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Abstract. Since direct measurement of reference evapotranspiration (ETy) is a complex, time-consuming
and expensive process, the most common procedure is to estimate ET, from climate data. The purpose of this
study was to perform reference evapotranspiration calculations based on the data of the state meteorological
station Askania-Nova and compare them with the actual ET, data obtained using an automatic Internet
meteorological station. The data for the study were taken from the state meteorological station Askania-
Nova (township Askania-Nova, Kakhovsky district, Kherson region, 46.45°N 33.88°E) and the automatic
Internet meteorological station iMetos IMT 300 from the company “Pessl Instruments”’, which is located at
the meteorological site of the Askaniysk DSDS (Tavrychanka village, Kakhovsky district, Kherson region,
46.55°N, 33.83°E). Standard evapotranspiration was calculated using the Penman-Monteith method
(FAO56-RM). To assess the accuracy of ETy calculations, mean absolute percent error (MAPE), root mean
square error (RMSE) and Standard Error of Estimate (SEE) were determined. According to the results of
the comparison of indicators from two meteorological stations, it was found that the smallest errors are
inherent in the daily average and maximum temperature and relative air humidity (MAPE<10 %), for the
minimum temperature and relative air humidity, the MAPE errors are 18,1 and 13,7 %, respectively. The
MAPE error for water vapor pressure deficit and solar radiation is 20,2 and 26,3 %, respectively. The largest
MAPE error of 40,3 % was established for wind speed measurements. The average MAPE error between
the calculated ETo, based on the meteorological data of the Askania-Nova station, and the actual ETy data
obtained from the automatic Internet meteorological station iMetos is 16,8 %, RMSE — 0,65 mm, SEE —
0,56 mm. Applying a coefficient of 0,92 when calculating ETy reduces the errors of MAPE, RMSE, and SEE
by 3,2 %, 0,15 mm, and 0,05 mm, respectively, for all calculation periods. For the May-August period, the
MAPE error was 10,7 %, which brings the calculations close to high accuracy (MAPE <10 %). Based on
the results of the calculations, it was established that on average over the years of research, the actual ET),
was 68 mm less than the calculated one. The absolute errors of determination of ETc depended on the crop
and the average over the years of research ranged from 33 mm (winter wheat) to 68 mm (early tomatoes).
The application of the refined value of ETy in calculations reduces the absolute errors in the determination
of ¢ over the years of research, this error did not exceed 6 mm (early tomato). Research results confirm the
possibility of using meteorological indicators obtained from state meteorological stations to calculate ET.
To increase the accuracy of calculations, it is necessary to use a refinement coefficient.

Key words: reference evapotranspiration, Penman-Monteith method, meteorological stations,
meteorological parameters, errors

Relevance of research. Evapotranspiration ET in the vital activity of plants, it is not always
(ET) plays an important role in the formation of measured directly. The complexity of methods
the water balance of the field, which is the main  of direct measurement of ET, as well as the need
expenditure item of the balance, and determines for a detailed study of the variability of ET in
the need for irrigation. Despite the huge role of time and area, contributed to the development
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of many calculation methods for determining
potential evapotranspiration, one of which is the
Penman-Monteith method [1]. Quantification of
reference surface evapotranspiration (ETo) used in
the Penman-Monteith method is necessary in the
context of many issues, such as crop production,
water management, irrigation planning. Since
the direct measurement of ETO is a complex,
time-consuming and expensive process, the
most common procedure is to estimate ET, from
climatic data, such as solar radiation, temperature
and relative humidity, wind speed [2, 3]. The Food
and Agriculture Organization of the United Nations
(FAO) recommends the Penman-Monteith method
(FAO56-PM) for ET, calculation, which can be
used as a standard method for ET, estimation
[4-7]. Any calculation of ET, should provide
consistent and reliable results, use only commonly
available meteorological data and a minimum of
calculations. The FAO56-PM equation requires
solar radiation, wind speed, temperature and
humidity data. The quality of meteorological
data and the difficulties in collecting them can
be serious limitations. Although meteorological
parameters are measured regularly and widely
presented on weather sites on the Internet, they
must be checked for reliability.

The FAO56-PM method requires a large
amount of data, so it is desirable to check which
factors influence evaporation and consider only
such factors to determine evapotranspiration. The
accuracy of the calculation depends on this. One of
the methods for calculating the Penman-Monteith
formula is to use a constant wind speed (2 m/s),
as recommended by Allen [6]. Another option
is to ignore the wind speed data. In the climatic
conditions of Hungary, the method with a constant
wind speed was recognized as the best [8].

Analysis of recent research and
publications. Calculation of ET, requires data
on radiation, air temperature, atmospheric
humidity and wind speed, which limits its
application in regions where these data are not
available; therefore, new alternatives are needed.
In a semi-arid region of Mexico, the accuracy of
ETO calculated by the Blaney-Criddle (BC) and
Hargreaves-Samani (HS) methods was compared
with that of FAO56-PM using information from
the Automated Weather Station (AWS) and the
NASA-POWER platform (NP) over different
periods. Information on maximum and minimum
temperatures from the NP platform was suitable
for estimating ET, using the HS equation. This
data source is a suitable alternative, especially
in semi-arid regions with limited climatological
data from weather stations [9]. In the Andean
highlands, meteorological monitoring is limited
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and high-quality data is lacking. Therefore, the
FAO 56-PM equation can only be applied using
an alternative method. A study was conducted on
the feasibility of effectively using the FAO 56-PM
method to estimate missing data for Paramo
landscapes in the high Andes of Southern Ecuador.
The researchers found that using estimated wind
speed data had no significant effect on estimated
ET,, but when solar radiation data were evaluated,
ET, estimates could be in error by as much as
24 %; if relative humidity data is evaluated,
the error can reach 14 %; and if all data except
temperature are evaluated, errors exceeding
30 % may occur. Methods of estimation of solar
radiation, water vapor pressure deficit calculated
based on average temperature, and taking the
minimum temperature as a dew point to estimate
the actual vapor pressure have been successful.
The study demonstrates the importance of using
high-quality meteorological data to calculate
ETo in humid Paramo landscapes in southern
Ecuador [10, 11]. Reference evapotranspiration
can be estimated using various methods, for
example: Penman-Monteith, Blaney-Criddle,
Hargreaves, ANN and WNN, regression and
fuzzy logic. Humidity, temperature, wind
speed, and solar radiation are factors that have a
significant impact on ET, estimates. In general,
traditional methods are cumbersome because
the determination of ETo requires experimental
setups and additional climate data, which are
not available in many developing countries. So,
in this case, non-traditional techniques can give
more accurate results [12].

Modern technologies enable agricultural
producers to minimize the time and effort previously
required to monitor evapotranspiration, especially
in large fields. Modern meteorological stations help
to monitor and forecast the status of ET) effectively.
Thus, instead of doing the calculations themselves,
farmers can use ready-made solutions from
meteorological service providers [13]. However,
due to the high cost of existing technologies, it is
difficult for small farms to obtain accurate data on
evapotranspiration. The most economically efficient
solution for them is the calculation of ET, based on
meteorological data [14, 15].

The purpose of the research was to calculate
reference evapotranspiration based on the
data of the Askania-Nova state meteorological
station and compare them with the actual ET,
data obtained using an automatic Internet
meteorological station.

Materials and methods of research.
Meteorological data for this study were obtained
from the state meteorological station Askania-
Nova (WMO_ID 33915 town of Askania-Nova,
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Kakhovsky district, Kherson region. 46.45°N
33.88°E) [16] for the period from the 1% of
April 2013 to 30" October 2018 and from the
automatic Internet meteorological station iMetos
IMT 300 from the company “Pessl Instruments”
[17], which is located at the meteorological
site of the Askaniysk SARS (Tavrychanka
village, Kakhovsky district, Kherson region.
46.55° N. 33.83°E). The distance between the
meteorological stations is 12,5 km, which does
not significantly affect the climatic indicators
for the selected points, so the comparison of the
calculated ETO is correct [18, 19].

Average daily meteorological data were
used to analyze and calculate the reference
evapotranspiration (ETo): maximum, minimum
temperature and relative air humidity, wind speed,
dew point temperature, cloudiness, solar radiation.

The reference evapotranspiration, according
to the meteorological data of the Askania-Nova
state weather station, was calculated using the
Penman-Monteith method FAO56-RM [6]:

900 " (e e )
T+273 2 ‘ (1)
A+y(1+0,34u2)

0,408A(R, —G)+y

ET, =

0

where ET, — reference evapotranspiration, mm/
day; Rn — net radiation on the surface of plants,
MIJ/m?day; G — soil heat flow density, MJ/™*-day;
T — average daily air temperature at a height
of 2 m, °C; u> — wind speed at a height of 2 m,
m/s; e, — saturated vapor pressure, kPa; e, — actual
pressure, kPa; A — gradient of the vapor pressure
curve, kPa/°C; y — psychometric constant, kPa/C.

To calculate es and e,, the measured values
of maximum and minimum air temperature and
dew point temperature were used, respectively.
The daily wind speed measured at the weather
station (10 m above the ground) was calculated
for a height of 2 m.

In the absence of observations of total solar
radiation at the Askania-Nova meteorological
station, it was calculated using the Savinov-
Ongstrom formula [20]:

R =R, [1-(1-k)n], 2)
where Rs — total solar radiation, MJ/m*day;
Rso — solar radiation in the absence of clouds,
MJ/m*day; k — the coefficient that determines
what part of the possible is the actual radiation
under full cloud cover (k=0,35 for 46.5° N);
n — average cloudiness in fractions of one.

Other parameters included in formulas (1)
and (2) were calculated according to the
FAO56-RM method [6]. The calculated reference
evapotranspiration was compared with the actual

ET, obtained from the Internet weather station
iMetos IMT 300.

The evapotranspiration of crops was calculated
according to the formula [6]:

ET. =ET,-K, 3)

where ET7c¢ is evapotranspiration,
Kc is the crop’s coefficient [21].

To assess the accuracy of reference
evapotranspiration calculations, mean absolute
percent error (MAPE), root mean square error
(RMSE), and standard error of estimate (SEE)
were determined [22, 23] (Table 1):

mapE=1 >

n'io

1< 2
RMSE = /;;(x—y) : (%)

| e [EE-ne-9)T
SEE—\/(n_Z){(y y) Z(x—)_c)z ],(6)

mm/day;

Xy
X

100 %, 4)

where x — is £ by the data of the Internet weather
station iMetos; y — E7, calculated according to the
FAO56-RM method; n — the size of the sample.

1. The value of the MAPE error and its
interpretation [23]

MAPE, % Interpretation
<10 High accuracy
10-20 Good accuracy
2050 Satisfactory accuracy
>50 Unsatisfactory accuracy

Research results and their discussion.
To verify the calculations according to equation
(1), we calculated £To from the data received from
the iMetos meteorological station and compared
them with those calculated automatically.
The years 2013, 2015, and 2018 were selected for
analysis. The average errors of MAPE, RMSE,
and SEE, respectively, were 3,20; 0,13 and 0,13
(Table 2). The MAPE error over the years varied
from 2.85 % (2018) to 3,58 % (2015).

2. Errors of ETo calculation according to the
Penman-Monteith method (FAO56-PM) and
according to the data of the meteorological
station iMetos

Error | 2013 2015 2018 | Average

MAPE| 3,15 3,58 2,85 3,20

RMSE| 0,11 0,15 0,15 0,13
SEE 0,11 0,14 0,14 0,13
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To evaluate the efficiency of the calculations,
the average daily ETo values obtained from the
weather station are plotted in the form of a graph
depending on the calculated values according
to FAO56-PM. As can be seen from the graph,
the obtained linear dependence almost coincides
with the 1:1 line, the coefficient of determination
R?=0,9949 for the sample series n = 642 (Fig. 1).

The obtained results of the calculations confirm
their reliability and provide an opportunity for
further analysis of ETo calculated from the data
of the meteorological station Askania-Nova.

According to the results of the comparison
of the air temperature measured at the iMetos
and Askania-Nova meteorological stations, it
was found out that the MAPE (Table 3) for the
average daily and maximum air temperature on
average over the years of research was 3,6 and
3,3 %, respectively (high accuracy), and RMSE
(Table 3) — 0,73 and 1,26 °C. Checking the
minimum air temperature showed that the MAPE
between the two weather stations was 18,1 %
(good accuracy) and the RMSE was 1,49 °C.
The analysis of relative air humidity indicated
that the MAPE for average daily, maximum,
and minimum relative air humidity was 7,7,
respectively; 9,1 % (high accuracy) and 13,7 %
(good accuracy), and RMSE is 6,44; 10,14;
6,63 %, respectively. The MAPE error for water
vapor pressure deficit and solar radiation was 20,2
and 26,3 % (satisfactory accuracy), respectively,
and the RMSE error was 0,17 kPa and 3,89 MJ/m?,
respectively. The greatest MAPE error of 40,3 %

@

(satisfactory accuracy) was established for wind
speed measurements, the RMSE error was 0,77 m/s.

Despite the errors of the meteorological data
included in the Penman-Monteith formula, the
average MAPE between the calculated ETO,
according to the weather station Askania-Nova
and iMetos, was 16,8 % (good accuracy), RMSE —
0,65 mm, SEE — 0,56 mmThe largest MAPE and
RMSE for ETO were observed in 2015 and were
22,4 % and 0,89 mm, respectively. It is worth
noting that this year was characterized by the largest
errors of MAPE and RMSE among all measured
meteorological parameters. As an example, MAPE
and RMSE for wind speed were 101 % and 1,45
m/s, respectively, and for maximum air temperature
were 5,2 % and 2,10 °C, respectively.

The analysis of errors by calendar months
(Table 4) revealed that the largest errors of MAPE
for air temperature are inherent in April and
October. By reducing the observation period from
April to October to May-September, MAPE errors
for average daily and maximum air temperature
are reduced by 1,3 and 0,8 %, respectively. The
greatest decrease in MAPE by 9.9 % was observed
for the minimum air temperature. MAPE for
relative air humidity almost did not change, but for
wind speed, on the contrary, it increased by 3,7 %.
For the deficit of water vapor pressure and solar
radiation, MAPE decreased by 5 %.

During the observation period (April-October),
MAPE ETO was 16,8 %, which is 2,5 % more
than in May-September. The RMSE errors for all
meteorological indicators almost did not change.

10,0 T+ -
i ’
y =1,0173x-0,0656 -’
90 1 R? =0,9949
g0 | n=642
.. 70+
] i
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g 60
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o 50 T
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0,0 } } } } } } } } i
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Fig. 1. Regression analysis to verify ET, calculations based on data from the iMetos meteorological station
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3. MAPE and RMSE errors for iMetos and Askania-Nova weather stations (by year)
Year . Relative air Wind Solar
of Air temperature, °C humidity, % speed, DVK;:P * radiation, ET“’
research | aver. | max. | min. | aver. [ max. | min. m/s a MJ/m? mm/day
MAPE error
2013 2,8 2,7 | 13,7 | 6,0 6,3 9,2 22,2 17,7 24,5 12,3
2014 3,6 29 | 16,7 | 78 10,4 9,9 16,6 20,1 24,9 13,3
2015 7,0 52 | 246 | 11,2 | 11,2 | 224 | 101,0 20,0 26,2 22,4
2016 2,6 26 | 172 | 6,7 8,6 15,5 27,0 22,2 29,4 15,6
2017 3,0 28 | 195 | 7.8 9,7 11,2 52,0 28,6 28.3 19,5
2018 2,6 3,4 16,6 6,6 8,4 14,2 22,8 12,7 24.6 10,5
Average | 3.6 33 | 18,1 | 77 9,1 13,7 40,3 20,2 26,3 16,8
RMSE error
2013 0,65 | 096 | 1,28 | 544 | 6,88 | 531 0,63 0,18 3,44 0,58
2014 0,52 | 0,88 | 1,30 | 6,11 | 10,88 | 4,57 0,47 0,17 3,83 0,60
2015 1,41 | 2,10 | 1,85 | 9,73 | 12,85 | 10,06 | 1,45 0,19 4,47 0,89
2016 0,63 | 0,70 | 1,68 | 597 | 10,56 | 8,10 0,67 0,15 3,80 0,60
2017 0,63 | 1,83 | 1,52 | 6,38 | 10,69 | 6,51 0,77 0,20 3,98 0,72
2018 0,56 | 1,06 | 1,28 | 497 | 9,00 | 522 0,61 0,15 3,82 0,50
Average | 0,73 1,26 | 1,49 | 6,44 | 10,14 | 6,63 0,77 0,17 3,89 0,65
*DWVP — deficiency of water vapor pressure.
4. MAPE and RMSE errors for iMetos and Askania-Nova weather stations (by month)
Month of | Air temperature, °C lﬁl erlnaig;,t(;,a(l,}; Wind DWVP, rag?;?il(;n, ETo,
research . . speed, m/s kPa ) mm/day
aver. | max. | min. | aver. | max. | min. MJ/m
MAPE error
April 4,1 39 1455 73 7,3 | 14,0 27,8 28,5 26,2 15,6
May 2,7 2,9 9,8 8,7 8,6 | 11,5 59,4 21,1 20,9 14,5
June 2,1 2,4 7,9 8,7 10,6 | 11,2 84,4 18,2 18,9 16,2
July 2,0 2,2 5,9 7,2 10,3 | 13,7 35,8 12,5 18,4 13,1
August 2,0 1,8 50 | 69 10,5 | 144 18,7 9,0 22,1 10,3
September | 2,6 3,1 | 123 ] 7.1 86 | 17,7 21,9 15,2 26,8 14,0
October | 10,4 | 7,0 | 44,8 | 8,2 78 | 12,9 42,5 39,3 53,0 26,9
April-Oct. | 3,6 3,3 18,1 7,7 9,1 13,7 40,3 20,2 26,3 16,8
May-Sept. | 2,3 2,5 8,2 7,7 9,7 13,7 44,0 15,2 21,4 14,3
RMSE error
April 0,52 | 0,97 | 1,30 | 6,88 | 836 | 7,50 0,70 0,11 3,88 0,46
May 0,68 | 2,06 | 1,05 | 7,35 | 10,01 | 7,36 0,88 0,16 4,12 0,65
June 0,60 | 0,89 | 1,84 | 6,82 | 11,64 | 5,39 0,94 0,19 4,03 0,79
July 0,64 | 0,94 | 120 | 5,65 | 11,40 | 7,06 0,60 0,21 4,01 0,77
August 0,66 | 0,73 | 1,12 | 4,57 | 10,30 | 4,49 0,59 0,19 3,90 0,67
September | 0,67 | 1,20 | 1,61 | 6,69 | 9,62 | 6,96 0,76 0,20 3,72 0,63
October | 1,42 | 2,02 | 2,11 | 7,87 | 10,45 | 8,70 1,19 0,13 3,61 0,60
April-Oct. | 0,73 | 126 | 1,49 | 6,44 | 10,14 | 6,63 0,77 0,17 3,89 0,65
May-Sept. | 0,65 | 1,16 | 1,36 | 6,22 | 10,60 | 6,25 0,75 0,19 3,96 0,71

According to the results of ETO calculations
according to the FAO56-PM formula, according
to the data of the Askania-Nova meteorological
station, it was established that the errors of MAPE,
RMSE and SEE (Table 5) between the calculated
and actual values for the period April-October (Fig.
2a,n=1280) are 16,8 %, respectively; 0,65 mm and

0,56 mm, coefficient of determination R?>=0.92.
As can be seen from Figure 2a, the regression line
of estimated ET, values passes above the 1:1 line,
which means that the actual values are less than
the estimated. The ratio of actual ETO values to
estimated values is 0,92. The coefficient of 0,92
in ETO calculations reduces MAPE, RMSE, and
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5. Errors between calculated and actual ET, values
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Observation iMetos — Askania-Nova iMetos — Askania-Nova (specified)
period MAPE | RMSE | SEE R? MAPE | RMSE SEE R?
April — October 16,8 0,65 0,56 0,92 13,6 0,53 0,52 0,92
May — September 14,3 0,71 0,59 0,88 11,1 0,56 0,54 0,88
May — August 13,9 0,72 0,59 0,86 10,7 0,56 0,54 0,86
10,0 - 10,0
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Fig. 2. Regression analysis for verification of ETO calculations based on data from the Askania-Nova
meteorological station for the period: April-October (a, b); May-September (¢, d); May-August (e, f)
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SEE errors by 3,2 %, respectively; 0,12 mm and
0,04 mm. The regression line and the 1:1 line
intersect at point 4.0 (Fig. 2b). Up to ETO values
of 4,0 mm, the actual values are less than the
calculated values, and then they begin to exceed
them.

By reducing the observation period to
May-September (Fig. 2¢c, n = 920), the MAPE error
and the coefficient of determination R? decreased
to 14,3 % and 0,88, respectively, and the RMSE
and SEE increased and amounted to 0,71 mm and
0,59 mm, respectively. Application of the 0,92
factor in ETy calculations reduces MAPE, RMSE
and SEE errors by 3,2 %, respectively; 0,17 mm
and 0,05 mm for this calculation period. The
regression line and the 1:1 line cross at point 4,5
(Fig. 2d). Up to ETo values of 4,5 mm, the actual
values are less than the calculated values, and then
they begin to exceed them. For the May-August
period (Fig. 2d, n=740), the MAPE error and
the coefficient of determination R? between the
calculated and actual ETO values decreased to
13,9 % and 0,86, respectively, and the RMSE and
SEE almost did not change to the May-September

period and were 0,72 mm and 0,59 mm,
respectively. The inclusion of the coefficient 0,92
in the ET) calculations reduces the MAPE, RMSE,
and SEE errors by 3,2 %, respectively; 0,16 mm
and 0,05 mm. The regression line and the 1:1 line
intersect at point 5,0 (Fig. 2e). Up to ET, values
of 5,0 mm, the actual values are less than the
calculated values, and then they begin to exceed
them.

To establish the errors of evapotranspiration
(ETc) of crops, which may arise when using £7p
calculated according to the FAOS56-PM formula,
appropriate calculations were carried out for
some crops. The K¢, specified in previous studies,
were used to calculate the ETS [21]. ETc were
calculated for each day for each year of research.
On average, over the years of the study, the
actual ET, was 68 mm less than the calculated
one (tabl. 6), by year this difference ranged
from 26 (2018) to 109 mm (2017). As a result,
ET¢ for all cultures, when using the calculated
ETy according to the data of the meteorological
station Askania-Nova, also exceeded the actual
values. The absolute error of ET¢ determination

6. Evapotranspiration of crops and its error, according to the data of meteorological stations iMetos

and Askania-Nova

= o E 2 22 - £ .5 8 = §

! =2 | F | 2TF| 3% Me | 2R %% 2t
1)

Evapotranspiration, according to the data of the meteorological station iMetos
2013 831 395 573 544 687 372 476 743 772
2014 887 347 602 563 726 399 493 755 788
2015 811 303 526 492 649 329 442 630 705
2016 790 315 539 498 642 349 445 677 707
2017 845 326 584 545 701 364 497 709 790
2018 948 407 581 541 719 364 482 727 776
Average 852 349 567 531 687 363 472 707 756
Evapotranspiration, according to the data of the meteorological station Askania-Nova
2013 892 431 616 587 738 400 511 806 829
2014 956 361 655 611 789 433 537 818 857
2015 889 348 583 548 716 365 487 702 778
2016 855 346 589 546 700 385 484 749 770
2017 954 380 648 609 778 410 546 805 871
2018 974 422 610 571 752 386 503 771 813
Average 920 381 617 579 745 396 511 775 820
Absolute evapotranspiration error (iMetos — Askania-Nova)

2013 —61 -36 —43 —43 =52 —28 —34 —03 =57
2014 —09 -14 —53 —48 —02 -35 —45 —63 —09
2015 —78 —45 =57 -56 —68 -36 —45 =72 =73
2016 —65 =31 =50 —48 —58 -35 -39 72 —64
2017 -109 —54 —64 —64 =77 —46 —49 —96 —82
2018 26 -15 -29 =30 -32 22 22 —44 -36
Average —68 =33 —49 —48 —58 34 -39 —68 —03
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depended on the culture and the average over the
years of research ranged from 33 (winter wheat)
to 68 mm (early tomatoes). The highest ET¢
determination errors were recorded in 2017 —
46 mm for early onion and 96 mm for early
tomato.

The application of the refined value of ETp
in the calculations reduces the absolute errors in
the determination of E7¢ (Table 7). So, over the
years of research, this error did not exceed 6 mm
(early tomatoes). In 2017, the absolute error of
determination of E7¢ for early onions decreased
by 32 mm, and for early tomatoes by 64 mm,
and in 2018, the corrected values of ET¢, on the
contrary, became smaller than the actual ones.
Thus, for early onions, the absolute error was
9 mm, and for medium-ripe tomatoes — 29 mm.

Based on the results of the analysis of the
absolute errors of determining ETs by month
(Table 8), it was found that the reduction of
the calculation period to May-September did
not affect the errors for most crops, only for
winter wheat this error decreased by 6 mm. The
distribution of errors by month depended on the

7. Refined evapotranspiration of crops and its error,

iMetos and Askania-Nova

@

crop. Thus, for mid-ripe tomatoes and late-ripe
soybeans, the absolute error was —10 mm in June,
and +12 and +9 mm in August, respectively.

Conclusions. The results of ET, calculations
based on meteorological data obtained from
the iMetos station confirm their reliability. The
errors of MAPE, RMSE, and SEE between our
calculated and actual values of ET, were 3,2 %,
respectively; 0,13, 0,13 mm.

According to the results of the comparison of
meteorological indicators, it was found that the
minimal errors are inherent in the daily average,
maximum temperature and relative air humidity
(MAPE<10 %), for the minimum temperature
and relative air humidity, the MAPE errors were
18,1 and 13,7 %, respectively. The MAPE error
for the deficit of water vapor pressure and solar
radiation was 20,2 and 26,3 %, correspondently.
The maximal MAPE error of 40,3 % was for
wind speed measurements. By shortening the
observation period from April to October to
May-September, MAPE errors are reduced
by 1-10 %, depending on the meteorological
indicator.

according to the data of meteorological stations

Date / EE = goé 'dé'é 2z g §§ 2‘8 goe
BT, | E2 | & |§82| =2 | 52 | 85| FE |§EE
M 22 o = §> 3 §> =3 = £ Mg |78
Evapotranspiration, according to the data of the meteorological station iMetos
2013 831 395 573 544 687 372 476 743 772
2014 887 347 602 563 726 399 493 755 788
2015 811 303 526 492 649 329 442 630 705
2016 790 315 539 498 642 349 445 677 707
2017 845 326 584 545 701 364 497 709 790
2018 948 407 581 541 719 364 482 727 776
Average 852 349 567 531 687 363 472 707 756
Evapotranspiration, according to the data of the meteorological station Askania-Nova
2013 821 397 567 540 679 368 470 742 763
2014 880 332 602 563 725 399 494 753 789
2015 818 320 536 504 659 336 448 646 715
2016 786 318 542 503 644 354 445 689 709
2017 877 350 597 560 715 377 502 741 802
2018 896 388 561 525 692 355 463 709 748
Average 846 351 567 533 686 365 470 713 754
Absolute evapotranspiration error (iMetos — Askania-Nova)
2013 10 -2 6 4 7 4 7 1 9
2014 8 15 -1 1 1 0 -2 2 0
2015 -7 -17 -10 -12 -10 =7 —6 -15 -11
2016 3 -3 -3 -4 -2 =5 0 —-12 -2
2017 -33 —24 -12 —-15 -15 -14 -5 -32 -12
2018 51 19 20 16 28 9 18 18 29
Average 6 —2 0 -2 1 -2 2 -6 2
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o
8. Evapotranspiration of crops and its error, according to the data of meteorological stations iMetos
and Askania-Nova, by month (using as the example 2017)
Date / §§ £ EQE '%E 2z g §o§ 2‘% 50%
month ET, E = s § %3 2 2 = E '§ £E - -§ £E
2% | © |27F| 53 | mE 2T ms 27
Evapotranspiration, according to the data of the meteorological station iMetos
April 69 66 0 0 0 0 0 0 7
May 113 134 47 64 68 38 30 104 76
June 152 123 172 178 192 125 121 288 197
July 163 3 216 192 211 178 171 310 260
August 194 0 146 112 206 23 174 6 251
September 111 0 2 0 24 0 0 0 0
October 43 0 0 0 0 0 0 0 0
April-Oct. 845 326 584 545 701 364 497 709 790
May-Sept. 732 260 584 545 701 364 497 709 783
Evapotranspiration, according to the data of the meteorological station Askania-Nova (refined)
April 75 71 0 0 0 0 0 0 7
May 123 145 53 71 75 42 34 116 83
June 159 130 181 187 202 132 127 303 207
July 166 4 221 196 216 181 175 316 266
August 186 0 139 106 197 22 166 6 238
September 118 0 3 0 25 0 0 0 0
October 50 0 0 0 0 0 0 0 0
April-Oct. 877 350 597 560 715 377 502 741 802
May-Sept. 752 279 597 560 715 377 502 741 795
Absolute evapotranspiration error (iMetos — Askania-Nova)
April —6 =5 0 0 0 0 0 0 0
May -9 -11 —6 -7 -8 —4 —4 -11 -8
June -8 =7 -9 -9 -10 —6 —6 -14 -10
July —4 0 -5 —4 =5 -3 —4 —6 —6
August 8 0 7 6 9 0 9 0 12
September —7 0 0 0 -1 0 0 0 0
October -7 0 0 0 0 0 0 0 0
April-Oct. -33 24 -12 -15 -15 14 -5 -32 -12
May-Sept. —20 —18 —12 —15 —15 —14 -5 -32 —12

It was found, that the average error of
MAPE between the calculated ET; based on the
meteorological data of the Askania-Nova station
and the actual data of ET7y obtained from the
automatic Internet meteorological station iMetos
is 16,8 %, RMSE — 0,65 mm, SEE — 0,56 mm.
Shortening the calculation period from April-
October to May-August reduces the MAPE error
for ET, by 2,9 %.

The use of a coefficient of 0,92 when calculating
ET, reduces the errors of MAPE, RMSE, and SEE
by 3,2 %, respectively; 0,15 and 0,05 mm for all
calculation periods. For the May-August period,
the MAPE error was 10,7 %, which brings the
calculations close to high accuracy (MAPE <10 %).

Based on the results of calculations, it was found
that on average over the years of research, the actual
ETy was 68 mm less than the calculated one. The

absolute errors of determination of E£75 depended
on the culture and on average over the years of
research ranged from 33 (winter wheat) to 68 mm
(early tomatoes). The maximal errors of ETc
determination were recorded in 2017, which were
46 mm for early onion and 96 mm for early tomato.

Application of the refined E7, value in the
calculations reduces the absolute errors of ET¢
determination, over the years of research this
error did not exceed 6 mm (early tomato). In
2017, the absolute error of E7T¢ determination for
early onion decreased by 32 mm, and for early
tomato — by 64 mm.

So, the research results confirm the possibility
of using meteorological indicators obtained from
state weather stations to calculate £7o. To increase
the accuracy of calculations, it is recommended
to use a refinement coefficient.
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Anomayia. Ockinoku npame @umipioganma emanounoi esanompancnipayii (ETy) € ckraonum, mpyoo-
MICIKUM [ 00pO2UM NPOYEcoM, Haunowupeniuow npoyedyporo € oyinioeanua ETo 3a kaimamuunumu
oanumu. Memoro nposedents ybo2o 00CHiOdNcen st OYI0 GUKOHAMU PO3PAXYHKU emAalOHHOL e6anompan-
cnipayii 3a oanumu depaicashoi memeocmanyii Ackanis-Hoea ma nopieusamu ix 3 pakmuunumu 0anumu
ETy, ompumanumu 3a oonomoecoio asmomamuyHoi inmepuem-memeoponociynoi cmanyii. [ami 0ns
docniodcents Oynu 3ami 3 0epacasHoi memeoponoziunoi cmanyii Ackauin-Hosa (cmm Ackanis-Hosa,
Kaxoecvkuii p-n, Xepcoucvra o0a., 46.45° nau. 33.88° ¢x.0.) ma 3 asmomamuynoi iHmepHem-memeo-
ponoeiunoi cmanyii iMetos IMT 300 6i0 komnanii' “Pessl Instruments”, saxa po3mawiosana na memeo-
matioanuuxy Ackaniticoxoi’ [JC/IC (c. Taspuuanka, Kaxoecvkuii p-u, Xepconcvka o6n. 46.55° n.uu.
33.83° cx.0.). Emanomy esanompancnipayitlo po3paxosysaiu 3a memooom Ilenmana-Monmetima
(FAO56-PM). /lna oyinrosanns mounocmi pospaxymkie ETy eusnauanu cepeoHio abcontommy 8i0comro8y
nomuaxy MAPE (Mean Absolute Percent Error), cepeonvoksadpamuuny noxuoxy RMSE (Root Mean Square
Error) ma cmanoapmuy noxuoxy SEE (Standard Error of Estimate). 3a pe3ynomamamu nopieHsaHHs NOKA3-
HUKI@ 3 080X MEMeOPONO2iuHUX CIMAHYILU 6CMAHOBNEHO, WO HAUMeHWwi NOXUOKU NPUMAamManti 0 cepeo-
Hb0000060I Ma MAKCUMANLHOI memnepamypu ma 8ioHocHoi gonozocmi nosimps (MAPE<10 %), onsa mini-
ManvHoi memnepamypu ma 8i0HOCHOI gonococmi nogimpst noxubku MAPE gionogiono cmanogiamo 18,1
i 13,7 %. Iloxubka MAPE 05 0egiyumy mucky 600s10i napu ma coHAunoi padiayii 6i0nosiono cmaHnosums
20,2 i 26,3 %. Haubinvwy noxubxy MAPE 40,3 % ecmanognieno 01 8UMIPHOGAHb WEUOKOCI 8imp)y.
Cepeonsa noxubrxa MAPE misc pospaxoeanoto ETy, 3a memeoponociunumu oanumu cmanyii Ackanis-Hoea,
ma ¢akmuynumu oanumu ETy, ompumanumu 3 asmomamuyHoi iHmepHem-memeoponrociuHoi cmanyii
iMetos, cmanosums 16,8 %, RMSE — 0,65 mm, SEE — 0,56 mm. 3acmocysanns xoegiyienma 0,92 npu
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pospaxyuxy ETy amenuye noxuokxu MAPE, RMSE ma SEE ionosiono na 3,2 %, 0,15 mm ma 0,05 mm
0715 8CiX pO3pPAXyHKOGUX nepiodis. 3a nepiod mpasenvb-cepnenv noxuoka MAPE cmanosuna 10,7 %, wo
HabaudCye po3paxyuku mavace 00 ucoxoi mounocmi (MAPE <10 %). 3a pezynomamamu po3paxyHkie
6CMAHOBIIEHO, WO 8 CEPEOHLOMY 3d pOKU 00cTiodxicenb paxmuuna ETy 6yna na 68 mm menwuia, Hide po3paxo-
sana. Abconrommui noxudxu eusnauennsa ETc 3anexcanu 8i0 Kyivmypu i 6 cepeOHbOMY 3a POKU 00CHIOHCEHD
cmanosunu 8io 33 mm (nuenuys ozuma) 00 68 mm (momamu panui). 3acmocy8amnHs 6 po3paxyHKax ymou-
nenoeo snavenns ETy smenuyiomo abconromui noxubku eusnavenns ETc, 3a poku 00cniodtcensb ys noxuoxa
He nepesuwysania 6 mm (momam parnniil). Pezynomamu 00Cniodcerb niomseepodicyionb MONICIUGICHb GUKO-
DPUCMAHHS MEeMeopONoiUHUX NOKAZHUKIB, OMPUMAHUX 3 0EPAHCABHUX MemeocmaHyill, 01 po3paxyHky ET.
Jna niosuuyenHs mouHoCcmi po3paxyHKie HeoOXiOHO BUKOPUCTOBY8AMU YMOUHIOBATbHULL KOeqhiyieHm.
Kniouogi cnosa: emanonna esanompancnipayis, memoo lIleumana-Monmetima, memeoponociuni cmanyii,
Memeonapamempu, NOXUOKU
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