This formula has been analyzed by Pruitt (1960), Quackenbush and Phelan (1965), 
Jensen (1966), Tanner (1967), and others, who showed that it is oversimplified and that 
the coefficients are influenced by radiation and humidity. Furthermore, the evapotranspira- 
tion PE (or its monthly components) is strongly dependent on the crop being irrigated, 
which is not convenient for long-term planning. 

Turc 
Turc's formula (1954) was derived from lysimetric measurements giving evapotran- 

spiration from a cultivated field as a function of available moisture and the "evaporating 
power of the air": 

where 
PEt = evapotranspiration (mm/lO days); 
P = precipitation (mm/lO days); 
m = soil moisture available for evapotranspiration (mm) (e.g., m = 10 after irri- 

gation, m = 1 for dry soil); 
V = additional moisture available for evapotranspiration (mm). 
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V is determined by 

where 

M = final yield of dry matter (dg m-? ; originally metric cents per hectare) (e.g., 
for wheat M = 30); 

c = crop constant (e.g., for cereals, carrots, c = 1.00; maize, beet, c = 0.67; 
potatoes, c = 0.83; peas, clover, c = 1.17; lucerne, alfalfa, meadow grass, 
c = 1.33); 

Z = length of growing season (days). 

A radiation and temperature term giving the evaporating power of the air is given by 

where T is the mean air temperature over a ten-day period (OC), and Q is the mean short- 
wavelength radiation over a ten-day period (cal cm-?). 

A simplified version (Turc 1954, Johansson 1970) for the vegetative period can be 
written as 

P +  80 
PE, = 

(1 + [(P + 45)/L] ?)'I2 

by choosing average values of m and V. Turc (1954) published a new formula: 

where T and Q have the same meanings as above, and R H  is the relative humidity (%). This 
formula can be referred to  in three forms: in one form PE, is dependent on yield and crop 
coefficients, but t h s  makes it cumbersome, so that it has been simplified using average 
estimates of the empirical coefficients. In this form only the stated inputs are necessary. 
The main advantage is that precipitation can be used as the input factor of evapotranspira- 
tion. However, the procedure is dependent on the conditions under whch the input data 
were derived, and lacksphysical sense, although under some conditions it affects the result 
very little (a change of 100% from 20 to  40 mm of precipitation changes the monthly 
evapotranspiration value by only 3%). 

Johansson 

where 
PE, = evapotranspiration (mm/day); 
Q = solar radiation (cal cm-2 /day); 
w = mean daily wind velocity (m s-' ); 

em - ed = saturation deficit (mm Hg). 



Ivanov 

PE, = 0.0018(25 + T)Z(lOO-RH) 
where 

PE, = evapotranspiration (mmlmonth); 
T = temperature (OC); 
R H  = relative humidity (%). 

Ostiomecki, Alpatjev, and Py'cha 

PE, = kcd, 
where 

PE, = evapotranspiration (mmlmonth); 

kc = crop coefficient (0.2- 1.1); 
d ,  = sum of mean daily saturation deficits (mm Hg). 

Pycha found that kc is dependent on the accumulated temperature: 

i.e., the sum of mean daily temperatures (OC) from the beginning of the growing period of 
a crop. 

Makking 

A  Rs PE, = 0.61 -- - 0.12 A + ?  59 

where 
PE, = evapotranspiration (mmlday); 
A, y = (see Penman's equation); 
R s  = solar radiation (cal cm-'). 

Stephens 

PE, = (0.014T- 0.37)Rs/1500 

where 
PE, = evapotranspiration (inlday); 
T = temperature (OF); 
R, = solar radiation (cal cm-'). 

Jensen, Jensen and Haise 

PEt = C(T- To)Rs = 0.025(T + 3)R, 
where 

PE, = evapotranspiration (mmlday); 
T = mean air temperature (OC); 
Rs = solar radiation (cal cm-'). 
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Jensen later defined C as follows: 

where 
C, = 38 - 2M/305; 
M = elevation above sea level (m); 
C, = 7.6; 
CH = 50/(en - ed); 

en anded = saturation vapor pressure at mean maximum and mean minimum tempera- 
tures (mbar), respectively. 

where 
PEt = evapotranspiration (mmlday); 
y = (see Penman's equation); 
L = latent heat of vaporization (cal g-l); 
s = 0.63 AW/p; 
p = atmospheric pressure (mbar); 
A W= slope of saturation vapor pressure curve at mean wet bulb temperature 

(mbar 'c-' ); 
Q, = net radiation flux (cal cm-'); 
S = soil heat flux (cal cm-') (for monthly data, this can be neglected); 
h = wind velocity coefficient (experimentally determined) 

= 0.5(1 + w), where w is the wind velocity (m s-I); 
D = wet bulb temperature depression (OC) at height Z(m) above the ground; 
Do = wet bulb temperature depression (OC) at ground level, which can be taken as 

Do = 0 (experimentally determined). 

Christiansen and Hargreaves 

where 
PEt = evapotranspiration (mmlday); 
R s  = solar radiation (cal cm-'); 
C, = 0.463 + 0.4253/20 + 0.1 12(~/20) ' ;  
T = mean temperature (OC); 
Cw = 0.672 + 0.406 Wl6.7 - 0.073(~/6.7)' ; 
W = mean wind velocity 2 m above ground level (krn h-'); 
CH = 1.035 + 0.24RH160 - 0.275 (RH/~o)', where R H  is relative humidity (76). 

Baier and Russelo, Baier and Robertson 



where 
PEt = evapotranspiration (rnmlday); 
M = daily maximum temperature (OF); 
R = difference between daily maximum and minimum temperatures (OF); 
Q, = solar radiation (cal cm-2 /day); 
Q, = Q, (0.261 + 0.616n/N), total daily solar energy on a horizontal surface (cal 

~ m - ~ / d a ~ ) ,  where n/N is the sunshine (see Penman's equation); 
W = wind velocity (mileslday); 

ew - e, = vapor pressure deficit (mbar) from saturation vapor pressure at mean air 
temperature and at mean daily dewpoint temperature. 

APPENDIX B F A 0  Modifications to Penman's Equation 

According to the annex of the FA0 Plant Production and Protection Paper No. 17 
Agrometeorological Crop Monitoring and Forecasting (Rome, 1979), the following mod- 
ifications to Penman's equation were recommended: 

(a) Evapotranspiration should be calculated directly using an albedo of r = 0.25. 
(b )  A correction for elevation should be included (it is insignificant up to 150 m 

above sea level). 
(c) In eq. (14), a coefficient of 0.079 should be used instead of 0.9. 
(d) Equation (15) should be changed to E = 0.26(ea -ed)(l + 0.54w)D 

Other changes were not valid for the case analyzed. 
With these changes and ft = 1 for the V-111-V system (based on the input data shown 

in Table B.1), eq. (27) becomes 

and eq. (28) for d = 1.90 becomes 

The parameters ri,d,. Ri, and Fi become 

Corresponding to  eq. (23), a' becomes 
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The resulting multiple correlation coefficient was nearly the same (0.873 and 
0.875), the F-test values were higher by 2%, and the regression coefficients did not differ 
significantly. Thus the results using both methods are practically identical. 

This modification was tested in the C-V system with approximately the same results 
concerning the significance of the resulting equation. For the C-V system, eq. (30) becomes 
(using the input data shown in Table B.l) 

A  
E -0.115Pt + 0.442 WIt-l - 1.72 WZt = 0.170 F ~ R ~ , ,  + 0.499 

and eq. (3 1) for d = 2.99 becomes 

A  
WZt = 0.508 - A + ~ ~ " C  ' E -0.345Pt + 0.442 - 5.14 + 1.492 - A + y  t 

The parameters riJd, Ri,  and Fi become 

The method of Appendix B was also used for computation in Section 6.1, but values 
of ft were omitted. 

This method of direct evapotranspiration determination (i.e., without the reduction 
coefficients ft) was combined with the previous irrigation index. For the V-111-V system, 
the following modification to eq. (29) was obtained (based on the input data shown in 
Table B.2): 

The multiregressive coefficient was slightly lower, at 0.838, as compared with 0.846. 

APPENDIX C Application of Program REVAP by Morton et id. 

Areal evapotranspiration is an important element in the modeling of a hydrological 
cycle. Morton et al. (1980) defined it as the evapotranspiration from an area so large that 
the effects of evapotranspiration on the temperature and humidity of the overpassing air 
are fully developed. 

The basic aim of Morton's investigation was to  determine the complementary rela- 
tionship between areal and potential evapotranspiration: 
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TABLE B.2 Input variables in regression analysis (method of Appendix B, combined with previous irrigation index). WI; = WIJ2.22; WII-, = Wit_, 12.22. 
Other variables are explained in eqs. (20) and (25). 

V-111-V system C-V system 
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where E T  is the areal evapotranspiration, ETP is the potential evapotranspiration, and 
ETW is the wet environment evapotranspiration (evapotranspiration that occurs from a 
large saturated area, with water available for evapotranspiration). 

Morton (1980) demonstrated that a reduction in the water available for areal evapo- 
transpiration makes the overpassing air hotter and drier, and that this in turn increases 
potential evapotranspiration as computed from meteorological variables such as tempera- 
ture, dewpoint temperature, and duration of sunshme. 

The relationship indicates that potential evapotranspiration is more an effect than a 
cause of areal evapotranspiration. Morton's theoretical investigation and empirical verifica- 
tion showed that the average of areal and potential evapotranspiration, i.e., (ET + ETP)/2, 
is relatively stable, and he called it the wet environment evapotranspiration (ETW). 

For this value, the following regression equation was proposed by Morton et al. 
(1980): 

where A (the slope of the saturation vapor pressure curve) and Rn (net radiation) are at 
the potential evapotranspiration equilibrium temperature, and y is the psychrometric 
constant. If ETP and ETW are known, E T  can be computed. 

Morton et al.  (1980) published a program, REVAP, in Fortran for computation of 
these values, and a simplified version of this was used in this study for the data from 
station B. The results indicated that the potential evapotranspiration values computed by 
REVAP were systematically higher than those of potential evapotranspiration (PE) com- 
puted by eqs. (1 1)-(15) (Penman). For the period April-September, the ETP (evapotran- 
spiration - Morton) was 1.66 timeshigher than the PE in 1970-76, and 1.63 times higher 
in 193 1-70. For the period March-October, it was 1.67 times higher in 193 1-70. 

Similar relations were computed for areal evapotranspiration (ET) and wet environ- 
ment evapotranspiration (ETW), as shown in the table below. 

April-September March-October 

According to the complementary character of Morton's relationship, it was taken for 
granted that it would give lower potential evapotranspiration values than Penman's formula. 
This disagreement between expectations and results needs further research, especially as 
far as the regression equation for the determination of the ETW is concerned. 
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