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Abstract There are many empirical and theoretical equations to estimate the value of the potential
evapo-transpiration (PE;) under certain weather conditions. The relation between PE; and climatic
factors has the greatest role in the development of such equations. The main goal of this study is to
propose empirical equations for estimating the PE7 of climatic data for Middle Delta of Egypt and
modify the Blaney—Criddle equation using data in the period from 1990 to 2006. The climatic data
during the period from 1990 to 2000 is used to propose the empirical equation and modified

Blaney—Criddle equation. The result of the proposed equation is more accurate in calculating PE .
Monthly crop coefficient (K,) for crops cultivated in this area is estimated for the proposed equation
in the study area and is compared with the measured values. Sensitivity analysis is used to quantify the
impact of climatic parameters on the potential evapo-transpiration and crop coefficient.

© 2013 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V.

All rights reserved.

1. Introduction

Plans for increasing agricultural production in Egypt to over-
come the problems of insufficient food should be mainly based
on the irrigation resources and water requirements. Therefore,
an intensive water budget program should be clearly known.
One of the main items of water budget is the crop water
requirements. Therefore the water requirements of the differ-
ent crops should be well identified. The crop water require-
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ments are depended on the potential evapo-transpiration
(PE7) and the crop coefficient (K,.). There are many empirical
and theoretical equations to estimate the value of PE; under
certain weather conditions. The relation between PE and cli-
matic factors has the greatest role in the development of such
equations. These equations are applicable to regions that have
similar climatic factors. Such equations include Blaney—
Criddle, Thornthwaite, Penman, Solar Radiation equations,
and others [1]. The choice of any of these equations depends
on the availability of climatic data in the region, and the accu-
racy required. These equations are used to calculate PE; in
arid and semi arid regions. But these equations are not the best
in terms of accuracy in the Delta of Egypt, because these equa-
tions are based on climate conditions which are different in
Delta. The main objective of this study is to propose an
empirical equation to estimate PET in this area. In this paper
SPSS — computer program — was used to estimate potential
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evapo-transpiration in Middle Delta of Egypt by proposing an
empirical equation from climate data. The potential evapo-
transpiration for the total period (PErg) and the potential
evapo-transpiration for each month (PEy) were proposed of
climatic data such as temperature, relative humidity, and sun
hours [2]. The accurate equation is used to estimate crop coef-
ficient for different crops in the study area. Values of the accu-
rate crop coefficient were estimated. The effects of climatic
data on developed potential evapo-transpiration PEtg, PE 7,
and accurate crop coefficient (K.,) were studied.

Many authors study potential evapo-transpiration, crop
coefficient and the different methods to calculate it. Smajstral
et al. [3] demonstrated the data requirements and sensitivity of
the water budget approach to determine irrigation require-
ments of Florida nursery and agronomic crops. Semaika and
Rady [4] calculated the monthly potential evapo-transpiration
for Giza, Egypt by using the original Blaney—Criddle, the mod-
ified Blaney—Criddle the modified Penman, and the Radiation
methods. Villalobos and Fereres [5] developed a water budget
model based on long-term average potential and actual rainfall
data. In their model, potential evapo-transpiration was as-
sumed to be constant each year because long-term data were
not available.

Cellier et al. [6], Olejnik et al. [7], Yanuso et al. [§] and
Pauwels et al. [9] studied the effect of the configuration of the
experimental field on the estimate of evapo-transpiration. The
choice of the heights above the ground surface, at which the
metrological variables are measured, is a key point not always
considered with the necessary attention. Kraalingen and Stol
[10] used water budget approach to develop a crop yield model
and weather data are simulated if long-term climatic data were
not available. He described three different methods: the Penman
method, Makkink approaches, and Priestley—Taylor to be used
in general crop growth models for water-limited conditions.

Nuberg [11] modified the aerodynamic and thermal compo-
nents of the energy balance to reduce evapo-transpiration.
Montero et al. [12] conducted several outdoor single-sprinkler
and block irrigation tests to estimate drift and evaporation
losses during the set sprinkler irrigation event. Gat and Molle
[13] proposed a model describing the application pattern pro-
duced by a single sprinkler. Shah and Edling [14] used the
water balance approach to determine daily evapo-transpiration
from a flooded rice field based on measured values of water le-
vel, precipitation, irrigation, seepage, and tail water runoff.
Droogers and Allen [15] estimated the reference evapo-transpi-
ration by using a high-resolution monthly climatic database,
and compared the results with Penman—Monteith and
Hargreaves methods. Clemmens et al. [16] developed a two
dimensional model of unsteady shallow water flow in surface
irrigation to evaluate the influence of field grading precision
irrigation performance.

Allen et al. [17] improved daily simulation of crop evapo-
transpiration by considering separately the contribution of
evaporation from soil. Izuka et al. [18] used data from nine
widely distributed climate stations to assess the distribution
of potential evapo-transpiration on the tropical South Pacific
island of Tutuila, American Samoa. Campi et al. [19] improved
the efficient use of water in a typical Mediterranean environ-
ment. Eric et al. [20] estimated the evapo-transpiration param-
eter using the more readily available normalized difference
vegetation index satellite. Blanco-Gutierrez et al. [21] focused
on 12 ICs, which covered an area of 136,000 ha (95% of the

total irrigated surface) and presented very diverse characteris-
tics regarding their year of foundation, surface area, geograph-
ical location, granted water allotments, source of water, and
irrigation technology. Mazahrih et al. [22] determined the ac-
tual evapo-transpiration and crop coefficients for mature palm
trees by depletion method using neutron scattering technique,
then they drew production function curve and selected the
optimum irrigation level. Igbadun [23] reported the use of
weighing-type mini-lysimeters to estimate the crop water use
of rain fed maize and groundnut. Majnooni-Heris et al. [24]
determined some relationships, between K. (crop coefficient),
and days after planting, degree growing days, leaf area index
and percentage of ground cover.

2. Methodology

To achieve the objectives of this research, the following steps
are followed:

1. Study climatic data for Middle Delta of Egypt (from
Tanta Climate Station) is collected.

2. SPSS program is used for examining homogeneity of the
measured climatic data.

3. An empirical equation is developing to compute PE,
(from 1990 to 2000).

4. Blaney—Criddle equation is modified for Middle Delta
by using measured data and SPSS program (from
1990 to 2000).

5. Validate the empirical and modified Blaney—Criddle
equations with a new data set (from 2000 to 2006).

6. K. for crops cultivated in this area is estimated for the
proposed equation and is compared with the measured
values.

7. Sensitivity analysis is used to quantify the impact of cli-
matic parameters on PE; and K..

2.1. Study data

Collected data included measured potential evapo-transpiration
(PEtm), mean temperature (7), relative humidity (RH), and
sun hours (S). These data were obtained from Tanta Climate
Station. The homogeneity of such kind of measured data is
examined by SPSS program. Descriptive statistics are calcu-
lated by SPSS for these data as shown in Table 1. This table
shows that standard error is <0.5, which means that the
measured data is homogeneous and can be used to estimate
the potential evapo-transpiration. Linear correlation test is
used to study the relationship between different variables.
Table 1 shows a strong correlation between potential evapo-
transpiration, mean temperature, humidity, and sun hours.

2.2. Consumptive use of water (Cu)

Consumptive use of water (Cu) in (mm/day) for irrigation pur-
poses is related to the potential evapo-transpiration (PE7) by
the crop coefficient (K.), which depends on the type and stage
of plant growth as follows [25]:

Cu =K, * PE; (1)

where PE7 is the average daily potential evapo-transpiration
for a particular month (mm).
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Table 1 Descriptive Statistics of the Data-base.

PEqp, T RH S

Statistic Std. error Statistic Std. error Statistic Std. error Statistic Std. error
N 204 204 204 204
Mean 6.0775 0.1583 19.4597 0.3607 67.2 0.4011 9.4176 0.1347
Variance 5.112 - 26.544 - 32.821 - 3.704 -
Sum 1239.8 - 3969.78 - 13.709 - 1921.2 -
Range 11.6 - 16.1 - 30 - 9.2 -
Skewness 0.656 0.17 —0.17 0.17 —0.521 0.17 0.006 0.17
Kurtosis 0.217 0.399 —1.472 0.399 —0.161 0.399 —1.079 0.399

2.3. Empirical methods to estimate PEr

There are many empirical and theoretical equations to estimate
the value of PE; under certain weather conditions. The rela-
tion between PEz and climatic factors has the greatest role
in the development of such equations.

A relationship between measured potential evapo-
transpiration (PEr,,) and the climatic variables in the study
area was evaluated. The linear correlation between PE; and
other climatic data were examined and used to develop such
relationship. Data for the period 1990-2000 were used in such
analysis. The general form of the equation relating PE; with
climatic variables is:

PEr=C+B XxT+ B, XxRH+B; xS (2)
where PE; is the average daily potential evapo-transpiration
for a particular month (mm), 7 is the average temperature
(°C), RH is the average relative humidity (%), and S is the
average number of hours of sunshine. A general equation is
developed to calculate PEtg (for the total period), depending
on the measured climatic data as a continuous time series.
The SPSS program is used to calculate the factors C, By, B,
and B; for the total period as shown in Table 2.

PErg =6.525-0.018 x T—0.125x RH+0.88 x S (3)

The (SPSS) program is used to calculate the factors C, By,
B>, and B; for each month as shown:
PE; =6.73 +0.098 x T}, — 0.09 x RH, 4+ 0.28 x S| (4)
PEp, =6.75—10.096 x T, —0.093 x RH, + 0.7 x S, (5)
PE;; = 6.1 +0.245 x T5 — 0.113 x RH; 4+ 0.361 x S (6)
PEp =—12540.62x T4 +0.07 x RH; + 0.4 x S, (7)
PEss = —10.2+ 0252 x Ts — 0.002 x RHs + 1.25x S5 (8)
PEr = —19.4+0.202 x T + 0.136 x RHs + 1.31 x S5 9)
PEr = —16.61 — 0.018 x 77 +0.0325 x RH7 + 1.93 x §; (10)
PEry =0.234 — 0.416 x T3 +0.07 x RHs + 1.07 x Sg (11)
PE7 = —0.003 — 0.006 x Ty — 0.088 x RHy + 1.22 x Sy (12)
PEzrp =9.71 4 0.044 x T\ — 0.131 x RHo + 0.459 x S} (13)
PEs; =1.240.247 x T, — 0.062 x RH,; +0.415 x S;; (14)
PEz; =3.312—-0.052 x T}, — 0.04 X RH}, + 0.508 x S}, (15)

Table 2 Values of coefficient in Eq. (2) for the total period.

2.4. Middle Delta Blaney—Criddle equation

Blaney—Criddle equation [26] is used to calculate the average
value of PE; for a period of month or longer. Although this
equation is not the best in terms of accuracy, but it is the most
common and widely used one, especially in arid and semi arid
regions for its simplicity and ease of application. It needs only
to measure the temperature in the region required. The general
form of Blaney—Criddle is:

PEr=a *xf+ a, (16)
f=p(046T +8) (17)

where a; and a, are constants depend on the average values
during the month of lowest relative humidity during the day,
p is the percentage of the average number of daylight hours
in the day for the specified month to the total of daylight hours
in the year, and 7 is the average temperature for a full day dur-
ing the month in Celsius.

The percentage of the average number of daylight hours in
the day for the specified month to the total of daylight hours in
the year (p) depends on the latitude of the area under study,
and the month required. In order to apply the Middle Delta
Blaney—Criddle equation put to the study area the values of
the constants a; and a, must be determined according to cli-
matic conditions in this area. Eq. (16) presents a linear rela-
tionship between PE; and the function f, and to determine
the values of a; and a», following procedure was proposed:

1. The values of the function (f) are calculated for each month
through the year, based on measured values of 7, and the
values of p.

2. Using linear regression analysis by the aid of SPSS, values
of a; and a, can be determined.

The results of linear regression analysis in the period from
1990 to 2000 are shown in Table 3. The obtained values of «a;
and a, are 1.63 and 1.615 respectively, and the Middle Delta
Blaney—Criddle equation can be applied to estimate PEs in
Tanta Station and take the form:

Model Un-standardized coefficients Standardized coefficients t Sig.
B Std. error Beta

Constant 6.525 1.144 - 5.705 0

T —1.8E—02 0.025 —0.041 —0.713 0.475

RH —0.125 0.013 —0.316 —9.308 0

S 0.88 0.073 0.749 12.011 0
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Table 3 Values of a; and a, calculated using the program (SPSS).
Model Un-standardized coefficients Standardized coefficients t Sig.
B Std. error Beta
a —1.615 0.424 - —3.807 0
a 1.63 0.088 0.795 18.621 0

To investigate the validity of the Middle Delta Blaney—
Criddle equation, values of PE; were calculated using Eq.
(18), and the results were compared with the measured one.

2.5. Validation of PErg, PEry and PEryp equations

Comparing Middle Delta measured values (PEt,,), PErg for
the total period and PE7y for each month with the climatic
data from 2000 to 2006, by using 7-test, it was found that
Pearson correlation is 0.95, and P factor (two-tail) is 0.69 for
PEtg, and Pearson correlation is 0.98, and P factor (two-tail)
was 0.32 for PE . It was clear that the values of potential eva-
po-transpiration calculated on basis of each month (PEq)
were more accurate and closer to a large extent to the mea-
sured values. The developed equations for each month can
be accurately used to calculate potential evapo-transpiration
and the consumptive use of water in Middle Delta of Egypt.

To valid the results of Middle Delta Blaney—Criddle, a
comparison between PEy,, and PE1wp for Middle Delta with
the climatic data from 2000 to 2006 was made, by using 7-test,
it was found that Pearson correlation is 0.8, and P factor (two-
tail) was 0.86 for PEtwp. It was clear that the values of poten-
tial evapo-transpiration calculated on basis of each month
(PE70) were more accurate and closer to a large extent to the
measured values.

2.6. Selection of crop coefficient

The values of actual consumptive use of different crops (Cu)
were obtained from Irrigation Ministry [27]. The values of
PE; are measured on Tanta station and calculated values from
empirical equation for each month. Crop coefficient (K,) is cal-
culated from Eq. (1),

K. in Eq. (19) will be replaced by the measured crop coefficient
(Kem), or crop coefficient (K,) calculated from empirical po-
tential evapo-transpiration for each month. Rice, maize,
wheat, cotton, vegetables, and berseem crops are cultivated
in this study area. The crop coefficients for these crops are
shown in Tables 4 and 5.

2.7. Sensitivity analysis

Sensitivity analysis is used to quantify the impact of input
parameters on the equations results. It is likely that errors will
be made in estimating one or more of measured climatic
parameters (7, RH, S), to illustrate their individual impacts
on potential evapo-transpiration PE;, assuming 7, RH and
S can vary between —20% and +20% of their measured val-
ues. The effects of the climatic parameters (7, RH, S) on PEp,
which calculated from empirical equations for each month are
shown in Figs. 1-3. Meanwhile the effects of the climatic
parameters (7, RH, S) on K, for the main crop in this study
area (rice) are shown in Figs. 4-6.

3. Results and discussion

A general equation for the total period is developed by using
SPSS to calculate the potential evapo-transpiration depending
on the measured climatic data on the study area as a continu-
ous time series. General equations for each month are devel-
oped also by using SPSS. The results from the equation for
the total period and from the equation for each month were
compared with the measured values. It was found that the
developed equations for each month could be accurately used
to calculate potential evapo-transpiration and the consumptive
use of water in Middle Delta of Egypt.

Blaney—Criddle equation for Middle Delta of Egypt is
investigated to calculate the potential evapo-transpiration.
By the results of this equation, a correspondence between mea-

K. = Cu/PE 19 . . .
¢ u/PEr (19) sured and modified values of PE+is evident. But the proposed
Table 4 K. and Cu for rice, maize, and cotton crops.
Crop Rice Maize Cotton
Month Cu Kem Keo Cu Kem Keo Cu Kem Keo
April 8.2 1.12 1.12 5.1 0.7 0.7 4.27 0.58 0.58
May 11.7 1.27 1.28 6.8 0.74 0.74 5.75 0.63 0.63
June 14.8 1.54 1.54 7.33 0.76 0.77 6.56 0.68 0.68
July 12.4 1.65 1.64 6.48 0.86 0.86 6.0 0.8 0.79
August 10.1 1.57 1.58 5.4 0.84 0.84 44 0.68 0.69
September 8.68 1.39 1.4 4.5 0.72 0.72 3.6 0.58 0.58
October 6.8 1.15 1.15 3.75 0.64 0.63 3.12 0.53 0.53
November N/A N/A N/A N/A N/A N/A 2.11 0.49 0.49
December N/A N/A N/A N/A N/A N/A 1.34 0.41 0.41
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Table 5 K. and Cu for wheat, vegetables, and berseem crops.
Crop Wheat Vegetables Berseem
Month Cu Kem Keo Cu Kem Keo Cu Kem Keo
January 1.53 0.44 0.45 1.64 0.47 0.48 1.12 0.32 0.33
February 1.98 0.45 0.45 2.15 0.49 0.49 1.52 0.35 0.34
March 2.4 0.45 0.45 2.8 0.53 0.53 2.07 0.39 0.39
April 34 0.47 0.47 4 0.55 0.55 3.16 0.43 0.43
May N/A N/A N/A 5.3 0.58 0.58 4.67 0.51 0.51
June N/A N/A N/A 5.81 0.6 0.61 N/A N/A N/A
July N/A N/A N/A 5.23 0.7 0.69 N/A N/A N/A
August N/A N/A N/A 4.42 0.69 0.69 N/A N/A N/A
September N/A N/A N/A 3.89 0.62 0.63 2.04 0.29 0.33
October N/A N/A N/A 3.45 0.58 0.58 2.57 0.43 0.43
November 2.13 0.49 0.5 2.31 0.53 0.54 2.05 0.44 0.48
December 1.68 0.52 0.52 1.58 0.48 0.49 1.38 0.38 0.42
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Figure 2 Sensitivity analysis of RH on PEx,.

equation for each month is more accurate than Middle Delta
Blaney—Criddle equation. The crop coefficient (K.) was calcu-
lated from the equation (K. = consumptive use (Cu)/potential

evapo-transpiration (PEy)) for the different crops which culti-
vated in this area, the actual values of Cu of these crops were
obtained from Irrigation Ministry [27], the values of PE; were
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obtained from measured values, and empirical equations for was found that the values of K., were closed to measured val-
each month (PEzy). The values of K., which are calculated ues. Thus K, was the accurate crop coefficient for these crops
from [Cu/PEy] could be used to calculate crop coefficient. It in this study area.
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Sensitivity analysis was used for climatic parameters
(T, RH, S) to illustrate their individual impacts on potential
evapo-transpiration and crop coefficient. The effect of 7 on
the evapo-transpiration was not noticeable from January to
March and from September to December, but its effect was
noticeable from April to August. The effect for rice 7T on
Ko, was significant from January to July, but its effect was
negligible from August to October. For cotton, the effect
was noticeable from April to July, but was negligible from
August to December. The effect of RH on the evapo-
transpiration was not noticeable from January to December.
The effect of RH on K., for rice was significant from
August to October. For cotton, the effect of RH was notice-
able from September to December. The effect of S on the
evapo-transpiration was noticed from April to November.
The effect of S on K, for rice was noticed from May to Sep-
tember, but its effect was not noticeable from August to
December. For cotton, meanwhile the effect was notice from
May to September.

4. Conclusion

The main goal of this study is to compute the potential eva-
po-transpiration for Middle Delta of Egypt proposed empiri-
cal equations for this area by using climatic data collected
during the period 1990-2006, for the total period and for each
month. SPSS is used to compute these equations. Blaney—
Criddle equation for Middle Delta of Egypt is investigated
to calculate the potential evapo-transpiration. The proposed
equations for each month could be accurately used to calcu-
late potential evapo-transpiration and the consumptive use
of water in Middle Delta of Egypt. The climatic data during
the period from 1990 to 2000 is used to propose the empirical
equation and modified Blaney—Criddle equation, and data for
Middle Delta of Egypt during the Period from2000 to 2006 is
used to validate the proposed equation. The crop coefficient
(K,) is calculated for the different crops which cultivated in
this area, the actual values of Cu of these crops are obtained
from Irrigation Ministry, and the values of PE; are obtained
from empirical equations for each month. The values of K,
which are calculated from PE;y could be accurate values of
crop coefficient in Middle Delta of Egypt. Sensitivity analysis
is used for climatic parameters (7, RH, S) to illustrate their

individual impacts on potential evapo-transpiration, and crop
coefficient.
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