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Abstract
The calculated equation of the Penman-Monteith method for determining evapotranspiration (ETc) is derived from the equation of
energy balance of the soil surface, and the dependence of ETc on ETo reflects the culture coefficient Kc. Since the values of Kc (FAO)
are typical values for standard climatic conditions, which are defined as sub-humid climate, it is necessary to evaluate this model for
the conditions of the Steppe of Ukraine, whose climate is drier.
Thus, the aim of scientific research was the adaptation of the calculation method for determining the evapotranspiration of the ETc
“Penman-Monteith” to the irrigated conditions of the Steppe of Ukraine on the soybean crop. The work involved conduction of shortterm field experiments, generally accepted analytical research methods; the use of methods of variance, correlation, regression and
variational analysis. The actual soybean irrigation regime, the reference evapotranspiration of ETo, the calculated and actual values
of evapotranspiration of ETс were established using the digital Internet meteorological station iMetos® and the multisensor probe
AquaSpy CTG-02. Based on the results of the field experiment, the crop coefficient Kc was adjusted according to the main phases
of development of soybean varieties of different ripeness groups using deviations from standard conditions. The research confirms
that the value of the actual crop coefficient Kc for soybeans under irrigation conditions of the Steppe of Ukraine differs from the
typical Kc (FAO). It was found that at the initial and final stages of plant development, Kc (FAO) overestimates the actual values of
ETc evapotranspiration to 42.8%, and in the middle phase, on the contrary, underestimates by 4.2-11.5%. The use of Kc (FAO) in
the calculations of evapotranspiration for standard conditions leads to over-watering at the beginning and at the end of the growing
season of soybeans and a deficiency of moisture reserves in the critical period of plant development (phase “beginning of floweringpoured beans”). It is recommended to use the “Penman-Monteith” method in the future to determine the actual evapotranspiration
of ETс and operative control of the soybean’s irrigation regime on this basis, taking into account the adjusted values of the culture
coefficients Kc.
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Introduction
The maximum effect of irrigation depends on the
timing of the irrigation’s start. The design irrigation
regime approximately determines the timing of
vegetation irrigation. Directly, the time of each vegetation
irrigation is set taking into account the actual moisture
reserves in the soil, weather conditions, the phase of
culture development, etc. (Pereira et al. 1999; Rai et al.
2017).
In the practice of irrigated agriculture, various
methods of vegetative irrigation’s terms appointment are

used. By the scientists (Jones 2004; 2008) the methods are
divided into three groups by their constructive features
and characteristics: by soil moisture measurements, by
soil water balance calculations, by plants physiological
responses. Among the most commonly used today are the
methods of the first (Campbell G.S. and Campbell M.D.
1982; Yemelyanov 1983) and the second (Allen et al. 1998;
Romashchenko et al. 2018) groups.
However, soil moisture is only one of the abiotic
ecological factors of the earth, which affects the water
exchange of plants, and the disadvantage of the methods
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of the third group is the late reaction of plants to water
stress (Jones et al. 1990; Ton et al. 2004).
Thus, given some inaccuracies in these methods, in
1990 the FAO’s expert council recommended that the
Penman-Monteith calculation combined method be
adopted as the standard for calculating of the reference
evapotranspiration () and assigning of irrigation terms
and rates on this basis (Allen et al. 1998; Allen 2000).
The calculated equation of the “Penman-Monteith”
method is derived from the equation of energy balance
of the soil’s surface, and the dependence of ETc
(evapotranspiration of crops) on ETo and reflects the
culture coefficient Kc (Annandale, Stockle 1994).
Since the Kc (FAO) values are typical values for
standard climatic conditions (Wright 1982), which are
defined as sub-humid climate, it becomes necessary to
evaluate this model for the conditions of the Steppe of
Ukraine, which has a drier climate.
The choice of soybean crop is due to the fact that up to
25% (about 400 thousand hectares) of all soybean crops in
Ukraine are located in the Steppe, of which more than 100
thousand hectares are irrigated by sprinkler irrigation
(Babych, Babych-Poberezhna 2010).
Thus, in the current study, the issue of adaptation
of the «Penman-Monteith» method to determine the
evapotranspiration of soybeans is considered, and its
results are the basis for optimizing irrigation regimes
and increasing the yield of this crop in the conditions of
the Steppe of Ukraine.

Materials and Methods

Measurements of plants were performed in four
replicates within the defined experimental plots with an
area of 25 m2 (Ushkarenko 2014). Statistical evaluation
of the results was performed using Analysis of Variance
(ANOVA) in Agrostat using Microsoft Office Excel
software (Rosner 2006).
The actual culture coefficient Kc was defined as the
ratio of the actual evapotranspiration ETc to the reference
evapotranspiration ETo:
(1)
Where, T–actual evapotranspiration, mm,
–reference evapotranspiration, mm.
Taking into account the fact that the coefficient of
crop K depends on the phase of crop development (Wright
1982), the vegetation season of soybeans was divided into
three conditional parts: initial (“seedlings-beginning of
flowering”), middle (“beginning of flowering-pouring
beans”) and final (“pouring beans-full ripeness”).

Results
Over the years of research (2017-2019), depending on
the meteorological conditions of the growing season of
soybeans, from 10 to 13 vegetative irrigations were carried
out with an irrigation rate of 405-585 mm. During this
time, soil moisture was maintained in the range from 7580% to 95% of the minimum moisture-holding capacity of
the soil (Fig. 1).
The weighted average amount of productive
precipitation over the years of research was at the level
of 132 mm.

The experimental part of the research was conducted
on the lands of the Experimental Farm “Brilyvske” IWPLM
NAAN, Oleshkivsky district, Kherson region, Ukraine
(46040’ N, 33012’ E). The field trials were held on at the
dark chestnut, light-loamy soil, the Minimum MoistureHolding Capacity (MMHC) of 0-70 cm soil’s layer is 17.4%,
the bulk density is 1.5 g/cm3.
The study was conducted in 2017, 2018 and 2019
on soybean varieties Tavria (late ripening-130 days of
vegetation) and Oksana (medium ripening-110 days of
vegetation). The method of irrigation-sprinkling with
IM “Fregat”. The digital internet meteorological station
iMetos®, which was located directly on the experimental
site, was used to record the meteorological parameters.
The reference evapotranspiration of  was determined
using CropWat 8.0. The actual evapotranspiration of ETc
was determined using a multi-sensor probe AquaSpy
CTG-02, which was equipped with soil moisture sensors
located at different depths of the soil profile.

Figure 1. Dynamics of soil moisture during the vegetation of soybean
variety Tavria depending on the calculation method (2019).

Calculation of evapotranspiration parameters showed
that depending on the maturity group of soybeans, the
evapotranspiration of ETc ranged from 588.1-677.7 mm,
and ETc(FAO) from 535.3-627.2 mm.
Thus, the discrepancy between the calculations of ETs/
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ETs (FAO), as a whole for the growing season of soybean
varieties, was 7.5-9.0%, and in some phases of the growing
season from 1.6-11.5% (Tab. 1).
Table 1. Evapotranspiration of soybeans of different maturity groups.
Date

Soybean–variety Oksana
ЕТс
133,6
277,4
117,1
528,1

01.05-08.06
09.06-3.07
24.07-23.08
01.05-23.08

ЕТс (FAO)
144,1
265,9
125,3
535,3

Date
01.05-08.06
09.06-02.08
03.08-12.09
01.05-12.09

Soybean–variety
Tavria
ЕТс ЕТс (FAO)
141,9
144,1
359,8
318,3
176,0
164,8
677,7
627,2

The average daily evapotranspiration of soybeans
ranged from 1.3-6.3 mm in the initial phase of
development, 3.5-7.9 mm the middle and 1.8-6.0 mm the
final phase (Fig. 2.). The maximum parameters of the are
important for making design decisions on the technical
characteristics of the irrigation system. It is established
that in the conditions of the Steppe of Ukraine the
maximum daily evapotranspiration of plants (ETc_max)
of medium-ripe soybean occurs in the II-III decade of
July and is 7.2-8.0 mm. The same parameter (ETc_max)
for late-maturing soybean varieties is 7.3-8.6 mm and was
recorded during the third decade of July- first decade of
August.

Figure 2. Dynamics of average daily ETc, ETc (FAO) and ETo soybean
variety Oksana.

The ratio of ETc to ETc(FAO) according to formula
(1), is characterized by the culture coefficient-Kc and Kc
(FAO), respectively (Tab. 2.).
Table 2. Culture coefficients Kc and Kc (FAO) for soybeans of
different maturity groups depending on the method of calculation of
evapotranspiration of ETc.
Date
01.05-08.06
09.06-23.07
24.07-23.08
01.05-23.08

Soybean–variety
Soybean–variety
Oksana
Tavria
Date
Кс
Кс (FAO)
Кс
Кс (FAO)
0,35-1,20 0,50-1,15 01.05-08.06 0,35-1,30 0,50-1,15
1,20
1,15
09.06-02.08
1,30
1,15
1,20-0,35 1,15-0,50 03.08-12.09 1,30-0,45 1,15-0,50
1,20
1,15
01.05-23.08
1,30
1,15

Graphically, the dynamics of the ratio of Kc and
Kc(FAO) during the growing season of soybean varieties
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of different ripeness groups is presented in Fig. 3 and Fig.
4. During the study period (2017, 2018, 2019) Kc, although
different, but its relationship to Kc(FAO) is clearly
correlated in time, which allowed, for further calculations
of ETc by the method of “Penman-Monteith”, to take
the average value Kc. The difference between Kc and Kc
(FAO) by phases of development of soybean plants was:
in the initial (“seedlings-the beginning of flowering”)
phase-4.2-42.8%, the middle (“beginning of floweringpouring beans”)-4.2 -11.5% and the final (“filling beansfull ripeness”)-4.2-42.8%.

Figure 3. Dynamics of the ratio of Kc and Kc (FAO) during the growing
season of soybean variety Oksana (110 days of growing season).

Figure 4. Dynamics of the ratio of Kc and Kc (FAO) during the growing
season of soybean variety Tavria (130 days of growing season).

Conclusion
On the basis of experimental researches the estimation
and substantiation of necessity of adaptation of the
calculation method of definition of evapotranspiration
ETc “Penman-Monteith” in the irrigated conditions of the
Steppe zone of Ukraine on the soybean crop was carried
out. The coefficients of culture Kc soybean crop for
varieties of different ripeness groups have been calculated,
taking into account the local climatic conditions of the
Steppe zone. It was confirmed that the actual values are
different from Kc (FAO): at the initial and final stages of
development of soybean plants, Kc (FAO) overestimates
the actual values of evapotranspiration to 42.8%, and in
the middle phase, on the contrary, underestimates by
4.2-11.5%. Thus, the use of Kc (FAO) in the calculations of
evapotranspiration ETc for standard conditions will lead
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to over-watering at the beginning and at the end of the
growing season of soybeans and a deficiency of moisture
reserves in the critical period of plant development (phase
“beginning of flowering-poured beans”).
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It is recommended in the future to determine the
actual evapotranspiration ETc and operational control
of the soybean irrigation regime on this basis to use the
method “Penman-Monteith” taking into account the
adjusted values of soybean culture coefficients Kc.
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The results of the presented studies can hypothetically
be applied to soybean culture in other climatic zones
as well, provided that during the growing season the
average humidity in this zone is RHmin≈30%, and the
average wind speed is v≈3 m/s.
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