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Abstract. The article analyzes existing approaches to determining water consumption rates of crops for
irrigation in Ukraine. They were estimated at the level of weather stations and regions, in view of climate
change and the need for their constant updating using the developed automated system and information
technologies. It was found that water need for growing crops has increased significantly, especially in the
southern regions of Ukraine. This work is a continuation of the study of evapotranspiration, its components
and dynamics based on remote sensing data and calculations when using the Penman-Monteith-Leuning
method. The obtained results are presented in an interactive database and as visualized cartographic
information. The rate calculation was carried out based on the potential evapotranspiration for the period
2005-2024, when using the biophysical Shtoiko method, which allows determining water consumption
rates taking into account a natural moisture deficit. Meteorological data from regional weather stations
operating in automatic mod as well as the information systems developed at the Institute of Water Problems
and Land Reclamation were used for calculations. Water consumption was estimated based on water
balance equations and multi-year series of agricultural and meteorological observations.

The average annual sowing dates and development phases of the main crops in the regions of Ukraine
were also specified, with reference to weather stations, and the maps of water consumption spatial
distribution were built. A database of crop water consumption rates was created with integrating geospatial
parameters. Python software was developed using the Folium, Shapely, and Django libraries for data
analysis and visualization. For geospatial presentation of the results, the zones of weather stations influence
were calculated using the Thyssen-Voronyi polygon method. The study revealed a significant increase in
water consumption rates for crops in Ukraine over the past two decades compared to the control climatic
period of 1960-2000. In the Steppe zone, water consumption increased by 40 %, in the Forest-Steppe and
Polissya zones — by 15 %. Data analysis for 2005-2024.

Analysis of data for 2005—2024 confirmed a further increase in water consumption in all climatic zones
by an average of 1825 %. Combining these data with web tools increases the availability of information
and promotes its practical use in agriculture. Maps of water consumption deficits for the warm period of
the year, water consumption rates for corn and wheat for the years of 50 %, 75 % and 95 % water supply
deficit, which reflect regional variability in their distribution, were built. The study confirmed the need for
constant updating of water consumption rates and their consideration in planning agricultural policy and
water management.

Keywords: evapotranspiration, water consumption rate, the Shtoiko method, information system,
BBCH, development phases, Thyssen — Voronyi polygons, irrigation.

Relevance of the research. Recent decades temperatures in the summer period [1, 2]. This has
are characterized by a steady trend towards influenced the duration of crop vegetation period.
increasing aridity of the climate and maximum Under these conditions, irrigation becomes

© Matiash T.V., Butenko Y.O., Popov V.M., Soroka N.V., Saliuk A.F., Smirnov A.M., 2025
ol

2025 « Ne 2 MEJIIOPAILA I BOOHE 'OCIIOJAPCTBO



IRRIGATION — DRAINAGE

<]

key as one of the main measures for adapting
agricultural production to climate change [3].

Effective adaptation involves the
implementation of modern methods of water use
planning and optimization of irrigation regimes
taking into account the biological characteristics
of crops, soil properties, irrigation technologies,
as well as economic and environmental factors.
Water consumption rates are a somewhat
generalized criterion for assessing the suitability
of the climate for crop growing under irrigation,
since the same year, according to the assessment
of water consumption deficits in the warm
period, may be favorable for some crops and not
favorable for others.

Water consumption rates are classified by
various criteria: annual level of water supply by
water consumption deficit, water losses, period,
irrigation technologies, territorial relevance and
optimality criteria.

Such rates are applied annually and in the
long-term in water management planning, are
used by project organizations to determine
water supply volumes, calculate the capacity
of irrigation networks and justify the water
supply of systems being built or reconstructed.
Management organizations use them to draw up
annual water use plans and justify tariffs for water
supply for irrigation, issue permits for special
water use, etc. These indicators are necessary
for agricultural producers for planning water
intake volumes, calculating energy consumption
and irrigation costs and assessing the economic
efficiency of irrigation under various strategies of
its use [4, 5].

Currently, studies of the mechanism of
changing crop water consumption are very
important for developing adaptation strategies
and finding alternative solutions for water
supply in  agroecosystems.  Determining
the dependencies between climatic factors
(temperature, precipitation, evaporation) and
plant growth phases is the basis for optimizing
water management, modernizing irrigation
systems, and adapting agricultural technologies
to new conditions. The study uses well-known
methods for modeling crop water balance given
regional climatic features of Ukraine.

Analysisofrecentresearchand publications.
Climate change is already having an impact and in
the future, if current trends continue, it will cause
an increase in demand for crop irrigation, and
will affect the selection of sources and methods
of irrigation in agriculture. This is evidenced by
the studies conducted in Ukraine [6], the USA
[7,8], etc. Recent assessments conducted with the
participation of the scientists from the Institute

of Water Problems and Land Reclamation of
NAAS [9] have shown that the restoration
of irrigation will have significant potential
for post-war reconstruction in war-affected
regions, and play a significant role in supporting
production, increasing productivity and ensuring
the sustainability of agricultural crop cultivation.

Climate change will have a significant impact
on all agricultural producers, but this impact
will vary across countries and within individual
territories due to different water requirements for
irrigation, which are also changing.

The increase in the amount of moisture
required during the season is already forcing
agricultural producers to reconsider crop
rotations in favor of more drought-resistant
crops and technologies for their cultivation
with minimizing unproductive moisture losses.
Quantitative estimates of changes in seasonal
water requirements have previously been
obtained using agrometeorological yearbooks
based on seasonal calculations.

The water consumption rates developed in the
IWPLR [2] were based on the observations data
from weather stations in the South of Ukraine,
but progressive climate change caused the
necessity to develop water consumption rates
for the entire territory of Ukraine. In modern
conditions, the assessment of water consumption
deficits is also carried out using remote sensing
and GIS [10-12], however, official data from
ground-based weather stations are basic for
comparison and development of regulatory
documentation. This study focuses on the analysis
of climate data and spatial visualization of water
consumption rates based on weather station data,
as well as clarification of the onset timing of the
phenological phases of crop development based
on the analysis of agro-forecast information and
data from leading agricultural producers.

Effective  water management requires
irrigation planning, which in turn requires accurate
measurement of crop water needs, namely
accuracy in determining plant evapotranspiration.

In world practice, there are various approaches
to calculating evapotranspiration, which have pros
and cons [13—16]. Monitoring evapotranspiration
by remote sensing when using satellites is
becoming increasingly popular [17]. Ready-made
solutions for measuring evapotranspiration are
modern software products that automate all
calculations necessary for its determination.
[18-20]. In addition to numerical models based
on using meteorological and remote sensing data
as well as energy balance calculation algorithms,
modern approaches involve the use of machine
learning (ML) modeling methods [21].
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There are a number of methods for calculating
actual evaporation. According to the recommen-
dations of the FAO, the Penman-Monteith method is
used; however, in the case of limited climatic data,
as in this work, the Shtoiko biophysical method was
used, which is based on the correlative dependencies
between air temperature, relative humidity, and total
moisture evaporation from the soil. This method is
called biophysical in the literature, since it enables
us to calculate the total moisture evaporation from
afield under a certain crop for any time period of the
growing season.

The biophysical method is based on the fact
that at optimal soil moisture, the evaporation
process is practically not regulated by the plant
and soil, since the supply of moisture to the plant
or to the evaporation surface depends only on the
state of the atmospheric surface layer.

The purpose of the research was to
calculate and spatially visualize seasonal water
consumption rates of crops, necessary for
medium- and long-term irrigation planning.

The materials and research methods

The research was conducted from 2005 to
2024. To calculate evapotranspiration, when
using the Shtoiko method, meteorological
data from regional weather stations of Ukraine
operating in automatic mode were used, as well
as information systems developed by the IWPLR.
The calculations were made in the warm period
of the year [28] using daily data. They enabled
us to determine the water consumption deficit of
various crops when using standard calculation
procedures.

The research algorithm can be presented in
the form of the following stages:

» accumulation of daily climate data in the
database;

 calculation of soil moisture consumption
by the Shtoiko method;

» formation of data sets on phenological
phases of crop development with reference
to weather stations using the BBCH scale (an
international system (scale) for describing the
phenological phases of plant development in
two-digit codes [29];

» ranking of data by weather stations in
a multi-year series;

» development of software using the Folium,
Shapely, Django, Voronoi package libraries [32];

* determination of the influence zone of
weather stations by the Thyssen — Voronoi
polygon method;

» visualization  of  calculated  water
consumption rates for a given level of annual
water supply by the water consumption deficit of
a certain crop.

2025 « Ne 2 MEJIIOPAILA I BOOHE 'OCIIOJAPCTBO
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The rationing of crop water consumption under
irrigation is made based on zoning of the territory
by a natural moisture coefficient and water balance
calculations of the water consumption deficit. The
water consumption rate is the estimated amount
of water required during the growing season
(irrigation season) per 1 ha of area to achieve the
planned yield in specific natural, technical and
economic conditions [22, 23].

Modern methods for determining water
consumption rates include the use of the
latest technologies, mathematical models and
monitoring systems that allow for accurate
calculation of the required water supply volumes.
They take into account climatic conditions, crop
development phases, soil type and irrigation
methods [1, 2, 19].

The calculation of water consumption rates
is based on determining the water consumption
deficit when using a following water balance
equation in the active soil layer:

D,=E —-(P-AP), mYha,(l)

where D; is crop water consumption deficit the
i-th decade of the growing season;

E, is total evaporation;

P, is precipitation;

AP; is the part of precipitation that account for
surface runoff and filtration.

Long-term series of meteorological observa-
tions (20-30 years) from representative weather
stations, which allows obtaining reliable results
for a specific territory [24, 2] are used.

To calculate the soil moisture losses, the
biophysical method of Shtoiko was used in this
work. The coefficient of soil moisture losses
at different depths of groundwater was not
used. Under these conditions, from sowing or
germination to complete shading of the soil
surface and during the ripening period, the total
evaporation is determined by the formula [25]:

o ,a
E =>t*01% ———|. 2
B

And in other periods, when there is a complete
soil shading by plants and more intense
evaporation the total evaporation is determined
by the formula:

E, = nté*(O.l*t£+1—ij, 3)
? Zl 100

where — Zti, is the sum of average daily air
i=1
temperatures for 7 days;
t, —average daily air tempeature for the period,;
a — average daily relative air humidity for the
period, %.
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To calculate crop water consumption rates, the
sum of water consumption deficits D, for all decades
of the irrigation period is reduced by the amount of
readily available moisture in the active soil layer at
the beginning of the growing season ().

i=J
M, =3D =W, , m’/ha (4)
i=l1
where M, — crop water consumption rate;

Df —water consumption deficit in the i decade
of the growing season;

W, — starting moisture reserves in the active
soil layer in the j period.

Based on crop water consumption deficits,
net-field water consumption rates are determined.
When calculating the water consumption of
winter crops, autumn moisture-charging watering
is also taken into in case it is performed.

Conversion into gross-field rates is made by
dividing the net-field water consumption rates by
efficiency coefficients of the irrigation network
and sprinkling equipment. In this research, the
net-field water consumption rate was determined.

The annual water consumption deficit is the
probability in the estimated multi-year series of
the number of years in which this deficit cannot
be exceeded. When calculating crop water
consumption deficit of agricultural crops based on
a multi-year series of meteorological observations
on air temperature, air humidity and precipitation,
it is assumed that the patterns of D, distribution
observed in the past will be repeated in the future.
To determine water consumption rates in irrigation
of a given statistical water probability, the
multi-year series of water consumption deficits D,
is ranked, and the water probability is determined
by the Chegodaev formula [30, 31]:

_n-03 0 5

P NYo0a 100,%, ©)

where 7 is the serial number of the required rate
by the deficit of the water balance;

N is the number of years in the series.

In the practice of irrigated agriculture, when
designing, the most common calculation rates are
75 % of probability by water consumption deficit,
which correspond to the average dry year and
meet crop need in irrigation in approximately 3
out of 4 years. Therefore, the obtained probability
p is reliable providing plants with water along
many years of irrigation system operation, while
1-p characterizes unreliability, and is a risk
characteristic.

The software developed in the Python
programming language uses the Folium, Shapely,
and Voronoi libraries for data analysis and
visualization, and Django — for data storage [32].

To estimate the influence zone of weather
stations, Thyssen-Voronoi polygons are used
in calculations and visualization. They are
built around a network of weather stations in
such a way that the distance from any point to
a weather station inside the polygon is always less
than to any other point object within the existing
weather station network. The data calculated for
different degree of water consumption deficit
probability (50 %, 75 %, 95 %) will be considered
representative for the corresponding polygon.
When visualizing crop water consumption deficits
that are not typical for cultivation in a given
region, the calculation results are not displayed,
ensuring the correctness of the analytics.

Research results and their discussion.
Based on the analysis of existing approaches
to determining seasonal water consumption
rates, assessments were made at the level of
meteorological stations and regions. Water
consumption rates, calculated based on estimates
of potential evapotranspiration, are necessary
for the development and implementation of state
policies in the agricultural sector of Ukraine. They
serve as an important source of information when
forming integrated water resources management
plans, agricultural sector development forecasts,
setting restrictions on water use for irrigation,
designing and reconstructing irrigation systems.
Due to climate change, water consumption rates
have to be constantly updated, and their trends
have to be determined to assess the sustainability
of current agricultural practices.

According to the research being conducted
at the Institute of Water Problems and Land
Reclamation, changes in modern climatic
conditions and increasing aridity in almost all
regions of the country have proven the need for
developing water consumption rates not only for
the southern, but also for the central and northern
regions of Ukraine [12, 29].

Since 2005, climatic weather stations
have been operating in automatic mode. The
process of accumulating and analyzing climatic
data, ranking years in series by the deficit of
precipitation and water consumption, determining
development phases and forming a ranked series
with determined water consumption deficits has
been automated. The results are collected in an
interactive database on the website of the Institute
of Water Problems and Land Reclamation [26].

Based on the assessment of potential
evapotranspiration by the Shtoiko method
when using modern climate data, updated crop
water consumption rates were obtained and
their trends were assessed. Water consumption
rates were obtained for different levels of detail:
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agro-climatic zone (Steppe, Forest-Steppe,
Polissya), region, district, individual weather
station, for crops under sprinkler irrigation, for
dry (P=95%), medium-dry (P=75%) and
medium (P = 50 %) years by water deficit.

Data on water consumption rates obtained
in previous climatic periods are arranged in
recommendations and reports [2, 24]. However,
comparison of the water consumption rates
obtained when processing the data for 2005-2024
has shown an increase in the impact of climate
change. Table 1 shows the results of a selective
comparison of normative values with data
calculated when using the developed software
[27]. As an example, a comparison of water
consumption rates for winter wheat in different
years of moisture supply when using normative
data and meteorological data from the Kherson
weather station is given. Data on the current water
consumption rate are updated and arranged into
series, automatically forming an annual current
series and a list of observations for individual
crops and meteorological stations, accumulating
and replenishing the knowledge database.

]

The assessment of the results showed that with
the onset of acute drought years (when natural
moisture supply deficit is of 95 % probability
and higher), water consumption rates in the
Steppe zone of Ukraine increase on average by
1540 %, in the Forest-Steppe zone by 9—67 %,
and in Polissya by 2—58 %, depending on the crop
grown.

Figure 1 shows the spatial distribution of water
consumption deficits for years with different water
probability, calculated when using the Shtoiko
formula (3) based on the analysis of a series of
data from May 1 to September 30 for 2005-2023.
Using the formula (3) allows us to estimate the
maximum values of water consumption deficits
for years with different water probability.

Fig. 1 shows the degree of moisture deficit that
occurs in years of different water probability. Thus,
in medium-dry years (75 % water probability),
that is, under conditions when natural moisture is
insufficient, but not yet critical, there are regions
where the natural moisture deficit is stably high,
so there is a need to adjust water supply rates
to obtain high yields. The greatest deficit is

1. Example of comparison of water consumption rates for winter wheat and mid-season corn
in different years of water consumption deficit probability by weather station data

Kherson weather station, Probability the y:ai:zli'i El)tf v(;ater consumption

crop — winter wheat 95 % 75 ‘;A) : 50 %
Standard value, m*/ha 2100 1500 1300
Calculated value (2005-2024), m*/ha 2871 2553 2216
Deviation, % 36 % 70 % 70 %
Odesa weather station,
crop — mid-season corn
Standard value, m*/ha 3900 3700 3500
Calculated value (2005-2024), m*/ha 4890 4440 4145
Deviation, % 25% 18 % 18 %

50 % water probability 75 % water probability 95 % water probability

2500 3800 5100

6400

7700 9000 10300

Fig. 1. Spatial distribution of water consumption deficits for years with different water probability
by the Shtoiko E2 formula based on the analysis of a series of data from 01.05 to 30.09
for 2005-2023, m*/ha
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(0]

observed in the Steppe zone, especially in Odessa,
Mykolaiv, Kherson and Zaporizhzhia regions. At
the same time, in the Forest-Steppe and Polissya
zones the moisture deficit is moderate.

In the driest years (95 % water probability),
when natural moisture supply is extremely
low, the need for additional irrigation becomes
critical. Fig. 1 clearly shows that the most

3179
N _25 .
2000 oos

—— 1233

water consumption deficit

Fig. 2. Average ranked values of water
consumption rates as a result of statistical
analysis calculated by the Shtoiko method

when using the data from the Kherson

weather station, 2005-2024, m*/ha

arid regions are the south of Ukraine — Odesa,
Kherson, Zaporizhzhia regions, where soil
moisture is insufficient even for drought-resistant
crops. However, a high deficit of water supply is
also observed in the Forest-Steppe zone, while
based on spatial zoning this territory did not need
additional moisture until 2005 [28].

Figure 2 shows the results of the statistical
analysis of the water consumption rate for
a separate cell of the Thyssen-Voronyi polygon
by the data of the Kherson weather station for the
period 2005-2023 when growing winter wheat.
According to this analysis, the average water
consumption rate is 2216 m*/ha — in the year of
50 % water probability, 2553 m?*/ha — in the year
of 75 % water probability, 2871 m*ha — in the
year of 95 % water probability and 1958 m*/ha in
the year of 25 % water probability by the deficit
of natural moisture supply.

Climate change analysis shows that growing
crops using the usual practices is already risky
for Ukrainian agricultural producers. The high
deficit of natural moisture supply shows that in the
next 20-30 years, irrigation will be increasingly
necessary to support crop production.

50 % water probability

75 % water probability

95 % water probability

wheat

636 1076 1486 1857

2247 2637 3028 | 764 1197 1631

2085 2499 2933 3386

1011 1444 1312 1375 2307 3171 3603

com

1449 2287 3125 3983 4801 56386476 | 1616 2471 3326

4182 5037 5392 6747

2091 2916 3742 4567 5392 6218 7043

Fig. 3. Water consumption rates (m*/ha) for growing crops in Ukraine in the years of different water
probability with reference to weather stations
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To calculate and specify natural moisture
deficits, it is necessary to improve and replenish
a database of agrometeorological parameters,
data on crops given current trends in climate
change: development phases, sums of active
temperatures for the onset of phenological
phases, lower limits of optimal moisture content
in the root-containing soil layer and its depth,
crop water consumption coefficients and their
drought resistance depending on the development
phases, etc.

In the course of conducted research, the
phenological phases of crop development were
assessed given the current trends in climate
change, and crop databases were formalized and
specified by the macrophases of the BBCH scale,
both by regions and with reference to weather
stations.

The analysis of phenological phases of
plant development and their binding to weather
stations in Ukraine was carried in the course
of scientific research [29]. Based on the
research results a database of the onset of crop
development phases was formed. The study
of crop development phases was carried given
the data from agrometeorological yearbooks
and the observation data obtained from leading
producers of agricultural products. The database
was digitized by the generally accepted BBCH
scale for using in the information system. The
calculation of water consumption deficits was
made directly on vegetation days of each crop.

The calculation of water consumption rates
for the main crops available in the database (early
and mid-season soybean, spring and summer
potato, mid-season corn, buckwheat, winter
wheat, sugar beet, spring barley, oat, sunflower)
for all natural-climatic zones of Ukraine was
made given the phenological phases of their
development, when using the available data from
weather stations (Fig. 3).

0

The calculation of water consumption rates
can be provided to the user both in paper form where
there is information on water probability of the years
(starting from 2005) and visualized information.

Further research will focus on comparing
quantitative estimates of actual water consump-
tion rates with similar estimates obtained from
remote sensing data.

Conclusions

1. Comparison of the results obtained over
the past two decades with the water consumption
rates for 1960-2000, defined by the World
Meteorological Organization as a reference
climatic period, showed that the increase in
water consumption in medium-dry years in the
Steppe zone of Ukraine reaches 40 %, in the
Forest-Steppe and Polissya zones — 15 %.

2. Comparison of accumulated data for
2005-2024 showed a continued increase in water
consumption rates in all climatic zones (on average
by 18-25 %) compared to the normative values and
research data in the climatic period 1960—2000.

3. The practical use of updated water
consumption rates will minimize environmental
and economic risks when applying them due
to their maximum compliance with the current
climatic conditions.

4. Taking into account the specified
phenological phases of crop development by the
BBCH scale when determining water consumption
rates allows us to specify the process of formation
and accumulation of water consumption deficit
during the growing season, depending on the
phase of crop development.

5. Development of a database and visua-
lization of water consumption rates, based on
geospatial water deficits, creates a basis for
medium- and long-term planning of agricultural
activities. Combining this data with modern web
tools will make the information accessible and
practical for farmers and agronomists.

Conflicts of interest: the authors declare no conflict of interest.
Use of artificial intelligence: the authors confirm that they did not use artificial intelligence

technologies during the creation of this work.
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Anomayin. YV 0ocniosicenni npoananizogano icHyoUi nioxoou 00 GU3HAYEHHSI Ma KOPUSY8AHHI HOPM
8000nOMpeEdU CIbCLKOZOCNOOAPCHKUX KYIbMYP 015 3pouierus 8 Yrpaini. Kopueysarnns Hopm 6ooonompebu
301lICHEHO NO 6CIM MEeMeoCmanyisam, OJisl KOXCHOT 3 AKUX GUSHAYEHI 0amu HACMAHHA (heHON02iuHux pa3z
CiNbCLKO20CNO0APCHKUX KYNbmyp. Bukonano oyinky ix eenuuunu na pieni memeocmanyii ma oonacmetl,
8PAXOBYIOUU CYUACHT KIIMAMUYHI 3MIHU MA HeOOXIOHICMb iX NOCMIIHO20 OHOBNEHHSI 3 GUKOPUCTNAHHIM
Ppo3pobnenoi agmomamuz08anoi cucmemu ma ingopmayiinux mexuonoeit. Bcmanosneno, wo nompeba
¥V 600i 01 BUPOWLYBAHHS KYIbMYP 3HAYHO 3POCAd, 0COONUBO 6 nigdenHux pezionax Yxpainu. L{a poboma
€ NPOO0BIHCEHHAM OOCTIONCEHHS e8anompancnipayii, ii KoMnornenmie ma OuHamixu 3a danumu /{33 3a
memooom Penmann-Monteith-Leuning. [nmeepayisi 00 oyiHO8aHHA €6aNOMPAHCRIPAYIi, PO3PAXOBAHOL 3
PIBHUMU MEeMOOAMU 3A/LENCHO BIO HASBHUX OAHUX, 00360J5€ MOUHIULE 8PAXO8YSAMU 3MIHU 8000NOMpPeOU
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CLIbCLKO2OCNOOAPCOKUX KYILIYD, KIIMAMUYHI 3MIHU MA PeCIOHATbHI 0COONUBOCMI BUPOULY6AHHA CIIbCHKO-
20Cn00apCLKUX Kynomyp. Ompumani pesyromamu BNPOBAOICEHO V 6UTAOT THMEPAKMUBHOI 0a3U OaHUX
ma 6i3yanizoeanol KapmozpagbmHoz mqbopmauzl Pospaxynox nopm 30iticneno na ocrHogi nomenyiunoi
esanompancnipayii 3a nepioo 2005-2024 pp. i3 suxopucmanuam 6ioghizuunozo memody Lllmotixa, wo
0036071A€ BUSHAYUMU ONMUMATbHI HOPMU 8000NOMpedU 3 YPaxy8anHam oediyumy npupodHoeo 36010-
orcennst. [lisi po3paxyHkie ooupanu memeoponoeiuni Oaui pecioHanibHUX MemeoCmanyill, wo npayioms
8 asmomMamuyHoMy pedicumi ma ingopmayiini cucmemu pospoodreni 6 IBIIIM. Oyinky eodonompebu
30IICHIO8ANU HA OCHOBI 800HO-DANAHCOBUX DiBHANL MA OA2AMOPIUHUX PSOI6 acpo- ma Memeocnocme-
pedicenn. [Iposedena adanmayisi HACMAHHI CEPEOHbOPIUHUX 0am CiBOU NO OCHOBHUX CITbCbKO2OCNOOAp-
CbKUX KYIbMYpPax, 30ilICHEHO YMOYHEHHs HACMAHHA (a3 PO3GUMKY CINbCbKO2OCNOOAPCLKUX KVIbIMYP NO
pecionax Yxpainu, 3 npug’sa3xkoio 0o memeocmanyiti, no6y008aHo Kapmu npocmopoeo20 po3nooiny HoOpm
sooonompedu. Cmeopena 6aza 0aHUX HOPM 8000NOMPEOU CLIbCLKOLOCNOOAPCHKUX KYIbMYD 3 iHmezpa-
yiero eeonpocmopogux napamempis. Pozpobneno npoepamne 3abe3neuenns na Python i3 3acmocysannsm
oioniomex Folium, Shapely, Django ons ananizy ma eizyanizayii oanux. /{ns npocmopogoeo po3nooiny
[ aHanizy nowupeHHs pe3yivbmamié po3pPax0o8aHi 30HU 6NIUGY MEeMeoCMmAHyil 3a MemoooM NONICOHIE
Tuccena-Boponoeo. Jlocniodicenns 6cmano8uno 3sHauHe 3p0CmanHts HOpM 8000HOMpedU CilbCbKO20CNO-
oapcobkux Kynemyp 6 Yxpaini 3a ocmanni 08a Oecamunimms HOPIGHAHO 3 KOHMPONbHUM KIIMAMUYHUM
nepiodom 1960-2000 poxis. ¥V cmenositi 30ni eooonompeba sdinvwunaca 0o 40 %, y nicocmenogiii ma
nonicokii — na 15 %. Ananiz oanux 2005-2024 pp. niomeepous nooaiviie 3p0Cmaniisi B000nompedu y 6cix
KAIMAMUYHUX 30HAX 8 cepednbomy Ha 18—25 %. Yoockonanenns memooié po3paxynky Hopm 600onompeou
3 YypaxyeaunHam genonoiunux ¢asz pozsumxy kyremyp 3a wxanoio BBCH, 0ossonse mouniuie oyinoeamu
Hakonuuenns oeiyumis 8onoeu Npomsa2om gecemayitinoco ce3ony. Iloconannsa yux oanux is ed-incmpy-
Menmamu niosuwye 00CmynHicmo iHgopmayii ma cnpuse npakmuyHoMy GUKOPUCMAHHIO iy CIIbCbKOMY
eocnooapemsi. I[1o6yoosano xkapmu po3noscioddcenus depiyumie sodonompedu Ons mMenioco nepiooy
POKY, HOpM 6000onompedu 07 KyKypyo3u ma nutenuyi 0ns poxie 50 %, 75 % ma 95 % 3a Oegiyumom
60003a0e3neweHoCi, Wo 8Paxo8yIoNb PeLiOHANbHI MIHAUGOCTI iX po3nodiny. Jlocniodcens niomeepouno
HeoOXiOHiCMb NOCMIIHO20 OHOBNEHHSI HOPM 6000NOMpPedY Ma iX 8paAXy8aAnHA NPU NAAHY8ANHI AcpapHOi
NOLIMUKY Ma YNPAGIIHHI BOOHUMU PECYPCAMU.

Knrouosi cnosa: esanompancnipayis, nopma éodonompedu, memoo lllmoiixa, sminu xiimamy,
inghopmayiiina cucmema, BBCH, ¢pazu poszsumky, noniconu Tuccena — Boponoeo, 3powiens
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Abstract. The prospects for using neutral anolytes ANK of Ukrainian producers for cleaning emitters and
pipelines of drip irrigation systems from contaminants of biological origin have been studied. The relaxation
characteristics of the neutral anolytes ANK were determined, changes in their main characteristics (TDS,
ppm, pH; ORP, mV) were established depending on the degree of dilution with water, and an assessment
of the market and production capacities of anolytes ANK in Ukraine was performed. The laboratory,
laboratory-analytical, field, and mathematical-statistical comparative research methods were applied to
determine the effectiveness of flushing the emitters and drip irrigation pipelines with environmentally safe
neutral anolytes ANK of Ukrainian manufacturers (“AQUA SALIS”, “Krystal”, and “Secobren”) and
environmentally hazardous 15 % sodium hypochlorite produced in the People’s Republic of China (PRC).
The presence of a biological component of contaminants was determined using the Biuret reaction. It has
been found that obtaining effective solutions for flushing emitters and pipelines of drip irrigation systems
from contamination of biological origin, with an ORP of not less than +750 mV, is possible by diluting the
anolytes ANK produced by “Aquasalis”, “Krystal”, and “Secobren” with irrigation water in a 1:40 ratio;
produced by “Sterilox”, “Vitalmix” and “Allsteril” —in a 1:20 ratio.

Visual and quantitative indicators of the quality of flushing the emitters and drip irrigation pipelines
from contaminants of biological origin were obtained. In laboratory, it was determined that the flow rate
of drip pipelines with 20 emitters clogged with biological contaminants after washing with hypochlorite
“AquaDoctor”, depending on the pressure, increased by 17.6...52.3 %, with anolyte “Krystal” — by
23.7...92.0 %. Field flushing of 136 m long drip irrigation pipelines with 340 emitters with anolytes ANK
resulted in an increase in the flow rate of one pipeline by 8 I/h, and the other — by 13 I/h.

1t has been found that neutral anolytes ANK produced in Ukraine are an effective and environmentally
safe alternative to chemicals (chlorine, 15% sodium hypochlorite, chlorine dioxide, and hydrogen
peroxide), which are currently used to flush emitters and drip irrigation pipelines from contaminants of
biological origin. It was determined that Ukrainian production capacities for anolytes ANK are capable of
meeting the needs of Ukrainian farmers for flushing emitters and drip irrigation pipelines.

Keywords: drip irrigation systems, drip water emitters, biological pollution, flushing, electrochemically
activated low-concentration salt solutions, anolyte, sodium hypochlorite

Relevance of the research. The problem
of biological contamination of pipelines that
transport water for various purposes is not
the new, but the need to solve it is becoming
increasingly urgent in different countries [1, 2].
For the drip irrigation systems, this issue has
become one of the main reasons for the decrease
in the reliability of their operation in recent years
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[3, 4]. It is associated, on the one hand, with the
use of emitters (drip water outlets), the diameters
of water supply pipelines (labyrinths) and holes
of which are from 0.5 to 1.4 mm (to ensure flows
from 0.5 to 8 1/h), and, on the other hand, with
the increasing intensity of reproduction and
growth of various microbiota in water supply
sources due to the increase in solar radiation
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and average daily air and soil temperatures
during the irrigation period as a result of climate
change. It should be noted that emitters of
drip irrigation systems, due to the very small
diameters of their labyrinths, are vulnerable
to contamination of mechanical and chemical
origin in addition to biological contamination
[5]. To prevent mechanical contamination, filter
stations with coarse and fine filters are placed at
the beginning of drip irrigation systems, which
prevents mechanical particles that are larger in
size than the diameters of the emitter labyrinths
(50...150 microns) from entering the system. As
a result, and while maintaining a turbulent water
flow regime in the emitters, the risk of mechanical
contamination is significantly minimized, but the
threat of chemical and biological contamination
remains high.

Chemical contamination of emitters occurs
as a result of the formation of solid deposits
in the labyrinths or at the emitter outlet due
to the deposition of salts, metals, or mineral
compounds under the influence of changes in pH,
pressure, temperature, or mixing of fertilizers
with water. The main mechanisms of chemical
pollution are the contamination from carbonates
CaCOs, MgCO when using ‘“hard” water, as
well as phosphates and sulfates Cas(PO.). or
CaSO. when fertilizers are improperly mixed
during their application with irrigation water [6].
Another source of chemical (partially biological)
pollution is the presence of Fe* or Mn?*' ions
in water, which, upon contact with oxygen, are
oxidized to insoluble forms of Fe(OH)s; or MnOa.
These compounds form rusty-brown or black
deposits that settle in pipelines and emitters and
are often combined with biological deposits
(iron bacteria). The main methods for combating
chemical pollution are regular acid washing
of systems with nitric, phosphoric, sulfuric, or
citric acids [7]. Despite the fact that research is
constantly being conducted to improve the means
and methods of cleaning emitters of drip irrigation
systems from contamination of mechanical and
chemical origin, it can be considered that the
problem of combating them has been generally
solved today. But this cannot be said about the
issue of combating biological contamination of
emitters of drip irrigation systems.

Biological contamination of emitters of drip
irrigation systems is a complex biochemical
process, in which microorganisms create
a biofilm, and within it, redox and sedimentary
reactions occur, which lead to a decrease in the
permeability of the emitter labyrinths and, as
a result, a decrease in their flow rates and the
reliability of the systems. The main groups of

organisms involved in bio-fouling are bacteria
(Pseudomonas, Bacillus, Flavobacterium,
Leptothrix, Sphaerotilus — the most active
initiators of biofilm); micro-algae Chlorella,
Oscillatoria, and Anabaena that photosynthesize
and produce mucus enriching the system
with organic substances; fungi Aspergillus,
Penicillium, and Fusarium, whose mycelium
intertwines particles and enhances the mechanical
strength of the biofilm; iron and sulfur bacteria
(Gallionella, Thiobacillus), which oxidize
Fe* or S* creating additional solid deposits
(hydroxides, sulfates) [6]. The mentioned groups
of microorganisms in the form of embryos,
spores, and larvae practically freely pass through
all filters, only partially slowing down on their
working surfaces, penetrate with irrigation water
into the distribution and irrigation pipelines of
drip irrigation systems and emitter labyrinths,
and, attaching to the walls, develop to sizes that
subsequently significantly exceed the diameters
of the labyrinths. In addition, growing in the
housings and filter elements of the filters, they
completely disable them. In coarse sand and gravel
filters, algae and other microbiota form various
colonies weighing up to several kilograms. E.g.,
during our audit on October 8, 2025, sand and
gravel filters on the drip irrigation system of the
FG “GRASS AVENUE” of the Zhytomyr district
of the Zhytomyr region (near the village of
Zabilochchya) of Ukraine, a significant amount
of algae similar in appearance and consistency
to river’s Badyaga (Ephydatia fluviatilis) was
discovered (Fig. 1).

Analysis of recent research and
publications. Since the emergence of the
problem of biological fouling of drip irrigation
systems (late 1990s — early 2000s) and to this day,
methods for cleaning drip irrigation pipelines and
emitters from such contamination have followed
similar methods for cleaning drinking water
supply pipelines. The main method for a long
time was chlorination [8]. Chlorination is quite
effective in terms of destroying microbiota, but
extremely dangerous from an ecological point
of view. The disadvantages of chlorination of
drip irrigation systems are the formation of
toxic by-products: trihalomethanes, haloacetic
acids, and chloramines. These compounds are
toxic to plants, soil microbiota, and can pollute
the environment [9]. In addition, chlorine
causes corrosion of metal elements of the
system (fittings, valves, pumps; elements of
pressure control systems, etc.), and also leads to
degradation of polymers, gradually destroying
polyethylene and rubber parts (emitters, seals,
tubes). Further searches for an effective cleaner
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a

Fig. 1. Biological contamination of sand and gravel filters:

a — small particles of algae in water drained from the filter; b — large conglomerates of algae

for drip irrigation systems follow similar ways to
overcome this problem in water supply: the use of
sodium hypochlorite (NaOCl), chlorine dioxide
(ClO2), and hydrogen peroxide (H:02) [10, 11,
12]. All of these substances are quite successful
in destroying biological contamination (biofilms,
bacteria, algae, fungi, etc.) also in drip irrigation
systems. However, sodium hypochlorite can cause
corrosion of system elements (which reduces
their service life) and form harmful by-products,
such as trichloromethanes. The use of chlorine
dioxide, compared to chlorination and the use
of sodium hypochlorite, reduces the risks of the
formation of some organochlorine by-products,
but does not guarantee their complete elimination,
and, in addition, it has higher cost and more
complex application technology. Hydrogen
peroxide does not leave a chlorine residue, but
it is quite corrosive and has a short life period,
which makes it practically impossible to flush
drip irrigation pipelines longer than 20...30 m.

The shortcomings of the existing methods for
cleaning drip irrigation systems from biological
contaminants necessitate the search for new,
more effective and environmentally friendly
methods for their cleaning. In the process of
such a search, the authors drew attention to
anolytes — electrochemically activated (ECA)
low-concentrated salt solutions with high
oxidation-reduction potential (ORP).

The history of the invention and development
of electrolyzed water is associated with the
Japanese company FUJIIRYOKI, which in
1931-1950 initiated scientific research into the
production of such water and the study of its
impact on the development of agricultural plants
[13]. In the territory of the former USSR, work
on the study of ECA water began in the 1970s in
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Uzbekistan by a group of scientists led by Ph.D.
in Technical Sciences V. Bahir. The influence of
the components of ECA water (catholyte and
anolyte) on the properties of drilling fluids was
studied, and high bactericidal properties of one
of these components — anolyte — were discovered
by chance. That was when the names “living
water” appeared — for the catholyte — the alkaline
component, and “dead water” — for the anolyte —
the acidic component of ECA water. Catholytes,
in addition to high alkalinity (pH 10 and above),
are characterized by a negative ORP: —400 mV.
The effect of catholytes on biological organisms,
both of plant and animal origin, is manifested in
their regenerative (antioxidant) and stimulating
effects: seed germination improves along with
plant growth and development; for humans and
animals, catholyte promotes cell regeneration,
but excessive or prolonged use can disrupt the
acid-base balance. At the same time, the effect of
catholytes on living organisms is less predictable
than the effect of anolytes.

Anolytes, unlike catholytes, have high acidity
(pH 5 and below) and high ORP values (+500
and above). The acceptor properties of anolytes
determine their high bactericidal activity against
almost all types of microorganisms. Anolytes
destroy bacteria, viruses, fungi, and spores by
destroying cell walls and membranes, oxidizing
enzymes and DNA, and in plants at low
concentrations they can stimulate germination,
growth, and disease resistance. Anolytes are safe
for animals and humans when properly diluted, but
highly concentrated solutions can irritate mucous
membranes. In general, catholyte and anolyte are
paradoxical liquids, since their properties cannot
be explained in terms of the normal physics and
chemistry of water solutions. Being highly active
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substances, they are environmentally safe, and the
ultra-low salt content in them (from 0.01 to 0.5 %)
cannot explain their high activity. With the time that
has passed since the discovery of the phenomenon
of ECA water, many studies have been conducted
on the influence of ECA water components on
the processes of development and vital activity
of plants and animals. Summarizing the research
results, including the results of the authors of
the paper [14], on the assessing the influence of
ECA water components on plant development,
we can state that irrigation with water solutions
of catholytes (or their mixtures with anolytes)
accelerates the germination and the development
of vegetable crops and increases their yield. At
the same time, it should be noted that this effect
is quite differentiated and significantly depends
on both the parameters of irrigation solutions (pH,
ORP), and on the type of plants and stages of their
development. In addition, one of the properties
of catholytes is their rapid relaxation — the loss
of Dbiologically stimulating properties within
a short time (several hours), which requires their
production directly in the field — near the pumping
stations of irrigation systems. All this significantly
complicates and reduces the potential effectiveness
of the use of catholytes in irrigated agriculture.

Unlike catholytes, the results of using anolytes are
much more predictable and can be achieved much
more easily technologically. Acting as universal,
environmentally friendly and powerful antiseptics,
anolytes have been used in the agricultural sector
as environmentally safe disinfectants in the food
industry and livestock farming since the middle of
the first decade of this century [15, 16]. An important
advantage of anolytes over catholytes is also their
sufficiently long life period. These properties were
acquired by neutral anolytes ANK, which began
to be produced on advanced installations for the
generation of ECA water starting from the end
of the last — beginning of this century. Anolytes
ANK are characterized by pH 6.5...7.2 and ORP
+800...+900 mV with a guaranteed life period of at
least 1 year.

Aim of the research is to determine the main
characteristics of Ukrainian neutral anolytes ANK
and to substantiate the possibility of their use for
cleaning emitters and pipelines of drip irrigation
systems from contaminants of biological origin,
as well as the ability of Ukrainian manufacturers
of anolytes ANK to meet the needs of the users of
drip irrigation systems.

Research methods and materials. Analytical,
laboratory, field, mathematical-statistical, and
comparative research methods were used.
Analytical methods were used in planning and
summarizing laboratory and field research,

assessing the market for Ukrainian anolytes ANK,
etc. Laboratory, field, and comparative studies
were conducted to determine the effectiveness
of flushing emitters and drip irrigation pipelines
with environmentally safe neutral ANK anolytes
of Ukrainian manufacturers (“AQUA SALIS”,
“Krystal”, and “Secobren”) and environmentally
hazardous 15% sodium hypochlorite produced
in the PRC. Mathematical and statistical research
methods were used in processing the results
of laboratory and field studies. The presence of
abiological componentofpollutionwasdetermined
using the Biuret reaction. Laboratory studies of
the action of anolytes ANK on the cleaning of
drip water emitters of a drip tape manufactured
by “Metzer” (Ultra Lin W.T. — 0.15-5 F mil, with
a diameter of 16 mm and a number of emitters
of 20 pcs. with a distance between emitters
equal to 20 cm) from contamination by organic
compounds were carried out on a stand for testing
drip irrigation pipelines (Fig. 2) in the Laboratory
for Testing Irrigation and Drainage Means of the
Institute of Water Problems and Land Reclamation
of the National Academy of Agrarian Sciences
of Ukraine (IWP&LR of NAAS) (Certificate of
Measurement Capabilities No. PT-8/24 dated
01/11/2024). The flow rates of the emitters were
determined by the volumetric method using
25 ml measuring cups and a stopwatch. The
determination time at each pressure was 60 s.
The pressure was created by the test bench pump,
controlled by a manometer, and the pressure was
regulated by a valve. The studies were conducted
according to the microirrigation technical
equipment testing methodology developed at the
IWP&LR of NAAS [17].

Field research (tests) were conducted on drip
irrigation systems of POA “UKRAINE” of Boryspil
district, Kyiv region, Ukraine, and FG “GRASS
AVENUE” of Zhytomyr district, Zhytomyr region
(village Zabilochchya), Ukraine. The research was
conducted on drip irrigation pipelines manufactured
by the Spanish company AZUD, 136 m long and
with a nominal passage diameter of 16 mm,
equipped with adjustable (compensated) emitters
with a nominal flow rate of 1 /h and a distance
between emitters equal to 40 cm.

The testing procedure included:

» emptying the irrigation pipelines (in turn)
through the end taps followed by rinsing them
with irrigation water for 5 minutes;

* measurement of pipeline flow rates with
irrigation water supply at a nominal pressure of
0.17 MPa;

« filling pipelines with anolyte ANK flushing
solution diluted with irrigation water in a ratio
of 1:30;
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Fig. 2. Laboratory stand for testing water emitters and irrigation pipelines

* keeping the flushing solution in the
pipelines for 48 hours;

» draining the flushing solution through the
end taps and flushing the pipelines with irrigation
water during 5 minutes;

* measurement of pipeline flow rates after
flushing with irrigation water at a nominal
pressure of 0.17 MPa.

The supply of irrigation water to the pipelines,
as well as the preparation of flushing solutions,
was carried out withdrawing water from the
distribution pipeline of the pumping station. The
preparation of the flushing solution was carried
out in a mixing tank with a volume of 100 dm?

(Fig. 3a), from which it was then pumped into the
pipelines. Pressure was maintained using taps and
controlled by a manometer with a measurement
range of 0...0.6 MPa and a division value of 0.01
MPa of a portable measuring stand (Fig. 3b). The
flow rates were determined using a volumetric
water meter with a division value of 0.1 dm® as
part of the stand (Fig. 3¢) and a stopwatch.

Research results. Analysis of the Ukrainian
market of anolytes ANK revealed the presence of
6 varieties: “Aquasalis”, “Krystal”, “Secobren”,
“Sterilox”, “Vitalmix”, and “Allsteril” (Fig. 4).
The production capacity of these anolytes ranges
from 0.3 to 0.8 m*/h.

Fig. 3. Technical means of research:

a — container with a pump inside for preparing the flushing solution and a line for pumping the solution
into the pipeline; b — portable test stand with taps, a pressure gauge, and a water meter (also serves as
a line for pumping the working solution into the pipeline); ¢ — volumetric water meter
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Fig. 4. Neutral anolytes ANK of Ukrainian production:

a— “Aquasalis”; b — “Krystal”; ¢ — “Secobren”; d — “Sterilox”; e — “Vitalmix™; f — “Allsteril”
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Studies of the changes in the physicochemical
properties of anolytes produced in Ukraine at
different degrees of dilution with water allowed us to
conditionally divide them into two groups according
to the similarity of the main parameters (TDS, ppm,
pH and ORP, mV) both in the initial state and after
dilution with water in ratios from 1:5 to 1:50.

Table 1 shows changes in TDS, ppm, pH and
ORP, mV of anolytes “Aquasalis”, “Krystal”, and
“Secobren” (first group), Table 2 shows changes

in anolytes “Sterilox”, “Vitalmix”, and “Allsteril”
(second group).

As can be seen from the data presented in
Table 1, despite the significant difference in the
initial TDS values, the anolytes of this group
have a pH close to neutral and an ORP exceeding
+800 mV. It is especially important that even at
high dilution rates with water (1:40), their ORP
exceeds +750 mV, which will positively affect
the bactericidal activity of their solutions.

1. Change in TDS, pH and ORP parameters of anolytes “Aquasalis”, “Krystal”,
and “Secobren” depending on the degree of their dilution with water
(water characteristics: TDS, ppm =211 pH = 7.5; ORP, mV =256 mV; T. deg. C° =23.4)

Name “Aqua Salis” “Krystal” “Secobren”
Dilu- | TDS, | pH | ORP, TDS, pH ORP, TDS, pH ORP,
tion ppm mV ppm mV ppm mV
0 236 6,5 890 512 6,3 914 311 8,1 822
1:5 568 7,0 835 378 6,6 862 524 7,9 803
1:10 403 7,1 819 283 6,8 823 440 7,7 802
1:20 317 7,3 805 251 7,1 805 340 7,7 792
1:40 268 7,5 763 242 7,2 763 283 7,7 774
1:50 258 7,5 767 239 7,3 651 271 7,7 748
2. Change in TDS, pH and ORP parameters of anolytes “Sterilox”,
“Vitalmix”, and “Allsteril” depending on the degree of their dilution with water
(water characteristics: TDS, ppm =226 pH = 7.4; ORP, mV =251 mV; T. deg. C° = 24.5)
Name “Sterilox” “VITAMIX” “Allsteril”
Dilu- | TDS ORP. TDS ORP. TDS ORP.
tion ppm, pH mV’ ppm, pH mV’ ppm, pH mV,
0 446 6,2 892 492 6,3 850 211 6,0 845
1:5 270 6,6 856 969 7,2 772 512 6,4 763
1:10 239 7,0 801 632 7.4 732 365 7,3 679
1:20 228 7,2 770 443 7,5 618 296 7,4 553
1:40 225 7,2 691 342 7,6 520 260 7,5 472
1:50 223 7,2 482 312 7,6 480 231 7,5 428

From the analysis of the data given in Table
2 it is clear that, despite the similar initial TDS,
pH and ORP indicators when compared to the
anolytes of the first group, in the anolytes of
the second group, when diluted with water in
proportions higher than 1:20, the ORP decreases to
+770 mV in (“Sterilox”) and lower —to + 618 mV
in “VITAMIX”, and to + 553 mV in “Allsteril”,
which will negatively influence the bactericidal
properties of their solutions. Therefore, the
dilution of anolytes of the second group when
used for washing emitters and irrigation pipelines
of drip irrigation systems should not be more than
1:20, while for the anolytes of the first group, the
dilution can be carried out in a ratio of 1:40.

The study of changes in the main characteristics
(TDS, ppm, pH and ORP, mV) of the anolytes
ANK “Krystal”, “Sterilox”, and “Allsteril” over

time showed that they retain their properties for
a fairly long time (20 days) (Fig. 5). Fig. 5a shows
that with a significant difference in the total salt
content of the studied anolytes (from 200 to 1000
ppm), the nature of changes in this indicator
over time is almost unchanged. Changes in the
pH and ORP values for the anolytes (Fig. 5b, 5¢)
are more significant compared to the salt content,
but these changes not only do not worsen, but on
the contrary, due to the increase in ORP, improve
the bactericidal effect of the anolytes. This gives
reason to believe that it is possible to store
anolytes for a relatively long time and deliver
them to drip irrigation systems directly from
manufacturers, which significantly improves
the possibilities of using anolytes ANK to clean
emitters and pipelines of drip irrigation systems
from contaminants of biological origin.
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Fig. 5. Time-dependent changes in TDS, ppm (a); pH (b) and ORP, mV,
of the anolytes ANK “Krystal”, “Sterilox”, and “Allsteril”

The feasibility of using anolytes ANK to clean
emitters and pipelines of drip irrigation systems
from contaminants of biological origin was
substantiated based on the results of laboratory
and field studies conducted in 2024-2025.

Laboratory studies in 2024 included
a comparison of the effectiveness of flushing
drip tape emitters with sodium hypochlorite
“Akvador” (PRC) with an active chlorine content
of 15 %, and anolytes “Krystal” and “Secobren”.
Flushing was carried out in two stages: in the
first stage, the concentration of the solutions
was 1% at pressures from 0.025 to 0.1 MPa, in
the second stage, the concentration was 5% at
pressures from 0.15 to 0.3 MPa. Before flushing,
one of the samples was filled with “Akvador”,
the second one — with “Krystal”, and the third
one — with “Secobren”. All samples filled with
these substances were kept for 48 hours, after
which they were flushed with water at pressures
from 0.025 to 0.3 MPa. The results of laboratory
studies confirmed high flushing ability of
environmentally safe anolytes “Krystal” and
“Secobren”, which is not inferior to the washing
effect of environmentally dangerous hypochlorite
“Akvador” (Table 3) [19].

These results were confirmed by laboratory
studies conducted in 2025 on the pressure-flow
characteristics of pipelines with 20 emitters
“before” and “after” flushing with 15 % sodium
hypochlorite “AquaDoctor” (Fig. 6a) and
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anolyte “Krystal” (Fig. 6b). The flow rate of
the pipeline after flushing with hypochlorite
“AquaDoctor”, depending on the pressure,
increased by 17.6-52.3%, and with anolyte
“Krystal” — by 23.7-92.0%. In this case, the
pressure-flow characteristics of pipelines with 20
emitters before and after flushing in the pressure
range of 0.075—-0.2 MPa are approximated by the
dependencies shown in Fig. 6.

The results of field research conducted in 2024
in the POA “UKRAINE”, Boryspil district, Kyiv
region, Ukraine, on the quality of flushing the
pipelines of the subsurface drip irrigation system
with anolytes ANK “Krystal” and “Secobren”
and 15% hypochlorite “AquaDoctor” showed
comparable results of the quality of flushing with
all three tested substances. Visual analysis of the
condition of the inlet filters of the emitters of
the drip irrigation pipelines “before” and “after”
flushing showed a high degree of cleaning of the
emitters with anolytes (Fig. 7) [19].

During field research in 2025 on the
subsurface drip irrigation system of the “GRASS
AVENUE” FG, Zhytomyr district, Zhytomyr
region, Ukraine, the flushing effect of anolyte
ANK diluted with irrigation water in a ratio of
1:30 was determined by the changes in the flow
rate of two pipelines at a nominal pressure of
0.017 MPa “before” and “after” flushing. The
flow rate of both pipelines before flushing was
382 I/h. After flushing the pipelines with anolyte,
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Fig. 7. The emitters from the side of the inlet filter:
a — before washing; b, ¢ — after washing
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the flow rate of one of the pipelines increased to
390 I/h (an increase by 2 %), of the other one — to
395 1/h (by 3.5 %). At the same time, as in 2024,
a high degree of cleaning of the inlet filters of
the drip water emitters was visually observed
(Fig. 8a), as well as a significant increase in the
contamination of the drained water “before” and
“after” flushing with anolyte (Fig. 8b, 8c).

As a result of the research, an assessment
was made on the ability of Ukrainian producers
of anolytes ANK to meet the needs for cleaning
emitters and pipelines of drip irrigation systems
in Ukraine from pollution of biological origin.
The following initial data were adopted in the

E

calculations: the total area of drip irrigation systems
in the country is 50 thousand hectares; the required
volume of anolyte to fill irrigation pipelines on an
area of 1 hectare, depending on their diameters
and provided that the anolyte is diluted with
irrigation water in a ratio of 1:30 — 0.45...0.7 m’.
Accordingly, for a single flush (provided that 50 %
of drip irrigation systems need to be flushed) about
11.250...17.500 m* of anolyte ANK is required
per year. The existing total capacity of Ukrainian
production of anolytes ANK per day can reach
60 m®, which significantly exceeds the annual need
for them for the purposes of cleaning drip irrigation
systems from contaminants of biological origin.

.')&
v ks
X

b

Fig. 8: a — view of the emitters at the heads of both pipelines; b — drained water before flushing with
anolyte; ¢ — drained water after flushing with anolyte

Conclusions. It has been proven that
neutral anolytes ANK of Ukrainian production
are an environmentally safe and effective
alternative to the chemicals — chlorine, 15%
sodium hypochlorite, chlorine dioxide, and
hydrogen peroxide, which are currently used
to flush emitters and drip irrigation pipelines
from contamination of biological origin. It has
been established that from the point of view of
maintaining bactericidal activity and economic

efficiency, the rational proportion of dilution
with irrigation water of anolytes “Aquasalis”,
“Krystal”, and “Secobren” is 1:40, of anolytes
“Sterilox”, “Vitalmix” and “Allsteril” — 1:20.
It has been determined that the capacities of
Ukrainian producers of anolytes ANK are able
to satisfy the needs of farmers in the country
for carrying out measures to flush emitters and
drip irrigation pipelines from contamination of
biological origin.
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Anomayia. Jlocniodceno nepcnekmueu UKOPUCIAHHS GIMYUSHAHUX HeumpanvHux anonimie AHK 0ns
ouuuenHs emimepie i mpyoonposoodie cucmem KpaniuHHOZO 3POUIEHHS IO 3a0pPYOHEHb OI0N02IUH020
noxo0dicenHs. Busnaueno penaxcayivmi xapaxmepucmuxu imuusHAHUX HeumpanivHux anonimie AHK,
8CMAHOBNIEHO 3MIHU iX ocHoeHux xapaxmepucmux (TDS, ppm; pH; ORP, mV) 3anexcno 6i0 cmynemio
PO36€0eHHs. 800010, BUKOHAHO OYIHKY PUHKY MA NOMYHCHOCMEl BIMYUSHAHO20 SUPOOHUYMBA AHONIMIE
AHK. 3acmocosano nabopamophi, 1a60pamopHO-aHARimu4ti, NOIbOGI Ma MamemMamuro-cmamuc-
MUYHI NOPIGHATbHI MemMOoOU OOCIIONCEHb 3 BUSHAYEHHS e(heKMUBHOCME NPOMUBKU eMimepie I mpybonpo-
600i8 KpaniuHHO20 3pOUleHHsl eKonociuno be3neunumu Hetimpanvuumu anorimamvu AHK eimuusnanux
supoonuxie (“AQUA SALIS”, «Kpucmany ma «Cekobpeny) i exonociuno nedesneunum 15 % einoxno-
pumom Hampiio eupoonuymea KHP. Hasgnicms 6ionociuHoi KoMnoHenmu 3a0pyOHeHb 3 AC08y8anach 3a
oonomoezor Biypemoesoi peakyii. Bcmanosneno, wjo ompumantsa eqeKmusHux po3uuHie 0.5 NPoMUSKu
emimepis i mpybonpoeoois cucmem KpaniuHHO20 3POULeHH s 810 3a0pYyOHeHb OIONOSITUHO20 NOXOOICEHHS,
3 OBII ne menwum, nisie +750 MB , MOXMCIUBO 30 PO36EOEHHS NOTUBHOW 600010 GIMYUSHIHUX AHONIMIG
AHK “Aquasalis”, «Kpucmany i « Cexobpeny ¢ nponopyii 1:40; “Sterilox”, “Vitalmix” ma «Allsteril” —
6 nponopyii 1:20.

Ompumaro 6i3yanvHi i KiNbKICHI NOKAZHUKU SAKOCMI NPOMUBKU emimepie i mpyoonposoodie Kpaniuu-
HO20 3pOouieHHs 8i0 3aOpyOHeHb 0i0N02IUH020 NOX00XHCEeHHs. B 1abopamopHux ymoeax 6U3HAUeHO, U0
sumMpama KpaniunHux mpyoonposodie 3 20-ma emimepamu, 3aCMiMeHUX OLOAOIYHUMU 3AOPYOHEHHIMU,
nicns npomusku cinoxnopumom “‘AquaDoctor”, 3anexcno 6i0 mucky, 3pocia Ha 17,6...52,3 %, anorimom
«Kpucmany — na 23,7...92,0 %. [Ipomuska 8 nonvogux ymogax mpybonpogooie KpaniuHHo20 3pOueHHs
00862cunot0 136 m 3 340 emimepamu anorimamu AHK npuzeena 0o 30invuentsn sumpam 00H020 mpyoonpo-
600y Ha 8 /200, iHwoeo — Ha 13 1/200.

Bcmanosneno, wo netimpanvui anonimu AHK ¢imuususano2o supobHuymea € eqpekmueHor i eKoio2iuHo
Oe3neunor atbmepHamueor Ximivnum pevosunam (xaopy, 15 % einoxnopumy nampiio, diokcudy xiopy
i nepokcudy 800H10), SIKI CbO2OOHT BUKOPUCTIOBYIOMbCA OISl NPOMUBKU emimepis i mpybonpoeodis Kpan-
JUHHO20 3POULEHHSL 810 3A0PYOHEHb OI0NI02IUH020 NOXOONCEHHS. BusHaueno, wo 8imuusHaHi NOMYNCHOCMI
supoornuymea anonimie AHK cnpomooichi 3abe3newumu nompedu YKpaincbKux azpapiié 01s npomMusKu
emimepis i mpybonpo6odie KpaniunHo20 3POULeHHS.

Knruosi cnosa: cucmemu KpaniunHo20 3pOwieHHs, KpanauHHi 60008UNYCKU, 3a0pYOHeHHs OI0N02IYH020
NOX00JICEeHHsl, NPOMUBKY, eNeKMPOXIMIYHO AKMUBOBAHI HU3LKOKOHYEHMPOBAHI CONbOGI PO3UUHU, AHOIN,
2INOXa0pum Hampiio
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Abstract. In this scientific study, the parameters of irrigation regimes, evapotranspiration (ETc) values,
and potato yields were experimentally determined depending on irrigation methods and water supply
regimes. To conduct the study, a short-term (2023-2025) field experiment, analytical and statistical methods
of experimental data processing were used. It has been proven that the method of laying irrigation pipelines
for drip irrigation systems, the method of irrigation, and the water supply regime have a significant impact
on evapotranspiration, soil water regime, and potato tuber yield in the Polissya region of Ukraine. Thus,
the amount of evapotranspiration of plantings varied depending on the water regime: 2,20-2,5 Ithousand
m%ha in non-irrigated conditions,; 4,47-5,31 thousand m’/ha in the case of underground placement of
irrigation pipelines (at a depth of 0,30 m), 4,72-5,61 thousand m*ha for drip irrigation with periodic
water supply, and 4,30-5,17 thousand m*/ha for drip irrigation with pulsed water supply. Under sprinkler
irrigation, evapotranspiration was highest, ranging from 5,80 to 6,24 thousand m’/ha over the years of the
study. It is natural that without irrigation, the lowest yield of marketable tubers was obtained — 43,4 t/ha,
and the factor of “irrigation” in combination with fertigation increased this indicator by an average
of 1,5 times — to 65,15 t/ha. The increase in tuber yield with drip irrigation with periodic and pulsed
water supply was statistically significant: up to 66,4 t/ha and 70,4 t/ha, respectively. Under conditions of
sprinkler and subsurface drip irrigation, 60,8 t/ha and 62,7 t/ha were obtained, respectively. The minimum
specific irrigation water consumption was obtained with drip irrigation with a pulsed water supply mode —
67,6 m*t, respectively. The highest water consumption coefficient was for sprinkler irrigation — 100,4 m™/t.
Thus, when growing potatoes in the Polissya region of Ukraine, it is more expedient to use drip irrigation,
preferably with a pulsed water supply mode, and in conditions of acute water shortage for irrigation, drip
irrigation with underground installation of irrigation pipelines.

Keywords: irrigation methods, soil water regime, pulsed water supply, evapotranspiration, water
consumption coefficient, yield, potatoes

Relevance of the research. Potato (Solanum
tuberosum L.) is traditionally one of the main
agricultural crops in Ukraine in terms of acreage
and consumption. During 2023-2025, the area
under this crop ranged from 1,05 to 1,33 million
hectares, and the gross annual harvest of tubers
ranged from 17,54 to 21,36 million tons. On the
one hand, these volumes are sufficient to cover the
domestic market, but due to the lack of sufficient
modern vegetable storage facilities, Ukraine
is forced to import potatoes from EU countries
(Poland, Lithuania, Germany, the Netherlands)
and Egypt every year [1].

Given the physiological characteristics of
potatoes, namely, the cessation of tuber growth
at air temperatures above +27-29 °C, the most
favorable soil and climatic zones for their

© Scherbatiuk M.V., Shatkovskyi A.P., 2025

cultivation in Ukraine are Polissya and Forest-
steppe zone of Ukraine. For example, about 75 %
of all potato acreage is located here. Another
critically important feature of potato physiology
is its demanding water requirements. The average
water consumption coefficient of potatoes is over
90-100 m’/t. At the same time, the amount of
effective (over 5 mm) precipitation during the
growing season within 200-300 mm ensures
a potato yield of no more than 20-30 tons/ha.
Therefore, irrigation is a mandatory element in
modern technologies for growing this crop in all
soil and climatic zones of Ukraine [2]. Practice
shows that today, the implementation of various
methods of potato irrigation, such as sprinkling
and surface drip irrigation, provides relevant
efficiency. For Ukrainian conditions, subsurface
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drip irrigation and drip irrigation with a pulsed
water supply mode are relatively new methods of
potato irrigation [3, 4]. The principle of pulsed
water supply, unlike periodic irrigation, involves
the discrete supply of irrigation water to the
area of plant root system concentration in short
cycles (pulses) of fixed or variable duration in
accordance with the actual transpiration of plants.

Thus, applied scientific research on
determining the parameters and effectiveness of
irrigation methods and water supply modes for
potatoes in the Polissya region of Ukraine is new
and quite relevant today.

Analysis of recent studies and publications.
Over the years, the issue of optimizing the
water regime of potato soil in Ukraine has
been most thoroughly researched at three
scientific institutions: the Institute of Irrigated
Agriculture of the National Academy of Agrarian
Sciences (now the Institute of Climate-Oriented
Agriculture of the National Academy of Agrarian
Sciences), the Institute of Hydrotechnics and
Land Reclamation of the NAAS (now the Institute
of Water Problems and Land Reclamation of the
NAAS), and the Institute of Southern Vegetable
and Melon Growing of the NAAS (currently
located on the temporarily occupied territory
of the Left Bank of the Kherson Region, in the
city of Hola Prystan). At the first stage (1970s-
1990s), Ukrainian scientists established the
optimal parameters of the water regime for
potatoes under sprinkler irrigation. The greatest
contribution in this regard was made by scientists
from the Institute of Irrigated Agriculture —
E.M. Gorbatenko, V.A. Pysarenko, M.S. Boiko,
P.V. Matsko, G.S. Balashova, and others [5, 6,
7]. Since the 2000s, domestic scientists (V.A.
Pysarenko, I.P. Bugayeva, V.S. Snigovyi, M.L
Chernichenko, Yu.O. Lavrinenko, P.V. Pysarenko,
O.I. Golovatskyi, S.M., Romashchenko M.IL.,
Shatkovsky A.P., Yatsyuk Z.F., Kapelyukha
T.A., Lymar V.A., Shabunin [.M.) studied both
the effectiveness of drip irrigation in potato
cultivation and compared different irrigation
methods in the conditions of the Ukrainian
Steppe [2, 8—14]. The general conclusion of these
scientific studies is that drip irrigation (compared
to sprinkler and micro-sprinkler irrigation) is
proven to be effective for growing potatoes in the
southern region of Ukraine.

At the same time, there have been almost
no studies on potato irrigation in the Polissya
region of Ukraine to date. Against the backdrop
of drip irrigation, research was conducted under
the leadership of Veremeyenko S.I., but the main
subject of study was the effect of fertigation on
potato yield [15]. The need for such research
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is further emphasized, on the one hand, by the
increasing aridization of the climate [16] and, on
the other hand, by the actual gradual introduction
of irrigation in the Polissya region of Ukraine,
especially in the Zhytomyr, Kyiv, and Chernihiv
regions. In this context, the most relevant are
the studies conducted by Polish scientists from
the Faculty of Agriculture and Biotechnology
at the University of Science and Technology in
Bydgoszcz during 2011-2013 [17]. Based on the
results of a two-factor experiment, they determined
the water requirements of potato plants and found
that drip irrigation increased the marketable yield
of tubers by 55 %. The effectiveness of fertigation
compared to the application of mineral fertilizers
was also confirmed. Other comprehensive studies
in Poland (2007-2009) have proven the positive
effect of drip irrigation and fertigation on the yield
and some quality elements of potato tubers [18].

The aim of the study was to prove and
evaluate the impact of irrigation methods and
water supply regimes on soil water regime,
evapotranspiration, and potato yield in the
Polissya region of Ukraine.

Materials and methods. Field experiments
were conducted under production conditions
on irrigated lands of Agrofirma Kyivska LLC
(Makovysche village, Bucha district, Makariv
territorial community, Kyiv region, Polissya zone
of Ukraine, Google maps coordinates 50.465494,
29.855753) during 2023-2025. The two-factor
field experiment included the following options:
sprinkler irrigation, drip irrigation with periodic
water supply, drip irrigation with pulsed water
supply, and subsurface drip irrigation with
irrigation pipes laid in the center of the ridge
at a depth of 0,30 m. The control option was
natural moisture supply without irrigation. The
study was conducted using standard methods:
systematic plot placement, four repetitions, and
a plot area of 32 m? [19, 20]. The Granada potato
variety (early maturing table variety, originator —
Solana GmbH & Co. KG, Germany) was used.
The planting pattern was 75+75 X 15 cm with
irrigation pipes laid in the center of the ridge. The
predecessor crop was field peas (Pisum sativum).

The soil of the experimental plot was gray
podzolized sandy loam on loess. The density of
its 40-centimeter layer was 1,49 g/cm? , humus
content — 0,51 %, pH = 4,1, soil nitrogen content
is very low, mobile forms of phosphorus are high,
potassium — average. The minimum moisture
content of the arable soil layer (0-30 cm) is
20,15 % of the mass of absolutely dry soil, and
that of the 0—100 cm soil layer is 18,33 %.

The amount of productive precipitation
during the growing season (May-first ten days
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of September) for potatoes varied over the years
of research. In 2023, it was 188 mm, which is
71,8 % of the climate norm, in 2024 — 198,3 mm
or 75,0%, and in 2025 — 211.6 mm or 80,9 % of
the climate norm. The pre-irrigation moisture
level in a 30 cm layer of soil was —18 kPa. To
determine the timing of irrigation, we used
the mMetos Base digital internet station with
Watermark 200 SS sensors [21], as well as
AQUAMETER PRO tensiometric sensors [22].
Statistical analysis of the results was performed
using dispersion, correlation, and regression
methods with the Statistica 8.0 program.

Research results and discussion. The study
experimentally confirmed the direct influence of
the irrigation method, and in fact, the method
of distributing irrigation water within the field
and the transformation of water flow into soil
moisture, on the formation of the soil water
regime. In particular, the irrigation method
had a significant effect on the irrigation regime
(timing, amount, and frequency of irrigation),
evapotranspiration, yield, and water consumption
coefficient of potatoes (Table 1).

The largest number of vegetative irrigations
were carried out using pulse drip irrigation —
237 with an average rate of 1012 m’/ha. These
parameters correspond to the principle of pulse
water supply (discrete irrigation in short cycles
(pulses) of fixed or variable duration in accordance
with the actual transpiration of plants). Under
conditions of periodic water supply, 38 irrigations
were carried out using drip irrigation at a rate of
80 m'/ha. Potatoes required fewer irrigations with
sub-soil irrigation — 27 with an average rate of
about 100-105 m3/ha. The smallest number of
irrigations was with sprinkler irrigation — 13, but
this method resulted in the maximum irrigation
rate: 283 m®/ha due to the need to moisten the
entire area and moisture losses due to evaporation
during irrigation.

The total volume of irrigation water (irrigation
rate) required to maintain the pre-irrigation
threshold (—18 kPa) was close in value for
subsurface and drip irrigation with a pulsed

water supply mode —2,76 thousand m*/ha and
2,66 thousand m* ha, respectively. A significantly
higher rate was observed for drip irrigation with
periodic watering — 3,05 thousand m3/ha. In turn,
sprinkler irrigation increased the irrigation rate
by 1,3-1,5 times — up to 3,96 thousand m?ha.
The parameters of evapotranspiration (ETc) of
potato plants varied similarly. Lower values
were characteristic of drip irrigation options
(4,77-5,18 thousand m3/ha), and the maximum
ETc was for sprinkler irrigation — 6,08 thousand
m’/ha. On average, irrigation increased
evapotranspiration by 2,25 times compared to
non-irrigated conditions, where ETs was limited
by productive precipitation and soil moisture
reserves and amounted to 2,33 thousand m?/ha.

The minimum specific irrigation water
consumption was obtained when implementing the
drip irrigation option with a pulsed water supply
mode — 67,6 m'/t, respectively. The relevant water
consumption coefficient was for drip irrigation with
periodic watering and subsurface drip irrigation —
78,0 m3/t and 78,2 m*/t, respectively. The highest
water consumption coefficient was for sprinkler
irrigation — 100,4 m?t. In the control group, this
indicator averaged 53,7 m3/t over three years.

It has been proven that irrigation is a key
factor in intensifying potato productivity in the
Polissya region of Ukraine. It was found that
irrigation combined with fertigation (compared
to the control — without irrigation, 43,4 t/ha)
increased the yield by an average of 1,5 times —
to 65,15 t/ha (Fig. 1).

The yield of tubers in non-irrigated
conditions varied greatly over the years of the
study, depending on the regime and amount of
productive precipitation: from 37,1 t/ha in 2024
to 53,7 t/ha in 2023. In turn, irrigation ensured
consistent productivity, and this indicator varied
within narrow limits over the years of the
study: 57,9-64,3 t/ha for sprinkler irrigation,
61,4-64,5 t/ha for subsurface drip irrigation,
66,3-68,7 t/ha for drip irrigation with periodic
water supply, and 68,5-72,25 t/ha for drip
irrigation with pulsed water supply.

1. Irrigation regime, evapotranspiration, and water consumption coefficient (WCC) of potatoes
depending on the irrigation method (average for 2023-2025)

Irrigation Water supply | Number Irr:g‘;l;lon Evapotranspiration WCC,
method regime of watering o /h; (ETc), m*/ha m’/t
Subsurface drip Periodic 27 2765 4902 78,2
Drip Pglse’ 237 2663 4746 67,4
Periodic 38 3048 5179 78,0

Sprinkling Periodic 14 3962 6079 100,0
Control — — — 2329 53,7
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Fig. 1. Yield of marketable potato tubers depending on the irrigation method
(average for 2023-2025) MDD ;= 3,15 t/ha

A statistically significant (MDD 5= 3,15 t/ha)
increase in tuber yield was observed with drip
irrigation with periodic and pulsed water supply:
up to 66,4 t/ha and 70,4 t/ha, respectively. Under
conditions of sprinkler and subsurface drip
irrigation, 60,8 t/ha and 62,7 t/ha were obtained,
respectively.

Based on averaged experimental data on
evapotranspiration and potato yield, a statistical
relationship between evapotranspiration
and yield was obtained. This relationship is
actually a response curve to a single-factor field
experiment and consists of three parts: limiting,

stationary (optimal), and inhibitory (excessive).
The coefficient of determination R?> = 0,764
indicates a stable relationship between these
values. It has been established that the limiting
area of the curve corresponds to the control
variant of the experiment — without irrigation;
the stationary part (optimum zone) corresponds
to three variants with drip irrigation (subsoil,
surface, and impulse drip), and the inhibitory part
(excess zone) corresponds to sprinkler irrigation
(Fig. 2).

The established statistical dependence
between evapotranspiration and yield is not
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70 ¢

60 * @
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g 40 " y= -4E-06x2+ n'ﬂ'-'lﬁﬁv -7!]'772
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Fig. 2. Dependence of “Evapotranspiration — Yield” for potato cultivation
in the Polissya region of Ukraine
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stable from an agrobiological point of view, since
there are agrotechnological and breeding-genetic
possibilities for increasing potato yield with
the same plant evapotranspiration values.
Therefore, the main task of future research
on evapotranspiration processes is to reduce
unproductive water consumption (for physical
evaporation and infiltration into lower soil
horizons) while increasing the productivity of
potato plants.

The results obtained are generally consistent
with the data obtained in a study by Polish
scientists [17]. In particular, drip irrigation
increased the marketable yield of potato
tubers by 55%, and the water requirement
for irrigation during the growing season was
2,2 thousand m’/ha.

Conclusions. It has been proven that the
method of laying irrigation pipelines for drip
irrigation systems, the method of irrigation, and the
water supply regime have a significant impact on
evapotranspiration, soil water regime, and potato
tuber yield in the Polissya region of Ukraine. The
most optimal for potatoes in these conditions is
the introduction of drip irrigation with a pulsed
water supply regime. This ensures minimum
specific irrigation water consumption and a yield of
marketable tubers of over 70 t/ha. The option with
underground irrigation pipelines provided almost
identical irrigation water consumption parameters
during the growing season, but the yield decreased
by 10,9% or 7,7 t/ha. This irrigation method is
advisable to implement as a strategy for integrating
potatoes into field crop rotation.

Conflicts of interest: the authors declare no conflict of interest.
Use of artificial intelligence: the authors confirm that they did not use artificial intelligence

technologies during the creation of this work.
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BOJHWM PEXXKAM IPYHTY I BPOXKAWHICTH KAPTOILII )
3A PI3BHUX CIIOCOBIB 3POIIEHHSA B YMOBAX ITOJICCA YKPAIHHU
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Anomauia. YV nayxogomy 00cniodicenni eKkcnepumeHmaibHo GUSHAYEHO NaApamempu pelcumis 3pouleHns,
senuuunu eeanompancnipayii (ETc) ma epoocatinicms kapmonii 3an1eicHo 6i0 cnocodié 3poutenHs
ma pesxcumy 600onooaui. 3 memoio peanizayii 00CHNIONHCEHHA BUKOPUCTNAHO KOPOMKOMEPMIHOBUL
(2023-2025 pp.) nonvosuti 00Cio, aHALIMU4HL I CIMAMUCIMUYHE MEMoou 0OPOOKU eKCnepUMEHMAIbHUX
Ooanux. Jloedero, wjo cnocib yKiadauHs NOIUGHUX MPYOONPOE00ie cucmem KpaniuHHO2O 3POUICHHS,
cnocib 3poutenns ma pevicum 8o0onodayi ()ocmoeipHo BNAUBAIOMb HA €8aANOMPAHCNIPAYilo, 800HULL
pedicum Ipynmy ma 6p09fcaqucmb 6ynv6 kapmoni 6 ymogax Iloniccs Yxpainu. Tax, éenuuuna esanompan-
cnipayii nacaddicenb 6apilosana 3a1exicHo 6i0 600H020 pexcumy: 2,20-2,51 muc. m*/ea y nespowyeanux
ymosax, 4,47-5,31 muc. M*/2a y pazi 6HympiuHbOIPDYHIMOBO20 POIMIWEHHS NOTUSHUX MPYOONPOB0JIs (Ha
anubuni 0,30 m), 4,72-5,61 muc. m’/2a 3a Kpaniunno20 3pouLents 3 NePiOOUUHUM PEeNCUMOM B0OONOOAUL
ma 4,30-5,17 muc. M>/ea — 3a KpANIUHHOLO 3POWEHHS 3 IMIYIbCHUM DENCUMOM 8000Nn00ayi. 3a ymosu
3POULEeHHsT OOWYBAHHAM esanompancnipayis 6yna Hausuwoio i cmanosuia 6i0 5,80—6,24 muc. m’/ea 3a
PpoKamu 00CniOdHceHHs. 3aKOHOMIPHO, Wo 0e3 3pOoulents OMPUMANHO HAUHUNCUUL PIBEHb BPOANCAUIHOCTI
moegapnux Oynvo —43,4 m/ea, a paxmop «3powieHHsA» Yy NOEOHAHHI 3 hepmueayicio 30inbuLy6aes yeti NOKA3HUK
6 cepeonvomy y 1,5 pasu — 0o 65,15 m/ea. Cmamucmuuno 00cmogipnum 6yn0 30i1bUeHHs 6PONHCAUHOCNT
0yIb0 34 KPANIUHHO2O 3POULCHHS 3 NEPIOOUMHUM A IMIYICHUM PEXCUMOM 6000nodaui: 0o 66,4 m/ea
i 70,4 m/2a 6ionosiono. 3a ymoe 00wyy8anHs ma HYmMpilHbOTPYHMOBO20 KPANIUHHOZ0 3DOULEHHST OMPU-
mano 60,8 m/ea i 62,7 m/ea 8i0nogiono. Minimanbhi numomi eumpamu 3pouty8aibHol 600U OMPUMAHO
3a peanizayii 6apianmy KpAnIuHHO20 3POUWEHHS 3 IMIYIbCHUM PENCUMOM 6000n00aui — 67,6 m>/m 6iono-
6iono. Hatieuwum xoegpiyicnm eooocnooicusantst 6ye onst ymos oougysanns — 100,4 ym*/m. Taxum wunom, 3a
supowyeantsi kapmonii 6 ymosax Iloniccs Yxpainu ooyinvriue 6nposadicysamu Kpaniunie 3pouteHis,
NepPesadtCHO — 3 IMIYIbCHUM PENCUMOM B000ON00AY, d 3 YMOBU 20CMPO20 0eiyumy 800HUX pecypci Ol
3POUEeHHs — KPANIUHHE 3POUWEHHS. 3 BHYMPIUWHbOTPYHMOBUM YKIAOAHHAM NOTUBHUX MPYOONpPo600is.
Knwouoei cnosa: cnocobu 3poutenns, G0OHUI pedCUM IPYHMY, IMRYILCHUL DpedlcuM 6000n00aui,
esanompancnipayis, xoeiyieHm 6000CNONCUBAHHS, BPOAHCAUHICb, KAPMONIA
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Abstract. The article presents the results of the development and scientific substantiation of the
technology of cavitation activation of natural zeolites of the Sokyrnytske deposit (Transcarpathian region)
and the Nyzhnohrabovetske deposit (Slovakia) to significantly increase their sorption capacity for heavy
metal ions (Pb, Cd, Zn, Cu, etc.), radionuclides (**’Cs, *’Sr) and nitrogen compounds (nitrates, ammonium,).
The use of hydrodynamic cavitation in a Venturi tube and a modified ejector-cavitator is proposed as an
environmentally safe, energy-efficient and reagent-free method of modifying sorbents, which fully complies
with the principles of green chemistry and the objectives of the Water Strategy of Ukraine until 2030.

A comprehensive CFD modeling (Ansys Fluent 2023 R2) with a multiphase VOF+URANS approach,
a Schnerr-Sauer cavitation model, and a discrete-phase model for estimating trajectories and collapse
of cavitation cavities was performed. The independence of the solution from the computational grid was
verified with more than 100 thousand elements. Single-phase and multiphase modelingswere compared.
The multiphase approach provides physically realistic values of pressure (up to 215 atm) and temperature
(~800 K) of cavity collapse, while the single-phase approach significantly overestimates these parameters,
but is suitable for quick qualitative assessment and preliminary optimization of geometry and operating
modes.

The optimal inlet pressure of 7 bar was established, having which the maximum intensity of the cavitation
effect is achieved with minimal energy costs. A hybrid optimization strategy was developed, which consists
of the initial rapid screening of promising designs by single-phase modeling with subsequent detailed
multi-phase analysis of the best options.

Based on the results of modeling the operating modes of the ejector-cavitator, its optimal design and
technological parameters were obtained. Using the obtained data, a laboratory recirculation unit (volume
20 1, pump 1,1 kW, pressure regulation up to 10 bar) and an ejector-cavitator design for manufacturing
by 3D printing from cavitation-resistant Spectrum PP polypropylene will be created. The obtained results
are a scientific and technical basis for making highly efficient sorption materials and water purification
technologies with high potential for industrial scaling.

Keywords: cavitation, zeolites, sorption, heavy metals, radionuclides, nitrogen compounds, Venturi
tube, adsorption isotherms, Langmuir model, CFD modeling, particle size analysis
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Relevance of the research. Pollution of
natural and wastewater with heavy metals (Pb,
Cd, Zn, Cu, etc.), radionuclides (137Cs, 90Sr) and
nitrogen compounds (nitrates, ammonium) remains
one of the most acute environmental problems
of Ukraine, especially in regions of intensive
agriculture, industry and prone to the consequences
of the Chernobyl disaster. Natural zeolites of
Ukraine have significant potential as affordable
and environmentally safe sorbents. However,
their sorption capacity in the natural state is often
insufficient. Modification of zeolites by cavitation
allows to significantly increase the surface
activity, porosity and selectivity without the use of
expensive chemical reagents, which corresponds to
the principles of green chemistry and the objectives
of the Water Strategy of Ukraine until 2030.

Analysis ofrecentresearch and publications.
The issue of sorption water purification with
zeolites is actively studied both in Ukraine and
all over the world [1-4, 13]. High efficiency of
zeolites for Cesium-137, Strontium-90, heavy
metal ions and ammonium has been established.
At the same time, chemical (acid, alkaline),
thermal and mechanical activation are used
to increase the capacity [5, 6, 15]. Cavitation
technologies for water purification are being
developed separately [7, 14], however, the use
of hydrodynamic cavitation specifically for the
modification of natural zeolites has been almost
not studied yet. CFD modeling of cavitation
flows in Venturi tubes and ejectors is presented
in the works [8—12], but without connection to
sorbent modification.

Research objective. To develop
a scientifically based technology for cavitation
activation of natural Ukrainian zeolites using
a Venturi tube and a modified ejector-cavitator to
increase their sorption capacity for heavy metals,
radionuclides and nitrogen compounds, as well
as to create a laboratory unit and CFD models for
further optimization of the process.

Research objective. To develop a scien-
tifically based technology for cavitation activation
of natural Ukrainian zeolites using a Venturi tube
and a modified ejector-cavitator to increase their
sorption capacity for heavy metals, radionuclides
and nitrogen compounds, as well as to create
a laboratory unit and CFD models for further
optimization of the process.

2,610, 2™ 6.4°

\

20 mm

!

60 mm

(3]

Materials and methods of research. The
object of research is natural zeolites of the
Sokyrnytske deposit (Transcarpathian region)
and the Nyzhniy Grabovets deposit. The Ansys
Fluent 2023 R2 software was used for modeling
(k- SST turbulence models, Schnerr-Sauer
cavitation model, VOF+URANS multiphase
approach, discrete-phase model for cavity
trajectories). Venturi tube geometryis the
following: neck diameter is 2 mm, tube diameter
is 20 mm, narrowing/expansion angles are
22661°/664°. A laboratory recirculation unit has
been developed (tank volume 20 1, three-cylinder
pump 1.1 kW, pressure regulation up to 10 bar,
cavitation Venturi tube in the main line). An
gjector-cavitator for 3D printing made of
Spectrum PP polypropylene has been designed.

Research results and discussion. For the
study of modification methods, the flow through
a cavitation Venturi tube was considered the
most promising. The chosen geometry is shown
in Fig. 1. Several experiments were conducted
using this Venturi tube to verify the CFD model.

The diameter of the venturi tube orifice is
2 mm and the diameter of the tube is 20 mm. The
convergence angle of the venturi tube is 22,61°
and the divergence angle is 664°. The walls of the
converging and diverging sections are straight.
An additional length of 60 mm before the inlet
and 200 mm after the outlet was added to the
CFD model to obtain a fully developed flow and
to avoid any inlet or outlet effects.

When determining mesh dependencies the
modeling was performed when using different
mesh sizes to provide an independent solution.
The geometry was divided into meshes with 14 k,
40k, 60 k, 70 k, 100 k and 200 k elements. A repre-
sentative mesh is shown in Fig. 6 (a) below.

For a mesh with 70 k-elements and higher, the
average value was below 1, which is sufficient
for the resolution of the viscous sublayer.
A comparison of the velocity profiles in the
Venturi orifice is shown in Fig. 2(b). It was found
that the solution was not mesh dependent beyond
100 k-elements, hence this mesh is a discrete-phase
model. After the turbulence model was completed,
steady-state modeling was performed for a range
of venturi inlet pressures considering single-phase
flow. The cavitation model was not included in
the modeling. It was noted that the single-phase

< >
< >

200 mm

Fig. 1. Schematic diagram of a venturi tube
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Fig. 2. Typical mesh for a Venturi tube (a), Comparison of velocity profiles in the orifice
for different mesh sizes (b)

model significantly overestimated the flow rate for
the corresponding inlet pressure.

The maximum velocity and turbulent kinetic
energy in the flow area were high. Fig. 2(a) and
(b) show the velocity and turbulent kinetic energy
plots for an inlet pressure of 7 bar. Since the
cavitation model is not included, the predicted
pressure in the orifice is lower than the vapor
pressure and even reaches negative values, which
is unrealistic. In the single-phase model, the
phase transition is not considered, and since there
is no energy loss during the phase transition, the
pressure energy is completely converted into
kinetic energy, which leads to high velocities and
therefore high flow rates. Thus, it is necessary
that the cavitation model matches the mass flow
rate and pressure drop relationship.

The multiphase CFD modeling was performed
using the URANS (finite difference method for
convergence) approach. The time step size was
107¢s. It was observed that the flow in Venturi tube
initially fluctuated and stabilized after some time,
as shown in Fig. 3. (d) The Y-axis indicates the
normalized average flow rate through the orifice

of Venturi tube as a function of time. The modeling
was considered complete when the inlet and
outlet flows were stabilized and no fluctuations
in flow rate were observed with respect to flow
time. This damping of flow fluctuations could be
a result of the URANS modeling approach, and
what is obtained as a stable result is the average
flow through the orifice of Venturi tube. There
may be some changes in the cavity dynamics at
the lowest and highest flow through the orifice due
to flow fluctuations, which are not considered in
this study. However, the average behavior of the
cavity dynamics is expected to be similar to that
predicted one by the current model. Typically,
the flow was found to stabilize after 0,5-0,7 s.
The fluctuation frequency ranged from 30 to
100 Hz, depending on the inlet pressure. The
fluctuation frequency gradually decreased and
the fluctuation amplitude increased as the inlet
pressure increased.

The modeling data were also validated using
measured pressure drop and flow rates. The flow
velocity in the multiphase model is much lower
compared to the single-phase model, so the

V-Vavg (m/s)

(b)

2.00€-01

5.00E-02

1.00€-01
Flow Time (s)

1.50E-01

—Pin=3 —Pin=5 —Pin=7 —Pin=15 —Pin=30

©

Fig. 3. Plots of (a) velocity, m/s and (b) turbulent k2inetic energy, m?/s* for single-phase
CFD modeling when having P;, = 7 bar, (c) oscillatory flow in the orifice
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velocity and kinetic energy in the flow area are
also lower. Cavitation is observed in the diverging
section of Venturi tube, just downstream of the
orifice, with maximum vapor fractions observed
near the orifice wall. The velocity plot contours,
turbulent kinetic energy, and vapor volume
fraction are shown in Fig. 4.

After obtaining convergent results in the CFD
modeling, about 75 particles was introduced onto
the isosurface, at the distance of 2 mm before
Venturi orifice. The trajectory plot is shown in
Fig. 5. The pressure data depending on the particle
flow time were plotted along these trajectories.
These data were used as the volume pressure (p)
surrounding the cavity at time ¢. The initial cavity

(3]

radius (R,) when =0 was previously assumed
to be 1 pm.

Fig. 6 (a)—(c) shows the results of the cavity
dynamics model for the case when P,, = 10 bar.
The cavity gradually contracts through multiple
volume fluctations as it passes through the flow
area, and the maximum collapse pressure was
about 215 atm. The corresponding maximum
collapse temperature was about 800 K.

Similar studies were also conducted for DHM
introducing under single-phase flow modeling
conditions. In this case, the predicted collapse
pressure and temperature Tpawere very high
compared to the multiphase case. The results are
shown in the form of plots in Fig. 6 (d)—(f). These
values are unrealistic and should be considered

Fig. 4. (a) turbulent kinetic energy, m*/s% and (b) vapor volume fraction for multiphase CFD
modeling when having P,, = 7 bar, and (c¢) velocity contours, m/s

Fig. 5. DPM trajectories in the flow area, representing the paths of cavities

for qualitative comparison only. Such high
values of collapse pressure and temperature can
be explained by the very high pressure difference
at the inlet and in the orifice of the Venturi tube.
This means that the bubble in such a flow will
have a higher velocityin the orifice compared to
the multiphase modeling, and therefore higher
turbulence levels, which further contributes to
the unrealistic growth of a parameter (R/R0) and
more intense bubble collapse temperature and
pressure.

The collapse pressure values for all trajectories
were averaged. The average collapse pressure
was used to estimate the cavitation efficiency
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coefficient (CEC). Since CEC is directly
proportional to the collapse pressure value of
the cavity, the CEC values for the single-phase
modeling are unrealistically higher than those
observed in the multiphase simulation. CEC
is a parameter for comparing the theoretical
efficiency of a cavitation device. In this case, the
effect of the operating condition, i.e., the inlet
pressure, on CEC is shown in Fig. 7. A comparison
ofthe trends of CEC as a function of inlet pressure
for the single-phase and multiphase cases was
made. Due to the difference in the scale of the
values, the CEC values are normalized using the
volumetric flow rate (Q).
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Fig. 6. (a)—(c) The results of the cavity dynamics model showing the change in relative cavity size,
cavity collapse pressure, and cavity collapse temperature for multiphase simulation;
(d)—(f) — the results of the cavity dynamics model for single-phase modeling
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for single-phase and multiphase cases
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Although the CEC values for the single-phase
modeling are unrealistically high, the trend for
the normalized CEC for both the single-phase
and multiphase cases is qualitatively similar,
indicating a correct representation of the physics
of cavitation flow.

Considering the multiphase case, it can be
concluded that an inlet pressure of 7 bar is the
optimal operating condition. The fact that the
results of the single-phase and multiphase models
are qualitatively similar, single-phase modeling
is much faster and numerically less expensive
compared to multiphase one. However, it is
necessary to properly account for the damping
and the lower value observed in multiphase
flow. Single-phase modeling can be used to
qualitatively determine the optimal design or
optimal operating conditions, and the multiphase
model can be run only for these optimal conditions
to obtain more accurate quantitative results.

Conclusions

1. Cavitation activation when  using
a Venturi tube and a modified ejector-cavitator
is a promising, environmentally safe and
energy-efficient method of increasing the sorption
activity of natural zeolites of the Sokyrnytske and
Nyzhnohrabovetske deposits in Ukraine, which
allows to significantly increase the porosity,
surface activity and selectivity of sorbents without
the use of chemical reagents, contributing to the
implementation of green chemistry principles
and compliance with the Water Strategy of
Ukraine until 2030. It also opens up opportunities
for industrial scaling in wastewater and natural
water purification systems from heavy metals,
radionuclides and nitrogen compounds.

2. The optimal inlet pressure to achieve
the maximum intensity of the collapse of
cavitation cavities is 7 bar, when the cavitation
efficiency coefficient (CEC) reaches its peak
value, ensuring a balance between high pressure
and collapse temperature (up to 215 atm and

(a)

(37]

~800 K in multiphase modeling) and minimal
energy consumption, which was confirmed by
a comparison of single-phase and multiphase
CFD modeling, as well as flow stabilization
without significant flow fluctuations.

3. Multiphase CFD modeling in view of the
phase transition (VOF+URANS, Schnerr-Sauer
model) is mandatory for accurate quantitative
estimation of cavitation flow parameters, such
as pressure and cavity collapse temperature,
while simplified single-phase modeling, despite
overestimation of velocity and turbulent kinetic
energy values, can be effectively used for initial
qualitative optimization of the geometry and
operating modes of cavitation devices, allowing
to reduce computational costs before conducting
detailed multiphase calculations.

Prospects for further research. Based
on the results of the modeling, it was decided
to use single-phase modeling of the modified
gjector-cavitator for the activation and
modification of zeolite. To select the cavitation
modes, a virtual model of the modified
ejector-cavitator was created, and hydrodynamic
modeling is currently being conducted using
Autodesk CFD Simulation software.

For laboratory studies on improving zeolite,
a schematic diagram of a laboratory unit was
developed, shown in Fig. 9. The unit has a 20-liter
tank attached to the suction line of a three-cylinder
positive displacement pump (to reduce flow
pulsations). There are baffles inside the tank to
avoid the formation of vortices and to entrain air
bubbles into the flow. The pump power is 1.1 kW.
The pump discharge line is divided into a main
line and a bypass line, which after a while merge
and are connected back to the tank, which is under
atmospheric pressure, forming a recirculation
circuit. The bypass line in the unit is mainly used
as a safety device to avoid excessive back pressure
on the pump. A cavitation Venturi tube is placed
in the main line. The flow rate through the main

A

¥
G -
P
L&

OR

Fig. 8. (a) — Simplified model of the ejector-covitator for hydrodynamic modeling; (b) — Flow
velocity distribution diagram of the hydrodynamic calculation of the ejector-covitator; number of
calculation cells is 913; inlet velocity of 7 atm and turbulent kinetic energy of 160,000 mm?/s?
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Fig. 9. Schematic representation of the experimental unit

and bypass lines is controlled by three control
valves. Pressure gauges are provided before and
after the cavitation device to measure the pressure
drop. The pump is equipped with a flow controller
in the VFD system. Water was passed through
Venturi tube at different inlet pressures and the
corresponding flow rates were measured.

It is planned to make a modified
ejector-covitator when using 3D printing from
Spectrum PP polypropylene using the FDM
printing method. Spectrum PP is a new material
with good mechanical properties, capable
of effectively resisting cavitation effects and
abrasion effects.

Conflicts of interest: the authors declare no conflict of interest.
Use of artificial intelligence: the authors confirm that they did not use artificial intelligence
technologies during the creation of this work.
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Anomauin. Y cmammi npedcmagieno pe3yiomamiu po3pooKu ma HAyKo8oeo OOIPYHMYSAHHS MEXHO-
ao0eii kasimayiunol axmusayii npupoonux yeonimie CoxupHuybko2o podosuwa (3axapnamms) ma
Huoicuvoepaboseyvkoco pooosuwa (Crnosauuuna) 3 mMemorw Cymmesoco NiosuujenHs ix copoyitiHoi
eMHOCmI Wo0o ioHie sadxckux memanis (Pb, Cd, Zn, Cu mowo), padionyknidie (**’Cs, *°Sr) ma cnonyx azomy
(Himpamu, amoHiti). 3anponoHoO8aHO BUKOPUCIAHHA 2IOPOOUHAMIYHOI Kasimayii 6 mpyoyi Benmypi ma
MOOUDIKO8aAHOMY edHceKmop-Kagimamopi K ekono2iuno be3neunull, enepeoegexmuenuil i bespeazeHmuuil
Memoo moougikayii copbenmis, wo noeHicmio 6i0N08I0AE NPUHYUNAM 3eleHOl XiMil ma 3a80anuam Boonoi
cmpamezii Yepainu 0o 2030 poky.

Ilposeoeno romnnexcne CFD-mooemosanns (Ansys Fluent 2023 R2) 3 6acamoghasnum nioxooom
VOF+URANS, modennto kasimayii Schnerr-Sauer ma ouckpemno-ghazoe0to mooento s OYiHKu mpaekx-
Mopitl i KONancy KasimayiuHux nopodicHuH. Bepughikosano nezanescnicms po3g’a3Ky 6i0 po3paxyHKoeoi
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cimku npu Kinbkocmi enemenmis nonao 100 muc. Ilopisnano oonogasne ma bazamodasie MoOenoO8anHs:
bacamodghaznuii nioxio zabesneuye Qizuuno pearicmuuni 3HaueHus mucky (0o 215 amm) i memnepamypu
(~800 K) xonancy noposcuun, mooi sik 00HOMA3HUL 3HAYHO NEPEOYIHIOE Yi napamempu, aie npuoamHull
015 WBUOKOT AKICHOT OYIHKU Ma nonepeoHboi onmumizayii 2eomempii il pexcumie pooomu.

Bemanoeneno onmumanvhuti 6xionuil muck 7 6ap, 3a K020 00CA2AEMbCA MAKCUMATbHA IHMEHCUSHICMb
Kagimayitino2o 6niuey npu MIHIMAIbHUX eHepeemuynux 3ampamax. Pozpobneno 2iopuony cmpameziio
onmuMizayii: nepeuHHULL WEUOKUL CKPUHIHZ NEPCHeKMUGHUX KOHCMPYKYIE 00HOA3ZHUM MOOeNI08AHHAM
3 NOOATLUUM OeMATbHUM 0A2amo@DA3ZHUM AHATIZ0M HAUKPAWUX 8aPIaAHNIE.

3a pezynomamamu MoOenI08AHHA PeHCUMI8 pOOOMU eAHCEKMOPA-KAGIMAmMopa OMpUMAni tio2o ONMUMATbHI
KOHCIMPYKMUBHI i MEeXHON02IUHI napamempu. Buxopucmogyiouu ompumari oaui, 6yde cmeopeno 1abo-
DPAmoOpHy peyupKyIayitny yemanoexy (00’em 20 a, nacoc 1,1 kBm, peeynosanns mucky oo 10 6ap) ma
KOHCMPYKYIIO edCeKmop-Kagimamopa 0isi 6U2OMogGieHHs: memodom 3D-0pyKy 3 Kagimayitino-cmiikoz2o
noninponineny Spectrum PP. Ompumani pezynoemamu ¢hopmyloms HAYKOBO-MeEXHIUHY OCHOBY OJid CMEO-
PEHHSA BUCOKOEHEKMUBHUX COPOYITIHUX MAMepPianié | MexHON02T OUUeHHSA 600U 3 BUCOKUM NOMEHYIANOM
APOMUCTIOB020 MACUMADYBAHHSL.

Knrouosi cnosa. xasimayis, yeonimu, copoyis, 6axcki memanu, padioHykaiou, CROIyKU a30my, mpyoKa
Benmypi, izomepmu aocopbdyii, modens Jlenemopa, CFD-mo0entosanns, epanyiomempusHuti ananis
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Abstract. Global climate change drives aridization and instability of soil-moisture conditions, which
threatens sustainable development in agriculture and creates preconditions for accounting for these
changes in the design of irrigation and drainage (land reclamation) systems and their operating regimes.
Existing methods for designing irrigation and drainage often do not account for current climate trends
(seasonal shifts, increased duration of rainless periods, changes in temperature regime), which creates
a need for their systematic improvement. The article presents an approach to assessing the impact of climate
risks on irrigated agriculture that integrates up-to-date indicators (moisture-supply deficit, reference
evapotranspiration, crop coefficients, soil water-holding capacity and field capacity, the frequency and
intensity of droughts, heat waves and precipitation intensity) with scenario analysis to forecast different
moisture regimes under expected climate conditions. The concept of a methodology adapted to the regional
diversity of Ukraine is outlined. For testing, pilot regions with contrasting climate-soil characteristics
are proposed.: the arid South, the moderately arid Center (periodic temperature stress, high inter-annual
variability of precipitation), and the West, which is excessively humid in spring and slightly arid in summer
(risks of waterlogging, the need for effective drainage at the beginning of the growing season and additional
moisture supply during the rest of the period). A monitoring and validation program is proposed, including
regular collection of meteorological data (daily temperatures, precipitation, radiation, wind, humidity),
biometric indicators of plant growth and development (development stages, leaf-area indices, actual yield),
soil characteristics (moisture, structure, nutrient content), as well as performance indicators of irrigation
and drainage networks. Based on these data, crop coefficients and modelling parameters are refined, which
makes it possible to perform hourly—daily calculations of water deficit, to develop adaptive irrigation
and moisture-supply schedules, and to test SSP-based climate scenarios. The use of modern digital and
automated tools (local weather stations, soil-moisture sensors, etc.) forms the basis for the digitalization
of irrigation and water-regulation management in line with impact indicators. The improved methodology
will make it possible to increase water-use efficiency in existing reclamation systems, incorporate updated
climate parameters into new designs, reduce the vulnerability of agro-systems to droughts and other extreme
weather events, minimize yield losses, and ensure production stability under climate change. An additional
advantage is the possibility of ranking investment options according to economic efficiency indicators.

Keywords: climate risks, irrigation, meliorative agriculture, water deficit, scenario analysis,
sustainable development

Relevance of the research and problem
statement. Global climate change is causing
aridization of territories and instability of
moisture regimes, which threatens the sustainable
development of agriculture and creates an
additional need for irrigation [1-8]. In particular,
according to the Fifth National Climate
Assessment [9], rising temperatures and changes
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in rainfall patterns lead to more frequent droughts
and generally lower soil moisture, increase
evapotranspiration and the need for irrigation,
which raises the risks of reduced yields and
agricultural productivity. For example, according
to projections of current warming trends, by the
end of the 21st century in California and Nevada
an increase of reference evapotranspiration by
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13-18 % is expected, which will accelerate soil
drying and increase the risks of droughts and
wildfires. This, in turn, will significantly increase
the need for irrigation water [10]. Already now,
in traditionally arid regions of the world, there
are simultaneous decreases in precipitation and
increases in temperature, which is reflected in
the growth of the water stress index (the ratio of
water use to available water resources) [11, 12].

Similar trends are recorded in Ukraine. In the
period 2010-2020 the climate was characterised
by increasing aridity (especially in the South and
Centre) and moisture deficit during the growing
season [13—17]. The current climate of most of
Ukraine is classified as semi-arid, except for the
western regions with sufficient moisture [13, 14].
Estimates show that about 46 % of the country’s
agricultural land cannot provide adequate yields
without irrigation, about 43 % requires irrigation
for high water-consuming crops, and only about
11% has sufficient natural moisture [18-20].
Since the existing systems were not adapted to
current conditions at the design stage [21, 22],
and taking into account the current state and
the continuous trend towards worsening climate
conditions, the question arises of the need to
revise water requirements and irrigation regimes,
with consideration of methodological approaches
to assessing climate risks and the vulnerability
of the agricultural sector [23]. According to
research estimates, ignoring the new climate
conditions will lead to yield reductions of up to
69 % in the most arid regions (under a pessimistic
scenario) [9, 13, 14]. In some dry years, the
volumes of irrigation water use in the South of
Ukraine exceed the average indicators of wet
years by 50 % [18, 20], whereas in wet periods
the need for irrigation significantly decreases.
Such variability of climate conditions requires
the use of more flexible approaches to maintain
sustainable agricultural production.

In addition, a practical problem is that the
designofland-reclamation systems was carried out
according to historical climate norms, equipment
energy-efficiency norms and typical operating
conditions, while current temperature regimes
and shifts in the seasonality of precipitation
affect both crop water requirements and peak
loads on water supply and drainage. Accordingly,
without taking into account these changes and
the methods of climate-risk assessment when
defining design parameters, the modernization of
even individual technical elements of irrigation
systems may not ensure their proper adaptation
to new climate conditions [13, 18, 19].

Thus, climate change has created an urgent
need to adapt land-reclamation systems to new

climate realities and to develop and implement
scientifically based approaches that take climate
risks into account in the practice of designing
modernization projects for existing systems and
constructing new land-reclamation systems. This
will make it possible to increase the efficiency of
water use, minimise yield losses and ensure food
security [21, 22]. Improving the methodology
for assessing the impact of climate change on
irrigated agriculture is an important component of
developing an adaptation strategy for agricultural
production to new climate realities.

Analysis of recent studies and publications.
The issue of assessing and mitigating the
negative impact of climate risks by improving
and expanding the use of land reclamation
(melioration) attracts considerable attention from
researchers worldwide. In particular, a climate
risk management system for irrigation systems
in arid regions was introduced in 2023 [8], and
in 2021 researchers implemented concepts
of “climate-smart” agriculture and intelligent
irrigation systems based on digital solutions
[25]. In the U.S. National Climate Assessment,
the consequences of global warming for the
agricultural sector are especially emphasised
and described in detail [9]. Studies carried out in
Ukraine, including with the participation of the
authors of this article [26], have shown that there
is a “hot phase” of climate change in Ukraine,
which started in the late 1980s — early 1990s
and continues today. It is characterised by the
highest rate of increase of the mean annual air
temperature in Europe (more than 0,45 °C per
10 years), with almost unchanged, and in the last
decade slightly lower, mean annual precipitation.
This has caused a significant increase in total
evaporation and in the deficit, both annual and
monthly, of the climatic water balance and, as
aresult, a progressive development of the process
of drying of the territory of Ukraine, which
has led to a significant deterioration of natural
soil moisture conditions and a reduction in the
volume of water resources available for use. The
same studies, using climate change projections
for 2050 and 2100 developed at the Ukrainian
Hydrometeorological Research Institute under
different scenarios, carried out a zoning of the
territory of Ukraine by the value of the annual
climatic water balance. The results made it
possible to justify the need to use irrigation and
water regulation by drainage systems as one of
the most effective tools for adapting agriculture
to climate change, and to determine the demand
and main directions for improving the design
of reclamation systems and technologies of
irrigation and water regulation. The studies
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showed a significant mismatch between existing
volumes of irrigation and water regulation and
the current level of aridity [20] and became the
basis for the “Strategy for Irrigation and Drainage
in Ukraine for the Period until 2030 approved
by the Cabinet of Ministers of Ukraine [21] and
its Action Plan [22]. The above results were later
confirmed by the conclusions of the World Bank
Analytical Report (2024) taking into account
climate trends [18].

Modern studies also emphasise the change in
the conditions of use and parameters of irrigation
systems under the influence of climate change:
a 2024 study [27] notes a shift in phenological
phases of vegetable crops and corresponding
changes in crop coefficients (Kc) under different
warming scenarios. Therefore, the issue of
revising the basic conditions and guidelines for
calculating water demand is important, where
the FAO-56 Penman—Monteith method can be
applied [28]. In the field of adaptation to droughts,
a number of strategies have been developed,
including for the conditions of Ukraine [29], to
mitigate their impact on agricultural production,
including for farms. To take into account the
uncertainty of the climate future, a scenario
approach is widely used: in particular, a set of
global development scenarios, the so-called
Shared Socioeconomic Pathways (SSP), has
been formed to model trends in climate and
related indicators [30]. The effectiveness of
scenario analysis in irrigation planning has been
confirmed in studies on optimisation of system
management strategies, where multi-criteria
optimisation of irrigation regimes for winter
wheat was performed based on the combination
of the AquaCrop-OSP model with the NSGA-III
evolutionary algorithm. The obtained results
showed that the scenario approach makes it
possible to increase water productivity and
yield stability at the same time under different
projected water-resource constraints due to the
advance optimisation of the system for forecast
scenarios [31].

The basic approaches to planning and
operation of irrigation traditionally rely on:

(1) calculation of reference evapotranspiration
and transfer to crop water demand through crop
coefficients (Kc) (as in FAO approaches) [28, 32];

(2) planning of irrigation schedules and
regimes according to irrigation management
methods [33];

(3) design based on historical climate norms
or a limited set of “typical” years. These elements
are necessary, but they are not sufficient to
assess climate risks for the stability of irrigated
agriculture under climate change.
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The problem is that current methods do not
ensure the integration of key indicators for the
full chain  “climate—water—soil-engineering
infrastructure—yield”, namely:

— the deficit of water supply is not considered
as a risk metric (no transition from calculating
water demand to assessing the risk of water
under-supply);

— the frequency and intensity of droughts, the
duration of rainless periods, and the combination
of droughts with heatwaves are not included in
the analysis (temperature stresses) [9, 10];

— the intensity of precipitation and the risks
of extreme wetting are not included in the analysis
(which is also important for drainage systems in
overly wet zones) [2, 17];

— indicators of soil water-holding capacity
and field capacity are not included as a “buffer”
against drought, although they define the
resilience of the system and the feasibility of
irrigation under different conditions [35];

— the dynamics of Kc¢ and phenological
shifts of crops under warming, which change the
seasonal profile of water consumption, are not
taken into account [27];

— there is no scenario analysis of future
conditions as a basis for stress-testing water
infrastructure and agricultural production [30, 31].

Thus, the improvement of the methodology
should consist in moving from a normative, calcu-
lation-based approach under average conditions
to a risk-oriented approach with stress-testing and
the inclusion of melioration-specific indicators that
reflect both climate impacts and the limitations of
infrastructure and the soil component of the water
balance [38—40].

Goal of the research. The goal of this research
is to improve the methodology for assessing the
impact of climate risks on the sustainability of
meliorative (irrigated) agriculture. To achieve
this goal, the methodology proposes integrating
updated climate indicators, applying scenario
analysis of years with different rainfall availability,
and using modern monitoring tools. The updated
methodology should ensure the adaptive capacity
of irrigation to changing climate conditions,
increase the efficiency of energy and water use
in agro-systems, and ensure the sustainable
development of meliorative agriculture.

Materials and methods of the research. For
a comprehensive assessment of the influence of
climate factors on agro-systems, a list of indicators
has been defined that should be included in the
risk-assessment methodology:

— Water-supply deficit — an integral indicator
of the water balance that reflects the lack of
available water for plants over a certain period.
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Itis calculated as the difference between the crop’s
water requirement (reference evapotranspiration
adjusted by the crop coefficient, ETc) and the
incoming moisture (effective precipitation,
soil moisture) [33]. The value of the deficit
characterises the level of aridity: a higher deficit
corresponds to a higher risk of drought and,
accordingly, to an increased need for irrigation.
This indicator is a basic one for calculating the
level of climate risk for agriculture.

— Crop coefficients (Kc) — indicators repre-
senting the ratio of the actual evapotranspiration
of a crop to the reference evapotranspiration
(ETo). They take into account the biological
characteristics of plants (for example, growth
stages) and are used for calculating water
consumption. This indicator depends on the type
of crop and reflects the dependence of yield on
the level of water availability. Among crops
vulnerable to water deficit are rice and alfalfa,
compared with, for example, chickpea [28].
Climate change affects the development of crops
during the season through changes in evaporative
demand, because with increasing air temperature
the growing period may become shorter, and
total water consumption may increase due
to higher daily water requirements [10][9].
Accordingly, the methodology should take into
account updated crop coefficients for major crops
and projected changes of these indicators under
different climate scenarios, in order to assess
risks in a differentiated way [27].

— Soil water-holding capacity — an indicator
that characterises the ability of the soil to retain
a certain amount of water available for plants
between rainfall or irrigation events. It depends on
soil texture and organic-matter content and serves
as a buffer during drought, from which the crop
satisfies its water needs [35]. Soils with higher
water-holding capacity (clayey soils, soils rich in
humus) can support plants longer without rainfall,
whereas light sandy soils lose moisture more
quickly. Including this indicator allows assessing
the regional specificity of soil conditions and
the feasibility of agricultural production under
certain conditions (in some regions, adaptation
measures may be economically impractical due to
low water-holding capacity and high operational
irrigation costs).

— Frequency of dry years — a statistical
indicator that reflects the probability of extreme
precipitation deficit in a region. The indicator
characterises the probability of acute (that is,
intensive) climate risks [41-44].

— Temperature regime (during the growing
season) — mean and extreme air temperatures
during the crop’s growing season. Temperature

affects evapotranspiration and plant development.
High temperatures increase water demand and
may suppress photosynthesis, raising the risk of
yield loss during drought [9, 10]. Accordingly,
the methodology should consider the temperature
background: mean monthly temperatures, the
number of extremely hot days, the sum of effective
temperatures, and other parameters. This will
help adjust the assessment of water requirements
and determine periods when the combination of
heat and drought is especially dangerous for crop
cultivation.

— Monthly ETo values — the reference
evapotranspiration indicator for each month of
the growing season, which reflects the seasonal
dynamics of water demand. Maximum ETo values
usually occur in summer, and minimum values
occur in spring and autumn. Including monthly
ETo values in the methodology is important
for identifying critical periods with the highest
likelihood of water deficit. For example, if in
peak summer months ETo reaches 200 mm and
rainfall during this period is only 50 mm, water
deficit will inevitably arise without additional
irrigation. Climate change affects not only the
annual total but also the monthly distribution
of ETo: with rising temperatures, reference ETo
is expected to increase, with peak values in
summer [10, 33]. Accordingly, the methodology
should analyse the monthly water balance and
compare ETo with monthly rainfall norms. This
will make it possible to determine the volume of
irrigation required for each month and to predict
the technical capacity of the system to provide
peak water supply [28, 36, 37].

The indicators listed above are interconnected
and together make it possible to comprehensively
assess potential climate risks for irrigated
agriculture [21]. Their inclusion in the
methodology increases its accuracy and allows
compiling integrated risk ratings for different
regions or agro-systems, where climate, soil
conditions and crop characteristics are taken into
account. This creates a scientific basis for defining
the priority of implementing adaptation measures
and refining design decisions in meliorative
practice.

Scenario analysis of climatic conditions.
The improved methodology proposes including
the application of a scenario approach. Such
an approach makes it possible to consider the
realisation of potential risks under different
projected conditions. Inparticular, forthe purposes
of improving the methodology, it is advisable
to implement this approach through projected
conditions of agro-system functioning in years
with different levels of rainfall availability (from
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a conditionally worst— dry year, to a conditionally
best — wet year) [30, 31]. This approach makes it
possible to test the resilience of land-reclamation
systems across the full range of climate changes.
In particular, it is proposed to include two basic
scenarios consistent with modern projections
developed by the Intergovernmental Panel on
Climate Change (IPCC):

— an extremely dry scenario (analogous to
scenario SSP5 — economic development based
on fossil fuels with minimal actions to counter
climate change), which serves as a stress test for
the irrigation system under minimal precipita-
tion, and

— an excessively wet scenario (analogous to
scenario SSP2 —a moderate pathway to achieving
climate neutrality, in which significant resources
are allocated for mitigation and adaptation),
when precipitation exceeds the norm [45-48].

In the first case, the analysis makes it possible
to assess the maximum water deficit and the ability
of the system to meet the needs of the agricultural
sector under extreme drought; in the second case —
to check whether the system can cope with excess
water drainage and use favorable conditions
(accumulating soil moisture for future periods,
etc.) [18, 45]. Designing only for an average year
does not take into account peak extremes and relies
solely on historical trends, while designing for
the worst year for all crops may be economically
impractical due to high capital and operational costs
of maintaining such systems [21]. Scenario analysis
in stress-testing and risk-management practices is
widely applied and helps find a balance between
the level of resource availability and an acceptable
level of risk by quantitatively assessing yield losses
or water deficit for each option [31]. This approach
is an international practice for planning reliable
strategies not only in business operations but also
in the functioning of irrigation systems [49][50].
Including two polar scenarios in the methodology
makes it possible to conduct a full assessment of
the resilience of land-reclamation systems, justify
design parameters under different conditions
consistent with reality, and plan mitigation measures
for negative consequences [21], minimising the
impact of climate variability on yields.

Selection of pilot regions. Practical testing
and improvement of the methodology is
proposed in several pilot regions of Ukraine with
different climatic conditions. In particular, three
contrasting regions in terms of water-resource
availability may be covered:

(1) a dry southern region (semi-arid climate,
chestnut and southern chernozem soils with
moderate water-holding capacity, a developed
network of main irrigation canals). This is a zone
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of risky agriculture where most crops depend
on irrigation (up to 60 % of all irrigated lands of
Ukraine are concentrated here) [18, 24];

(2) a central forest-steppe region (close to
a dry subhumid climate, heavy chernozem soils
with high water capacity, mainly local sprinkler
and drip irrigation systems). Traditionally, this
is a rainfed zone, but recent aridization trends
increase the relevance of irrigation for this region
as well [18, 21];

(3) a western Polissya/foothill region (humid
subhumid climate, in some areas heavy gley
soils, high groundwater levels in drained zones,
land reclamation functions mainly as drainage).
In this region droughts are rare, but there are risks
of both over-wetting and over-drying of the soil
[13,51].

The selected regions cover a range of
conditions from extreme water deficit to excess
moisture, which makes it possible to test the
applicability of the methodology under different
moisture conditions. Pilottesting inreal farms with
long-term data will make it possible to identify
which climate-risk indicators are the most critical
for each zone and ensure that the methodology
adequately accounts for both drought risk and
excessive moisture risk. It is advisable to involve
existing land-reclamation systems in the research,
where long-term observations are available and
there is technical capability to implement the
recommendations [21].

Programme for methodology validation.
The improved methodology will require testing
under real conditions. Trials are planned to be
conducted at selected pilot sites over several
years in order to cover weather variability.
During each growing season, regular monitoring
of the following indicators will be carried out on
the experimental plots:

— meteorological data (amount of preci-
pitation for the period, average daily and extreme
temperatures, humidity, wind speed, etc.)
[52-56];

— soil conditions (soil texture, hydro-physical
characteristics, moisture in the root zone, depth
of wetting after rainfall/irrigation, groundwater
level in drainage zones);

— irrigation and moisture regimes (dates and
rates of irrigation/moisture application);

— plant development (dates of growth-stage
onset);

— yield and product quality.

Collecting these data will make it possible
to compare the indicators predicted by the
methodology with actual ones and quantitatively
assess the accuracy of forecasts. If systematic
discrepancies are identified, model calibration
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will be carried out — adjustment of the methodo-
logy parameters to real conditions [27, 21]. After
that, validation will continue using independent
data from subsequent years or regions. Field
validation followed by adjustment is a widely
accepted practice in the implementation of
agro-ecosystem models [21] and will ensure
reliability and credibility of the improved metho-
dology before its large-scale application.

Material and technical support. For the
practical implementation of the proposed
methodology, modern instrumental and software
support is required. It is envisaged to use the
following tools (if available):

— data from the national network of
meteorological observations as a basic source
of information on temperature, precipitation,
humidity, wind and other parameters (with unified
data series and quality-control procedures),
as well as, if available, local sensors/devices
installed in farms [35];

— software tools for calculating ETo using
the Penman—Monteith formula (the official FAO
ETo calculator) for the purpose of automating
computations [28];

— computer models and algorithms for
forecasting the water balance, which, with the
involvement of artificial intelligence methods,
will predict moisture deficit and irrigation needs
in advance [31, 66,67];

— geographic information systems and
remote-sensing data (satellite images of NDVI,
EVI indices, thermal field scanning) for spatial
analysis of risks and crop conditions [57-65].

The integration of these components into
a single decision-support system corresponds to
the concept of so-called “smart agriculture” and
will allow automation and increased accuracy
of irrigation management [25]. Adherence to
standard methods will ensure unification and the
possibility of comparing risk-assessment results
in different regions [28].

Conclusions. Existing methods for planning
irrigation systems, their operation and design
have faced challenges under climate change
and require updating. International studies
confirm that rising temperatures and changes
in precipitation regimes lead to increased water
deficit and drought risk; therefore, the integration
of climate indicators is a necessary condition
for assessing melioration needs under current

conditions and for the effective operation of
land-reclamation systems [28, 10, 68]. At the
same time, to bring the methodology in line
with the content of the task of assessing climate
risks in irrigated agriculture, it is necessary to
take into account not only basic calculations of
water requirements and irrigation planning, but
also specific risk-oriented indicators and scenario
uncertainty, which determine system resilience
under extremes and seasonal shifts [69, 70,
71]. It is proposed to include widely accepted
approaches of scenario analysis of extremely dry
and wet conditions, which cover a wide range
of possible impacts on systems and increase the
reliability of management decisions in accordance
with modern principles of risk management [40,
79]. The developed methodology will be tested
in different climatic zones of Ukraine — from
the arid steppe to the humid Polissia. The use
of modern software will simplify the process
of assessing and modelling climate risks and
will allow effective management of them. The
implementation of the improved methodology
will contribute to increased efficiency of
water-resource use, reduced vulnerability of
the agricultural sector to droughts and extreme
weather events, and the sustainable development
of irrigated agriculture under global climate
change. This is consistent with the goals of
national food security and the recommendations
of leading international organisations regarding
adaptation of agricultural production to climate
change [1, 2, 6, 7]. A scientifically grounded
methodology for assessing climate risks will
become the foundation for making effective
management decisions and for investing in
land-reclamation infrastructure [72—78].

Prospects for further research. Further
research should be aimed at adapting the
methodologytodifferenttypesofland-reclamation
systems, taking into account practical aspects
and operating conditions, improving the module
for forecasting climate indicators, developing
digital platforms for real-time risk assessment,
and integrating economic indicators into the
analysis. In addition, the methodology may
become a scientifically grounded basis for
implementing support policies in agriculture
aimed at introducing resource- and energy-saving
technologies and ensuring financial mechanisms
for infrastructure modernization [80].
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Anomayia. [mobanvna 3mina Kaimamy 3yMO6TI0E apuou3ayilo ma HecmadiibHICb YMOE8 360JI0HCCHHS
IPYHMIG, WO CIABUIMb NiO 3a2po3y CMAUL PO3GUNOK ) CLTbCbKOMY 20CNOOAPCHEI, A MAKoiC hopmye nepe-
OYMOBU U000 ii 8paAXYB8ANHS NPU NPOEKMYBAHHT METIOPAMUBHUX CUCTHEM MA pedxicumis. IcHyloui memoouku
NpOeKmMy8ants 3pOUEHHs Ma OPEHadlcy 4acmo He 8paxo8yioms NOMOUHI KIiMamuyHi mpenou (3miujeHHsl
Ce30H18, 30INbUIeHHA MPUBATOCT €300 08UX NEPIndis, 3MIHA MEMNEPAMYPHO20 PEHCUMY), MOMY BUHUKAE
nompeba 6 ix cucmemHomy YOOCKOHANeHHI. Y cmammi npedcmaegieHo nioxio 00 OYiHKU GNIUGY KIIMA-
MUYHUX PUBUKIE HA 3POULYBAHEe 3eMIepoOCME0, SKUll nepeddayac inmespayilo akmyaibHux NOKA3HUKIG
(Oepiyumy 6onocozabesneuents, emaioHHOl e6anompancnipayii, Koepiyienmie Kyibmyp, 6000VMpumy-
8aNbHOI 30aMHOCMI MA B0I020EMHOCI TPYHIMIB, YACMOMU Md THMEHCUBHOCMI NOCYX, MENI08UX X8UJb
i iHmeHcugHocmi onadig) 3i CYEHAPHUM AHATI30M O NPOSHO3YBAHHA PI3HUX DEHCUMIB 380JI0MHCEHHS
8IONOBIOHO 00 OUIKYBAHUX KAIMAMU4HUX YMO8. Po3kpumo konyenyito memoouxu, aoanmosanoi 0o pecio-
HanvHoeo pisHomanimms Ykpainu. /[na anpobayii 3anpononosano nilomui peionu 3 KOHMpACHHUMU
KAIMAMUYHO-IPYHMOBUMY  Xapakmepucmuxamu.: nocywinusutl Iliedenv, nomipno nocywinueuil Llenmp
(nepioouyni memnepamypHi cmpecu, 8UCOKA MIJICPIYHA MIHAUGICIb ONAOI8) Ma HAOMIPHO 36010ICEHULL
6eCHOI0 i 1€2KO NOCYWIUBULL 81IMKY 3axi0 (pu3uKku nepe3gonodicetts, nompeoa 6 echeKmunomy OpeHaxici
Ha nowamxy eecemayii i 000AMKOBOMY 360I0HCEHHI 8 peuinty 4acy). 3anponoHo8ano npocpamy MoHimo-
puHey U eanioayii: pezynapHuil 30ip memeodanux (00008i memnepamypu, onaou, padiayis, eimep, 8010-
2icmy), OIOMEemPUYHUX NOKAZHUKIG POCHY Md PO3GUMKY POCIUN (hasu po36umxy, NOKA3HUKU TUCIKOBOL
No8epxHi, PaKMuUUHa 8PONCATHICMY), XAPAKMEPUCTIUK IDYHINIB (807102iCMb, CIPYKMYDA, 6MICH NONCUBHUX
PEUOBUH) A MAKOIIC NOKAZHUKIE pOOOMU 3pOULYBANbHUX T OpeHadcHux mepedxc. Ha o6asi yux oanux ymounio-
FOMbC KoeiyieHmu Kyivmyp i napamempu MoOei08aHHs:, Wo 0ae 3M02y 30IUCHIO8AmMU NO20OUHHO-0000861
PO3paxymKu 68001020 Oeiyumy, hopmysamu adanmueHi epa@iKu NOIUGI8 Ma 36010HCEHHA | mecmyeamu
cyenapii (SSP-cyenapii). Buxopucmanus cyuacnux yugposux ma asmomamu308anux iHCMpPYMeHmie
(nokanvHi memeocmanyii ma OamuuKu IPYHMOBOI 6ono2u ma iH.) 3aKiadac oCHo8y 01 yupposizayii
VAPABIIHHS 3pOUEHHAM MA 86000Pe2YNI0BAHHAM 3ANeACHO GI0 IHOUKAMOpie eniugy. Yoockonanena memo-
ouKa 003601UMb NIOBUUMY ePEKMUBHICIb B0OOKOPUCMYBAHHS HA ICHYIOUUX METIOPAMUBHUX CUCTHEMAX,
8PAXY6AMU OHOBJIEHI KAIMAMUYHI napamempu npu npoexkmy8aHHi, 3MEHWUMY 6pa3IUEIiCmy acpocucmem
00 NOCYX Ma IHWUX eKCIMPEeMANbHUX NO200HUX ABULY, MIHIMIZy8amu empamu epodicaiinocmi ma 3abesne-
yumu cmadinbHicmv GUPOOHUYMEA 8 YMOBax sminu Kiimany. OKpemoro nepeasoro € MONCIUGICIG PAHIIC) -
BAHHS IH6ECMUYI 30 NOKAZHUKAMU eKOHOMIUHOL eghekmueHocmi.

Knrwowuoei cnoea: xnimamuyni pusuxu, 3pouleHus, MeniopamusHe 3emiepobCcmeo, 600null oegiyum,
CYeHapHuLl aHaiiz, CMaiutl po3eUmox
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Abstract. The main source of nutrients and energy for all living things in the soil is organic matter,
thanks to which the continuous cycle of nutrients in nature is maintained. Long-term functioning of the soil
in agrosystems leads to a state of equilibrium of organic matter with an appropriate level of its stability.
As a result of reducing the application of fertilizers, especially organic ones, fundamental changes have
occurred in the small (biotic) cycle of substances. Every year, the negative balance of humus reaches
370400 kg/ha, and the annual decrease in its reserves exceeds 20 million tons. According to soil survey
materials, in the most fertile typical black soils of the Karlivska community of the Poltava region, the
humus content currently does not exceed 6.0—6.5 %, or 2.0-2.5 % less than at the time of their survey by the
expedition of V.V. Dokuchaev in 1890. The problem of humus is undoubtedly one of the key ones in solving
the problems of stabilizing and restoring soil fertility.

Long-term studies with winter rye in constant crops, which are conducted at the Poltava Agricultural
Research Station, make it possible to determine and generalize its influence on the dynamics of winter rye
productivity. At the same time, changes in agrochemical soil indicators are also observed. As a result of the
experiment on the cultivation of winter rye in constant crops, it was found that humus content in the soil is
not a statistical indicator and changes in absolute values, both in the spring and summer-autumn periods,
and over the years of observation. Statistical analysis of the data obtained during the studies showed
a direct and inverse correlation between the humus content indicators and the hydrothermal conditions
during the research. It is proposed to widely use the results of the studies in solving fundamental issues
of agriculture, in deep complex studies, and for the demonstration of the role of the main factors and
conditions of plant life.

Keywords: rye, constant crops, humus content, weather conditions, correlation

Relevance of research. The current
state of the agricultural sector of Ukraine is
characterized by a certain range of problems,
among which the key one is the preservation and
reproduction of the fertility of agricultural soils

Annual decomposition, synthesis and trans-
formation of humus, conservation and binding
of nutrients in it and their continuous release and
entry into the soil solution are the features of
humus substances in the soil. The formation of

[1-5]. To determine this function, the correct
choice of the main criteria is of great importance.
A sufficiently informative indicator in this regard
can be the content of organic carbon in the arable
soil layer. Soil fertility depends on the rate of this
organic matter by 85-90 %, which is essentially
a form of accumulating solar energy on the
Earth [6-10].

this organic compound in the soil is a necessary
basis and means for plants to obtain nutrients, as
well to create an optimal ecological environment
in the soil profile [11, 12].

The problem of humus is undoubtedly one of
the key ones in solving the problems of stabilizing
and restoring soil fertility. So these issues
determined the area of the research conducted.

© Hlushchenko L.D., Olepir R.V., Sokyrko M.P., Kavalir L.V., Kalinichenko S.M., 2025
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Analysis of the state of research and
publications. The humus content influences all
the properties closely related to all soil regimes,
and primarily to the nutrient one. In particular,
it is worth noting that 98 % of nitrogen, 60 % of
phosphorus, 80% of sulfur and a large number
of other macro- and microelements accumulate
in organic form, which are in organo-mineral
complexes and are reliably kept from leaching
[13-16]. This explains the well-known fact: the
higher the humus content in the soil, the higher
the productivity of plants under different weather
conditions [17-20].

As a result of reducing the application of
fertilizers, especially organic ones, fundamental
changes have occurred in the small (biotic) cycle
of substances. Each year, the negative balance of
humus reaches 370400 kg/ha, and the annual
decrease in its reserves exceeds 20 million
tons. According to soil survey materials in the
most fertile chernozems typical of the Poltava
(former Karlivsky) district of the Poltava region,
the humus content currently does not exceed
6.0-6.5 %, or 2.0-2.5% less than at the time of
their survey by the expedition of V.V. Dokuchaev
in 1890 [21, 22].

Research objective: to determine quantitative
and qualitative changes in humus content during
long-term constant cultivation of winter rye in
dark gray podzolized soil.

Materials and research methods. The
research was conducted in the experimental field
of the Poltava State Agricultural Research Station
named after M.I. Vavilov of the Institute of Pig
Breeding and Agroindustrial Production of the
NAAS of Ukraine in dark gray podzolized soil in

E

the subzone of unstable moisture of the left-bank
Forest-Steppe.

The experiment on growing permanent rye
at the Poltava experimental field was initiated
in 1884. The sowing and accounting area of
the experiment is 0.4 hectares. In the entire
area of the experiment, only one factor is
studied — permanent cultivation of winter rye.
Repetition is one-time. Agricultural technology
does not change throughout the entire research
period. Fertilizers, as well as chemical means
of controlling weeds, diseases and pests are
not used. Pre-sowing cultivation and sowing of
winter rye with subsequent rolling are carried out
in mid-September. The sowing rate is 6 million
seeds per hectare. Over the entire historical
period, 9 varieties of winter rye were sown.
Varietal change was carried out after the variety
was removed from zoning.

Research results and their discussion.
Determining the effect of long-term constant
rye cultivation on humus content in the soil
shows that humus amount in the soil is not
statistical and varies in absolute values, both in
the spring-autumn periods and over the years of
observations (Fig. 1).

Thus, if in April 2001 the humus content in
the 0-20 cm soil layer was 2.58 %, then in July it
decreased to 2.29 %, and in October it increased
to 2.63%. The same dynamics of the organic
matter was observed by years and months and,
accordingly, in percentage terms, it was equal
to the following values: 2008 — 2.60; 2.30; 2.69,
2015 -2.52;2.22; 2.60, 2023 — 2.48; 2.29; 2.55.

These research results, in our opinion, are
quite logical since the intensity of hydrolysis

2.8
2.69
2.7
2.6
2.5
2.4

2.3

Humus content, %

2.2
2.1

2001

2008

April
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2015 2023
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Fig. 1. Dynamics of humus content changes during the vegetation of winter rye in the years of sampling
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and synthesis of organic matter is influenced by
anthropogenic and natural factors. The main one
is the amount of organic mass entering the soil,
which directly contributes to humus accumulation
in the soil. Such factors as different intensity of
nutrient use from the soil by plants during their
growth and development, as well as different
water and temperature regimes of the soil at
the time of sampling, which directly affect the
intensity of hydrolysis and synthesis of organic
matter, indirectly affect this process (Table 1, 2).

In addition, it is necessary to take into account
that plants absorb nutrients from the soil with
different intensity at different stages of their
development. All this has a direct impact on the
dynamics of humus content during the growing
season.

When using statistical calculations and
analysis of the humus content in the soil
in relation to the amount of precipitation it
was established the following: for the spring
(March-May) and summer (June-August) periods,
an average direct correlation was recorded; the
correlation coefficient was r=0.52 and r = 0.45
respectively, while for the autumn period
(September-November) the correlation was
average inverse, and the correlation coefficient
r was —0.50.

The relationship between the humus
content in soil and temperature regimes was
in a somewhat different paradigm. During the
spring (March-May) and summer (June-August)
periods, a high negative correlation was observed

1. Precipitation in the years of the research, mm

and the correlation coefficient was r = —0.74 and
r = —0.88 respectively. During the autumn period
(September-November) the relationship was
average inverse, and the correlation coefficient
r was —0.62.

Long-term observations indicate that for
the entire period of the experiment with the
permanent rye crop, the humus content in the
dark gray podzolized soil has been undergoing
transformation, but this process is relatively
stable.

Over the years of research, there has been
a change in the qualitative indicators of humus in
both 0-20 and 20—40 cm soil layers. In particular,
the carbon content of humic acids during 1964,
1979,2012, 2022 in 0-20 cm soil layer was in the
following dynamics: 0.353; 0.288; 0.307; 0.294.
and in 20—40 cm soil layer it was 0.258; 0.261;
0.234; 0.246 respectively. In a slightly different
paradigm, this process occurred with the carbon
of fulvic acids and, accordingly, by years and soil
layers it had the following values: 0.306; 0.311;
0.329; 0.271 and 0.210; 0.225; 0.236; 0.220
respectively.

The ratio between the carbon of humic and
fulvic acids also changed throughout the entire
observation period. Thus. if in 1964 this indicator
in the upper and lower layers of the soil was 1.15
and 1.26, respectively. then in 1979 it was 0.93
and 1.16, in 2012 it was 0.93 and 0.99. and in
2022 it was 1.08 and 1.12 units (Table 3). Despite
the dynamics of this indicator during the research,
the type of humus was static — fulvate-humate.

Months For +/—to
Years March- April June- Jul September- October the erennials
May pri August "Y' | November ¢ year P
2001 194.9 73.5 282.7 10.0 208.2 27.1 781.0 212.0
2008 152.8 58.7 129.5 27.1 125.9 31.9 491.4 -77.6
2015 172.4 38.5 168.4 8.5 54.7 2.0 539.8 -29.2
2023 132.5 77.0 221.6 67.3 226.1 82.1 732.5 163.5
Average | 1510 | 400 | 177.0 | 71.0 135.0 42.0 569 X
long-term
2. Average air temperature, t °C
Months For the +/— to
Years March- April March- July March- October year perennials
May May May
2001 9.2 11.0 20.7 18.4 7.5 6.4 8.3 0.7
2008 10.0 11.3 20.7 22.1 9.2 10.5 9.2 1.6
2015 9.9 94 21.1 21.6 9.8 6.7 9.8 2.2
2023 11.0 11.0 22.0 22.1 11.2 11.5 10.9 33
lAverage 8.0 8.8 194 | 20.1 7.8 7.6 7.6 x
ong-term

LAND RECLAMATION AND WATER MANAGEMENT Ne 2 « 2025



AI'POPECYPCHU

(55

3. Composition of soil humus during cultivating winter rye in constant crops

Years
. 1964 | 1979 | 2012 | 2022
Indicators "
Soil layer, cm

0-20] 2040 0-20 20-40 0-20 20-40 0-20 20-40
Humus = 5 351 4 76 2.26 1.84 2.33 1.81 2.29 1.70
content, %
Organic | 47| | 1.30 1.97 1.42 1.19 1.38 1.15
carbon in soil
Carbon in
0.1H HSO, 0.066| 0.056 0.095 0.072 0.088 0.069 0.084 0.059
Carbon in
N,P,O,+ [0.659| 0.465 0.599 0.486 0.613 0.472 0.608 0.467
NaOH
Carbonin 143531 (58 0.288 0.261 0.307 0.234 0.294 0.246
humic acids
Carbonin |4 306l 910 0.311 0.225 0.329 0.236 0.271 0.220
fulvic acids
Ratio of
humicacid | (5| 56 0.93 1.16 0.93 0.99 1.08 112
carbon to
fulvic acids

Conclusions. Based on the results of the
research, it was established that during the
long-term period of the experiment (with the
permanent rye crop), the transformation of the
humus content in the dark gray podzolized soil
occurs in spring, summer and autumn periods,
respectively, in the following paradigm: 2.55 %;
2.28%; 2.62%. Over the period of long-term
observations, there has been a general trend
towards a decrease in humus content in the soil
when cultivating winter rye in constant crops.

Statistical analysis of the data obtained as
a result of the research showed a direct and
inverse correlation between the values of humus
indicators and the hydrothermal conditions of the
observations.

During long-term cultivation of winter rye
in one place, the ratio between humic and fulvic
acids was in the soil layers (0-20 and 2040 cm)
in the range of 0.93-1.15 and 0.99-1.26
respectively. These indicators correspond to the
fulvate-humate type of humus.
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Anomauia. OcnogHUM 0dcepenom NOHCUSHUX PEYOBUH | eHepeemUYH020 Mamepiany O0lisl Cb020 HCUBO2O
YV IPYHMI € Op2aHiuHa PeyosUHa, OAKYIOUU YOMY I NIOMPUMYEMbCs be3nepepsHuil Kpy200odie NONCUSHUX
peuosun y npupooi. [logeompusaie (hyHKYIOHYS8aAH S IPYHMY 6 A2POCUCEMAX NPUBOOUMb 00 CIAHY PIGHO-
8aecu Op2aHiuHol pewoGUHU 3 HANEICHUM PIGHEM 1020 cmabitbrocmi Y pe3ynvmami 3meHueHH s GHeCeHH s
000pus i 0COONUBO OPSAHIUHUX, KOPIHHI 3MIHU NPOUMAU Y MATOMY (OIOMUYHOMY) KpY20obicy peuosuH.
Koorcnuii pix 6i0 emuuti bananc eymycy oocse 370400 xke/ea, a wopiune 3meHuleHHs 11020 pe3epsis nepe-
suwgye 20 man. m. 3a mamepianamu IpyHmo8o20 06Cmedtcents y Hatlbinbul POOIOYUX YOPHOZEMAX MUNOBUX
Kaprniecvroi epomaou [lonmascvkoi obnacmi y oanuii uac emicm aymycy ne nepesuwye 6.0-6.5 %, abo na
2.0-2.5 % menwe, nigic na yac ix oocmedicenns excneouyicio B.B. [oxyuacea 6 1890 p. Ilpobrema cymycy
6e3 CYMHIBY € 0OHICIO 3 KIOHOBUX HA WITAXY GUPIUEHHS 3A60aHb CMAabinizayii i 6i0MEOPEeHHs IPYHMOBOL
poorwuocmi. J]0620cmpoKosi O0CHIONCEHHSA 3 Oe33MIHHUM JHCUMOM, K npo6odsimbcsi Ha [1oimagcoKitl cinb-
CbKO2OCNOOAPCHKIll QOCHIOHII CIMAHYIT 0armMb MONCIUBICIb BUSHAUUMU | Y3A2ANbHUMU U020 6NIUE HA
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OUHAMIKY 8eUdUHY NPOOYKMuUsHocmi. Pazom 3 mum 6edymuvcsi cnocmepesicenst 3a 3MiHOI0 A2pOXIMIYHUX
NOKA3HUKIG IpYHmMY. Y pe3ynomami nposedents 00cioy 3 BUpOUySanis scuma 6e33minHoeo 0y 6cmanos-
JICHO, WO BeTUYUHA 8MICITY 2YMYCY Y IDYHNI NOKA3HUK He CIAIMUCTIUYHULL | 3MIHIOEMbCA, 8 AOCONIOMHUX
BEUUUHAX, K 30 6ECHAHUL MA TIMHbLO-0CIHHIL nepioou, max i 3a poxamu cnocmepedsicerv. Cmamucmuunuil
amaniz Oamux, OMpPUMAHux y pes3ynomami 00CHiOdceHb NOKA3Aa8 NPAMUL Ma 360POMHUL KOPETAYIHUL
36 SI30K MIJIC GETUMUHAMU NOKAZHUKIG SYMYCYy Ma 2I0OpOMeEPMIYHUMU YMOBAMU NPOBEOEHHS OOCIIONHCEHD.
3anpononosano pezyromamu 00CAiOACEHb WUPOKO BUKOPUCMOBYBATNU NPU GUDIULEHHT DYHOAMEHMATbHUX
nUMAanb 3emMaepoocmed, 01 2TUOOKUX KOMIJLEKCHUX OOCIIONCEHb, OEMOHCMPAYii poai OCHOGHUX YUHHUKIG
Ma yMo8 HcUmms poCiuH.

Knrouosi cnosa: sxcumo, 6e33minHull nocie, Micm 2ymycy, n0200HI YMO8U, KOPenayiuHUull 36 930K
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Abstract. The article presents the results of field studies on the impact of mineral fertilizer, liming,
application of sulfur-containing fertilizer and microelements on the yield and economic efficiency of
growing crops on a sod-podzolic soil. The study was conducted in a stationary experiment of the Institute
of Agriculture of Western Polissya in the following crop rotation: winter wheat, corn, spring barley, winter
rapeseed. Limestone materials (dolomite and limestone flour) were applied in doses determined by the
magnitude of hydrolytic acidity (Hh, mmol/100 g of soil) before the experiment was started, recommended
doses of mineral fertilizers were applied to the crops annually, and foliar feeding with the micronutrient
“Nutrivan Plus” was carried out. It has been established that the productivity of crops on this type of
soil largely depends on the degree of its agrochemical conditions. The use of mineral fertilizer (NPK)
alone provided limited yield increase, while the combination of fertilizers with liming with dolomite flour
contributed to a significant increase in crop productivity. The highest yield (4.00 t/ha) and economic return
(9.2 thousand UAH/ha) in winter wheat crop was ensured by the integrated use of NPK, dolomite flour
(1.0 Hh), sulfur (S,), and micronutrient fertilizers. For corn and winter rapeseed, the highest yield (9.04
and 2.94 t/ha) and profit (29.2 and 33.5 thousand UAH/ha), respectively, were obtained with the application
of 1.5 Hh CaMg(CO,),. It has been proven that growing crops without fertilizer or only with NPK is
economically unprofitable. The obtained results confirm the feasibility of using an integrated system of
fertilization and land reclamation on acidic soils to ensure sustainable agricultural production.

Keywords: chemical land reclamation, sulfur fertilizers, mineral fertilizers, yield, economic efficiency,
sod-podzolic soils

Relevance of the research. The problem of
soil fertility remains relevant at present. One of
the main indicators of the level of soil fertility
is the reaction of soil solution, on which the
formation of high yields depends.

If chemical land reclamation is ignored,
0.6—1.8 million tons of agricultural units of crop
production on acidic soils are annually lost. Gross
yields of winter wheat, spring barley, and winter
rapeseed are reduced the most. According to the
research performed by the Institute of Agriculture
of Western Polissya, positive changes occurring
in sod-podzolic soils under the influence of
liming contribute to an increase in crop rotation’s
productivity by 24-42 %.

Aspecific feature of acidic soils is the inhibition
ofroot system growth and microbiological activity
in root-containing layer; the accumulation of

© Polovyi V.M., Balaiev A.D., Yashchenko L.A., 2025
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mobile forms of aluminum, iron, and manganese
harmful to plants; the deterioration of physical
parameters; insufficient nutritional regime [1, 2].

Based on the above-mentioned, it is relevant
to study the possibilities of optimizing the
conditions of crop nutrition in crop rotations on
sod-podzolic soils by improving the soil using
crop fertilization systems and chemical land
reclamation.

Analysis of recent research and publica-
tions. Violation of the laws of agriculture can lead
to a stable dynamics of a decrease in the level of
soil fertility, especially its humus condition — the
main criterion for assessing its fertility [3, 4]. The
most vulnerable to this is the territory of Polissya,
where sod-podzolic soils of light texture are
widespread, which is due to the predominance of
the podzolic soil formation process in this zone.
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They are characterized by low nutrient and
organic matter content, and an acidic soil reaction.
Sod-podzolic soils were formed mainly on sandy
and sandy loam basis, in conditions of a rather
humid climate and hilly-ridged relief. This
entire complex of characteristics determines low
natural fertility of sod-podzolic soils. Looking for
approaches to increase the fertility of such soils
is an important scientific and practical task, the
solution of which determines the effectiveness of
agricultural production in humid regions [5, 6].
The main direction of increasing their fertility
is chemical and structural land reclamation,
fertilizers, which are primarily aimed at
improving the agrophysical, agrochemical, and
physicochemical properties of the soil [7, 8].

The results of long-term studies have found
out that for the most of the crops cultivating in
the Polissya and Forest-Steppe zones of Ukraine,
the optimal reaction of soil solution is within the
pHyq range of 5.6-7.0 [4, 9]. It is practically
impossible to achieve this level of soil reaction
in natural conditions without liming. Therefore,
environmentally safe and economically feasible
agricultural use of these soils requires chemical
reclamation and the application of fertilizers
[10, 11]. Research conducted by the Institute of
Agriculture of Western Polissya has established
optimal doses of limestone, organic and mineral
fertilizers in crop rotations on sod-podzolic soils,
which ensure a productivity of 55—60 centners of
feed units per hectare of crop rotation area.

The studies of a number of domestic and
foreign researchers [6, 11-14] have proven that
effective liming with doses within 0.5-1.5 Hh
(hydrolytic acidity) provides optimal conditions
for crops growth, significantly reduces the
mobility of toxic forms of aluminum, the excess
of which on acidic soils can suppress the root
system and reduce yield by 20-50 % [12, 13].

In addition to chemical land reclamation,
the effective use of sod-podzolic soils requires
an integrated approach, which also includes
the application of organic and mineral
fertilizers, micronutrients, and sulfur-containing
compounds [14, 15]. In particular, sulfur is an
important element in plant protein metabolism,
and micronutrients (zinc, boron, manganese,
copper, etc.) increase the resistance of crops to
stress factors, activate enzymatic processes,
and contribute to better absorption of essential
nutrients [1, 15]. The results of scientific
researches show that supplementing background
doses of mineral fertilizers with foliar application
of micronutrients ensures increasing in crops
productivity in various soil and climatic
conditions [16, 17].

However, the problem of modern agriculture
is the steady decrease trend in the use of organic
fertilizers, the deficiency of sulfur, calcium, and
magnesium as the primary causes of low fertility
of sod-podzolic soils. Therefore, the combined use
of dolomite flour, sulfur-containing and microferti-
lizers deserves special attention, which will allow
not only to effectively regulate soil acidity, but also
to ensure balanced nutrition for crops, improve the
physicochemical properties of soil environment and
increase yield in the long term.

The aim of the study was to determine the
effect of different forms and doses of chemical
ameliorants in combination with fertilizers on
the yield and economic efficiency of growing
agricultural crops on a sod-podzolic soil in the
conditions of Western Polissya.

Materials and research methods. The field
studies were conducted in a stationary experiment
of the Institute of Agriculture of Western Polissya
of NAAS in a short crop rotation on sod-podzolic
soil. The crop rotation was as follows: winter
wheat, corn, spring barley, winter rapeseed.
The technology of growing agricultural crops
is generally accepted for the Polissya zone.
Protection from pests, diseases, and weeds was
carried out using intensive technology.

Mineral fertilizers were applied in recom-
mended doses: NP, K, for winter wheat,
NiPoKiyy for corn for grain, N, PyK,, for
spring barley, N,,(PyK,,, for winter rapeseed
in the form of ammonium nitrate, ammophos,
potassium chloride. Chemical ameliorants —
dolomite (CaMg(CQ,),) and limestone (CaCO;)
flours — were applied before the establishment
of the stationary experiment according to the
experiment scheme in doses calculated by
the hydrolytic acidity index of the soil (Hh,
mmol/100 g of soil): 0.5-1.5 Hh.

The foliar fertilization of crops with
microfertilizers “Nutrivant Plus Cereal” and
“Nutrivant Oilseed” (2 kg/ha) were carried out in
the phases of spring tillering and emergence into
the tube of winter wheat, in the phase of 4-5 and
6-8 leaves for corn, in the phase of tillering and
emergence into the tube for spring barley, and in
the phase of spring rosette and the beginning of
budding for winter rapeseed.

The harvest was recorded by plots, by
continuous weighing of the obtained harvest
with subsequent conversion to per area units.
Statistical processing of the obtained research
results was carried out by the ANOVA variance
analysis method using the computer programs
Microsoft Office Excel, and Statistica 10.0.

Weather conditions over the years of research
indicate that this period was characterized by an
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increase in the average monthly air temperature
and sharp fluctuations in the amount and intensity
of precipitation. Quite often, long droughts were
replaced by rains, which negatively affected the
processes of plant growth, development, and the
formation of an appropriate level of winter wheat
productivity.

Despite the change in temperature and humidity
regimes, weather conditions for crops in the
Western region were close to average long-term
values, which led to the formation of relatively
high-yield crops production on sod-podzolic soils.

Research results and their discussion.
It has been found out that the yield of agricul-

(a1

tural crops on sod-podzolic soils largely depends
on the degree of their amelioration, which
includes the complex impact of several factors:
mineral fertilizer (NPK), liming, application of
sulfur-containing fertilizer and micronutrients.
Thus, in the variant without applying any of
these measures (control), the average crop yield
was for winter wheat — 1.29 t/ha, for corn —
4.05 t/ha, for spring barley — 1.39 t/ha, and
for winter rapeseed — 0.85 t/ha. These results
indicate low productivity of sod-podzolic soils
without liming and mineral nutrition, because of
their high acidity, weak buffering capacity, and
nutrient deficiency [2, 5, 7].

1. Productivity of crops in the rotation depending on fertilizer and doses of chemical ameliorants,

average for 2016-2020, t/ha

. . . Winter
Winter wheat | Corn for grain | Spring barley rapeseed
0 [ J— [ J— [ J— [ J—
Option < :o: S = :Q: ° = :°: e = :§ e
2 g | .2 g | .2 o= | 2 o =
- =2 o - =2 o > = o > 2 8
H 9 H ] H ] H ]
Without fertilizers — control 1.29 — 4.05 - 1.39 - 0.85 -
NPK - background 232 | 1.03 | 506 | 1.01 | 243 | 1.04 | 1.34 | 049
Background +
CaMg(CO,), (0,5 H,) 313 | 1.84 | 6.73 | 2.68 | 3.19 | 1.80 | 1.95 | 1.10
Background +
CaMg(CO,), (1,0 H,) 3.61 | 232 | 753 | 348 | 3.71 | 232 | 230 | 145
Background +
CaMg(CO,), (1,0 H,) + S, 3.80 | 251 | 792 | 3.87 | 3.87 | 248 | 256 | 1.71
Background +
CaMg(CO;), (1,0 H,) + Sy, + 400 | 271 | 840 | 435 | 398 | 2.59 | 2.66 | 1.81
micronutrient
Background +
CaMg(CO,), (1,5 H,) 390 | 261 | 9.04 | 499 | 4.08 | 2.69 | 294 | 2.09
Background + CaCO; 338 | 209 | 741 | 336 | 3.57 | 218 | 222 | 1.37
(1,0H,)
HIP,, 0.13 0.47 0.14 0.11
The application of mineral fertilizers Significant improvement in crop yields was

(NPK) as an independent agricultural tool
contributed to a statistically significant increase
in the yield by 0,49-1,04 t/ha, depending on
the crop. However, even with a positive impact
on productivity, this effect was insufficient,
and unilateral fertilizer application without
land reclamation could deepen the processes
of the acidification of soil solution [11, 13].
This is confirmed by the level of crop yield
after liming, which is consistent with previous
scientific results of the Institute [4].
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achieved when combining NPK with liming
with dolomite flour in doses of 0.5-1.5 Hh. The
results show that for all crops, yield increases
were statistically significant both relative to the
background (NPK) and between each subsequent
applied dose of dolomite flour (0.5; 1.0; 1.5 Hh),
which was confirmed by the HIP; criterion.
The highest increases in comparison with the
background were provided by the dose of 1.5 Hh:
winter wheat—+1.68 t/ha, corn—+3.34 t/ha, spring
barley — +1.55 t/ha, winter rapeseed — +1.60 t/ha.
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A comparative assessment of the effect of
a dose of 1,0 Hh CaCO, and CaMg(CO,), on the
background of mineral fertilizer according to the
HIP,s index showed the advantage of the latter
for winter wheat (+0.23 t/ha) and spring barley
(+0.14 t/ha). The effectiveness of dolomite flour
in growing cereals is explained by the content of
not only calcium, but also magnesium — a key
mesoelement that participates in photosynthesis,
protein synthesis, and metabolism regulation in
plants. In the cases with corn and winter rapeseed,
atrend towards increased yield was also observed.
Improvement in mineral nutrition conditions,
especially on soils with magnesium deficiency,
provided an additional increase in yield by 2—7 %
compared to the limestone flour option, which
emphasizes the higher agrochemical efficiency of
dolomite in fertilization systems on sod-podzolic
soils.

The greatest synergistic effect on crop yields
when applying dolomite flour in a dose of
1,0 Hh was observed with the combined impact
of NPK, sulfur-containing fertilizer (S,,), and
foliar feeding with micronutrients. In variants
with their simultaneous use, the yield of winter
wheat increased up to 4.00 t/ha, of corn — up
to 8.40 t/ha, of spring barley — up to 3.98 t/ha,
and of winter rapeseed — up to 2.66 t/ha. This
represented significant increases compared to
the “Background + CaMg(CO,), 1.0 Hh” option
for all crops. However, they were insignificant
or lower compared to the “Background +
CaMg(CO,), 1,5 Hh” option.

At the same time, it is worth distinguishing
between the impact of sulfur and micronutrient

fertilizers. Adding only S,, to NPK and
CaMg(CO;), (1.0 Hh) provided significant
increases for winter wheat (+0.19 t/ha), spring
barley (+0.16 t/a), and winter rapeseed
(+0.26 t/ha). While a significant additional effect
of microfertilizer (compared to the option without
it) was established for wheat (+0.20 t/ha) and corn
(+0.48 t/ha). Therefore, the multifactorial effect
of the combination of liming, NPK, sulfur, and
microelements proved to be the most effective.
This indicates that the agrochemical effect was
not formed by the isolated influence of individual
factors, but through their synergistic effect, which
is consistent with the other results [4, 10, 13, 15].

In the modern conditions of a market economy,
the determining factor in the feasibility of using
agrotechnical methods for crops growing is
their economic efficiency. The choice of optimal
technological options should be based not only on
yield indicators, but also on a systematic analysis
of the impact of technology elements on crops
productivity, the quality of the resulting products,
and the level of their production costs [17].

In order to substantiate the most effective
combination of agricultural measures taken for
the study, the economic efficiency of fertilizer and
chemical land reclamation options was calculated
using 2024 prices. It was found out that the cost
of the resulting products changed similarly to the
yields level, demonstrating a clear relationship
between agricultural measures and financial
indicators (Table 2).

Conducted economic assessment of the
efficiency of crops growing on the sod-podzolic soil
with the application of different doses of chemical

2. Indicators of economic efficiency of agricultural crops growing depending on different doses
of liming on the background of fertilization on the sod-podzolic soil, average for 20162020,

thousand UAH/ha
Winter Corn Spring Winter
wheat for grain barley rapeseed
= = = =
Option E '2 7)) E 'g 7)) E '2 7)) E 'g 7))
22 8| B2 | RS | 28| 82 | 22| =2
SZ|Es|3Z|ES|SL| &8 |8 g8
S| = © | = S| = S| =
() (P} (] (]
Without fertilizers — control 103 | 152 | 304 | 30.5 | 11.1 145 | 179 | 19.8
NPK — background 18.6 | 21.2 | 38.0 | 379 | 194 | 20.6 | 28.1 | 27.2
Background + CaMg(CO,), (0,5 H,) 25.0 | 21.5 | 50.5 | 382 | 255 | 21.0 | 41.0 | 275
Background + CaMg(CO), (1,0 H,) 28.9 | 219 | 56.5 | 38.6 | 29.7 | 21.3 | 483 | 27.9
Background + CaMg(CO,),(1,0H,) +S,, | 30.4 | 22.2 | 59.4 [ 38.9 | 31.0 | 21.6 | 53.8 | 282
Background + CaMg(CO), (LOH)*+ | 35 | 258 | 630 | 395 | 31.8 | 22.3 | 559 | 28.8
S,, + micronutrient
Background + CaMg(CO,), (1,5 H,) 312 | 222 | 67.8 [ 386 | 32.6 | 21.7 | 61.7 | 283
ﬁagk}%r;’“nd +CaCo, 270 | 21.6 | 55.6 | 383 | 28.6 | 21.0 | 46.6 | 27.6
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ameliorants on the background of fertilization
showed that is a profitable measure. The highest
conditional net profit of 9.2 thousand UAH/ha for
winter wheat was provided by the application of
1.0 dose of Hh CaMg(CO;), on the background of
Ni2PeoKoo + Sy + microfertilizer (Fig. 1).

The use of 1,5 doses of Hh CaMg(CO;), on
the background of NPK contributed to both an
increase in the yield of com for grain, spring
barley, and winter rapeseed, and the economic
efficiency of their cultivation with a conditional
net profit of 29.2 thousand UAH, 11.0 thousand
UAH, and 33.5 thousand UAH, respectively.

On average, the costs of agricultural crops
growing for the crop rotation amounted to
20.0-28.4 thousand UAH/ha, and the conditional

(@]

net profit for different doses of chemical
ameliorants on the background of fertilization
was within 8.4-20.7 thousand UAH/ha (Fig. 2).

Crops growing on the sod-podzolic soil
without fertilizer and chemical melioration and
against the background of fertilization in the
average for the crop rotation turned out to be
economically unprofitable with the loss amounted
up to 2.6 thousand UAH/ha and 0.7 thousand
UAH/ha, respectively.

Conclusions. On the sod-podzolic soils of
Western Polissya, the application of only mineral
fertilizers (NPK) withoutliming provides alimited
increase in crops yields (0.49—1.04 t/ha), which
indicates the low efficiency of such approach on
acidic soils.

Winter
rapeseed

—

Spring barley .

—=

Corn for graink

Winter wheat |

——=

~Background + CaCO3
(1,0 Hg)

@ Background + CaMg(CO3)2 (1,5 Hg)

g Background + CaMg(C03)2 (1,0 Hg) +
S40 + micronutrient

& Background + CaMg(C03)2 (1,0 Hg) +
S40

& Background + CaMg(CO3)2 (1,0 Hg)
Background + CaMg(CO3)2 (0,5 Hg)
7INPK - background

[ Without fertilizers - control

-5 0 5 10 15 20

25

30 35

Fig. 1. Conditional net profit for agricultural crops growing depending on different doses
of liming on the background of fertilization on the sod-podzolic soil, average for 2016-2020,

thousand UAH/ha
50,0 48,3
43,6
40,0 39,4
30,0 27.4 27,7 28,4 7,7
20,0 — — =
20,0 4 — — —
] = = =
0,0 2, = = E =
Will+ad NPK - Background + Background + Background+ Background+ Background+ Background +
fertilizers - background CaMg(Cc03)2 CaMg(C03)2 CaMg(C03)2 CaMg(C03)2 CaMg(C03)2 CaCo3
-10,0 control (0,5 Hg) (1,0 Hg) (1,0 Hg) + S40 (1,0 Hg) + 540 + (1,5 Hg) (1,0 Hg)
micronutrient
Cost of yield E= Cultivation costs ——Conditional net profit

Fig. 2. Economic efficiency of crops growing depending on different doses of liming
on the background of fertilization on the sod-podzolic soil, on average per the crop rotation
(2016-2020), thousand UAH/ha
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The liming with dolomite flour in doses of
0.5-1.5 Hh in combination with NPK contributes
to a significant increase in the yields of all crops in
the rotation. The additional application of sulfur
(S4) during liming (1.0 Hh CaMg(CO;),) and
NPK fertilization provided a significant increase
inyield for winter wheat, spring barley, and winter
rapeseed. The addition of the microfertilizer
“Nutrivant Plus Cereal” proved to be effective
for winter wheat and corn, which emphasizes the
feasibility of a differentiated approach to their use
depending on the crop, especially in conditions
of chemical soil reclamation.

The highest agronomic efficiency for winter
wheat was provided by the combination of NPK,

dolomiteflour (1,0 Hh), sulfur-containing fertilizer
(S40), and foliar feeding with microelements. This
approach made it possible to increase the crop
yield up to 4.00 t/ha and increase the conditional
net profit up to 9.2 thousand UAH/ha.

In the case of corn for grain, winter rapeseed,
and spring barley, the highest yields were
achieved with the combined application of 1.5 Hh
CaMg(CO;), and NPK. Economic analysis
showed the highest profitability of this option
for corn (29.2 thousand UAH/ha) and winter
rapeseed (33.5 thousand UAH/ha). Therefore,
complex agrochemical technology for acidic
soils is not only an agronomically effective, but
also economically feasible measure.

Conflicts of interest: the authors declare no conflict of interest.
Use of artificial intelligence: the authors confirm that they did not use artificial intelligence
technologies during the creation of this work.
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Anomauin. Y cmammi npedcmagneno pe3yibmamu noibo8ux OOCIIONCEHb U000 GNIUEY MIHEPATbHOZ0 YO0O-
PEHHS, 8ANHYB8AHHSA, BHECEHHA CIPKOBMICHO20 000OpUBa ma MIKpOeieMeHmié Ha 8PONCALIHICMYb | eKOHOMIUHY
eghexmugnicmo GUPOWYBAHHSA CINLCLKO2OCNOOAPCHKUX KYIbMYP HA 0ePHOBO-NIO301UCMOMY IpyHmi. Jlocnio
nposedeHo y cmayionapHomy 00cnioi Incmumymy cinbcvkoeo eocnooapemea 3axionoeo Ilonices y ciso3miHi:
nueHuYsl 03uma, KyKypyosa, siuMineb sputl, pinak osumuil. Banuskosi mamepianu (Oonomimoge ma 6anHs-
KoBe GOPOWIHO) BHOCUTU Y 003AX BUSHAYEHUX 3d GEIUUHONW 2ioponimuunol kuciomuocmi (He, mmons/100
2 IpyHmy) nepeod 3aKkiaoKo 00CHidy, WOPIUHO Ni0 KVIbMypu 6HOCUTU PEKOMEHOOBAHI 003U MIHEePATbHUX
000pu6 ma npoeooUIU NO3AKOPEHesl NiddICUseH s MIKpooobpusom «Hympisan nmocy. Yemarnoeneno, wo
NPOOYKMUBHICTL KYI6IYP HA YbOMY MUNI IPYHMIE 3HAYHOIO MIPOIO 3ANeXHCUMb 8i0 CYNEeHs 1020 aspoxi-
MIYHO20 OKYIbMYpeHHA. 3acmocysanHs auuie MinepanvHozo yoobpeuns (NPK) 3abesneuuno odomedxncene
3DOCIMAHHSL 8PONCANIHOCHI, MOOi SIK NOEOHAHHSL 00OPUS 13 BANHYBAHHIM OO0LOMIMOBUM OOPOUIHOM CHNPUSLIO
00CMOGIPHOMY NIOBUWEeHHIO nPodyKmuerHocmi Kyiemyp. Hatieuwyy epooicatinicms (4,00 m/ea) i exonomiuny
sidoauy (9,2 muc. epr/ea) y nocieax nueruyi o3umoi 3a6e3neuuno komniekcHe sacmocysaris NPK, dono-
Mmimogoeo 6opowna (1,0 He), cipxu (S,,) ma mikpooobpuea. [{ns KyKypyO3u ma pinaxy o3umo2o Haubiibuly
ypooxrcatinicmys (9,04 i 2,94 m/ea) i npudymox (29,2 i 33,5 muc. epu/ea) 8i0no8ioHo ompumaro 3a 6Hecerts 1,5
He CaMg(CO;),. Hosedeno, wjo supowyeanus Kyiomyp oe3 y0oopens abo auute 3a ¢ony NPK € exonomiuno
36umxosum. Ompumani pe3yiomamu RiOMEePOANCyIoms OOYIIbHICHb 3ACMOCYBANHSL IHMeZPOSAHOT cucmemu
VOObpenis il Meniopayii Ha KUCIUX IpyHmax 0715 3a6e3nedents Cmaio2o azposupooHuymad.

Knrouoei cnosa: ximiuna meniopayis, cipkoemicHi 0obpusa, minepaibHe YOOOPEHHS, 8poXtcAll-
HICMb, EKOHOMIUHA eh)eKmMUBHICMb
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Abstract. The article presents an assessment of the accuracy of meteorological data obtained from
the Visual Crossing Weather Data (VWS VCWD) virtual meteorological station and the calculated
reference evapotranspiration (ETo) based on these data for the conditions of southern Ukraine. It has
been established that the data on air temperature and relative humidity are obtained with high accuracy,
with MAPE and RMSE errors of 4.5 % and 0.94 °C and 9.1 % and 7.53 %, respectively. Good accuracy
is characteristic of dew point temperature and solar radiation, with MAPE and RMSE errors of 20.9 %
and 1.44 °C and 17.4 % and 3.41 MJ/m*day, respectively. Dew point temperature data can also be
obtained with satisfactory accuracy depending on the observation period. The MAPE and RMSE errors
for water vapor pressure deficit are 46.2 % and 0.21 kPa, respectively, which corresponds to satisfactory
accuracy. Depending on the observation period, water vapor pressure deficit data can also be obtained
with unsatisfactory accuracy. Wind speed data at a height of 2 m, obtained with unsatisfactory accuracy,
have MAPE and RMSE errors of 104.3 % and 1.20 m/s, respectively. To improve the accuracy of the
meteorological data obtained, correction factors were calculated, and when applied, the accuracy of all
meteorological data obtained is improved. The possibility of calculating ET using data from the Visual
Crossing Weather Data virtual meteorological station for the period April-September with good accuracy
has been confirmed. The MAPE error was 13.7 %, and the RMSE was 0.62 mm. To improve the accuracy
of ET calculations in southern Ukraine, a correction factor of 0.95 must be used. Taking this into account,
the accuracy of ET calculations for the period May-August increases to 89 %, and the RMSE is (.63 mm.
The use of refined meteorological data reduces the accuracy of ET calculations by 4.8 % and increases the
RMSE by 0.15 mm. Based on the results of the research, a web application will be developed to calculate
ET and ETc using the FAO56-RM methodology with data from VWS Visual Crossing Weather Data.

Keywords: virtual weather station, meteorological data, reference evapotranspiration, accuracy,
MAPE and RMSE errors

Relevance of the research. Currently, data
from virtual weather stations (VWS) [1, 2]
are increasingly used in various hydrological,
environmental, and agricultural modeling
programs. There is a growing demand for
spatial climate data in digital form [3]. VWS is
the integration of algorithms for downloading
meteorological data, processing it, and using it to
obtain data in nearby locations where there are

no meteorological stations [1, 2]. Historically,
weather data for modeling has been collected
from meteorological weather stations, but they
may not be close enough to the specific area being
modeled. For these reasons, weather data from
virtual meteorological stations can potentially
replace or supplement ground-based weather
measurements. [4]. To use virtual meteorological
stations, it is first necessary to compare the

© Zhuravlov O.V., Shatkovskyi A.P., Riabkov S.V., Vlasova O.V., Tykhenko R.V., 2025
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obtained meteorological indicators with the
actual ones [5]. Studies conducted around the
world confirm the reliability of meteorological
data obtained from virtual meteorological stations
[1, 6, 7]. The reasons for the differences between
data from virtual meteorological stations and
measurements at weather stations may be related
to spatial and temporal representativeness [8].
Another source of differences between data sets
is data obtained from weather stations located at
airports and in cities. Air temperature may increase
and humidity may decrease at airports due to the
predominance of asphalt and other non-watered
surfaces. There is virtually no moisture available
for evaporation on the pavement, so more solar
energy is available to heat the air. This is known
as the urban heat island effect. Differences may
also be due to the failure to account for water
use for irrigation in the land surface water
balance models used in data collection systems.
In arid regions where irrigation is prevalent, the
microclimate near irrigated areas is affected by
additional water inflow. Evaporation, which is
made possible by the additional water inflow,
absorbs solar energy that would otherwise heat
the air in adjacent non-irrigated areas. Thus, the
microclimate near irrigated areas is cooler and
more humid than around non-irrigated land. This
effect is called “air conditioning” [8].

To establish the accuracy of meteorological
data obtained from virtual weather stations, we
chose Visual Crossing Weather Data (VCWD)
[4]. It provides access to all climate data neces-
sary for calculating reference evapotranspiration
(ETo) worldwide, including forecast data for the
next 15 days. All data from the site is available
for download via the weather data request page.
A comprehensive verification of meteorological
data measured by virtual meteorological stations
for the conditions of southern Ukraine has not
yet been carried out. Therefore, this study was
conducted to verify the accuracy and quality
of the meteorological data obtained and the
calculated ETo from a virtual climate station for
the conditions of southern Ukraine.

Analysis of recent studies and publications.
Reference evapotranspiration (ETo) is important
for water consumption in agriculture. Synoptic
data from meteorological stations can provide
reliable data for estimating ETo using the
Penman-Monteith ~ equation  (FAO56-PM).
However, the five main variables required by
this equation suffer significant losses due to
force majeure events [9]. Data loss will directly
lead to errors in calculations. To achieve high
data quality for calculating daily ET over a long
period of time, it is necessary to first analyze the
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input data for omissions and errors in the records.
To do this, algorithms must be selected to take
into account different types of data loss and fill
them in. Measurements of incoming shortwave
solar radiation, air temperature, air humidity,
wind speed, and precipitation at weather stations
are taken at a height of 2-3 m. Accurate,
continuous, and consistent measurements of
these variables over years or decades are often
lacking due to sensor failure, drift, age, poor
calibration, debris, limited station maintenance,
communication errors, lack of a sufficiently
humid environment, and remote access. As
a result, low-quality agricultural weather station
data is common, and if not flagged for removal
or correction, it will affect the accuracy of
reference evapotranspiration calculations [10].
The ability to easily read, visualize, review, flag,
and potentially delete, fill in, or correct historical
and real-time meteorological data is essential
for calculating ET at the local and global levels.
Python agweather-qaqc [11] provides the
ability to provide fast, thorough, and efficient
meteorological data review and quality control for
daily meteorological data. Many station networks
use different formats for storing and recording
meteorological data, and agweather-qaqc is
capable of flexibly processing common input
data, units of measurement, and formats so that
all input data and ETo calculations can be used
programmatically.

Air temperature values obtained from virtual
meteorological stations are attractive due to
the absence of instrumentation costs and the
availability of long-term reconstructions of
historical records [12]. Air temperature maps
for the city of Warsaw (Poland) [13] constructed
using machine learning are characterized by
lower complexity and higher calculation speed
in the field of urban meteorological research.
The root mean square error was —1.06 °C, and
the coefficient of determination was —0.94,
compared to ground-based observations. The
average monthly solar radiation and average
daily maximum and minimum air temperatures
obtained from the network of virtual climate
stations of the New Zealand National Institute
of Water and Atmospheric Research (NIWA)
allow these data to be estimated for landscape
points with reasonable accuracy and low error
[6]. Studies conducted in the northeastern region
of Brazil (Paraiba state) [14] on the assessment
of solar radiation indicate that the calculated
data from satellite images slightly exceed
those observed at ground-based meteorological
stations. A comparison of solar radiation
data in Albania [15] provided by NASA with
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ground-based meteorological stations shows that
ground-based data are underestimated compared
to data provided by the NASA database. The
conversion factor is 1.149. An assessment of
the accuracy of meteorological data obtained
from virtual weather stations for the conditions
of Polissya, Ukraine [16], showed that data on
average and maximum air temperature, as well as
dew point temperature, were obtained with high
accuracy. Good accuracy is characteristic of the
minimum air temperature and average relative air
humidity. Data on solar radiation and water vapor
pressure deficit were obtained with satisfactory
accuracy. Data on wind speed at a height of
2 m, total monthly and daily precipitation were
obtained with unsatisfactory accuracy.

Satellite remote sensing of evapotranspiration
(ET) offers a powerful approach for mapping
large areas and time scales. Remote sensing ET
data have significant potential for sustainable
water resource management. However, experts
require a reliable and thorough assessment of the
accuracy of such data. Comparisons of OpenET
[17] results with data from 152 eddy covariance
tower stations in the United States showed that the
average absolute error over agricultural land for
OpenET is 15.8 mm per month, with an average
bias error of —5.3 mm per month. Medium-range
forecasts of daily reference evapotranspiration
(ETo) are very useful for irrigation management.
Ananalysis of artificial neural networks conducted
in China [18] for ETo forecasting (FAO56-PM)
showed that the correlation coefficients between
observed and predicted temperatures for all
stations exceeded 0.91, and the accuracy of the
minimum temperature forecast ranged from 68.34
to 91.61 %, and for the maximum temperature —
from 51.78 to 57.44 %. The accuracy of the ETo
forecast ranged from 75.53 to 78.14 %, the average
absolute error ranged from 0.99 to 1.09 mm/day,
and the root mean square error ranged from 0.87 to
1.36 mm/day. The average correlation coefficient
ranged from 0.70 to 0.75. For the conditions

1. Location of AWS iMetos from Pessl Instruments

of Polissya, Ukraine [19], the accuracy of ETo
calculation is 86.1%, and the RMSE and SEE
errors are 0.76 and 0.49 mm, respectively.

The purpose of the study was to evaluate
the accuracy of meteorological data obtained
from the Visual Crossing Weather Data virtual
meteorological station in order to assess the
accuracy of ET calculated based on these data
and compare them with actual data obtained from
the iMetos automated Internet meteorological
station from Pessl Instruments.

Materials and methods. The meteorological
data for this study were obtained from the Visual
Crossing Weather Data (VCWD) [4] for the period
from April to September from 2013 to 2021 and
from nine iMetos automatic weather stations
(AWS) from Pessl Instruments [20], which were
located in the Kherson and Zaporizhzhia regions

(Table 1).
To analyze and calculate reference
evapotranspiration ~ (ET,;), average daily

meteorological data were used: average air
temperature (Ta) and dew point (Tdew), wind
speed (u,), and total solarradiation (Rs). Reference
evapotranspiration was calculated according to
the Penman-Monette FAOS56-PM method [21]
based on VWS VCWD meteorological data:

900

0,408A(R, - G)+y—— -
_ (R —G) v opale—e)
ET, = , (1)
A+v(1+0,34u,)
where ET, is reference evapotranspiration,

mm/day; Rn is net radiation on the plant
surface, MJ/m?-day; G is soil heat flux density,
MJ/m,,-day; Ta —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;
€, — actual pressure, kPa; A — vapor pressure
gradient, kPa/(°C); y — psychrometric constant,
kPa/°C.

To calculate e, and ¢, the values of the
average air temperature and dew point were
used, respectively. The average wind speed was

No Station District Region Latitude E

1 Antonivka Skladovskyi 46.145 32.956
2 Pryvitne Kherson 46.374 33.101
3 Novokamyanka Kakhovka 46.601 33.382
4 Tavrichanka Kakhovka Kherson 46.557 33.828
5 Chervona Polyana Kakhovka 46.801 33.841
6 Bratske Henichesk 46.784 34.077
7 Voskresenka Henichesk 46.595 34.554
8 Velyka Bilozerka Vasylivskyi . . 47.165 34.605
9 yVysokyi Me}iitopo}ll Zaporizhzhia 46.813 34.971
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converted for a height of 2 m. Other parameters
included in formula (1) were calculated according
to the FAO56-RM methodology [21].

Meteorological data and calculated reference
evapotranspiration were compared with actual
data obtained from AWS iMetos.

To assess the accuracy of the meteorological
data obtained from VWS VCWD and the
calculated reference evapotranspiration, the
mean absolute percentage error (MAPE), Root
Mean Square Error (RMSE), Standard Error of
Estimate (SEE), and accuracy [22-25]:

1 n

_ N X )
MAPE == 100%
ngl x ’
1< 2
RMSE = /— —y) (3)

B R P v s (Cal
SEE—\/(n_Z)[(y ¥) (o) ],(4)

(o]

Accuracy(%) =100% — MAPE(%) , (5

where x is the meteorological indicator or
ETjaccording to AWS iMetos data; y is the
meteorological indicator or ET(FAO56-PM) accor-
ding to VWS VCWD data; n is the sample size.

Research results. Based on the results of
air temperature assessment obtained from VWS
Visual Crossing Weather Data and AWS iMetos
for the period April-September, it was established
that the data was obtained with high accuracy
(Fig. 1). The mean absolute percentage error
(MAPE) was only 4.5 % [23], and the root mean
square error (RMSE) was 0.94 °C (Table 2).

To improve the accuracy of air temperature,
a correction factor of 0.98 was calculated.
When applied, the accuracy of the data obtained
increases (Fig. 1b), and the MAPE and RMSE
errors decrease by 0.7 % and 0.13 °C, respectively
(Table 2). With the reduction of the observation
period to May-August, the MAPE error decreased
by 0.9%, while the RMSE remained almost

30
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— — —Lline 1:11
12 + .
Linear regression
10 -ttt
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Air temp iMetos, °C

y=0.9817x+0.7847
R?=0.98
SEE=0.81

Airtemp VCWD, °C
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y =0.962x+ 0.769
R?=0.98
SEE=0.73

Air temp VCWD, °C

= = =Line 1:1
Linear regression

10 12 14 16 18 20 22 24 26 28 30
Air temp iMetos, °C

a) actual

b) refined

Fig. 1. Regression analysis for air temperature verification

2. MAPE and RMSE errors for air temperature, °C

. ) VCWD MAPE RMSE
Date/time iMetos : .
actual refined actual revised actual revised
1 2 3 4 5 6 7 8
By year

2013 19.8 20.8 20.4 6.5 5.1 1.40 1.1
2014 19.5 20.4 20.0 6.4 5.3 1.23 1.0
2015 19.4 20.0 19.6 4.0 2.8 0.81 0.58
2016 19.8 20.3 19.9 3.6 2.8 0.87 0.68
2017 19.1 19.4 19.1 4.9 4.5 0.89 0.86
2018 20.7 21.2 20.7 3.6 3.1 0.88 0.77
2019 20.2 20.4 20.0 34 33 0.79 0.79
2020 19.2 19.6 19.2 4.4 3.9 0.93 0.88
2021 18.4 18.7 18.3 32 3.0 0.65 0.62
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Continuation of Table 2
1 2 3 4 5 6 7 8
By month
April 10.6 11.1 10.9 8.0 7.07 0.87 0.77
Vay 17.3 17.6 17.3 3.8 3.42 0.83 0.75
June 21.8 224 21.9 3.7 3.09 1.03 0.87
July 23.9 24.5 24.0 3.4 2.80 1.0 0.84
August 24.1 24.7 242 3.6 2.95 1.06 0.89
September 18.0 18.6 18.2 4.6 3.72 0.95 0.79
S Q)It)gllﬂ;er 19.6 20.1 19.7 4.5 3.80 0.94 0.81
May — August| 21.8 22.3 21.8 3.6 3.0 0.98 0.84
By station
1 19.2 19.9 19.3 5.0 3.7 1.11 0.83
2 20.3 20.5 20.3 3.7 35 0.83 0.80
3 18.47 18.54 18.54 35 35 0.74 0.74
4 19.33 20.25 19.24 6.1 4.0 1.21 0.82
5 19.84 20.36 19.74 3.9 3.1 0.81 0.66
6 19.51 20.03 19.43 3.7 2.9 0.83 0.64
7 19.24 19.28 19.28 3.6 3.6 0.70 0.70
8 19.47 19.99 19.39 43 35 0.92 0.76
9 20.34 20.52 20.31 3.2 3.0 0.70 0.69

unchanged. Over the years of observation, the
MAPE errors ranged from 3.2 % (2021) to 6.5 %
(2013), and the RMSE errors ranged from 0.65
to 1.40 °C, respectively. The smallest MAPE
errors were observed in the summer months,
and the largest in April. The accuracy of the data
obtained also depended on the iMetos station
and its location. Thus, the smallest errors for air
temperature are characteristic of station 9, and
the largest — 4 (Table 1). However, despite all
the fluctuations in MAPE errors by year, month,
and station, they were all less than 10 %, which
confirms the high accuracy of the data obtained.
Data for the dew point are obtained with good
and satisfactory accuracy (Fig. 2). The MAPE
error was 20.9% [23], and the RMSE was
1.44 °C (Table 3). To improve the accuracy of
the dew point temperature, a correction factor of
1.10 was calculated. When applied, the accuracy
of the obtained data increases (Fig. 2b), and
the MAPE and RMSE errors decrease by 1.4 %
and 0.14 °C, respectively. With the reduction
of the observation period to May-August, the
MAPE error decreased by half, while the RMSE
remained almost unchanged. Over the years of
observation, the MAPE errors ranged from 8.3 %
(2016) to 36% (2020), and the RMSE errors
ranged from 0.96 to 1.67 °C, respectively. The

smallest MAPE errors were observed in June
and July, and the largest in April. The accuracy
of the data obtained also depended on the AWS
iMetos and its location. Thus, the smallest errors
for dew point temperature are characteristic of
stations 2, 3, and 9, and the largest — 7. Dew
point temperature data were obtained with good
accuracy in 2014-2016, 2018, and 2021, from
May to August, and for stations 2—4 and 8-9. For
all other periods, the accuracy was satisfactory.
It should be noted that the MAPE error for the
period May-August, which accounts for almost
all irrigation, is 10.8 % (and the refined 9.6 %),
which almost corresponds to the high accuracy of
the data obtained.

Data for relative air humidity are obtained
with high accuracy (Fig. 3). The MAPE error was
9.1 % [23], and the RMSE was 7.53 % (Table 4).
To improve the accuracy of relative air humidity,
a correction factor of 1.06 was calculated. When
the correction factor is applied, the accuracy of
the data obtained increases (Fig. 3b), and the
MAPE and RMSE errors decrease by 0.7 % and
1.11 %, respectively. With the reduction of the
observation period to May-August, the MAPE
and RMSE errors remained almost unchanged.
Over the years of observation, the MAPE errors
ranged from 7.4 % (2016) to 10.9 % (2014), and
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Fig. 2. Regression analysis to verify dew point temperature

3. MAPE and RMSE errors for dew point temperature, °C

(1]

. . VCWD MAPE RMSE
Date/time iMetos - - -
actual revised actual | revised actual revised
By year
2013 11.2 12.2 11.9 24.7 22.6 1.67 1.51
2014 11.1 11.7 11.3 20.8 19.7 1.67 1.57
2015 11.4 11.5 11.1 16.1 16.5 1.12 1.25
2016 12.4 12.3 11.8 8.3 9.4 0.96 1.16
2017 10.2 10.4 10.2 22.2 19.8 1.35 1.11
2018 10.9 11.2 11.1 20.7 17.8 1.61 1.35
2019 11.3 11.5 11.6 22.2 21.5 1.39 1.25
2020 10.2 9.9 9.9 36.0 33.3 1.59 1.30
2021 13.9 12.8 13.2 17.1 15.2 1.65 1.21
By month
April 4.2 4.2 4.1 36.4 65.1 1.43 1.40
May 10.5 10.4 10.2 14 13.6 1.28 1.26
June 14.3 14.1 13.9 8.2 7.9 1.32 1.26
July 15 15 14.8 8.3 7 1.47 1.22
August 13.1 13.6 13.5 12.7 10.1 1.74 1.40
September 9.5 10.0 9.8 24.6 22.6 1.49 1.33
Somomber | 114|115 14 | 209 19.5 144 | 130
May — August 13.2 13.3 13.2 10.8 9.6 1.45 1.28
By station

1 13.0 11.3 12.4 28.0 24.0 1.97 1.25
2 11.6 12 11.9 17.2 16.8 1.30 1.26
3 13.34 11.75 12.93 17.5 13 1.87 1.21
4 10.89 11.22 10.66 21.5 20.9 1.48 1.46
5 10.99 11.48 10.90 22.5 21.4 1.19 1.18
6 11.85 11.27 11.72 23.6 23 1.25 1.17
7 9.31 10.40 9.36 36.5 30.7 1.60 1.26
8 11.92 10.98 12.07 18.5 17.7 1.73 1.35
9 11.13 11.34 11.11 17.5 17 1.28 1.28
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Fig. 3. Regression analysis to verify relative air humidity, %

4. MAPE and RMSE errors for relative air humidity, %

Date/time | iMetos VCWD MAPE RMSE
actual | refined actual | revised actual | revised
By year
2013 63.0 60.9 64.6 8.8 9.1 6.96 6.71
2014 64.5 60.6 64.2 10.9 10 8.50 7.24
2015 66.9 62.4 66.1 7.6 6 7.07 5.28
2016 66.0 62.1 65.8 7.4 6 6.15 4.77
2017 62.7 60.1 63.7 8.5 8.5 6.64 6.04
2018 59 56.6 60 94 9.8 7.01 6.58
2019 63.1 61.0 64.6 8.2 8.8 6.54 6.30
2020 62 58.0 61.4 10.6 9.8 8.29 7.07
2021 76.4 68.7 72.8 10.4 7.2 9.87 7.17
By month
April 70.6 66.2 70.1 9.4 8.3 8.28 6.82
May 69.7 65.8 69.8 8.2 7.5 7.39 6.18
June 68 62.5 66.3 9.5 7 8.31 6.41
July 63.2 59.2 62.7 9.2 8.3 7.58 6.43
August 56.3 53.9 57.2 9.7 10.2 7.03 6.50
September 63.1 60.8 64.5 8.5 8 6.58 6.18
S é;l;’eriger 65.1 61.4 65.1 9.1 8.4 7.53 6.42
May — August | 64.3 60.4 64 9.2 8.4 7.58 6.38
By station

1 70.7 61.7 71.0 13.0 6.9 10.49 5.88
2 63.1 61.6 62.8 7.8 7.7 6.04 5.76
3 75.18 68.23 75.05 10.2 6.3 8.68 5.74
4 64.55 59.50 64.10 9.8 8.3 8.02 6.30
5 62.19 60.63 61.84 6.3 6 4.87 4.59
6 67.48 61.05 67.77 10.2 6.8 8.32 5.28
7 58.23 60.28 57.87 8.6 7.6 5.57 5.34
8 68.50 60.05 68.46 12.6 7.9 10.73 6.32
9 61.72 59.35 61.14 8 7.8 6.48 5.92
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the RMSE errors ranged from 6.15 to 9.87 %,
respectively. The smallest MAPE errors were
observed in May and September, and the largest
in July (9.5 %). The accuracy of the data obtained
also depended on the iMetos station and its
location. Thus, the smallest errors for relative air
humidity are characteristic of stations 5 and 2,
and the largest — 1 and 8.

Data for water vapor pressure deficit for
the period April-September are obtained with
satisfactory accuracy (Fig. 4). The MAPE error
was 46.2 % [23], and the RMSE was 0.21 kPa
(Table 5). Depending on the observation period
and station, data with unsatisfactory accuracy
were also obtained. To improve the accuracy of
relative air humidity, a correction factor of 0.95
was calculated. When applied, the accuracy of
the data obtained increases (Fig. 4b), and the
MAPE and RMSE errors decrease by 2.9 % and

(]

0.01 kPa, respectively. With a decrease in the
observation period to May-August, the MAPE
error decreased by 14.2 %, while the RMSE error
remained almost unchanged. Over the years of
observation, the MAPE errors ranged from 23 %
(2018) to 78.3% (2015), and the RMSE errors
ranged from 0.16 to 0.24 kPa, respectively. The
smallest MAPE errors were observed from July to
September, and the largest in April. The accuracy
of the data obtained also depended on the iMetos
station and its location. Thus, the smallest errors
for water vapor pressure deficit are characteristic
of stations 5, 7, and 9, and the largest — 2 and 6.
As can be seen from Table 5, even with complete
agreement between the data obtained from the
automatic and virtual weather stations, the errors
in the results obtained are significant. This is due
to the averaging of data for this period, while all
calculations were performed for daily data.
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Fig. 4. Regression analysis to check the water vapor pressure deficit, kPa

5. MAPE and RMSE errors for water vapor pressure deficit, kPa

Date/time | iMetos VCWD MAPE RMSE
actual refined actual revised actual revised
1 2 3 4 5 6 7 8
By year
2013 1.04 1.10 1.04 29.6 27.4 0.19 0.18
2014 1.03 1.09 1.04 60.3 56.2 0.21 0.21
2015 0.94 1.03 0.98 78.3 72.3 0.16 0.14
2016 1.01 1.10 1.05 26.8 24.1 0.18 0.16
2017 1.07 1.07 1.02 30.6 29.0 0.22 0.24
2018 1.21 1.22 1.16 23 22.3 0.24 0.25
2019 1.08 1.06 1.01 32.7 31.9 0.22 0.23
2020 1.07 1.10 1.05 30.1 28.7 0.23 0.24
2021 0.73 0.82 0.78 67.8 62.9 0.21 0.19
By month
April 0.46 0.50 0.47 83.1 77.2 0.13 0.13
May 0.72 0.77 0.73 41.8 39.0 0.17 0.16
June 1.03 1.13 1.07 37.8 34.5 0.24 0.22
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Continuation of Table 5
1 2 3 4 5 6 7 8
July 129 | 136 1.29 26.6 24.6 0.25 0.24
August | 152 | 155 1.47 21.8 20.9 0.25 0.26
September | 0.94 | 0.94 0.89 28.4 26.9 0.17 0.18
April = |y 0 | 107 1.01 46.2 43 0.21 0.20
September
May="1 14 | 120 1.14 32 29.8 0.22 0.22
August
By station
1 077 | 1.05 0.75 53.5 25.1 0.35 0.18
2 1.08 | 1.09 1.06 64.4 62.2 0.17 0.17
3 0.69 | 0.80 0.70 42.8 33.9 0.20 0.15
4 1.01 | 111 0.97 50.3 413 0.19 0.19
5 1.11 | 1.08 1.13 16.2 16.8 0.17 0.17
6 0.76 | 0.83 0.75 76.5 67.4 0.17 0.17
7 120 | 1.03 1.17 20.6 18.7 0.27 0.18
8 1.0 | 1.07 0.91 55.8 48.5 0.22 0.24
9 .11 | LI12 1.06 29.2 28.1 0.18 0.20

Data for solar radiation are obtained with good
accuracy (Fig. 5). The MAPE error was 17.4%
[23], and the RMSE was 3.41 MJ/m?-day (Table
6). To improve the accuracy of solar radiation,
a correction factor of 0.98 was calculated. When
the correction factor is applied, the accuracy of
the data obtained increases (Fig. 5b), and the
MAPE and RMSE errors decrease by 0.6 % and
0.06 MJ/m?-day, respectively. With the reduction
of the observation period to May-August, the
MAPE error decreased by 2.3 %, while the RMSE
error remained almost unchanged. Over the years
of observation, the MAPE errors ranged from
12.2% (2019) to 26.8% (2014), and the RMSE
errors ranged from 2.80 to 4.85 MJ/m?-day,
respectively. The smallest MAPE errors were
observed in July and August, and the largest in
April and September. The accuracy of the data
obtained also depended on the iMetos station and
its location. Thus, the smallest errors for solar
radiation are characteristic of stations 1 and 2, and
the largest for stations 3 and 4.

Automatic weather stations measure wind
speed in m/s at a height of 2 m, while virtual
weather stations measure wind speed in km/h at
a height of 10 m. Therefore, the obtained wind
speed data must be converted to m/s for a height
of 2 m [21]. The wind speed data is obtained
with unsatisfactory accuracy (Fig. 6). The
MAPE error was 104.3 % [23], and the RMSE
was 1.2 m/s (Table 7). To improve the accuracy
of wind speed, a correction factor of 0.64 was
calculated. When applied, the accuracy of the data
obtained increases (Fig. 5b), and the MAPE and

RMSE errors decrease by 55.9 % and 0.42 m/s,
respectively. With a reduction in the observation
period to May-August, the MAPE error increased
by 5.2 %, and the RMSE error remained almost
unchanged. Over the years of observation, the
MAPE errors ranged from 73.5% (2013) to
137 % (2014), and the RMSE errors ranged from
0.9 to 1.75 m/s, respectively. The smallest MAPE
errors were observed in April and July, and the
largest in June and August. The accuracy of
the data obtained also depended on the iMetos
station and its location. Thus, the smallest error
for wind speed is characteristic of station 5,
and the largest — of station 2. According to data
from the Askania-Nova state weather station, the
average wind speed at a height of 2 m for the
period April-September is 2.5 m/s [26].

Table 7 shows that the data from the virtual
station is more reliable. This may be due to the
incorrect installation of automatic stations, in
which wind speed sensors may be located in the
vicinity of buildings or trees.

Currently, the Penman-Monette FAOS56-PM
method [21] is widely wused for irrigation
management. The Visual Crossing Weather Data
virtual meteorological station provides access to
all the climate data needed to calculate ET. Based
on the results of the assessment of the calculated
reference evapotranspiration using meteorological
data obtained from VWS Visual Crossing Weather
Data for the period April-September, its good
accuracy was established (Fig. 7). The average
absolute percentage error was 13.7 % [23], and the
root mean square error was 0.62 mm (Table 8).
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Fig. 5. Regression analysis for checking solar radiation, MJ/m? -day

6. MAPE and RMSE errors for solar radiation, MJ/m?-day

. . VCWD MAPE RMSE
Date/time iMetos - -
actual refined actual revised actual revised
By year
2013 19.23 22.78 22.33 25.5 23.5 471 4.36
2014 18.67 22.34 21.89 26.8 24.9 4.85 4.50
2015 19.24 20.60 20.19 15.1 14.2 2.95 2.79
2016 18.78 19.84 19.44 17.3 16.4 3.10 2.98
2017 20.82 21.00 20.58 16.6 16.4 2.94 2.96
2018 21.33 21.76 21.32 14.3 14 3.0 2.98
2019 21.71 21.08 20.66 12.2 12.6 2.80 2.94
2020 21.90 21.21 20.78 12.4 12.8 2.98 3.13
2021 20.20 19.70 19.30 16.2 16.4 3.38 3.47
By month
April 17.08 18.82 18.44 25 24.6 3.84 3.69
May 21.13 22.02 21.58 15.2 14.6 3.44 3.35
June 22.84 23.55 23.08 16.8 16 391 3.84
July 23.34 23.98 23.51 13.9 13.5 3.52 3.46
August 20.85 21.52 21.09 14.6 14.3 3.20 3.13
September 14.59 15.71 15.39 194 18.6 2.91 2.79
April - 20.21 2114 | 2072 17.4 16.8 3.41 3.35
September
May — August 22.04 22.77 22.31 15.1 14.7 3.52 3.44
By station

1 25.05 22.88 25.17 10 8.6 3.35 2.54
2 20.74 22.02 20.70 11 9.8 2.60 2.27
3 21.91 19.97 21.97 19.5 18 4.23 3.62
4 18.26 21.21 18.24 26.9 18 4.47 3.27
5 20.55 20.68 20.68 14.8 14.8 2.94 2.94

6 21.08 20.19 21.20 18.1 13.1 3.15 3
7 20.93 20.76 20.76 17.4 14.6 2.81 2.81
8 20.68 20.26 20.46 14.3 14.3 2.92 2.89
9 20.48 20.81 20.39 14.3 14.1 2.86 2.85

2025 « Ne 2 MEJIIOPAILA I BOOHE 'OCIIOJAPCTBO



| 76 } AGRO RESOURCES

o 5 T P
_ ° [ y=0.4028x+0.9675 .
. 3% "o%eg Rt Rasllie” o . R2=0.48 o+
=4 8 Soccioad #r’ 88 Ta f SEE-043 R
£ e ; -~ ° ) o o
& | e T E I °
o
$* S
e E
E 2 N2 A
3 0¥ - 06393x+ 15117 g
2 -
gt SEEio 68 1
=0. o — — 1 .
£ - = = Line 111 2 * L!ne 11 )
= Linear regression =z | | ILlnear reglressmn .
(2T SR F R SR | L B o I e |
0 1 2 3 4 5 0 1 2 3 4 5
Wind speed at 2 m iMetos, m/ /s! Wind speed at 2 m iMetos, m/ /st
a) actual b) refined

Fig. 6. Regression analysis to verify wind speed, m/s

7. MAPE and RMSE errors for wind speed, m/s

. . VCWD MAPE RMSE
Date/time iMetos . :
actual | refined actual | revised actual | revised
By year
2013 2,05 3,12 1,99 73,5 29,1 1,31 0,70
2014 1,79 3,16 2,02 137,1 121,3 1,75 1,08
2015 1,66 2,48 1,59 128,1 62,6 1,07 0,78
2016 1,80 2,36 1,51 56,9 31,3 0,90 0,84
2017 1,83 2,60 1,67 74,0 33,6 1,09 0,83
2018 1,65 2,43 1,55 80,9 35,3 1,12 0,80
2019 1,41 2,45 1,57 94,4 30,9 1,17 0,46
2020 1,52 2,41 1,54 107,0 45,6 1,16 0,79
2021 1,53 2,35 1,51 103,6 47 1,09 0,70
By month
April 2,24 2,86 1,83 81,5 49,5 1,09 1,11
May 1,69 2,53 1,62 106,2 51,5 1,10 0,71
June 1,43 2,46 1,58 118,8 49,2 1,23 0,59
July 1,46 2,37 1,51 96,4 39,3 1,11 0,58
August 1,65 2,59 1,66 116,5 53,7 1,26 0,80
September 1,77 2,80 1,79 106,3 47 1,38 0,86
April - 1,71 2,60 1,67 104,3 48,4 1,20 0,78
September
May — August 1,56 2,49 1,59 109,5 48,4 1,18 0,67
By station

1 - - - - - - -
2 1,35 2,65 1,33 169,4 58,4 1,54 0,66
3 2,10 2,54 2,06 55,5 39,7 1,0 0,92
4 2,32 2,75 2,28 56,4 42,5 0,84 0,72
5 2,06 2,38 2,02 33,5 24 0,63 0,57
6 1,77 2,37 1,73 52,6 27,3 0,81 0,57
7 1,39 2,48 1,36 101,0 27,4 1,22 0,48
8 1,43 2,38 1,43 66,6 37,2 0,60 0,51
9 1,25 2,41 1,25 133,3 41,9 1,34 0,54

Note: Wind speed was not measured at station 1.
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Fig. 7. Regression analysis for ET verification, mm/day
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8. MAPE and RMSE errors for reference evapotranspiration, mm

Date/time Metos VCWD MAPE RMSE
actual | refined | actual | revised | actual | revised
By year
2013 4,69 4,94 4,70 16,2 14,7 0,75 0,70
2014 4,55 4,88 4,64 15,3 13,3 0,72 0,64
2015 4,38 4,35 4,13 12,2 12,1 0,55 0,62
2016 4,22 4,34 4,13 12,5 11,9 0,61 0,59
2017 4,29 4,45 4,22 12,8 11,8 0,60 0,57
2018 4,58 4,80 4,56 13,7 12,3 0,71 0,66
2019 4,32 4,50 4,27 11,7 10,6 0,56 0,52
2020 4,25 4,47 4,24 13,9 12,3 0,63 0,58
2021 3,85 3,94 3,75 14,4 13,9 0,59 0,58
By month
April 2,89 2,92 2,77 16,6 15,87 0,48 0,51
May 4,11 4,17 3,97 11,8 11,43 0,54 0,56
June 4,93 5,18 4,92 13,2 12,09 0,72 0,66
July 5,29 5,52 5,24 11,5 10,48 0,69 0,64
August 5,12 5,35 5,08 12 10,79 0,7 0,66
September 3,26 3,46 3,29 17,3 15,40 0,62 0,58
April = 4,27 4,43 421 13,7 12,7 0,62 0,60
September
May — August 4,86 5,05 4,80 12,1 11,2 0,66 0,63
By station

1 4,62 4,74 4,60 8,6 7,9 0,45 0,43
2 4,52 4,68 4,54 12,1 11,4 0,58 0,56
3 4,12 3,9 4,06 13,9 13,7 0,59 0,54
4 4,39 4,63 4,36 15,8 13,8 0,72 0,67
5 4,55 4,39 4,56 11 10,7 0,57 0,55
6 4,34 4,31 4,36 10,9 11 0,52 0,52
7 4,12 4,35 4,13 12,1 10,5 0,57 0,5
8 3,93 4,36 3,92 16,5 11,2 0,64 0,47
9 4,06 4,53 4,08 16,5 12,5 0,76 0,57
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To improve the accuracy of reference
evapotranspiration, a correction factor of 0.95
was calculated. When the correction factor
is applied, the accuracy of the data obtained
increases (Fig. 7b), and the MAPE and RMSE
errors decrease by 1 % and 0.02 mm, respectively.
With the reduction of the observation period to
May-August (when almost all irrigation is carried
out), the MAPE error decreased by 1.6 %, and
the RMSE remained almost unchanged. Over the
yearsofobservation,the MAPE errorsranged from
11.7% (2019) to 16.2% (2013), and the RMSE
errors ranged from 0.59 to 0.75 mm, respectively.
The smallest MAPE errors were observed in May
and July, and the largest in April and September.
The accuracy of the data obtained also depended
on the iMetos station and its location. Thus, the
smallest errors for reference evapotranspiration
are characteristic of stations 1, 5, and 6, and the
largest are characteristic of stations 8 and 9.

Despite all the errors in the input data analyzed
above, the accuracy of ET calculations based
on data from the Visual Crossing Weather Data
virtual weather station is 86 %, and the RMSE
error is 0.62 mm. Applying a correction factor for
the May-August period increases the accuracy of
calculations to 89%. The comparative analysis
confirms the possibility of using meteorological
data from VWS Visual Crossing Weather Data to
calculate ETo for the purpose of further calculating
the actual evapotranspiration (ETc) of agricultural
crops using the FAO56-PM methodology [21].

The use of refined meteorological data should
have increased the accuracy of ET calculations,
but the MAPE and RMSE errors, on the contrary,
increased by 4.8 % and 0.15 mm, respectively.
Only for 8 stations was a decrease in MAPE and
RMSE errors recorded, by 6.1 % and 0.17 mm,
respectively. In our opinion, this is due to the
fact that the correction coefficients were different
for each station, and the use of the average
coefficient did not lead to the desired result. Also,
the use of a separate correction coefficient for
each meteorological indicator causes technical
difficulties in mass ET calculations. Therefore,
the use of a single correction coefficient of 0.95
for the conditions of southern Ukraine in ET
calculations is a more rational solution.

Conclusions.

1. Based on the analysis of meteorological
data obtained from the Visual Crossing Weather
Data virtual meteorological station, their
accuracy has been established. Thus, data on air
temperature and relative humidity are received
with high accuracy, with MAPE and RMSE
errors 0f 4.5 % and 0.94 °C and 9.1 % and 7.53 %,
respectively.

2. Dew point temperature and solar radiation
are characterized by good accuracy, with MAPE and
RMSE errors 0f 20.9 % and 1.44 °C and 17.4% and
3.41 MJ/m?-day, respectively. Dew point tempera-
ture data can also be obtained with satisfactory
accuracy depending on the observation period.

3. The MAPE and RMSE errors for water
vapor pressure deficit are 46.2% and 0.21 kPa,
respectively, which corresponds to satisfactory
accuracy. Depending on the observation period,
water vapor pressure deficit data can be obtained
with unsatisfactory accuracy.

4. Wind speed data at a height of 2 m obtained
with unsatisfactory accuracy, with MAPE and
RMSE errors 0f 104.3 % and 1.2 m/s, respectively.

5. To improve the accuracy of the meteo-
rological data obtained, correction factors were
calculated, and when applied, the accuracy
of all meteorological data obtained is improved.

6. The results of the research confirm the
possibility of calculating ET using data from
the Visual Crossing Weather Data virtual meteo-
rological station for the period April-September
with good accuracy. The MAPE and RMSE
errors were 13.7 % and 0.62 mm, respectively.

7. To improve the accuracy of ET calcula-
tions in southern Ukraine, a correction factor of
0.95 should be used. Taking this into account,
the accuracy of ET calculations for the period
May-August increases to 89 %, and the RMSE is
0.63 mm.

8. The use of refined meteorological data
reduces the accuracy of ET calculations by 4.8 %
and increases the RMSE by 0.15 mm.

9. Based on the results of the research, a web
application will be developed to calculate ETo
and ETS using the FAOS56-RM methodology
with data from VWS Visual Crossing Weather
Data.

Conflicts of interest: the authors declare no conflict of interest.
Use of artificial intelligence: the authors confirm that they did not use artificial intelligence
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Anomayia. Y cmammi HagedeHO OYIHIOBAHHA MOYHOCTI MEMeopONOSIYHUX OAHUX, AKI OMPUMYOMbCA
3 gipmyanvHoi memeoponoziunoi cmanyii Visual Crossing Weather Data (VWS VCWD) ma pospaxynkosoi
emanounoi esanompancnipayii (ETo) 3a yumu danumu ons ymos Ilieousa Ykpainu. Bcmanosneno, wo oami
memnepamypu il BIOHOCHOI 01020CHIi NOGIMPS, OMPUMYIOMbCL 3 BUCOKOI0 mouHicmio, noxudku MAPE ma
RMSE sikux sionosiono cmanosisims 4,5 % ma 0,94 °C i 9,1 % ma i 7,53 %. /[na memnepamypu mouxu
pocu 1l coHaunoi padiayii npumamanua 0oopa mounicmov, noxubku MAPE ma RMSE axux 6ionogiono
cmanosiams 20,9 % ma 1,44 °C i 17,4 % ma 3,41 M/[ic/m?006. [ani memnepamypu mouxku pocu maxodxc
MONCYMb Oymu OmMpuUMani i3 3a008i1bHOK MOYHICINIO 3ANEHCHO 6i0 nepiody cnocmepedicens. Tloxubku
MAPE ma RMSE 0ns oeghiyumy mucky 600aH0i napu 8ionosiono cmarnosisams 46,2 % ma 0,21 xlla, wo
8I0N06i0ae 3a006LNbHUL MOYHOCTI. 3aNeNHCHO 810 nepiody cnocmepedicelb Oani oeqhiyumy mucky 6005HOL
napu maxodic MojICymov Oymu OmpuMaHi i3 He3a008iIbHOW MOoYHIicmI0. [[ani npo weuoxicms 6impy Ha
sucomi 2 M, OMpUMAano 3 He3a008inbHoi mounicmio, noxubxu MAPE ma RMSE 6ionogiono cmanosnsims
104,3 % ma 1,20 m/c. [{na nioguwents mouHoCcmi OmpumManux MemeopoiociyHux 0anux Oyiu po3paxoeami
nonpaeouti Koeghiyienmu, 3a YMosu ix 3acmocy8aHHs MOYHICMb 8CIX OMPUMAHUX MEMEOPONOSIYHUX OAHUX
nioguuyemucs. Iliomeepoaiceno mooicaugicmos pospaxyuxy ETo 3a danumu ipmyanbHoi memeopono2iunoi
cmanyii Visual Crossing Weather Data 3a nepiod keimenwb-gepeceis 3 006poro mounicmio. [loxubxka MAPE
cmanoguna 13,7 %, a RMSE — 0,62 mm. [[na niosuwenna mounocmi pospaxyuxy ETo 6 ymosax Ilieons
Vrpainu neobxiono suxopucmogysamu nonpasourutl koegpiyienm, axuil cmanosums 0,95. 3 ypaxysanuam
AKo20 mounicmu pospaxyHky ETo 3a nepiod mpaeenv-cepnens niosuugyemocs 0o 89 %, a RMSE cmanosumas
0,63 mm. Bukopucmanns ymouneHux memeopono2iunux Oanux sHusICyioms mounicme pospaxyuky ETo na
4,8 %, a RMSE niosuwyroms na 0,15 mm. 3a pe3yivmamamu npogedeHux 00CiioxceHs oyoe po3pooieHo
6e6 0ooamok ons pospaxyuky ETo ma ETc 3a memooukoio FAO56-PM 3 suxopucmanmnsm danux 3 VWS
Visual Crossing Weather Data.

Knrouosi cnosa: sipmyanvua memeocmanyis, mMemeopono2iuni Oawni, emailouHd e8anompancni-
pauyis, mounicms, noxuoku MAPE ma RMSE
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Abstract. Different weather. conditions affect plant growth rates, nutrient mobility in the soil, photosynthesis
intensity, and soil biota activity. Optimization of soil water-air and nutrient regimes through land reclamation
makes it possible to significantly offset the negative effects of adverse weather conditions and increase the
sustainability of agrophytocenosis productivity. However, in the conditions of “organic” farming in regions
with a moisture deficit without sufficient water resources and mineral fertilizers, effective agricultural
production is problematic. Establishing the patterns of the influence of moisture and heat conditions at
certain stages of organogenesis is the theoretical basis for increasing the sustainability of agriculture, in
particular when using only natural soil fertility and secondary biomass. The aim of the work was to establish
the patterns of changes in the yield of field crops in different crop rotations depending on the dynamics of
agrometeorological factors in conditions of insufficient moisture in the eastern Forest-Steppe of Ukraine
and to assess the productivity potential of crops, taking into account the annually changing hydrothermal
conditions in the system “organic” farming system without the use of mineral fertilizers. The assessment
of changes in agrometeorological resources was carried out using mathematical and statistical analysis of
ten-day indicators of heat supply (air temperature and precipitation) and field crop yields. Data from a 20-year
Stationary experiment were processed using correlation and computational-comparative analysis methods
with systematic generalization. The most reliable key periods before vegetation and during organogenesis
were established, when the relationship between weather conditions and crop yields manifests itself with
a sufficient level of reliability. The proposed approach is based on the formation of statistical series of yield
data (15-20 years) and corresponding decadal indicators of temperature and precipitation in the local area.
1t is recommended to first construct graphs of the dynamics of hydrothermal conditions in years with different
yields to identify periods of the most obvious deviations, and then conduct a detailed search for mathematical
dependencies of productivity on weather conditions.

Keywords: correlation, hydrothermal conditions, field crops, yield, natural soil fertility background,
organic production

Relevance of the study. Weather conditions
are one of the key factors determining annual
fluctuations in crop yields and, consequently,
the effectiveness of management decisions in
the agricultural sector [1-5]. The productivity of
agricultural land is influenced by a whole range
of interrelated factors: rational crop rotation,
soil availability of nutrients, its agrophysical
characteristics, the condition and diversity of
the soil biota, the biological properties of the
varieties and hybrids used, the level of organic
and mineral fertilizers applied, as well as climatic
and agrometeorological conditions [6—8]. The
latter often play a decisive role [9-11].
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Analysis of recent studies and publications.
Long-term stationary agrotechnical experiments
[12—-17] demonstrate that due to constant annual
changes in weather conditions, yield indicators
can vary significantly even within the same soil
and climatic region. It is known that among the
most effective factors ensuring the growth of
productivity and adaptability of agroecosystems,
various forms of land reclamation, primarily
hydrotechnical and agrochemical, occupy an
important place. Improving soil moisture,
aeration, and nutrition regimes usually makes it
possible to partially compensate for the negative
impact of unfavorable atmospheric conditions and



AGRO RESOURCES

B

increase the stability of agricultural technologies
[18]. However, in conditions of insufficient
natural moisture, lack of water resources, and
the inability to use fertilizers, ensuring effective
“organic” farming becomes quite a difficult task.

Under conditions of weather fluctuations, the
mobility of macro- and microelements in the soil
environment, the rate of plant growth processes,
the intensity of photosynthesis and respiration,
as well as the activity of biochemical and
microbiological reactions that ensure metabolism,
change. Accordingly, the development of the root
system and the needs of plants for nutrients and
the rate of their assimilation are transformed.
Therefore, studying the patterns of bioproduc-
tivity formation in agrophytocenoses under
unstable meteorological conditions is a scientific
prerequisite for increasing the sustainability of
agricultural systems, especially when farming
relies solely on natural soil fertility and is focused
on obtaining organic plant products.

In addition, plant yield is determined by
how well the conditions of lighting and nutrient
supply are coordinated. The temperature regime
determines the accumulation of mobile nutrients
in the soil. Temperature affects the rate of
movement of water and soluble salts and thus
influences the rate at which nutrients are supplied
to plants from the soil and fertilizers.

The degree of soil moisture significantly
determines the availability of nutrients and the
efficiency of their assimilation by plants. In
conditions of severe moisture deficiency, even
sufficient reserves of macro- and microelements
do not provide a positive result and can
sometimes negatively affect crop formation.
Excessive moisture, in turn, disrupts the optimal
water-air regime of the soil, inhibits nitrification
processes, reduces the supply of nutrients to
plants, and contributes to the accumulation of
toxic compounds. Thus, at optimal moisture
content, the nitrogen assimilation coefficient
from fertilizers reaches about 57 %, while at
excess moisture it decreases to about 9 %.

Numerous scientific studies prove that the
impact of weather and climatic conditions on
agricultural results does not weaken over time,
but, on the contrary, becomes more pronounced.
This is manifested in a wider range of yield
fluctuations relative to the average level and
an increase in the difference between the most
favorable and least productive years. This trend
is explained primarily by the fact that modern
high-yielding varieties and hybrids, characterized
by intensive metabolism and high rates of energy
processes, are much more sensitive to changes in
the environment. They are more sensitive to any

disturbances in water, heat, or nutrient regimes,
which leads to increased yield variability [19-21].

In the context of rapid climate change, it
is necessary to search for trends that occur
over a long series of yield data in terms of the
impact of variable hydrothermal indicators
on crop productivity in the pre-sowing period
and at different stages of the organogenesis of
field crops. These data are obtained from the
information base of stationary agrotechnical and
variety testing experiments, as well as (or) using
statistical information at the level of a separate
agricultural territory and a network of regional
weather stations.

From the point of view of increasing crop yields
at low costs of chemical and technogenic resources
and justifying measures to adjust the conditions for
plant growth and development, it will be relevant
to identify the decisive factors and optimal
parameters of heat and moisture supply during
key periods before and during their vegetation at
the local territorial level. On the other hand, an
important advantage of this approach is the ability
to predict with a high degree of reliability not only
crop productivity, but also the functioning of other
components of agroecosystems under variable
hydrothermal conditions.

The purpose of the study is to develop
a methodology for determining critical periods
of crop growth depending on hydrothermal
conditions; to propose new approaches to
predictive modeling of crop productivity, taking
into account heat and moisture supply at the
stages of organogenesis; to justify the feasibility
of further research in this direction.

Materials and methods of research. For
modeling, we used the information base of
a stationary experiment of the Department
of Agriculture and Herbology named after
O.M. Mozeyko Department of Agriculture
and Herbology of the State Biotechnological
University, where 16 variants of field crop
rotations with different predecessors of winter
wheat were studied over 20 years (1996-2015):
clean fallow, peas, vetch, lentils, beans, vetch-oat
mixture, soybeans, and corn. The first (No. 1-8)
and second (No. 9-16) groups of crop rotations
differ in the third crop: sugar beets or buckwheat
with the same final fourth crop of spring barley.

The soil of the stationary experiment is typical
deep black soil with low humus content and heavy
loam on loamy loam with a humus content of
4.94-5.21 %, easily hydrolyzed nitrogen according
to Kornfield — 80-130, mobile phosphorus and
exchangeable potassium according to Chirikov —
100-150 and 100-200 mg per 1 kg of soil,
respectively, pH of water — 7.0, salt — 5.2-5.6.
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The area of the sowing plot was 142 m’and the
accounting plot was 100 m?. An organic farming
system was used, with only by-products of the
harvest being used as fertilizer: cereal straw and
sugar beet tops. The methods described in [22]
were used when setting up and conducting the
field stationary experiment.

Research results and discussion. To assess
the impact of air temperature and precipitation
on crop productivity, we used ten-day indicators
during their cultivation, as well as before and
after the growing season. In addition, a sharp
reduction in water supply during the growing
season is confirmed by the analysis of the
Selianinov hydrothermal coefficient. Thus, in the
period 1996-2005, the average HTC indicators
for April-September fluctuated between 1.0 and
1.2, which, according to the generally accepted
scale, corresponds to conditions of weak
moisture. However, in recent years, this indicator
has fallen below 0.7, indicating a noticeable
drought stress. For example, for winter wheat,
the period from September of the previous year
to July of the following year was assessed. For
early spring cereals and fodder crops, the period
was from January to July, and for late crops, from
January to September. First, the most contrasting
yields of each of the crops studied over three or
four years were compared, from the lowest to the
highest. For example, we selected the following
levels of winter wheat grain yield when growing
the crop after peas: low yield in 2000 — 1.69 t/ha,
average yield in 2015 — 3.21 t/ha, increased yield
in 2014 — 4.82 t/ha, and high — yield in 2005 —
6.04 t/ha. Then, graphs of the ten-day dynamics
of temperature and precipitation were constructed
for the above-mentioned crop periods. This made
it possible to establish the difference or deviation
of hydrothermal indicators in more favorable and

£

less favorable years in terms of yield. The most
productive years in the first ten days of September
were significantly cooler than in less productive
years (Fig. 1). That is, the temperature regime
clearly influenced crop yield before sowing
(Fig. 2).

Further on in the period of crop growth
and development, it is difficult to assess the
difference in heat supply conditions based
on ten-day indicators due to their significant
fluctuations. This figure only shows that harvest
years differ significantly at the end of October
and November, and in certain ten-day periods
of the winter months. Therefore, based on
these data for contrasting years, sixth-order
polynomial trend lines were constructed to
identify general patterns and deviations. Figure
3 shows that years with different wheat yields
differ significantly in terms of average ten-day
air temperature from October to March. This
means that with an increase in the average daily
temperature during the specified period from 15
to 20°C, grain yield will most likely decrease
from 4-6 to 1-2 t/ha.

Based on the preliminary study, a more
detailed analysis of the relationship between crop
yield and thermal regime in the identified critical
periods was conducted: the first ten days of
September and October—March. For this purpose,
the corresponding twenty-year data series were
compared with the construction of first-order
polynomial dependencies. It was found that
when the average daily air temperature in the
first ten days of September rises above 16 °C,
there is a tendency for winter wheat grain yield to
decrease from 4.5 t/ha. (Fig. 3) This is probably
due to the deterioration of moisture supply to
crops as a result of increased evaporation and
transpiration.
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Fig. 1. Decadal dynamics of air temperature in years with different winter wheat yields
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Fig. 3. Dependence of winter wheat yield on the average daily air temperature
in the first ten days of September

The relationship between heat supply during
the period from October to March and crop yield
is shown in Figure 4. It is evident that with an
increase in the average daily air temperature
during this period above minus 2 degrees Celsius,
there is a tendency for the productivity of winter
wheat crops to increase from 3 t/ha of grain. In
other words, the warmer the wintering period,
the more favorable the conditions for grain yield
formation.

Figure 5 shows the dynamics of precipitation
from September to July in years with different
crop yields. As with the temperature regime,
the overall state of moisture supply can be
represented in a more generalized form using
sixth-order polynomial dependencies based
on decadal data. Figure 5 shows that more
productive years are characterized by higher
precipitation in autumn, lower in winter and
spring, and higher in summer.

However, a more thorough search for the
relationship between moisture supply and crop
yield over 20 years of data showed a tendency for
crop productivity to increase when the amount
of precipitation from the second ten days of
September to the first ten days of June was less
than 360 mm. Under such conditions, the wheat
grain yield will most likely exceed 4.0 t/ha (Fig. 6).
However, with a decrease in precipitation during
the specified period to 200 mm, a downward
trend in grain yield can be observed. There is also
the possibility of achieving higher wheat yields
when the crops receive 50 to 110 mm of moisture
during the period from the third decade of June to
the second decade of July.

A decrease or increase in this amount is
likely to be accompanied by a grain yield of less
than 5 t/ha (Fig. 7). In the first case, this is due
to insufficient water supply at the final stage of
organogenesis.
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Fig. 7. Dependence of winter wheat yield on the amount of precipitation
from the third decade of June to the second decade of July

In the second case, the decline in crop
productivity may be associated with more
intensive development of harmful organisms or
increased grain losses as a result of waterlogging
before harvesting. It is also necessary to
pay attention to the possible influence of
precipitation at the beginning of winter wheat
vegetation on its yield. Figure 8 shows that in
the case of atmospheric moisture supply during
September within the range of 30—70 mm, in
many cases the grain yield will exceed 4 t/ha.
Lower moisture levels during this period can
reduce crop productivity due to insufficient plant
development before the winter cold. Conversely,
waterlogging leads to a high risk of increased
development of harmful organisms, disruption
of technological processes, and the impact of
other negative factors. Thus, years with different
winter wheat yields differ significantly in terms
of hydrothermal conditions at certain stages of its
organogenesis. Higher crop productivity may be
associated with cooler air temperatures in early
September and natural moisture supply during
this month within the range of 30—70 mm.

A higher crop yield is most likely to be
achieved under conditions of higher temperatures
during the cold season and moisture supply from
September to April not exceeding 350 mm. At
the end of the growing season (third decade
of June — second decade of July), the desired
amount of precipitation is within the range of
50-110 mm. Using the methodology presented in
the example of winter wheat, predictive models
were developed for the probable impact of
hydrothermal conditions on the yield of other field
crops at different stages of their organogenesis
(Table 1).

When growing sugar beets, there is a tendency
for their yield to increase above 30 t/ha when the
average daily temperature exceeds 0°C from the
third decade of February to the second decade
of March (Fig. 9). That is, the warmer it is in
the pre-sowing period, the more favorable the
conditions for plant growth and development in
the future. This is obviously due to faster soil
warming in April, the possibility of earlier sowing,
reducing unproductive moisture losses due to
evaporation, and extending the growing season.
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Fig. 8. Dependence of winter wheat yield on the amount of precipitation in September
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Fig. 9. Dependence of sugar beet yield on average daily air temperature
from the third decade of February to the second decade of March
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Fig. 10. Dependence of sugar beet yield on average daily air temperature

from the third decade of April to the second decade of May

It should also be noted that there is a high
probability of reduced crop productivity under
increased heat conditions during the spring
months of vegetation for this crop (Fig. 10).
Thus, if the average daily air temperature from
the third decade of April to the second decade
of May exceeds 14 °C, the root crop yield will
not exceed 30 t/ha. In terms of heat supply,
mid-summer can be of great importance. Thus,
Figure 11 shows the possibility of an increase
in sugar beet yield from 25 t/ha if the average

temperature in the first ten days of July is below
20 or above 24 °C (Fig. 11). This situation can be
explained by the influence of factors other than
thermal conditions, in particular the specifics of
the development of harmful organisms.

During the period of active growth of sugar
beet foliage, moisture conditions are particularly
important. In this case, there is a tendency for root
crop yields to exceed 30 t/ha when precipitation
in the third ten days of May exceeds 20 mm
(Fig. 12).
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Fig. 11. Dependence of sugar beet yield on the average daily air temperature
in the first ten days of July
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Fig. 12. Dependence of sugar beet yield on precipitation in the third ten days of May

It is highly probable that crop productivity
will decrease from 30 t/ha when the amount of
precipitation for the period August—September
exceeds 70 mm. This can be explained by the
more active development of harmful vegetation
(weeds), difficulties in harvesting, and the
influence of other factors (Fig. 13).

Comparison of the dynamics of ten-day air
temperature in more productive buckwheat
years (2001, 1.5 t/ha, and 2005, 1.85 t/ha) and

in less productive years (2002, 0.8 t/ha, and
2006, 0.7 t/ha) yields (2007, 0.72 t/ha, and 2003,
1.1 t/ha) showed noticeable differences from late
April to early May, in June, and in August. Indeed,
with an increase in the average daily temperature
in the period from the second ten days of April
to the first ten days of May above 11°C, there is
a tendency for the yield of this crop to increase
from 1.2 t/ha to a maximum of 1.5-1.8 t/ha at
12°C (Fig. 14).
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Fig. 13. Dependence of sugar beet yield on the amount of precipitation from the first ten days
of August to the third ten days of September
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Fig. 14. Dependence of buckwheat yield on the average daily air temperature
in the second ten days of June
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There is also a correlation between thermal
conditions in the second ten days of June and
buckwheat crop productivity. Thus, if the average
temperature during this period does not exceed
19 °C, a grain yield of more than 1.3 t/ha can be
expected. The level of heat supply can also affect
the condition of crops at the end of summer. In
particular, if the average temperature for the
second and third decades of August exceeds
23 °C, the risks of a decrease in buckwheat
productivity from the level of 1 t/ha increase.

In terms of maximum precipitation, the most
productive year, 2005 (1.85 t/ha), differs from the
others in the second ten days of March, the first
and second ten days of June, the first ten days of
July, and the second ten days of August (Fig. 15).
If we take the total amount of moisture that fell on
the crops during these decades, then over a 15-year
period it will correlate quite closely with grain
yield (R*=0.76). Moreover, if the total precipitation
during these periods is less than 50 mm, the risk
of a decrease in yield from the level of 1 t/ha
increases (Fig. 16). The impact of moisture supply
in the second half of summer and early autumn on
buckwheat crops may also be specific. With a 65 %
probability, yields above 1.5 t/ha can be achieved
provided that between the third decade of July and
the first decade of September, there is no less and

no more than 95-105 mm of atmospheric moisture.
The risk of crop failure (<1.2 t/ha) increases during
harvesting (first and second decades of September)
if the amount of precipitation exceeds 25 mm.

In general, spring barley reacted weakly to
changes in hydrothermal conditions over the
years. This is probably due to the short growing
season and the rapid use of available heat and
water resources before the crop matures. However,
the yield of spring barley after sugar beets may
depend on the average daily air temperature from
May to June. If this indicator exceeds 13 °C,
it is difficult to expect a crop yield higher than
2.7 t/ha. There is also a certain dependence of
the yield of barley grain after sugar beets on the
amount of precipitation from the third decade of
May to the second decade of June. When 50 to
80 mm of precipitation falls during this period,
the probability of obtaining a grain yield above
2.5 t/ha increases significantly.

The growth and development of spring barley
sown after buckwheat was also influenced by
the average ten-day temperature regime in May—
June, with yields increasing from 2.5 t/ha when
the average air temperature did not exceed 17° C.
At the same time, in the absence of precipitation
in the third decade of April, one should not expect
crop productivity to exceed 2.0 t/ha.

Precipitation, mm

11

- = -=2007 0.72t/ha
- -=-2001 1.5t/ha

13

Decades (January-September)

15 17 19 21 23 25 27

—=— 2003 1.1t/ha
=—2005 1.85t/ha

Fig. 15. Ten-day dynamics of precipitation in years with different buckwheat yields
2

= L8] y=-8E-05x"+0,022x +0,214
s 16 R”=0,76
2 14 . .
R R Rt S
c 1

0,8 1

0,6

30 50 70 90 110
Precipitation, mm (2nd decade of March + 1 &2 June + 1 July + 2 August)

Fig. 16. Relationship between precipitation in the second ten days of March, the first and second ten
days of June, the first ten days of July, and the second ten days of August and buckwheat yield
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A comparison of the dynamics of different
years in terms of pea yield showed that the
most favorable year, 2008, differed significantly
from the unfavorable year, 2014, in terms of
temperature regime in almost all decades from
April to July. A more thorough analysis of
long-term yield and temperature series showed
that at the beginning of the growing season, peas
can suffer from increased heat. The figure shows
that when the average daily air temperature rises
above 15 °C from the third decade of April to the
second decade of May, the crop’s productivity
potential is limited to 1.2—1.3 t/ha.

From late spring to the end of the growing
season, the impact of temperature conditions
can be specific. If from the third decade of May
to the second decade of July this indicator is
less than 18 °C or more than 22 °C, a tendency
towards a significant reduction in grain yield can
be observed. A lack of heat creates unfavorable
conditions for plant growth and development,
while hot weather causes premature ripening of
the crop (Figs. 17-18). That is, a pea yield above
1.5 t/ha can be expected when the average air
temperature in the first half of the growing season
is above 15 °C and in the second half is in the
range of 18-22 °C.

A comparison of moisture supply dynamics
in favorable and unfavorable years showed that

(o]

in more productive years, there was significantly
less precipitation in June. A comparative analysis
of long series of relevant indicators showed that
atmospheric moisture affects pea productivity in
the second and third decades of June. The amount
of precipitation during these decades should be
no less than 25 mm and no more than 85 mm
(Fig. 19). In this case, a grain yield of at least
2 t/ha can be expected, with a maximum value of
3.2 t/ha for 75 mm of precipitation on crops.

The probability of obtaining a green mass
yield of annual grasses (vetch-oat mix) of more
than 18 t/ha will significantly decrease if the
average daily air temperature is less than 19 °C
and more than 21 °C during the period from the
third decade of June to the first decade of July
(pre-harvest period). The same effect (>18 t/ha
of green mass) can be expected if the amount
of precipitation in April-June exceeds 200 mm,
with a maximum level of 25 t/ha at a moisture
level of 300 mm.

Soybeans grown for green mass respond
well to higher temperatures in the pre-sowing
period, which is probably due to earlier soil
“maturation” and a longer growing season. Thus,
if this indicator exceeds 5 °C in the third decade
of March, the possibility of obtaining more than
17 t/ha of green mass increases significantly, with
a maximum level of 22 t/ha at 9 °C.

3.5 . y=0,05x2- 1,71x+ 15,8
34 2=0,61

2 25
3 2
£ 15
£
S 1 . :

0,5 T T T T

10 12 14 16 18
T, °C (third decade of April - second decade of May)
Fig. 17. Relationship between the average daily air temperature from the third decade

of April to the second decade of May and pea yield

y=-0,184x2 + 7,33x - 70,3
R2=0,58

Grain yield t/ha

-

T, °C (3rd decade of May — 2nd decade of July)

Fig. 18. Relationship between the average daily air temperature from the third decade
of May to the second decade of July and the yield of peas
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3.5

y =-0,00072 + 0,08x + 0,36
R2= 0,70

Grain yield t/ha

10 30

Precipitation, mm (2nd and 3rd decades of June)

50 70

Fig. 19. Relationship between precipitation in the second and third decades of June and pea yield

For soybeans, the amount of precipitation can
be important in the pre-sowing and pre-harvest
stages. Thus, if more than 60 mm of moisture
falls between the second ten days of February
and the first ten days of April, the probability of
a decrease in green mass yield from the level of
15 t/ha increases significantly. In summer (June—
second ten days of July), if moisture intake does
not exceed 110 mm or increases from 190 mm,
a drop in green mass yield below 17 t/ha can be
expected.

To preliminarily establish the impact of
hydrothermal conditions in the pre-sowing
period and directly during the growing season
of corn for silage, the ten-day dynamics of these
conditions were compared in years with different
yields: 1999 — 13 t/ha, 2012 — 23 t/ha, 2007 —
32 t/ha, 2008 — 43 t/ha. It was found that the air
temperature in years with different productivity
differed most significantly in March and in the
summer months. A comparison of long series of
yield data and thermal indicators showed that corn
yield can increase significantly (>30 t/ha) when
the average daily temperature from the second
ten days of March to the first ten days of April
exceeds 6° C. Similar results were obtained from
the analysis of data on heat-loving soybeans. If
the heat supply to crops from the second ten days
of July to the third ten days of August exceeds
22 °C, the probability of obtaining more than
25 t/ha of green mass increases significantly, with
a maximum level of 36 t/ha as the temperature
approaches 24 °C.

A comparative assessment of the dynamics
of decadal precipitation in years with different
yields showed significant variation in this
indicator in the period from January to September.
A significant advantage of a productive year in
terms of moisture content can be noted in April
and in the first half of summer. A more thorough

search for dependencies showed that with an
increase in precipitation from the second ten
days of April to the first ten days of May from
alevel of 50 mm, a green mass yield of more than
25 t/ha can be expected, with a maximum level of
43 t/ha for 90 mm of precipitation. A prerequisite
for obtaining more than 25 t/ha of silage mass
may be precipitation of at least 80 mm from the
first ten days of June to the first ten days of July.

Conclusions.

A methodological approach to establishing
critical periods for the formation of field crop
yields is proposed, based on the analysis of
long-term (15-20 years) series of statistical data
on yields and corresponding ten-day indicators
of air temperature and precipitation at the local
territorial level. The methodology involves
a two-stage procedure: first, the construction of
graphs of the dynamics of hydrothermal indicators
in years with contrasting productivity to identify
periods of the most pronounced deviations; at the
next stage, a detailed correlation analysis of the
dependence of yield on weather conditions in the
identified critical periods.

Keyperiodsofvegetationhavebeenestablished
when the dependence between hydrothermal
conditions and field crop yields manifests itself
with a sufficient level of reliability. The obtained
polynomial regression models allow predicting
crop productivity depending on the temperature
regime and moisture supply at critical stages of
organogenesis in the conditions of the Left-Bank
Forest-Steppe of Ukraine.

Limitations in the reliability of the developed
models have been identified, caused by the failure
to take into account a complex of related factors of
the bioproductivity of agrophytocenoses, namely:
the duration of individual stages of organogenesis,
the dynamics of the soil nutrient regime, its
agrophysical  properties, the phytosanitary
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condition of crops, the impact of extreme hydrothermal conditions, and other agroecological
weather events, etc. Further improvement of parameters, which will increase the accuracy and
predictive models requires multifactorial analysis  practical value of crop productivity forecasting in
with simultaneous monitoring of crop yields, the context of climate change.

Conflicts of interest: the authors declare no conflict of interest.
Use of artificial intelligence: the authors confirm that they did not use artificial intelligence
technologies during the creation of this work.
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Anomauyia. 3a pizHux no200HUX YMO8 3MIHIOIOMbCA MEMNU PO3GUMKY DOCIUH, PYXOMICIb eleMeHmi8
JHCUBTICHHSL Y TPYHMI, THMEHCUBHICMb omocunmesy ma akmueuicms pynmogoi diomu. Onmumizayis
B0OHO-NOBIMPSAHO20 | NOJICUBHO2O PENCUMIE IPYHMY uepe3 Mmeriopayii 0ae 3mo2y 3HAYHOK MIpow Hige-
Joeamu He2amueny 0il0 HeCHpUAMAUBUX NO200HUX YMO8 MA NIOSUWUMU CMATICMb NPOOYKMUBHOCTI
azpoghimoyenosie. OOHAK 8 YMOBAX «OP2AHIUHO20» 3eMNEPOOCMEA Y PeLioHaX 3 0eiyumom 36010CeHHs
0e3 00Cmammuix 800HUX PecypcCi8 | MIHEPATbHUX 000pUS ehekmueHe azpapre sUpoOHUYMBO € npoodrema-
muyHuM. Bemanoenennsa 3akoHoMipHOCmell 8NAUSY YMO8 360JI0HCEHHA | Menio3abe3snedents Ha OKpeMux
emanax opeanHozenesy € meopemuyHoio OCHOB0I0 NIOBUWEHHSL CIATIOCII 3eMAePOOCMBA, 30KpeMd 3d GUKO-
puUcmaHms 1uue npupooHoi pooroyuocmi IpyHmy ma nobiunoi biomacu. Memoro pobomu 6yn0 6CmaHo81eHHs
3AKOHOMIPHOCTELL 3MIH 8POJICAUHOCTT NOTLOBUX KYAbMYP Y PI3HUX CIBO3MIHAX 3ANEHCHO 8I0 OUHAMIKU
aAzpoOMemeopoNoSiUHUX hAKMOPi6 8 YMOBAX HEOOCAMHbO2O 36010HCeHHA cXiOH020 Jlicocmeny Yipainu
ma oyinka nomeuyiany npoOyKMUSHOCMI NOCIBI8 3 YPAXYBAHHAM WOPIYHO 3MIHHUX 2IOpOMepMIiuHUX
VMO8 Y CUCmeMi «OpeaniyHo20» 3emaepodcmea 6e3 3acmocy8ants MiHeparbHux 000pus. OYinKy 3MiH
A2POMEmMeopoNo2iuHUX pecypcie 30ICHIOBANU MEMOOOM MAMeMamuKo-CImamucmuyHo2o aHaizy nooe-
KAOHUX NOKA3HUKIE Menjiozabesneyents (memnepamypu nogimps ma onaoie) i 8podicaiHocmi noabosux
kynemyp. [ani 20-piunozo cmayionapnoeo 0ocuioy o6pobasnucs memooamu KopenayiiiHo2o ma po3paxy-
KOBO-NOPIBHANLHO2O AHANIZY 13 CUCTNEMHUM Y3A2albHeHHAM. Bemanoeneno Haubinvus 8ipocioni Kiouosi
nepioou 0o eecemayii ma nio uac opeano2enesy, Ko 3ai1edHCHOCHE MidC RO2OOHUMU YMOBAMU A 8POICATI-
HICIO NPOAGIAIOMbCA 3 OOCMAMHIM PiBHeM O0CMOGIPHOCI. 3anponoHO8aHull NiOXio IPYHMYEMbCA HA
Gopmysanni cmamucmuunux psoie yposicatinux oanux (15—20 poxis) ma 6i0no8iOHUX NOOEKAOHUX NOKA3-
HUKI@ memnepamypu i onaodig Ha nokaibHomy npocmopi. Pexomenoosano cnouamxy nobyoyseamu epaghixu
OUHAMIKU 2IOPOMEPMIUHUX YMOB Y PI3HI 3 8POICAUHICTIIO POKU OJisl 8UAGIEHHA NePio0ié HAlOYeBUOHIUUX
8IOXUNEHb, a NOMIM NPOGECMU OeMANbHUL NOULYK MAMEMAMUYHUX 3ANENCHOCMEN NPOOYKMUBHOCTI 8i0
NO20OHUX YMO8.

Knrouosi cnoea: xopensyis, ciopomepmiuni yMosu, noIb08i KyJIbMypu, YPOICAUHICIb, NPUPOOHUL (hOH
POOIOHOCHI IPYHMY, OP2aAHIYHA NPOOYKYIs
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Abstract. The processes that cause degradation of soil properties, decrease in their strength and
increase in deformability was analized. Solving the problem of determining phase velocities and vectors
of elastic displacements made it possible to establish the differential coefficient of elastic anisotropy of
soils that form the basis of hydraulic structures. Experimental studies of soils, which are the basis of
hydraulic structures, when using ultrasonic methods made it possible to determine the factors that cause
the anisotropy of elastic waves. The most informative parameter of the anisotropy of soils, which are
the basis of hydraulic structures,was established. The main indicators of the manifestation of azimuthal
anisotropy of bulk elastic waves were determined. The study of samples of soil bases of hydraulic structures
when using the invariant-polarization method made it possible to experimentally establish the type of
anisotropy and determine the value of the coefficient of elastic anisotropy of the studied samples. The
angle of deviation of the elastic displacement vector from the direction of the wave normal, exceeding 90°,
is a sign of possible destruction of the soil base of a hydraulic structure and enables us to localize zones
of limit equilibrium.

A study of sandstone samples was carried out when using atomic force microscopy to investigate the
degree of change in the microstructure of the soil bases of hydraulic structures. The use of the acoustic
emission method allowed us to obtain an image of the acoustic response during laser irradiation, which
made it possible to evaluate the diffraction pattern of the studied sandstone samples. It was established that
a characteristic feature of the acoustic emission spectrum of the studied samples of soil bases of hydraulic
structures is the presence of numerous secondary maxima. Their occurrence indicates the complexity of the
material composition and structure of soil bases, in particular, a specific combination of allotigenic and
authigenic minerals, cementing substances and textural features. In the case of irreversible deformations,
the influence of fluid saturation manifests itself through differential-elastic effects, caused by both the crystal
structure and the nature of interphase bonds, as well as the temperature, pressure and other parameters of
the soil base environment of hydraulic structures.

Keywords: hydraulic structures, stability, soil base, acoustic emission, anisotropy

Relevance of the research. Hydraulic
structures are the structures subject to the water
environment, designed for the use and protection
of water resources, as well as for protection
against the harmful effects of water [1]. The
system “structure — soil base” can be represented
as three sequentially connected elements: soil
base, foundation and above-ground structure.
When assessing the stability of a structure,
the load transfer scheme is of direct practical
importance, which depends on the structure
design, the magnitude of the load on the column
or on 1 m? of the foundation. And if the loads
from the structure and equipment are more or
less constant, then the structure itself changes
over time: there is a gradual and irreversible
change in the properties of building materials as
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a result of aging, corrosion, etc. [2]. The defining
parameters of the foundation are its type (rigid,
flexible), geometric dimensions, shape, and
material strength [3]. During the operation of the
structure, the foundation material changes the
most as a result of fluctuations in temperature
and moisture conditions under the influence of
aggressive industrial effluents, etc. [4].

Analysis of recent research and publications.
The most hidden and uncontrolled changes in the
process of construction and operation of structures
occur with the soil bases. When assessing the
stability of structures, processes that lead to the
deterioration of soil properties, a decrease in
strength and an increase in deformability, which in
turn leads to an increase in absolute and relative
deformations, and sometimes to the destruction of
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soil bases and structures, are of great importance.
Soils, depending on the type, physical state and
structural strength, have different abilities for
deformation developing. Numerous experimental
studies show that under certain loads, when the
stage of displacements begins, a compacted core
is formed under the foundation in the shape of
a wedge. The core is the foundation across the
entire width, and the sides are formed by slip curves
that pass along the edges of the foundation [5-7].

The stability of the structure depends on the
type, size and depth of the foundation, as well
as on the intensity of the load application. An
increase in the size of the foundations and their
depth leads to a decrease in the probability of
bulging of the soil base and an increase in the
stability of the structure. A rapid increase in
additional pressure from the structure leads to
a decrease in the magnitude of the destructive
load, a slow increase in pressure — to the increase
in destructive load. Uniform settlement of the
entire structure does not cause additional stresses
in the structures, but the difference in settlements
of individual parts of the soil base especially
affects the strength of foundations and above
foundation buildings. Experience shows that
the difference in settlements increases with an
increase in the magnitude of absolute settlements.
Deformations depend both on changes in volume
(as a result of compaction, swelling, etc.) and on
the deformation of individual phases that make
up the soils (creep of the skeleton, compression
of pore water, as well as inclusions of vapors and
gases) [8—10].

Under the action of tangential stresses, local
failure zones appear in the soil base, which, when
the pressure from the structure increases, increase
in size and form a sliding surface. The zones of
limiting equilibrium of soil bases are the areas of
the soil massif that are on the verge of destruction
under the action of loads or other influences. Their
dependence is determined by a combination of
soil properties (its strength and deformability),
load characteristics (magnitude, distribution)
and geometric parameters of the structure resting
on the soil. The determination of these zones is
key to ensuring the stability of structures and
preventing settlements and destractions. The
limit states of the soil base manifest themselves
in these zones. The information on the sizes of
the zones of limiting equilibrium, where there is
destruction of the soil base, allows:

— to assess the possibility of applying the
theory of linearly deformed medium to calculate
the stability of the structure’s foundation;

— to calculate the stability of the soil base
and determine real ways to increase it.

When calculating the sizes of the zones of
limit equilibrium (plastic deformations), it is
first necessary to determine the depth of their
development by comparing the maximum angles
of deviation 0,, with the angles of internal
friction ¢, which vary within the soil base.

The boundaries of the zone of limit
equilibrium can be traced based on the following
dependencies:

— whenop>0
is not observed;

— when ¢ =0, (1, = Ty — limit equili-
brium is observed;

— when ¢ <0,,, (t, < 7y,.) — soil destruction
is observed [11-13].

The angle of internal friction of soil base ¢ is
an angle that characterizes the resistance of the
soil to shear, which arises from the interaction
between its particles. This parameter is key
for engineering and geological calculations of
foundations, as it determines the stability of the
soil massif and its ability to withstand loads.

(T, > Tyar) — limit equilibrium

max

1. Types of deformations and causes of their
occurrence [5]

Types (?f Causes of deformation
deformations
Elastic deforma- |Change in molecular forces
tions: of elasticity of solid parti-
— change in cles, as well as thin films of
volume water

Change in molecular forces
of elasticity, change in
structural lattice

— distortion of
shape

Inelastic, residual

deformations: Reduction in porosity
— compaction
. Wedging effect as a result
— swelling
of electro-molecular forces
Mutual displacement of soil
— creep

particles

Destruction of structure,
destruction of particles

— only residual

An important factor, the effect of which must
be taken into account, is the difference in the
mechanical soil properties in different directions,
or the so-called mechanical anisotropy (for
example, deformation anisotropy, strength
anisotropy, swelling anisotropy), and sometimes
the difference in filtration properties, or filtration
anisotropy. The anisotropy of the mechanical
properties of soils is explained by their ordered
structure with a preferential parallel orientation
of particles in a certain direction [14—16].
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The purpose of the study is to test the use of
the invariant-polarization method, atomic force
microscopy and the acoustic emission method
for assessing the stability of hydraulic structures,
given the anisotropy of the stress-strain state
of their soil bases by conducting experimental
studies and subsequent analytical calculations.

Materials and methods of the study. Field
and laboratory experimental studies on the elastic
properties of the studied samples of soil bases
of hydraulic structures were carried out using
the invariant-polarization method, atomic force
microscopy and the acoustic emission method
[17-19]. The Hydrustab software and algorithmic
complex developed by the author was used to
process the results of experimental studies of
samples of soil bases of hydraulic structures
and to further construct stereo projections and
diagrams.

Research results and their discussion.
Experimental studies of the soil base using
ultrasonic methods show that the anisotropy
of elastic waves is due to the crystallographic
orientation of minerals, the grain shape of
oriented minerals and the location of microcracks.
Depending on the nature of the orientation of the
structural texture elements, soils are divided into
three types: unidirectional, multidirectional within
one plane and spatially oriented. The key indicator
ofanisotropy is the differential coefficient of elastic
anisotropy, the value of which reflects the degree
of deviation of the soil texture from the closest
isotropic medium. Thanks to this coefficient, it is
possible to compare the anisotropic properties of
elastic media of different symmetry. In particular,
the coefficient of transversely isotropic elastic
anisotropy makes it possible to assess the degree
of deviation of textures of rhombic symmetry
from the elastic characteristics of a transversely
isotropic medium.

The characteristic surfaces of the anisotropy
parameters are constructed in the form of
stereographic projections of isolines, which
gives a complete idea of the spatial variability of
the anisotropy parameters of bulk elastic waves
and reflects the influence of the symmetry of
the medium. Strict restrictions are imposed on
the azimuthal dependence of the differential
parameters, due to the anisotropy of the soil
medium. The azimuthal anisotropy of bulk
elastic waves manifests itself in the following
forms [20-22]:

1) difference between the phase and radial
velocities of elastic waves;

2) deviation of the elastic displacement
vectors and radial velocity vectors from the
direction of the wave normal,;
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3) the presence of polarization effects,
phenomena of acoustic birefringence, acoustic
refraction and singular behavior of the elastic
displacement vectors in the zone of the acoustic
axes.

The use of stereographic projections made it
possible to reflect the nature of the anisotropy of
elastic waves in full, and not only in intersections
selected when using coordinate planes. Fig. 1(a)
shows a stereoprojection of the differential
coefficient of elastic anisotropy 4, of sandstone
sample Ne 1 of the studied soil bases, which were
selected in the area of the Kyiv HPP dam. In the
wave theory for transverse waves in an elastic
medium the vector of elastic displacements
(polarization) is always perpendicular to the wave
vector (normal to the wave front), but in a “pure”
homogeneous medium, this vector lies strictly in
the orthogonal direction, without deviations.

But in cases of anisotropy of the medium,
boundary conditions (reflection, refraction at
the boundary of the media) and diffraction at
obstacles a deviation angle may appear between
the direction of the wave normal and the actual
direction of the elastic displacement vector.

And this deviation that is an indicator of wave
effects associated with diffraction and diffusion,
which is a manifestation of non-orthogonal
polarization or “mixed wave” (especially in
anisotropic media) [23-25]. Fig. 1(b) shows
a diagram of the distribution of polarization
vectors of the “slow” quasi-transverse wave of
sandstone sample Ne 1 of the studied soil bases.
Based on the data obtained when constructing
these stereo projections and diagrams, a stereo
projection of the deviation angle of the elastic
displacement vector from the direction of the
wave normal (U ] ) of sandstone sample Ne 1 of
the studied soil bases was constructed, which is
shown in Fig. 1(c).

The value of the elastic anisotropy coefficient
varies from 0,48% to 11,23 %. A particularly
importantfactordeterminingthe valueoftheelastic
anisotropy coefficient is the spatial coincidence of
the orientations of structural elements, primarily
the crystallographic orientation, the orientation
of sandstone grains by shape and the directions
of microcrack development. The deviation
of the elastic displacement vector from the
direction of the wave normal varies from 0,44°
to 10,63°. Fig. 2(a) shows a stereo projection
of the differential elastic anisotropy coefficient
A, of sandstone sample No 2 of the studied
soil bases. Fig. 2(b) shows a diagram of the
distribution of polarization vectors of the “slow”
quasi-transverse wave of sandstone sample Ne 2
of the studied soil bases.



HYDRAULIC ENGINEERING

0
o5
85
75

Fig. 1. Sandstone sample Ne 1:

a — stereo projection of epy isolines of the differential elastic anisotropy coefficient 4, (isolines — in %);
b — diagram of the distribution of polarization vectors of a “slow” quasi-transverse wave;
¢ — stereo projection of the deviation angle of the elastic displacement vector from the direction
of the wave normal (U N ) (isolines — in degrees)

Fig. 2. Sandstone sample Ne 2:

a — stereo projection of isolines of a differential elastic anisotropy coefficient 4, (isolines — in %);
b — diagram of the distribution of polarization vectors of a “slow” quasi-transverse wave;
¢ — stereo projection of a of deviation angle of the elastic displacement vector from the direction
of the wave normal (U 7] ) (isolines are in degrees)

Based on the data obtained when constructing
these stereo projections and diagram, a stereo
projection of the deviation angle of the elastic
displacement vector from the direction of the
wave normal (U ,71) of the sandstone sample
Ne 2 of the studied ‘soil bases was constructed,
which is shown in Fig. 2(c). The value of the
elastic anisotropy coefficient varies from 1,67 %
to 62,73 %. The value of the deviation of the
elastic displacement vector from the direction of
the wave normal varies from 0.47° to 95,46°.

Elastic anisotropy reflects the deformation
history of the soils of the foundations of hydraulic
structures. In the studied samples of deformed
soils, a pronounced ordering of their internal
structure is observed, which causes an even more
intense manifestation of the anisotropy of elastic
waves. Anisotropy and structural ordering of soils
constitute interrelated fundamental properties that

reflect the mechanisms of deformation formation
and subsequent transformations. Thus, the stereo
projections and diagrams obtained for the studied
sandstone samples allowed us to quantitatively
assess the influence of the anisotropy of the
stress-strain state of the soil bases of hydraulic
structures on the stability of these structures, and
also demonstrate a direct relationship between
the zones of limiting equilibrium and the angle
of deviation of the elastic displacement vector
from the direction of the wave normal (U ,71)
. The obtained research results for soil samples
that were not under the compaction pressure of
the main part of the hydraulic structure confirm
the efficiency of applying the methods used for
studying the soil bases of hydraulic structures of
various types.

In order to study the degree of change in the
microstructure of a soil base sample of hydraulic
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structures caused by elastic deformations (in
particular, shape distortion), a study of sandstone
samples was carried out when using atomic
force microscopy. The elastic £ and inelastic
characteristics of soil bases significantly depend on
the morphology of the near-surface layer. It is due
to the development of flattened-lenticular layering
and schistosity, the orientation of hinges and axial
planes of linear folds, as well as the corresponding
orientations of minerals both in their shape and
internal structure. Using atomic force microscopy,
2D and 3D images of the surface of a sandstone in
the (100) orientation plane obtained were obtained,
which is shown in Fig. 3.

Fig. 4 (right) shows an image of the acoustic
response that occurred during laser irradiation,
which was accompanied by the formation of
inhomogeneous thermomechanical stresses with
the formation of a melt crater and the ejection
of molten material onto the sample surface. The
depth of the melt crater 44, under conditions
of constant power and duration of laser action,
is determined by thermal conductivity (in
particular, local) and a “quasi-equilibrium”
spatial distribution of temperature gradients AT
both in the direction perpendicular to the crater
axis and along it. In our experiments, its value was
about 2~ 500 um. The complex structure of the
recorded acoustic response indicates the action
of several mechanisms for the transformation of
localized thermal disturbance into mechanical
stress waves (acoustic waves), which appear
simultaneously or sequentially in time.

Comparison of the acoustic response in Fig. 4
(left) with the duration of the laser pulse and the
geometric parameters of the sample indicates
the probability of the second and third time
maxima (pulses aligned in the time) occurring
due to the acoustic emission mechanism (AE),

Fig. 3. Image of the microstructure of
a sandstone sample in the (100) orientation
plane obtained when using atomic force
microscopy: (a) 2D image of the microstructure
and (b) 3D image
of the microstructure

since the time delays of their appearance and
the length of the final pulse cannot be explained
only within the photothermoelastic mechanism.
An important task is to correctly determine the
possible AE mechanisms accompanying the
processes described above. The sequence of their
manifestation in time can be presented as follows:

1. AE occurrence during the melting of
the sandstone surface (phase transition- solid
phase — liquid phase);

Fig. 4. Recorded AE signal response (irradiation of biotite 50 mV/div, 10 ps/div) (left); typical
melting craters after irradiation of biotite grain with the appearance of microcracks (1) and quartz
grain (2) with intensity 7~ 200 MW/cm? (x98) (right)

2025 « Ne 2 MEJIIOPAILA I BOOHE 'OCIIOJAPCTBO



100

HYDRAULIC ENGINEERING

2. AE during the crystallization of the melt
(phase transition — liquid phase — solid phase);

3. AE caused by crack formation.

Transition processes such as solid phase — gas
and gas — solid phase can be ignored because they
occur during a relatively “long” (nanosecond) laser
pulse. Under the conditions of the experiments,
phase transitions occur extremely quickly — for
the time commensurate with the duration of the
laser action (z =~ 18 ue). It is likely that it is crack
formation that is the main source of the formation
of the “acoustoemission component” of the
acoustic response. Consideration of AE as two
types of emission — discrete (high-energy) and
continuous (low-energy) loses relevance in cases
where the time of individual AE acts (1) exceed
the time of wave transmission through the sample
t,1.e. T> ¢, and the lengths of wave trains A exceed
the typical dimensions of the base sample L, i.e.
A > L [26-28].

The AE spectrum of fine-grained sandstones —
cemented soils with granular porosity is
characterized by the presence of numerous
secondary maxima. Their appearance reflects
both the diversity of the material composition
and structural features of the soil base, including
the combination of allotygenic and authigenic
minerals, cement composition and specific
texture, and to a certain extent reproduces the
course of dia- and catagenetic processes. The soil
bases, where the samples were taken, underwent
mechanical deformations of varying intensity,
which led to the formation of characteristic
structural and textural features.

Under conditions of different tension or
compression, massive textures arose, where high
amplitudes of the main (primary) peaks were
recorded in the AE spectra along with increased

oscillations. In contrast, samples with directive
structures generally showed lower averaged AE
signal amplitudes, which is most pronounced
in fine-grained varieties of sandstones. Another
characteristic feature of samples with directive
textures (soils formed in non-equilibrium
deformation fields) is the dominance of AE
spectra with inhomogeneous, stretched curves
containing several signal trains.

Conclusions. The anisotropy of the studied
soils is determined by their textural characteristics
and the orderliness of the structural-morphological
paragenesis, which is manifested in striation
and linearity. An additional factor is the ordered
system of microcracks formed as a result of the
current state of the soil massif. The value of
the deviation angles of the elastic displacement
vector from the direction of the wave normal >
90° is an indicator of potential destruction in the
soil base of the hydraulic structure and allows us
to determine the zones of limit equilibrium.

The analysis of the acoustic emission signal
allowed us to evaluate the diffraction pattern of
the studied sandstone samples. In particular, the
measured amplitude of the acoustic emission signal
allowed us to quantitatively assess the intensity
of polarization effects, phenomena of acoustic
birefringence, acoustic refraction and singular
behavior of elastic displacement vectors in the area
of the acoustic axes of the studied soil base samples.

The conducted experimental studies and
analytical calculations allowed us to test the use
of the invariant and polarization method, atomic
force microscopy and the acoustic emission
method for assessing the stability of hydraulic
structures given the anisotropy of the stress-strain
state of their soil bases using the example of
sandstones.
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Anomauin. IIpogedeno ananiz npoyecis, wo cnpuuuHAIOMs 0e2pacayiio 61acmueocmell IPYHMIe, SHUNCEHHs.
ix miynocmi ma niosuwenuss degpopmamuenocmi. Po3e’sizanns 3a0aui eusHaueHHs Gazoeux wisuoxKocmel
[ 8eKMOPI8 NPYIHCHUX IMIUEHD OATI0 3MO2Y BCIMAHOBUMU OUDEPEHYIATbHUL KOeDIYIERM NPYIHCHOT AHIZ0mMponii
IPYHMIB, SIKL (hopmytoms 0CHO8Y 2iopomexHiunux cnopyo. Ilposedeni excnepumeHmanvii O0CHIONCeHHsL IPYHMIE
OCHOBU 2IOPOMEXHTUHUX CNOPYO YIbIMPA38YKOBUMU MEMOOAMU Q0360 GUSHAYUMU (hakmopu, uo oOyMos-
JIOIOMb  AHI30MPONI0 NPYHCHUX X6Ulb. Bemarnoeneno naiibinbut inHopmamusHull napamemp axizomponii
[PYHMIB OCHOBU 2IOPOMEXHINHUX CNOPYO. BUsHaueHo 0CHOGHI NOKA3HUKU NPOSEY A3UMYMATbHOL AHIZ0MPONii
00 ' EMHUX NPYHCHUX XBUTb. J[OCTIONCEHHS 3pA3KI8 TPYHMOBUX OCHO8 2IOPOMEXHIUHUX CHOPYO 34 OONOMOZOH)
IHBAPIAHMHO-NONAPUIAYITIHO20 MeMOOY O0360NUNO eKCHEPUMEHIMANLHO BCMAHOSUMU MUN aHI30Mponii ma
BUBHAUUMU BETUYUHY Koepiyienma npycHoi anizomponii docaiodicysanux 3paskie. Kym eioxunenns eexmopa
APYIHCHUX 3MiUjeHb 8I0 HAaNPAMKY X6UTb0Boi Hopmari, wjo nepesuwiye 90°, cyeye 03HaKo MoxHcIUB020 pyuiy-
BAHHA TPYHMOBOL OCHOBU 2IOPOMEXHIYHOI CNOpYOU Ma 0ae 3mMo2y JOKANIZY8amu 30HU SPAHUYHOL PIBHOBACU.
1Iposedero 0ocnioiceH sl 3pa3Ki6 NiCKOBUKIB 13 3ACMOCYBAHHAM AMOMHOI CUN080T MIKPOCKONIT 3 Memor 00C/i-
OHCEHH s CIMYNeHsl 3VIHU MIKPOCIPYKIMYDU IPYHIMOBUX OCHO8 2IOPOMEXHIYHUX CHOPYO. 3ACMOCY8AHHS MEMOOy
AKYCMUYHOL eMiCii 0036010 OMPUMAMU 300PANCEHHS AKYCIMUYHOO0 BIO2YKY NPU NA3EPHOMY ONPOMIHEHH, o
HAOA10 3M02y OYIHUMU OUDPAKYIIHY KapMUHY OOCTIONCY8AHUX 3PA3KI6 NICKOBUKIE. Bcmanosneno, wo xapax-
MEPHOI0 OCOONUBICIIO CNEKIMPY AKYCMUYHOL eMicli O0CTIOJNCYBAHUX 3DA3KI6 IPYHINIE OCHOSU 2I0POMEXHIUHUX
CnopyO € HAABHICMb YUCTEHHUX BMOPUHHUX MAKCUMYMIB. IX GUHUKHEHHS C8IOUUmMb NPO CKIAOHICIb PetOGUH-
HO20 CKIAdy ma CMPYKNypu IPYHMOBOI OCHOBU, 30KpeMd Npo cneyughiute noEOHAHHsL AIOMUSEHHUX | aymu-
2EHHUX MIHEPANIB, YeMEHMYIOUUX Pe4O8UH I MEKCHYPHUX ocobnuocmell. Y eunaoky HezgopomHux oeghopmayiti
BNIUG (PTIOIOOHACUYEHHSL NPOSIGTIAEMbCA Yepe3 OUpePeHyianbHO-NPYIICHT epekmu, 3yMOGILEeH] K KDUCIANIYHOIO
CMPYKIypoio i npupoooio Miscghazosux 36 A3Kie, Max i memMnepamypHumu, mucko8UMU ma IHuuMu napamem-
pamu cepedosunya IpyHmMoGoi 0CHOBU 2iOPOMEXHIYHUX CnOpYO.

Knrouosi cnosa: ciopomexuiuni cnopyou, cmiliKicms, IpYHmMO8a OCHO8A, aKyCMUYHA eMicCist, AHI30mponis
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Abstract. Maize (Zea mays L.) is a crucial crop for both Ukraine and the global agricultural sector,
serving as a key staple and export commodity. Ukraine ranks among the top ten maize producers
worldwide, with annual production reaching 27-35 million tons and exports of 20-25 million tons.
Irrigation significantly enhances maize yield, potentially increasing productivity from 6.8-7.0 tons per
hectare to 12—15 tons per hectare. Given the importance of maize for food security, economic stability,
and international trade, understanding factors that influence its productivity is essential. One of the major
challenges in the Steppe, Forest-Steppe, and Polissia regions of Ukraine is the irregular water regime,
which limits the full utilization of soil potential. Effective irrigation management not only improves water
use efficiency and soil health but also promotes the proliferation of beneficial organisms, contributing to
increased crop resilience.

This study, conducted from 2020 to 2023 in the Kyiv region, investigated the development and population
dynamics of aphids (Aphididae spp.) on irrigated and non-irrigated maize, alongside the role of natural
predators in regulating aphid abundance. Experimental plots of 50 m? were established using a randomized
design with four replications. The maize hybrid P9074 (FAO 330) was grown under controlled irrigation
with water-jet sprinklers, while control plots relied on natural precipitation. Meteorological data, including
air temperature, precipitation, and the Selyaninov hydrothermal coefficient (SHC), were recorded to assess
their impact on aphid population density.

Results indicated that aphid infestation was higher on irrigated plots, particularly during the tassel
emergence and flowering stages. Average infestation in irrigated areas reached 47.8 % during maize
ripening, compared to 42.8% in non-irrigated fields. A moderate negative correlation was found
between precipitation and aphid infestation (v = -0.34), while a weak positive correlation existed with
air temperature (r = 0.19). Irrigation was found to modify the microclimate significantly, reducing air
temperature by 2.4—6.1 °C and increasing humidity to 78—100 %, depending on timing and water volume,
with nocturnal irrigation producing the most gradual changes.

In addition, irrigation enhanced the abundance of natural aphid predators. Populations of Coccinellidae
and Chrysopidae were 2.2 and 1.7 times higher, respectively, in irrigated fields compared to non-irrigated
plots. Key predator species, including Chrysopa carnea Steph., played a critical role in controlling aphid
populations, demonstrating that irrigation can indirectly support biocontrol mechanisms.

Overall, the study highlights that irrigation not only increases maize productivity but also influences
aphid population dynamics and predator activity. These findings emphasise the importance of integrated
water and pest management strategies to optimise crop yields and strengthen the ecological resilience of
maize agroecosystems in Ukraine.

Keywords: aphid, irrigation, maize, agrocenosis, predator
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Relevance of the research. Maize is a staple
foodstuff which has been cultivated for thousands
of years, and it is also very important crop for
Ukraine. Country is one of the top 10 global
producers and is a leader in exports. It produces
27-35 million tons annually and exports
20-25 million tons [1]. The estimated yield is
from 6.8 to 7 tons per hectare with drip irrigation
it can be from 12 to 15 tons per hectare [2].
This highlights its importance for domestic food
security, the national economy, and global grain
markets [3].

The impact of stress on maize production
is a matter of significant concern, with the
potential for deleterious consequences on food
security. The predominant constraint on maize
productivity in the Steppe and Forest-Steppe
regions of Ukraine, and more recently in the
Polissia region, is the unfavourable water regime
of the soil, which hinders the realisation of the
agricultural potential of these territories [4]. The
implementation of irrigation enhances soil health
through optimised water utilisation, mitigated
erosion, and facilitated proliferation of beneficial
microbes and thereby promoting increased crop
yields [5].

Analysis of recent research and
publications. Gebretsadik K.G. et al. [6] have
stated that aphids are considered to be highly
destructive agricultural pests, characterised by
complex life cycles and phenotypic variability,
facilitating their adaptation to diverse climates
and host plants.

A study undertaken by Mahmoud H. et al. [7]
established that aphids appeared at the middle of
July and reached their highest number in the III
decade of August — I decade of September, when
the maize plants were at ripening stage. From the
second week of September, the number of aphids
started to go down.

For most species of aphids, the optimal
temperature for development is in the range of
20-25 °C, while a temperature close to 30 °C is
lethal [8]. Kuroli G. and Lantos Z. [9] recorded
changes in the number of aphids and where they
were located on maize crops from July to late
October. Based on the results of 20 years, 52.3 %
of the change in the number of maize-colonizing
aphids is explained by the temperature,
precipitation and relative humidity, as seen from
the determination coefficient.

As demonstrated by Sana B. et al. [10], biotic
factors, including but not limited to crowding,
host plant quality, natural enemies (e.g., ladybirds,
lacewings) have been shown to influence aphid
survival and behaviour. It is noteworthy that
natural predators of aphids exhibit reduced

effectiveness in areas characterised by diminished
biodiversity and augmented agricultural
intensification [6].

It is imperative to implement meticulous
irrigation management techniques to ensure
a balanced equilibrium between plant health and
pest control. Also, timely pest and disease control
is crucial for maize, which is vulnerable to
numerous insect pests affecting both aboveground
and underground plant parts [11].

Corn leaf aphid (CLA; Rhopalosiphum
maidis) is an economically important pest of
maize and several other monocot crops [12, 13].
In addition to crop damage, CLA acts as a vector
for viruses that cause devastating diseases in
maize.

The present study aimed to investigate the
effect of biotic and abiotic factors on the most
important insect pests of maize. Consequently,
constant monitoring of aphid population density
in maize crops will allow us to study the impact
of irrigation on the characteristics of aphid
colonization of crops. The study of the formation
of the species composition of aphids and their
density in irrigated conditions in order to clarify
the timing of protective measures on corn crops
is relevant.

Material and methods. The study was
carried out from 2020 to 2023 in Kyiv region,
Ukraine (50.289959° N and 31.157489° E). The
characteristics of aphid colonies under various
management conditions of maize hybrid P9074
(FAO 330) cultivated were examined. The variant
of the experiment involved studying the number
of aphids present under irrigation conditions
(control of the variant — natural moistening of the
area). The experimental plots were of a size of
50 m?, with dimensions of 10.4 m x 4.8 m. The
experiment was conducted using a randomised
design with four replications.

The irrigation of the plots was facilitated by
awatering system comprising a water-jet rain gun.
The sprinkler head, in consideration, has a water
spray radius of 20-35 m and adjustable water jet
pressure. The provision of water to the site was
enabled by the implementation of a motor pump,
which was connected to a fire hose. Water was
collected from a network of water-filled canals
situated in close proximity to the experimental
plots. Irrigation was carried out by sprinkling
in the morning, afternoon, and night hours at
different watering rates from June to July.

The climatic characteristic of the research
area is the presence of substantial heat and
variable moisture levels [14]. The lowest average
monthly temperature recorded in January
was —8.7 °C, while the highest was —3.2 °C.
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The lowest average monthly temperature
recorded in July was 14.0 °C, while the highest
was 25.4 °C. During the period of vegetation
growth, the total precipitation was 429 mm, with
225 mm occurring during the summer months.
The mean annual relative air humidity is 76 %,
with a range of 64 to 88 % per month.

The Chernozem, which has undergone
podsolisation and developed on a layer of loess
rock, characterises the soil of the experimental
plots. The proportion of physical clay in the layer
of 0-25 cmis 27.1 %, in 25-50 cm is 26.2 %, and
in 50-100 cm is 24.6 %. The soil organic matter
content in the 0-50 cm is 2.35%. The salinity
degree in the plots is not saline, as the salt content
does not exceed 0.064 %. The sodium content of
a one-metre layer of soil is shown to be less than
0.04 % of the total absorbed cation content, thus
indicating that the soil is non-saline.

The Selyaninov hydrothermal coefficient
(SHC) was calculated using the formula:

SHC=Rx 10/, (1)

where R — the sum of precipitation in mm over
the growing season (April — September) with
temperatures above +10 °C;

¥t — the sum of temperatures in degrees
Celsius (°C) over the same period.

The aphid colonies were monitored from
mid-June, in conjunction with observations
of the development of stem butterflies in
maize during the phase of maize growth and
development, which corresponded to the onset of
tassel emergence. Observations were conducted
on a daily basis for tassels, stems, leaves, cobs,
and cob legs for the presence of aphids until the
phase of full ripeness of maize. The onset of plant
infestation and subsequent colony formation was
observed at a plant infestation level of 10 %, with
an aphid population of 150 individuals per 10
plants [15]. The degree of aphid infestation was
determined by visual inspection of 100 plants on
a 9—point scale.

105

The surveys were conducted by inspecting
10 crop plants in 10 random locations of the plots
under irrigation, as well as non-irrigated. During
the observation, two lines on each plot with the
configuration of the route are analogous to the
letter X were traversed.

The degree of threat to maize plants determined
through the coefficient of aphid infestation by the
formula:

K=axb, 100 (2)

where K — the coefficient of aphid infestation;

a — the proportion of plants infested with
aphids;

b — the average score of plant infestation.

Observations of Dbeneficial entomofauna
on phytophagous insects in maize fields were
conducted daily, encompassing the enumeration
oftheir adult and larval populations in conjunction
with the quantification of aphid colonies on
maize plants. After the enumeration process, the
arithmetic mean of the number of entomophages
per 100 aphid colonies was calculated.

The statistical significance of an analysis
of variance (ANOVA) was conducted using
SPSS 19.0 software.

Results and discussion.

Meteorological conditions
experiment

In the study area of the Kyiv region, the
following aphid species were identified as the
primary cause of damage to maize plants: the
common cereal aphid (Schizaphis graminum
Rond.) and the bird cherry aphid (Rhopalosi-
phum padi L.). The number of aphids exhibited
a complex and fluctuating dynamic.

A comparison of the weather conditions
experienced during the research period in Kyiv
region with the proportion of damaged plants
indicates that the number of aphid colonies is at its
maximum in years characterised by a significant
increase in summer air temperatures, provided
that there is sufficient moderate moisture,

during the

1. Scale for assessing the degree of maize colonisation by aphids

The 9| The degree Occupied by colonies of the leaf surface, %
score | of colonisation and signs of the pest presence
1 initial single individuals, <5, leaves without visible changes
5-25, the presence of reddish-light yellow dots covering up to 5% of the
2-3 weak
surface
— . - - - 00
45 average 2650, pale yellow or reddish spots with purple margins covering 6-30 %
of leaf surface
51-75, the plant has a discoloured sheath, a corrugated and twisted plate
67 strong
of the upper leaf
89 very strong | 76—100, plant withers, dries up
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particularly during the period of intensive plant
growth (tassel emergence). The findings of the
study by Carena M. and Glogoza Ph. [16] also
indicate that climatic conditions have a significant
effect on the rate of colony development and the
amount of grain yield reduction.

A thorough examination of the meteorological
conditions during the study period reveals that the
aggregate of active temperatures in 2020 and 2022
exceeded the long-term average by approximately
180 °C, while in 2023, it approached 240 °C.
The 2021-2023 growing season was marked by
sufficient moisture levels (SHC was 1.23-1.58),
in contrast to the 2020 season where the SHC
was recorded at 0.78, indicating notably arid
conditions during the growing period (Table 2).

The substantial quantity of precipitation,
devoid of substantial rainfall, resulted in
aconsiderable proliferation of aphids. Conversely,
arid conditions curtailed their population, conco-
mitantly expediting the progression of plants
through the phenophases of crop development.
Another analysis by Csorba A.B. et al. [17]
demonstrates a strong correlation between
increases in the population sizes of corn leaf
aphids and climate change, thereby indicating
a potential link between environmental shifts
and the observed increase in the prevalence and
distribution of the aforementioned pests.

Features of aphid settlement in different
conditions

A comparative analysis was conducted on the
infestation levels of maize plants cultivated under

2. Meteorological conditions of the growing season

irrigated conditions and without irrigation. The
results of this analysis revealed that the former
group exhibited a significantly higher incidence
of aphids compared to the latter. Consequently,
during the period spanning from 2020 to 2023,
specifically in the phase of tassel emergence
and flowering, which transpired in late June
and early July, the pest infestation on irrigated
crops exhibited an average prevalence of 25.0 %,
accompanied by an average infestation score
of 1.48. Concurrently, the infestation rate was
recorded at 0.38. In the plots without irrigation,
the average population of plant pests in the tassel
emergence-flowering phase of maize was 18.0 %,
with an average population score of 1.38. The
population coefficient was 0.26 (Table 3).

Thereafter, an increase in the population
density of cereal aphids in maize was observed.
A study conducted during the waxy ripeness phase
of maize revealed that the aphid population of
crop plants in irrigated areas exhibited an average
of 47.8 %, with an average population score of
2.78. Concurrently, the population coefficient
1.35 was determined. In contrast, on maize
without irrigation, the pest infestation of plants
averaged 42.8%, with an average infestation
score of 2.75, and an infestation rate of 1.2.

The effect of temperature and humidity on
aphid reproduction

The substantial presence of pests on maize
under irrigation can be attributed to the creation
of optimal conditions for the reproduction of
the phytophage, particularly concerning air

Indicator (average) 2020 | 2021 | 2022 | 2023 | Long-term

Sum of active temperature (SAT) of [IV-IX months, °C | 3005.1 |2833.1{3007.1|3063.6| 2825.0
Sum of effective temperature, (>10°C) (SET

of IV-TX months, on ( ) (SET) 1415.1|1363.1|1257.7|1463.6 | 1300.0
Sum of precipitation for IV-IX months, mm 2354 | 371.8 | 476.6 | 3754 343.0
SHC 078 | 1.31 | 1.58 | 1.23 1.21
3. Colonisation of maize plants by aphids

Year Populated score Irrigation coefficient | Populated Score Non-irrigation coefficient

plants, % of colonisation plants, % of colonisation
tassel emergence-flowering phase

2020 27.0 1.4 0.38 18.0 1.4 0.25

2021 20.0 1.4 0.28 12.0 1.2 0.14

2022 31.0 1.8 0.56 25.0 1.7 0.43

2023 22.0 1.3 0.29 17.0 1.2 0.20

waxy grain ripeness

2020 60, 3.0 1.80 51.0 3.0 1.53

2021 38.0 2.6 0.99 32.0 2.5 0.80

2022 54.0 3.0 1.62 52.0 3.0 1.56

2023 39.0 2.5 0.98 36.0 2.5 0.90
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temperature and humidity, as well as the plant’s
condition. As Tali M.K. et al. [ 18] noted, the mean
aphid population exhibited a significant positive
correlation with mean atmospheric temperature.
Also, the pivotal role of relative air humidity in
the proliferation and reproduction of aphids on
maize. Favourable conditions for the intensive
reproduction of these phytophages on plants are
created when a percentage exceeding 60 % [19].

Concurrently, it is imperative to acknowledge
that the irrigation of maize engenders pronounced
fluctuations in air temperature and relative
humidity. These fluctuations exert a deleterious
effect on the reproduction and development of
numerous species of aphids. The study in Kyiv
region of the watering rate on changes in the
microclimate of the experimental plot indicates
that the minimum rate of 2 m* per hectare does not
affect changes in air temperature. However, the rate
of two times has been shown to lead to a short-term
decrease in air temperature (1 hour) by 0.9 °C and
an increase in air humidity by 17.0%. Based on
irrigation data, including time of day and irrigation
water discharge rate, as well as weather data, an
analysis of the impact of irrigation on changes in
microclimate in maize was conducted.

Irrigation in the morning hours

The irrigation at a rate of 50 m*ha in the
morning (8-12 a.m.), the air temperature
decreased by 2.4 °C from 16.7 °C to 14.3 °C,
and the air humidity increased by 51.9 % from
48.0 % to 99.9 %. Over the next 3 hours, the air
temperature increased by 5.7 °C from 14.3 °C to
20.0 °C, and the air humidity increased by 48 %
from 99.9 % to 51.9 %.

The norm of irrigation of 110 m*/ha in period
10-11 a.m. the average air temperature increased
from 17.2 °C to 21.6 °C, and the air humidity
decreased from 52.0 % to 36.5 %.

Consequently, the implementation of irrigation
during the morning hours, contingent on the
output rate, results in a short-term decline in
temperature and an augmentation in air humidity.
After the cessation of irrigation, an augmentation
in temperature and a diminution in air humidity
to reference values for days without irrigation
were observed over the ensuing hours.

Irrigation during the day.

At a rate of 100 m*ha from 1-3 p.m. the
average air temperature decreased from 27.8 °C
to 25.1 °C, the air humidity increased from
63.4% to 67.4%, and over the next 2 hours it
dropped to 58.4 %.

An 8-hour irrigation cycle with an irrigation
rate of 252 m*/ha conducted in the morning and
afternoon resulted in a decline in air temperature
from 17.2 °C to 16.1 °C, accompanied by an
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augmentation in air humidity from 84.4% to
99.9 %. Over the subsequent five-hour period, the
air temperature increased from 16.1 °C to 20.8 °C,
while the air humidity gradually decreased from
99.9% to 73.2 %.

The irrigation at a rate of 450 m’/ha from
11 am. to 1 p.m. resulted in a decline in air
temperature of 6.1 °C and an increase in air
humidity of 35.5 %. Subsequent to the cessation
of watering, a rise in air temperature from
23.3 °C to 33.6 °C was observed, accompanied
by a precipitous decline in air humidity from
80.8 % to 30.1 %.

The watering with rate of 150 m‘ha in
the afternoon (3—6 p.m.) the air temperature
decreased by 4.5 °C in the first hour from 31.8 °C
t0 27.3 °C, and by 16.3 °C in the next three hours.
At the same time, air humidity increased by
64.3 % from 33.8% to 98.1 %. Two hours after
the end of irrigation cycle, the air temperature
increased by 2.0 °C from 16.3 °C to 18.3 °C,
and the air humidity decreased by 24.6 % from
98.1% to 73.5 %.

Therefore, during periods of high air
temperatures (29.3 C — 33.6 C), the short-term
irrigation with high rate of irrigation results in
immediate, though transient, alterations to the
microclimate of the agrocenosis. This option
has a detrimental effect on the number of maize
phytophages, especially aphids. The population
of these insects can be significantly reduced
through the process of defoliation, whereby the
maize leaves are removed.

Irrigation at night hours.

During 4 hours of sprinkling with 30 m*/ha
at night (11 p.m — 1 a.m.) the air temperature
decreased by 6.5 °C from 23.7 °C to 17.2 °C, the
air humidity increased by 53.3 % to 99.9 % and
remained at this level for 10 hours after the start
of irrigation.

The irrigation with rate of 300 m’/ha in
period of 6-9 p.m. the average air temperature
decreased by 5.4 °C from 22.8 °C to 17.4 °C, the
air humidity increased from 89.9% to 99.9 %,
remaining at the same level for the next 9 hours.

The irrigation of 150 m?/ha over 8 hours at
night (8 p.m. — 3 a.m.) resulted in a decrease
in air temperature by 3.9 °C and an increase in
air humidity by 24.7% from 75.2% to 99.9 %.
After 7 hours, the air temperature increased by
4.4 °C, and the air humidity decreased by 25.8 %
from 99.9 % to 74.2 %. The rate of irrigation of
150m’/ha was poured from 11-12 p.m. based
on this the average air temperature decreased
by 0.9 °C from 17.3 °C to 16.4 °C, and the air
humidity increased from 88.3% to 99.8 %,
remaining at the same level for the next 9 hours.
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At an irrigation rate of 300 m’/ha with
irrigating from 1 to 4 a.m. the average air
temperature decreased by 4.5 °C from 22.8 °C to
18.3 °C, the air humidity increased from 87.1 %
to 99.9 %, remaining at the same level for the
next 9 hours.

It was determined that the irrigation during the
evening and night-time, even under lower rate of
irrigation, can result in a substantial increase in
air humidity, reaching a level of 99.9 % over an
extended period. The air temperature in maize
agrocenoses after irrigation decreased by an
average of 4.3 °C (0.9 °C -6.5 °C).

Furthermore, an investigation into the
impact of weather conditions, specifically air
temperature and precipitation, during the period
of June to September, revealed an inverse
proportional relationship between precipitation
and the coefficient of aphid infestation of maize
plants (r =-0.34) and a weak direct relationship
between air temperature and the coefficient
of aphid infestation of maize plants (r=0.19)
(Table 4).

Irrigation effects on aphids and predators
in maize.

It was observed that the incidence of aphids
on maize occurred at approximately the same
time during the research period. The winged
settlers were first observed on the plants in early
June. The presence of phytophage colonies was
identified in the initial and subsequent decades
of July, with a marked increase in the number of
pests during the late July to mid-August period.

During the last decade of August and the first
decade of September, elevated air temperatures
induced accelerated maturation of the cobs and
consequent release of moisture to the maize,
thereby resulting in the occurrence of black
layer on the maize kernel. As previously stated,
the appearance of a black spot on the base of
the kernel is indicative of the plant’s inability
to receive nutrients from the plant, thus leading
to the death of the plant itself. Concurrently, the
leaves of the crop rapidly desiccated from the base
to the apex. Aphid colonies were relocated to the

upper green leaves of maize in order to continue
feeding on them. The presence of a black layer on
the maize kernel in late August suggests that the
crop yield is no longer affected by aphids.

The irrigation in maize cultivation has
been demonstrated to result in a substantial
augmentation in the abundance and ecological
significance of entomophages, concurrently
enhancing the resistance and compensatory
capacity of the plants themselves. It was
determined that this action serves to mitigate
the adverse effects of aphid infestation. The
study revealed that representatives of the order
Coleoptera, specifically the seven-point ladybird
(Coccinella septempunctata L.), the variable
ladybird (Hippodamia (Adonia) variegata
Gz.) and the five-point ladybird (Coccinella
quinquepunctata L.), exhibited remarkable
efficacy in the regulation of aphids at all stages
of their development. During the period of tassel
emergence, a greater number of entomophagous
insects was found under irrigation conditions. The
mean number of representatives of Coccinellidae
averaged 40.8-89.6 individuals per 100 aphid
colonies, which was 2.2 times higher than in
conditions without irrigation (Figure 1).

The presence of the fourteen-spotted
ladybird (Calvia quatuordecimguttata L1.),
the fourteen-spotted propylea  (Propylea

quatuordecimpunctata L.), the Asian harmony
(Harmonia axyridis Pall.) and the two-spotted
ladybird (A4dalia bipunctata L1.) was also
confirmed in Kyiv region. In some research,
as Carena & Glogoza (2004) have previously
indicated, the utilisation of natural predators to
control the corn leaf aphid has been demonstrated
to be an effective strategy, in addition to the
employment of biochemical and physical
barriers [16].

In July, the highest density of predators from
the family Chrysopidae (larvae and adults) was
observed, and these predators were found to be
actively destroying aphids. Observations revealed
a greater number of these predators at the stage of
tassel formation on maize under irrigation.

4. Influence of weather conditions on aphid infestation in maize

Indicator | 2020 | 2021 | 2022 | 2023 | Average
the relationship between precipitation and
% of plants infested with aphids —0.18 —0.08 —0.26 —0.55 —0.27
score —0.38 —0.06 —0.28 —0.23 -0.24
coefficient of colonisation —0.42 —0.12 —0.30 —0.51 —0.34
the relationship between air temperature and
% of plants infested with aphids 0.04 —0.02 0.23 0.40 0.16
score 0.06 0.23 0.28 0.29 0.22
coefficient of colonisation —0.03 0.12 0.28 0.37 0.19
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Fig. 1. The number of entomophages on maize under different conditions

The mean number of Chrysopidae represen-
tatives was found between 15.9 and 48.2 spe-
cimens per 100 aphid colonies, which was
1.7 times higher than the mean number observed
in conditions without irrigation. This phenomenon
can be attributed to the increased density of the
aphid population in irrigated maize fields. The most
prevalent species among the entomophages was
the common goldeneye (Chrysopa carnea Steph.).

Furthermore, the presence of flies belonging
to the family Syrphidae (Diptera: Syrphidae)
was detected, including the bandaged syrphus
(Syrphus  ribesii  L.), the marmalade Afly
(Episyrphus balteatus De Geer) and the decorated
syrphus (Sphaerophoria scripta L.). The impact of
predatory gall midges (Diptera: Cecidomyiidae),
specifically  Aphidoletes aphidimyza Rond.,
on the population dynamics of aphids was
examined. The results indicated that these insects
had minimal impact on aphid abundance due to
their low population density. The presence of
certain species of predatory insects was found
to be random, presumably due to the proximity
of other agrocenoses to maize. The presence of
a sufficient food source in irrigated conditions
attracted entomophages and contributed to their
survival and propagation.

Conclusions. In the research area of Kyiv
region, the following aphid species were
observed to be predominantly responsible for
the colonisation and damage to maize plants:
the common corn aphid (Schizaphis graminum

Rond.) and the cherry aphid (Rhopalosiphum
padi L.).

The implementation of irrigation has
been demonstrated to effect alterations in the
microclimate of maize, with a decline in air
temperature ranging from 2.4 °C to 6.1 °C,
contingent on the prevailing conditions and
the quantity of water employed. Concurrently,
the humidity level has been shown to increase
to 78-100%. It has been demonstrated that
nocturnal irrigation is the most gradual method
of altering temperature and humidity. During
the process of maize ripening in irrigated areas,
the average aphid infestation was recorded to
be 47.8 %, with an infestation score of 2.78 and
a coefficient of 1.35. In non-irrigated maize, the
infestation rate averaged 42.8 %, with an average
score of 2.75 and a coefficient of 1.2.

The study established a moderate negative
correlation between precipitation and the aphid
infestation coefficient (r=-0.34) and a weak
positive correlation between air temperature and
infestation (r = 0.19).

The increased aphid density in irrigated maize
fields resulted in a 2.2-fold higher mean number
of Coccinellidae and a 1.7-fold higher mean
number of Chrysopidae compared to non-irrigated
conditions. The findings demonstrate that
irrigation supports greater predator abundance,
particularly of key species like Chrysopa carnea
Steph., thereby enhancing natural aphid control
in maize agroecosystems.
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Anomauisn. Kykypyosza (Zea mays L.) € 8axciugoio Kyivnypoio 0Jisi a2papHo20 cekmopa K Yxpainu, max
i 011 ¢8imy, OCKINbKU € OCHOBHUM MOBAPOM OJisl eKkcnopmy. Yipaina éxo0umv 00 decsamku HAUOLIbUUX
BUPOOHUKIG KYKYPYO3U 6 C8imi 3 piuHuM 8upoOHuymeom 27—35 minviionie moun ma excnopmom 20—25 mine-
1lOH168 MOH. 3POULeHHA 3HAYHO NIOBUYYE BPOHCATIHICIb KYKYPYO3U, ROMEHYIUHO 30I1bUWYI0UU 8POHCAUHICTIL
3 6,8—7,0 m/ea 0o 12—15 m/ea. Bpaxogyiouu eaxciugicms KyKypyo3u 0Jid Npo008oabyoi be3neKu, eKoHo-
MiuHOT cmabinbHoOCmi ma MidDCHApOOHOI MOP2INi, PO3VMIHHS (AKMOPIS, SAKI GNAUSAIOMb HA il NPOOYK-
muguicmy, Mae eadxcause 3navenns. QOHiero 3 ochosnux npoonem Cmeny, Jlicocmeny ma Ilonicca Ykpainu
€ HepiBHOMIPHULL BOOHUT PECUM, WO 0OMEANCYE NOBHE BUKOPUCTIAHHA NOMEHYIANY pOOIOYOCH TPYHMY.
Edexmuene ynpagninnsa 3pouwleHHAM He MINbKU NOKPAWYE ehexmunicms GUKOPUCMANHA 800U, dalle
Ul CNPUSAE POSMHONCEHHIO KOPUCHUX OP2aHi3MI8, NONINULYIOUU 300p08 51 eKocucmemMuy IpyHmy ma cnpusiovu
NIOBUWYEHHIO CIILIKOCT 8POXCAI0 CLIbCOKO2OCHOOAPCHKUX KYIILIYP.

Y yvomy oocnioacenni, sixe nposoounocsi 3 2020 no 2023 pix y Kuiscokiil obnacmi, 6ueuascs po3eumox ma
ounamixa nonynayiu nonenuys (Aphididae spp.) na 3powiyeanux ma He3pOULYBAHUX NOCIBAX KVKYPYO3U,
a Makodic ponb NPUPOOHUX XUIICAKIB Y peeyliosanii yucenvHocmi noneauys. Excnepumenmanvui oinanxu
nnowero 50 m? 6ynu cmeopeni 3a 00NOM02010 paHOOMi308aH020 OU3ALHY 3d YOMUPLOX KPAMHO20 NOBMO-
penus. L'iopuo kykypyosu P9074 (PAO 330) supowysanu 8 ymosax KOHMPOAbOBAHO20 3POULEHHSA, TMOOi K
KOHMPONbHI OLIAHKY 3aKAAOAIUCA 3a NPUPOOHO20 — y 6uUenAdl onadie. /s oyiHKu 6nausy Ha WilbHiCmb
nonynsiyii nonemuyi peecmpyean Memeopoiociuni 0ami, 8KI0YAIOYY MeMNepamypy nosimps, onaou ma
eiopomepmiunul Koeghiyicum.

Pesynomamu noxazanu, wo 3acenenns noneiuyero pociun KyKypyosu Oy10 SuUWuM HA 3POULYBAHUX
OinAHKAX, 0coOnuUBo y ernoghazy suxudantsa eonomi ma yeiminua. CepedHs 3aceleHicmsy HA 3POULY8aAHUX
nrowax oocaena 47,8 % nio uac 0o3pisanua KyKypyo3u nopisuano 3 42,8 % ua He3pouy8aHux nossx.
Homipny necamueny KOpenayilo UAGNEHO MidC cyMolo onadie i 3acenenuam nonenuysmu (r = —0,34),
a crabKy no3umueny Mioc memnepamypoio nogimps i 3acenennsim nonenuysimu (v = 0,19). byno 6iomi-
YeHO, W0 3POULeHHsT CYMMEBD 3MIHIOE MIKPOKIIMam, 3HUdCyiouu memnepamypy nosimps ua 2,4—6,1 °C
i niosuwgyioyu eonozicmo 00 78—100 %, 3anexncHo 8i0 wacy npoeedenHs Ybo2o asponpuiiomy ma oo’ ’emy
suxopucmanoi goou. Ilpu yvomy noius y eeuipri ma HiyHi 200UHU HAUOLILUL NAABHO NAUBAE HA 3MIHY
memnepamypu i iOHOCHOI 801020CMi NOBIMPAL.

Kpim mozo, 3powenns 30inbuysano yucenvHicms NpupooHux xuscaxie nonenuyi. Llinvnicms nony-
aayii npeocmasnuxie pooun Coccinellidae ma Chrysopidae oyna ¢ 2,2 ma 1,7 pasu 6i0nogioHo 8uujoro
Ha 3pOULYBANUX NOJAX, NOPIGHSAHO 3 HE3POWY8AHUMU OLnanKkamu. Kiouosi euou xusicakis, y momy wuchi
Chrysopa carnea Steph., gidiepanu upiuianvhy pors y KOHMponi nonyiayit noneiuyi. Lle ekazye na me,
WO 3POULeHHS MOICE ONOCEPEOKOBAHO NIOMPUMYBAMU MEXAHIZMU OIOKOHMPOTIO.

3acanom docnioxcenus niOKpecaroe, wo 3POUEeHHs He MINbKU Ni08UWYE NPOOYKMUBHICIb KYKYPYO3U, ane
MAKoXHC BNAUBAE HA OUHAMIKY NONYAAYIT nonenuyi ma akmusHicmo Xuxcaxis. Lli pezynvmamu 8uceimuioioms
8aNCIUBICID [HMeE2PAYLl 3POUEHHSL NOCIBI8 KYAbIMYPU 13 cmpameziero 60pombOu 31 WKIOHUKAMU 051 NOCU-
JIeHHS eKON02IUHOT CmIUKOCMI agpoekocucmem KyKypyosu ma onmumizayii it eposcatinocmi 6 Yxkpaini.
Knrwouoei cnoea: nonenuys, 3powenns, Kykypyosda, azpoyeHos, enmomogaz
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