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INTRODUCTION

Crop production is crucial for ensuring food security. The rapid increase in
the population of the planet leads to the aggravation of the world food crisis, the
main manifestations of which are the shortage of quality food products, the
impossibility of ensuring food security in densely populated developing countries,
especially where the soil and climatic conditions and material and technical
resources are unfavorable for sustainable development of the agro-industrial
complex. Agricultural production is one of the branches of the economy most closely
related to nature, which is incredibly susceptible to adverse changes in the
environment and climatic conditions. Global warming, whose manifestations have
been noticed since the middle of the 20th century, requires reviewing the practice of
agriculture, first, aimed to reduction of its ecological pressure on the environment
and climate, mitigating the negative impact of adverse meteorological factors on the
productivity and sustainability of natural and artificial ecosystems. In addition, it is
important to transform the production of plant products considering the
achievements of the fourth industrial revolution, which involves the industrialization
and informatization of all spheres of human activity. Development plant products
production requires transition to modern principles of precise and climate-smart
agriculture, which allow to significantly increase the productivity of
agrophytocenoses by reducing losses from previously unpredictable and difficult to
control adverse factors of natural and anthropogenic origin, and as a result, to
significantly increase the profitability of agricultural production. Besides, climate-
smart agriculture involves possible reduction in negative loads on the climate
situation, mainly due to the rational land use and changes in the practice of
agricultural activity with the focus on the reduction of greenhouse gas emissions
from the agro-industrial complex. Unfortunately, the systems of precise and climate-
smart agriculture have received limited distribution in Ukraine, because currently
there is a lack of scientific, theoretical, and practical knowledge for their reasonable
implementation in farms of various organizational and legal forms. Research on the
climatic zoning of the territory of Ukraine, regional requirements for irrigation water
supply, the country's territory classification by the hazards of agricultural land
degradation, carried out in the Soviet times, in the conditions of significant climatic,
material-technical, economic-political, and social changes that had occurred in the
last decades, are outdated, and requires thorough revision. Unfortunately, in Ukraine
and several other countries of the world, very little attention is paid to the issue of
reducing the climatic loads of agricultural activity due to the optimization of
technological factors in the production of plant products (mainly through the
rationalization and optimization of the use of plant protection products, mineral and
organic fertilizers, machine and tractor power, etc.), rational use of agricultural land
and measures for the preservation and reproduction of forest plantations,
comprehensive reformatting of the agrarian sector for ecologically oriented
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production of products. Pleiades of domestic scientists, such as, Vozhehova R. A.,
Ushkarenko V. O., Romaschenko M. I., Tarariko O. G., Shatkovskii A. P.,
Kokovikhin S. V., Syrotenko O. V., Ilyenko T. V., Kuchma T. L., Pichura V. 1,
Morozov O. V., Hranovska L. M., Biliaieva I. M., Boiko O. G., et al. are working
on solving problematic issues of rational farming in the conditions of global
warming and transfer to the systems of industrial precision farming with the
involvement of modern systems of satellite monitoring of crops and information
technologies. However, until now, there are almost no systematic works in this
direction and a number of important issues remain unresolved or insufficiently
covered, which slows down the development of the domestic agro-industrial
complex and determines the relevance of the chosen topic of the research, which is
designed to generalize and provide a theoretical justification for farming on the
reclaimed lands of Ukraine in the view of modern agro-climatic conditions that have
developed on its territory in recent decades under the influence of global and local
climate changes, and current developments in the field of geo-information
technologies and remote sensing technologies in agricultural production. Theoretical
principles and scientific justification of the plant products production on the
reclaimed lands considering current ecological requirements, afforestation,
reconstruction of existing and creation of new irrigation systems on the territory of
Ukraine, as well as mathematical models and methods of their effective use in
modern information technology systems in the process of agrarian production will
contribute to the stabilization and increase of the productivity of the national
agricultural sector, will allow Ukrainian agricultural producer to reach the level of
the most developed countries in the world and occupy a prominent place among the
main players in the world market of agricultural products.
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CHAPTER 1
CURRENT STATE OF GLOBAL AND UKRAINIAN CROP PRODUCTION
IN THE CONTEXT OF GLOBAL WARMING AND THE FOURTH
INDUSTRIAL REVOLUTION

1.1. Global warming and its influence on the resource potential and
development of agriculture

Climate change is a continuous dynamic process. It will happen as long as
there is an atmosphere on our planet with all its components. Climate is one of the
factors in the evolution of species and at the same time one of the stimuli for the
civilization development. Mankind adapted to the climate, looked for ways to
overcome its negative effects, learned to use economically useful meteorological
phenomena, and saved their lives during adverse and extreme weather events.
However, in recent decades, the climatic situation on Earth has undergone extremely
rapid and threatening changes on a planetary scale, and therefore requires the careful
attention of the scientific community to solve the related problems as quickly and
effectively as possible, since the future existence of humanity on the planet will
depend on this (Anamenko, 2009).

Global warming is the most serious and important environmental problem
nowadays (Houghton, 2005; Chiabryshvili & Salukvadze, 2010). There are different
definitions of the term "global warming". Thus, it is usually understood as the process of
a gradual increase in the mean annual temperature of the surface layer of the atmosphere,
the Earth's surface, and the World Ocean (Kop3ys, 2009). In more detail, it is an observed
or predicted increase in the mean annual weighted average temperature of the planet, the
main components of which are the temperature of the subsurface layer of the World
Ocean at a depth of several meters and the surface temperature of the air at a height of
1.5 m from the Earth's surface (bacox & Bazees, 2020). According to IPCC
(Intergovernmental Panel on Climate Change) data, the average global increase in the
temperature of the surface layer of the atmosphere for the period 1906-2010 is
0.74+0.18°C, while the northern hemisphere is warming faster than the southern
hemisphere. The rise of the temperature curve relative to the average temperature of the
period of 1961-1990 (accepted by most researchers as the "standard" reference point) is
observed for the periods of the 1940-50s of the last century, as well as from the 1980s to
the present day (Khandekar et al., 2005).

However, an excessive focus on temperature indicators and an increase in the
frequency of adverse weather phenomena does not give a complete picture of the
process of global warming because in fact it is a much more complicated and
complex climatic phenomenon. For the same reason, the search for primary factors
of climate change is complicated by the extremely high integrability and
multifaceted nature of atmospheric processes and associated meteorological
manifestations (Khandekar et al., 2005).
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The first mentions of the phenomenon of global warming and attempts to
provide a scientific substantiation for climatic changes on the planet can be found in
the works of Fourier as early as 1827 (Mudge, 1997). Studies on the radiation
balance of the Earth and its atmosphere in relation to various natural factors affecting
them are described in the work of Kiehl & Trenberth (1997). And although some
people still regard global warming with irony, they change their minds when they
personally face the problems it creates in their place of residence, namely extreme
heat, prolonged droughts, changes in the length of the weather seasons, etc. (Choi et
al., 2020). Several studies show that personal experience leads to a better
understanding of the risks associated with climate change and also changes the
behavior and peculiarities of conducting economic activities of people who have
dealt with the negative effects of global warming in their practice (Akerlof et al.,
2013; Myers et al., 2013; Zaval et al., 2014). Personal experience leads people to the
opinion of the need to take measures to counteract the climate catastrophe; they are
more willing to get involved in the campaign for ecologization and biologization of
production and take part in charity actions dedicated to climate issues (Li et al.,
2011). Negative personal experience with the consequences of global warming also
affects the peculiarities of decision-making regarding health insurance, the purchase
of certain things and technical means, etc. (Chang et al., 2018). A change in attitude
towards medical insurance, the health care system and sanitary and hygienic
measures is especially relevant, as the role of global warming in the spread of deadly
infectious diseases and parasites has been proven (bacok & bazees, 2020). It is quite
possible that the latest SaRS-CoV-2 pandemic gained a planetary scope and
extremely high spread not only due to the characteristics of the viral agent itself, but
also due to the contribution of the global climatic environment. The impact of the
dissemination of true information about the situation in the climate situation on the
planet is very significant and affects a whole series of interconnected decisions not
only at the level of public policy and industrial production, but also at the level of
everyday decisions of an individual (Busse et al., 2015). However, even in developed
countries such as the USA, there is still a widespread idea among the population that
global warming is a politically profitable fiction (about 30% of the country's citizens
think so), and among those who have already believed in the reality of climate
change, only 40% believe that it will somehow affect them personally, and therefore
they are reluctant to change their lifestyle, get involved in environmental protection
activities, etc. (Marlon et al., 2016).

If at the beginning of the 1980s of the last century there was a debate among
scientists all over the world about the reality of global climate change, then at the
beginning of the XXI century 90% of former skeptics were convinced that global
warming is not a myth, but a proven fact (Khandekar et al., 2005). At the same time,
82% of climatologists believe that it is anthropogenic activity that is to blame in the
rapid pace of climate change (Onomnpienko, 2016), and according to Choi et al. (2020)
consensus on this issue was reached among 97-98% of climate experts. Several
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scientists believe that as a result of irrational economic management and industrial
production, neglect of the rules of economical use of natural resources and violation
of the natural balance of ecosystems, favorable conditions have been created for
increasing the emission and accumulation of greenhouse gases in the atmosphere
(that is, those that are able to absorb infrared radiation from the Earth's surface and
to keep it in the surface layer of the atmosphere like a blanket), as a result of which
the so-called "greenhouse effect" was artificially created on a planetary scale (CO»
is considered the main greenhouse gas and the culprit of global warming). Thus,
Houghton (2005) points out among the main causes of global warming the excessive
use of combustible substances (mainly coal, oil, natural gas) in the transport sector,
agriculture, industrial production and housing and communal sphere, as well as the
rapid pace of deforestation. Khandekar et al. (2005) blame urbanization and
irrational land use. The above-mentioned human activity gives an excessive
emission of carbon dioxide into the atmosphere, while the destruction of the natural
"lungs of the planet", which ensured the disposal of these emissions, nullifies the
possibility of self-regulation of the concentration of greenhouse gases (especially
carbon dioxide) in the atmosphere. Therefore, several scientists emphasize that
reforestation is one of the effective ways to combat global climate change and reduce
the negative impact of rising temperatures on natural and artificial ecosystems
(Pozniak & Hnatyshyn, 2021).

However, the anthropogenic concept has opponents who believe that in
recent centuries we have witnessed cyclical climate change that was inevitable
regardless of human activity. Several researchers see the cause of changes in the
climate of the planet in the current position of the latter relative to the Sun, the
displacement of the barycenter and the axis of rotation, the change in the duration of
the perihelion, the processes of differentiation of matter inside the planet, the activity
of volcanoes, changes in the income of solar radiation and the intensification of solar
activity, etc. (Broecker & Denton, 1990; Khandekar et al., 2005; Kop3yn, 2009;
Boiiminekuii, 2018).

One of the hypotheses indicates the cyclic nature of climatic changes in terms
of natural alternation through certain intervals of time (according to various
calculations within 20-50 years and during the analysis of age periods — 60-80 years)
of cool-wet and warm-dry periods. Such hypotheses were put forward and supported
by numerous scientists of the nineteenth and twentieth centuries (boronemos, 1907;
Kunpn, 1976; Hdpyxunun, 1987). The hypothesis of irregular climatic cycles of
warming/cooling of the planet is also expressed by modern scientists, who testify
that the study of processes in a geological-historical section throughout the history
of the Earth's existence indicates the absence of a significant correlation between the
global air temperature and the concentration of carbon dioxide in the atmosphere
(Khandekar et al., 2005). However, it is impossible to clearly trace and predict
climatic cycles due to a huge amount of cosmic and internal planetary factors that
affect their duration and intensity, and therefore climatic cycles often overlap each
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other and do not have clear boundaries, developing according to the type of
oscillations (po3noB & I'puropsesa, 1963). If this hypothesis is indeed correct, then
it is impossible to blame anthropogenic activity and related greenhouse gas
emissions for modern climate change. For example, dyaauk (2010) claims that
natural climatic cycles caused the appearance of a cool-humid phase of the age-scale
climate from the beginning of 1978-1979 to 2005, which was followed by the warm-
dry phase, the beginning of which fell on 2005-2007, the maximum — for 2011-2015,
and the end is predicted in 2025-2028, regardless of the anthropogenic impact and
the amount of greenhouse gas emissions. However, it is worth noting that the
drawback in the theory is quite evident — warming did not reach its maximum values
in 2011-2015, it continues to gain momentum every year. In addition, we see
numerous confirmations and scientifically substantiated evidence that greenhouse
gas emissions influence the regulation of the planet's climate to some extent, and
therefore the question is still open and debatable.

There is also a theory of global warming, based on the hypothesis of the
planet's exit from the Little Ice Age, which lasted, according to scientists, within the
fifteenth and nineteenth centuries. There are certain facts that confirm the additional
impact on the climate of the planet of powerful oceanic currents, for example, El
Nifio (Amamenko, 2009). Oceanologists consider the World Ocean to be the main
climate-forming factor of the planet (IBanoB Ta iH., 2004). In some way or another,
anthropogenic activity, along with natural factors, remains one of the driving forces
of modern climate change. However, the reasons for the rapid warming of the
planet's climate in the period of 1925-1944 remain rather vague, since during this
period the emission of greenhouse gases from human activity was much lower than
it is now. Researchers attribute climatic changes in such early periods to the
combined influence of both anthropogenic activity and extremely rapid growth of
intraplanetary multidecadal variations in the World Ocean-Atmosphere system,
volcanic and solar activity, as well as the presence of sulfate aerosols in the
atmosphere, which led to the release and contributed to the accumulation of
additional thermal energy (Crowley & Kim, 1999; Free & Robock, 1999; Tett et al.,
1999; Delworth & Knutson, 2000).

It is difficult to say with certainty which of the scientific groups is right about the
main driving force of climate change. But in no case are skeptics and people who would
deny the very fact of global warming becoming less and less, so obvious are the processes
of weather transformations in all regions of the world. It is quite likely that there is a
rational idea in both anthropogenic and other hypotheses of climate change. In our
opinion, the most complete understanding of the cause-and-effect chains of global
warming can be obtained through a harmonious combination of all concepts.

In addition, it is interesting that recent studies do not fully support the
widespread theory of a one-sided main effect of carbon dioxide on global warming,
prevalent in the current scientific and popular literature. For example, at the end of
the XIX century Svante Arrhenius calculated that a doubling of the concentration of

10
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CO; in the atmosphere would cause a rise in the global average annual air
temperature on the planet by 4-6°C. However, these calculations have been proven
wrong. It was established that there is a very complex relationship between the
isolated concentration of carbon dioxide and the temperature of the air, which is not
at all linear or even parabolic, as it was believed based on the first calculation models
(Ynabpurmmwmn & Canyksanse, 2010). Thus, Florides & Christodoulides (2009)
proved that the strength of the regression relationship between the concentration of
atmospheric CO; and the temperature of the surface layer of the atmosphere is
sensitive to the input data set and, therefore, it is impossible to say with certainty
about the degree of influence of carbon dioxide on the change in the temperature
regime of the planet. Scientists also emphasize that CO» has not only negative, but
also positive effects on climate and maintaining the stability of the biosphere.

At the same time, the effects and degree of influence on the climate
parameters of the planet of the remaining greenhouse gases (methane, nitrogen oxide,
organic compounds, water vapor, etc.) have been studied relatively little due to the
excessive concentration of attention of the scientific community on carbon dioxide
(Houghton, 2005). Recent studies have proven the great role of methane in the
formation of climate changes in general and the greenhouse effect in particular
(HiaxoBcpka, 2019). By the way, the main greenhouse gas, which is neglected for
unknown reasons by the vast majority of scientists and forecasters, is water vapor,
which has the highest concentration in the atmosphere (up to 36-70%) and a
significant nominal contribution to the greenhouse effect (Monuu & [umxos, 2000;
ABaksH, 2017). Therefore, deviations in the plan of studying the influence of
greenhouse gases and in the formation of policies to combat the greenhouse effect,
neglecting the comprehensive effects of each of the gases on the atmosphere and the
temperature regime can cause errors in forecasting the development of climate
change and, as a result, the development and implementation of irrational and
ineffective measures to combat global warming (Prentice et al., 2001). In addition,
it is worth recognizing the correctness of scientists who claim that even the most
advanced mathematical models are not able to describe in detail the course of all
processes in the atmosphere, which imposes certain limitations on climatological
assessments and forecasts, and therefore the mutual cooperation of climatologists,
ecologists, biologists, and mathematicians, who are able to offer the best statistical
tools for the assessment and forecasting of complex phenomena, is an absolutely
necessary prerequisite for successfully solving the problematic issues of global
warming (Yaiir, 1990).

A special attention is paid to the forecasts of the future scenario of the
development of climate change both on the planetary and regional scales. The picture
of forecasts looks extremely colorful, because depending on the mathematical
apparatus used by the researchers, the volume and quality of the input data chosen
for the forecast, taking into account or neglecting the mitigation factors of the
negative anthropogenic impact on the climate, the results differ several times: the

11
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minimum predicted increase in the average annual temperature of the surface layer
atmosphere according to some forecasts will be only +1.6°C, while according to
others it will reach +6.9°C (Cubasch et al., 2001; Betts et al., 2011). Fyfe et al. (2013)
also testified that some prognostic models for estimating the global growth of the
average annual air temperature on the planet excessively overestimate its real
increase, since the simulated values of temperatures, when further checked by real
increases, differ significantly. At the same time, several models underestimated the
intensity of global warming. So, for example, at the beginning of the XXI century,
optimistic models were developed that predicted an increase in air temperature of
only 1.1°C, which is an unrealistic scenario at the current stage of the development
of climatology and according to the latest observations (Bernstein et al., 2008).

IPCC experts consider the most realistic scenario of a temperature increase
of +2-4°C by the end of the XXI century, especially if no global measures are taken
to curb the pace of climate change. If none of the countries that have the maximum
contribution to the emission of greenhouse gases and atmospheric pollution will not
adhere to environmental protection policies, then the probability of the worst
(warming by >+4°C) scenario of the development of global warming of the climate
will increase. According to the project calculations of IPCC experts, if the current
trend in the carbon cycle of the planet is not changed, the +4°C mark on the global
thermometer will be reached already in the early 2060s. Note that the starting point
for calculating the temperature increase is the average annual air temperature on the
planet for the period 1980-2000 (Betts et al., 2011).

Additionally, to provide an example, the results of the expected level of
increase in the global mean annual air temperature as of the 2090s relative to the
period of 1861-1890 according to the data of two expert groups, performed
according to the HadCM3-QUMP and the IPCC AR4 GCM models and input data
set (Table 1.1. 1). There is a significant difference in the level of global temperature
rise according to different forecasts, however, the scenario with a warming of >+4°C
is still the most likely (Betts et al., 2011).

Table 1.1.1
A comparison between the forecasted raise in the global mean annual air
temperature up to 2090s relatively to the period of 1861-1890 by the project
calculations of HadCM3-QUMP and IPCC AR4 GCM

The forecasted raise in the global mean annual air
Project calculations temperature, °C
mean median minimum maximum
HadCM3-QUMP 4.0 4.0 2.4 5.3
IPCC AR4 GCM 3.2 3.2 1.9 4.9

12
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Global climate change has a comprehensive impact on ecosystems sustainability,
which is recommended to be assessed by the parameters such as sensitivity, adaptive
capacity and vulnerability (Houghton, 2005). So, for example, due to the global increase
in the temperature of the surface layers of the atmosphere and the World Ocean, glaciers
are melting, the water level of the World Ocean is rising, the agro-climatic zoning of the
planet is changing due to climatic shifts in the temporal and spatial distribution of
precipitation, the temperature regime, the frequency of extreme weather events is
increasing, decreasing availability and quality of fresh water, migration of species occurs,
biodiversity decreases, a number of species of flora and fauna are at risk of extinction,
living conditions and economic activities of people deteriorate, the incidence of
infectious, cardiovascular, pulmonary diseases, etc. increases (IlleBuenko, 2014;
Boitminpkuit, 2018; depsadina & Ymanceka, 2020).

Global warming is a phenomenon of a planetary scale, and therefore it is
important to develop a single package of regulatory documents that must be followed
by all the countries of the world to overcome the negative consequences of climate
change and reduce the rate of increase in the average annual temperature on Earth.
So far, this task remains unresolved. There have been many attempts to create an
international commission on climate policy; however, views on the necessary
measures to mitigate the consequences of the existing ecological crisis differ on
many issues (which may be directly related to the above — the scientific community
still does not have a final decision on the nature and the main driving forces of global
warming), a single strategy and strict regulations for countering the negative
anthropogenic impact on the environment have not been developed, and a number
of countries in the world do not want to participate and act in accordance with
accepted protocols and regulations (Kwmaa, 2019). All this gives rise to doubts that
in the coming years it will be possible to achieve an effective and radical impact on
the global emissions of pollutants, greenhouse gases, change the attitude to
deforestation, etc. However, even in a situation of uncertainty about the causes of
climate change, it is worth listening to the "fuse principle", voiced back in 1992 in
Rio de Janeiro: "In the event of the existence of a danger of serious and unavoidable
damage, the lack of complete scientific information cannot serve as a reason for
postponing effective measures with prevention of environmental destruction"
(Kop3ys, 2009). Kyoto Protocol of 1997was potentially able to change the situation
for the better, but it was not ratified by all countries of the world (Amxamenko, 2009).
The Paris climate agreement, which was adopted in 2015, formally obliges all states
to reduce emissions of pollutants and greenhouse gases, but in reality, we see that a
number of countries violate the requirements of this agreement and do not care about
limiting the emission of air pollutant compounds (bapabam, 2019). Furthermore,
several developing countries, which are powerful emitters of greenhouse gases,
cannot quickly and effectively transition to innovative production technologies, are
unable to independently ensure the reduction of pollutants due to the transition to
alternative energy sources, because they lack financial and technical and

13
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technological resources, therefore the problem of reducing greenhouse gas emissions
falls heavily on the shoulders of the most developed countries of the world, which,
on the one hand, understand their role in ensuring the climate stability of the planet,
and on the other hand, are not ready to happily spend their money to support climate
initiatives in states in less developed countries (bacok & bazees, 2020).

As it was mentioned above, climate changes affect all branches of the national
economy and all aspects of human life (I'puyk, 2020). However, the agricultural sector,
as it is closely related to the natural component and is extremely dependent on soil and
climatic conditions, will suffer from climate changes perhaps the most. The burden on
the agrarian sector of the economy is also increasing due to the rapid growth of the global
population, the shortage of food products and the global ecological crisis associated with
the shortage of natural resources (OHompieHKo, 2016).

First, this is true for the changes in the distribution of production by regions
of the planet, in the structure of agricultural production and the paradigm of
development of the agroindustrial complex, as well as changes in the types of
products and the increase in the uncertainty of their production (Csetios, 2018).

Global warming affects all branches of agricultural production. For example, the
impact of climate change on the production structure and productivity of fish farming
has been proven (Kistiropun & JIroOymus, 2005). However, the crop production and
agriculture will suffer the most. The productivity of agrophytocenoses is significantly
dependent on air temperature, available moisture, and CO, concentration in the
atmosphere. A particularly clear trend toward changes in the growth of biomass with an
increase in the concentration of carbon dioxide in the atmosphere was established during
the study of the long-term (from 1800 to the present) dynamics of the development of
forest plantations. Global warming gradually changes the photosynthetic activity of
plants, the intensity of their respiration, the efficiency of moisture use, the intensity of
metabolic processes, and the processes of decomposition of organic matter in the soil.
All the factors listed above are crucial for crop production (Keeling et al., 1996; Myneni
etal., 1997; Cannell, 1998; Hughes, 2000). But there is still no consensus on whether an
increase in the concentration of CO, in the atmosphere will have a positive or negative
effect on the growth processes and productivity of agricultural crops. For example, Cline
(2008) believes that if measures are not taken to reduce carbon dioxide emissions into
the atmosphere, the productivity of the crop industry will decrease significantly,
especially in developing countries, because in these countries, the possibilities of rapid
response and the introduction of adaptive agricultural technologies are limited. At the
same time, Florides & Christodoulides (2009) believe that CO; is a growth stimulator for
vegetation, as well as a factor in the evolutionary change of plant physiology.

Currently, the consequences of global warming are obvious in all of the territory
of Ukraine. They cause significant fluctuations in the productivity of the agricultural
sector (Tapapiko Ta iH., 2020). The process of decontinentalization of the climate is
already taking place, its warming within the range of 1.5-2.0°C is predicted and mainly
due to the winter period (Jlimincekwii, 2002). This is also evidenced by the data of other
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studies: Northern and eastern Europe suffer the most from rising temperatures in the
winter period, and southern Europe (the countries of the Mediterranean basin) in the
summer (Vautard et al., 2014). However, each agroclimatic zone has its own subtleties
and specifics of the manifestation of global warming.

By some forecasts, part of the agricultural land in the Odesa, Kherson, and
Mykolaiv regions may be flooded due to the rise of the water level in the World
Ocean and, in its turn, in the Black Sea (I'pymunceka, 2019). According to various
scenarios, the global rise in the level of the World Ocean is predicted at the level of
0.10-0.85 m by the year 2100 (Crunch et al., 2001). Marshes in the Dnieper, Danube,
and Dniester deltas may also find themselves under water. The southern part of
Odesa may later be cut off from the mainland of the region by the Black Sea
(bapabam, 2019). The increase in the number of days with adverse extreme weather
events (drought, dry spells, hail, stormy winds, etc.), which is predicted by various
climate models, will also negatively affect the productivity of agricultural
production (bormapenxko u mp., 2018).

In general, the question of changing the availability and distribution of water
resources due to global climate change is extremely relevant. Global warming has a
direct impact on the water regime of rivers, forms runoff parameters, affects the level
and mineralization of groundwater (Illaxman & Jlo6ona, 2016; [Tiuypa Ta iH., 2018).
In Ukraine, the highest probability of significant hydrological drought in summer
will be observed in the Ros, Sula, Southern Bug, and Siverskyi Donets rivers
((lTaxman & JIo6oxa, 2010; Taxman, 2020). The redistribution of water resources
both in time and space under the influence of global warming is not in doubt
(Bakamrokx & Hazapos, 1991). In addition to the water resources themselves, the
components of the water management balance will suffer from changes, which will
require a reassessment of the conditions of operational water management pronciples
(Cuporenko, 1991; luxmomanor & Jlun3, 1991), especially because according to
the forecasts, an increase in water resources and improvement of their quality is not
expected on the territory of Ukraine in the forthcoming years. On average, it is quite
probable that the climatic runoff in Ukraine will decrease by 25% and in the southern
regions by 50%, which, under current trends, may lead to zero river flow in the south
of the country (Fomuenko & Jlo6oma, 2000). According to the calculations of
Jlo6ona Tta in. (2015) by 2030, Ukraine expects an increase in available water
resources by 60-80% in the North and North-East, as well as by 40% in the Central
region. In Transcarpathia and Bukovina, the availability of natural water resources
may decrease by 20-30%, and the aridity of the climate was predicted to increase by
3% by 2025 (JIoboxa Ta iH., 2011).In the Carpathians, in the Prut river basin, there
is a trend towards an increase in the mean annual air temperature and a slight trend
towards an increase in the amount of precipitation (mainly in mountainous areas),
the climate is characterized as moderately continental, with a trend towards an
increase in the amplitude of seasonal air temperature fluctuations (Ctpyk Ta iH.,
2017). At the same time, the maximum decrease in the volume of available water
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resources will be observed in the South of the country (Kherson region, steppe zone
of Crimea) and will reach a maximum of 40% in Odesa region, where especially
significantly in recent years there has been an increase in thermal surplus in the
autumn-winter period of the year ([eps6ina & Ymanceka, 2020). This will put the
production of plant products in the nonirrigated areas of the South at risk and will
reduce the guarantees of Ukraine's food security. The negative impact of the
redistribution of water resources on the territory of the country is already being felt,
resulting in a periodic decrease in the gross production of crop production due to
intensive droughts in some regions and excessive rainfall in other regions, mass
damage by pests and diseases, leaching, wetting, loss of soil fertility and erosion, etc.
(Heuunopenko, 2020). Only economical, integrative, and intelligent water use can
reduce the vulnerability of all sectors of the economy to the shortage and
deterioration of the quality of water resources (Arnell & Liv, 2001).

At the same time, the study by Trenberth et al. (2014) proved that global
warming should not be associated with a global risk of aridification, and previous
conclusions about such a scenario may be erroneous and related to the imperfection
of the assessment, which is performed mainly by the Palmer Drought Severity Index
(PDSI). In addition, problems of the quality of forecasts depend significantly on the
set of input meteorological data and the mathematical apparatus. However,
researchers emphasize that climate change will lead to more intense and rapidly
increasing periods of drought in those regions of the planet where they will take
place. It is important to emphasize that anthropogenic activity does not affect the
spatial distribution of droughts but can cause them to intensify in vulnerable parts of
the planet (Hoerling et al., 2010; Dai, 2011).

The uneven distribution of precipitation in time and space will have a
significant negative impact on the productivity and sustainability of agroecosystems.
For example, in Ukraine, an increase in the amount of precipitation is predicted in
the autumn-winter period along with an increase in the aridity of the summer period
(Onomnpienko, 2016), which is completely consistent with the results of prognostic
studies by European scientists. Thus, Vautard et al. (2014) indicate a significant
increase in the amount of precipitation in Central and Northern Europe in the cold
period of the year (in the north — even in summer), while the countries of the
Mediterranean basin will suffer from a deficit of precipitation in the hottest summer
period. Showers and hailstorms will be observed more and more often on the
territory of all European countries (except southern ones), regardless of the season.
Spring (maximum increase in evapotranspiration) and summer will be the driest
periods of the year (Vautard et al., 2014).

Climate change will not only affect meteorological conditions but will also
indirectly affect soil properties and fertility. Thus, it has been established that the
hydromorphic soils of Central and Central Asia have high risks of intensification of
salinization processes under the influence of global warming (ITankoBa &
Komnromkosa, 2013). Global warming is an additional factor in the acceleration of
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humus loss and, therefore, an important integrative method of counteracting the
negative impact of climate change on soil cover is the tandem of plant and animal
husbandry, when due to a rational system of animal grazing on meadows and
pastures and the introduction of high-quality organic fertilizers, scientifically based
norms will create prerequisites for positive balance of organic matter in the soil
(Pozniak & Hnatyshyn, 2021).

Transformation of soil and climatic conditions under the influence of global
climate change will affect the optimal composition of species and the variety of
cultivated plants. Therefore, in many regions of Ukraine, due to the lack of natural
humidification and insufficient irrigation supply, drought resistant crops such as
millet, sorghum, and chickpeas will have an advantage over others. Perhaps the crops
of southern latitudes, for example, peanuts, will become more popular. The
percentage of spring cereal crops in the structure of sown areas will increase. This is
due to the different responses of cultivated plants to extreme weather conditions.
According to the study conducted in Germany, corn was the most sensitive to
adverse meteorological factors, and the least negative reaction was recorded in
winter rye (Harvey, 2000). Climate-induced yield losses for the period 1981-2002 in
the world amounted to 88.2 kg/ha for wheat, 10.5 kg/ha for rice, 90.3 kg/ha for corn,
144.9 kg/ha for barley, 19.5 kg/ha for sorghum. Only soybeans showed positive
dynamics; the yield increase was 23.1 kg/ha (Lobell & Field, 2007). Increasing
preference will be given to drought-resistant varieties and hybrids of crops.

The approach to soil tillage will also change, the main goal of which will now
focus on the maximum accumulation and conservation of moisture, especially if the
forecasts regarding the transformation of Kherson Oblast and Zaporizhzhia into a
semi-desert, as well as the spread of the steppe zone up to Kyiv Oblast, Zhytomyr
Oblast and Khmelnytsky Oblast by 2060, come true (Boposka & Yebanona, 2018).
A similar forecast on the transformation of the climate of the South and the East into
a semidesert (now referred to as the steppe zone), and the climate of the North into
a steppe (now called the forest steppe) can be found in other works of Ukrainian
scientists (MenpauueHko & Tpoxumenko, 2009; Ononpierko, 2016).

Furthermore, the current trend towards soil carbon sequestration, established in
2019 at the French international conference, designed to offset the emission of
greenhouse gases (in particular, CO») by absorbing them into the soil creates a favorable
environment for the transition to the latest tillage systems, in particular, no-till systems
(Pozniak & Hnatyshyn, 2021). However, it should be mentioned that no-till systems will
not always have a beneficial climate effect, because on poorly aerated soils, zero tillage
leads, along with a decrease in carbon dioxide emissions, to an increase in emissions of
other greenhouse gases, in particular, N,O (according to the data of 45 years of the study
—by 0.12-2.00 kg/ha), which is more dangerous, since this greenhouse gas is not disposed
of in nature, and instead of an ecologically positive one, we get a negative balance of
greenhouse gases (Rochette, 2008). However, in well-aerated soils, the risk of obtaining
a negative balance in terms of N>O emissions is minimal. Therefore, thorough research
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on this issue is necessary on each type of soil under different agrotechnological
conditions of growing agricultural crops for full confidence in the safety and ecological
feasibility of no-till technology.

The shortage of natural humidification in the southern region is believed to
pose a threat to the sustainable production due to a significant decrease in the
productivity of agroecosystems on nonirrigated lands (I'pymmHcbka, 2019).
Cupotenko u jp. (2011) agree with this, predicting a possible decrease in the yield
(as of 2050) of spring crops in arid areas up to 20%, winter crops — up to 7%, and
cereals in general — up to 14-15%. According to other estimates, warming by 1°C
will lead to a 10% decrease in the yield of wheat, rice, and corn (bormapenko u ap.,
2018). Lack of moisture and neglect of soil protection rules are the main factors of
negative impact on the productivity of the crop production industry in Ukraine
(Ornux & JleBuenko, 2011). Mathematical modeling of grain crop yield in the Sumy
region confirmed a negative correlation with temperature and a positive correlation
with precipitation (Ononpierko, 2016).

The estimate of the expected decrease in the productivity of the crop
production sector in various countries of the world until 2099 indicates a trend
towards a global decline of the latter within the range of 4-35%. None of the
countries studied will benefit from further climate change. There will be a minimal
impact on crop production in Canada and a maximum impact on Mexico and
Ethiopia (Cline, 2007).

Even the slightest climate change will lead to a significant drop in crop
productivity, especially in southern latitudes, where, according to the forecasts of
climatologists, the most intensive process of aggravation of aridity is expected. For
example, according to IPCC forecasts, complete desertification of a number of
Mediterranean regions is possible in Europe, while a number of countries in northern
latitudes (for example, in North America) will suffer from excessive precipitation
and extreme events in the form of showers and hailstorms and can also expect to
improve conditions for the growth and development of such crops as wheat, rice,
and corn (Cubasch et al., 2001). Mid-latitudes will not yet experience significant
changes in moisture supply, but later it will be impossible to avoid the negative
impact of excessive temperature increase on plants. Experts note that when the
temperature increase exceeds +3°C, the negative impact on all cultivated plants will
be felt in all latitudes, even in the northern ones (Kerr, 2007). Currently, the increase
in the value of the average annual temperature of the surface layer of the atmosphere
is maximum in the countries of Europe, North America and in the south of Australia
— it is in these regions of the planet that the consequences of global warming can be
truly devastating in the forthcoming decades. At the same time, extremes in the
opposite direction (excessive winter cooling) are observed only in the eastern part of
North America. It is interesting that modern global warming is characterized by
significant unevenness: it is more pronounced in the northern latitudes, and
according to the seasons — in the winter and, more recently, the spring-summer
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periods. The intensity of the process is higher over the continents than over the
surface of the world ocean. The high variability of seasonal trends over the years
complicates the forecasting of the future climate change scenario (I'py3a u ap., 2015).

For a better understanding, it is worth explaining the essence of the concept
of aridity aggravation (desertification) of the climate. It is understood as a decrease
in natural atmospheric humidification due to the lack of precipitation, an increase in
the frequency and intensity of drought periods, an increase in the radiation regulation
of the earth's surface temperature with the subsequent impact on the surface layer of
the atmosphere (3onoTokpsuinH, 2019). The degree of aridity aggravation can be
assessed by various methods, but currently the most popular in the world community
are the aridity index (AI), the standardized precipitation index (SPI), the
standardized total evaporation and precipitation index (SPEI), as well as the above-
mentioned Palmer drought severity index (Otterman, 1974; Hayes & Wood, 2012).
An aridity radiation index was developed on the territory of the USSR (Bbyapixo,
1977), but it did not gain popularity. Additional and promising methods are based
on the data of remote sensing of the Earth, for example, the satellite index of climatic
extremes of moisture (3omorokpsuinH & Turkosa, 2012). Furthermore, a satellite
index sensitive to climate change is the normalized differential vegetation index
(NDVI), which is widespread and is used for scientific and practical purposes
(3omorokpeutuh, 2019). The forecasts on the growth of desertification rates for the
coming years do not cause doubts. However, in the opinion of some scientists, it is
premature to make a final assessment in the long term (more than 50 years ahead),
since even the most advanced mathematical models cannot take into account
absolutely all climate-forming factors and possible changes in their activity
(especially considering the great variety in approaches to determining the degree of
natural moisture deficiency), and therefore aridity aggravation, even in areas where
it already occurs and continues, might be a reversible process, which means that a
certain probability of improvement in moisture conditions remains even in the most
arid regions of the planet (Mortimore et al., 2009).

In the work by Cook et al. (2014) it was shown that the greatest risks to the
increase of climate aridity according to the values of the PDSI and SPEI indices will be
observed in northwest America, Central America, Mediterranean countries, South Africa,
and the Amazon region. At the same time, a significant improvement in moisture supply
is likely to take place in the countries of northern latitudes, as well as in East Africa (only
in terms of PDSI). The authors also note the unequal sensitivity of the applied climate
aridity assessment indices: SPEI appears to be more sensitive to changes in
evapotranspiration, which, according to the study, is the main driving force behind the
increase in climate aridity in a number of regions of the planet.

It is interesting that the concept of drought can be used in different contexts
and evaluated by completely different methods, just like the level of aridity. The
difference between aridity, aridity and drought is that the latter is a separate
meteorological phenomenon, while the first two concepts are used when describing
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the climatic features of territories (JJo6ona ta in., 2011). Meteorological drought is
a period when the annual amount of precipitation is less than the average long-term
norm (Pasmm u mp., 2005). Agricultural drought is a period in which the water
availability of the soil for cultivated plants is reduced to a level that has a negative
impact on their productivity.

Climate change affects such an important technological factor in the
production of plant products as the optimal terms of sowing and planting of
cultivated plants. It is natural that significant shifts in the temperature curve make it
necessary to review the terms of the aforementioned technological operation to
ensure the best agro-ecological parameters for the growth and development of plants,
the maximum disclosure of their genetic productivity potential. So, for example, a
number of authors recommend revising the optimal sowing dates of winter wheat in
Ukraine, especially in the arid regions of the South, where it is important not only to
prevent the overgrowth of the crop in the autumn period in years with an unusually
warm autumn-winter period, but also to ensure friendly and strong germination on
non-irrigated lands, where due to significant warming and increasing aridity of the
summer-autumn period of the year, a high moisture deficit in the soil may be
observed, which will create an impediment for the normal germination of crop seeds
and inhibit its initial development (Twumenko Ta ix., 2020).

In addition to optimal sowing and planting terms, the temperature regime also
affects the intensity of growth processes. Thus, high temperatures stimulate most
crops to accelerate growth and development, as a result of which yields will decrease
(Cline, 2008). This factor will be decisive when choosing varieties and hybrids with
a certain duration of the growing season.

In the conditions of global climate change, the structure of sowing areas by
agro-ecological zones, the composition of cultivated crops, as well as the crop
rotation system, which should provide a climate stabilizing effect at the highest
possible level of productivity of agro-ecosystems, will require revision (Pozniak &
Hnatyshyn, 2021). The fertilization system will also be subject to review, where the
role of organic and biofertilizers will increase, and the application of mineral
fertilizers will be clearly regulated according to the risks of excess greenhouse gas
emissions. The high prospects in the new conditions of crop production also open up
to green manure (Pozniak & Hnatyshyn, 2021).

Inevitably, under the influence of temperature increase during the growing
season, the prevalence of certain fungal and viral plant diseases will increase. For
example, researchers predict an increase in the area of distribution and an increase
in the intensity of damage to plants by fusarium wilt, septoriosis, types of rust (the
appearance of more aggressive races is possible) on cereal crops, cercosporosis and
ramulariosis of beets, alternariosis, late blight of potatoes and tomatoes,
helminthosporiosis of corn, etc. The appearance of new pathogens, for example,
yellow spotting of wheat leaves, is predicted (JIesutun, 2012). The situation with an
accurate forecast of the development of harmful organisms on crops will become
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more complicated, requirements for the frequency and quality of phytosanitary
monitoring will increase, etc. It will be much more difficult to control the spread of
fungal diseases and to carry out measures for the chemical protection of agricultural
plants against diseases because many fungicides, mainly systemic, will have lower
effectiveness in the new climatic conditions. The shortened winter period will
contribute to the more intensive development of pests, the number of their
generations per year will increase, and new species of harmful insects from the
southern latitudes will be more easily introduced, and protection against them will
become more difficult due to the decrease in the effectiveness of insecticides of a
biological nature and from the group of pyrethroids. Therefore, in terms of tackling
harmful organisms, the importance of agrotechnical measures, especially rational
tillage, will increase again (boyma, 2012). Therefore, in no case should the rules of
rational use of plant protection products against pests and diseases be neglected,
since saving on planned treatments with insecticides and fungicides under favorable
temperature conditions can lead to the explosive development of phytopathogenic
organisms in the future. In addition, biological means of plant protection cannot be
completely neglected, as well as a rational approach to the formation and observance
of crop rotations (Jlomaparpkuit & Kosmosa, 2021).

Weed control will also become a problem. Weeds adapt to dynamically
changing environmental conditions faster than cultivated plants, and most weeds of
the southern ecotype react to increasing air temperatures by intensifying growth,
development, and reproduction. An additional problem will be a decrease in the
effectiveness of glyphosate and most water-soluble herbicides in new weather
conditions, since high temperatures will prevent effective penetration of active
substances into weed tissues (boyma, 2012).

Orchards also suffer from the consequences of global warming. Great
temperature fluctuations in the autumn-winter period, unpredictable spring frosts, hail,
drought —all this negatively affects the health and productivity of the orchard. In addition,
warming promotes the activation of rodents that damage the trunks of fruit trees, which
requires more careful care in terms of wrapping the trunks with a special film or net. The
use of rodenticides will increase, along with the above-mentioned increase in preventive
treatments against diseases and pests during the growing season. To level the negative
impact of sharp temperature fluctuations, it is worth using mulching materials and shelter.
The requirements for the quality of pruning will increase and the terms of its execution
will change, which will require retraining and upgrading the qualifications of
agronomists and gardeners (Ilocroienko, 2020).

However, one cannot fail to note the positive changes associated with global
warming. So, for example, according to the data from Kherson Regional
Hydrometeorological Center, the duration of the meteorological winter and the increase
in the duration of the meteorological summer are observed in Kherson oblast. At the
same time, the spring and fall periods remain unchanged. This results in an increase in
the duration of the growing season in the region, which, under the conditions of
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adaptation and optimization of agricultural technologies, the use of irrigation, will allow
easy to obtain two (and sometimes even three) yields of certain crops (potatoes, corn,
vegetables), as well as to expand the arsenal of cultivated plants by the species from
southern latitudes, including citrus fruit crops and promising cotton. In terms of plant
protection, along with many problems listed above, positive points as increasing the
effectiveness of contact fungicides and fungicides from the azole group can be observed.
In addition, a change in the ratio of carbon and nitrogen in plant tissues will help
phytopathologists: global warming will contribute to an increase in the relative carbon
content in plants, which, in its turn, will become an inhibitory factor in the development
and spread of such diseases as powdery mildew of cereals and potato blight. At the same
time, in areas with a sufficient level of natural moisture and on irrigated lands, the
increase in temperatures will contribute to the improvement of the effectiveness of soil
herbicides, which, unfortunately, will become irrelevant on non-irrigated lands of arid
regions (boyma, 2012). In addition, an increase in the efficiency of electricity production
from alternative sources (primarily solar and wind energy) is expected, which will
contribute to the greening of production and the reduction of the price of "green" energy.

To ensure the sustainable development of crop production in the new
conditions of farming, the following tasks must be solved (Ononpienxko, 2016):

- to develop innovative adaptive technologies for crop -cultivation
considering new climatic conditions and modern requirements for product quality;

- identify climatic factors that are critical to agricultural crops and find
ways to overcome or minimize their negative impact on productivity;

- to adapt agricultural technologies to the new conditions of the planet's
agrosphere.

It is important to note that the effectiveness of the adaptation of the agricultural
sector to new climatic conditions will largely depend on the accuracy of regional
forecasts of changes in meteorological parameters and their integration into the models
for forecasting the growth and development of cultivated plants, as well as on the
appropriate scientific support of agricultural technologies (Cupoterko u mp., 2011).

Generalized recommendations for the preservation of the flora of Ukraine and
the world, which, along with the development of the agro-industrial complex, is an
important task for ensuring sustainable development, were successfully claimed by
Kommnanens (2021):

- education and science should serve to increase responsible and a
conscious attitude to the environment;

- creation and strict supervision of protected areas;

- restriction and prohibition of deforestation, promotion of preservation and
improvement of the sanitary conditions of natural forest areas, increase of their
resistance to environmental stressors, especially in the area of the Carpathian forests,
which are currently in the most vulnerable state (Ctotiko, 2009);

- rational use of wood and associated by-products (straw, plant residues,
tree bark, branch fragments, etc.) during agricultural and industrial production;
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- renewal of existing forest plantations and afforestation of the most
vulnerable areas to desertification, renewal and expansion of the system of forest
shelter belts;

- economical and scientifically substantiated use of natural resources in the
agro-industrial sector, especially water resources and soils;

- land reclamation according to scientifically based programs;

- monitoring the condition of the flora and control over the implementation
of appropriate protective and restoration measures.

The adaptation of the Ukrainian agricultural sector to the new and
dynamically changing climatic conditions will require a comprehensive approach
and should include the implementation of innovative projects and reforms in the
spheres of state policy with respect to the management and protection of natural and
land resources, the use of the latest GIS and IT in agriculture, a review of the
socioeconomic aspects of management and state organizational and legal regulation
of economic activity, a new look at the development of rural areas, and the provision
of specialized professional education in the field of agriculture (SIpemko, 2020).

Taking into account all the stated facts, modern agricultural science has faced
a difficult and extremely important issue that needs a quick and rational scientifically
sound solution — ensuring food security while preserving biodiversity and reducing
anthropogenic loads on the environment and climate in conditions of population
growth and a decrease in the amount of available natural resources. To successfully
solve this task, it is necessary to monitor and forecast the development of ecological
processes in agrocenoses, to closely cooperate with climatologists to determine the
current state and the nearest perspective of meteorological conditions for the
production of agricultural products, to perform theoretical work on updating
irrelevant agroclimatic parameters of agricultural land zoning, to provide tools for
effective management of water and other natural resources in conditions of their
scarcity, to determine and take into account in the process of agro-industrial
production its role as a climate-creating factor, etc.

1.2. Industrialization and informatization in plant science and
agriculture

Today, global agricultural production 1is wundergoing significant
transformations associated with the sixth stage of industrialization due to the wide
implementation of the technological achievements of the fourth industrial revolution.
The greatest successes in this regard have been achieved by leading countries as the
United States and the People's Republic of China, which can serve as a clear example
for other states that seek to switch to the most modern technologies to produce
livestock and plant products (Jung & Khoe, 2018).

Industrialization of the agro-industrial complex is inevitable. It is caused by
the change in socio-economic requirements and the style of the relationship between
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the consumer and the producer, scientific and technical progress, and intensified by
the recession in the agrarian sector of the economy, which occurred in the 1980s of
the last century. The following are the characteristics of the transformation of the
agricultural sector of several countries, the positive and negative sides of the process.

It is generally accepted that the industrial development of agricultural
production is most likely to have a positive effect on the agroindustrial complex and
food security. Most people understand the industrialization of agriculture as the
transition to a manufacturing style of production. However, such a view is very
limited since, in fact this concept includes a complex of structural, organizational-
economic, technological, and sometimes even political changes, the ultimate goal of
which is to overcome the food crisis, economic growth, and environmental
protection (Urban, 1991).

The first mentions about the industrialization of agricultural production
appear in the scientific literature immediately after the end of the Second World War.
For example, Chang (1949) concludes that industrialization, not only of the agrarian
sector of the economy, is a necessary and inevitable prerequisite for the further
development of production. He emphasizes that agricultural production should
receive modern equipment and innovative technologies, but this is not enough to
ensure the sustainable development of agriculture. The socio-economic component
of village and rural development, care for people employed in agricultural
production, should also be subject to improvement. Chang (1949) pointed to the
USA, Australia, Great Britain, and the USSR as powerful industrialized countries
where the level of mechanization of agricultural production, at that time, reached
extraordinary heights. However, even then, the author notes the need for a transition
from small family farming, which is common in the USA, to highly concentrated
specialized production in large, consolidated farms. In addition, Chang (1949) notes
that in countries such as Germany, Japan, France and Belgium, industrialization and
improvement of agricultural productivity were not as much associated with the
intensification of mechanization as with the improvement of the fertilization system
of cultivated plants, the development of new approaches to crop rotation and
therefore organizational and economic approaches to improving the efficiency of
agricultural production cannot be neglected.

Smith (1985) proposes interesting opinion that successful industrialization
requires clear division of labor and its specialization, as well as an understanding
that in specific spatial and temporal conditions this division of labor and the degree
of its involvement in production will be limited by the level of development product
or service market. Thus, industrialization inevitably leaves its footprint on the
employment structure of the population.

Historically, the agricultural sector of the US economy has undergone a series
of complex transformations, the main driving forces of which were new
socioeconomic requirements for the agricultural production against the background
of the rapid development of agrochemistry, mechanization, electrification, and
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informatization, as well as an increase in the need for food to ensure adequate
nutrition of a rapidly increasing population (in 1890, the population of the country
was only 63 million, while now it exceeds 350 million). First, attention is paid to the
gradual increase in the concentration of agricultural production, which is expressed
in a significant reduction of agricultural enterprises. For example, in 1954, the US
agroindustrial sector was represented by almost 5 million farms, while at the end of
the twentieth century this figure barely reached 0.6 million. The changes in the
number of agricultural enterprises caused significant changes both in land use and
in the basic principles of agricultural production and its promotion on the market.
The entire structure of the agrarian sector of the economy has undergone changes.
Simultaneously with the concept of industrial agriculture, in the middle of the
twentieth century, in the USA, the concept of sustainable agriculture emerged, which
emphasized that no industrialization would be successful if it did not aim at the
rational use of natural and other production resources, as well as the production of
products that would be environmentally friendly and form the basis of a healthy diet.
Naturally, there is a contradiction between the maximum profitability of production
and its maximum ecological purity. However, the Americans admit that no success
in the development of the agroindustrial sector of the economy could be expected
without the invention and introduction into production of more and more modern
technical means for soil cultivation, sowing and planting, plant care and harvesting,
expanding the base of scientific knowledge regarding the formation productivity of
cultivated species of plants and animal breeds and their involvement in the
production process. Industrialization, which at this stage goes hand in hand with
informatization, is the cornerstone of modern agricultural production in the United
States. It is interesting that some authors believe that the beginning of
industrialization in the USA started at a time when farmers stopped spending all their
working time actually on running a farm and began to divide it between agricultural
and production activities and providing services to other farmers-compatriots for a
certain remuneration. In general, the very process of industrial transformation in the
USA took place (and continues until now) reluctantly, meeting certain resistance,
especially among hereditary family farmers. There are opponents of the further
transition of the country's agriculture to an industrial basis, whose main arguments
are a decrease in the quality and variety of food products, neglect of agricultural laws
and rules of healthy nutrition for the sake of obtaining the cheapest possible products,
significant changes in labor migration and the threat of job losses in rural areas, and
the destruction of traditional US family farming. In addition, a number of
problematic issues of organizational and legal regulation arose. There is still a fierce
struggle between small family farms and the agricultural holdings. There are still
disputes about the positive or negative impact of industrialization on the US
environment, as well as the problems of improving the countryside and ensuring the
socio-economic protection of the rural population. It is worth admitting that
objectively, far from everywhere, the industrial production of agricultural products
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in the USA is equally successful and provides an equally high socioeconomic result
due to the high variety of not only agroclimatic, but also socio-cultural conditions
and traditions, and even different legislative frameworks in different states of the
country (Castle, 1990; Hamilton, 1994).

The concentration of production, the introduction of high-value modern intensive
agricultural technologies, the change of vertical management to reduce the cost of
production, the reduction of losses from unpredictable adverse factors along with the
unification of the production process and the unification of product quality, as well as the
lower sensitivity of large agricultural enterprises to adverse economic conditions of
management, are the main driving forces of industrialization in the USA. It is interesting
that in the process of industrialization in the country, the number of very large and very
small farms increased, while medium-sized ones practically disappeared. If at the
beginning of the 1990s the share of GDP in the agricultural sector of the US economy of
small farms was 94%, then already in 2003 it decreased to 28%. Furthermore, the system
of economic relations in terms of forming contracts to produce agricultural products
underwent changes (Ahearn et al., 2005).

The industrialization of the agricultural sector changes not only the process
of agricultural production and its organizational and legal regulation, but also the
model and strategy of agrarian policy in terms of rural development, agricultural
science and education. All this happens in response to changes in the economic,
political, and social life of mankind, as a reaction to modern challenges.

It is interesting that historically, the industrialization of agricultural
production in the developed countries of Western Europe (Great Britain, Germany,
the Netherlands) was unevenly distributed in time, certain regions that had more
favorable agroclimatic conditions were more successful in terms of introducing
innovations in agricultural production. In addition, industrialization changed the
characteristics of rural development, and significantly influenced the development
of trade and industry in these countries (Jones, 1977). It is believed that the transition
to industrial bases allowed developed countries to significantly intensify the
production of agricultural products compared to those developing countries.
Analysis of the experience of Japan and other developed countries of the world
allows us to assert that the above assumption is correct (Hayami, 1969).

Schneider (2011) points out on three main features of industrial agriculture:

- large-scale production with high specialization and homogeneity of
products;

- high-tech production that guarantees maximum profits for minimum
capital investments;

- vertical integration and strict control of all links of the production process.

Boehlje (1996) emphasizes the following features to tell industrial agriculture
from conventional one:

- manufacturing production process;

- systematic approach to production and selling;
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- structuring and readjustment of trade and production chains;

- new types of coordination in agricultural activities;

- new types of risks;

- increased requirements to production power and control of production systems;

- total informatization of production processes.

Bochlje (1996) considers the main problem of accelerating the pace of
industrialization to be the low level of interest of agricultural producers in the
transition to a new level of organizational and economic regulation of the process of
production and selling, while they perceive innovative technologies, technical means,
new achievements of selection and genetics quite willingly.

However, agricultural industrialization has its opponents among the scientific
community as well. Therefore, Ikerd (1993) believes that the industrial agricultural
production, the main idea of which is to improve the quality of human life by giving
greater opportunities to consume products at a lower price, contradicts the holistic
approach of sustainable agriculture development, which perceives the production of
products and a person’s life as a whole system and sees the possibility of improving
the quality of the latter's life only in relation to the improvement of the functioning
of all other constituent elements of this system. The industrial method of production
has its advantages; however, it cannot ensure systematicity and comprehensiveness,
as it is mainly focused on increasing the productivity of agro-ecosystems at minimal
costs, and therefore cannot be considered suitable for the sustainable development
of the industry. Glover (1988) believes that industrial agriculture will lead to social
disorganization, destruction of the countryside, and related institutions. Savory
(1989) also supports the opinion that industrial development is not the right way, a
systematic, balanced approach is needed, the only way to achieve stability and
prosperity. However, time has shown that the industrial development of agro-
industrial production is becoming dominant and in tandem with innovations in other
sectors of the national economy, it is able to meet the high requirements of
sustainable and environmentally safe production.

Meanwhile, Hendrickson & James, Jr. (2004) testify that industrialization and
the associated unification of agricultural production create an unfavorable
environment for adopting ethically justified (especially in the livestock and poultry
sectors) and rational technological solutions, since small agricultural producers have
a limited set of options for conducting economic activities, and as a result of
economic pressure, they must use methods that are often undesirable from an ethical
and ecological point of view in order not to suffer losses due to the inability to
compete with agricultural holdings. For example, Hinrichs & Welsh (2003) point
out to a decrease in the rate of biologization and ecologization of technologies in
poultry farming due to the industrial development of the industry. In agriculture,
most authors associate industrialization with the introduction of genetically modified
crops into mass production, although this is not a necessary condition. Certain
negative consequences in the initial period of industrialization of the agroindustrial
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complex (1945-1980) were observed in Germany, namely, contamination of
groundwater with mineral fertilizers and pesticides, soil erosion, and deterioration
of their physical and mechanical properties under the influence of unreasonably wide
use of heavy, powerful tractors and agricultural machines. This was due to the
hypertrophied system of industrialization against the background of the idea of
reliable food supply to the country. This was especially true in eastern Germany,
where, under the influence of the USSR, new achievements in science and
technology caused excessive enthusiasm, and human beings were believed to have
the right to take everything from nature. This approach created the prerequisites for
too aggressive and irrational one-sided industrialization without considering the
negative consequences for the environment and the person himself. Now, this bitter
experience should be in front of the eyes of everyone involved in the modernization
of agro-industrial production, to prevent unwanted deviations in this matter. The
general features of the industrialization of agricultural production in Germany at the
beginning of the 1960s differed little from the latter in the USA and consisted in the
concentration and unification of production, increased mechanization, changes in the
structure of the economic sector and organizational and legal forms of management
and promotion of products on the market (Bauerkdmper, 2004).

Sonka (2003) points out the following major driving forces of agricultural
industrialization and informatization.

- differentiation and segmentation of the agricultural products market;

- growing importance of information and information systems in the
development of economy;

- strict requirements to environmental protection and products quality from
the point of view of biologization;

- appearance of new information technologies based on geoinformation
systems, remote sensing and automation in the framework of “Internet of Things”
(IoT) technologies.

From the point of view of crop production, industrialization is mainly
manifested in the creation of large agricultural holdings that grow a limited number
of intensive crops in short crop rotations using the most modern machines and tools
for fast and high-quality execution of technological operations (wide-grip units,
controlled and programmable tractors, planters, harvesters) according to the most
modern cultivation technologies, taking into account the requirements for
biologization and rational environmental management (Schneider, 2011). The main
goal of industrialization is to increase the productivity of arable land. At the same
time, product quality, although certain minimum requirements are set for it, is not
the cornerstone of industrial production, which puts it in a certain contradiction to
the modern requirements of nutrition and dietetics, since medical experts emphasize
that not only the amount of consumed product plays an important role, but also its
qualitative characteristics and the nutrients content is incredibly important for human
health (Elmadfa & Meyer, 2010; Miller & Spoolman, 2011). Furthermore, a number
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of scientists are concerned about the fact that industrial farming systems are often
not free from the temptation to abuse pesticides and agrochemicals (in particular,
mineral fertilizers, herbicides) in pursuit of the maximum productivity of
agrophytocenoses, which certainly has a long-term negative effect on the
environment, as well as the quality of the products obtained and their sanitary and
hygienic safety for consumers (Nicolopoulou-Stamati et al., 2016). The temptation
of a comprehensive introduction of GM crops is causing some concern. Therefore,
without additional levers of strict control over compliance with current sanitary,
hygienic, ecological, and ethical requirements, it is impossible to talk about ensuring
food security at the expense of industrialization. Powerful information systems
designed to monitor and manage the crop production production process are
extremely helpful in this case, providing opportunities for robust control of
compliance with all the above-mentioned requirements in the production process and
environmental response to anthropogenic intervention. It has been proven that the
technologies of precise digital agriculture allow to reduce the amount of pesticides
used by 60% and mineral fertilizers by 30%, respectively (Rider et al., 2006).
According to Ukrainian researchers, the use of pesticides and agrochemicals can be
reduced by 30-50% with the rational use of precision farming technologies (Mapuyk,
2012; Pynenko, 2020). In addition, nonproductive costs of fuel and lubricants are
additionally reduced by 15% and even more (Burliai et al., 2020), which additionally
contributes to the reduction of agrarian pressure on the current climate situation.
Information technologies in combination with modern access to remote sensing of
crops create favorable conditions for highly accurate programming of yields and
planning of economic activities (Uskov et al., 2020).

Modern agriculture is in the middle of the path of transformation, not only at
the technical and technological level, but also at other levels, such as ecologization
and biologization of production, changes in the size and organizational form of farms,
business models, formation of price policy, marketing and logistics, etc. More and
more attention is paid not only to the efficient and rational use of natural resources
in the production process, but also to their preservation and restoration. An important
tool for ensuring the fulfillment of the tasks set before modern agricultural
production is information technology, with the advent of which it is possible to
significantly increase the predictability of the behavior of agroecosystems, establish
control over them, monitor the use and ecological parameters of resources, etc.
Informatization is not only a lever but also the main driving force of the
industrialization of agricultural production in the current stage of technological
development (Drabenstott, 1995). If earlier the production of agricultural products
was considered a matter of experience, skills, and creative approach of the
landowner, now this process is scientifically based and carefully controlled, to a
large extent unified and routine. An example could be given in the form of precision
agriculture, which is gradually replacing conventional farming systems in the
developed countries of the world. From an economic point of view, soon, the quality
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indicators of crop and livestock products may be unified to such an extent that
competition between agricultural producers will be possible only in view of the use
of increasingly less expensive technologies for obtaining raw materials or finished
products (Boehlje & Gray, 2009).

Precision agriculture (according to the terminology of the International
Society of Precision Agriculture — ISPA) is a management strategy that involves the
collection, processing and analysis of temporal, spatial and individual data and
combines them with other important information to support rational management
decisions in accordance with the expected variability of farming conditions to
increase efficient use of resources, growth of production productivity, improvement
of quality characteristics of products, maximization of profitability and ensuring the
stability of production of plant products (Bypmsii, 2021). Unal & Topakci (2014) add
such an element as environmental protection as a result of the rationalization and
optimization of the use of natural resources and the adoption of managerial
technological decisions. The main goal is to optimize and stabilize crop production
(Bongiovanni & Lowenberg-DeBoer, 2004). Among domestic scientists,
Casuipkuii (2017) most successfully and closely approximates the terminology of
ISPA to the description of precision agriculture: "precision agriculture is a
fundamentally new management strategy in agribusiness, which is based on the use
of digital technologies, new technical means and involves the implementation of
technological measures to grow plants with taking into account the spatial
heterogeneity of the field". ®enipens (2013) gives a similar interpretation of the
concept with a special emphasis on taking into account heterogeneities within the
same field. However, some domestic scientists still do not quite understand the
essence of precision agriculture, confusing it with adaptive farming systems,
climate-oriented agriculture, and yield programming (which also took place in
traditional agriculture), which distorts and distorts the true essence of an innovative
approach to the production of plant products (Mapuyx, 2012).

Main goals, pursued by industrial agriculture, are listed in the work by Bypustii
(2021). Analyzing the experience of domestic and foreign scientists and specialists, he
proposed the following key positions of industrial agricultural development:

- increasing the efficiency of the use of core and revolving funds of
production;

- increasing productivity and labor conditions;

- improvement of agricultural enterprise management;

- improvement of operational planning, control and adjustment of the
production process;

- cutting production costs;

- improvement of environmental and economic efficiency of agricultural
technologies;

- rational environmental management;
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- maximum intensification and automation of the production process based
on innovative agricultural technologies;

- increasing the competitiveness of production and new marketing
approaches to the sale of products.

The modern process of plant production is largely a digitized process based
on modern information technologies, which provide a new, extremely high level of
optimization of the use of production resources, cost reduction and improvement of
the productivity of agrophytocenoses. However, scientists emphasize that "bare"
technologies without adequate scientific support and professional management
cannot guarantee their practical effectiveness, since the wrong understanding and
use of huge flows of information, inept adjustment of equipment, and incorrect
interpretation of data can bring harm rather than benefit. Therefore, great attention
is now being paid not only to the development of agricultural information systems
based on IoT, but also to the formation of specialized agricultural information
management to ensure their optimal and highly efficient functioning (Yan-e, 2011).
Currently, the transition to IoT technologies in the greenhouse sector of the PRC
made it possible not only to implement intelligent management and remote control
over all links of the production process, but also to reduce the water consumption of
cucumbers by 37.5 mm, to reduce the general rates of application of mineral
fertilizers by 150 kg/ha, and the volume of use of plant protection products by 35%.
All these facts, along with a high level of automation and ecologization of production,
allowed the increase in the profitability of cucumber greenhouse production by 3.1
thousand dollars US per year (Anonymous, 2020). IoT-greenhouses use such
innovative technical and technological means as acute microclimate sensors, a
service engine, moisture balance modules, SmartPAR wireless control systems,
robotic monitoring systems for nutrient deficiency and damage to plants by diseases,
pests, etc. All these achievements would be impossible without the presence of
highly qualified personnel who skillfully configure and operate agar information
systems ([Jumkant, 2020).

It is important to understand the specifics of innovative development based
on informatization and the digital economy in each individual branch of national
production, especially in such extremely complex and complicated, closely related
to natural potential industry as the agroindustrial complex, which, moreover, in a
number of countries of the former USSR is technologically run down, and cannot be
renovated without foreign experience, investments, and technical equipment that
must be considered during the digital transformation of agricultural production
(Ulezko et al., 2019; Zhukova & Ulezko, 2019).

It should be mentioned that researchers indicate the need for the most
effective transformation of agriculture on modern principles, since a strong
agricultural sector for most developing countries is a prerequisite for the further
strengthening of other sectors of the economy and the state as a whole (Hye, 2009).
For example, the economic development and transformation of Thailand, which in
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the 1960s was a typical agrarian country with more than 80% of the population
employed in agriculture, owes much to the rational model of using agricultural
resources as a springboard for powerful industrial development of the state in further,
which as a result made it possible to switch to a fully industrial model of the country's
development already in the early 1990s — the share of GDP from agricultural
production decreased from 39.8 to 12.4%, and from industry increased from 18.2 to
39.2%, respectively. It is interesting that in Thailand the leading role in the structure
of agricultural production has always belonged to crop production, 70-74% of the
total GDP obtained at the expense of agricultural activity (Krongkaew, 1995).

The same is true for Africa, which has great prospects of becoming a
continent with a powerful agro-industrial complex if the reorganization of
agricultural production on an intensive industrial basis is successfully carried out on
its territory. Currently, the main obstacles on the way to success in Africa are the
insufficient qualification of personnel in agricultural production, the lack of
necessary reforms and legislative regulation of relations in the agricultural sector,
the low attractiveness of African countries for foreign investors (increasing the
attractiveness of foreign investments is an urgent problem of the agroindustrial
complex in Ukraine as well), problems in the field of environmental protection and
gender inequality, very low level of informatization of the sector, insufficient public
funding and low attractiveness of agriculture for young people, etc. (Woldemichael
et al., 2017). The researchers testify that industrialization and informatization are
currently almost the only way to overcome the food crisis in African countries, and
they suggest taking the experience of South Korea as an example of successful
transformation of the agricultural sector.

By the way, a real popularization of industrial and "smart" agriculture has
begun in a number of countries. Therefore, in Changji National Agricultural
Scientific and Technical Park (PRC) on the territory of more than 34 thousand
hectares, the advantages of innovative development of the agricultural sector and the
implementation of the most modern technical and technological achievements in
production are demonstrated: satellite monitoring and navigation, automatic driving,
automatic water saving irrigation, smart fertilizer supply systems, "green"
technologies for the production of plant products, etc. This park is a good example
of what agriculture of the future should be and the advantages the transition to
industrialization (the level of mechanization and automation of the production
process — 94.6%), intelligent technologies for the production of agricultural products
provides. Park specialists actively implement the latest developments of domestic
and foreign scientists, test new machinery and equipment, and provide
recommendations to Chinese farmers (prmkanT, 2019).

It is obvious that traditional agriculture is gradually losing its position, as it cannot
provide further increase in the return on capital investments along with the high
ecological safety of obtaining agricultural products, which is one of the main
requirements to ensure national food security and conservation of nature. Modern
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agricultural machines and tools allow performing technological operations with high
accuracy (variation of 3-5%); a wide range of macro- and micro-fertilizers, plant
protection agents, immuno- and growth-regulating preparations in the developed
countries of the world has reached its optimum (and in some countries, such as the PRC,
it has even exceeded it by a number of indicators); modern advances in breeding and
biotechnology make it possible to create highly productive and maximally technological
varieties and hybrids of agricultural crops. For example, Dutch scientists proved that the
automation of wheat cultivation allows further increase its yield while reducing
production costs, which is a promising direction. The application of remote sensing data
of the Earth is a source of operational information about the course of processes within
agroecosystems, allows monitoring the efficiency of the use of natural resources, to
monitor the state of the environment, forecasting dynamic changes in the environmental
parameters of natural objects due to anthropogenic influence, and solving a wide range
of operational and strategic tasks of a technological a plan for the production of plant
products in systems of precision agriculture with maximum productivity and quality,
minimum costs per unit of production, and as low as possible negative anthropogenic
pressure on the environment (Makogerpkuii & Ocinos, 1999; Boiitiok, 2000; Kpasuyk,
2008; TankoB u zip., 2012) . The rational use of natural, financial and labor resources is
impossible without a comprehensive approach to the adaptation of the modern
agroindustrial complex to changes in the soil-climatic and organizational-economic
conditions of the production of plant products, appropriate scientific, consulting and
informational support, coordination of all components of the management system,
rational differentiation and as much as possible a full cycle of waste-free production,
which is quite possible to achieve due to the implementation of innovative approaches to
the industrialization and informatization of agriculture (TummoeBa & Maxmanos, 2020).

Ocenpkuit & Kymim (2020) consider the agro-industrial complex to be the most
promising branch of the economy of Ukraine, which is of primary importance for the
state and one of the first to receive subsidies for the introduction of innovative industrial
technologies, because the development of national agriculture is impossible without the
introduction of innovative, compliant with the requirements of the industrial revolution
4.0, technical-technological, organizational-economic, social and scientific-educational
elements in the agro-industrial complex (JIomoBchkux, 2021; Ilapminuit & Cymnomup,
2021). Transformation of the national agro-industrial complex on an industrial basis is a
way to increase labor productivity and competitiveness of the Ukrainian economy
(Ocenpkmii & Kymim, 2020). Prospects and directions of innovative development of
agriculture were studied by SuxoBcbka (2010), HImukynsk & I'punaenko (2016),
Honromes (2011). The importance of the innovative development of the agroindustrial
complex is proven by the fact that, in 2018, agriculture, forestry and fisheries represented
12% of the national gross added value. Since 2013, the share of agriculture in the
structure of the national gross value added has never fallen below 10% (Ocerpkuit &
Kyuim, 2020).
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It is impossible to meet the modern requirements for agriculture — energy and
resource saving, economy, manufacturability, high environmental safety — without
the integration of information technologies, geo-information systems and automated
management decision-making systems in agricultural practice. byranenko Ta iH.
(2021) indicate the system computerization, automation and informatization of
technological processes along with the rational use of material, technical and natural
resources within the framework of innovative agricultural technologies with the use
of the most modern technical equipment, tools, and machines, as the main directions
for the further development of domestic agricultural production. So, for example,
the practice of world agriculture includes the use of smart programmable cultivators
equipped with special cameras and sensors, which are independently able to
distinguish cultivated plants from weeds and perform high-precision inter-row
cultivation with the help of complex mechanics of automatic steering in the process
of soil cultivation on row crops. This not only improves the quality of cultivation
and minimizes injury to cultivated plants, but also creates prerequisites for
optimizing labor costs in agriculture (Oriituyk, 2020). In modern industrial orchards
and greenhouses, artificial pollination using drones (Dropcopter), specialized
pollination machines (Bramblebee), small robots that mimic pollinating insects, like
drones (Robobee), etc. are being actively implemented. This improves the
productivity of plantations, increases the quality of the harvest, and optimizes the
costs for handwork ([Jumkant, 2020). Special robotic harvesters are created and
implemented into production for harvesting strawberries, both for greenhouse plants
and for field berry plantations — Octinion, Croo Harvests, Agrobot SW 6010
(dpmkant, 2019). And the use of tensiometers in conjunction with modern systems
of automated soil moisture monitoring and irrigation scheduling is the gold standard
in systems of precision water-saving agriculture and is already being actively
implemented in Ukrainian fields (ITaBenkiBcrkuit & IlaBenkiBcrka, 2020).

Modern computer-based systems of mapping, technology park monitoring,
automated analytics and planning (so-called management decision support systems),
management and interaction with staff and customers, the use of drones for aerial
photography and studying the state of crops, modern mobile applications for operational
control and technological management process, programmable machines and tools for
soil cultivation, fertilizer application, spraying, sowing, and harvesting, etc. open new
horizons for the agrarian business of Ukraine. Unfortunately, as of 2019, Ukraine ranked
only 47th in terms of the Global Innovation Index, i.e., innovative development is still
not inherent in the domestic economy (Oceupkuii & Kymir, 2020).

According to Casunbkuii (2017), precision agriculture is the only option to
solve the food problem associated with the rapid increase in the global population
under the conditions of soil preservation, ecological sustainability insurance,
reduction of the pesticide and agrochemical load on agroecosystems, etc. The
scientist emphasizes that the key factors that will contribute to the transfer of
Ukrainian agricultural production to the principles of precision agriculture are:
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economic — reducing the costs for technological operations, plant protection and
fertilization; ecological — reduction of environmental pollution due to optimization
of the use of natural resources and reduction of anthropogenic load; demographic —
increasing the quality of products while stabilizing their income; social —
improvement of working conditions for the population employed in the agricultural
sector (CaBunpkuii, 2017).

To maintain and further increase the power of the agricultural potential, it is
extremely necessary to accelerate the pace of transfer of agricultural activity based on
informatization and to use the experience of leading countries in this direction. For
example, in the USA, about 80% of agricultural producers use modern technologies of
precision agriculture, while in Ukraine this figure is modest, only 20-30% (McBratney
et al., 2005). According to Pamanpkuit & Mymrernk (2020), most Ukrainian farmers are
stuck in the agriculture of the 1970s and 1980s of the last century.

The above-mentioned statement is supported by the work of Ko6uenko
(2017), where the insufficient level and quality of informatization of agriculture is
also pointed out as an important problem of the modern agricultural sector of
Ukraine. The author emphasizes that only an intensive path of development, which
involves a significant increase in the efficiency of the use of available production
resources, is correct, and in the conditions of total informatization and digitization
in all areas of human life, agriculture should be a priority as one of the leading
branches of the domestic economy. Otherwise, the competitiveness of the national
agricultural producer on the global market will decline more and more over time.
Kob6uenxko (2017) considers one of the main problems to be the lack of a unified state
strategy and standard for informatization of agricultural production, therefore all
initiatives at this stage belong to the agricultural producers themselves, which creates
a certain chaos, nonsystematic introduction of information technologies in the crop
production, because now the main consumers of innovations in this field are large
agricultural holdings, often with foreign capital, and small domestic farmers are
practically deprived of the opportunity to join the world of precision agriculture. The
state support and training of every Ukrainian farmer, financial and technical support,
the provision of relevant information, theoretical knowledge, and practical skills by
scientific and educational institutions in the effective implementation of information
technologies in production are of great importance.

Of course, the holding-oriented system of crop production, which,
unfortunately, is dominating in Ukraine, is not always bad. In fact, it is difficult to
deny the fact that it is the large agricultural holdings that are the locomotive of
Ukrainian agricultural production, it is in these companies that the most highly
qualified and experienced workers usually work, it is here that innovative
technologies are introduced, it is in their fields that record harvests are harvested.
But the export-oriented nature of such agricultural and economic formations, along
with the dependence on the foreign owner of the main capital, cannot but cause
concern in undermining the guarantees of food security of Ukraine. Occupying more
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and more arable land, displacing the domestic farmer, whose products are aimed at
meeting the needs of the Ukrainian consumer, agricultural holdings pose a direct
threat to the food security of the state, as they export huge volumes of products
abroad, which theoretically could remain on the territory of Ukraine and satisfy the
needs of the inner consumer. In addition, if a domestic farmer creates jobs for the
village, then agricultural holdings, in most cases, do not. Unfortunately, until now,
mainly agricultural holdings are the main consumers of high-value, state-of-the-art
information products for precision agriculture, making smaller national agricultural
producers even less competitive (Denopuyk, 2020).

Mymrennk (2021) reckons the main problems of wide implementation of
information technologies in the agro-industrial production of Ukraine in the following:

- insufficient effectiveness of state regulation in the sphere of material and
technical and organizational and economic relations in this sector of the national economy;

- lack of the necessary infrastructure for the development of
informatization of the agro-industrial complex;

- relatively low interest and awareness of business entities regarding the
introduction and use of information technologies in the production process.

It is important to note that Myrenuk (2021) emphasizes that informatization
cannot be carried out unilaterally. A comprehensive approach is needed and it should
include such components as informatization of production, informatization of
agroindustrial management and marketing, informatization of agrarian education
and science, and informatization of the countryside as a whole.

Akmarov et al. (2019) also pay attention to the importance of the integrated
development of science and practice in the informatization of agricultural production.
The issue of the lack of highly qualified personnel for the effective implementation
of the most modern developments is particularly acute, which is linked to the
insufficient development of the scientific and educational sector in the field of
agricultural informatics in the countries of the former USSR. It is worth considering
state funding and support for the development of training programs and advanced
training of specialists and scientists in the field of digital agriculture, because
currently in Ukraine a limited number of higher education institutions provide
training in precision agriculture and informatization of agricultural production.

It should be noted that the state understands its leading role in the
development of informatization of agricultural production. Thus, back in the days of
the Ministry of Agrarian Policy and Food of Ukraine, the following legislative
documents regarding the informatization of agriculture were approved, namely:
Order "On approval of the Plan of measures for the development of the information
society in the agro-industrial complex of Ukraine for 2007-2015" dated September
10, 2007, No. 653; Laws and concepts "On computerization" and "Informatization
of agricultural industry"; Resolution "On approval of the Regulation on the Register
of information, telecommunications and information and telecommunications
systems of executive authorities, as well as enterprises, institutions and organizations
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belonging to the sphere of their management" dated August 3, 2005 No. 688
(Acineupka & Mymenuk, 2020).

The broad prospects for informatization of crop production in Ukraine are
supported by the presence of highly qualified specialists in the field of information
technologies, who are among the top 11 countries in the world. Therefore, the
tandem of IT specialists and farmers is very promising, as it will not only give a new
impetus to the development of domestic agriculture, but will also create a new
platform for mutually beneficial cooperation at the junction of the two industries due
to the creation of new opportunities to earn and increase profits not only for farmers,
but also for cyber specialists (Pamampkuit & Mymenunk, 2020).

A particularly relevant area of informatization of the crop production is the
use of geoinformation systems and remote sensing data, which allow to quickly
manage the execution of technological operations due to the programming of the
movement of tractors in the fields and the consumption of mineral fertilizers or
pesticides, to track the movement of machinery, to monitor the condition of soils and
vegetation on large areas in a short period of time, etc. (Panaupkuii & MyiieHHK,
2020). The integration of remote sensing data into automated management decision-
making significantly improves the effectiveness of the latter. For example, if earlier
in order to form an idea about the physical and mechanical properties, melioration
state, and fertility of the soil of the field, it was necessary to perform a rather time-
consuming work of selecting samples according to an established grid of points, now
thanks to modern soil scanners (operating on the principles of electromagnetic
induction and also equipped with special optical and electronic sensors, a sampler,
and electrodes) you can get a set of ready-made information that can be easily
converted into a map if necessary, in a matter of minutes without high labor and time
costs and without a laboratory. Soil scanners are aggregated with any vehicle, and at
a speed of 10 km/h across the field, they are, on average, able to take 16 full-fledged
"samples" (HaBpozacekuii, 2021).

Geoinformation systems and technologies have already been implemented in
almost all branches of the national economy, which require collection, accumulation,
structuring, and an analytical-synthetic approach to spatial information processing
(IWunynin & Kyuepenko, 2009). These technologies are closely integrated with
information technologies and means for remote sensing, modern technology that,
during technological operations, is controlled by geolocation and geotagging data
from GPS navigators.

The application of remote sensing data in tandem with modern
geoinformation systems opens up new opportunities to map cultivated areas,
studying their structure in large areas, and assess the dynamics of changes in the
structure of land use, which is a necessary prerequisite for effective crop production.
In addition, they can be used to solve operational technological tasks in precision
farming systems, such as quality control of crop spraying, mineral fertilizer
application, harvesting, etc. (Heitmraar, 2007).
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Earlier, a better understanding of the essence of informatization of the
production of plant products based on precision agriculture by foreign scientists was
given. Mymennk & TaBpmmrox (2020) offer a simplified understanding of the
concept, highlighting three main stages of the production process inherent in
precision agriculture:

- collection and accumulation of data on the economy as a whole, individual
fields, plots, cultivated crops and crop rotation, material and technical support, etc.;

- analytical processing of the data;

- adoption and implementation of managerial and technological decisions.

In our opinion, this scheme lacks the fourth, no less important stage — control
over the quality of the implementation of the decisions made and monitoring of the
results of economic activity to eliminate the deficiencies identified as a result.

An interesting generalization of the field of application of precision
agriculture based on digital technologies and the impact of the latter on the
production process of crop production is the scheme proposed by Rudenko (2020).
The author emphasizes the following constituents:

- agronomic survey of fields (collection of field data, selection of
heterogeneity zones, selection of soil samples, soil conductivity);

- soil tillage (differentiated execution of technological operations, effective
implementation of no-till and strip-till technologies, determination of the depth of tillage);

- pre-sowing preparation (differentiated application of plant protection
agents and fertilizers, monitoring and quality control of technological operations);

- sowing (differentiated sowing of seeds, simultaneously with the
application of fertilizers, monitoring of the uniformity of sowing);

- plant care (monitoring of plant growth and development stages, crop
condition, identification of problem areas, differentiated and accurate application of
plant protection agents and mineral fertilizers in top dressings);

- harvesting (monitoring and process management, determination of gross
harvest, yield, grain moisture).

This requires the use of specialized software, online services and mobile
applications, modern equipment equipped with GPS and the necessary sensors,
drones, software products to support managerial decision-making and personnel
management, etc. (Pynenko, 2020). Computer modeling is an extremely promising
way to improve the optimization of production process management in the agro-
industrial complex. A special program complex "Agroecosystem" has already been
developed in Ukraine, which allows modeling and evaluating the mutual influence
of various agrotechnological solutions on the efficiency of production and its
economic and ecological parameters (Tapapiko Ta iH., 2020).

In his turn, Ulezko et al. (2019) propose the following directions of
agricultural informatization:

- transfer to IoT, robotics and automation;
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- development of digital platforms for complex management and
implementation of decisions;

- modernization of the approach to management and work with information
in the agricultural sector, ensuring open access to the data required in the agricultural
production process;

- development and maintenance of information infrastructure in
satisfactory condition, improvement of reliability and speed of interaction and
communication channels between nodes of information systems and personnel,
provision of the agro-industrial complex with electronic equipment necessary for
successful informatization;

- optimization of interaction between the supplier and the consumer using
electronic commercial platforms.

Finally, let us note that informatization for the sake of informatization, the
transition to digital technologies simply for the sake of "numbers" is a path to
nowhere. Irrational, ill-conceived, one-sided, without taking into account the real
state, opportunities for effective implementation and real needs for digital
technologies in each specific case may not only not bring the desired benefit in the
form of increased productivity and improvement of working conditions of farmers,
optimization of resource use and increased production profitability, but also cause
significant damage and create additional chaos in an insufficiently prepared
organizational system of the economy, lead to misunderstanding and discomfort
among unprepared employees. The transformation of agriculture on a modern basis
should include a set of measures, as already stated above, and not only technical-
technological, but also scientific-educational, pedagogical, psychological,
organizational-economic in nature, since technology is a human assistant, and not
the other way around (Cupunenko, 2020). Only taking into account the above, the
transition of agricultural production to industrial foundations will not have negative
consequences related to the migration of the rural population to large cities, the loss
of the practice of traditional gardening and horticulture on homestead plots, the
narrowing of the spectrum of cultivated plants and the loss of valuable varieties,
unemployment in rural areas, gender inequality, etc., as happened in certain areas of
Colombia (Piniero, 2016).

Conclusions to Chapter 1

1. Global warming is a problem of planetary scale that affects all areas of
human activity, while agriculture and food security remain particularly vulnerable.
The reasons for climate change are unknown for sure until now, however, the latest
research testify about the combined influence of numerous factors such as
greenhouse gas emission and accumulation, planetary cycles, solar activity, major
streams of the world ocean. Regardless of the factors causing global warming, there
is an urgent need to develop and implement mitigation policies and reduce harmful

39



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

impacts of human activity on climate. Today agrarians face issues of revising current
agroclimatic zoning, restructuration of croplands, change in crop composition,
revision of sowing and planting terms, system of plant protection, tillage,
fertilization, and plant care, etc. The importance increases not only in regions of
risky agriculture but also in almost in all the regions of the world. Crop production
adaptation to new climatic conditions considering all their positive and negative
influences is a prerequisite for food safety and agricultural sustainability. Solving
the question of reasons in the chain of «climate — crop production» (for example,
dependence of yields on climate, role of agricultural land use practices in climate
change), implementation of innovative technological means in agrarian science,
education and practice, development of the transfer strategy to achieve efficient
climate smart agriculture.

2. Crop production industrialization is a required reaction of agrarian sector
to the current challenges, namely, food crisis under the impact of global climate
change, dramatical increase in global population, decrease in available natural
resources under simultaneous deterioration of their quality. Informatization is a
constituent of industrialization because comprehensive introduction of innovative
information technologies and systematic approach to data collection, accumulation,
generalization, and analysis it is impossible to achieve a success in transformation
of conventional agriculture into precision digitalized one. An important constituent
of informatization is implementation of remote sensing data in the decision support
systems based on IoT, which provide an opportunity for operational access and
analysis of huge data sets regarding soil and plants state, planning and programming
production and efficient adjustment of agrotechnological measures in limited time
span, track the dynamics of production processes in time and space. Besides, deep
integration between all the constituents of agricultural production process is required,
and it can be realized using correspondent equipment and technical means in the
systems of automation and control, while electronic platforms guarantee the best
way for the products to reach global market.
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CHAPTER 2
METHODOLOGY OF SCIENTIFIC RESEARCH

2.1. Mathematical statistics methods in data processing

None of modern scientific studies can gain its value without mathematical
and statistical processing of the data involved. Sometimes, the mathematical
apparatus is of decisive importance in the quality of assessment and the correctness
of the conclusions made by the scientist based on the results of research. The current
study applied both conventional and common methods of mathematical and
statistical data processing, as well as complex modern mathematical models to create
reliable forecasts and assess trends in the development of the studied phenomena.

Pearson's linear correlation coefficient indicates the strength of the
relationship between the studied variables (Hinkle et al., 1998). The calculation was
carried out using BioStat v7 and Microsoft Excel 365 according to formula 2.1.1:

_ e 0i-»
Ryy = R (2.1.1)

where: sy, sy — standard deviations in X and Y, respectively; N — number of
samples; x; y; — values of the studied parameters; X,y — means for X and Y, respectively.

The strength of the correlation by the value of the coefficient is established
by various methods, but a general idea of its tightness can be obtained using the
reference table (Table 2.1.1). The direction of correlation is determined by the sign
"+" (direct) and "—" (reverse).

Table 2.1.1
Absolute value of the coefficient Tlghtness (strength) of
interconnection
0.90-1.00 Very strong
0.70-0.90 Strong
0.50-0.70 Moderate
0.30-0.50 Slight
0.00-0.30 Very slight or absent

The coefficient of variation is an important statistical parameter, especially
in studies with biological objects and natural phenomena. Indicates the degree of
dispersion of the numerical characteristics of the object under study. It can be
expressed as a number (from 0 to 1) or as a percentage. The calculation was
performed according to the generally accepted method (Abdi, 2010; Lee et al., 2015).
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The coefficient of variation is used to assess the degree of variability of the
characteristics of the object under study. It is accepted to consider variability at the
level of <10% as weak, at the level of 10-25% as medium, and >25% as strong
(Lakin, 1990). The calculation was performed according to formula 2.1.2:

cy =32 (2.1.2)

X

where: SD — standard (root mean square) deviation; x — mean value.

The root mean square deviation (or standard deviation), which is a numerical
expression of the uncertainty of a feature or parameter of the object under study and
serves to provide an idea of its range and potential upper and lower limits (Barde &
Barde, 2012), was calculated according to formula 2.1.3 proposed by Bland &
Altman (1996):

SD = \/gzlivzl(xi —x)? (2.1.3)

where: N — number of samples; x; — index value; x — mean value.

Linear regression (both pair and multiple) allows one to establish the features
of the dependence between the studied parameters and describe them using a linear
equation (model).

When performing regression analysis according to the standard algorithm,
regression statistics, variance analysis, model coefficients and its residuals are
calculated (Anscombe, 1973; Cook & Weisberg, 1982; Neter et al., 1996; Pedhazur,
1997; Stevens, 2002; Huber, 2004; Belsley et al., 2005; Aiisassu, 2001).
Additionally, statistical criteria can be calculated for a comparative assessment of
model quality.

Regression statistics include correlation coefficients R and coefficients of
determination R? (normal, adjusted and predicted), as well as root mean square error.
The coefficient of determination serves to assess the quality of the fit of the model
curve, as well as an indirect measure of the accuracy and reliability of the model. It
is calculated according to formula 2.1.4:

R? = 1 — Serrer (2.1.4)

SStotal

The adjusted (or normalized) coefficient of determination considers the
number of predictors (influential input data) that explain the variables in the model,
and is calculated according to algorithm 2.1.5:
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N-1
Rg.dj =1—(1—R2)m (215)

where: k — number of predictors; N — number of samples.

The mean square error (MSE), which indicates the deviation of the value of
the variable modeled by the regression equation from the real value, was calculated
according to formula 2.1.6 (as the average value of the squared errors of the model):

1 A\ 2
MSE = —31,(Y; = 7)) (2.1.6)

where: n — number of input samples; ¥; — ¥; — difference between real and
forecasted values.

In addition, the root mean square error (RMSE) is calculated, which is one of
the most frequently used indices for assessing the accuracy of regression models, is
sensitive to the number of data in the sample that significantly differ from the general
regularity and distort the approximation curve (Willmott & Matsuura, 2006; Pontius
et al., 2008). It is calculated according to formula 2.1.7:

RMSE = 3/MSE (2.1.7)

The predicted coefficient of determination is calculated to estimate the
predictive value of the model considering the predicted sum of squared residuals d
(PRESS) according to formulas 2.1.8-2.1.9:

2 _ 4 _ PRESS
Rprea =1 =5 (2.1.8)
PRESS = Y. d? 2.1.9)

An additional parameter is PRESS RMSE, the value of which is determined
considering the amount of data in the sample according to equation 2.1.10:

PRESS RMSE = /PRESS/N (2.1.10)

The equation of the standard linear regression model has the form 2.1.11:
Y=a1x; +ax, ++apx, +c+e (2.1.11)

where: Y — dependent parameter; a; — regression coefficients for each x;; ¢ —
constant (not obligatory part of the equation); e — error (residuals).
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Analysis of variance (ANOVA) for the regression model includes, along with
the calculation of the so-called "table and reference" indicators (number of degrees
of freedom, sample sum of squares, Fisher's test, Fisher's test significance level at
p<0.05), the calculation of the mean square (MS) to estimate variations according to
formula 2.1.12:

_ss
~ DF

MS (2.1.12)

where: §S — sum of the squares; DF — degree of freedom.

Analysis of residuals (differences between pairs of actual and model-
predicted data) is not a required element of regression analysis. However, sometimes
it is advisable to calculate standardized residuals (es;) and Studentized residuals (7;)
according to the appropriate formulas (2.1.13-2.1.14):

€
= (2.1.13)
ei

= (2.1.14)

D)

es; =

where: MSE — mean square error; e; — residuals; s(e;) — standard deviation for
the residuals.

Polynomial regression is a type of regression analysis of data in which the
relationship between variables is described by a polynomial of the nth degree. Often,
due to their nonlinearity, such models better describe the features of natural
processes in agroecosystems. However, polynomial models are not pure nonlinear
models. Technically, polynomial regression is a variant of multiple linear regression
(Gergonne, 1974; Chang et al., 2010). Adjustment and construction of the model
curve are performed by the method of least squares. The equation of the polynomial
model has the form (2.1.15):

Y =Bo+Bix+ Box® + 4 Bux™ + ¢ (2.1.15)

where: f — regression coefficients; x — independent argument; #» — polynomic
degree; ¢ — random error.

Regression coefficients are calculated according to formula 2.1.16-2.1.17
(Green, 2003):

1
ﬁo=gZiyi—%Zixi (2.1.16)
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B = s G (2.1.17)

where: M —number of inputs; x — independent argument; y — dependent function.

Calculations and development of regression models, graphs of their
approximation were performed in the BioStat v7 software and Microsoft Excel 365
spreadsheets.

To assess the presence of a reliable trend in time series of data and to determine
the direction of the trend, the Mann-Kendall test was performed, and the value of Sen's
slope was calculated at a confidence interval of 95% or p<0.05 (Mann, 1945; Kendall,
1975; Gocic & Traikovic, 2013). The technique consists in performing a sequence of
calculations according to the following algorithm (2.1.18-2.1.25):

S = nz_:l zn: sign(x; — x;) (2.1.18)

i=1 j=k+1

1
var =1—8[n(n—1)(2n+5)—2ft(ft— 1)(2f, +5) (2.1.19)
t

S—1/se §>0
z = 0 S$=0 (2.1.20)

S$+1/se S<O0

, , Xj — X .

Sen's slope =Medlan{ = i <]} (2.1.21)
N=Cn2) (2.1.22)
K = se X z.t (2.1.23)
Lower = xv_g)/2 (2.1.24)
Upper = Xw+k)y/2+1 (2.1.25)

where: x;...x, — time series; ¢ — tied ranks; f; — rank frequency; se — square
root of the examined value; N — amount of data in the time series (x;, x;) where i <;
se — standard error of the test.

Calculations were performed in the Real Statistics software package (an add-
on for Microsoft Excel 365).

To improve the visualization of the statistical processing of time series of data,
control maps were constructed, which involves the calculation of the arithmetic
mean value for the sample, the values of the upper (UCL) and lower (LCL) control
limits. A control chart (in some sources referred to as Shewhart chart) is a graph used
to visually display the variability of a process over time and its control. In the work,
control charts of type P were constructed. The method was proposed by Shewhart

45



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

(1931). Calculations were performed in the BioStat v7 software package according
to the Page (1954) algorithm as provided below (2.1.26-2.1.28):

1 —
Sp = w (2.1.26)
LCL = T - 3Sp 2.127)
UCL = T + 3Sp (2.128)

where: Sp — sigma; p — mean value; T — target share (part).

One of the time series forecasting methods used in the work is the Holt-
Winters triple exponential smoothing method using the AA4A4 type algorithm.
Predictive calculations and graphs were performed in the Microsoft Excel 365
software complex with a confidence interval of 95% or p<0.05 (Winters, 1960).
Damaged and missed data in the time series were automatically replaced with values
calculated by the interpolation method. The seasonality parameters of the forecast
depended on the investigated phenomenon and period. The calculation algorithm for
building a forecast is given below (2.1.29-2.1.36):

w=a(25) 4 (1= s +viy) (2.1.29)
i—c
v =P —u—) + (A= Py, (2.1.30)
y.
si=vY (u—l) + A —-y)sic (2.1.31)
l
Vi = (Ui—1 + Vi1)Si—¢ (2.1.32)
Yien = (U +}{lvi)15i+h—chr (2.1.33)
h = INT( ) +1 (2.1.34)
CC
1
v = ;Z Vi (2.1.35)
j=1
S; = Yi/uc (2.1.36)

where: 0 <o <1;0<B<1;0<vy<1-0; u; — baseline; v; — trend (slope); s; —
seasonality; 1 <i<c.

Another forecasting method that has found its application in the study is
SARIMA - a seasonal autoregressive model based on an integrative moving average.
This model is built based on ARMA and ARIMA, that is, the basic model without
taking seasonality into account. Briefly, the algorithm for forecasting the
phenomenon or the development of the dynamics of the indicator value according to
the SARIMA algorithms is given below (Bas Cerda et al., 2017; Chen et al., 2018).
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Basic ARMA(p,q) is expressed by the equation (2.1.37):

P a
¥i= ¢|} +Z¢-}.}:E_}-+ £; +ZL‘}}.EE_}. (2137)

If o= 0 (mean stochastic is taken to have zero value) than the operator
transforms as follows (2.1.38-2.1.39):

$(L)y; = 8(L)e; (2.1.38)

o
By = (1= @1l = o1 = = $, 17 )y, = (1 > qb;lr")}-'a
=1 (2.139)

q
B(L)e; = (1+6, L1+ 8,12 + -+ 6,19 )e; = (1 +Z t?_,-LJ')Ef
=1

It must be noted that ARIMA (p, d, q) process z; could be expressed as upper,
but z; must be replaced with z;= y;— yiq It is important: parameters (p, d, q)
determine type of the model (for example, 0, 0, 0 or 1, 1, 1). At the same time,
ARIMA (p, d, q) process y; could be expressed without constants as follows (2.1.40):

(L) (1 —L)y; = 8(L)s; (2.1.40)
Constants could be added if necessary, using the following equation (2.1.41):
PLIL = L)%y = c+ 8(L)s; (2.1.41)

SARIMA is the same, but with specific operators responsible for
seasonality. SARIMA(p,d,q) x (P,D,Q), without constants is expressed as follows
(2.1.42-2.1.44):

C}:":L)‘t":Lm)‘:l— L)d‘::l— Lm)D}-‘i = S{L)B{L’”}s, (2142)
S(L)y; = (1—- &L — @,17 — - — @, L7 )y, (2.1.43)
O(L)e; = (1+6,1' + 0,12 + -+ 0,19 (2.1.44)

Therefore, we have P seasonal autoregression determinants (with the
coefficients @, ..., @p), O seasonal moving averages (with the coefficients @, ...,
®p) and D seasonal differential determinants for m seasonal periods.

If two types of differential determinants are established (corresponding to
d and D), then SARIMA (1,0,1) x (1,0,1)12 looks as follows (2.1.45-2.1.48):
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(L)@ (L2)y; = 8(L)O(L)e; (2.1.45)

(1= L1 — &, L)y; = (1 +6,L1)(1 + 8, L"), (2.1.46)

(1= oL@ L2+ 3, @110y = (L +6, 140,12+ 88,1 ()| 47
Vi— Vi1 —PrViap + P yVias = &+ 015 + 01510 60,5 45 (2.1.48)

Residuals could be expressed as follows (2.1.49):

E =V — Py Vi — Ry Vi F Iy Dy Vs — B8y — By — 80545 (2.1.49)
Forecasts are expressed as follows (2.1.50):

Vi = Vit Pyvimo— Dy Py Viogn O F O+ 8085 (2.1.50)

Alike the mentioned above, SARIMA(p,q) x (P,Q)n without constants may
be expressed as follows (2.1.51):

(L) 2(L™)y; = 8(L)B(L™)s; 2.151)

Or equivalently (2.1.52):
e 3 F im [— B i ¢ jm
(-3 o) (-3 wwm)ri=(1+ 3" o) (1+ 3 om)e
o= E 17 |y @ 1 im |y — E 77 &, 1m |y
. ( Flfp} )}:+( =10 )}: ( Flf;}’1 )( I )}:
(3 av)ar (X orm)as (X av) (X1 opm)aa
=1 ! ‘ J=1 ! ‘ =1 ! =1 ! ' ' (2152)

Then the forecast is expressed according to following equation (2.1.53):

F _ P N B P .
v = ( SV + ) U= Z Q:’}"t’kLkm_'.})yi
=

=1 JElé—k=1
q ) Q ) q Q )

SRR WAL W WL I
=1 =1 jTLE—E=1

The equation above may be transformed as follows further (2.1.54):

(2.1.53)
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¥ = Z}:iq—t'j}"i—j + Z}_zl‘bj Yi—jm — Z}_zl kzi‘pj‘bk}"i—km—j)
a Q a Q
+( }_:165-35_}- + Z}-:lejsi_}"” + Z}_:1Zk:1q,-8k£i_k,n_}-) + &

(2.1.54)
In case of ¢ presence, the equation is expressed as follows (2.1.55):
P B 2] B
¥ = ¢'D + (Z}:lq)}'}"i—j + Z}:lq}j }"i—jm - Z}:l k=1¢j¢k}"i—km—j)
q Q q Q
’ (Z}':i%si_j - Z}':ie‘fsi—jm - Z}':iZk:i%Bkﬁ_kmﬂ) e (2. 1 _55)

The forecasts in the study were performed in the Real Statistics add-on for
Microsoft Excel 365.

Forecast accuracy was assessed by mean absolute scaled error, mean absolute
error in percentage (normal and symmetric), mean absolute error (MASE, MAPE or
SMAPE, MAE) and root mean square error (RMSE) (Hyndman & Koehler, 2006).

MASE calculation is performed by the formula 2.1.56-2.1.57 (Hyndman et al.,
2008):

g3l
MASE;on-seasonat = % (2.1.56)
1
7Zjlejl
MASEeqsonar = (2.1.57)

1 T
mzt=m+1lyt_yt—m|

where: e;— forecast error; J—number of forecasted pairs; Y — forecasted value;
T — forecast period; F;= Y;-,»— function for differentiation of the forecast periods.

MAPE and SMAPE are determined using the formula 2.1.58-2.1.59
(Armstrong, 1985; De Myttenaere et al., 2016):

100% «pn  |Ac—Ft

MAPE = 22y |4 (2.1.58)
t
_1lgn |Ft—A¢|
SMAPE =~ tzl((At+Ft)/2) (2.1.59)

where: 4, — actual index value; F; — forecasted (modeled) index value.

MAE is calculated by the equations 2.1.60-2.1.61 (Willmott & Matsuura, 2005):

MAE = &=l (2.1.60)

n
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leil = ly: = xl (2.1.61)

where: y; — forecasted (modeled) index value; x; — actual index value.

For some selected models, additional statistical criteria were determined.

The Durbin-Watson (DW) criterion is a statistical marker of autocorrelation
in a regression model (first-order autocorrelation, pi), calculated according to
equation 2.1.62 (Pataukoga, 2006):

n _ 2

n 2
t=1€t

Akaike's Information Criterion (4/C) is a statistical indicator for estimating
the error of an out-of-sample forecast and serves as an indicator of the quality of a
statistical model. The general form of equation (2.1.63) for calculating the criterion
is as follows (Akaike, 1974):

AIC =2k —2In(L) (2.1.63)

where: k — number of the model parameters; L — maximized value of the trust
function.

For a more accurate assessment of the quality of models with a small data set,
the adjusted Akaike criterion (4/Cc) is calculated considering the sample size (n)
according to formula 2.1.64 (Konishi & Kitagawa, 2008):

2
AIC, = AIC + 22 (2.1.64)

n—-k-1

Bayesian information criterion (BIC) or Schwartz's criterion is a criterion for
choosing the best model. A smaller BIC corresponds to a better model. This
statistical criterion is closely related to the Akaike criterion described above.
Calculated according to formula 2.1.65 (Findley, 1991):

BIC = In(n)k — 2 ln(i) (2.1.65)

BIC is usually more reliable estimator than A/C.

The Hannan-Quinn criterion (HQC) is an additional alternative criterion for
selecting the best model. It is calculated according to equation 2.1.66 (Hannan &
Quinn, 1979):

HQC = —2Lqy + 2k In(In(n)) (2.1.66)
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It is considered one of the most stable and reliable criteria, however, it is worth
noting that it has not gained such widespread use as the Akaike and Bayesian criteria.
Statistical criteria were calculated in the BioStat v7 software package.

2.2. Computations and mapping technique

To calculate the climatic features of the growing season in the Kherson region,
the duration of the latter was taken as I1I-X months inclusive.

Evapotranspiration was calculated according to the standard Penman-
Monteith (reference) and Holdridge (potential for the annual period) equations, and
Penman-Monteith calculations were performed in the FAO ET, Calculator program
(Holdridge, 1959; Raes & Munoz, 2009), as well as in the EVAPO mobile
application. The moisture deficit was defined as the difference between the moisture
input from precipitation and the costs of evapotranspiration. The aridity index (A1)
was calculated according to formula 2.2.1 (Haider & Adnan, 2014):

Al = — (2.2.1)

where: R — precipitation, mm; £7 — evapotranspiration, mm.

Mapping of moisture regimes was performed in the Adobe Illustrator
program based on Soil Explorer data and the results of climate aridity assessment in
the regions of Ukraine according to the author's methodology (see Section 3.2).
Graphical models are built using the Microsoft Excel 365 graphics processor.

The total productivity of 1 ha of arable land was defined as the sum of the
yields of the main agricultural crops in the region for a specific year.

Normalized difference vegetation index (NDVI) was calculated by the
formula 2.2.2 (Rouse et al., 1973):

NIR—Red

NDVI =
NIR+Red

(2.2.2)

where: NIR — near infrared spectra value; Red — red spectra value.

Enhanced vegetation index (EVI) is calculated as follows 2.2.3 (binunckknit
& Kuym, 2021):

NIR—Red
EVI =2.5 NIR+6Red—7.5Blue+1 (2.2.3)

where: NIR — near infrared spectra value; Red — red spectra value; Blue —blue
spectra value.
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Mobile (for devices based on Android OS) and online applications (available
via a link for devices with any OS) were created on the basis of regression models
obtained as a result of statistical and analytical processing of experimental data using
programming capabilities in Microsoft Excel 365 spreadsheets and Zoho Sheets.

2.3. Data sources

Numerous statistical retrospective historical time series of data from various
sources were used to perform the study, which formed the basis of the analytical and
synthetic work and established the peculiarities of the course of the researched
processes in the agroclimatic sphere of the world, Ukraine, and its individual regions.

The average annual air temperature in the Kherson oblast for the period of
1879-2020, the amount of precipitation (annual and monthly) for the period of 1905-
2020 were obtained at Kherson Regional Hydrometeorological Center, as well as
data from open sources of meteorological information (https://metepost.com,
https://pogodaiklimat.ru).

Volumes of water used for irrigation, total productivity of 1 ha of arable land
in Kherson oblast for the period of 2005-2019, the area of forest plantations and
productivity of the main agricultural crops in the region for the period of 1990-2019
were taken from the Statistical Yearbooks of Ukraine, Ecological Passports of
Kherson Oblast for a corresponding period.

Average annual air temperature in Ukraine for the period of 1753-2020 were
obtained at the statistical portal BI Portal (https://stat.world/biportal/).

Data on soil moisture in the territory of Ukraine based on satellite surveys of the
American agency Soil Information for Environmental Modeling and Ecosystem
Management (Soil Information for Environmental Modeling and Ecosystem Management)
as part of the Soil Explorer application (Miller et al., 2018; Schulze et al., 2021).

Annual and monthly air temperature, annual and monthly precipitation in the
regions of Ukraine for the period of 1961-2020 were taken from the main
hydrometeorological stations and observations of Ukraine, as well as from the data
and information of reference books (JIimiucekuii Ta iH., 2003; I'anik & baciok, 2014),
open sources of meteorological information  (https://meteopost.com,
https://pogodaiklimat.ru).

Global average annual air temperature for the period of 1750-2020 based on
the data of the statistics portal BI Portal (https://stat.world/biportal/).

Global concentration of greenhouse gases (carbon dioxide, methane, nitrogen
oxide) in the atmosphere for the period of 1750-2020, ozone concentration in the
atmosphere and the size of the ozone hole for the period of 1979-2020 was taken
according to the statistical portal Our World in Data (https://ourworldindata.org).

Data on the emission of greenhouse gases from the crop industry, the amount
of pesticide use, mineral fertilizers application, the area of agricultural land, arable
land, forest plantations, the amount of tractor use per 100 km? of land area for the
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period of 1990-2016 were obtained at the FAOSTAT open database
(https://fao.org/faostat/en/).

Data on MODIS NDVI and MODIS EVI (resolution 250 m, smoothed time
series, 16-day intervals of image arrival) for the vegetation cover of Kherson oblast
for the period of 2012-2021 were taken from the satellite image provision service of
the University of Natural Resources and Life Sciences, Vienna. Further processing
of the images was carried out in the QGIS 3.10 software using the tools of raster and
vector analysis, layer statistics, with preliminary cutting off the parts of the images
that do not correspond to the vegetation cover, according to the vegetation masks of
Kherson oblast, delivered by NextGIS service.

The yield of grain corn, grain sorghum, winter wheat and soybeans and the
time of onset of the phenological phases of the crops for the period of 2017-2018
(for winter wheat — 2017-2019) were taken according to the field research of the
Department of Irrigated Agriculture of the Institute of Irrigated Agriculture of the
National Academy of Agrarian Sciences within the framework of the study on the
tillage systems in crop rotations. The experimental fields were located at the
coordinates 46°44'36.5"N 32°42'07.0"E; 46°44'39.5"N 32°42'32.0"E; 46°44'33.3"N
32°42'33.7"E; 46°44'30.3"N 32°42'08.5"E (Vozhehova et al., 2020ab). Yields of
sweet corn as well as its phenology for 2016, 2019-2020 were obtained during the
experiments held on the irrigated fields of AC «Radianska zemlia» (JIuxosua, 2017)
and PF «Kulyk» (Jluxosux, 2020a,b,c,d,e) within the framework of studying the
crop reaction to various tillage depths, plants density, fertilization rates, hybrids,
growth regulation substances, etc.. Further linking of the experimental plots to the
corresponding values of NDVI was carried out by the means of geotagging using the
platform for satellite monitoring of the crops state OneSoil Al, which provides NDVI
value according to the combined data from the satellite images of Copernicus
Sentinel-1 and Sentinel-2 (resolution of 250 m, each pixel corresponds to the plot of
5%5 m). The OneSoil Al platform uses artificial intelligence algorithms to process
satellite images, so Sentinel-2 images are used for automatic recognition of
cultivated plant species by the system, and Sentinel-1 images are used to filter
distortions and reduce the error of vegetation index calculation. NDVI data are
received regularly at 8—16-day intervals (periodically the intervals are shortened or
extended depending on meteorological conditions and the season).

Yearly NDVI dynamics study for various crops and fallow field was carried
out for the fields of the Institute of Irrigated Agriculture of NAAS (winter wheat,
winter barley, winter rapeseed, peas, chickpea, grain sorghum, grain corn, spring
potato), AC «Radianska zemlia» (sweet corn), PF «Kulyk» (sweet corn, spring
potato), agricultural holding «In-Agro» (tomato). The OneSoil Al platform was used
to establish monthly average and phenophase average NDVI values. Data on the
seasonal dynamics of NDVI was compared with the averaged dates of the onset and
finish of the main phenological phases of the studied crops (according to the results
of field observations) to link the value of the vegetation index to the corresponding
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growth and development stage. Phenological phases were recorded according to the
common scientific methodology (Ymkapenko Ta in., 2020).

The study on the correspondence between FGCC (obtained in the field
conditions using mobile app Canopeo) and NDVI (obtained at the OneSoil Al
platform) was held on the fields of the Institute of Irrigated Agriculture of NAAS,
AC «Radianska zemlia», PF «Kulyk», agricultural holding «In-Agro» during 2021.
Each FGCC-NDVI pair contains 100 input images (both surface and satellite).
Determination of FGCC and NDVI values was carried out during the growing season
of the studied crops according to the main phases of their growing season. The
Canopeo mobile app with a standard algorithm for calculating FGCC values was
used on fixed plots of the experimental fields. The photographs for calculating the
fraction of green canopy cover were taken according to the recommendations
provided on the official application website (https://canopeoapp.com/). The screens
of the canopy were taken by Sony Xperia XZ2 Premium. The NDVI values of the
OneSoil Al were taken in the same time span when the photographs were taken with
a discrepancy not exceeding 3 days.

Conclusions to Chapter 2

In the study modern methods of mathematical and statistical processing of
experimental data and tools to develop mathematical models and creating forecasts
were used. Data from open statistical sources and data provided by the state
statistical services of Ukraine were involved. In addition, the data of previous field
studies carried out both as part of the research work of the scientific staff of the
Institute of Irrigated Agriculture of NAAS, and as part of individual research work
in the fields of private farms and agricultural holdings in recent years were involved,
which increases the value of the conclusions obtained as a result of processing large
arrays of heterogeneous data obtained in different agroclimatic and production
conditions, and the acquired theoretical knowledge and conclusions will be relevant
and interesting from a scientific and practical point of view not only at the regional,
but also at the all-Ukrainian level.

54



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

CHAPTER 3
GLOBAL WARMING AND CROP PRODUCTION IN UKRAINE

3.1. Risk assessment in agriculture due to the climate change. Irrigation
as a factor of sustainable crop production and food safety guarantees

An important prerequisite for ensuring the sustainable production of plant
products under the conditions of climate change is the assessment of the risks
associated with the deficit of natural humidification, both in the short-term and long-
term perspective.

Climate change provokes an imbalance in the inflow and outflow of natural
moisture. The increase in air temperature along with the insufficient amount of precipitation
and uneven distribution in time and space causes a negative moisture balance, which in turn
creates prerequisites for the development of desertification processes.

Assessment of the impact of global climate change on agroecosystems should
be comprehensive, multimethodological, determination of moisture availability and
risks of increased aridity should be carried out considering several indices. Therefore,
the best results are provided by an integrative approach to the assessment of possible
risks in agriculture based on the values of the direct moisture deficit, the aridity
(dryness) index, and the duration of periods without effective precipitation. In
addition, isolated assessment of the temperature regime is also of scientific and
practical interest.

A retrospective analysis of data on the average annual temperature in Kherson
oblast for the period of 1879-2020 testified to the dynamic growth of this indicator,
especially in the last two decades (Fig. 3.1.1). Statistical analysis using the Mann-
Kendall method with the calculation of Sen’s slope proved the presence of a reliable
(confidence interval 95% or p<0.05) trend towards climate warming in the region
(Table 3.1.1). Clustering of the years of the studied period (1895-2020, previous
years were excluded due to the lack of data for the 25-year distribution) by the value
of the average annual air temperature made it possible to divide them into 6 main
classes: Class I — average annual air temperature <7-8°C; II class — 8-9°C; Class III
—9-10°C; IV class — 10-11°C; Class V — 11-12°C; Class VI —>12°C. The distribution
of years of the studied period by clusters shows that the V and VI classes of years,
which represent the years with the highest temperatures, mainly consist of the years
of the period of 1995-2020, and only the years 2007, 2019 and 2020 belong to the
VI class (Fig. 3.1.2).
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Fig. 3.1.1. Dynamics of the average annual air temperature
in Kherson oblast for 1879-2020
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Table 3.1.1

Results of Mann-Kendall and Sen’s slope test for the average annual air
temperature in Kherson oblast in the period of 1879-2020

Statistical indices

Average annual air temperature

alpha 0.05
MK-stat 2220
s.e. 473.68
z-Stat 4.68
p-value 2.81x10¢
trend yes
slope 0.0124
lower 0.0074
upper 0.0167
Trend direction 1
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Fig. 3.1.2. Clusters of the years by the values of the average annual air
temperature in Kherson oblast during 1895-2020
(dark blue — Class I; red — Class I1; grey — Class III;
orange — Class IV, blue — Class V; green — Class VI)

Thus, the results of clustering additionally confirm the gradual increase in the
average annual air temperature in the region, and as a result, the warming of the climate
and its transformation in the direction from temperate-continental to subtropical in terms
of temperature regime, which, on the one hand, opens up new opportunities for
expanding the practice of double-cropping, wide introduction of post-harvest and post-
cut crops, introduction of crops from southern latitudes, as well as crops with a long
growing season, etc. However, all this is possible only if there is a sufficient level of
humidity, and the rise in temperature is known to be one of the factors in increasing the
moisture loss due to evaporation. Therefore, a thorough analysis of the conditions of the
supply of moisture in quantity and quality is required (first, the uniformity of the
distribution of precipitation over time is meant).

Kherson oblast is one of the regions providing national production of grain
crops (primarily winter wheat and winter barley), soybeans, sunflowers, and
vegetable crops. It is well known that Kherson region belongs to the zone of risky
agriculture — evaporation here prevails over the income of natural moisture, so it is
not surprising that the region has had one of the most developed irrigation networks
since Soviet times, which includes the Inguletska, Kakhovska, Krasnoznamyanska
irrigation systems and systems in the area of the North Crimean Canal, which

57



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

provide water supply for 309.4 thousand hectares or 17.4% of the total area of arable
land in the region (Morozova et al., 2019). Mass construction and commissioning of
irrigation networks is a prerequisite for ensuring the production of plant products in
the region, and the role of irrigation, according to scientists, will only grow in the
coming years (Boxxerosa Ta in., 2013, Goloborodko & Dymov, 2019).

The study of the dynamics of precipitation distribution according to
indicators of the number of days without effective, i.e., less than 5 mm (Agamenko,
2014), annual precipitation and the maximum duration of the period without
effective precipitation for 1971-2020 showed the absence of a trend as in the first
(the coefficient of determination of the trend for decade periods R? is 0.0831, that is,
less than 10%, which indicates the insignificance of the established statistical
regularity along with the negative results of the Man-Kendall and Sen’s slope tests),
as well as the second case (the coefficient of determination of the trend for decade
periods R? is 0.0979, that is, less than 10%, which indicates the insignificance of the
established statistical regularity along with the negative results of the Mann-Kendall
and Sen’s slope tests) (Fig. 3.1.3, Fig. 3.1.4, Table 3.1.2).

339
y=0.36x+335.18
338 R*>=0.0831

337

336 ...................................
335 )

334

333

332

331

1971-1980 1981-1990 1991-2000 2001-2010 2011-2020

Fig. 3.1.3. Number of days without effective rainfall for decade periods of 1971-
2020 (blue — number of days; orange — average for the studied period,
dotted line - trend)
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Fig. 3.1.4. The longest periods without effective rainfall for 1971-2020 (blue —
period duration; orange — average for the studied period; dotted line - trend)

Table 3.1.2
Results of Mann-Kendall and Sen’s slope test for the number of days and duration
of the period without effective rainfall in Kherson oblast during 1971-2020

T Number of days without Dura}tlon of the perlod
Statistical indices . . without effective
effective rainfall .
rainfall
alpha 0.05 0.05
MK-stat 33 -19
s.e. 119.22 119.49
z-stat 0.27 —0.15
p-value 0.79 0.88
trend absent absent
slope 0 —0.05
lower -0.12 -0.41
upper 0.14 0.33

Long-term (for the period 1905-2020) annual data on the air temperature,
precipitation amount, uniformity of precipitation distribution (expressed by the value
of the coefficient of variation CV), the level of potential evapotranspiration
(determined according to Holdridge) and the deficit of natural moisture both for the
year and for the growing season period (from March to October) in the Kherson
region are presented in Fig. 3.1.5.
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Fig. 3.1.5. Long-term (1905-2020) meteorological analysis of climate conditions in
Kherson oblast* (blue — meteorological parameter value; red — average value;
grey —UCL; yellow — LCL)

61



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

*Note: al — average annual air temperature, °C; a2 — average temperature in the
growing season (March-October), °C; bl — annual precipitation, mm; b2 —
precipitation amount in the growing season, mm; cl — coefficient of variation (CV)
for the precipitation distribution during the year; c2 — coefficient of variation (CV)
for the precipitation distribution during the growing season (March-October); d1 —
annual evapotranspiration, mm; d2 — evapotranspiration in the growing season, mm;
el — annual moisture deficit, mm; e2 — moisture deficit in the growing season, mm;
UCL — upper control limit; LCL — lower control limit.

The results of the Mann-Kendall and Sen's slope test indicate that in the
Kherson region there is no tendency to an increase in the deficit of natural moisture
income (calculated as the direct absolute difference between evapotranspiration and
the income of natural humidification with precipitation) and a change in the temporal
distribution of precipitation. At the same time, statistically significant trends were
established to increase air temperature, amount of precipitation, and potential
evapotranspiration in the region, both for the year as a whole and during the growing
season (Table 3.1.3).

Forecasting of air temperature, precipitation and potential evapotranspiration
by the method of triple exponential smoothing by the Holt-Winters method
(scasonality of the forecast — 12 years, according to the results of studies by
Munaco (2006); confidence interval — 95%) confirmed the presence of a trend
towards a significant increase in these indices until 2050 , and the clearest trend is
observed for the warming of the temperature regime, and the least clear — for the
increase in the amount of precipitation (Fig. 3.1.6). Forecast statistics and an
assessment of their accuracy are presented in Table. 3.1.4.

The results of the calculations show the high accuracy of air temperature
forecasts (especially during the growing season, testified by the lowest values of
MASE, SMAPE, MAE, RMSE), while the forecast of precipitation amounts has the
lowest accuracy and is characterized by high errors and the greatest amplitude
between low and high probability reference values, especially for the annual amount
of precipitation. This is explained by the rather high level of internal variation of this
meteorological indicator, which on average is 67% for the annual period, and 70%
for the growing season (for the prognostic input set of data for 1905-2020).
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Fig. 3.1.6. Air temperature, precipitation amounts and evapotranspiration
Jforecasts for Kherson oblast up to 2050 (blue — actual values, orange thick —
forecast; orange thin — low and high probability lines)
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Table 3.1.4
Statistics for air temperature, precipitation amounts and evapotranspiration
forecasts for Kherson oblast up to 2050

. MeTeopooriuHmi TOKa3HUK
Statistics
AAT ATGS AR GSR AE GSE
Alpha 0.25 0.17 0.25 0.25 0.17 0.17
Beta 0 0 0 0 0 0
Gamma 0 0.08 0.25 0.25 0.08 0.08
MASE 0.94 0.80 1.17 1.05 0.86 0.81
SMAPE 0.07 0.04 0.23 0.26 0.05 0.04
MAE 0.74 0.66 105.34 82.15 30.25 38.44
RMSE 0.89 0.88 128.13 97.92 37.36 51.74

To compare the average meteorological indices for the studied period (1905-
2020) with those predicted for the period of 2021-2050 and for the combined period
(1905-2050), the calculations were summarized in Table. 3.1.5.

Table 3.1.5

Air temperature, precipitation amounts and evapotranspiration in Kherson

oblast in the studied period (1905-2020 pp.), forecasted period (2021-2050 pp.) and
combined period (1905-2050 pp.)

. Meteorological indices
Period
AAT | ATGS | AR | GSR AE GSE
1905- 41611 | 1520 | 412.96 | 289.06 | 628.63 894.63
2020
2021-
Cbag | 1199 | 1690 | 47924 | 31407 | 74958 1049.14
1905-
Dony | 1049 | 1550 | 42464 | 29248 | 65139 921.84

The predicted increase in the studied meteorological indices comparing to the
period of 1905-2020 is given in the Table. 3.1.6.
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Table 3.1.6
Increase in the air temperature, precipitation amounts and evapotranspiration in
Kherson oblast in the period of 2021-2050 comparing to 1905-2020, %

. Meteorological indices
Period
AAT ATGS AR GSR AE GSE
2021-
2050 18.60 11.18 16.05 8.65 19.24 17.27

The conducted research and forecast revealed a tendency towards an increase in the
air temperature, amount of precipitation, and potential evapotranspiration in the Kherson
oblast both in the annual and in the growing seasons. This fact agrees with other studies,
which state that the trend of gradual increase in global air and land surface temperature has
been maintained in recent decades (Bloschl & Montanari, 2010; Sobrino et al., 2020).
However, temperature trends in different parts of Europe differ significantly, so our results
are useful for a better understanding of processes that occur in the arid southeastern zone
of the continent (Krauskopf & Huth, 2020). It is important that the air temperature tends to
increase less during the growing season than on an annual scale. This suggests that the
global and local warming of the climate is mainly due to the increase in temperature in the
winter period of the year, while the rise of the heat curve in spring and summer is less
significant. We find confirmation by the above in the study by Osadchyy & Babichenko
(2013), who summarized their findings on the dynamics of air temperature changes in
Ukraine, stating that the largest increase of this indicator by 3.0°C was recorded in January,
while the average value of the increase was equal to 1.0°C.

As a result, an increase in air temperature leads to a corresponding increase
in the related index, potential evapotranspiration. Potential evapotranspiration is one
of the main meteorological parameters in aridity and crop risk assessment, which is
sometimes used to make reasonable irrigation management decisions instead of
reference evapotranspiration (Jensen et al., 1990). High evapotranspiration, which is
not covered by sufficient precipitation, leads to crop losses. The Kherson region is a
zone of risky agriculture, where precipitation has never covered the moisture
expenditures for evaporation; therefore, it is a zone of the highest saturation with
irrigation systems in Ukraine (Pomamenko, 2013). Some Ukrainian scientists and
specialists in the field of climatology are concerned that in recent decades there has
been a tendency towards a sharp increase in potential evaporation, which is
obviously additionally accompanied by a certain decrease in the amount of
precipitation, and this indicates an increase in the risks of increasing aridity in the
region (['onoboponsko & dumos, 2019). However, this conclusion is the result of
an overestimated risk of increasing natural moisture deficit and cannot be confirmed
by mathematical analysis of long-term meteorological data, which was reflected in
our study. It was established that there is a clear trend towards an increase in the
amount of precipitation both in the annual and in the growing season. However, it
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should be recognized that the increase in precipitation in the future is less than the
increase in air temperature and potential evapotranspiration by 2.53-2.55% and 3.19-
8.62%, respectively. The superiority in the increase in evapotranspiration during the
growing season (8.62%) is obvious, and it can serve as an indirect signal for the
expectation of a further increase in the aridity of the climate in the territory of
Kherson oblast. However, we emphasize additionally that now there is no
mathematically reliable trend toward a significant increase in the direct deficit of
natural moisture supply in the region.

Crop production is extremely sensitive to climate change (Porter & Semenov,
2005). Therefore, it is advisable to take additional steps to mitigate the risks
associated with the increase in air temperature and evaporation during the growing
season, namely: heat stress for agricultural crops, rapid spread of pests and
pathogens, etc. (Sutherst et al., 2011). Furthermore, weather conditions have a direct
impact not only on yield, but also on the meliorative state of soils, their agrophysical
and chemical properties, fertility, as well as on the morphological characteristics of
agricultural crops and the level of their physiological resistance to adverse factors
(Lavrenko et al., 2018; Lykhovyd, 2019).

According to scientists, rational irrigation in the regions with insufficient
natural humidification, such as Kherson oblast, will most likely lead to an increase
in the yields of crops (Kang et al., 2009). However, excessive use of artificial
irrigation systems can harm the ecological sustainability of the environment by
increasing the load on rivers and other natural water sources, intensive leaching of
nutrients from soils, the risk of salinization, etc. (Fernandez-Cirelli et al., 2011).
Therefore, it is necessary to first provide a scientifically based assessment of the
effectiveness of irrigation in ensuring the stability of crop production in the region.

In addition, as it has been mentioned above, the assessment of agroclimatic
conditions based only on the common meteorological indices and direct moisture
deficit is insufficiently informative. Scientists have developed numerous
meteorological indices, among which the aridity (dryness) index is the most
interesting in the modern conditions of growing aridity of the climate due to the rapid
increase in air temperatures.

The assessment of the dynamics of the climatic situation in the Kherson
region according to this index is ambiguous for different periods of time. Thus, if we
evaluate aggregate data for the period 1905-2020, it is not possible to detect a
mathematically significant trend in the change in the level of aridity in the region,
although a certain tendency to decrease the value of the aridity index can be clearly
observed. Perhaps this is due to the missing data for several years (1907, 1909-1910,
1916-1925, 1934, 1941-1945). At the same time, the assessment of the aridity index
for the period of 1973-2020 indicates the presence of a mathematically reliable trend
towards a decrease in the value of this indicator, which is evidence of an increase in
climatic drought in the region (Table 3.1.7, Fig. 3.1.7-3.1 .8).

Forecasting the dynamics of changes in the aridity index by the method of
triple exponential smoothing according to Holt-Winters (seasonality of the forecast
is 12 years) indicates that in the future there is a statistically high probability of
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further intensification of the drought in the Kherson region, and by 2050 the aridity
index may reach the mark of 0.22, which corresponds to extremely dry conditions
(Table 3.1.8, Fig. 3.1.9).
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Fig. 3.1.7. Aridity index in Kherson oblast for the period of 1905-2020
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Fig. 3.1.8. Aridity index in Kherson oblast for the period of 1973-2020
Therefore, the assessment of the climatic situation in the region according to
the aridity index, in contrast to the assessment of the direct deficit of natural moisture
supply, indicates the need to study irrigation as a fundamental factor in the
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stabilization of crop production in Kherson oblast, since it is currently the main lever
to mitigate the negative impact of air and soil drought.

Table 3.1.7

Results of Mann-Kendall and Sen’s slope test for aridity index in Kherson
oblast for the periods of 1905-2020 and 1973-2020

Statistics 1905-2020 1973-2020
alpha 0.05 0.05
MK-stat —275 —380
s.e. 315.63 112.51
z-stat —0.87 -3.37
p-value 0.39 0.00076
trend no yes
slope —0.0004 —0.0052
lower —0.0013 —0.0076
upper 0.0005 —0.0025
Direction of trend - l
Table 3.1.8
Aridity index forecast statistics for Kherson oblast for 2021-2050
Statistics Value
Alpha 0
Beta 0
Gamma 0.18
MAPE 0.33
MAE 0.13
MSE 0.02

The role of irrigation in ensuring the stability of crop production is confirmed
by the study of the dynamics of the total productivity of the major crops per 1 ha,
namely grain crops (wheat, rye, barley, oats, grain corn, millet), sunflower, potatoes,
vegetables, fruits, and berries in Kherson oblast over the past 15 years (2005-2019).
Along with the increase in aridity in the region, the productivity per 1 ha of the arable
land increases (Table 3.1.9). Statistical calculations indicate the presence of an
almost equal correlation between productivity parameters, the level of aridity
(expressed through the aridity index) and the volumes of water used for irrigation,
and in the first case it is inverse (R —0.4619; R? 0.2133; moderate relationship), and
in the second case it is direct (R 0.4759; R 0.2264; moderate relationship) (Taylor,
1990). This indicates that the increase in the volume of water used for irrigation had
a positive effect on the productivity of arable land by leveling the negative impact
on the yield of cultivated crops from the increase in aridity in the region, which is
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confirmed by the trend towards growth according to the results of the statistical
analysis of the time series (Table 3.1.10). At the same time, it should be noted that
despite the possibility of tracing the trend towards increasing aridity of the climate
in the Kherson region for the period 2005-2019, the Mann-Kendall statistical test
does not reveal a reliable trend at the 95% confidence interval, although the usual
regression analysis indicates the presence of a weak trend to a decrease in the value
of the aridity index, which can be seen from the negative coefficient of the argument
of the regression equation —0.0111 (Fig. 3.1.10).
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Fig. 3.1.9. Aridity index forecast for Kherson oblast for 2021-2050

70.00 0.60
g 60.00 0.50
gso.oo 0.40 §
= 40.00 £
= 030 »
= 30.00 B
B 020 =
§ 20.00 <
& 10.00 0.10
0.00 0.00
N O~ 0N —~ AN <t n O~ 00 N O
S S OO D = e = = = — N
SO OO O OO OO OO OO oo o
[o\ I o\ I o\ BN o\ Bl o\ Bl o\ Bl o\ I o\ I o\ I o\ Bl o\ B o\ Bl o\ B o\ i o\ Il o\

Fig. 3.1.10. Total productivity per I ha of arable land and aridity index in Kherson
oblast for 2005-2019 (blue — total productivity of 1 ha of arable land; orange —
aridity index; dotted lines — trend lines for productivity and aridity index,
respectively)
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The clearest trend to increase was recorded for the volume of irrigation water
use (R? 0.7378), which additionally confirms the conclusion about the clear and
strong dependence of the productivity of crops in the region on irrigation, especially
against the background of modern changes in weather conditions (Fig. 3.1.11).

Table 3.1.9

Climate change, total productivity per 1 ha of arable land and irrigation water
volumes usage in Kherson oblast for 2005-2019

Irrigation Total

Evapotranspir | Precipit - gato productivit

. . Aridity water
Year ation, ation, . y per 1 ha
index volumes used,
mm/day mm/day - 3 of arable
million m

land, t
2005 2.60 1.28 0.49 515.0 34.41
2006 2.48 0.88 0.35 519.5 57.34
2007 2.96 1.04 0.35 825.6 51.33
2008 2.54 1.29 0.51 594.0 56.75
2009 2.67 1.28 0.48 686.9 40.91
2010 3.41 1.88 0.54 695.2 40.69
2011 3.75 0.78 0.20 877.6 50.22
2012 4.25 1.02 0.23 943.6 52.26
2013 3.73 0.92 0.24 988.6 50.98
2014 4.19 1.00 0.23 984.1 53.46
2015 3.94 1.44 0.35 960.6 55.70
2016 3.73 1.45 0.38 913.8 55.72
2017 3.96 0.85 0.20 1203.0 54.12
2018 4.07 1.12 0.27 1174.0 57.09
2019 4.02 1.78 0.43 923.4 56.15
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Fig. 3.1.10. Total productivity per 1 ha of arable land and aridity index in Kherson
oblast for 2005-2019 (blue — total productivity of 1 ha of arable land; orange —
aridity index; dotted lines — trend lines for productivity and aridity index,
respectively)

Table 3.1.10
Results of Mann-Kendall and Sen’s slope test for aridity index, irrigation water
volumes and total productivity of 1 ha of arable land in Kherson

oblast for 2005-2019

Statistics | Aridity index | 8t water | Toual productivity of |
alpha 0.05 0.05 0.05
MK-stat -20 41 71
s.e. 20.06656 20.20726 20.20726
z-stat —0.94685 1.979487 3.464102
p-value 0.343716 0.047761 0.000532
Trend no yes yes
slope —-0.01 0.74125 43.925
lower —0.02417 —0.02083 23.65
upper 0.01 1.65125 58.075
]?fri:;%n not applicable T 1
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Fig. 3.1.11. Total productivity per 1 ha of arable land and aridity index in Kherson
oblast for 2005-2019 (blue — irrigation water volumes, orange — arable land
productivity; dotted lines — trend lines for productivity and irrigation water

volumes, respectively)
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The results of the regression analysis of the multiple relationship between the
total productivity of 1 ha of arable land, the aridity index and the volumes of
irrigation water use confirmed that the increase in the aridity of the climate has an
adverse effect on crop yield in the Kherson region (negative value of the regression
coefficient). The regression model has the form as in 3.1.1:

TP =48.1667 - 14.8869A1 + 0,0096IW 3.1.1)

where: TP — total productivity of 1 ha of arable land, t; A/ — aridity index;

IW — irrigation water volume, million m3.

The presented model has reasonable prognostic value, which is confirmed by
the values of statistical indices: correlation coefficient — 0.5071; determination —
25.72%; MAPE is 9.9520% (Table 3.1.11) (Moreno et al., 2013).

According to the results of the statistical evaluation (the Durbin-Watson DW
criterion is close to 2.0), the absence of autocorrelation in the relationship between
the total productivity of arable land, the aridity index and the volumes of irrigation
water used in the region is proven (Cycios u ap., 2005).
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Table 3.1.11
Statistics of the model for dependence of total arable land productivity on aridity
index and irrigation water use in Kherson oblast for 2005-2019

Regression statistics Value

R 0.5071

R 0.2572

R 0.1334

Rred 0.4013
MSE 42.2402

S 6.4992

MAPE, % 9.9520
PRESS 956.1653

PRESS RMSE 7.9840

DW 2.0308

AIC 6.7581

BIC 6.8997

AIC, 6.8248

HQC 6.7566

Statistical analysis of data for a 15-year period indicates that irrigation is an
important and irreplaceable factor for ensuring the sustainable production of plant
products in the Kherson region, which had in the past and remains with the status of a
zone of risky agriculture due to significant climate aridity, associated with a significant
deficit of natural humidification and temporal and spatial instability and uneven supply
with natural moisture (berukoB u np., 1987). In view of the above, one of the main
priority tasks in the region should be the complete reconstruction of existing irrigation
systems and the construction of new ones, including local ones capable of providing high
quality irrigation water to small areas. Furthermore, the quality of water for irrigation
requires careful study and amelioration, since the parameters of the quality of irrigation
water will significantly affect the characteristics of soil fertility, its agro-meliorative state,
biological, physical, chemical, mechanical properties, which in turn will determine the
parameters of the growth, development and yield formation processes in the crops, and
therefore will determine the economic and ecological efficiency of irrigation (Lykhovyd
etal., 2019).
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3.2. Dynamics and forecasting temperature regime and aridity level in
the context of irrigation needs in Ukraine

Studying the temperature regime on the territory of Ukraine is one of the
important stages of assessing climatic processes that have a direct impact on
agricultural activity.

In recent years, against the background of global climate warming, in many
parts of the Earth, an abnormal increase in annual air temperatures has been observed,
which is reflected in the productivity and stability of agroecosystems.

A retrospective analysis of data on the average annual air temperature on the
territory of Ukraine (including the Donetsk, Luhansk regions and the Crimea) for the period
1753-2020 revealed a clear trend towards a gradual increase in the value of this
meteorological index, which has become particularly acute in recent decades (Fig. 3.2.1).
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Fig. 3.2.1. Retrospective analysis of the average annual air temperature in
Ukraine during 1753-2020 (blue — average annual temperature, red — average for
the long-term period; green — trend line,; orange — UCL, grey — LCL)

A stable transition of the average annual air temperature in Ukraine over the
+9.0°C has occurred since 2012. The upper control limit is consistently reached and
exceeded during 2017-2020 (the average annual air temperature is consistently
above +9.8°C). Since 1998, there has not been a single year with an average annual
air temperature in Ukraine below +8.0°C (the minimum average annual temperature
was +8.2°C in 2003). This indicates a stable trend of climate warming in the country,
and therefore, the inevitability of changes in the agricultural sector of production.
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Many researchers have established the cyclic nature of changes in the climate
at the global and regional scales, and the patterns of periodicity depend on the
duration of the period of studying the climate and the geographical area.

For example, cyclic climate fluctuations with a periodicity of 50-70 years
were recorded for the level of the hemispheres and the global planetary level
(Schlesinger & Ramankutty, 1994; Minobe, 1997; Klyashtorin & Lyubushin, 2005).
It is worth saying that similar periods of seasonality of climate change were obtained
by analytical retrospective processing of indirect natural climate indicators (for
example, by the growth rings of long-living tree species, fluctuations in the number
of populations of certain species of fish and animals, etc.) over a very long period of
1,500 years. Hypotheses about 30- and 60-year cycles of change dominate here. In
addition, it is interesting that the frequency of climatic changes in different
intermediate stages of the 1500-year period is not the same: for example, the
frequency of 160 years for the period from the beginning of the 1200s to the end of
the 1300s; 33-year cycle for the period from the 1300s to 1700s; the 55-year period
is for the period from the 1500s to the 1900s, etc.

At the same time, climatologists at the 1935 (Warsaw) and 1957 (Washington)
conferences recommended using 30-year periods to assess dynamic climate
characteristics (Klyashtorin & Lyubushin, 2005). This recommendation is consistent
with those of Bruckner (who emphasized a 35.5-year cycle) and Bogolepov (who
recommended a 33-year period as the most reliable). At the same time, Bogolepov,
during the analysis of short-term periods, additionally discovered 11-year and 2.8-
3.5-year periods within the 33-year period (UmxeBckuii).

To characterize and assess the dynamics of the global temperature anomaly
over a 140-year period, a 13-year moving average was used (Klyashtorin &
Lyubushin, 2005). At the same time, it was established that the dynamics of the
global temperature anomaly over the past 140 years is characterized by an upward
trend with a 60-year seasonality overlap (Klyashtorin & Lyubushin, 2003).

Considering the above, here we applied 12-year seasonality for forecasting
changes in climate indices for time series with a duration of about 100 years, and 36- and
60-year seasonality for forecasting time series with a duration of more than 150 years.

For a better idea of the possible consequences of the current temperature trend,
it is worth forecasting the temperature regime in the country, at least for the coming
years (until 2050). It is technically impossible to predict the development of the
temperature regime using the Holt-Winters triple exponential smoothing method
with high seasonality (36 and 60 years). The use of artificial neural networks is a
promising, but not always justified, method (Vozhehova et al., 2019). Therefore, we
consider the best option in this case (the availability of a continuous time series of
data for a period of 268 years) to perform mathematical and statistical modeling
using the SARIMA method (seasonal autoregressive model based on an integrative
moving average) with 36- and 60-year seasonality (Fig. 3.2.2, Fig. 3.2.3).

In addition, the fitting of the accuracy and quality of the developed models
were compared according to the Akaike (4/C) and Schwartz (BIC) criteria, as well
as by the value of the mean square error (MSE) and standard deviation (SD). It was
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established that the scenario of the development of climatic processes with a forecast
seasonality of 36 years is more likely and accurate (Table 3.2.1).

Table 3.2.1
Comparison of the models’ quality for average annual air temperature forecasting

in Ukraine until 2050 by SARIMA methodology

Indices | 36-year seasonality |  60-year seasonality
Model coefficients
const 0.0075 0.0106
phi 1 0.0532 0.1755
theta 1 -0.8957 -0.9160
Phi 1 —-0.3008 -0.4356
Theta 1 -0.6278 -0.3426
Statistical criteria and standard deviation
AIC -45.5566 —-16.9081
BIC -29.2173 -1.9901
MSE 0.7510 0.8317
SD 1.3907 1.3998

The forecast with a 36-year seasonality makes it possible to say that on the
territory of Ukraine in the period 2021-2050, the average annual air temperature will
fluctuate within +9.5...11.1°C, and the forecast with a 60-year cyclical component is
within +9.5...11.2°C, which is the difference in the temperature curves is not
significant (Table 3.2.2).
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Fig. 3.2.2. Average annual air temperature in Ukraine forecast for the period
1753-2050 (36-year seasonality)
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Fig. 3.2.3. Average annual air temperature in Ukraine forecast for the period
1753-2050 (60-year seasonality)

Therefore, in any scenario of the development of the temperature regime,
significant warming is expected in the territory of Ukraine, which will inevitably
impact agricultural production. It is impossible to unequivocally assess the impact
of rising temperatures as positive or negative, since the change of this
agrometeorological indicator is almost always accompanied by desirable
consequences (for example, the possibility of introducing new heat-loving species
and varieties of plants with a long growing season, the possibility of double- and
even triple-cropping, etc.), which anyway can significantly shake the stability of
plant production (increasing aridity, accelerated development of existing on the
territory of the country and the appearance of new harmful organisms and pathogens,
reduction of the effectiveness of certain groups of plant protection agents, etc.)
according to boyma (2012).

The primary task of the crop production and land reclamation sector in
scenarios of climate development with an increase in the temperature regime is to
ensure a stable supply of sufficient moisture for the formation of a sustainable, high-
quality harvest, which can be implemented in practice only if there is a theoretical
basis for assessing the needs for providing artificial humidification in different
agroclimatic zones of the country, taking into account the water demand of various
crops. For this purpose, it is necessary to reassess the humidification regimes on the
territory of Ukraine, considering the current climatic conditions, since the
calculations and zoning have lost relevance now.

As it has already been shown in the section 3.1, the most rational assessment
of the aridity of the climate allows the calculation of the integrative aridity index. At
the same time, it is best to plan about moisture supply in a complex way: both by the
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value of the aridity index, which is a quantitative indicator of the degree of aridity
of the climate (Budyko, 1958), as well as by the indicator of moisture content in the
soil. Such an assessment will most accurately reflect the real level of moisture
availability of the territory in view of the production of plant products.

Table 3.2.2
Average annual air temperature in Ukraine for 2021-2050 forecasted by SARIMA
with 36-year and 60-year seasonality

Year Average annual air temperature, °C
SARIMA-36 SARIMA-60
2021 10.17 10.72
2022 10.31 9.46
2023 10.28 10.47
2024 10.03 9.55
2025 9.73 9.94
2026 10.25 10.91
2027 10.15 9.58
2028 9.53 9.83
2029 10.42 9.83
2030 10.29 10.64
2031 10.48 10.14
2032 10.15 9.76
2033 10.70 10.51
2034 10.59 10.44
2035 10.27 10.62
2036 10.10 10.14
2037 9.74 10.13
2038 11.06 10.33
2039 10.59 10.38
2040 10.73 10.07
2041 9.80 10.47
2042 10.77 10.13
2043 11.03 11.22
2044 11.01 9.98
2045 10.84 10.51
2046 11.04 10.72
2047 11.47 10.03
2048 9.91 10.08
2049 10.85 10.42
2050 10.30 11.02
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The soil moisture regimes on the territory of Ukraine were summarized on
satellite monitoring data provided by the Soil Explorer software product. Fig. 3.2.4
displays the prevailing moisture regimes for each region.

According to the data of Soil Explorer and decoding of conventional names by
information, provided by Soil Information for Environmental Modeling and Ecosystem
Management, four regimes of soil moisture are typical for the territory of Ukraine:

Aridic — soils, which are dry at the depth of the control profile (0-50 cm) for more
than half of the cumulative number of days in the year, have a temperature at a depth of
50 cm above 5°C, partially or fully hydrated for a period of less than 90 days at a
temperature at a depth of 50 cm above 8°C.

Xeric — soils, which are dry at the depth of the control profile (0-50 cm) for at
least 45 consecutive days in a period of 4 months after the summer solstice, while being
wet for at least 45 consecutive days during the 4-month period following the winter
solstice. The average annual temperature of such soils does not exceed +22 °C.

Udic — soils, which for at least 90 consecutive days do not have any dry part of
the control profile (0-50 cm). Such soils are quite moist, characteristic of those types of
climate, when evapotranspiration is completely compensated by precipitation or
moisture coming into the soil from other sources (for example, from groundwater).

Ustic — soils, which occupy an intermediate position between the Aridic and
Udic classes. Usually, such soils, although limited in terms of moisture, can
accumulate enough moisture to ensure acceptable growth and development of
cultivated plants.

The classification of climatic regimes according to the aridity index is given in
Table. 3.2.3 (Colantoni et al., 2015).

Table 3.2.3
Aridity index and climate type
Aridity index (4]) Climate type

<0.05 Extremely arid (EA)
0.05-0.20 Arid (A)
0.20-0.50 Semi-arid (SA)
0.50-0.65 Dry subhumid (DS)
0.65-0.75 Humid (H)

>0.75 Hyper humid (HH)

In accordance with the types of climate and classes of soils according to the
moisture regime, a combined method of classifying the territory according to the
need for irrigation was developed, while simultaneously considering the
requirements for moisture supply of various crops (Table. 3.2.4).
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Table 3.2.4
Classification of the territories for irrigation requirements based on the soil
moisture class and climate type

Soil moisture Climate type Irrigation requirements
class
SA Obligatory for most crops
DS Obligatory for most crops
Aridic u Desirable for the crops with high demand
for water
HH Desirable for the crops with high demand
for water
SA Obligatory for most crops
DS Desirable for the crops with high demand
Xeric : for wate}r -
H Desirable for the crops with extremely high
demand for water
HH No need
SA Desirable for the crops with high demand
for water
. DS Desirable for the crops with extremely high
Ustic
demand for water
H No need
HH No need
SA Desirable for the crops with high demand
for water
. DS Desirable for the crops with extremely high
Udic
demand for water
H No need
HH No need

Such crops as millet and sorghum have high drought resistance and can form
yields even under moisture deficit conditions, as well as melon crops. Winter and
spring cereal crops are examples of the crops with moderate water requirements,
grain corn, soybeans require an increased water supply to form high yields, while
most vegetables (tomatoes, cucumbers, cabbage), fruits and berry crops, perennial
grasses (except sainfoin) have extremely high demand for water supply (baznbeipes
u ap., 2019; Konontok Ta iH., 1985).

Due to the independence of the territories from Ukraine and the impossibility
of obtaining archival meteorological data for the periods 1991-2020, the climate
regime of Donetsk and Luhansk regions was not conducted. The assessment of the

80



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

climatic regime of the Crimea for the periods after 2014 was carried out according
to the data of the Russian Hydrometeorological Center.

Based on the results of the climatic and soil moisture regimes assessment, the
maps of aridity and maps of irrigation requirements by the regions of Ukraine were
created. The assessment of regional indicators was carried out according to the data
of regional hydrometeorological centers. Meteorological data, obtained at regional
hydrometeorological stations, can be considered quite representative for each region,
as a preliminary study of the maximum amplitude of the deviation of the aridity
index within each region of Ukraine at different weather stations testified that they
are within 15% and often cannot serve as a criterion for the transition of the region
to another aridity group. The results of the study of climate types for different time
periods on the territory of Ukraine are presented in the Table 3.2.6.

¥
&

"

Aridic
Xeric

Fig. 3.2.4. Soil classes in the territory of Ukraine according
to Soil Explorer surveys

Analysis of the aridity index in dynamics indicates that the most significant
changes in its value with the transition of several regions to drier zones in recent
years have occurred in the northern and western regions of Ukraine, while southern
regions did not change their climatic status. However, the increasing aridity of the
climate on the territory of Ukraine as a whole, as well as in each region, is obvious,
especially since 2010. This is confirmed by the results of the statistical assessment
of the climatic trend of the aridity index for the period 1991-2020 (Table 3.2.7).
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Table 3.2.5
Variation of aridity index and aridity level within the regions of Ukraine by the data
of regional hydrometeorological centers and stations (1961-1990)

Region (Oblast)| R .Hydrometeorologlcal stations Amplitude,
& cglona I I I %
1 center
Cherkasy | 067H | o7m | %OP 7.46
Chernivtsi 0.85HH —
Chernihiv 0.81HH | 0.88HH 8.64
DRpIopetiovs | g s6ps | 0.51DS | 0.55DS 8.93
Ivano-
Frankivsk 0.93HH | 0.86HH 7.53
Kharkov 0.57DS 0.64DS 0.62DS 12.28
Kherson 0.40SA 0.41SA 0.38SA 5.00
Khmelnitsky | 0.86HH | 0.84HH 0.79HH 8.14
Kirovograd 0.56DS 0.63DS 0.59DS 12.50
Kyiv 0.88HH | 0.87HH 0.82HH O'Z{6H 13.64
L’viv 1.08HH | 0.94HH 0.93HH 13.89
Volyn o.80nn | OTIH |0 87m 8.75
Mykolaiv 0.47SA 0.52DS 0.42SA 10.64
Odesa 0.45SA 0.51DS 0.45SA | 0.46SA 13.33
Poltava 0.60DS 0.63DS 0.68H 13.33
Rivne 0.81HH | 0.82HH 0.77HH 4.94
Sumy 0.76HH | 0.84HH 0.76HH 10.53
Ternopol 0.90HH 0.88HH 2.22
Zakarpattia 0.90HH 0.73H 18.89
Vinnitsa 0.80HH 0.79HH 0.86HH 7.50
Zaporizhzhia 0.49SA 0.48SA 0.50SA 4.08
Zhytomyr 0.83 HH | 0.86 HH 0.90HH 8.43
Crimea 0.54DS 0.36SA 0.42SA | 0.53DS 33.33

Mykolaiv, Poltava, Zakarpattia, and the Crimea regions can serve as an
exception, where differences in aridity are primarily related to different climatic
features of plain and mountainous areas, and in the Crimea — additionally to the
features of the climate of the southern coast. Significant deviations on the flat
territory are observed only in Mykolaiv and Poltava regions, which are related to the
geographical features of the location of hydrometeorological stations (Table 3.2.5).
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1961-1990

1991-2020
Figh. 3.2.5. Dynamics oi the aridity index in Ukraine for 1961-2020

SA ps [ : I
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1991-2000

2001-2010

2011-2020
Fig. 3.2.6. Dynamics of the aridity index by the regions of Ukraine for the decades

of the period 1991-2020
SA ps [N = [ e
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Mapping the aridity index over 30-year periods makes it possible to visually
assess the degree of climate transformation in Ukraine. The period 1991-2020 is
marked by an increase in aridity and a moisture deficit compared to 1961-1990 on
the territories of Cherkasy, Vinnitsa, Kyiv, Volyn, Rivne oblasts, while Odesa and
Zaporizhzhia regions are characterized by a transition to more favorable zones in
terms of the moisture supply.

The dynamics of climatic changes in recent decades can be tracked in more
detail by the decades of 1991-2020. If the period 1991-2000 was characterized as
favorable in terms of moisture level and most of the territory of Ukraine was in
humid and hyper humid zones (excepting Kherson and Mykolaiv regions), then,
starting from 2001, there is a period of gradual transformation of the climate to a
more arid, which originates in the regions of the central and partly northwestern part
of the country. In the period 2011-2020, most of the territory of Ukraine is in the
semi-arid zone. except for the territory of certain northwestern regions (Fig. 3.2.6).

The most intense climatic changes over the past 30 years have occurred in
Chernihiv, Kharkov, Sumy and Vinnitsa regions (minimum values of statistical
indices MK-stat < -300 and p-value <107). At the same time, the lowest intensity of
climatic changes was in such regions as Kherson, Volyn, Mykolaiv, Odesa, Poltava
and Zaporizhzhia oblasts (MK-stat > —200, p-value > 107). The maximum increase
in aridity (minimum lower slope values) is observed in such regions of Ukraine as
Chernivtsi, Khmelnitsky, L’viv, Sumy, Ternopil, Vinnitsa, Zhytomyr (mainly the
northern and western regions of the country), while the minimum dynamics is
characteristic of such regions as Kherson, Mykolaiv, Odesa, Zaporizhzhia,
Dnipropetrovsk, Volyn regions that is the southern territories of Ukraine do not
suffer from an extremely rapid increase in aridity (Table 3.2.7).

Trends in the development of the climatic situation in the regions of Ukraine
are presented in Fig. 3.2.7.A-D. A graphic assessment of the dynamics visually
confirms the results of the mathematical and statistical assessment and makes it
possible to visually assess the degree of intensity of climate change.
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Fig. 3.2.7.A. Trend in the aridity index by the regions of Ukraine for 1991-2020
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Fig. 3.2.7.B. Trend in the aridity index by the regions of Ukraine for 1991-2020
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Fig. 3.2.7.C. Trend in the aridity index by the regions of Ukraine for 1991-2020
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Fig. 3.2.7.D. Trend in the aridity index by the regions of Ukraine for 1991-2020
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An interesting and practically valuable additional method of studying the
climatic situation and assessing risks in agriculture and crop production is
forecasting the possible development of climatic events. The most successful option
here will be short-term forecasting using an autoregressive algorithm with floating
seasonality, i.e., SARIMA.

Table 3.2.8
Aridity index and climate type by the regions of Ukraine forecasted by SARIMA for
2030 and average for the period 2021-2030

Region (Oblast) 2030 2021-2030
Cherkasy 0.52 DS 0.40 SA
Chernivtsi 0.54 DS 0.44 SA
Chernihiv 0.46 SA 041 SA

Dnipropetrovsk 0.40 SA 0.33 SA

Ivano-Frankivsk 0.67H 0.56 DS
Kharkov 0.33 SA 0.36 SA
Kherson 0.20 SA/A 0.20 SA/A

Khmelnitsky 0.73H 0.65 DS/H
Kirovograd 0.27 SA 0.27 SA
Kyiv 0.53 DS 0.49 SA
L’viv 0.90 HH 0.83 HH

Volyn 0.55 DS 0.50 DS/SA
Mykolaiv 0.52 DS 0.38 SA
Odesa 0.61 DS 0.58 DS
Poltava 0.69 H 0.63 DS
Rivne 0.42 SA 0.41 SA
Sumy 0.73H 0.62 DS
Ternopol 0.87 HH 0.78 HH
Zakarpattia 0.70H 0.62 DS

Vinnitsa 0.59 DS 0.50 DS/SA

Zaporizhzhia 0.55 DS 0.52 DS
Zhytomyr 0.58 DS 0.50 DS/SA

Crimea 0.37 SA 0.28 SA

Forecasting the future development of climate aridity in Ukraine for the
period 2021-2030 based on data from 1991-2020 using the SARIMA method with
automatic determination of seasonality (which fluctuated within 3-6 years depending
on the region) indicates significant fluctuations in the climatic situation in different
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regions of the country. In most regions of Ukraine the preservation of the climatic
situation is likely to be observed, typical for the period 2011-2020, and further
progression of aridity is also possible (in particular, in the Kherson and Zhytomyr
regions) in some regions (L’viv, Khmelnitsky, Ternopol, Vinnitsa, Poltava, Sumy,
Odesa, Zaporizhzhya) one can expect the climate to change to a more humid that
will have a favorable effect on the crop production and the reduction of irrigation
needs (Table 3.2.8).

The map of the predicted level of the territory of Ukraine humidification level
for the period 2021-2030 is presented in Fig. 3.2.8. Compared with the map of the
period 2011-2020, a significant increase in moisture availability is noticeable in the
West of the country and in certain regions of the South and Northeast.

Fig. 3.2.8. Dynamics of aridity index by the regions of Ukraine by the data for
2011-2020 and predicted period 2021-2030
N P '
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1961-1990

1991-2020
Fig. 3.2.9. Irrigation requirements for different crops by the regions of Ukraine for
30-year periods

_ Obligatory for most crops

Required for the crops with high water demand
Required for the crops with extremely high demand for water

_ No need
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1991-2000

2001-2010

2011-2020

Fig. 3.2.10. Irrigation requirements for different crops by the regions of Ukraine

for 10-year periods
Obligatory for most crops
Required for the crops with high water demand
Required for the crops with extremely high demand for water

No need
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Compilation of irrigation requirements maps by the regions of Ukraine based
on the results of Soil Explorer surveys and the aridity index indicates an increase in
the need for artificial water supply to cultivated plants in most of the country. When
analyzing 30-year periods (1961-1990 and 1991-2020), the difference is practically
imperceptible. only a certain restructuring in the classification of regions (Fig. 3.2.9).
The analysis of 10-year periods indicates a gradual increase in irrigation needs in
almost all regions of Ukraine since 2001 (Fig. 3.2.10).

Therefore, currently, almost all the regions of Ukraine require irrigation to
one degree or another for sustainable crop production, except for a few western
regions (L’viv and Rivne regions do not need irrigation, Zhytomyr, Khmelnitsky,
Ivano-Frankivsk, Zakarpattia and Volyn regions will need irrigation only for the
crops with extremely high and specific needs for moisture supply — for example,
some vegetable crops, perennial grasses, grapes, some fruits, and berry crops). Until
the 2000s, irrigation was relevant only in the southern and central parts of the country,
now it is also relevant for the northern and eastern regions.

Considering the results of forecasting the further dynamics of the aridity level
in Ukraine until 2030, the irrigation requirements map for the period 2021-2030 will
have the following form (Fig. 3.2.11).

Fig. 3.2.11. Irrigation requirements for different crops by the regions of Ukraine
for the forecasted period 2021-2030

Markedly that the level of requirements for artificial humidification for
southern and central Ukraine will remain unchanged compared to the current period,
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but in the West and in the Poltava and Sumy regions, we can expect a decrease in
irrigation needs.

However, a significant discrepancy is observed between the actual
availability of irrigation systems and the possibilities of providing artificial
humidification with real needs for it. And the problem is not only in the lack of
irrigation systems, but also in their inadequate technical condition, improper use, as
well as the economic and legal aspects of regulating the conduct of reclamation
works and the provision of relevant services to agricultural producers, which in
aggregate is the main inhibiting factor of active and effective use of available
capacities in irrigated agriculture. As of 2019, of 2.17 million hectares of irrigated
land in Ukraine, only 532 thousand hectares received water, and this is only 24.5%.
Considering the established trends of increasing climatic drought on the territory of
Ukraine even under a favorable scenario, more than 50% of the country's territory
will require irrigation for effective crop production, and according to some forecasts,
up to 70% of arable land in Ukraine will suffer from a lack of moisture by 2050
(FOpuenko, 2021). According to some calculations, as 0f 2016, 18.7 million hectares
(60%) of arable land in Ukraine require permanent artificial moistening during the
cultivation of field crops to ensure a deficit-free moisture balance, another 4.8
million hectares (15%) are subject to periodic irrigation (Pomamienko Ta is., 2020).
That is, a total of about 75% of Ukrainian lands require irrigation. Pomamenko Ta iH.
(2015) noted that on the territory of the Steppe, namely on the lands of the Kherson,
Mykolaiv, Odesa and Zaporizhzhia regions, profitable cultivation of most crops is
possible only under irrigation conditions, which is currently the main factor and
driving force for ensuring the growth of agricultural productivity and stable
production of high-quality crop production.

According to our calculations for the period 2011-2020, intensive irrigation
for all types of crops cultivated in Ukraine (except for certain drought-resistant
species, for example, millet) is needed in the territory of 8 regions with a total area
of cultivated areas of more than 12 million hectares as of 2019 (excluding cultivated
areas in the Crimea). Another 8 regions with a total cultivated area of 9.37 million
hectares need moderate irrigation. Only 5 regions with a cumulative cultivated area
of 3.44 million hectares can grow field crops without using irrigation, which is
required there only for certain crops that are extremely demanding for moisture, and
only 2 regions have a sufficient level of moisture for all types of crops (1.29 million
ha). So, in 2019, more than 75% of arable land required irrigation, 42.9% of them
are intensive (CraructnuHuii mopiunuk Ykpainu 2019, 2020), which completely
confirms the data of Pomamenko Ta iH. (2020). So, irrigation requirements are now
met at best by 10%. and considering the low level of actual exploitation of existing
irrigation systems, then only by 2.5%. This is a catastrophically low level and if
measures are not taken to renew the full exploitation of the existing ones (first of all,
in the territory of the Kherson, Odesa, Mykolaiv, and Zaporizhzhia regions, where
1,084 thousand hectares or 49.75% of all irrigated lands of Ukraine are now located)
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and the construction and commissioning of new irrigation systems in the first turn
on the territory of the regions that are the most vulnerable to increasing aridity (in
the Kirovograd, Dnipropetrovsk, and Kharkov regions, where the actual area of
irrigated land is only 198.7 thousand hectares). In the coming decade, Ukraine may
experience the negative consequences of climate change and enter a collapse.
gradually transforming from a powerful agrarian state into one. which will not be
able to fully satisfy internal needs for crop production (Cumopenko Ta iH., 2016).

So, it is proved that irrigation under modern conditions of climatic
transformations is the main means of intensification and stabilization of crop
production in Ukraine, not only in its southern regions, which traditionally belonged
to the zone of risky farming, but also at the national level.

3.3. Operational reference evapotranspiration assessment as an
important precondition for smart irrigation

Rational planning of the irrigation regime is impossible without considering
the water balance, i.e., the difference between moisture income and consumption.
The main agrometeorological index, which is widely used in international practice
and is the basis for determining the amount of moisture consumption, is
evapotranspiration. The standard and most accurate method of its installation is the
lysimeter method, which involves the field installation of a special complicated tool
—alysimeter — to track the movement of moisture along the soil profile and its direct
losses. Calculation methods to determine evapotranspiration and their accuracy are
calibrated on the results of lysimeter measurements. The high cost, labor-
intensiveness, and need for specialized personnel limit the use of the lysimeter
method in scientific research works and do not make it possible to recommend it as
the main one for the mass production practice of irrigated agriculture, where the most
relevant are the much less expensive and easier-to-implement calculation methods
for the indirect determination of evapotranspiration (Kashyap & Panda, 2001).

Now there are several dozens of calculation methods for indirectly
establishing the value of potential or reference evapotranspiration (Cruff &
Thompson, 1967; Tabari et al., 2013). In this work, we will focus on 16 of them in
more detail.

1) Holdridge's method. One of the simplest methods for determining
potential evapotranspiration on an annual scale was widely used in climatology
(Holdridge, 1959). Calculations are performed according to formula 3.3.1:

E =58.93 X BT (3.3.1)
where: £ — annual evapotranspiration, mm; B7 — annual biological

temperature (it takes into account only positive temperatures above 0°C,
temperatures below 0°C are taken as 0°C).
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The disadvantage of the technique is the impossibility of using it for
operational scheduling of irrigation, as well as the need for calibration. When
comparing the results of the assessment of annual evapotranspiration in the Kherson
region for the period 1973-2019, calculated according to Holdridge and Penman-
Monteith (standardized FAO method, calculations were performed in the ET,
Calculator program), a discrepancy of 37.03% was obtained. With additional
calibration of the method using linear regression, the accuracy of the calculations
became acceptable - the error was 11.41%. At the same time, the equation changed
the coefficient from 58.93 to 96.38 (Boxerosa T1a iH., 2020). Thus, to improve the
accuracy of the estimate of annual evapotranspiration, the Holdridge equation must
undergo a coefficient refinement procedure for each individual region of Ukraine.

2) Hargreaves method. There are four equations developed for climatic
conditions with different levels of humidity. Hargreaves & Samani (1985) offer the
following options for calculations (3.3.2):

ET, = 0.408 X 0.0030 X (T, + 20) X (Thax — Tonin)®* X R
ET, = 0.408 X 0.0025 X (T, + 16.8) X (Tax — Tmin)*® X Rq

ET, = 0.408 X 0.0013 X (T, + 17) X (Tax — Tynin — 0.0123P)°76 x R,

ET, = 0.408 X 0.0023 X (T, + 17.8) X (Tax — Toin)**2* X Rq (3.3.2)

where: ET, — evapotranspiration, mm/day; P — precipitation, mm; T,, Tax
Tnin — average, maximum and minimum air temperatures, °C; R, — insolation income,
MIJ/m?/day.

The Hargreaves method is one of the most common methods of establishing
evapotranspiration for the needs of agricultural science. The equation is relatively
simple, and there are computer programs and mobile applications that integrate this
evapotranspiration estimation technique. However, it has a slightly lower accuracy
than the standardized FAO Penman-Monteith method, but at the same time requires
a much smaller set of input data, which determines the high popularity of the method
among farmers all over the world.

3) Thornthwaite's method. Developed in 1948 to estimate potential
evapotranspiration. The equation for the calculation looks like this (3.3.3):

10T

er = 1.6 X (-0)° (3.3.3)

where: er — evapotranspiration for 30-day period (daily evapotranspiration
cannot be assessed using this methodology), cm; 7 — average monthly air
temperature, °C; [ — heating index; ¢ — cubic function of /.
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This technique has a significant drawback — it requires obtaining a specific
meteorological index and is not suitable for daily calculations. However,
Thornthwaite provided a nomogram to facilitate the determination of
evapotranspiration from mean monthly temperatures, as well as tables of
approximate heat index values by month and latitude that are relevant to North
America (Thornthwaite, 1948). Therefore, an additional limitation is the need for
additional calibration of Thornthwaite's data nomograms and tables for the
conditions of Ukraine.

4) Lowry-Johnson method. It was developed to estimate annual
evapotranspiration. Calculations are made according to the formula (3.3.4):

E =0,00185H + 10.4 (3.34)

where: E — annual evapotranspiration, inches; H — effective heating amount,
which is determined as a sum of average daily temperatures above 32°F.

As it is evident, this method is not suitable for farmers for a number of reasons:
it is impossible to calculate daily evapotranspiration; the need to additionally
establish the effective heat index in unconventional units of measurement (Lowry &
Johnson, 1942).

5) The Blaney-Criddle method. It is interesting primarily because this
technique is aimed at calculating the amount of evapotranspiration for different types
of cultivated vegetation (reference evapotranspiration). The methodology was
developed after a number of field studies and measurements in the territory of the
West of the USA. Evapotranspiration is calculated using the formula 3.3.5:

TXp
100

E=K} (3.3.5)

where: E — evapotranspiration for a certain period of plants growth, inches;
K — empirical coefficient of water use by plants; p — percentage of insolation
relatively to the whole duration of the period; T — average monthly temperature, °F.

The technique was not widely used in practice because of its narrow
specificity. In special tabular appendices to the methodology, Blaney and Griddle
provide values of the percentage of duration of sunshine for each month of the year
in different latitudes of the West of the United States, as well as values of the crop
coefficient (Blaney & Griddle, 1950). However, the evaluation of the calculation
method proved its high accuracy and quality of model fit compared to the standard
one (Tabari et al., 2013).

6) Hamon's method. In 1961, the scientist formulated a simplified equation
for estimating potential evapotranspiration (3.3.6):
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ET = CDZPt (3.3.6)

where: Er — potential evapotranspiration, inches per day; C — empirical
coefficient (Hamon suggested it to be 0.55); D — insolation, hours; P, — absolute air
humidity, sg/m>.

As one can see, Hamon's method is interesting and practical for use in the
agricultural sector, as it allows daily determination of evapotranspiration. However,
it is worth admitting that it is not always possible to find the actual values of the
duration of sunlight and absolute air humidity (especially in centigrams) to perform
calculations. In addition, the empirical coefficient was calibrated by Hamon for US
conditions, so in other climates it is likely that additional calibration of its value is
required to ensure sufficient accuracy of the calculations (Hamon, 1961).

7) Schendel's method. One of the simplest methods of calculating
evapotranspiration, which does not require a large amount of hard-to-reach
meteorological data (3.3.7):

Ta

ET, = o

X 16 (3.3.7)
where: ET, — evapotranspiration, mm/day; 7, — average air temperature, °C;
RH — relative air humidity, %.

This technique is very convenient, but it is significantly inferior in accuracy
to other, more complex methods of calculating evapotranspiration (Tabari et al.,
2013).

8) The Jensen-Haise method. Developed in 1963 (Jensen & Haise, 1963). The
calculations are performed by the equation 3.3.8:

_ C7X(Tag—Tx)XRs

ET, .

(3.3.8)

where: ET, — evapotranspiration, mm/day; Cr— temperature constant (it is
usually taken as 0.025); 7, — average air temperature, °C; 7, — standardized
correction argument (it is taken as —3); R, — solar radiation, cal/cm?/day; A — latent
heat, calories per gran.

The model requires specific input data, in addition, its accuracy is not high, and
therefore practical application in agricultural production is limited (Tabari et al., 2013).

9) McGuinness & Bordne (1972) proposed another equation for
evapotranspiration assessment (3.3.9):

Rs
ET, = {(0.0082 x T, - 0.19) (;05)} x 2.54 (3.3.9)
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where: ET, — evapotranspiration, mm/day; 7, — average air temperature, °C;
R, — solar radiation, cal/cm?/day.

The McGuinness-Bordne equation requires only two input meteorological
indices, but according to the results of a study by Tabari et al. (2013) it is
distinguished by the lowest accuracy of evapotranspiration estimation (the error
reached 59.79% relative to the standard method), so it is not worth recommending it
for operational planning of irrigation in agricultural practice.

10) Irmak's method. It is the newest method of determining
evapotranspiration, proposed in 2003 (Irmak et al., 2003). The meteorological index
is estimated using the formula 3.3.10:

ET, = —0.611 + 0.149 X R, + 0.079 X T, (3.3.10)

where: ET, — evapotranspiration, mm/day; 7, — average air temperature, °C;
R; — solar radiation, cal/cm?/day.

The method is interesting; however, it differs in average accuracy and
requires calibration for specific agro-climatic conditions. It is rarely used in practice.
11) Dalton's method. The oldest method for evapotranspiration assessment

was developed back in 1802 (Dalton, 1802). The equation has the following form:

ET, = (0.3648 + 0.07223u) X (es — eg) (3.3.11)

where: ET, — evapotranspiration, mm/day: u — windspeed, m/sec; e; — vapor
saturation, GPa; e, — vapor pressure, GPa.

12) Meyer's method. The method was developed later than Dalton's equation, but
has many similarities in the principles of calculating evapotranspiration (Meyer, 1926), and
the equation is essentially a modification of that proposed by Dalton (3.3.12):

ET, = (0.375 + 0.05026u) X (es — €,) (3.3.12)

where: ET, — evapotranspiration, mm/day: u — windspeed, m/sec; e; — vapor
saturation, GPa; e, — vapor pressure, GPa.

13) Romanenko's method. In 1961, a Ukrainian researcher developed a
unique methodology for estimating evapotranspiration for monthly time periods
(Romanenko, 1961). The Romanenko equation does not require specific
meteorological input data to perform calculations, and its only drawback is the
impossibility of daily estimation of evapotranspiration, which is important for
operational planning of irrigation (3.3.13):
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ET, = 0.0018 X (T, + 25)2 x (100 — RH) (3.3.13)

where: ET, — evapotranspiration, cm/month: 7, — average monthly air
temperature, °C; RH — relative air humidity, %.

In general, Romanenko's method showed high accuracy of estimating
evapotranspiration compared to the standard (error of only 11.99%, or 0.28 mm/day),
which makes it promising for estimating monthly and annual evaporation (Tabari et
al., 2013).

14) Penman method. Further modification of Meyer and Dalton's methods by
Penman (Penman, 1948) resulted in the following equation, which, in a modified form,
became the basis of the internationally standard Penman-Monteith method (3.3.14):

ET, =035x (1+ 998/, 15 ) x (&5 — en) (3.3.14)

where: ET, — evapotranspiration, mm/day; u — windspeed, m/sec; e; — vapor
saturation, GPa; e, — vapor pressure, GPa.

In its first version, this approach could not boast of high accuracy of
evapotranspiration estimation, however, it turned out to be an extremely important
step towards the development of the Penman-Monteith method (Tabari et al., 2013).

15) Penman-Monteith method recommended by FAO. A standard and
internationally recognized method of evaluating evapotranspiration. One of the most
complicated methods in terms of calculations, which, based on the results of
numerous studies, provides the most accurate assessment of the meteorological
index. Calculations are made according to the formula 3.3.15:

900
ET. = 0.408A(Rn~G)+Y 71 573U2(es~€a) (3.3.15)

A+y(1+0.34U5)

where: ET, — evapotranspiration, mm/day; R, — pure insolation, MJ/m?*day;
G — soil heat output, MJ/m?/day; y — psychrometric constant, kPa/°C; e; — vapor
saturation, kPa; e, — vapor pressure, kPa; A — slope of the curve of vapor — air
temperature, kPa/°C; T, — average daily air temperature, °C; U, — average daily
windspeed on the height of 2 m, m/sec.

However, the disadvantage of the method, as well as most of the others listed
above, is the rather high complexity of calculations in the field without the presence
of specific computer programs (for example, ETo Calculator, CROPWAT, etc.,
where the method is integrated and you only need to enter the fields of the program
in the answer meteorological data), especially given the large arrays of
meteorological indices that are required to execute them in the corresponding
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software. Maximum accuracy is achieved due to taking into account in one equation
temperature parameters (methods of Thornthwaite, Blaney-Criddle, Schendel,
Hargreaves, etc.), radiation balance (methods of Jensen-Hayes, McGuinness-Bordne,
Irmak, etc.), as well as the movement of air masses (methods Dalton, Meyer, Penman,
Romanenko, etc.).

16) Priestley-Taylor method. Subsequently, scientists sought to simplify the
complex method of calculating evaporation. This is how a modification of the
standard Penman-Monteith equation appeared, known as the Priestley-Taylor
equation (Priestley & Taylor, 1972). A simplified calculation of evapotranspiration
is performed according to the formula 3.3.16:

_ _ARn—G)
ET,=«a A

(3.3.16)

where: ET, — evapotranspiration, mm/day; R, — pure insolation, MJ/m?%/day;
G — soil heat output, MJ/m?*day; y — psychrometric constant, kPa/°C; A — slope of
the curve vapor — air temperature, kPa/°C; a — empirical constant that accounts vapor
pressure deficit; A — volumetric value of latent heat at vapor formation, 2453 MJ/m°.

The Priestley-Taylor method generally correlates quite strongly with the
standard one, but in certain conditions (for example, in arid and semiarid climates,
in the winter period of the year, etc.) the results of evapotranspiration estimation can
differ significantly; the cumbersome Penman-Monteith method is an indisputable
standard (Akumaga & Alderman, 2019).

Simpler methods of evaluating evapotranspiration usually either do not differ
in sufficient accuracy, or require calibration for the conditions of Ukraine, or do not
provide an opportunity to evaluate evapotranspiration on a daily basis. Currently,
there is practically no alternative to the methodology recommended by FAO.
Specialized software for personal computers has been created to simplify the
calculation process. But there is still a need to have access to a number of input
meteorological indicators, which cannot be obtained at every weather station in
Ukraine; in addition, the use of a computer in the field cannot be considered
convenient and accessible to all agricultural producers. Of course, there are mobile
applications that automatically download up-to-date meteorological data from
international servers based on geolocation and perform the Penman-Monteith
formula calculation almost instantly. Among such smartphone applications, EVAPO,
a free application for Android and iOS smartphones for instant estimation of
evapotranspiration using the Penman-Monteith method based on automatically
downloaded meteorological data for a selected geolocation from NASA-POWER
servers, was developed by the Agrometeorological Research Group of the College
of Agriculture and Veterinary Sciences in Sdo Paulo, Brazil. The application has a
simple, clear English interface. The user selects the required location on the map or
using the built-in quick search, and after a few seconds receives actual
evapotranspiration data calculated from NASA-POWER data using the Penman-
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Monteith equation. In addition, a historical revision of the calculated values is
possible for a period of up to a month from the last date of calculations. To work,
the application requires a high-speed stable Internet connection (Fig. 3.3.1).

The study carried out by the developers of the mobile application testified
about the good precision of the model calculations (compared to the data obtained
at a stationary hydrometeorological station): the correspondence index was 0.67; the
coefficient of determination R’ was 0.72 (good quality of the fit of the model), the
mean square error MSE was 0.95 mm (Junior et al., 2019).

Fig. 3.3.1. Interface of the mobile app for operational evapotranspiration
assessment EVAPO

We evaluated the accuracy of evapotranspiration calculations in the EVAPO
mobile application in comparison with calculations for the same period based on
meteorological data of the Kherson regional hydrometeorological center in the ETo
Calculator program (Raes & Munoz, 2009). The research period covered the cold
period of 2020 (October-November) and the warm period of 2021 (May-August).
As a result of the research, it was established that the calculations performed in the
mobile application are not sufficiently accurate (Table 3.3.1), especially for the
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warmest period of the year, when inaccuracies in the calculations can significantly
affect the efficiency and accuracy of the appointment of irrigation dates and rates.
The assessment of the model for the entire period (warm + cold) as a whole proved
the good quality of the model fit, that is, the calculations in EVAPO well reflect the
dynamics of evapotranspiration changes, but the error remained very high - 88.75%
- which makes it impossible to directly use the mobile application for operational
irrigation planning.

Table 3.3.1
Evaluation of evapotranspiration assessment in the mobile app EVAPO in
comparison to ET, Calculator

. Warm period Cold period .
Statistical index (May-August) (October- Total period
November)
R 0.30 0.79 0.93
R’ 0.09 0.63 0.86
MAPE, % 41.43 137.02 88.75

Graphical approximation of the evapotranspiration calculation model
indicates the fact of its stable overestimation during evaluation using the EVAPO
mobile application in the warm period of the year, while no clear regularity has been
established for the cold period (Puc. 3.3.1).

Using the regression analysis of the obtained model data, a calibration
model was developed for calculating evapotranspiration in the EVAPO mobile
application. The refined calculation will have the form EVAPO x calibration
equation. The results of the regression analysis are shown in Table. 3.3.2-3.3.4,
according to which the equation for establishing evapotranspiration in EVAPO has
the form (3.3.17):

ET, = —0.6121 + 1.3038EVAPO — 0.0664EVAPO? (3.3.17)
where: ET, — evapotranspiration, mm/day; EVAPO — evapotranspiration
calculated in the mobile app EVAPO, mm/day.

Table 3.3.2
Regression statistics of the calibration equation for enhancement of EVAPO
performance

Statistical index Value

R 0.9467

)i 0.8962

R i 0.8941

MSE 0.7009
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Fig. 3.3.1. Visual approximation of the model for evapotranspiration assessment in
the mobile app EVAPO and ET, Calculator
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Table 3.3.3
ANOVA for the calibration equation for the enhancement of EVAPO performance
Index d.f. SS MS F p-value
Regression 2 415.8572 207.9286 423.2344 0
Residuals 98 48.1459 0.4913
Sum 100 464.0031
Table 3.3.4

Parameters of the calibration equation (second grade polynomial) for the
enhancement of EVAPO performance

Index s SE LCL UcCL t-stat p-value
Constant - 0.2076 - - —2.9485 0.0040
0.6121 1.0241 | 0.2001
EVAPO 1.3038 | 0.1119 | 1.0816 | 1.5259 | 11.6464 0
EVAPO? - 0.0114 - - -5.8156 | 7.5776x10%*
0.0664 0.0890 | 0.0437

The graph of the approximation of the calibrated model

of

evapotranspiration calculations in the EVAPO mobile application is presented on

Fig. 3.3.2.

N W A L N

ETO0 Calculator

EVAPO

10

Fig. 3.3.2. Approximation of the calibrated model for the enhancement of EVAPO
performance comparing to ET, Calculator
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The results of the statistical evaluation showed a significantly higher
accuracy of the evapotranspiration estimation: the MAPE of the calibrated model for
the study period was 47.52%, or 41.23% less than for the pure estimation in the
mobile application. However, this amount of error still does not allow
recommending even a calibrated EVAPO application for use in the warm period of
the year for setting the timing and rates of irrigation (JIuxoBun Ta iH., 2020;
Boxerosa & Jluxosun, 2021).

Therefore, the issue of developing a mathematical model based on the
standard Penman-Monteith equation, which would allow to quickly and with
sufficient accuracy to determine the amount of evaporation in field conditions, while
using a minimum of technical means and scarcely available meteorological indices,
is relevant to ensure the rational and maximally productive use of irrigation.

To solve this problem, an array of archival meteorological data was analyzed
at regional stations for the period 1971 to 2020 was analyzed to estimate monthly
evapotranspiration, calculated according to the standardized FAO Penman-Monteith
method using indicators of minimum, maximum and average air temperatures, wind
speed, duration of sunshine radiance and relative air humidity, for each of the regions
of Ukraine (except Donetsk region and Luhansk region). The analysis was carried
out based on the results of the calculations for the period of the year with a
temperature above 0 ° C, since the main moisture losses associated with the growth
and development of agricultural crops and their irrigation occur during the warm
period of the year with positive air temperatures. Empirically, it was established that
air temperature has the highest degree of influence on the amount of evaporation,
while other meteorological indices are of secondary importance and have a
significantly smaller effect on the results of the calculated estimate of
evapotranspiration. At the same time, air temperature is the most widely available
meteorological indicator, which is reflected in all meteorological data and reports,
and therefore is the most convenient and promising input index for operational
assessment of evapotranspiration under field conditions. Therefore, based on
regression analysis of long-term data on evapotranspiration and average air
temperature for each region of Ukraine, mathematical models were developed for
estimating evaporation by the value of the latter, which allows determining
evaporation based on only one input meteorological indicator. Similar work on
simplifying the estimation of evapotranspiration was previously carried out by
Rahimikhoob (2010) using the values of minimum, maximum temperature, and
incoming solar radiation as input parameters. However, the significant drawback is
not so much a larger number of input indices as the use of an artificial neural network,
which automatically makes it impossible to derive an equation for calculations. The
technique can be considered a derivative of the Hargreaves technique, which
requires the same input data to perform calculations (Hargreaves & Samani, 1985).
The work of Zanetti et al. (2007) proves the possibility of valid and reliable
estimation of evapotranspiration using a neural network only with the input
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parameters of minimum and maximum air temperatures in the territory of Campus
dos Goitacazis, state of Rio de Janeiro, Brazil. In addition, it is important to consider
the fact that it is impossible to develop a single approach for estimating
evapotranspiration with a limited set of input data because it is impossible to
consider such parameters as the elevation of the territory above sea level, the
parameters of the movement of air masses and the arrival of insolation, etc.
Therefore, the calculation of evapotranspiration based on limited input data must be
developed separately for each homogeneous territory in terms of meteorological
parameters, in our case - for each separate region of Ukraine. Although it is worth
noting the low degree of variation in the dependence of the value of reference
evapotranspiration on the value of the average air temperature - the coefficient of
variation was 0.0745 (or 7.45%). But the variation of the root mean square error by
regions was significant - 62.50% - which makes it impossible to unify the calculation
model for the territory of Ukraine as a whole.

The developed mathematical models and basic regression statistics regarding
their accuracy and quality of fit are presented in Table. 3.3.5. As can be seen, for
each region, the set of input data for building the model was different, which is
associated with differences in the temperature regime and the different duration of
the warm period of the year in each region. The maximum set of input data was for
Crimea (549 pairs), the minimum was for Mykolaiv Oblast (355 pairs).

The models are characterized by sufficiently high accuracy (MAPE value in
the range of 20-32%) compared to analogues (for example, the EVAPO mobile
application with MAPE error of 88.75% or 2.8-4.4 times lower without calibration,
and MAPE 47.52% or 1.5-2.4 times lower — in the case of additional calibration of
the estimated value). The maximum value of the mean square error MSE (1.62 mm)
and the average absolute error in percentage of MAPE (31.16%) is recorded for the
model of Rivne region, the minimum value of MSE (0.29 mm) is recorded for
Zakarpattia region, and the minimum value of MAPE (20.41 %) — for the Kirovograd
region, respectively. In most regions of Ukraine, MSE ranges from 0.30 to 0.40.

All the developed models for calculating evapotranspiration based on the
value of the mean air temperature have a very high quality of fitting to the reference
equation of Penman-Monteith, which confirms the value of the predicted coefficient
of determination in the range of 0.90-0.98. The analysis of the developed
mathematical models made it possible to establish that the maximum increase in
evapotranspiration with increasing air temperature can be expected in the Rivne,
Kirovograd, Dnipropetrovsk regions and the Steppe zone of Crimea. While minimal
changes can be expected in Odesa, Kyiv, Zakarpattia, and Volyn regions.

It is important that the models created by regression analysis consider the
regularities of the conjugate change in the parameters of wind speed, air humidity,
solar energy input and other parameters of the full Penman-Monteith equation for
automatic assessment of the probable set of effects of the above meteorological
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factors on the level of evapotranspiration at a certain temperature (according to p-

value < 0.05).

Table 3.3.5

Mathematical models for evapotranspiration (mm) assessment in the regions of

Ukraine using the average air temperature T (°C)

Region (Oblast) Equation | MAPE R | Ry | N | MSE
Cherkasy 0.2413xT | 23.95% | 098 | 0,96 | 413 | 048
Chernivtsi 0.2438xT | 23.61% | 098 | 0,97 | 475 | 0,35
Chernihiv 0.2461xT | 21.72% | 0.99 | 0,97 | 413 | 031

Dnipropetrovsk 0.2609xT | 20.87% | 0.99 | 0,98 | 429 0,37

Ivano-Frankivsk 0.2534xT | 24.12% | 0.98 | 0,96 | 442 | 0,39
Kharkov 0.2401xT | 21.33% | 0.99 | 0,98 | 431 0,31
Kherson 0.2473xT | 31.13% | 098 | 0,96 | 477 | 0,62

Khmelnitsky 0.2537xT | 22.62% | 0.99 | 0,97 | 426 | 0,34
Kirovograd 0.2654xT | 20.41% | 0.99 | 098 | 426 | 0,35
Kyiv 0.2262xT | 23.77% | 0.99 | 0,97 | 457 | 031
L’viv 0.2466xT | 2431% | 098 | 0,96 | 467 | 035
Volyn 0.2212xT | 26.71% | 0.98 | 0,96 | 406 | 0,35
Mykolaiv 0.2424xT | 28.96% | 0.98 | 0,96 | 355 | 0,60
Odesa 0.2138xT | 30.71% | 0.98 | 0,97 | 535 | 0,35
Poltava 0.2388xT | 22.36% | 0.99 | 0,97 | 417 | 0,33
Rivne 0.3023xT | 31.16% | 0.95 | 0,90 | 438 1,62
Sumy 0.2540xT | 20.97% | 0.99 | 0,98 | 398 | 0,31
Ternopol 0.2562xT | 22.49% | 098 | 0,97 | 424 | 0,34
Zakarpattia 0.2248xT | 25.44% | 0.99 | 0,97 | 515 | 0,29
Vinnitsa 0.2573xT | 22.42% | 0.99 | 0,97 | 449 | 0,34
Zaporizhzhia 0.2499xT | 26.46% | 0.99 | 0,97 | 447 | 040
Zhytomyr 0.2362xT | 26.60% | 0.98 | 0,96 | 427 | 0,46
Crimea (except for
coastal and 0.2711xT | 24.02% | 099 | 0,97 | 549 0,46
mountainous regions)
Coefficient of
variation CV 0.0745 0.6250

In addition, the validation of mathematical models was performed on data
that were not included in the training array (data of average monthly
evapotranspiration in the regions of Ukraine, calculated according to the Penman-
Monteith method, for the year 2021). The results are shown in the Table 3.3.6.
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In the validation group of data, the coefficients of correlation and
determination ranged from 0.92 to 0.98 and 0.84 to 0.95, respectively (minimum —
for L’viv region, maximum — for Mykolaiv region), which indicates a high quality
of model curve fitting. The average absolute error of MAPE for most regions of
Ukraine was within 10-20%, the maximum was for Zhytomyr region (26.24%) and
the minimum for Mykolaiv region (8.96%). Thus, the validation of
evapotranspiration calculation models proves their high quality and accuracy since
the calculation errors on the validation dataset were even lower than on the training
dataset. Therefore, the developed mathematical models can be recommended for use
in agricultural science and practice.

Table 3.3.6
Validation of the mathematical models for evapotranspiration assessment by the
regions of Ukraine using average air temperature (for the meteorological data of 2021)

Region (Oblast) MAPE R R’ N
Cherkasy 13.45% 0.97 0.94 9
Chernivtsi 15.43% 0.94 0.89 9
Chernihiv 16.81% 0.97 0.94 9
Dnipropetrovsk 12.90% 0.97 0.95 9
Ivano-Frankivsk 18.25% 0.93 0.86 9
Kharkov 12.51% 0.97 0.95 9
Kherson 15.04% 0.96 0.93 10
Khmelnitsky 16.60% 0.95 0.90 9
Kirovograd 12.69% 0.97 0.94 9
Kyiv 18.64% 0.95 0.90 9
L’viv 19.07% 0.92 0.84 9
Volyn 15.07% 0.94 0.89 9
Mykolaiv 8.96% 0.98 0.95 9
Odesa 20.31% 0.95 0.90 11
Poltava 15.71% 0.96 0.92 9
Rivne 23.34% 0.94 0.89 9
Sumy 17.90% 0.97 0.94 9
Ternopol 17.03% 0.95 0.90 9
Zakarpattia 24.08% 0.94 0.88 11
Vinnitsa 15.87% 0.97 0.94 9
Zaporizhzhia 15.04% 0.96 0.93 9
Zhytomyr 26.24% 0.93 0.87 9
Crimea (exc.ept for cqastal and 18.01% 096 0.92 1
mountainous regions)
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Validation of the mathematical models developed for daily periods for 2021weather
data, performed at typical weather stations of the main agroclimatic zones of Ukraine according
to the classification of Iomyman Ta iH. (2003), indicates a reasonable level of the models’
reliability, which largely depends on the zone. The maximum precision is observed for the
Steppe regions of the country, whereas the calculations for the Forest zone have significantly
lower predictive and simulation accuracy (Table 3.3.7).

Table 3.3.7
Validation of the mathematical models for evapotranspiration assessment by the major
agro-climatic zones of Ukraine using average air temperature (for the meteorological
data of the typical meteorological stations recorded in 2021)

Agroclimatic zone MAPE R R’ N

Dry Steppe 18.58% 0.93 0.86 322
Southern Moderately Dry Steppe 18.07% 0.93 0.87 321
Northern Steppe 20.69% 0.92 0.84 300
Forest Steppe 20.86% 0.91 0.83 303
Polissia 22.22% 0.92 0.86 299
Forest 25.50% 0.91 0.82 325

It is obvious that the accuracy and quality of the estimated evapotranspiration
depends on the location by geographic latitudes: calculations made for southern latitudes
are much more accurate than those made for northern latitudes. The more northerly the
calculation geographical point is, the lower the accuracy of the meteorological index
estimate is.

For greater convenience of evaluating evapotranspiration in field conditions, a
free online application "ETo Calculator Ukraine" was created in the format of an
electronic interactive table based on the Zoho processor (Fig. 3.3.3). The calculator
allows you to estimate evapotranspiration in the selected region or regions of Ukraine by
filling in cells with the value of the average air temperature, has a simple and clear
working interface like a Microsoft Excel spreadsheet processor.

The "Help" menu provides a brief description of the essence and accuracy
parameters of the method, provides material for the correct interpretation of the results
of evapotranspiration assessment (minimum, average, or maximum value) taking into
account such parameters as wind speed (0-3.3 m/s - calm light wind; 3.4-5.4 m/s - weak
wind; 5.5-7.9 m/s - moderate wind according to the Beaufort scale described by
Monmonier (2005)), as well as air humidity level (<50% - low; 51-59% - reduced; 60-
70% - normal; 71-89% - increased; >90% - high) (Ecology. Handbook), which
additionally affect the level of evaporation according to the pattern - higher wind speed
results in higher probability of the maximum value of evapotranspiration, while this
pattern is reversed for relative air humidity. The application «ETo Calculator Ukraine»
is free to access via https:/sheet.zohopublic.eu/sheet/published/7290q9c2bb5
le88ed4acaa80c46db53bfbof0 for online computations.
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In addition, a mobile version of the application for smartphones based on the
Android OS — Evapotranspiration Calculator (Fig. 3.3.4) is additionally available for
download in the Play Market. The application is trilingual (Ukrainian, English,
Russian) and has an intuitive interface and help for the correct interpretation of
calculation results.

Fig. 3.3.4. Interface of the mobile app Evapotranspiration Calculator (Ukraine)
Conclusions to Chapter 3

1. The analysis of time series of weather conditions in the Kherson region
confirms the existence of certain risks to the increase in the aridity of the climate in
the region. Thus, the results of forecasting the climate aridity index in the region
until 2050 indicate the possibility of the territory transitioning to an extremely arid
one — the index will be 0.22. Given the growing aridity in the Kherson region,
irrigation will become more and more important for stabilizing plant products, which
is confirmed by the results of the analysis of the level of productivity of arable land
in the region in recent years against the backdrop of increasing air temperature and
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evaporation. It has been proven that one in the fundamental factors of ensuring the
stability of the production of the main agricultural crops in the region is the increase
in the use of irrigation water, since artificial humidification allows to neutralize the
negative impact of the arid climate. In the future, it is necessary to increase irrigation
capacities in the region due to the reconstruction of previously built and construction
of new irrigation systems at the local and regional level.

2. The increase in the average annual air temperature on the territory of
Ukraine as a whole, which is especially clearly visible in the last decade, has been
proven. It is predicted that in the period 2021-2050, the average annual temperature
on the territory of Ukraine may reach +11.1-11.2°C. In order to assess the current
and prospective regimes of irrigation on the territory of Ukraine, a combined
methodology for the classification of the territory according to the need for irrigation
was developed, taking into account the requirements for moisture supply of various
agricultural crops. Based on the results of the assessment of climate regimes and soil
moisture regimes, aridity maps and maps of irrigation needs by regions of Ukraine
for different time periods were created for a convenient spatial assessment of climate
changes and their impact on the state's moisture supply. The most dynamic climatic
changes over the past 30 years occurred in Chernihiv, Kharkov, Sumy, and Vinnitsa
regions, the lowest intensity of climatic changes was noted in Kherson, Volyn,
Mykolaiv, Odesa, Poltava, and Zaporizhzhia regions. The strongest increase in
aridity is observed in regions of Ukraine as Chernivtsi, Khmelnitsky, L’viv, Sumy,
Ternopol, Vinnitsa, Zhytomyr (mainly the northern and western regions of the
country), while less intense dynamics are characteristic of regions such as Kherson,
Mykolaiv, Odesa, Zaporizhzhya, Dnipropetrovsk and Volyn regions, that is, the
southern territories of Ukraine. Forecasting the further development of climate
aridity in Ukraine for the period 2021-2030 based on data from 1991-2020 shows
that while in most regions of Ukraine there is a likely trend toward preservation of
the climatic situation typical for the period 2011-2020, as well as a further
progression of aridity (in particular, in the Kherson and Zhytomyr regions), in some
regions (L’viv, Khmelnitsky, Ternopol, Vinnitsa, Poltava, Sumy, Odesa,
Zaporizhzhia regions) we can expect the climate to change to a more humid and
favorable one. Analysis of 10-year periods indicates a gradual increase in irrigation
needs in almost all regions of Ukraine since 2001. Today, almost all regions of
Ukraine, except for a few western regions, have a need for irrigation to one degree
or another for stable crop production (L’viv and Rivne regions do not need irrigation,
Zhytomyr, Khmelnitsky, Ivano-Frankivsk, Zakarpattia and Volyn regions need
irrigation for growing crops with high and specific needs for moisture supply). If
until the 2000s, white irrigation was relevant only in the territory of the southern and
central regions of the country, then today it is also relevant for the northern and
eastern regions. At the moment, irrigation needs in Ukraine are met by 10%, and
taking into account the low level of actual operation of irrigation systems, by 2.5%.
This is a catastrophically low level, so it is necessary to take measures to restore the
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full exploitation of existing ones (first of all, in the territory of Kherson, Odesa,
Mykolaiv, Zaporizhzhia regions, where 1,084,000ha or 49.75% of all irrigated lands
of Ukraine) and the construction and commissioning of new irrigation systems
primarily in the territories of the regions most vulnerable to increasing aridity (in the
Kirovograd, Dnipropetrovsk, Kharkov regions, where the actual area of irrigated
land is only 198.7 thousand hectares).

3. Determination of evapotranspiration is a necessary prerequisite for rational
management of crop irrigation regimes and optimization of irrigation water use. To
date, scientists and specialists from all over the world have developed several dozen
different methods of indirect calculation estimation of both potential and reference
evapotranspiration for different time intervals and using various agrometeorological
indices as input parameters. FAO standardized as a reference equation of Penman-
Monteith, and several software products were developed and implemented to
perform calculations in automatic mode on a computer — ETo Calculator,
CROPWAT. However, the need for a large amount of hard-to-reach input
meteorological data makes the Penman-Monteith method not always possible and
convenient to use. Mobile applications, for example, EVAPO, designed to quickly
determine evapotranspiration based on geodata using cloud services and
meteorological servers, do not differ in high accuracy. By means of mathematical
analysis based on the assessment of the array of complete meteorological data for
the regional stations of Ukraine in the period 1971-2020, simplified models for
estimating reference evapotranspiration were developed based on the Penman-
Monteith method using the values of the average air temperature as the main input
parameter (others are estimated conjugated according to temperature changes).
Statistical analysis and validation of the models based on the data of 2021 proved
their sufficiently high quality and accuracy, the possibility of implementation in
agricultural science and practice. To simplify calculations and provide additional
reference information, an online application "ETo Calculator Ukraine" has been
developed based on the Zoho spreadsheet cloud processor and is available to a wide
audience interested in estimating reference evapotranspiration by temperature
regime. Additionally, for the greater convenience of owners of devices based on
Android OS, the Evapotranspiration Calculator has been developed with an intuitive
interface for evaluating the reference evaporation rate.
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CHAPTER 4
AGRICULTURAL LAND USE AND CROP PRODUCTION PRACTICES
IN THE CONTEXT OF GLOBAL WARMING

4.1. Greenhouse gases, ozone, and global warming

Global climate warming is a gradual increase in the temperature of the surface
layer of the atmosphere and the world ocean, which, according to scientists, began
in the middle of the twentieth century. According to the data from the
Intergovernmental Panel on Climate Change (IPCC), the air temperature in the
surface zone during the period 1900-2000 increased by 0.74+0.18°C. It is believed
that the most likely reason for the increase in global temperature in the 20th and 21st
centuries is a rapid increase in the concentration of greenhouse gases (GHQG) in the
atmosphere (Rose et al., 1984), which at a certain stage causes the appearance of the
so-called "greenhouse effect", which has been known since 1827 and was studied by
a number of scientists who discovered the potential ability of a number of
atmospheric gases, when they reach a certain concentration, retain thermal radiation
and contribute to the accumulation of thermal energy in the surface layer. Carbon
dioxide COg, nitrogen oxide N,O, methane CH4 are considered the main greenhouse
gases. Recently, halogenated organic compounds, sulfur hexafluoride SF6, belong
to the GHG category. However, the greatest role in the formation of the greenhouse
effect and related changes in climate and weather phenomena belongs, according to
scientists, to CO, emissions with a share of influence reaching 80% (Lashof & Ahuja,
1990). In addition, more and more attention is paid to the climate-forming effect of
the less studied in terms of the impact on global warming of gases, such as, for
example, ozone. In addition to GHG and ozone, aerosols remaining in the
atmosphere, changes in land use, changes in solar activity, volcanic activity, etc.,
have a significant contribution to climate change (Wallington et al., 2009).

Experts emphasize that the mechanisms of natural cooling of the atmosphere,
related to the regulation of solar radiation and the activity of volcanoes, are no longer
able to effectively regulate the climate, especially since the beginning of the 1950s.
The reason for this is the intensification of anthropogenic activity, which leads to
GHG emissions into the atmosphere. The rapid increase in the rates and volumes of
GHG emissions into the atmosphere because of anthropogenic activity under various
scenarios of process development (mainly, under different degrees of intensity of
GHG emissions from the industrial and agricultural spheres of the economy) predicts
a further increase in the average global air temperature to +1.1...6.4°C at the end of
the XXI century. At the same time, global warming, according to scientists, is a
process that cannot be stopped, at least within the next 80-100 years, because even
with absolutely zero emissions, the accumulation of GHG in the atmosphere now
reaches values such that it is impossible to expect restoration of thermal balance in
the surface air layer (Haldar, 2011).

118



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

Currently, there is no consensus on the prospects for the further development
of global warming, the factors affecting it, and the levers for regulating and
restraining the process. Only the fact of the existence of the problem of excessive
accumulation of thermal energy remains indisputable. Thus, the analysis of data on
the average annual global air temperature over the past 271 years (Fig. 4.1.1) shows
the existence of a clear trend towards a stable transition of the average annual
temperature above +8°C starting from 1908 (1907 is the last year for the period 1750-
2020 with a temperature below +8°C, which was +7.95°C), and a stable transition
above the +9°C occurred 86 years later - in 1994 (1993 is the last year with an air
temperature below +9°C — +8.87°C). It is worth noting that the modal (the one that
occurs most often in the data set) air temperature for the studied period is +8.22°C,
and the medians (average temperatures) for 50-year periods (the last period is 21
years) are: 1750-1799 — +8.22°C; 1800-1849 — +7.89°C; 1850-1899 — +8.13°C;
1900-1949 — +8.48°C; 1950-1999 — +8.80°C; 2000-2020 — +9.60°C. It is noticeable
that the median global average annual temperature has started to increase since the
period after 1950, which coincided with the rapid development of industry, the
beginning of the so-called third industrial revolution (Conogiios, 2017).
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Fig. 4.1.1. Dynamics of global average annual air temperature in Celsius degrees
for the period 1750-2020
Solving the issue of finding the causes and features of the influence of

atmospheric factors on the process of climate change is necessary, since only a
correct understanding of these laws can give impetus to the development of rational
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measures to control the process of changing meteorological conditions. The need to
solve this problem as quickly as possible to ensure sustainable development of
agricultural production, as one of the most vulnerable to climatic stresses and
changes in the economic sectors, which is an integral component of the food security
system (Cline, 2008), is especially acute. The purpose of our research is to establish
the nature and strength of the relationship between the concentration of GHG and
ozone in the atmosphere with the process of a gradual increase in air temperature, to
establish the peculiarities of the regulation of the temperature regime of the planet
due to changes in the composition of atmospheric air, the role of each GHG in
climate changes, and on the basis of the results obtained to propose effective
mechanisms of resistance to global warming in modern conditions.

The analysis of data on the global average annual temperature of the surface
layer and the composition of the atmosphere for the period 1750-2020 demonstrated
the presence of a clear trend towards a gradual increase in temperatures and GHG
concentrations (the concentration of the main GHGs is expressed in ppm and ppb,
the ozone concentration is in DU, Dobson Units), which is shown in Fig. 4.1.2-4.1.6
(for the concentration of ozone and the area of the ozone hole in million km2,
calculations were made for the period 1979-2020). At the same time, negative trends
towards a decrease in ozone concentration and an increase in the ozone hole were
noted (Table 4.1.1).
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Fig. 4.1.2. Dynamics of CO; concentration (ppm) in the atmosphere for the period
1750-2020
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Fig. 4.1.4. Dynamics of N:O concentration (ppb) in the atmosphere for the period
1750-2020
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Table 4.1.1
Results of Mann-Kendall and Sen’s slope test for global average air temperature and
greenhouse gases concentration for the period1750-2020

Statistical Greenhouse gases concentration Air Ozone
indices CO; N,O CH4 O3 temperature hole
alpha 0.05 0.05 0.05 0.05 0.05 0.05
MK-stat 10732 3916 3902 -239 18316 295
s.e. 621.53 282.18 282.18 89.03 1491.16 89.03
z-stat 17.27 13.87 13.82 -2.67 12.28 3.30
8.55x10" | 9.09x10" | 1.81x10" | 0.0075 | 1.13x1034 | 9.59x10-
p-value 67 44 43 5
trend yes yes yes yes yes yes
slope 0.6758 0.7865 | 15.9271 - 0.0055 0.3460
1.2686
lower 0.6143 0.7625 | 14.4635 - 0.0047 0.1286
2.2286
upper 0.7439 0.8135 | 17.0567 | —0.275 0.0063 0.5368
Direction
of trend i T T l i i

In addition, trends were determined regarding a very important, in our opinion,
parameter of influence on the climate of the planet, the area of the ozone hole. An ozone
hole is an area with an ozone concentration of less than 220 DU between the earth's
surface and space (NASA, 2021). The hole was first recorded and described in the
scientific literature in 1985 (Farman & Gardiner, 1985), and it remains a kind of zerra
incognita for modern science. The role of the ozone hole in climate regulation,
particularly in the Southern Hemisphere, is beyond debate (Son et al., 2009; Solomon,
2019), as is the impact of significant ozone depletion on biological entities such as plants
and animals that sensitive to an increase in the amount of incoming short-wave ultraviolet
radiation (Mayer, 1992; Bjorn, 1996; Sinha et al., 1999; Xiong & Day, 2001). Although
it is believed that the ozone hole is a product of irrational human activity, it is predicted
that, under a favorable scenario, we can expect its complete recovery from 2068 if
measures are taken to reduce the emissions of ozone-depleting substances and the
number of spacecraft launched into Earth orbit (Newman et al., 2006). However, the role
of ozone hole size in global climate regulation may be underestimated by the scientific
community, although this understanding is widespread among the public, such as the
student community (Kilinc et al., 2008). It is worth noting that even skeptics recognize
the need to restore the ozone layer and the ozone hole due to the great importance of
ozone concentration in ensuring global environmental sustainability (Fang et al., 2019).

According to the results of statistical calculations, a tendency was established
to increase the area of the ozone hole with a simultaneous decrease in the presence
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of ozone in the atmosphere. Thus, it is hypothetically possible to assume that GHGs
can be an additional reason for the decrease in the protective properties of the
atmosphere because the decrease in ozone concentration and the increase in the area
of the ozone hole make the Earth less protected against the penetration of the
ultraviolet spectrum of solar radiation, which negatively affects ecosystems (Gotz,
1951). In recent years, it has been proven that the decrease in ozone concentration is
closely related to human use of certain chemical compounds that have a destructive
effect on ozone in the air, mainly aerosols and cooling agents (Bolaji & Huan, 2013).
Therefore, anthropogenic activity leads not only to an increase in the concentration
of GHG, but also to the destruction of the protective layer of the Earth's atmosphere.

Correlation analysis of the relationships between the concentration of the studied
greenhouse gases and air temperature, as well as between the area of the ozone hole and
air temperature, proved the existence of close relationships (Table 4.1.2).

Table 4.1.2
Correlation between the greenhouse gases and ozone concentrations, ozone hole
area and global air temperature

.. IInoma
SFatl.stlcal CO; N.O CH4 O3 030HOBOT
indices ;
Jipu
R 0.8366 0.8630 0.8351 —0.3964 0.4675
R’ 0.6999 0.7447 0.6975 0.1572 0.2186

In addition, we determined the degree of negative impact of excessive
concentration of the main greenhouse gases on the preservation of the ozone layer
and the "healing" of the ozone hole (Table 4.1.3).

Table 4.1.3
Correlation between the greenhouse gases, ozone concentrations,
and ozone hole area

Statistical indices | CO, | N>O | CH,
Ozone hole area
R 0.5327 0.5605 0.7377
R’ 0.2838 0.3141 0.5444
Ozone concentration
R —0.4563 —0.4957 —0.6991
R’ 0.2082 0.2457 0.4888

It is interesting that the most popularized and present in the maximum
concentration in the atmosphere carbon dioxide takes only the second place in
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determining the increase in global air temperature, while the first place is occupied
by nitrogen oxide, and the third place by methane. A sufficiently strong directly
proportional correlation dependence (R > 0.69) was established between the increase
in the GHG concentration and the increase in global air temperature. Therefore, the
main concern of the scientific community and practitioners at this stage should not
be CO», but N,O, which is reliably (the confidence interval of the calculations is
95%) the most dangerous from the climatological point of view. At present, it has
already been proven that the emission of nitrogen oxide can be no less dangerous
than the emission of carbon dioxide (Crutzen et al., 2007), and our results only
confirm this hypothesis. The level of nitrogen oxide and methane emissions cannot
be neglected, focusing all attention only on carbon dioxide as the most common
GHG, because such an approach will not give the desired results in the policy of
reducing the risks of a rapid increase in global air temperature, which was proven by
the scientific work of Mosier et al. (2003).

A moderately weak degree of correlation was established for the pairs "ozone
concentration — global air temperature" and "ozone hole area — global air temperature” (|R|
= 0.40-0.47). That is, the decrease in the concentration of ozone in the atmosphere, the
depletion of the ozone layer and the increase in the ozone hole area partially (determination
within the range of 15-22%) determine the increase in global air temperature and to some
extent can be considered additional levers of atmospheric promotion of the further
development of global warming along with the main greenhouse gases. Therefore, it is
worth considering maintaining and renewing the optimal concentration of ozone in the
atmosphere, which can be achieved by reducing emissions of ozone-depleting substances
(primarily aerosols, cooling agents, methane, etc.), which can be achieved in the field of
agricultural production by reviewing current practices in the production of plant products.
Although most scientists are skeptical about the role of the ozone layer in global warming
and even claim the opposite ideas, namely that ozone increase in the concentration in the
atmosphere will cause not a decrease but an increase in air temperature, we have evidence
that the destruction of the ozone layer and an increase in the size the ozone hole may be one
of the reasons for the increase in global air temperature, and restoring the concentration of
ozone in the atmosphere and closing the ozone hole will make it possible to reduce the rate
of temperature increase (Abdullah et al., 2017).

In addition, a strong inverse correlation was established between the concentration
of ozone in the atmosphere and the area of the ozone hole (R —0.9770, R? 0.9546), which
indicates that it is impossible to hope for the “healing” of the latter if there is not the problem
of restoring enough ozone in the atmosphere has been solved.

Regarding the role of greenhouse gases in the formation of the ozone layer, a
medium degree of association with ozone concentration and ozone hole area is found
for carbon dioxide and nitrogen oxide, while a strong association is found for
methane. Therefore, methane has the greatest negative impact on the ozone layer,
while carbon dioxide has the least impact among the studied greenhouse gases. Thus,
one of the links of additional influence on the improvement of the atmospheric
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composition of the air, which can potentially lead to a significant restraint on the
further development of global warming, is the struggle to minimize methane
emissions into the atmosphere from industry and agricultural activities. An
important stage of work in this direction is the determination of the influence of the
main practices of crop production and the characteristics of land use on the emission
level of each GHG to determine the strategic directions of reducing their emissions
into the atmosphere from the agrarian sector of the economy. According to the
results of studies, the most important factors in regulating GHG emissions in the
agricultural sector include the method of soil tillage and the depth of plowing (Bayer
et al., 2012; Abdalla et al., 2013), application rates and types of fertilizers and
pesticides used (Johnson et al., 2012; Zhang et al., 2016), intensification of
agricultural technology due to the involvement of high-energy machines and tractors
(Neue et al., 1996).

The regression model of the global air temperature dependence on the
concentration of greenhouse gases, ozone, and the ozone hole area, which helps
better understanding of the processes in formation of the temperature regime
depending on the composition of the atmosphere, has the form (4.1.1):

GAT = 0.0010CH, + 0.0167N,0 + 0.0045C0, +
+ 0.01090HA + 0.00360; (4.1.1)

where: GAT — global air temperature, °C; CH4, N>O, CO;, O3 — concentrations
of the corresponding greenhouse gases (ppb for nitrogen oxide and methane, ppm
for carbon dioxide, Dobson Units for ozone); OHA — ozone hole area, million km?.

The statistics of the model are given in Table. 4.1.4. The results of the
calculation of accuracy and reliability criteria indicate the high performance of this
model and its high predictive level, autocorrelation is almost absent.

The simulation results indicate that the maximum contribution to global
warming in the period 1979-2020 was made by the concentration of nitrogen oxide
(R 0.0167) and the area of the ozone hole (R 0.0109), while methane played a
minimal role in the accumulation of heat in the surface layer of the Earth's
atmosphere (R 0.0010). The content of carbon dioxide and ozone in atmospheric air
are moderately significant climate-forming factors for this period.
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Table 4.1.4
Statistics for the model of global air temperature dependence on the concentrations
of greenhouse gases and ozone, as well as the ozone hole area
(for the period 1979-2020)

Statistical index Value
R 0.9999

R’ 0.9997

R 0.9997
Rpred 0.9996
MSE 0.0288

S 0.1698
MAPE, % 1.4915
PRESS 1.3536
PRESS RMSE 0.1817
DW 1.7642
AIC —0.5944
BIC —0.3854
AIC, —0.5537
HQC —0.5183

Therefore, the basis of the strategy to combat global warming on the planet is the
minimization of nitrogen oxide emissions and diminishment of the ozone hole area.

4.2. Influence of crop production and agricultural land use practices
on the process of climate change

Agriculture is the branch of the economy that is most susceptible to climate
change. Working with natural ecosystems, productivity of which and ability to
ensure food security largely depends on the adaptation of cultivated species and
agricultural technologies to environmental changes, makes the agricultural sector
extremely vulnerable to climate stressors. Most scientists agree that global climate
change will have an increasingly powerful impact on the productivity of the
agricultural sector and will change the priority areas of crop and livestock
development (Rosenzweig & Colls, 2005; Xue et al., 2019; Lal, 2020). The territory
of Africa, Arab countries (Middle East), India, and South America were considered
the main regions that will suffer from a decrease in the yield of agricultural crops
according to early simulation models (1994-2010), while recent studies on modeling
crops productivity under climate change indicate that these territories will most
likely be supplemented by Australia, New Zealand, the Far East, and Central
America (Wheeler & von Braun, 2013). Some countries (mainly located in North
America, Northern Europe and Central Asia) are expected to benefit somewhat from
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global warming, while the vast majority of agricultural land will suffer from unstable
crop production due to natural moisture deficits, weather instability and adverse
weather events (droughts, floods, downpours, hailstorms, etc.), which, accompanied
by destructive anthropogenic activity, will lead to drastic changes in the appearance
of the Earth's natural and artificial ecosystems (Hughes et al., 2018; Pravalie, 2018;
Ito et al., 2020). In addition, food security will be complicated by the rapid increase
in the world population (Godfray et al., 2010).

At the same time, scientists claim that agriculture is to some extent
responsible for increasing the pace of global warming (Javeed et al., 2021). Animal
husbandry and intensive crop production are believed to be among the main factors
affecting climate through their effects on the concentration of greenhouse gases
(GHG) in the atmosphere. Modern intensive cultivation technologies, especially
those that use energy-intensive machinery, large amounts of fertilizers and pesticides,
are to blame for a significant share of total anthropogenic greenhouse gas emissions,
especially against the background of irrational land use and deforestation (Adger &
Brown, 1994). Therefore, we are observing a global tendency to reduce the number
of livestock, transition to organic farming and energy-saving technologies within the
framework of the so-called climate-oriented (or climate-smart) agriculture. However,
the claim that the agricultural sector is to blame for climate deterioration requires
evidence, as it is not clear whether the significant contribution of agricultural
production to global greenhouse gas emissions is as large as it is believed to be, and
whether the transition to a climate-oriented, energy-saving and organic one will
really be beneficial. agriculture.

As a result of summarizing the statistical data of the main agricultural
indicators characterizing the intensity of agrotechnologies in crop production,
generalized data were obtained (Table 4.2.1). The results of the trend calculation
indicate that there are statistically significant trends toward an increase in the
application of pesticides and all types of fertilizers, simultaneously with a sharp
increase in the use of tractors (which is evident from the increase in their number per
unit area), which is closely related to modern technical progress and industrialization.
At the same time, no significant and reliable trend was found in the share of arable
land out of the total area of agricultural land (although there is a trend of increasing
absolute values of agricultural land and arable land), indicating a certain stabilization
of the situation in the field of agricultural land use. In general, the presence of
positive trends in all the indices studied indirectly indicates the gradual
intensification of crop production with the simultaneous extensive development of
land use, which, given the simultaneous strong trend towards global deforestation
and the reduction of areas under forest plantations of natural and artificial origin, is
clearly one of serious problems of ensuring environmental stability in the future
(Table 4.2.2).

Global GHG emissions are summarized in Table 4.2.3. It is obvious that the
total emissions of all greenhouse gases, except N,O, tend to increase. However, the
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total GHG emissions from crop production are practically unchanged. At the same
time, there is a tendency to increase emissions of NoO and CH4 from crop production,
and the situation with N>O emissions is critical, as it shows a tendency to increase
not only in absolute volumes, but also in share of total emissions from all sources of
anthropogenic activity (i.e. is a significant and significant factor in the deterioration
of the ecological and climatic situation), while the share of other GHG emissions
from crop production in the total volume of emissions is decreasing. The results of
the calculations on the identification and assessment of trends in the changes in GHG
emissions are shown in Table 4.2.4. A graphic presentation of the share of crop
production is shown in Fig. 4.2.1, where the maximum impact of the agricultural
production sector on nitrogen oxide emissions is clearly visible, while the emission
of carbon dioxide due to modern systems of conservation agriculture, which takes
into account the need for carbon sequestration and the preservation of soil organic
matter due to the transition to new soil cultivation systems and methods cultivation
of cultivated plants is currently the smallest and in the near future with the further
development of climate-smart agriculture will decrease further due to the reduction
of the absolute volumes of CO, emissions into the atmosphere, which are now
actually stable with a slight downward trend.
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Fig. 4.2.1. Crop production share in global greenhouse gases emissions for the
period 1990-2016 (blue — carbon dioxide; red — nitrogen oxide; grey — methane;
orange — GHG in total)
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Analysis of the relationship between greenhouse gas emissions and land use
and crop production practices showed that the closest relationship was established
between greenhouse gas emissions and forest areas. R is 0.8758, i.e., the level of
determination is 87.58% (Table 4.2.5). Forests are the main regulators of the
concentration of carbon-containing gases CO, and CH4 and absorb a large share of
emissions of these gases even before they accumulate in the atmosphere, while the
emission of nitrogen oxide N,O remains outside the control of forests. The slightest
effect on total GHG emissions is observed for nitrogen fertilizers (R? 0.0603, or
6.03 % of the determination), while tractor use has the second strongest relationship
after forests with total GHG emissions with R? at 0.1607 or 16.07% of determination.
In third place are the arable land (13.90% of the determination), followed by the
amount of pesticide use. The use of nitrogen fertilizers (96.61% determination) is
the largest driver of the increase in N,O emissions, along with the level of tractor
use (96.04% determination) and the volume of pesticides applied (96.36%
determination). Methane emissions are most dependent on the intensity of the use of
tractors and nitrogen fertilizers (78.61 and 76.13% of determination, respectively),
and demonstrate moderate ties with crop production practices and land use. The
smallest strength of connection is established for carbon dioxide CO», the volume of
emissions of which is not regulated by any of the studied factors even by 45%. Only
the forest area showed a very strong inverse relationship with the level of CO»
emissions (89.56% of the determination), indicating a potentially strong regulatory
role of forests in controlling the concentration of this greenhouse gas. Nitrogen
fertilizers have the lowest impact on greenhouse gas emissions among mineral
fertilizers, and phosphorus fertilizers have the highest impact. Land use practices are
currently not of decisive importance in reducing greenhouse gas emissions, as the
relationship between them is weak and the overall level of determination ranges from
1-14%. All the investigated factors of crop production and land use are negatively
correlated with CO; emissions; therefore, modern crop production cannot be blamed
for increasing the concentration of this greenhouse gas. The areas of forests and
artificial forest plantations have a negative, inverse correlation with all GHGs
(minimal — with the concentration and emissions of nitrogen oxide), which indicates
the potential benefits of reforestation in terms of regulating their concentration in the
atmosphere.
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Table 4.2.5
Results of correlation analysis between greenhouse gases emissions and current

practices of crop production and land use (data of 1990-2016; for mineral
fertilizers — 1990-2014)

Crop Correlation coefficient (R) Coefficient of determination (R
production
and land use CO, N,O CH4 GHG CO, N,O CH,4 GHG
practices

Pesticide use —0.65 0.98 0.82 0.33 0.4223 | 0.9636 | 0.6648 | 0.1092

Nitrogen ~0.64 0.97 0.87 028 | 04105 | 09491 | 0.7610 | 0.0782
fertilizers use
Phosphorus | ) ¢, 0.98 0.87 025 | 04498 | 0.9661 | 0.7613 | 0.0603
fertilizers use
Potassium

. -0.60 0.92 0.87 0.31 0.3598 | 0.8531 0.7582 | 0.0967
fertilizers use

Total use of

v ~0.58 0.94 0.81 030 | 03319 | 0.8783 | 0.6613 | 0.0887
fertilizers

Forests 095 | 023 | 085 | 094 | 0.8956 | 0.0507 | 0.7142 | 0.8758

Agricultural | | 0.50 0.38 030 | 0.0376 | 02476 | 0.1472 | 0.0908
lands area

Arable lands —0.22 0.54 0.48 0.37 0.0483 | 0.2928 | 0.2295 | 0.1390

Tractors use —0.64 0.98 0.89 0.40 04141 | 0.9561 | 0.7861 0.1607

The results of the multiple regression analysis made it possible to establish
the degree of change in GHG emissions and their individual types depending on the
intensity of agrotechnology at different degrees of implementation of each of the
factors studied of crop production and land use characteristics. Mathematical models
were developed for the calculation of the design of emissions, which have the
following form (4.2.1-4.2.4):

CO> =-0.6209X;—0.0704X> + 0.0697X3 + 0.0218X,— 0.0210X5 +
+ 0.1143X5 + 0.1990X7 + 0.0008Xs 4.2.1)

N>O = 0.1378X;+ 0.0019X> + 0.0010X3 + 0.0019X,; + 0.0443X;5 +
+ 0.0300X5— 0.3218X7 + 6.2363E-05Xs (4.2.2)

CH; = 0.3896X;+ 0.0268X> + 0.0407X3 — 0.0170X, — 0.0454X -
—0.2097X5 + 2.3326X; + 2.8326E-05X5 (4.2.3)

GHG =-0.8727X;—0.0417X> + 0.1114X3 + 0.0067X;— 0.0221X; -
—0.0653X5 + 2.2098X7 + 0.0009X5 (4.2.4)

where: X; — pesticide use, Mt; X> — nitrogen fertilizers use, Mt; X3 —
phosphorus fertilizers use, Mt; X;— potassium fertilizers use, Mt; Xs — forest area, %
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to dryland; Xs— agricultural land area, million km?; X7 — arable land area, million
km?; X5 — number of tractors in use per 100 km? of agricultural land.
Table 4.2.6
Statistics of the regression models for greenhouse gases emissions depending on
crop production and land use practices

Statistics Model
CO, N>,O CH4 GHG in total

R 0.9967 0.9999 0.9995 0.9995
R’ 0.9934 0.9998 0.9989 0.9991
Rui 0.9906 0.9998 0.9985 0.9987
Ry 0.9873 0.9997 0.9974 0.9982
MSE 0.1090 0.0002 0.0128 0.0926
S 0.3302 0.0143 0.1131 0.3044
MAPE, % 6.6583 0.4614 2.6673 2.4994
PRESS 3.5502 0.0066 0.5186 2.9397
PRESS RMSE 0.3768 0.0163 0.1440 0.3429
DW 1.0781 1.6176 1.4279 1.3381
AIC 0.8757 —5.3998 —1.2662 0.7132
BIC 1.2659 -5.0098 -0.8761 1.1032
AIC. 1.2147 -5.0610 -0.9274 1.0520
HQOC 0.9840 -5.2916 —1.1580 0.8213

Statistical indices of the models confirming their high accuracy and reliability
(at p<0.05 or 95% confidence interval) are given in Table 4.2.6. The nitrogen oxide
emission model is characterized by the highest accuracy (MAPE is 0.4614%), the
carbon dioxide emission model is the least accurate (MAPE is 6.6583%). At the same
time, the presence of autocorrelation can be assumed only for the model with carbon
dioxide, since the Durbin-Watson DW criterion approaches 1.0 (Cycos u ap., 2005).

According to the results of mathematical modeling, it was established that an
increase in the amount of pesticide application by 1 Mt reduces GHG emissions by
872.7 thousand tons; an increase in the amount of nitrogen fertilizer application by
1 Mt contributes to a decrease in total GHG emissions by 41.7 thousand tons; the
use of 1 Mt of phosphorus and potassium fertilizers leads to an increase in GHG
emissions by 111.4 and 6.7 thousand tons, respectively; an increase in the area of
forest plantations by 1% and agricultural land by 1 million km? will help reduce
GHG emissions by 22.1 and 65.3 thousand tons, respectively; the expansion of
arable land by 1 million km? will contribute to the growth of GHG emissions by
2.2098 Mt; each additional tractor per 100 km? of agricultural land leads to an
increase in GHG emissions by 0.9 thousand tons.

It is worth noting that, according to the GHG fractions, almost all agricultural
practices and land use lead to an increase in nitrogen oxide emissions, which, as
mentioned earlier, is the main problem of the modern agricultural sector, which
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occupies the lion's share of the total emissions of this greenhouse gas from all
branches of the modern economy. Thus, it is worth reducing the pressure on the
environment by reducing the amount of use of outdated pesticides, as well as volatile
forms of mineral fertilizers and those forms that are potentially able to decompose
under the action of soil microflora in the process of denitrification and high
temperatures to volatile N,O. We are primarily talking about urea and calcium
cyanamide and, to a lesser extent, about solutions of urea-ammonium nitrate (UAN).
Also, an important agrotechnical measure of preventive nature is the prevention of
anaerobic processes in the soil, as well as soil salinization, which always leads to an
increase in the processes of denitrification and the emission of volatile nitrogen
oxide from the soil surface. Therefore, it is worth performing alkalized soil liming,
creating a favorable and well ventilated soil structure, especially in the upper layer,
avoiding excessive compaction, the appearance of a soil crust due to irrigation with
mineralized water and irrational soil cultivation, as well as avoiding high single
doses of nitrogen fertilizers (more than 250-300 kg/ha of the active substance),
which leads to an increase in the loss of gaseous nitrogen up to 35-40% (Munees,
2004; €Bnak, 2007; I'ocnonapenko, 2018).

Rational preservation and reproduction of forest resources, rational use of
pesticides and agricultural land play a major role in curbing the growth of carbon
dioxide and methane emissions. It is very important to use as little energy-consuming
tractors as possible and to reduce the intensity of their use, which can be achieved
by reducing the required number of passes of machine-tractor units on the field, that
is, due to the mass introduction of combined units for soil cultivation, sowing, and
fertilizers into the production of plant products.

Paustian et al. (1997) suggested that current carbon conservation technologies
and efforts to reduce carbon emissions from soils are effective, but we must
recognize that these emissions account for only 3-6% of total GHG emissions, so
this direction cannot be considered as the main one at this stage.

However, it is important to remember that in the pursuit of reducing carbon
emissions, some agricultural practices, while reducing CO, emissions,
simultaneously increase N,O emissions. For example, the practice of no-till (zero
tillage), which is recognized as the most effective carbon conservation during tillage,
contributes to a significant reduction of carbon dioxide emissions, but at the same
time, in some types of soil, this tillage technology leads to a significant increase in
emissions N>O, which also leads to an increase in the concentration of dangerous
GHGs in the atmosphere (Rochette et al., 2008; Abdalla et al., 2013). However, this
issue requires more detailed further study, as there is evidence of a positive effect on
the amount of nitrogen oxide emissions from the soil due to conservation tillage
(Chatskikh, & Olesen, 2007). In our view, this is highly dependent on the machines
and implements used to cultivate the soil, as well as the properties of the soil itself
and weather conditions (Rochette, 2008). In addition, it may depend on the cultivated
crop and the intensity of the nutrition system, since it has been proven that the
activity of soil respiration strongly depends not only on the depth of plowing, but
also on the nutrient regime of the soil and its meliorative state (Lykhovyd &
Lavrenko, 2017).
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The current trend towards deforestation (of particular concern is the gradual
destruction of Amazon forests as one of the most large-scale and influential in terms
of ensuring ecological and climatic stability at the global level) and the deterioration
of the quality of care for artificial forest plantations is one of the biggest threats to
global ecological stability and lead to significant disruptions in biodiversity and
climate (Houghton et al., 2015). Currently, very little attention is paid to forest
conservation and promoting afforestation, although this strategy may be one of the
most effective in solving the problems of modern climatology (Nilsson &
Schopfhauser; Islam & Rahman, 2015). Additionally, afforestation provides a huge
number of other positive effects, making it an effective and simple tool for
comprehensive environmental improvement (Korkang, 2014; Kamal et al., 2019).

The current practice of using agricultural land seems to be far from optimal,
but it does not require an urgent review, especially given the fact of the gradual
transition to climate-smart technologies in agriculture (climate-oriented agriculture),
which are aimed at further reducing CO» emissions. The main goal of modern land
use is to maintain arable land at an ecologically safe level since an increase in arable
land will mean an increase in GHG emissions and an increased risk of desertification.
An optional development option should include strategies to increase the
productivity of arable land unit by performing a thorough analysis of land use and
implementing various models of land use transformation, taking into account the
most promising areas of both economic and environmental benefit (Yin etal., 2017 ).

In addition, forecasting (using the Holt-Winters triple exponential smoothing
method) of the level of GHG emissions from the production of plant products and
the characteristics of land use was performed, considering two scenarios: the
development of the industry will continue without changes, and also according to
the scenario of restoration of forest plantations to the level of 32.00% land area
(slightly higher than the level of 1990). The forecast is made until 2050 at a 95%
confidence interval, with a 9-year seasonality (the forecast is based on a 27-year
period). Forecast statistics are given in the Table 4.2.7.

Table 4.2.7
Statistics for forecasting greenhouse gases emissions depending on crop production
and land use practices by 2050 in the scenario of taking no steps for the situation
improvement

Value for each forecast input
Statisti Agric. | Arable

tatistics Pesticide N P K land land Forest T'r actors

fertilizer | fertilizer | fertilizer area in use

area area

p 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

a 0.13 0.90 1.00 0.75 0.90 0.90 0.75 0.75

i 0.00 0.00 0.50 0.00 0.00 0.00 0.00 0.00

y 0.00 0.10 0.00 0.00 0.10 0.10 0.25 0.00

MASE 1.21 1.00 1.59 1.27 0.59 0.75 0.36 1.05

SMAPE 0.03 0.02 0.05 0.05 0.01 0.01 0.00 0.02

MAE 0.11 2.31 2.09 1.74 0.33 0.05 0.02 73.99

RMSE 0.12 2.72 2.51 2.10 0.48 0.06 0.02 79.30
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The results of the forecast established that the level of GHG emissions from

activities related to the crop production will gradually increase, and by 2050 it will reach
9.35 Mt, i.e., 0.82 Mt more than in 2016 (Fig. 4.2.2).

9.60 y=0.0191x + 8.6595
9.40 R?=0.8732

9.20
9.00
8.80
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8.40
8.20
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2017
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2033
2035
2037
2039
2041
2043
2045
2047
2049

Fig. 4.2.2. Greenhouse gases emissions forecast (in Mt) depending on the activity
connected with crop production (the scenario of no steps is taken)

If by 2050 the forest area will gradually be restored to the level of 32.00% of
the dryland, while maintaining the development of other practices of crop production
and land use without changes (since it is quite difficult to predict and program
changes in the policy of using pesticides and agrochemicals, as well as predict the
degree of development of combined machine-tractor units, in contrast to
afforestation, which can be artificially and purposefully created), the forecast will
have the same form, but by 2050 the emission of GHG will reach the mark of 9.30
Mt, that is, it will be by 0.05 Mt lower. In the same case, if the area of forest
plantations is intensively increased to 35.00% by 2050 due to mass afforestation and
greening urban landscapes, the creation of park systems, the system of forest
amelioration and creation of forest shelter belts along the fields, renewal and
maintenance in proper condition of natural and artificial forest areas with fast-
growing species of trees, emissions of 9.23 Mt can be expected, even under the
absence of improvements in agricultural technologies and land use practices. If at
the same time it is possible to restrict the growth of arable land and agricultural land
at the level of 2016, then we can reduce the increase in GHG emissions from the
agricultural sector to 8.51 Mt by 2050 (Fig. 4.2.3).
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Fig. 4.2.3. Greenhouse gases emissions forecast (in Mt) depending on the activity
connected with crop production (the scenario of 35% afforestation, agricultural
lands area maintenance at the level of 2016)

Thus, the significant positive role of afforestation and forest amelioration in
overcoming the current environmental crisis associated with GHG emissions into
the atmosphere is confirmed, which, accompanied by rational land use, will allow
maintaining the growth of GHG emissions even under the conditions of further
intensification of crop production.

At the same time, by making efforts to restrain the rapid growth of the number
of tractors in use per 100 km? of agricultural land and keeping their number at the
level of 4,000 units, with high reliability (confidence interval of the forecast is 95%,
R?1is0.9395), it is possible to achieve a significant reduction in GHG emissions from
crop production — up to 7.14 Mt by 2050 (Fig. 4.2.4).

In addition, it is worth considering the possibility and rationality of the mass
introduction of GMOs into the practice of plant production. Brookes & Barfoot
(2018) claim that the introduction of GM varieties and hybrids of crops resistant to
pests and diseases into production can significantly reduce the amount of pesticide
use, leading to a significant reduction in GHG emissions. Of course, improving the
climatological situation is an important task of modern science, but it is worth paying
attention to the fact that to date there are not enough large-scale scientific studies
that would convince about the food and ecological safety of GM crops. Currently,
the issue of the safety of GMOs is quite controversial; transgenic plants have both
their supporters and opponents, and the arguments of the latter are not always less
convincing and testify to the violation of natural biodiversity, the death and mutation
of natural species of insects and plants, the destruction of natural ecological food
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chains in ecosystems in areas where GM crops are grown, emergence of new
superweeds as a result of natural mutations in crops of transgenic crops,
accumulation of glyphosate and derivative compounds in soil and natural water
bodies, etc. While the indisputable advantages of GM technologies include
increasing the productivity of agroecosystems, reducing the pesticide load,
improving agricultural technology, reducing GHG emissions and climate pressure
(Dale et al., 2002; Brookes & Barfoot, 2006; Waltz, 2009; Carpenter, 2010; Helander
et al., 2012; Bain et al., 2017).

10.00
9.00
8.00
7.00

6.00 y =-0.0427x + 8.7982
500 R?=0.9395

4.00
3.00
2.00
1.00

0.00

N

s A
RERUEIARY
DD

9 A “ ) W)
> VARV
“’\9’@”'@“’\9%@“@@% NENIR NG

Fig. 4.2.4. Greenhouse gases emissions forecast (in Mt) depending on the activity
connected with crop production (the scenario of 35% afforestation, agricultural
lands area maintenance at the level of 2016, and cutting tractors use to the level of
4000 pcs. per 100 km?)

4.3. Afforestation as an effective measure of climate regulation and
agricultural land productivity increase

The forest is an integral and very valuable part of the biosphere, it is a unique
natural ecosystem that unites organisms from the kingdoms of plants, animals, and
fungi. Modern anthropogenic activities, together with adverse natural factors, have
led to a significant decrease in the areas covered by various types of forests in the
world. In recent decades, forests and their adjacent ecosystems have been
significantly damaged due to the rapid growth of the world population and the many-
fold increase in the man-made load. It is expected that the anthropogenic load on
forests has not yet reached its peak, and it will continue to increase, which will lead
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to an even greater decrease in the area of forests, deterioration of conditions for
afforestation, and the ecological conditions of the biosphere as a whole (Kimmins,
2004; Newton, 2007), because forests are one of the valuable and important
regulators of the microclimate and are a habitat for many species of plants and
animals of wild nature (Hunter & Hunter Jr., 1999).

One of the main concerns associated with intensive deforestation is its
connection with current global climate change — a significant increase in the global
average surface air temperature, which, as we pointed out earlier, is mainly due to
increased GHG concentrations (Ramanathan, 2007), which, in its turn, negatively
affects agriculture and food security due to an increase in the frequency of adverse
natural phenomena such as drought, downpours, hail, hurricane winds, leads to an
aggravation of the shortage of high-quality fresh water, deterioration of soil fertility,
and, as a result, crop losses (Arnell et al., 2019). As is known, forests can effectively
control the concentration of carbon-containing greenhouse gases (CO> and CHy) in
the atmosphere (Houghton et al., 2015). Therefore, an important task of modern
science is to assess the role of forests in limiting global warming both on a global
and local scale, as well as to determine the response of the main agricultural crops
to deforestation and related changes in the microclimate.

The purpose of the study is to determine the relationship between the world
area of forests of natural and artificial origin and global air temperature, as well as
the relationship between the area of forest plantations and the productivity of
agricultural crops at local levels (state and regional) to provide justification for the
use of measures aimed at reconstruction of disturbed, maintenance of existing and
creation of new objects of the forest fund, or to support the hypothesis that these
measures are not necessary, as some scientists claim (Wang et al., 2015).

Deforestation is closely related to ineffective control of the concentration of
carbon-containing greenhouse gases, as it was already proved above in section 4.2,
and to the increase in global air temperature. The practice of destroying forest
plantations can be one of the important reasons for intense climate changes,
especially if we consider the relationship between the area of forest massifs and air
temperature, where the correlation coefficient is -0.85, and the determination is
72.25% (Fig. 4.3.1).

There is a natural relationship between forest areas and climate change:
climate change to some extent causes a natural decrease in forest area (due to fires,
accelerated development and spread of phytopathogens and phytophagic organisms
under conditions of global warming), but at the same time additional forest
destruction is one of the causes of further climate changes and their intensification
both on a local and on a planetary scale (Seidl et al., 2017).
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Fig. 4.3.1. Forest area and global air temperature for 1990-2016 (blue line — air
temperature, “C; green line — forest area, % to dryland)

However, some researchers still claim that the effect of afforestation on
mitigating the consequences of global warming is not obvious, and its effectiveness
depends on the area of afforestation, the most promising of which is the tropical
region of the Earth, while the effects of reforestation may not be sufficiently
effective and justified in high latitudes and temperate climates (Bala et al., 2007). At
the same time, there is another opinion, which confirms the results of our research,
that further massive deforestation will inevitably lead to an increase in the negative
impact of global warming and a simultaneous deterioration of the conditions for
conducting agricultural activities (Lawrence & Vandecar, 2015). Furthermore,
deforestation also negatively affects the properties of soil cover, water bodies,
biodiversity, leading to a change in the global ecological balance not only in the
areas of deforestation, but also in adjacent territories (Houghton, 1990; ITpokomnenko
Ta iH., 2018). For example, the adverse impact of deforestation on soils is their over-
compaction, reduction in the content of organic substances, and deterioration of
chemical and mechanical properties (Hajabbasi et al., 1997).

The impact of forests is not limited to the mentioned above. Forests of both
artificial and natural origin as a powerful microclimate regulation factor have a
significant impact on the productivity of agroecosystems and on the yield of crops.
This fact is confirmed by a local study of the dynamics of the area of artificial forest
plantations and the productivity of agricultural crops in the Kherson region for the
period 2001-2019.

Thus, over a 20-year period, the area of forest plantations in the Kherson
region increased from 151.1 to 154.7 thousand hectares, or by 2.38% (according to
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the data of the regional office of the State Statistical Service). Despite the relatively
small increase, the trend towards reforestation in the region is significant, which is
confirmed by the results of statistical data processing (Table 4.3.1).

Table 4.3.1
Results of Mann-Kendall and Sen’s slope test for the forest area and total yields of
crops in Kherson oblast

Statistical indices Forest area Total yields per 1 ha
alpha 0.05 0.05
MK-stat 150 13
s.e. 28.06 20.21
z-stat 5.31 0.59
p-value 1.10x107 0.55
trend yes no
slope 0.0833 0.2790
lower 0.0667 —0.5483
upper 0.1000 0.9814
Direction of trend 1 No trend

At the same time, the productivity of 1 ha of arable land, expressed in the
total average yield of the main types of crops (namely: cereals, legumes, sunflower,
sugar beets, potatoes, vegetables, fruit and berry crops, grapes) according to the
results of statistical analysis, remains at relatively stable level (Table 4.3.2).

Regression analysis of the relationship between arable land productivity and
forest supply of the region testifies about weak correlation between these parameters
(R is 0.31; R’ is 0.0961). Therefore, it is impossible to claim that afforestation of
Kherson oblast will grant significant increase in crops yield. Mathematical equation
of the model is as follows 4.3.1:

Y = —220.6983 + 1.7941FA (4.3.1)

where: Y — total yields (productivity) per 1 ha of arable land, ton; /4 — forest
area in the region, thousand ha.
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Table 4.3.2

Forest area and total yields of major crops in Kherson oblast for 2001-2019

Year Forest area, thousand ha Total productivity per 1 ha, ton
2001 151.1 N/A
2002 151.1 N/A
2003 151.1 N/A
2004 151.3 N/A
2005 151.4 74.01
2006 151.4 57.34
2007 151.4 51.33
2008 151.4 56.75
2009 151.5 40.91
2010 152.0 40.69
2011 152.0 50.22
2012 152.0 52.26
2013 152.0 50.98
2014 152.1 53.46
2015 152.1 55.70
2016 152.1 55.72
2017 152.1 54.12
2018 153.8 57.09
2019 154.7 56.15

Table 4.3.3

Statistics of the regression model for the productivity of 1 ha of arable land in
Kherson oblast depending on the area of forest in the region

Statistical indices Value

R 0.3100

R’ 0.0961

Ry 0.0208

Rzpred 01256
MSE 28.8043

S 5.3670

MAPE, % 7.4379
PRESS 430.4283

PRESS RMSE 5.5448

DW 1.2712

AIC 6.3300

BIC 6.4213

AIC. 6.3538

HQOC 6.3215
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It is worth recognizing the low prognostic reliability of the proposed equation
(the predicted R’pred is only 0.1256, which even against the optimal background of
the absolute average error of 7.4379% indicates an insufficient level of model fit
quality and its correspondence to the real course of productive processes), which
relates to a weak connection between the studied factors (Table 4.3.3). Relatively
high values of the calculated information criteria of the model testify to this
indirectly.

While the local impact of forest plantations on the productivity of arable land
is low in the Kherson region (determination <10%), the situation in the case of
performing a similar analysis for the territory of Ukraine is the opposite. The results
of the assessment of trends for 1990-2019 (according to the data of the State
Statistical Service of Ukraine, covered in the Statistical Yearbooks) showed that
there is a clear and reliable tendency to increase the area of forest plantations on the
territory of Ukraine (thanks to rational work on afforestation and protection of forest
plantations on the state level), and to the growth against this background of the
productivity of agricultural land (Table 4.3.4). Correlation analysis of the
relationship between the total productivity of arable land and the country's supply of
forest plantations indicates the presence of a moderately strong correlation between
these parameters (R is 0.69; R’ is 0.4792). Based on the regression analysis of the
data, a mathematical model of the relationship between the productivity of 1 hectare
of Ukrainian arable land and the level of afforestation of the territory of the country
was developed (Table 4.3.5). Autocorrelation is present in the model (CycnoB u np.,
2005), i.e., the time component plays a certain role in the forecast.

Table 4.3.4
Results of Mann-Kendall and Sen’s slope test for the area of forests and total yields
of crops in Ukraine

Statistical indices Forest area Total yield per q ha
alpha 0.05 0.05
MK-stat 191 189
s.e. 35.41 35.46
z-stat 5.37 5.30
p-value 8.04x108 1.15x107
trend yes yes
slope 0.0269 3.5967
lower 0.0164 3.0175
upper 0.0400 3.9792
Direction of trend 1 1
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Table 4.3.5
Statistics of the regression model for yields per 1 hectare of arable land in Ukraine
depending on the area of forest

Statistical indices Value
R 0.6923
R’ 0.4792
Ruj 0.4532
Rpred 0.4046
MSE 287.9001
S 16.9676
MAPE, % 18.5010
PRESS 6583.5731
PRESS RMSE 17.2989
DWW 0.4737
AIC 8.5870
BIC 8.6862
AIC, 8.5961
HQC 8.6104

Mathematical model for Ukraine has reasonable prognostic accuracy
according to the values of R, and MAPE within 10-20% (Moreno et al., 2013),
and looks as follows (4.3.2-4.3.3):

Y = —505.5704 + 35.3499FA (4.3.2)

where: Y — total yields (productivity) per 1 ha of arable land, tons; F4 — forest
area in the country, % to the total dryland area.

Y = —505.5704 + 5.8565FA (4.3.3)

where: Y — total yields (productivity) per 1 ha of arable land, tons; FA — —
forest area in the country, thousand km?.

Thus, it can be stated that the productivity of a unit of agricultural land of
Ukraine is determined by 40-45% by the level of its supply with high-quality forest
plantations of natural or artificial origin. Currently, unfortunately, the supply of a
unit of planted area with forests in Ukraine is insignificant, while there is no
tendency to increase this indicator (Tables 4.3.6-4.3.7).

For comparison, we will provide data on the ratio of forest supply per 1
hectare of arable land in some other countries of the world (FAOSTAT): Netherlands
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—0.36; France — 0.41; Poland — 0.59; Great Britain - 0.68; Spain — 1.21; USA —2.17.
So, the situation with afforestation in Ukraine is far from the best. In the near term,
to ensure agro-ecological stability and sustainable development of the agrarian
sector of the economy, it is worth intensifying afforestation measures while
simultaneously reducing the arable land area to achieve the ratio of forest supply per
1 ha of arable land at the level of 0.50-0.60. For this (under the conditions of
maintaining the cultivated area at the level of 27 thousand ha) it is necessary to plant
28.1-55.1 thousand km? of forest, including a forest strip along the fields.

Table 4.3.6
Forest area and total yields of major crops in Kherson oblast for 1990-2019
Year Forest area, Ee?tstl“ zrlz‘ijz E)aerf dl Croplands, Forest supply
thousand km? ton | thousand ha coefficient
1990 96.64 69.39 32406 0.30
1995 97.84 52.25 30963 0.32
2000 99.05 53.27 27173 0.36
2001 99.23 51.64 27928 0.36
2002 99.35 53.22 27539 0.36
2003 99.47 60.04 25081 0.40
2004 99.59 66.05 26752 0.37
2005 99.78 69.04 26044 0.38
2006 99.71 71.14 25928 0.38
2007 99.65 72.32 26060 0.38
2008 99.59 84.19 27133 0.37
2009 99.53 81.87 26990 0.37
2010 99.47 76.54 26952 0.37
2011 99.71 94.18 27670 0.36
2012 99.96 97.58 27801 0.36
2013 100.14 100.99 28239 0.35
2014 100.38 111.79 27239 0.37
2015 100.62 106.25 26902 0.37
2016 100.86 111.78 27026 0.37
2017 106.78 111.61 27585 0.39
2018 106.78 120.77 27699 0.39
2019 106.90 110.55 28001 0.38

Thus, the task of afforestation, maintenance of the quality of existing and
reconstruction of disturbed forest areas should become strategic for Ukraine to
ensure a better ecological environment, maintain the stability of ecosystems,
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guarantee a stable increase in the productivity of agricultural production, ensure
climate stability, and preserve biological diversity in the state.

Table 4.3.7

Results of Mann-Kendall and Sen’s slope test for croplands area and their supply

with forests in Ukraine

Statistical indices Croplands Croplan(fis supply with
orests
alpha 0.05 0.05
MK-stat 19 67
s.e. 35.46 35.46
z-stat 0.51 1.86
p-value 0.61 0.06
trend no no
slope 14.5556 0.0010
lower ~78.4286 —5.4x10°3
upper 107.3333 0.0028

Unfortunately, the world scientific community pays very little attention to the
study of the mutual influence of forest plantations and agroecosystems, there is a
small number of studies devoted to the direct and indirect influence of forests on the
production of plant products, so it is difficult for us to cite the results of other
domestic or foreign scientists for support or refutation the results of our scientific
work. To support and explain the results of our work, we can cite the scientifically
proven statement that forests take a direct part in the formation of soil fertility, the
preservation and distribution of water resources, the regulation of weather
phenomena, the protection of adjacent territories from the adverse effects of natural
and anthropogenic factors, etc. (Pearce, 2001; Ivanova et al., 2017), and all this
collectively affects the productivity of agricultural crops. Deforestation has also
been proven to be one of the reasons for the decline in the productivity of agricultural
crops that are entomophilous and require pollinating insects to form a quality crop,
most of which have lost their natural habitat located in forests (De Marco & Coelho,
2004). Forest reclamation measures play an important role in the fight against
desertification and land degradation (Movchan, 2017), and it has also been proven
that forest plantations are a guarantor of improving the ecological and economic
stability of the agricultural sector (ITpoTac Ta in., 2008). Thus, forests are a natural,
ecologically safe factor for improving the productivity of agricultural crops and, in
our opinion, their role in agricultural production and ensuring the ecological stability
and sustainability of ecosystems in the context of global climate change will
continue to increase.
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Conclusions to Chapter 4

1. Analysis of the average annual global air temperature for the period 1750-
2020 demonstrated the presence of a clear trend towards a gradual increase in
temperatures. Reliable trends towards an increase in the concentration of the main
greenhouse gases in the atmosphere, an increase in the area of the ozone hole, as
well as a trend towards a decrease in the concentration of ozone were revealed. It
has been established that carbon dioxide has a secondary role in the increase in
global air temperature, while nitrogen oxide is the most influential. A strong directly
proportional correlation dependence (R > 0.69) was established between the increase
in the concentration of the investigated greenhouse gases and the increase in global
air temperature. The decrease in the concentration of ozone in the atmosphere, the
depletion of the ozone layer and the increase in the ozone hole area partially
determine the further increase in global air temperature and are additional reasons
for the worsening of the climate situation. We have proposed a mathematical model
for forecasting the global air temperature based on indicators of the concentration of
GHG and ozone in the atmosphere, as well as from the area of the ozone hole, which
has high reliability: R°pred is 0.9996; MAPE is 1.4915%. The simulation results
additionally confirmed that the maximum contribution to global warming in the
period 1979-2020 was the concentration of nitrogen oxide and the area of the ozone
hole. The main attention should be paid to the control of the emission of nitrogen
oxide into the atmosphere, as well as to the restoration of the natural mechanism of
thermoregulation due to the ozone layer.

2. There is a tendency to increase emissions of N,O and CH4 from crop
production, and the situation with N,O is critical, as there is a tendency to increase
not only absolute, but also relative emissions of this GHG from crop production.
Currently, the agricultural sector is the main source of nitrogen oxide emissions
(over 75% share), while carbon dioxide emissions due to modern farming systems
are minimal (less than 8% share). A strong correlation was established between
emissions and accumulation of GHG and the area of forest plantations (R is 0.8758).
Forests are the main regulators of the concentration of carbon-containing gases CO»
and CHy in the atmosphere. According to the results of mathematical modeling, it
was established that an increase in the amount of pesticide application by 1 million
tons reduces GHG emissions by 872.7 thousand tons; an increase in the amount of
nitrogen fertilizer application by 1 million tons contributes to a decrease in total
GHG emissions by 41.7 thousand tons; the use of 1 million tons of phosphorus and
potash fertilizers leads to an increase in GHG emissions by 111.4 and 6.7 thousand
tons, respectively; an increase in the area of forest plantations by 1% and agricultural
land by 1 million km? will help reduce GHG emissions by 22.1 and 65.3 thousand
tons, respectively; the expansion of arable land by 1 million km? will contribute to
the growth of GHG emissions by 2.2098 million tons; each additional tractor per 100
km? of agricultural land leads to an increase in GHG emissions by 0.9 thousand tons.
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It is worth reducing the loads on the environment by reducing the amount of use of
outdated pesticides, as well as volatile forms of mineral fertilizers and those forms
that are potentially able to decompose under the action of soil microflora in the
process of denitrification and high temperatures to volatile N,O (urea, calcium
cyanamide, solutions of urea-ammonia nitrates, etc.). It is important to prevent the
development of anaerobic processes in the soil, their alkalinization. It is necessary
to perform liming of alkaline soils, avoid compaction and the appearance of soil
crust, avoid high single doses of nitrogen fertilizers (more than 250-300 kg/ha of
active substance). The results of the forecast established that without taking
measures, the level of GHG emissions from crop production will reach 9.35 million
tons by 2050, and thanks to rational practices of afforestation and reducing
environmental pressure, it is possible to achieve a reduction of GHG emissions from
the industry by 7.14 million tons by 2050.

3. The practice of deforestation is a significant factor in the intensification of
climate change, which is confirmed by the close inverse correlation between global air
temperature and the area of forests: the correlation coefficient is -0.85, and the
determination is 72.25%. In addition, we have proven the significant role of forest
plantations in regulating the productivity of agricultural crops on the territory of Ukraine.
The mathematical model of the total productivity of 1 ha of Ukrainian arable land,
depending on its availability of forests, has high reliability and good predictive accuracy,
which is confirmed by the results of statistics: R°pred is 0.4046 with a MAPE value of
18.5010%. In the period 1990-2019, the ratio of arable land coverage with forest
plantations in Ukraine is within 0.3-0.4 without a tendency to increase.
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CHAPTER 5
REMOTE SENSING IN AGROECOLOGICAL MONITORING AND
MODERN AGRICULTURAL PRACTICE

5.1. Flora monitoring on regional scale using remote sensing data

Space investigation, increasing the number of artificial satellites and
equipping them with special sensors gave impetus to the development of a new field
of science and technology — remote sensing of the Earth. Satellite monitoring is a
modern field that is experiencing steep and rapid development, finding application
in many fields of science, primarily in geography, geology, ecology, etc. The
possibilities of remote sensing have also found their practical application in the field
of agriculture, where, in combination with information technologies and modern
technical means, they are implemented in mapping and management of land and
water resources, agroecological monitoring, modeling and forecasting of the
conditions of natural and anthropogenic flora, as well as in precision agriculture
systems (Kustas & Norman, 1996; Herold et al., 2002; Rogan & Chen, 2004; Marsett
et al., 2006; Morales et al., 2008; Martinez-Lopez et al., 2014).

Remote sensing is a valuable source of data for fast and highly accurate
monitoring of the conditions of both natural and anthropogenic phytocenoses,
regardless of their spatial characteristics. The main means of assessing the state of
vegetation based on satellite monitoring data are vegetation indices, which are
obtained by processing various spectral ranges of space images of the Earth's surface.
There are more than 150 vegetation indices, but only a limited number of them are
used in practice, primarily normalized difference (NDVI) and enhanced (EVI)
vegetation indices (bimnachkuit & Kanm, 2021).

The normalized difference vegetation index is one of the oldest and most used
vegetation indices in agroecological science. Proposed at the end of the 20th century
(Rouse et al., 1974), it remains to this day the main index used in precision
agriculture systems. Sometimes NDVI data is supplemented with other vegetation
indices, most often — EVI. The latter is an improved version of NDVI, less sensitive
to distortions due to the reflection of light from the soil surface, to atmospheric
distortions, as well as errors related to the structure of the green cover (Matsushita
et al., 2007; Jiang et al., 2008).

Monitoring and control of the conditions of vegetation is an important component
of ecological research aimed at the reproduction and preservation of biodiversity.
Seasonal and multi-year observations of the state of the flora make it possible to establish
the patterns of reactions of the plant world to anthropogenic activity and climate change.
Of course, direct observations and measurements remain the most accurate way of
obtaining information about the condition of plants. However, the use of spatial satellite
indices of vegetation makes it possible to quickly assess the general state of the flora in
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large areas, which is practically very difficult, expensive, or impossible at all using direct
on-Earth methods (Kim et al., 2010).

The aim of the study was to establish the annual and multi-year dynamics of
vegetation indices, the strength and direction of the influence of climatic factors on
the vegetation of the Kherson region (both natural and artificial) by studying the
regularities of the relationship between NDVI and EVI with air temperature and
precipitation for a better understanding of the response of the regional flora to
climatic changes.

Like any biological system, flora has its own specific dynamics of
fluctuations over time (Tsimring, 2014). The annual seasonal dynamics of vegetation
conditions is well known and, at first glance, obvious. Thus, the native population
of the Kherson region knows that grass begins to grow in early spring, trees bloom
in late spring and summer, fruits appear in late summer and autumn, and at the end
of autumn the gradual aging and death of most plants occurs, except for evergreens.
This knowledge is based on life experience, and therefore reflects the processes of
the dynamics of the state of the flora, although accurately and in an understandable
form, but often not precisely enough, in an axiomatic format, and therefore cannot
be integrated into the processes of scientific knowledge of the world. Based on the
results of the generalization of data on NDVI and EVI by region for the period 2012-
2021, the main seasonal patterns of growth and development of vegetation in the
region were established (Fig. 5.1.1).
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Fig. 5.1.1. Annual dynamics of NDVI and EVI on the regional scale for Kherson
oblast from January to December (averaged for 2012-2021)
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It was established that the vegetation indices in the region reach their peak
values (which means the maximum intensity of growth processes, the maximum
level of green cover and the greatest vitality of natural and artificial plantations) in
the period from May to July: NDVI is 0.53-0.54, EVI is 0.32-0.33. Undoubtedly,
this is connected not only with the cyclical nature of the growth and development of
natural flora, but also with the fact that the growth and development of the major
crops cultivated in the region is characterized by the maximum intensity during this
period. The winter period (December — February) is characterized by the minimum
values of the vegetation indices (NDVI is 0.40-0.41, EVI is 0.18-0.19), which,
however, do not reach the values that are typical for bare soil. This is due to the
presence of evergreen plants (for example, pine forests located in Oleshshia district),
as well as thaws, when even in the winter period of the year we observe the growth
of green grassy vegetation. The spring period (March — May) is characterized by a
rapid increase in the intensity of growth and development of flora in the region,
which confirms a significant leap in the values of vegetation indices: from 0.40 to
0.53 for NDVI (+32.50%) and from 0.19 to 0.32 for EVI (+68.42%). The peak of
growth processes for the flora of the Kherson oblast coincides with the summertime
(June — August), when the values of the spatial indices of vegetation reach 0.49-0.54
for NDVI and 0.28-0.33 for EVI. The maximum values of the vegetation indices are
the month of June (0.54 and 0.33 for NDVI and EVI, respectively). From July and
especially from August, the vegetation enters a period of gradual senescence, which
lasts throughout the autumn period (September — November) and reaches its peak in
January (the lowest values of NDVI and EVI on average for the annual period are
0.40 and 0.18, respectively). The dynamics of the decrease in vegetation indices
since the end of summer can be closely related to the fact of the end of the growing
season, the death of green biomass and the harvesting of the main agricultural crops
grown in the region.

It is interesting that the results of the study of the seasonal dynamics of the
growth and development of vegetation in the Kherson region, based on satellite data,
fully confirm the information provided by the Agrometeorological Service of the
Kherson region, based on long-term observations, that the end of the growing season
in the region usually happens in November, and its beginning is usually recorded in
March (Ymkapenxko, 1994).

The study of the long-term dynamics of the flora conditions in the Kherson
region shows that there is a sustainable trend towards an increase in the intensity of
vegetation growth and an improvement in its general condition, which is confirmed
by a gradual increase in the value of the vegetation indices (Fig. 5.1.2, 5.1.3). At the
same time, it is worth noting the fact that the vegetation index EVI turns out to be
more sensitive and shows a much higher rate of linear dynamics to increase
compared to NDVI.
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Fig. 5.1.2. Long-term dynamics of flora conditions in Kherson oblast by NDVI for
the period 2012-2021
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Fig. 5.1.3. Long-term dynamics of flora conditions in Kherson oblast by EVI for
the period 2012-2021

The established dynamics in vegetation indices requires the search for

reasons, one of which can be put upon the change in climatic features in the region.
However, the analytical work was subject to data sets on the continuous vegetation
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cover of the Kherson region, including anthropogenic arrays of agrophytocenoses,
and therefore the hypothesis of the connection of established patterns with the
development of agricultural technologies cannot be rejected. To clearly determine
the degree of influence of climatic factors (primarily, average annual air temperature
and amount of precipitation) on the state of vegetation in the region, we performed
a statistical regression analysis of the relationships between the values of vegetation
indices and meteorological indicators for the period 2012-2021 (Tables 5.1.1, 5.1.2).

Table 5.1.1

Results of the regression analysis between average annual air temperature,
precipitation and average annual NDVI in Kherson oblast for the period 2012-2021

Regression statistics

Index value

Correlation coefficient (R) 0.7477
Standard deviation (SD) 0.0144
Mean square error (MSE) 0.0002
Coefficient of determination (R?) 0.5591
Adjusted R.4° 0.4331
Root mean square error (RMSE) 0.0190
Mean average percentage error (MAPE) 2.30
Regression model coefficients
Slope —0.1915
A (for average annual air temperature) 0.0485
B (for annual precipitation) 0.0002
Table 5.1.2

Results of the regression analysis between average annual air temperature,
precipitation and average annual EVI in Kherson oblast for the period 2012-2021

Regression statistics

Index value

Correlation coefficient (R) 0.6257
Standard deviation (SD) 0.0121
Mean square error (MSE) 0.0001
CoefTicient of determination (R?) 0.3915
Adjusted Rug’ 0.2176
Root mean square error (RMSE) 0.0162
Mean average percentage error (MAPE) 3.84
Regression model coefficients

Slope —0.0790
A (for average annual air temperature) 0.0232
B (for annual precipitation) 0.0001
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According to the results of the mathematical evaluation, a significantly higher
sensitivity to meteorological factors was established for the normalized differential
vegetation index, which confirms the higher values of the regression statistics
indicators: correlation and determination coefficients, as well as the average absolute
error. However, both regression models (for both NDVI and EVI) describe the
average strength of the relationship between climate parameters and vegetation
indices in the region. The models are presented here (5.1.1-5.1.2):

NDVI = —0.1915 + 0.0485T + 0.0002R (5.1.1)
EVI = —0.0790 + 0.0232T + 0.0001R (5.1.2)

where: T — average annual air temperature, °C; R — annual precipitation, mm.

The assessment of the relationship between climatic parameters and
vegetation indices for the growing season made it possible to establish the following
regularities. First, it is interesting that in this case the NDVI is more sensitive to
dynamic changes in the vegetation conditions, while the EVI is more sensitive to
annual dynamic assessments (Fig. 5.1.4, 5.1.5).

In addition, it was established that the response of vegetation indices to the
climatic factor also shows the completely opposite to the average annual intensity of
the dependence of vegetation indices on meteorological indicators. Thus, during the
assessment of the relationship between the weather conditions of the growing season
and the value of the vegetation indices, it was established that the NDVI did not
respond to the climatic factor at all, as evidenced by the value of the coefficient of
determination less than 0.30 and the negative value of the adjusted coefficient of
determination (Dodge, 2008), while the EVI showed a higher sensitivity to
meteorological conditions than the annual mean estimate (Tables 5.1.3, 5.1.4).

Another fact that attracts attention is the change in the direction of the
influence on the vegetation indices of air temperature: if the regression coefficient
had positive (>0) values when assessing the average annual dynamics, then the
assessment within the growing season indicates a negative effect of the increase in
temperature on the vegetation of the region (regression coefficients <0). For
precipitation, the direction of influence is the same for different periods of
assessment, the strength of the influence decreased during the assessment for the
growing season.
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Fig. 5.1.4. Long-term dynamics of vegetation conditions in Kherson oblast by the
average NDVI in the growing season of 2012-2021
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Fig. 5.1.5. Long-term dynamics of vegetation conditions in Kherson oblast by the
average NDVI in the growing season of 2012-2021
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According to the results of the regression analysis, equations of the following
form were developed for the models of the dependence of vegetation indices on
meteorological factors in the growing season (Eq. 5.1.3-5.1.4):

NDVI = 0.4728 — 0.0001T + 8.4001 x 107°R
EVI = 0.5220 — 0.0159T + 8.1239 X 10°R

(5.1.3)
(5.1.4)

where: T — average annual air temperature, °C; R — annual precipitation, mm.

Table 5.1.3

Results of the regression analysis between average air temperature, precipitation
and average NDVI in Kherson oblast in the growing season

for the period 2012-2021

Regression statistics Index value
Correlation coefficient (R) 0.2743
Standard deviation (SD) 0.0231
Mean square error (MSE) 0.0005
Coefficient of determination (R?) 0.0752
Adjusted Rag’ —0.1890
Root mean square error (RMSE) 0.0277
Mean average percentage error (MAPE) 3.13

Regression model coefficients
Slope 0.4728
A (for average annual air temperature) —0.0001
B (for annual precipitation) 8.4001x10°°
Table 5.1.4

Results of the regression analysis between average air temperature, precipitation
and average EVI in Kherson oblast in the growing season for the period 2012-2021

Regression statistics

Index value

Correlation coefficient (R) 0.7844
Standard deviation (SD) 0.0134
Mean square error (MSE) 0.0002
CoefTicient of determination (R?) 0.6154
Adjusted Rug’ 0.5055
Root mean square error (RMSE) 0.0151
Mean average percentage error (MAPE) 3.49
Regression model coefficients
Slope 0.5220
A (for average annual air temperature) —0.0159
B (for annual precipitation) 8.1239x10°°
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The normalized difference vegetation index is a simple and most widely used
vegetation index in precision agriculture systems (Oliver, 2010), but many scientists
have questioned the possibility of its use for establishing and predicting dynamic
changes in flora (Koslowsky, 1993; Hobbs, 1997; Elmore et al., 2000). The enhanced
vegetation index is considered more reliable, distortions of its value mainly depend
on the topography and to a lesser extent on the characteristics of the atmosphere and
soil cover (Matsushita et al., 2007). Despite the sufficiently close movement of the
curve of changes of both researched vegetation indices in the annual dynamics, the
results of the study indicate that the value of NDVI is almost twice as high as the
value of EVI, which is especially clearly visible for the winter period of the year,
which is confirmed in the works of other scientific groups that blame for this on the
imperfection of the estimation of plant cover parameters in conditions of a high value
(>3.0) of the leaf area index LAI, as well as a clear dependence on the angle of
sunlight income and the content of chlorophyll in the plant tissue (Lillesaeter, 1982;
Huete et al., 1999; Lange et al. ., 2017). It is worth noting that the value of NDVI is
significantly less variable over the years than EVI (Table 5.1.5). Perhaps this factor
explains the insufficient information of the normalized difference vegetation index
in the description of dynamic annual changes in the flora of the Kherson region.
Regarding the degree of the variability of vegetation indices by month of the year, it
was established that a higher level of variability of the value of the enhanced
vegetation index is also observed here, and a growth pattern is also observed in the
coefficient of variation of the values of both vegetation indices in the cold period
(October — March) of the year is also observed. (Table 5.1.6).

The higher efficiency of EVI for assessing the conditions of agricultural land
was confirmed by the research of Lijun et al. (2008). However, there is evidence of
a lower efficiency of EVI-based models to predict the state of vegetation cover. For
example, a study by Eduarda et al. (2007) and Li et al. (2010) demonstrated the
significant advantage of NDVI-based vegetation condition modeling and mapping.
Here it is worth noting that a distinctive feature of our research is the search for the
connection of spatial indices of vegetation with climatic parameters, and it is in this
respect that a significant advantage of the improved vegetation index was established.
In addition, regression models suggest that EVI can be more accurately predicted by
meteorological indicators, making this index more suitable to predict the state of
vegetation under climate change.

Table 5.1.5
Coefficients of variation for the vegetation indices NDVI and EVI in Kherson
oblast for the period 2012-2021

. Vegetation index
Period NDVI EVI
Annual 0.04 0.05
Growing season 0.04 0.07
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Table 5.1.6
Coefficients of variation for the vegetation indices NDVI and EVI in Kherson
oblast on the monthly basis for the period 2012-2021

Vegetation index
Month NDVI EVI
January 0.10 0.14
February 0.10 0.12
March 0.09 0.12
April 0.08 0.13
May 0.07 0.13
June 0.06 0.12
July 0.06 0.09
August 0.08 0.07
September 0.09 0.07
October 0.10 0.11
November 0.12 0.17
December 0.17 0.20

Thus, according to the established regularities, it is more rational to use the
EVI to assess the state of the flora depending on climate changes on the regional
scale, which provides a comparable level of accuracy both for the assessment of
dynamics based on average annual data and the data of the growing season. The
NDVI can only be used to track dynamics based on average annual data, as its
response to the climatic factor during the growing season is low. Other scientists
agree with this statement (Karkauskaite et al., 2017; Qiu et al., 2018).

Regarding the improvement in vegetation conditions for the flora of the
Kherson region based on a positive 10-year trend, there are currently no convincing
data to assert the positive impact of changes in climatic factors on the vegetation of
the region, especially since there is a negative relationship between vegetation
indices and average air temperature during the growing season. Simulations by Jiang
etal. (2011) show that vegetation cover will inevitably transform under the influence
of climate change, and plant biomass is expected to increase by 21% and 36% for
the periods 2051-2060 and 2090-2098, respectively. This especially applies to the
mid- and northern latitudes of the planet. However, Woodward et al. (1998)
previously emphasized the inequity of the relationship between flora and global
warming, indicating that the latter will have a positive effect on the vegetation of
higher latitudes, while thinning of the vegetation cover and gradual desertification
are expected in the southern regions.

The question of the dependence of vegetation indices on the amount of
precipitation is debatable. Even though our results indicate a low (but positive both
at the level of the year as a whole and the growing season in particular) impact of
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the amount of precipitation on the value of EVI and NDVI, a number of scientific
works claim the opposite. The statistically significant dependence of vegetation
indices on the amount of precipitation was proven in the studies of Zoungrana et al.
(2015) and Wang et al. (2003). This contradiction, which at first glance is a rather
significant argument against our results, was resolved by Schultz & Halpert (1993),
who concluded that the degree of influence of air temperature and amount of
precipitation on the value of NDVI varies significantly depending on climatic zones.
Thus, in cold regions with a large amount of precipitation, the NDVI depends more
strongly on the air temperature, while in hot and arid regions, this index will strongly
depend on the amount of precipitation. The work of Ding et al. (2007) also shows
the different strength of the correlation between NDVI and precipitation in different
years and in different areas of the Tibetan Plateau.

In summary, it is worth paying attention again to the main results obtained
by remote sensing data, which would be quite difficult and expensive to obtain by
ground-based research methods, namely: at the regional level in the Kherson region
in the last decade, there has been an improvement in the vegetation conditions of the
flora as a natural, as well as of anthropogenic origin, which is undoubtedly related
to climatic factors, the most significant of which, according to the average annual
analysis, is the air temperature, and in the growing season — the amount of
precipitation, that is, the level of natural humidification, which is an additional
indirect indicator of the high need for a sufficient moisture supply for normal growth
and development of plants in the region, which is impossible to achieve without
irrigation in the conditions of annual increase in air temperature. The models of the
dependence of vegetation indices on meteorological factors allow prediction of
possible changes in the flora conditions in the Kherson region based on
meteorological forecasts, and to take the necessary measures to preserve natural and
maintain the homeostasis of artificial phytocenoses in conditions of climate change.

5.2. Yield forecasting of crops using normalized difference vegetation
index values

At the current stage of development of information technologies and
geoinformation systems, the areas of application of the normalized difference
vegetation index in agricultural science are constantly expanding. Thus, the value of
NDVI, as a chlorophyll-dependent index, is an indirect marker of the potential
photosynthetic activity of plants and therefore can be successfully used to study the
processes of formation of the potential productivity of crops. The relationship
between the value of NDVI and the amount of absorbed photosynthetically active
radiation (PAR) according to Gamon et al. (1995) is sufficiently strong and almost
linear. Sellers (1985), Myneni et al. (1995) also provide evidence in favor of the
above claim. Thus, the strong relationship between these two indicators suggests the
existence of a strong close relationship between the value of NDVI and the yield of
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cultivated plants, since the latter directly depends on the amount of effectively
absorbed PAR, (Zhu et al., 2010; Raines, 2011). Therefore, NDVI is a promising
vegetation index for predicting the yield of crops in precision agriculture systems,
since the modern technical and technological level and the industrialization of the
plant production require new approaches to programming and forecasting the
productivity of cultivated plants. The use of remote sensing data allows for prompt
and highly accurate yield forecasting and does not require complex multiyear studies
to create empirical productivity models, significantly reducing the cost of relevant
developments (Kouadio et al., 2014). Furthermore, satellite imagery on the main
commercial platforms for precision agriculture is provided with high regularity and
allows for almost every individual field and plot, making real-time crop
programming possible and attractive even for small farms and in very tight time
frames. (Maas, 1988; Atzberger, 2013).

The purpose of the study was to establish the relationship between the value
of the NDVI and the yield of certain crops (namely, grain and sweet corn, grain
sorghum, soybeans and winter wheat) grown in the South of Ukraine, in order to
determine the possibility of early high-precision forecasting of their yield based on
remote sensing data.

The analysis of the NDVI value at the main stages of growth and development
of grain corn, which are most often used for early forecasting of the yield, namely at
the beginning of the panicle ejection and during the appearance of the first stigma
on the ear, made it possible to reveal an interesting feature: the value of the
vegetation index was very evenly distributed over time, and therefore the value of
NDVI actually remained unchanged during the specified phases of crop vegetation
over the years of research, which resulted in the same level of accuracy and quality
of crop productivity forecasting based on satellite monitoring data (Table 5.2.1).

The regression statistics of the model testify to the high quality and precision
of forecasting the yield of grain corn yield, especially on strong crops with a grain
yield potential of more than 10 t/ha. The lowest precision is given by the yield
forecast on weak crops with a yield of up to 5 t/ha. Regression analysis made it
possible to establish the strength of the relationship between the value of NDVI and
the yield of grain corn, which, according to the empirical rule, is very high and
positive with the correlation coefficient R 0.9906 and the coefficient of
determination R? 0.9813 (Mukaka, 2012; Schober et al., 2018). The mathematical
model of the forecast has high precision, since the MAPE for all the experimental
pairs is less than 10% (Moreno et al., 2013) (Tables 5.2.1-5.2.2).

As for sweet corn, yield prediction can be performed according to the
phenological phases of "panicle ejection" and "ripening". The value of the vegetation
index varies according to the specified stages of growth and development of the crop,
as well as the accuracy of the forecast. The results of the mathematical forecast of
the harvest of marketable sweet corn ears with husks and regression statistics of the
model are presented in the Tables 5.2.3, 5.2.4. A significantly higher accuracy of
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predicting crop productivity and a better quality of fit of the yield model were
established when using NDVI values in the “panicle ejection” phenological phase as
the base values, which is evidenced by lower absolute error values (28.13% vs.
46.73%) and a higher coefficient of determination of the model (0.4218 vs. 0.2808).

Table 5.2.1
Grain corn yields predicted by the polynomial model and actual, t/ha
Pair number Yot NDVI Yopred MAPE (%)
1 2.87 0.40 244 15.04
2 3.82 0.43 3.33 12.71
3 3.92 0.43 3.33 14.94
4 4.21 0.44 3.64 13.62
5 4.43 0.45 3.94 11.05
6 7.77 0.55 7.07 8.97
7 9.72 0.61 9.03 7.05
8 10.52 0.63 9.70 7.77
9 10.78 0.64 10.04 6.87
10 11.35 0.66 10.72 5.58
11 11.97 0.68 11.40 4.75
12 13.57 0.73 13.14 3.14
13 13.87 0.74 13.50 2.69
14 14.09 0.75 13.85 1.69
15 14.51 0.76 14.21 2.07
16 3.06 0.45 3.94 28.77
17 3.46 0.46 4.25 22.71
18 3.57 0.46 4.25 18.93
19 3.89 0.47 4.55 17.05
20 4.17 0.48 4.86 16.60
21 8.25 0.60 8.70 5.50
22 10.11 0.66 10.72 6.00
23 10.39 0.67 11.06 6.43
24 10.81 0.68 11.40 547
25 10.82 0.68 11.40 5.38
26 11.09 0.69 11.75 5.92
27 13.75 0.75 13.85 0.75
28 14.09 0.76 14.21 0.85
29 14.32 0.77 14.57 1.73
30 14.59 0.78 14.93 2.32
Average 9.13 0.61 9.13 8.75
crv 0.47 0.21 0.45
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Table 5.2.2
Regression statistics for the grain corn yield prediction by the NDVI in the
phenological phase «panicle ejection — appearance of stigmay

Regression statistics Value
Correlation coefficient (R) 0.9906
Coefficient of determination (R?) 0.9813
Adjusted (Rug?) 0.9799
Standard deviation (SD) 0.6027
Model equation —8.0534 + 22.7549xNDVI +
8.5707xNDVI?

The mathematical model for predicting the yield of sweet corn depending on
the value of NDVI has average accuracy (Moreno et al., 2013). The maximum errors
in the estimation occur for pairs with the minimum (up to 10 t/ha) and maximum
(over 15 t/ha) yield, while the median yield pairs show the minimum level of
inaccuracy in the range of 0.80-41.46%. The values of the coefficients of correlation
and determination indicate the average strength of the relationship between the
productivity of sweet corn and the vegetation index (Schober et al., 2018). In general,
the mathematical model can be used to predict the yield of the crop during the
cultivation of medium-yielding hybrids according to conventional agricultural
technology, since the forecast of the yield on both low and high intensity crops will
give a significant error.

The yield of grain sorghum, modeled by the value of the vegetation index in
the flag leaf and flowering phenological phases, varies slightly (Table 5.2.5).

Thus, relatively higher accuracy and quality of curve fitting is provided by
the forecast model based on the value of NDVI in the flowering phenological phase
of the crop, which is evident from the 4.39% lower average absolute error and 0.0885
higher coefficient of determination (Table 5.2.6). The model for the flowering
phenological phase provides a very good quality of curve fitting and a very strong
correlation between sorghum grain yield and the vegetation index value, while the
model for the flag leaf phenological phase shows a strong level of correlation
Schober et al. (2018). According to Moreno et al. (2013) the mathematical model of
grain sorghum yield for the "flowering" phenological phase provides a good quality
of prediction (MAPE<20%), while the model for the "flag leaf" phenological phase
already belongs to the lower gradation — medium prediction accuracy.

165



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

Table 5.2.3
Sweet corn ears yields (in husks) predicted by the polynomial model and actual, t/ha
Pair v NDVIuricle [, MAPE NDVI v MAPE
number act ejection» pred (%) «ripening» pred. (%)
1 2 3 4 5 6 7 8
1 6.72 0.35 9.95 29.98 0.32 11.08 64.93
2 8.06 0.36 10.78 25.24 0.32 11.08 37.51
3 8.49 0.36 10.78 21.25 0.32 11.08 30.55
4 8.78 0.36 10.78 18.55 0.32 11.08 26.24
5 8.86 0.36 10.78 17.81 0.32 11.08 25.10
6 8.90 0.36 10.78 17.44 0.33 11.63 30.73
7 11.45 0.37 11.54 0.80 0.35 12.56 9.72
8 12.24 0.38 12.22 0.15 0.35 12.56 2.64
9 12.36 0.38 12.22 1.27 0.36 12.94 4.70
10 12.50 0.38 12.22 2.57 0.35 12.56 0.51
11 13.61 0.39 12.84 7.15 0.35 12.56 7.69
12 14.04 0.39 12.84 11.15 0.37 13.26 5.55
13 14.79 0.39 12.84 18.11 0.38 13.52 8.57
14 15.40 0.40 13.38 18.71 0.38 13.52 12.19
15 15.92 0.40 13.38 23.54 0.39 13.73 13.77
16 16.32 0.40 13.38 27.26 0.37 13.26 18.74
17 16.76 0.40 13.38 31.34 0.36 12.94 22.79
18 17.04 0.41 13.86 29.54 0.38 13.52 20.64
19 18.23 0.42 14.26 36.85 0.36 12.94 29.01
20 19.20 0.43 14.59 42.78 0.38 13.52 29.57
21 19.87 0.44 14.85 46.58 0.38 13.52 31.94
22 20.09 0.45 15.04 46.87 0.38 13.52 32.69
23 22.23 0.46 15.16 65.64 0.39 13.73 38.25
24 25.34 0.47 15.21 94.08 0.40 13.87 45.25
25 3.83 0.67 1.22 24.22 0.58 6.62 72.96
26 4.04 0.57 11.77 71.80 0.55 9.13 126.07
27 4.30 0.63 6.30 18.53 0.53 10.52 144.58
28 4.25 0.62 7.39 29.12 0.53 10.52 147.46
29 433 0.65 3.90 3.98 0.60 4.66 7.69
30 4.81 0.62 7.39 23.92 0.58 6.62 37.72
31 5.11 0.65 3.90 11.23 0.60 4.66 8.75
32 4.84 0.55 13.03 76.04 0.52 11.12 129.79
33 7.34 0.60 9.35 18.70 0.58 6.62 9.75
34 9.36 0.57 11.77 22.39 0.55 9.13 242
35 10.68 0.57 11.77 10.14 0.57 7.52 29.60
36 9.38 0.62 7.39 18.52 0.58 6.62 29.38
37 6.97 0.6 9.35 22.13 0.58 6.62 4.96
38 7.69 0.62 7.39 2.82 0.57 7.52 2.23
39 8.78 0.63 6.30 23.07 0.58 6.62 24.55
40 7.78 0.48 15.19 68.78 0.53 10.52 35.18
41 10.24 0.60 9.35 8.23 0.57 7.52 26.58
42 12.33 0.58 11.04 12.01 0.50 12.16 1.39
43 14.95 0.53 14.00 8.82 0.55 9.13 38.91
44 13.09 0.60 9.35 34.70 0.55 9.13 30.23
45 9.37 0.60 9.35 0.15 0.55 9.13 2.53
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1 2 3 4 5 6 7 8
46 10.10 0.62 7.39 25.21 0.58 6.62 34.41
47 11.85 0.62 7.39 41.46 0.55 9.13 22.92
48 10.25 0.55 13.03 25.80 0.52 11.12 8.51
49 8.29 0.60 9.35 9.88 0.44 13.88 67.45
50 8.20 0.55 13.03 44.84 0.44 13.88 69.28
51 8.39 0.65 3.90 41.69 0.46 13.54 61.36
52 243 0.31 5.92 32.40 0.36 12.94 432.55
53 3.08 0.44 14.85 109.35 0.41 13.96 353.32
54 8.20 0.55 13.03 44.84 0.55 9.13 11.38
Average 10.77 0.50 10.77 28.13 0.46 10.77 46.73
cv 0.48 0.22 0.31 0.22 0.26
Table 5.2.4

Regression statistics for the sweet corn yield prediction by the NDVI

Regression statistics

| Value

Phenological phase «panicle ejectiony

Correlation coefficient (R) 0.6495

Coefficient of determination (R?) 0.4218

Adjusted (Ruif) 0.3991

Standard deviation (SD) 4.0331
Model equation —63.8839 + 335.3911xNDVI —

355.5484xNDVI?

Phenological phase «ripeningy

Correlation coefficient (R) 0.5299
Coefficient of determination (R?) 0.2808
Adjusted (Rug?) 0.2526
Standard deviation (SD) 4.4981
Model equation —37.0737 + 242.9827xNDVI —
289.0359xNDVI?

It is interesting that for grain sorghum there is a pattern of increasing
absolute error in pairs of low crop yields, as well as for grain corn and sweet corn.
This suggests a better ability of the normalized difference vegetation index to convey
the essence of production processes for crops that are not under stressful conditions
for providing plants with one or more vital elements of productivity (heat, moisture,

light, nutrients).
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Table 5.2.5
Grain sorghum yields predicted by the polynomial model and actual, t’/ha
Pair MAPE NDVI MAPE
number | Yot | NPVIdlagleab | Yorea | =000 | rowerings | Y70 | (%)
1 1.98 0.55 4.04 | 103.88 0.60 3.53 | 78.16
2 243 0.56 4.20 | 72.99 0.61 3.74 | 53.82
3 2.46 0.56 4.20 | 70.88 0.61 3.74 | 51.95
4 2.98 0.57 438 | 46.94 0.62 3.96 | 32.84
5 3.19 0.58 4.56 | 43.02 0.63 4.19 | 31.34
6 4.36 0.61 5.16 | 18.44 0.66 495 | 13.44
7 4.59 0.62 538 | 17.24 0.67 5.22 | 13.70
8 6.27 0.67 6.59 | 5.17 0.72 6.74 | 749
9 6.39 0.67 6.59 | 3.20 0.72 6.74 | 548
10 6.80 0.68 6.86 | 0.92 0.73 7.08 | 4.05
11 7.00 0.69 7.14 | 1.98 0.74 742 | 6.02
12 7.02 0.69 7.14 | 1.69 0.74 742 | 5.72
13 7.15 0.69 7.14 | 0.16 0.74 742 | 3.80
14 8.36 0.73 833 | 0.38 0.78 891 | 6.58
15 8.58 0.75 897 | 4.58 0.80 9.72 | 13.25
16 |2.08 0.30 2.60 | 25.19 0.50 2.00 | 3.90
17 2.28 0.31 2.56 | 12.29 0.51 2.10 | 7.68
18 2.35 0.31 2.56 | 8.94 0.51 2.10 | 10.43
19 1276 0.34 248 | 10.17 0.53 2.35 | 1493
20 3.26 0.37 247 | 24.10 0.55 2.63 | 19.24
21 4.92 0.48 3.10 | 36.89 0.61 3.74 | 24.03
22 5.08 0.49 3.21 | 36.76 0.62 3.96 | 22.07
23 6.81 0.61 5.16 | 24.17 0.69 5.80 | 14.89
24 6.89 0.61 5.16 | 25.05 0.69 5.80 | 15.88
25 7.11 0.63 5.61 | 21.14 0.70 6.10 | 14.20
26 7.32 0.65 6.08 | 16.89 0.71 6.41 | 12.37
27 7.51 0.67 6.59 | 12.19 0.72 6.74 | 10.25
28 7.65 0.68 6.86 | 10.30 0.72 6.74 | 11.90
29 8.54 0.74 8.65 | 1.25 0.75 7.78 | 8.92
30 8.67 0.75 897 | 3.50 0.75 7.78 | 10.29
Average | 5.43 0.59 543 | 22.01 0.66 543 | 17.62
Ccy 1043 0.23 0.38 0.13 0.40
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Table 5.2.6
Regression statistics for the grain sorghum yield prediction by the NDVI
Regression statistics | Value
Phenological phase «flag leaf»
Correlation coefficient (R) 0.8809
Coefficient of determination 0.7760
(R)
Adjusted (Rug?) 0.7594
Standard deviation (SD) 1.1350
Model equation 7.8331 —30.0646xXNDVI + 42.1131xNDVI?
Phenological phase «flowering»
Correlation coefficient (R) 0.9298
Coefficient of determination 0.8645
()
Adjusted (Rag?) 0.8545
Standard deviation (SD) 0.8827
Model equation 10.0315 — 42.1255xNDVI +
52.1927xNDVI?

The accuracy of soybean yield modeling by NDVI value in the "second
internode" and "flowering" phenological phases differed significantly, and an
interesting fact is the better efficiency of the model specifically for the very early
forecast in the first phenological phase (Table 5.2.7). The model for the "second
internode" phenological phase belongs to very high-accuracy models (MAPE<10%),
and in the "flowering" phenological phase to good-accuracy models
(10%<MAPE<20%) according to the classification proposed by Moreno et al. (2013).
As with the corn and grain sorghum yield prediction models, the magnitude of the
absolute error tends to increase as the crop yield decreases to less than 3 t/ha.

The quality of the fit of the yield curve also turned out to be better when
forecasting soybean productivity by the value of the vegetation index in the "second
internode" phenological phase (Table 5.2.8). Thus, the coefficient of determination
is higher by 0.1157, and according to the classification of Schober et al. (2018)
belongs to a very strong relationship (>0.90). Therefore, the most accurate yield
forecast can be obtained at the earliest stages of soybean growth and development,
which is especially valuable for planning the production process and the economic
and organizational component of agricultural activity in plant production.

In general, it is worth noting that the model of soybeans productivity
depending on the value of the vegetation index in the "second internode"
phenological phase of the crop provided the highest possible accuracy and quality
compared to the forecast models developed for other crops that we studied.
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Table 5.2.7
Soybeans yields predicted by the polynomial model and actual, t/ha

Pair | NDVI«econd | MAPE | NDVI [, | MAPE
number | ** internode» ed (%) | «floweringy | Y| (%)
1 1.58 0.45 1.77 | 11.79 0.35 1.44 | 9.08
2 2.17 0.51 231 | 6.30 0.43 1.97 | 9.01
3 2.51 0.55 2.67 | 6.22 0.48 231 | 8.11
4 2.54 0.55 2.67 | 497 0.48 231 | 9.20
5 2.62 0.56 2.76 | 5.19 0.49 237 | 945
6 2.76 0.57 2.85 | 3.10 0.51 2.50 | 9.28
7 2.82 0.58 2.94 | 4.09 0.52 2.57 | 8.88
8 3.39 0.64 3.47 | 243 0.60 3.09 | 8.87
9 3.56 0.66 3.65 | 2.55 0.62 3.22 | 9.61
10 | 3.62 0.67 3.74 | 3.32 0.64 335 | 7.57
11 | 3.81 0.69 3.92 | 2.85 0.67 3.54 | 717
12 | 4.06 0.72 419 | 3.10 0.70 3.73 | 821
13 | 428 0.74 436 | 1.96 0.73 3.92 | 8.52
14 | 431 0.74 436 | 1.25 0.73 3.92 | 9.16
15 | 4.49 0.75 445 | 0.83 0.75 4.04 | 10.02
16 | 137 0.40 131 | 4.04 0.40 1.77 | 29.47
17 | 2.11 0.48 2.04 | 3.47 0.51 2.50 | 18.67
18 | 2.21 0.49 2.13 | 3.77 0.52 2.57 | 16.27
19 | 232 0.50 222 | 445 0.54 2.70 | 16.39
20 | 248 0.52 2.40 | 3.36 0.56 2.83 | 14.13
21 | 257 0.53 2.49 | 3.25 0.57 2.90 | 12.66
22 | 2.68 0.54 2.58 | 3.87 0.59 3.02 | 12.86
23 | 325 0.60 3.11 | 4.17 0.67 3.54 | 8.83
24 | 338 0.61 3.20 | 5.21 0.69 3.66 | 8.39
25 | 371 0.65 3.56 | 4.00 0.74 3.98 | 7.22
26 | 3.79 0.66 3.65 | 3.67 0.75 4.04 | 6.60
27 | 3.86 0.67 3.74 | 3.10 0.76 4.10 | 6.29
28 | 3.96 0.68 3.83 | 3.30 0.78 423 | 6.74
29 | 430 0.72 4.19 | 2.66 0.83 454 | 547
30 | 447 0.75 445 | 039 0.80 435 | 267
Average | 3.17 0.61 3.17 | 3.5 0.66 3.17 | 10.16
cv | 028 0.16 0.28 0.21 0.26
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Table 5.2.8
Regression statistics for the grain sorghum yield prediction by the NDVI
Regression statistics Value
Phenological phase «second internodey
Correlation coefficient (R) 0.9914
Coefficient of determination 0.9830
(R)
Adjusted (Rug?) 0.9817
Standard deviation (SD) 0.1197
Model equation —2.4740 + 9.6725xNDVI — 0.5885xNDVI?
Phenological phase «flowering»
Correlation coefficient (R) 0.9378
Coefficient of determination 0.8795
(R%)
Adjusted (Rug?) 0.8706
Standard deviation (SD) 0.3184
Model equation —1.2588 + 8.0774xNDVI — 1.3550xNDVI?

Modeling the yield of winter wheat depending on the value of NDVI in the
"stem elongation" and "earing" phenological phases proved that the maximum
closeness of the relationship between the vegetation index and crop productivity is
observed in the later phenological phase — the value of the average absolute error
was 13.42% against 17.53%, respectively (Table 5.2.9). However, the difference can
be considered not very significant because, according to the classification of Moreno
et al. (2013), both models fall under the same accuracy class.

Regarding the quality of the fit of the approximation curve, it had a
significantly higher correspondence to the real trend when using the NDVI value in
the "earing" phenological phase in yield modeling (the coefficient of determination
is higher by 0.0686), however, the closeness and strength of the relationship between
the value of the vegetation index and the yield of winter wheat according to the
gradation of Schober et al. (2018) was at the same level for simulations in both
investigated phenological phases (Table 5.2.10).
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Table 5.2.9
Winter wheat yields predicted by the polynomial model and actual, t/ha
Pair v NDVI «stem v MAPE NDVI v MAPE
number | *“ | elongation» red- | (%) «earing» ed (%)
1 2 3 4 5 6 7 8
1 2.72 0.35 2.80 3.08 0.5 2.73 0.34
2 291 0.37 2.94 1.01 0.51 2.99 291
3 3.11 0.39 3.08 0.95 0.52 3.26 4.67
4 3.22 0.40 3.15 2.08 0.52 3.26 1.09
5 3.39 0.42 330 | 2.59 0.53 3.51 3.56
6 5.28 0.60 4.89 7.37 0.56 4.25 19.54
7 5.36 0.61 4.99 6.86 0.56 425 | 20.74
8 5.61 0.63 520 | 733 0.57 448 | 20.06
9 6.02 0.67 5.63 6.50 0.59 4.94 17.90
10 6.17 0.68 5.74 6.98 0.60 5.16 16.30
11 6.17 0.68 5.74 6.98 0.60 5.16 16.30
12 6.29 0.69 5.85 6.97 0.61 5.38 14.45
13 6.3 0.69 5.85 7.12 0.61 5.38 14.59
14 6.97 0.74 6.43 7.71 0.64 6.00 13.89
15 7.11 0.75 6.55 7.83 0.70 7.11 0.05
16 2.83 0.35 2.80 | 0.93 0.50 2.73 3.56
17 2.99 0.36 2.87 3.99 0.51 2.99 0.16
18 3.15 0.37 2.94 6.69 0.52 3.26 3.34
19 3.27 0.38 3.01 7.98 0.52 3.26 0.45
20 3.45 0.40 3.15 8.61 0.53 3.51 1.76
21 5.37 0.57 4.60 | 14.42 0.61 5.38 0.20
22 5.39 0.57 4.60 | 14.74 0.61 5.38 0.17
23 5.69 0.60 4.89 | 14.04 0.62 5.59 1.71
24 6.15 0.64 530 | 13.75 0.64 6.00 2.40
25 6.25 0.65 541 | 13.42 0.65 6.20 0.81
26 6.27 0.65 541 | 13.70 0.65 6.20 1.12
27 6.38 0.66 5.52 | 13.49 0.66 6.39 0.19
28 6.38 0.66 5.52 | 13.49 0.66 6.39 0.19
29 7.03 0.72 6.20 | 11.86 0.69 6.94 1.27
30 7.29 0.75 6.55 | 10.11 0.70 7.11 2.42
31 3.45 0.58 4.69 | 36.02 0.58 4.72 | 36.70
32 3.51 0.59 4.79 | 36.50 0.58 4.72 | 3436
33 3.36 0.53 4.22 | 25.61 0.58 4.72 | 40.36
34 3.66 0.75 6.55 | 79.05 0.63 5.80 | 58.47
35 3.65 0.73 631 | 72.98 0.63 5.80 | 58.90
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36 3.53 0.61 4.99 | 4143 0.55 4.01 13.53
37 3.37 0.54 4.31 | 27.96 0.50 2.73 19.01
1 2 3 4 5 6 7 8
38 2.16 0.55 4.41 | 103.95 0.53 3.51 62.53
Average | 4.77 0.58 4.77 | 17.53 0.59 4.77 13.42
CV 1033 0.23 0.26 0.10 0.28
Table 5.2.10
Regression statistics for the winter wheat yield prediction by the NDVI
Regression statistics | Value
Phenological phase «stem elongation»
Correlation coefficient (R) 0.7793
Coefficient of determination 0.6073
(R)
Adjusted (Ruif) 0.5848
Standard deviation (SD) 1.0200
Model equation 1.3148 + 1.8649xNDVI + 6.8262xNDVI?
Phenological phase «earing»
Correlation coefficient (R) 0.8479
Coefficient of determination 0.7189
(R?)
Adjusted (Rag?) 0.7028
Standard deviation (SD) 0.8630
Model equation —16.7294 + 51.0578xXNDVI —
24.2807xNDVI?

As well as for other studied crops, the winter wheat yield model is characterized
by a tendency to increase the forecast error at lower (up to 4 t/ha) yield levels.

Based on the results of mathematical modeling, a productivity scale was created
for the studied crops based on the value of NDVI in the phenological phase
recommended for forecasting: "panicle ejection - the appearance of the first stigma" for
grain corn, "panicle ejection" for sweet corn, "flowering" for grain sorghum, "second
internode" for soybeans, "earing" for winter wheat, respectively (Table 5.2.11).

The results of the study indicate that it is quite possible to predict the yield of
crops in the early stages with relatively high precision based on the value of NDVI.
The minimum forecast accuracy for the largest amplitude of forecast productivity
values was recorded for sweet corn and the maximum for soybeans.
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Table 5.2.11
Yielding scales (t/ha) of the studied crops depending on the NDVI*
NDVI Grain corn Sweet Grain Winter
Soybeans
corn sorghum wheat
0.3 — 3.40-6.00 — 0.35-0.40 -
04 2.20-2.65 9.50- 1.25-1.80 1.25-1.35 -
17.00
0.5 5.00-6.00 10.50- 1.65-2.35 2.10-2.30 2.35-3.10
19.00
0.6 7.90-9.45 6.70- 2.90-4.15 3.00-3.25 4.45-5.90
12.007
0.7 11.00-13.15 — 5.00-7.15 3.85-4.20 6.15-8.10
0.8 14.00-17.00 — 8.00-11.40 4.70-5.10 7.40-9.75

* Notes: «—» values of the NDVI that are out of a typical range for the model;
1 - decrease in the sweet corn yields under the greater NDVI values relates to the
fact that NDVI>0.6 is the edge variant for the developed model.

A comparison of the given results with those obtained by other researchers
reveals a high consistency. Thus, the works of Xu & Katchova (2019), Bolton &
Friedl (2013), and the work of Johnson (2014) additionally confirm this fact for grain
corn, as well as the sufficiently high strength of the relationship between the value
of the vegetation index and the yield of soybeans.

Nagy et al. (2018) testified to the possibility of highly accurate prediction of
grain corn productivity by NDVI 6-8 weeks before the planned harvest date. Wang
et al. (2016) established a strong statistically significant relationship between the
yield of grain corn and the value of the vegetation index in the period before the
appearance of the first stigma, which allows to prevent crop losses due to the action
of adverse factors of abiotic and biotic nature in this period. The study of Fernandez-
Ordofiez & Soria-Ruiz, (2017) proved the extremely high accuracy and quality of
predicting the productivity level of grain corn when using the NDVI values in the
flowering phase of the crop in a mathematical model, the model error in this case
was only 3%. Obviously, the periods of forecasting grain corn yield recommended
by foreign researchers actually coincide with the period recommended in this study.
Of course, some data show that the maximum accuracy of predicting the yield of this
crop is in other phenological phases, for example, in the phase of pre-milk ripeness
of kernels (Maresma et al., 2020). However, the differences may lie in the use of
different sources of obtaining the NDVI value, since Maresma et al. (2020) did not
use remote sensing data, but the results of measuring the index using field surveys
by drones.

For grain sorghum and sweet corn, very limited data are currently available
in the scientific literature on the effectiveness of predicting the productivity of these
crops using satellite data. There is evidence of a high correlation between NDVI
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value and sorghum biomass growth, which allows predicting the forage productivity
of the crop even at the initial stages of its growth and development (Zinke-
Wehlmann et al., 2019). A large-scale study on the relationship between satellite
vegetation indices and yields of soybean, sorghum, and corn indicated a strong
correlation between these indicators, with correlation coefficients of 0.74, 0.65, and
0.86, respectively (Petersen, 2018). It is noticeable that the minimum strength of the
relationship was established for sorghum, which is in full agreement with the results
of our work.

Given the high, but sometimes still insufficient, accuracy of "NDVI — crop
yield" models, the future development of this approach to programming and yield
prediction will consist either in the improvement of methods and technical and
technological equipment to obtain better quality satellite images with higher
resolution and multiplicity of execution in time, or in a combined approach to
modeling, which will involve improving the functional efficiency of mathematical
models due to the addition of additional input parameters (for example, plant growth
parameters, meteorological data) and the involvement of more modern algorithms
for working with data (for example, artificial neural networks), which also can
significantly improve the practical relevance of satellite monitoring in precision
agriculture (Baez-Gonzalez et al., 2002; Fang & Hoogenboom, 2011; Stas et al.,
2016; Tiwari & Shukla, 2020).

5.3. Crops growth monitoring using normalized difference vegetation index

The normalized difference vegetation index at the beginning of the twentieth
century. has become the standard for satellite monitoring of crops, their productivity
forecasting, and the study of the characteristics of their growth and development
because of its wide availability, flexibility, and strong connection with the indicators
that determine the formation and development of agrophytocenoses (Shammi &
Meng, 2021). Despite certain shortcomings associated with errors in determining the
value of the index depending on atmospheric, weather phenomena, soil type, relief,
vegetation cover structure (Tian et al., 2016), NDVI is the most widely used in
agricultural science and practice satellite vegetation index.

The development of the direction of studying the annual dynamics of the
vegetation index in various plant groups is relevant, the possibility of identifying the
features of a typical model (pattern) of development for each of the types of
phytocenoses, which will be of great practical importance in the mapping of fields
and natural lands, will contribute to a better understanding of dynamic processes in
various plant groups, can be used as a basis for improving the operational
management of crops’ cultivation technologies, increasing the accuracy of setting
the terms of fertilizing and irrigation. Certain achievements in this direction have
already been achieved by both foreign and domestic scientists. The studies of
Magney et al. (2016) testified to the high degree of correlation between the seasonal
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movement of the NDVI value, the duration of phenological phases, and the
productivity of spring wheat, and also established the possibility of performing the
analysis of crop phenology using satellite monitoring data with high accuracy. Pan
et al. (2015) mapped the phenological changes of individual cultivated plants based
on the data of the NDVI time series, and the timing of the onset of phenological
phases modeled by the vegetation index actually coincided with those recorded at
the agrometeorological station during ground surveys. Seo et al. (2019) created a
model based on NDVI values to estimate the phenology of corn and soybeans, the
error of which averaged to just 2.6 days.

Domestic scientists also did not neglect studying the possibilities of remote
monitoring of plant communities of both natural and artificial origin. Thus, JKyxos
& T'opman (2016) studied the annual dynamics of NDVI in Veliky Chapelsky pod,
which made it possible to determine the cyclical transformation of natural vegetation
in the area. [lnaenko & Jlacmo (2020) performed an analysis of the dynamics of the
vegetation index in the Poltava region, reached conclusions about the suitability of
remote sensing data for establishing critical phases of growth and development of
crops, and also developed typical models of the temporal dynamics of development
for the studied plant species. CemenoBa (2014a, 2014b) proposed models for
forecasting the productivity of winter wheat based on the value of the normalized
difference vegetation index for the Steppe of Ukraine, and also developed a
methodology for drought monitoring based on NDVI.

The information available in the scientific literature is not yet sufficient to
fully cover the topic of monitoring the dynamics of growth and development of
cultivated plants using remote sensing data and the formation of clear final
recommendations and applied scientific and practical intellectual products. The aim
of the study was to determine the annual dynamics of the NDVI in the crops, typical
for the agrarian formations of the South of Ukraine, and to link the value of the
vegetation index to the average dates of the onset of the phenological phases of the
studied crops.

Analysis of annual NDVI dynamics on the fallow field proved that the upper
limit of the value of the index for a field free from cultivated plants fluctuates from
0.26+0.04 to 0.24+0.07 (Fig. 5.3.1). The value of the vegetation index in the fallow
field was 0.17+0.05 in the average annual section. Thus, NDVI > 0.22 should be
taken as a marker of the beginning (renovation for winter crops) of active vegetation
of the cultivated plants. Values of the vegetation index that are less than 0.22 indicate:
bare soil; depressed state or a state of rest in the crops; the impossibility of
establishing plant conditions due to weather conditions; the insufficient level of plant
development for identification by remote sensing (for example, the period of early
germination). This result is confirmed by the work of Cemenosa (2014b), where the
NDVI value at the level of 0.21-0.30 is marked as "suppressed vegetation". Uskov
et al. (2020) also cite as a guideline an NDVI value of 0-0.2 as "bare soil", 0.2-0.5
as "weak vegetation".
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Fig. 5.3.1. NDVI dynamics in the fallow field averaged for 2016-2021

The analysis of the annual dynamics of NDVI for several crops showed that
the vegetation index reaches its peak values in the period of May in winter crops
(wheat, barley, rapeseed) and early spring crops (chickpeas, peas), while in late
spring crops (sunflower, soybeans, grain sorghum, millet, grain corn, sweet corn,
tomato of the usual planting period) the maximum value of the index falls on the
month of July. In crops such as spring potatoes, peak NDVI values were recorded in
June, and in late tomatoes, in August. For convenience of a visual assessment of the
dynamics of the vegetation index in fields with the studied crops, the latter were
divided into four groups according to biological and economic characteristics: winter
wheat, winter barley, winter rapeseed — winter crops (Fig. 5.3.2); chickpeas, peas —
early spring crops (Fig. 5.3.3); sunflower, soybeans, grain sorghum, millet, grain
corn — late spring crops (Fig. 5.3.4); sweet corn, regular tomato, late tomato, spring
potato — vegetable crops (Fig. 5.3.5). Development periods when plants are absent
in the field (time before sowing and after harvesting) for all the studied crops were
taken as the same as in the fallow field.
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Fig. 5.3.2. NDVI dynamics for winter wheat (dark green), winter rapeseed (green), and
winter barley (light green) averaged for 2016-2021
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Fig. 5.3.3. NDVI dynamics for chickpea (green) and peas (light green) averaged for 2016-2021
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Fig. 5.3.4. NDVI dynamics for sunflower (ultra-green), soybeans (dark green),
grain sorghum (green), grain corn (light green), and millet (ultra-light green)
averaged for 2016-2021
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Fig. 5.3.5. NDVI dynamics for sweet corn (dark green), regular tomato (green),
late tomato (light green), and potato (ultra-light green)* averaged for 2016-2021
Notes: * for sweet corn — average for 2016, 2019-2020;
for potato —2019-2020
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Considering that the normalized difference vegetation index indirectly
reflects the degree of intensity of growth processes and accumulation of green
biomass by plants (Savin & Negre, 2003; Li et al., 2019), it can be concluded that
winter and early spring crops will have the highest requirements for moisture supply
and nutrition in late spring and early summer, while late spring crops in mid-summer.
It has been proven that the dynamics of the annual NDVI trend can be used for better
detailed and clarification of the irrigation schedule both for individual crops and in
terms of crop rotation and the farm as a whole (Trout & Johnson, 2007; O'Connell
et al., 2010), which is especially relevant for regions where irrigated agriculture is
dominating, for example, southern Ukraine. It is worth taking into account the
established regularity of the seasonal dynamics of growth processes during
fertilization planning with mineral macro and micro fertilizers and operational
planning of irrigation regimes, especially carefully calculating the load on the hydro
module and planning land reclamation measures in advance, since Ko3nenko Ta iH.
(2021) established that in the Ingulets irrigation array the quality of irrigation water
varies significantly by months of the year, and irrigation in the period of July (when
the moisture supply requirements in most late spring crops reach a maximum)
without the use of appropriate restorative and preventive measures has the highest
risk of secondary salinization and alkalinization of soils.

A visual assessment of the annual monthly dynamics made it possible to
notice that several crops have high similarity in growth patterns, namely such crops
as winter wheat and winter barley, chickpeas and peas, millet and sunflower.
Therefore, with the help of mathematical algorithms for automatic recognition of the
dynamic pattern of NDVI, it will be difficult to distinguish crops in the specified
pairs with high accuracy, since it will be almost impossible to set the parameters of
the difference in the regularity of the annual course of the vegetation index (and this
difference must be significant) for sorting satellite images (Areshkina, 2011;
Bartalev & Zakora, 2019; bapranés u np., 2011). As for other crops, they have their
own characteristic features of the seasonal dynamics of the vegetation index;
therefore, the patterns of annual NDVI movement established in the study can be
successfully integrated into the systems of automated recognition and mapping of
agricultural land based on remote sensing.

Comparison of the dynamics of the NDVI value with the average dates of the
onset of the phenological phases of the studied crops in the period 2016-2021 made
it possible to establish the correspondence between the range of the value of the
vegetation index and the main phases of growth and development of the cultivated
plants (Tables 5.3.1-5.3.14).
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Table 5.3.1
Correspondence between NDVI and phenological phases of winter wheat
(averaged for 2016-2021)

Phenological phase Average NDVI =+ standard deviation

Sprouts 0.25+0.11
Winter dormancy 0.19+0.07
Tillering 0.35+0.14
Stem elongation 0.52+0.12
Earing 0.50+0.15
Grain ripening 0.31+0.17
Full ripeness 0.18+0.06

Table 5.3.2

Correspondence between NDVI and phenological phases of winter barley
(averaged for 2016-2021)

Phenological phase Average NDVI =+ standard deviation

Sprouts 0.26+0.10
Winter dormancy 0.174+0.09
Tillering 0.4040.18
Stem elongation 0.57£0.13
Earing 0.47+0.18
Grain ripening 0.3340.17
Full ripeness 0.16+0.01

Table 5.3.3

Correspondence between NDVI and phenological phases of winter rapeseed
(averaged for 2016-2021)

Phenological phase Average NDVI =+ standard deviation
Sprouts 0.32+0.15
Winter dormancy 0.19+0.14
Rosette of leaves 0.3440.18
Stem growth 0.47+0.19
Budding 0.51+0.17
Flowering 0.56+0.16
Pods formation and seed ripening 0.35+0.18
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Table 5.3.4
Correspondence between NDVI and phenological phases of chickpeas
(averaged for 2016-2021)

Phenological phase Average NDVI =+ standard deviation
Sprouts 0.23+0.05
Branching 0.61+0.11
Flowering and beans formation 0.57+0.16
Seed ripening 0.30+0.22
Table 5.3.5

Correspondence between NDVI and phenological phases of peas
(averaged for 2016-2021)

Phenological phase Average NDVI =+ standard deviation
Sprouts 0.35+0.17
Branching 0.49+0.16
Budding and flowering 0.52+0.19
Seed formation and ripening 0.32+0.19
Table 5.3.6

Correspondence between NDVI and phenological phases of sunflower
(averaged for 2016-2021)

Phenological phase Average NDVI =+ standard deviation

Sprouts 0.22+0.04
Rosette of leaves 0.3540.14
Stem growth 0.54+0.12
Budding and flowering 0.53+0.12
Seeds formation and ripening 0.40+0.16
Full ripeness and senescence 0.25+0.09

Table 5.3.7

Correspondence between NDVI and phenological phases of soybeans
(averaged for 2016-2021)

Phenological phase Average NDVI = standard deviation
Sprouts 0.26+0.12
Branching 0.30+0.12
Flowering 0.39+0.17
Beans formation 0.45+0.19
Seeds formation and ripening 0.41+0.16
Full ripeness 0.27+0.15
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Table 5.3.8
Correspondence between NDVI and phenological phases of grain sorghum
(averaged for 2016-2021)

Phenological phase Average NDVI =+ standard deviation

Sprouts 0.23+0.03
Tillering 0.38+0.10
Stem elongation 0.56+0.14
Panicle ejection and flowering 0.61+0.11
Seeds formation and ripening 0.48+0.18
Full ripeness 0.29+0.18

Table 5.3.9

Correspondence between NDVI and phenological phases of grain corn
(averaged for 2016-2021)

Phenological phase Average NDVI =+ standard deviation
Sprouts — 3-5 leaves 0.24+0.07
5-10 leaves 0.45+0.13
Panicle ejection and flowering 0.70+0.03
Cobs and kernels formation 0.62+0.12
Seed ripening 0.41£0.20
Full ripeness 0.224+0.06

Table 5.3.10

Correspondence between NDVI and phenological phases of sweet corn
(averaged for 2016-2021)

Phenological phase Average NDVI =+ standard deviation
Sprouts — 3-5 leaves 0.32+0.06
5-10 leaves 0.45+0.05
Panicle ejection and flowering 0.48+0.07
Cobs formation 0.46+0.11
Technical ripeness 0.33+0.04
Table 5.3.11

Correspondence between NDVI and phenological phases of millet
(averaged for 2016-2021)

Phenological phase Average NDVI + standard deviation
Sprouts 0.19+0.02
Tillering 0.41+0.06
Stem growth 0.48+0.10
Panicle ejection and flowering 0.55+0.09
Seeds formation and ripening 0.34+0.13
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Table 5.3.12
Correspondence between NDVI and phenological phases of regular spring tomato
(averaged for 2016-2021)

Phenological phase Average NDVI =+ standard deviation
Planting of seedlings 0.17+0.03
Vegetation growth 0.32+0.18
Budding 0.48+0.15
Flowering 0.60+0.15
Fruit formation 0.69+0.07
Fruit ripening 0.45+0.23

Table 5.3.13

Correspondence between NDVI and phenological phases of late tomato
(averaged for 2016-2021)

Phenological phase Average NDVI = standard deviation
Planting of seedlings 0.16+0.03
Vegetation growth 0.41+0.22
Budding 0.52+0.15
Flowering 0.68+0.14
Fruit formation 0.69+0.07
Fruit ripening 0.214+0.19

Table 5.3.14

Correspondence between NDVI and phenological phases of spring potato
(averaged for 2016-2021)

Phenological phase Average NDVI =+ standard deviation
Sprouts 0.30+0.11
Budding 0.43+0.14
Flowering 0.41+0.15
Senescence 0.31+0.12

It was established that the vegetation index reaches its peak values in the
following phenological phases of the studied crops: winter wheat, winter barley —
stem elongation; winter rapeseed — flowering; chickpeas — branching; peas — budding
and flowering; sunflower — stem growth; soybeans — formation of beans; grain
sorghum — panicles ejection and flowering; grain corn — panicle ejection and
flowering; millet — panicle ejection and flowering; sweet corn — panicle ejection and
flowering; spring potatoes — budding; tomato (regardless of the time of planting) —
fruit formation. Therefore, the results of the study show that the value of NDVI can
be used as an indirect indicator to determine the moisture needs of cultivated plants,
since the maximum value of the vegetation index for most of the studied crops was
observed precisely in those phenological phases, which are empirically established
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critical phases for them in terms of water consumption (3in4enko Ta iH., 2001). This
statement was confirmed in several scientific works, in which NDVI was
successfully used as an independent or additional parameter to determine irrigation
timing and rates, which differed from the traditional FAO method with improved
precision and resulted in significant savings in irrigation water (Hunsaker et al., 2006,
2007; Fontanet et al., 2020). Haghverdi et al. (2020) used the normalized differential
vegetation index as an indicator of the response of irrigated crops to irrigation.

The research by Patel & Oza (2014) also proved the possibility of a
sufficiently accurate tracking of the timing of the phenological phases of crops by
the value of NDVI. However, one cannot avoid problems in recognizing the
phenological phases of the same crop, if it was sown in completely different terms
(for example, millet can be sown both in the main and in intermediate crops), as well
as because of the use in the production of varieties and hybrids of different maturity
groups, which was reflected in the work of Tepexun (2014). Additionally, the
difference may be related to the use of different sources to calculate the value of the
vegetation index. In our study, the Sentinel-1/2 satellite images were the basis, while
when using images, for example, from the Landsat-8 satellite, the difference in the
value of NDVI according to the phases of crop development may be slightly different.
Although, despite the difference in the varietal composition, different environmental
conditions, and parameters of grain corn cultivation technology in the Kherson and
Belgorod regions (Russian Federation), the annual dynamics of NDVI for this crop
in these regions is very similar, the peak values of the vegetation index are noted in
the period " the end of June — July" (Tepexun, 2014). Similarly, the dates of the
maximum value of the vegetation index for soybeans coincided in July, while, for
example, a certain difference can be observed for sunflowers: in our work, the
maximum occurred in July, in the work of Tepexun (2015) — at the end of June. In
general, the study of the annual dynamics of NDVI and the development of reference
models for various crops is useful for clarifying and simplifying phenological
observations and fixing the onset of the phases of growth and development of
cultivated plants based on satellite data over large areas. Mao et al. (2003) studied
the dynamics of NDVI on wheat crops, established significant fluctuations in the
value of the vegetation index depending on the phenological phase of the crop.

The established patterns of annual NDVI dynamics can be applied in systems
of automated recognition, typology and mapping of agricultural land based on
remote sensing data, as it has been proven that each crop has its own unique pattern
of seasonal changes in the vegetation index. For example, Khvostikov & Bartalev
(2018) proposed mathematical models for recognizing vegetation types based on
patterns of seasonal NDVI dynamics, with a model error of 8%. Hanbing et al. (2011)
confirm the existence of a significant difference in the patterns of seasonal dynamics
of NDVI of different plant groups. Note that some researchers pay additional
attention to the great importance of choosing the right algorithms for mathematical
processing of seasonal NDVI values, which will improve the accuracy of automatic
recognition of agricultural crops (Wei et al., 2015).
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5.4. Relationship between normalized difference vegetation index and
fraction of green canopy cover in crops

In the current stage of agricultural production development, the transition from
conventional agriculture to precision agriculture is inevitable. Such a transfer cannot
be imagined without the implementation and integration of the models of automated
management and decision-making with simulation of agroecological processes in
phytocenoses (for example, DSSAT, APSIM, AquaCrop), as well as technical and
technological means for receiving, reading, analyzing, and interpreting the remote
sensing data, which already are successfully and actively used by science and practice
for programming and forecasting the productivity of agroecosystems and
agroecological monitoring (Jones et al., 2003; Liaghat & Balasundram, 2010). So far,
compared to Western European and American farmers, the Ukrainian agrarian is very
little aware of the possibilities of improving the process of management, planning, and
increasing the productivity of plant production using remote sensing data. There is not
only a lack of knowledge about the technologies themselves and how they are applied
in practice. The domestic market for high-tech products does not actively offer a highly
regarded and financially attractive arsenal of technical means and systems to
implement the principles of precision agriculture. Information support also has
practically no alternative to the high-cost foreign one, and the national software
product has a not much lower cost for incomparable quality, so most private owners
and farmers cannot afford to purchase it, which greatly inhibits the development of
precision agriculture at the national level. Thus, forecasting the productivity of
agricultural crops and monitoring the condition of crops around the world is carried
out using data on the normalized difference vegetation index (Shafi et al., 2019;
Shanmugapriya et al., 2019; Tenreiro et al., 2021). Foreign information platforms (for
example, AgroAPI, Earth Observation Systems, CERES Imaging, VEGA-PRO),
which provide high-quality and ready-to-use information on vegetation indices
without additional knowledge and processing, require large capital investments, which
increase in proportion to the increase of the cultivated areas involved in monitoring
and needs for additional (for example, meteorological) information. At the same time,
free services and services for academic institutions (for example, offered by
Copernicus and NASA) provide the user with "raw" satellite images that require
additional professional camera processing. Trial versions of software products provide
low quality and provide limited access to remote sensing data (both temporally and
spatially). Therefore, the problem arises of the possibility of obtaining data on the
normalized differential vegetation index at minimum costs and with the highest
possible accuracy from alternative sources or by an alternative method. The solution
to this problem can be the fractional green canopy cover (FGCC) conversion of the
value into the value of NDVIL.

The fractional green canopy cover is an indicator that can be automatically
calculated in a few steps for any part of the field with a modern smartphone running
Android or iOS with a camera. All you must do is download the free Canopeo mobile
application, take a photo of the field, holding the smartphone camera parallel to the
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soil surface at a height of 1.5-2.5 m (depending on the height of the cultivated plants
and the features of the micro-relief), and get the results about percentage of green
cover in this area (Patrignani & Ochsner, 2015). The method is very convenient,
intuitively simple, does not require high capital investments, and most importantly,
the calculation results can be used directly in models to assess the productivity of
fodder lands and the growth of plant biomass (Jauregui et al., 2019), as well as for
conversion to those used in precision agriculture systems, and most models of
growth and development of agricultural crops have a normalized differential
vegetation index (Reed et al., 2021).

At the moment, there are few studies on the mutual conversion between
NDVI and FGCC, but the reports available in the scientific literature are sufficient
to prove a close correlation between the values of these indices in a number of crops.
Thus, a strong direct proportional relationship has been established for vegetable and
garden crops, grain corn, soybeans, winter wheat and barley. The maximum
closeness of the connection between the NDVI and FGCC values, according to
preliminary data, belongs to the crops of the narrow-row sowing method. The data
available in domestic and foreign scientific literature are insufficient for a complete
understanding of the relationship between these two indicators, since the range of
studied crops, the geography of research, and the volume of input data sets are
insufficient. In addition, most models are limited to establishing a linear relationship
without taking into account the nonlinear component of the course of processes in
agroecosystems (Lukina et al., 1999; Trout et al., 2008; De la Casa et al., 2018;
McGlinch et al., 2021). A detailed study of the strength, direction and regularities of
the relationship between the values of NDVI and FGCC for each individual crop is
essential, as previous studies have shown that it can vary widely even in related
species and may also depend to some extent on agroclimatic conditions and
agricultural cultivation techniques (Lyon, 2016; Tenreiro et al., 2021).

The aim of this study is to assess the relationship between the values of NDVI,
obtained from the remote sensing data, and FGCC, calculated from ground
photographs in the Canopeo mobile application (Fig. 5.4.1). It is important to
emphasize that although the main task is to find models for converting FGCC to
NDVI, a reverse conversion model will also be of high practical value in some cases,
when for certain reasons (impossibility to reach the field due to weather conditions,
too high plant height on the site, extremely large territorial shooting scale, etc.) it
becomes impossible to obtain data on green cover from ground photographs, but
data on the normalized difference vegetation index for a given area are available, as
it was shown in the studies of numerousforeign authors (McPherson, 1993; Calera
et al., 2001; Rahman et al., 2004; Schmitz & Kandel, 2021; Tsakmakis et al., 2021).

The results of mathematical-statistical processing of data pairs "FGCC —
NDVI" (100 pairs for each studied crop) made it possible to assert the presence of a
strong direct proportional relationship between these indices for each crop, which is
confirmed by the correlation coefficient values within 0.8475-0.9758 (Table 5.4.1).

The highest tie closeness was recorded for safflower, chickpeas, beans,
winter rapeseed and peas (the determination coefficient exceeded 0.90), and the
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minimum was for tomato, millet, and sunflower (the coefficient of determination
was less than 0.80). Average quality of fitting is in the models of winter wheat and
grain corn. In general, it is noticeable that crops that traditionally have higher plant
density and are sown in a narrow-row manner demonstrate a higher correspondence
between the indices of green cover and the normalized difference vegetation index.
Regarding tomatoes, the decrease in the strength of the connection between the
investigated parameters may be due to the peculiarities of the architecture of plants,
the stems of which are to a certain extent twisted and during the period of formation
and ripening of fruits, they spread over the surface of the soil, which causes
distortions during the assessment of both the fraction of green leaf cover and
vegetation index.

Regarding the accuracy of the developed models, it is worth noting the
extremely high correspondence between simulated and real NDVI values for such
crops as chickpeas, safflower, peas, winter wheat, and grain corn, where the value
of MAPE did not exceed 10%, which indicates the highest quality and reliability of
these models. High conversion accuracy is provided by the models for industrial
tomato, sunflower and millet, the MAPE of which is in the range of 10-20%. For
winter rapeseed and beans, the conversion of FGCC to NDVI for these crops is
possible, but its precision is at an average level (Moreno et al., 2013). The
mathematical polynomial models for the conversion of the FGCC value to NDVI for
each crop are given in Table 5.4.2.

Table 5.4.2
Polynomial models for conversion of FGCC (%) into NDVI (pts.)
for the studied crops

Crop Model
Grain corn 0.1384 + 0.0062xFGCC + 3.0000x10°xFGCC?
Sunflower 0.0448 + 0.0091xFGCC — 2.3000x10°xFGCC?
Tomato 0.1718 + 0.0098xFGCC — 2.0460x10°xFGCC?
Millet 0.0168 + 0.0098xFGCC — 4.8510x10°xFGCC?

Winter wheat 0.2080 + 0.0045xFGCC + 1.357x103xFGCC?

Winter rapeseed —0.1305 + 0.0127xFGCC — 4.7241x105xFGCC?
Safflower 0.1034 + 0.0036xFGCC + 2.6415x10xFGCC?
Beans —0.1166 + 0.0121xFGCC — 3.2024x103xFGCC?
Chickpeas 0.0132 + 0.0066xFGCC + 2.0827x10xFGCC?
Peas 0.0051 +0.0105xFGCC — 2.4200x10°xFGCC?

The results of mathematical and statistical processing of data pairs "NDVI —
FGCC" (100 pairs for each studied crop, reverse direction of conversion) confirmed the
existence of a strong direct proportional correlation between these indices for each crop,
which confirms the regularity established by the previous analysis (Table 5.4.3).
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Fig. 5.4.1. Example of FGCC calculation in Canopeo and corresponding NDVI at
the OneSoil Al platform for remote sensing crops monitoring
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During the evaluation of the quality of the reverse conversion models, it was
established that the highest fitting quality was provided by the latter for such crops
as safflower, chickpeas, beans, winter rapeseed and peas (the coefficient of
determination is higher than 0.90), the minimum (the coefficient of determination
below 0.80) was provided by the models for millet and tomato. The average quality
of fitting is observed for the models of such crops as grain corn, sunflower, and
winter wheat. In general, it is noticeable that the reverse conversion for certain crops
(sunflower, millet, winter rapeseed, beans, chickpeas, and peas) ensured a higher
quality of fitting compared to the direct one. At the same time, the reduction of the
coefficients of determination during the conversion of NDVI to FGCC is established
for grain corn, winter wheat, tomato and safflower.

Regarding the precision of the NDVI to FGCC conversion models, the
models provide extremely high reliability for winter wheat, winter rapeseed,
safflower, chickpeas and pea (MAPE<10%), high — for grain corn, sunflower, tomato,
millet, and beans. It should be noted that, unlike the models for direct conversion,
all reverse conversion models provided higher accuracy, since none of the MAPE
models exceeded the value MAPE of 20% (Moreno et al., 2013). Mathematical
polynomial models for the conversion of FGCC into NDVI for each crop are
presented in Table 5.4.4.

The results of the study supplement the previously acquired knowledge about
the closeness and peculiarities of the relationship between the studied indicators. In
particular, the data available in the scientific literature refer to a limited range of
crops, limited to certain garden and vegetable crops (Trout et al., 2008), wheat
(Lukina et al., 1999; Goodwin et al., 2018), sorghum (Chung et al.., 2017), fodder
crops (Jauregui et al., 2019), barley (McGlinch et al., 2021) and soybeans (De la
Casa et al., 2018). In addition, the linear relationships proposed by the authors, in
our opinion, do not fully correspond to natural non-linear processes, and the very
laws of the relationship between NDVI and FGCC will also vary greatly depending
on geography, natural-climatic, soil and agro-technological conditions of research.
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Table 5.4.4

Polynomial models for conversion of NDVI (pts.) into FGCC (%)

for the studied crops

Crop Model
Grain corn 3.5721 + 79.6233xNDVI + 44.5291 xNDVI?
Sunflower —0.7472 + 127.2628xXNDVI — 19.1083xNDVI?
Tomato 0.0754 + 70.0017xNDVI + 19.0338xNDVI?
Millet —1.4352 + 127.4283xNDVI — 13.9308xNDVI?

Winter wheat

—4.0062 + 116.3299xNDVI — 1.5687xNDVI?

Winter rapeseed

—25.0306 +249.1919xNDVI — 133.528 | xXNDVI?

Saftflower —3.5951 + 152.4170xNDVI — 4.1673xNDVI?
Beans —26.9276 + 238.6282xNDVI — 120.2829xNDVI?

Chickpeas —3.2480 + 163.8229xNDVI — 26.4700xNDVI?

Peas 21.8760 + 18.8732xNDVI + 90.3971xNDVI?

An interesting fact is that different crops have a different tendency to increase
the intensity of the NDVI value with an increase in FGCC. Therefore, when the
green cover is only 20%, almost all crops studied are likely to have an NDVI value
that, according to the gradation given in Section 5.3, belongs to suppressed
vegetation (<0.2). Only when FGCC reaches 40% is the transition of all studied
cultivated plants to the phase of growth of vegetative mass noticeable. At the same
time, safflower is distinguished by the slowest increase in the value of the
normalized difference vegetation index, while tomato has the most rapid increase in
its value. Most of the crops studied are limited by the peak value of NDVI in the
range of 0.70-0.75, while tomato is able to reach the maximum possible values of
the index 0.85 in FGCC 85% (Table 5.4.5).

As for the inverse pattern, the maximum growth rates of FGCC are observed
for such crops as chickpeas and safflower, which reach peak FGCC values at
submaximal NDVI 0.65. They are followed by grain corn, sunflower, millet, and
beans. Crops such as tomato, winter wheat, winter rapeseed, and peas reach
submaximal values of the FGCC at the submaximal value of the NDVI 0.80 (Table
5.4.6). The established regularities are an important source of knowledge regarding
the features of the real display of the growth processes of cultivated plants by remote
and ground-based vegetation indices. The mathematical models for mutual conversion
between fractional green canopy cover and normalized difference vegetation index are
presented in an intuitive form in the mobile application NDVI Converter, available for
smartphones based on the Android OS (Fig. 5.4.2). For convenience, the application is
published in three languages: Ukrainian, English, and Russian. This will allow a domestic
farmer who has a smartphone with installed applications Canopeo and NDVI Converter to
quickly calculate not only the FGCC for each field or its separate plot, but also recalculate
it to NDVI to receive fresh data on the vegetation index without additional costs.
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Fig. 5.4.2. Interface of the mobile app NDVI Converter

For those who use devices running other OS, an online application with
similar functionality is available at the link https://tinyurl.com/y8vma89u.

It is worth noting that the models were developed and tested in the conditions
of the South of Ukraine, and therefore the maximum accuracy of conversion is
guaranteed precisely for this area of farming.

Conclusions to Chapter 5
1. It has been established that vegetation indices in the Kherson region reach
their peak values in the period May—July: NDVI—0.53-0.54, EVI - 0.32-0.33. Starting

from August, there is a process of gradual senescence of annual flora and transition to
a state of dormancy in perennial flora, which renovates the next life cycle since March.
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The study of the long-term dynamics of the state of the region's flora based on satellite
data indicates a sustainable trend toward the improvement in the general condition of
vegetation, which is confirmed by a gradual increase in the value of the vegetation
indices. The EVI vegetation index is more sensitive and shows a steeper linear
dynamic to increase compared to NDVI. According to the results of the mathematical
evaluation of the average annual indicators, a significantly higher sensitivity to
meteorological factors was established for the NDVI. The evaluation of the
relationship between meteorological indicators and vegetation indices during the
growing season showed a higher sensitivity to changes in the multiyear section of the
NDVI value, while it is better to use the EVI value to evaluate the dynamics within the
annual period. It was established that NDVI did not respond to the climatic factor when
evaluated within the growing season. The direction of the influence of the increase in
air temperature on the flora of the Kherson region when evaluated in terms of different
time series changes to the opposite: when evaluating the average annual dynamics, it
has a positive effect on vegetation, while during the growing season it is negative.
Regarding precipitation, the direction of its influence is the same for both evaluation
periods, and the strength of influence decreased within the growing season. It was
established that the value of NDVI is less variable both for monthly periods and for
years than the value of EVI. The variation of both vegetation indices increases in the
cold period of the year (October — March). Thus, according to established regularities,
it is more rational to use the EVI vegetation index to assess the state of the flora
depending on climate changes at the regional scale, which provides a comparable level
of accuracy both for dynamic assessments based on average annual data in multi-year
dynamics and for short time series within a year or growing season. The normalized
difference vegetation index can be used to monitor the dynamics of the average annual
data in a multi-year section, since its response to the climatic factor in the growing
season is too low. Models of the dependence of vegetation indices on meteorological
factors make it possible to predict possible changes in the flora of the Kherson region
based on meteorological forecasts, and to take the necessary measures to preserve
natural and maintain the homeostasis of artificial phytocenoses under conditions of
climate change.

2. Regression analysis made it possible to establish the strength of the
relationship between the value of NDVI in the phase of " panicle ejection —
appearance of stigma" and the yield of grain corn, which turned out to be very high
and positive with a coefficient of determination of 0.9813, with MAPE 8.75 %. For
sweet corn, higher prediction accuracy and fit quality of the crop yield model were
observed when using the phenological phase of NDVI value in the "panicle ejection»,
while MAPE was 28.13%, and the model determination coefficient of determination
of the model was 0.4218. For grain sorghum, the highest accuracy and quality of
modeling is provided by the value of NDVI in the "flowering" phenological phase:
The MAPE of the model is 17.62%, and the coefficient of determination is 0.8645.
For soybeans, the yield prediction model in the phenological phase of the "second
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internode» turned out to be the determination best — MAPE was 3.17%, the
coefficient was 0.9830. In winter wheat, the closest relationship between vegetation
index and crop yield was recorded in the ‘earing’ phase: the value of MAPE was
13.42%, the determination coefficient 0.7189. In general, the minimum accuracy of
yield prediction based on satellite data was recorded for sweet corn and the
maximum — for soybeans. The accuracy of prediction decreases for weak crops and
is highest for medium-yielding ones. Based on the results of mathematical modeling,
a productivity scale was created for the studied crops based on the value of NDVI in
the phenological phase recommended for prediction: "panicle ejection — appearance
of stigma" for grain corn, "panicle ejection”" for sweet corn, "flowering" for grain
sorghum, "second internode" for soybeans, "earing" for winter wheat.

3. The analysis of the annual dynamics of the normalized difference
vegetation index on the fallow field led to the conclusion that the marker of the
beginning (recovery for winter crops) of active vegetation of crops should be taken
as the value of NDVI is > 0.22. The vegetation index reaches its maximum values in
May for winter crops (wheat, barley, rapeseed) and early spring crops (chickpeas,
peas), in July for late spring crops (sunflower, soybean, grain sorghum, millet, grain
corn, sweet corn, spring planted tomato). In spring potatoes, the maximum value of
NDVI was recorded in June, in late tomatoes — in August. The vegetation index
reaches its peak values in the following phenological phases: winter wheat, winter
barley, stem elongation; winter rapeseed — flowering; chickpeas, branching; peas —
budding and flowering; sunflower, stem growth; soybeans — beans formation; grain
sorghum, panicle ejection and flowering; grain corn, panicle ejection and flowering;
millet, panicle ejection and flowering; sweet corn — panicle ejection and flowering;
spring potatoes, budding; tomato (regardless of the time of planting) — fruit
formation. A high similarity of growing patterns was established in crops such as
winter wheat and winter barley, chickpeas and peas, millet, and sunflower. In general,
each crop has characteristic features of the seasonal dynamics of the vegetation index;
therefore, the templates established as a result of the research can be integrated into
the systems of automated recognition of cultivated plants and field mapping based
on satellite data.

4. The results of mathematical and statistical processing of the FGCC and
NDVI data pairs for each of the crops studied confirmed the existence of a strong
direct proportional relationship between these indices: the values of the correlation
coefficient values ranged from 0.8475 to 0.9758. The maximum tightness of the
connection was established for safflower, chickpeas, beans, winter rapeseed, and
peas (determination coefficient is > 0.90), the minimum for tomato, millet and
sunflower (determination coefficient is < 0.80). The maximum accuracy of FGCC
into NDVI conversion is provided by mathematical models for chickpeas, safflower,
peas, winter wheat and grain corn, where the value of MAPE is <10%. High
conversion accuracy is provided by the models for tomato, sunflower, and millet,
MAPE of which is within the range of 10-20%. For winter rapeseed and beans, the
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conversion of FGCC into NDVI is possible, but the accuracy of the model is average.
Evaluation of the quality of the reverse conversion models showed that the highest
quality was ensured for safflower, chickpeas, beans, winter rapeseed and peas
(determination coefficient is > 0.90), minimum (determination coefficient is < 0.80)
— the models for millet and tomato. The models for winter wheat, winter rapeseed,
safflower, chickpeas and peas (MAPE<10%) provide maximum conversion
reliability, high — for grain corn, sunflower, tomato, millet, beans. Most of the crops
studied are limited by the peak value of NDVI in the range of 0.70-0.75, while
tomato is able to reach the maximum possible values of the index >0.85 at the FGCC
approximately 85%. The mathematical models for mutual conversion between
fractional green canopy cover and normalized difference vegetation index are
presented in an intuitive form in the mobile application for smartphones based on
the Android OS — NDVI Converter.
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GENERAL CONCLUSIONS AND RECOMMENDATIONS

The presented scientific work offers a new perspective on agroclimatic zoning
and irrigation requirements on the territory of Ukraine, taking into account the climatic
situation; the role of crop production as a climate-forming factor is established and
promising directions for the transformation of modern practices of farming, land use and
forestry are considered; approaches to flora monitoring in large areas were proposed,
productivity prediction models and phenology tracking approaches were developed for
several chosen crops grown in the Kherson region. The results of the research work can
be summarized and generalized in the following points:

1. Climate change is an urgent agro-ecological problem that significantly
affects agro-industrial production and food security, requires an integrative approach
a review of agro-climatic zoning, the structure of sown areas, species and varietal
composition of crops, cultivation technologies based on the climate-oriented
adaptive approach. The industrialization and informatization of crop production on
the basis of precision digital agriculture, which involves the complex use of modern
satellite monitoring technologies, geo-information systems, IoT and a modern
machine-tractor park, is one of the important prerequisites for the successful
implementation of the strategy of adapting the agro-industrial sector to current
challenges, requires comprehensive approach to the transformation of the
agricultural sector of the state at all levels, including economic, political-legal, social,
technical-technological and scientific-educational.

2. Analysis of the meteorological situation in the Kherson region over a
multi-year period indicates the risks of increasing aridity in the region. By 2050, the
territory of the region is likely to become extremely arid — the forecasted aridity
index is 0.22. Irrigation will acquire the status of a decisive factor in the sustainable
development of crop production, which is confirmed by the results of the regression
analysis for the pair "total productivity of arable land — volumes of water used for
irrigation" in the region (R?is 0.7378).

3. A statistically reliable trend towards an increase in the average annual air
temperature, which for the period 2021-2050 is likely to reach the forecast mark of
+11.1-11.2°C, has been observed throughout the territory of Ukraine in recent years.
The most rapid climatic changes in the last 30 years were recorded in Chernihiv,
Kharkov, Sumy and Vinnitsa regions. The minimum climatic changes are observed
in the Kherson, Volyn, Mykolaiv, Odesa, Poltava and Zaporizhzhia regions. An
intense increase in aridity was recorded in Chernivtsi, Khmelnitsky, L’viv, Sumy,
Ternopol, Vinnitsa, and Zhytomyr regions. The minimum statistically significant
dynamics is observed in the southern regions of Ukraine — Kherson, Mykolaiv,
Odesa, Zaporizhzhia, and Dnipropetrovsk regions. A trend of increasing irrigation
needs has been established in all regions of Ukraine. As of 2021, irrigation is not
needed to ensure sustainable crop production only in the western and north-western

200



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

regions. The current level of meeting irrigation needs in Ukraine is catastrophically
low and is, according to various estimates, 2.5-10.0%.

4. Based on the results of a mathematical analysis of retrospective
agrometeorological data on the territory of Ukraine for the period 1971-2020,
reference evapotranspiration assessment models were developed based on the value
of the average air temperature based on the standardized FAO Penman-Monteith
method. Checking the quality and accuracy of the proposed models confirmed their
high quality (R’ in the range of 0.84-0.95) and accuracy (MAPE at the level of 8.96-
26.24%), which significantly depended on the region: the maximum — for the
Mykolaiv region, Kharkov region, Kirovograd and Dnipropetrovsk regions, the
minimal — for the Odesa, Rivne region, Zakarpattia and Zhytomyr regions. For ease
of implementation of mathematical models, the online application "ETo Calculator
Ukraine" was created based on the Zoho spreadsheet processor and the Android
application for smartphones Evapotranspiration Calculator (Ukraine).

5. Reliable trends have been established to increase the average annual global
air temperature, the concentration of the main greenhouse gases in the atmosphere, and
the area of the ozone hole. It has been proven that CO, has a secondary role in global
warming (R’ is 0.70), the leading role belongs to N>O (R? is 0.74). The hypothesis of the
influence of greenhouse gases on the temperature regime of the planet has been
confirmed (R > 0.69).

6. An increase in NoO and CHs emissions associated with anthropogenic
activity in the field of crop production was established. Agriculture is the main source
0of N,O emissions with a share of >75%, while carbon dioxide emissions are minimized
to <8% thanks to modern tillage systems. The presence of a strong inverse correlation
between emissions and the concentration of greenhouse gases and the area of forests
was proved (R? is 0.88). The use of pesticides, nitrogen fertilizers, the increase in the
forests area contribute to the reduction of greenhouse gas emissions, while the
application of phosphorus-potassium fertilizers, the expansion of arable land and
increasing the intensity of the use of tractors leads to its growth according to the
mathematical model of the formation of emissions under the influence of farming
practices. Forecast calculations have established that without the use of appropriate
regulatory measures, the level of greenhouse gas emissions from the crop industry will
reach 9.35 million tons by 2050, while optimization of farming practices and forestry
will allow emissions to be kept at the level of 7.14 million tons. Forest restoration and
afforestation is a powerful lever of influence on the intensity of climate change
processes, which is confirmed by a strong inverse relationship between global air
temperature and the forest area (R’ is 0.7225). In addition, forests indirectly affect the
productivity of agrophytocenoses. The mathematical model of the total productivity of
1 ha of Ukrainian arable land, depending on the level of its forest cover, has high
reliability and good predictive accuracy (Ryreq is 0.4046 at MAPE 18.50%). In the
period 1990-2019, the ratio of arable land coverage with forest plantations in Ukraine
is within 0.3-0.4 without a tendency to increase.
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7. According to remote sensing data for the period 2012-2021, it was
established that the peak values of the vegetation indices in the Kherson region fall
on the period May — July: NDVI is 0.53-0.54; EVI is 0.32-0.33. In August, the
process of annual vegetation senescence and transition to a dormant state of
perennial vegetation begins, the next life cycle starts in March. EVI is found to be
more sensitive than NDVI to dynamic changes in the flora of a region, while NDVI
is a better predictor of vegetation response to weather conditions. However, NDVI
was completely unresponsive to the climate factor when evaluated within the
growing season, rather than multi-yearly. NDVI is less variable than EVI. The
variation of both vegetation indices increases in the period from October to March.
The developed models of the dependence of vegetation indices on meteorological
factors make it possible to predict changes in the flora conditions of the Kherson
region based on the data of meteorological forecasts.

8. Mathematical modeling of the productivity of cultivated plants based on
the NDVI made it possible to obtain reliable prognostic models and establish the
degree of reliability of the forecast for different phenological phases of plant
development. A high connection strength and accuracy of the forecast of grain corn
yield in the phenological phase ‘panicle ejection — stigma appearance" was
established (R’ is 0.9813, MAPE is 8.75%). As for sweet corn, the maximum
accuracy of its yield forecast is ensured in the phenological phase of "panicle
ejection» (R? is 0.42181, MAPE 28.13%). For grain sorghum, the highest accuracy
of the productivity forecast is provided by the NDVTI in the "flowering" phenological
phase (R’ is 0.8654, MAPE 17.62%). For soybeans, the yield forecast model in the
"second internode" phenological phase is the best (R? is 0.9830, MAPE 3.17%). In
winter wheat, the maximum closeness of the relationship between NDVI and yield
is recorded in the "earing" phenological phase (R’ is 0.7189, MAPE 13.42%). The
accuracy of predictions according to the developed models decreases for weak crops
and is the highest for medium-productive ones. Performance scales, created based
on the mathematical models, simplify their practical use.

9. The analysis of the annual dynamics of the normalized difference
vegetation index on the fallow field led to the conclusion that the marker of the
beginning (recovery for winter crops) of active vegetation of crops should be taken
as the value of NDVI is > 0.22. The vegetation index reaches its maximum values in
May for winter crops (wheat, barley, rapeseed) and early spring crops (chickpeas,
peas), in July for late spring crops (sunflower, soybean, grain sorghum, millet, grain
corn, sweet corn, spring planted tomato). In spring potatoes, the maximum value of
NDVI was recorded in June, in late tomatoes — in August. The vegetation index
reaches its peak values in the following phenological phases: winter wheat, winter
barley, stem elongation; winter rapeseed — flowering; chickpeas, branching; peas —
budding and flowering; sunflower, stem growth; soybeans — beans formation; grain
sorghum, panicle ejection and flowering; grain corn, panicle ejection and flowering;
millet, panicle ejection and flowering; sweet corn — panicle ejection and flowering;
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spring potatoes, budding; tomato (regardless of the time of planting) — fruit
formation. A high similarity of growing patterns was established in crops such as
winter wheat and winter barley, chickpeas and peas, millet, and sunflower. In general,
each crop has characteristic features of the seasonal dynamics of the vegetation index;
therefore, the templates established as a result of the research can be integrated into
the systems of automated recognition of cultivated plants and field mapping based
on satellite data.

10. The results of mathematical and statistical processing of the FGCC and
NDVI data pairs for each of the crops studied confirmed the existence of a strong
direct proportional relationship between these indices: the values of the correlation
coefficient values ranged from 0.8475 to 0.9758. The maximum tightness of the
connection was established for safflower, chickpeas, beans, winter rapeseed, and
peas (determination coefficient is > 0.90), the minimum for tomato, millet and
sunflower (determination coefficient is < 0.80). The maximum accuracy of FGCC
into NDVI conversion is provided by mathematical models for chickpeas, safflower,
peas, winter wheat and grain corn, where the value of MAPE is <10%. High
conversion accuracy is provided by the models for tomato, sunflower, and millet,
MAPE of which is within the range of 10-20%. For winter rapeseed and beans, the
conversion of FGCC into NDVTI is possible, but the accuracy of the model is average.
Evaluation of the quality of the reverse conversion models showed that the highest
quality was ensured for safflower, chickpeas, beans, winter rapeseed and peas
(determination coefficient is > 0.90), minimum (determination coefficient is < 0.80)
— the models for millet and tomato. The models for winter wheat, winter rapeseed,
safflower, chickpeas and peas (MAPE<10%) provide maximum conversion
reliability, high — for grain corn, sunflower, tomato, millet, beans. Most of the crops
studied are limited by the peak value of NDVI in the range of 0.70-0.75, while
tomato is able to reach the maximum possible values of the index >0.85 at the FGCC
approximately 85%. The mathematical models for mutual conversion between
fractional green canopy cover and normalized difference vegetation index are
presented in an intuitive form in the mobile application for smartphones based on
the Android OS — NDVI Converter.

Based on the theoretical and practical outcomes of the study, following
recommendations aimed at optimizing and improving the agroecological situation, the
efficiency of plant production and the training of highly qualified specialists in the field
of knowledge "Agronomy" were formed. The recommendations are grouped by three
levels of potential implementation: national, regional, and industrial.

National recommendations are:

- To maintain the functional state and promote the reconstruction of existing
irrigation systems in the Kherson, Odesa, Mykolaiv and Zaporizhzhia regions.

- To ensure the expansion of the irrigation systems in the regions, which
are most vulnerable to increasing aridity, namely in the Kirovograd, Dnipropetrovsk
and Kharkov regions.
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- Use the developed methodology and updated maps of agroclimatic zoning
of Ukraine in the scientific and educational process in specialized institutions of
higher education.

- Ensure the proper implementation of measures for the protection of forests,
afforestation and reforestation, carry out repairs and planting of field forest shelter belts
to achieve a total area of natural and artificial forest plantations in Ukraine of 135-160
thousand km?.

Regional recommendations are:

- Use the developed models for determining the flora conditions of the
Kherson region based on the data of the vegetation indices EVI and NDVI depending
on meteorological factors for effective dynamic monitoring and forecasting of the
state of vegetation in the region in conditions of global warming.

Production recommendations are:

- To optimize the use of irrigation water and irrigation regimes in the
regions of Ukraine using the developed application "ETo Calculator Ukraine" for
operational determination of reference evapotranspiration.

- Reduce the amount of outdated plant protection products, volatile forms
of mineral fertilizers, urea, calcium cyanamide, solutions of urea-ammonium nitrate
usage to prevent excessive emission of nitrogen oxide into the atmosphere, prevent
alkalization and over-compaction of soils of heavy granulometric composition in no-
till cultivation systems.

- In the farms of Southern Ukraine, apply the developed crop productivity
scale depending on the value of NDVI in certain phases of their growth and
development for operational planning of production, management, and adjustment
of cultivation technology.

- Carry out remote monitoring of the phenology of crops according to
NDVI data in accordance with the established reference values of the index for each
phenological phase.

- Use a combination of Canopeo and NDVI Converter mobile applications
to interconvert between FGCC and NDVI values in precision agriculture systems to
predict crop yields.

204



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

REFERENCES

1.  Abdalla, M., Osborne, B., Lanigan, G., Forristal, D., Williams, M.,
Smith, P., & Jones, M. B. (2013). Conservation tillage systems: a review of its
consequences for greenhouse gas emissions. Soil Use and Management, 29(2), 199-
209.

2. Abdi, H. (2010). Coefficient of variation. Encyclopedia of research
design, 1, 169-171.

3. Adger, W. N., & Brown, K. (1994). Land use and the causes of global
warming. John Wiley & Sons.

4. Ahearn, M. C., Korb, P., & Banker, D. (2005). Industrialization and
contracting in U.S. agriculture. Journal of Agricultural and Applied Economics,
37(2), 347-364.

5. Akaike, H. (1974). A new look at the statistical model identification.
IEEFE Transactions on Automatic Control, 19(6), 716-723.

6.  Akerlof, K., Maibach, E. W., Fitzgerald, D., Cedeno, A. Y., & Neuman,
A. (2013). Do people “personally experience” global warming, and if so how, and
does it matter?. Global Environmental Change, 23(1), 81-91.

7.  Akmarov, P., Gorbyshina, N., & Kniazeva, O. (2019). Special aspects
of digital transformation in agriculture sector of economy. Advances in Intelligent
Systems Research, 167, 22-26.

8. Akumaga, U., & Alderman, P. D. (2019). Comparison of Penman—
Monteith and Priestley-Taylor evapotranspiration methods for crop modeling in
Oklahoma. Agronomy Journal, 111(3), 1171-1180.

9. Anscombe, F. J. (1973). Graphs in statistical analysis. American
Statistician, 27, 17-21.

10. Areshkina, L. (2011). Vegetation in recognition of changes in earth
remote sensing images. Journal of Research and Applications in Agricultural
Engineering, 56(3), 7-14.

11. Armstrong, J. S. (1985). Long-range Forecasting: From Crystal Ball to
Computer. New York, Wiley. 348 pp.

12. Arnell, N. W., & Liv, C. (2001). Hydrology and Water Resources.
Cambridge University Press.

13. Arnell, N. W, Lowe, J. A., Challinor, A. J. & Osborn, T. J. (2019).
Global and regional impacts of climate change at different levels of global
temperature increase. Climatic Change, 155(3), 377-391.

14. Atzberger, C. (2013). Advances in remote sensing of agriculture:
Context description, existing operational monitoring systems and major information
needs. Remote Sensing, 5(2), 949-981.

15. Béez-Gonzalez, A. D., Chen, P. Y., Tiscarefio-Lopez, M., & Srinivasan,
R. (2002). Using satellite and field data with crop growth modeling to monitor and
estimate corn yield in Mexico. Crop Science, 42, 1943-1949.

205



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

16. Bain, C., Selfa, T., Dandachi, T., & Velardi, S. (2017). ‘Superweeds’ or
‘survivors’? Framing the problem of glyphosate resistant weeds and genetically
engineered crops. Journal of Rural Studies, 51,211-221.

17. Bala, G., Caldeira, K., Wickett, M., Phillips, T. J., Lobell, D.B., Delire,
C. & Mirin, A. (2007). Combined climate and carbon-cycle effects of large-scale
deforestation. Proceedings of the National Academy of Sciences, 104(16), 6550-
6555.

18. Barde, M. P., & Barde, P. J. (2012). What to use to express the
variability of data: Standard deviation or standard error of mean?. Perspectives in
clinical research, 3(3), 113.

19. Bartalev, S. A., & Zakora, A. L. (2019). Recognition of agricultural
lands based on measurements of a vegetation index. Journal of Rocket-Space
Technology, 27(4), 3-8.

20. Bas Cerdd, M. D. C., Ortiz Moragén, J., Ballesteros Pascual, L., &
Martorell Alsina, S. S. (2017). Evaluation of a multiple linear regression model and
SARIMA model in forecasting 7Be air concentrations. Chemosphere, 177,326-333.

21. Bauerkdmper, A. (2004). The industrialization of agriculture and its
consequences for the natural environment: an inter-German comparative perspective.
Historical Social Research, 29(3), 124-149.

22. Bayer, C., Gomes, J., Vieira, F. C. B., Zanatta, J. A., de Cassia Piccolo,
M., & Dieckow, J. (2012). Methane emission from soil under long-term no-till
cropping systems. Soil and Tillage Research, 124, 1-7.

23. Belsley, D. A, Kuh, E., & Welsch, R. E. (2005). Regression diagnostics:
Identifying influential data and sources of collinearity. John Wiley & Sons.

24. Bernstein, L., Bosch, P., Canziani, O., Chen, Z., Christ, R., & Riahi, K.
(2008). IPCC, 2007: climate change 2007: synthesis report. Geneva, Switzerland.

25. Betts, R. A., Collins, M., Hemming, D. L., Jones, C. D., Lowe, J. A., &
Sanderson, M. G. (2011). When could global warming reach 4° C?. Philosophical
Transactions of the Royal Society A: Mathematical, Physical and Engineering
Sciences, 369(1934), 67-84.

26. Bjorn, L. O. (1996). Effects of ozone depletion and increased UV-B on
terrestrial ecosystems. International Journal of Environmental Studies, 51(3), 217-
243,

27. Bland, J. M., & Altman, D. G. (1996). Statistics notes: measurement
error. Bmj, 312(7047), 1654.

28. Blaney, H. F., & Griddle, W. D. (1950). Determining water
requirements in irrigated areas from climatological and irrigation data. US
Department of Agriculture, Soil Conservation Service, Technical Paper 96. 48 pp.

29. Bloschl, G., & Montanari, A. (2010). Climate change impacts—
throwing the dice?. Hydrological Processes: An International Journal, 24(3), 374-
381.

206



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

30. Boehlje, M. (1996). Industrialization of agriculture. What are the
implications? CHOICES, First Quarter, 30-33.

31. Boehlje, M., & Gray, A. (2009). Biological manufacturing and
industrialization of production agriculture. In: Working Paper No. 09-12. Purdue
University.

32. Bolaji, B. O., & Huan, Z. (2013). Ozone depletion and global warming:
Case for the use of natural refrigerant — a review. Renewable and Sustainable Energy
Reviews, 18, 49-54.

33. Bolton, D. K., & Friedl, M. A. (2013). Forecasting crop yield using
remotely sensed vegetation indices and crop phenology metrics. Agricultural and
Forest Meteorology, 173, 74-84.

34. Bongiovanni, R., & Lowenberg-DeBoer, J. (2004). Precision
agriculture and sustainability. Precision Agriculture, 5(4), 359-387.

35. Broecker, W. S., & Denton, G. H. (1990). What drives glacial cycles?.
Scientific American, 262(1), 48-43.

36. Brookes, G., & Barfoot, P. (2006). GM crops: the first ten years-global
socio-economic and environmental impacts. PG Economics Limited.

37. Brookes, G., & Barfoot, P. (2018). Environmental impacts of
genetically modified (GM) crop use 1996-2016: impacts on pesticide use and carbon
emissions. GM crops & food, 9(3), 109-139.

38. Budyko, M. 1. (1958). The Heat Balance of the Earth's Surface. US
Department of Commerce, Washington, D.D. 259 pp.

39. Burliai, A., Nesterchuk, Yu., Nepochatenko, O. & Naherniuk, D. (2020).
Ecological Consequences of the Digitization of Agriculture. International Journal
of Advanced Science and Technology, 29(8), 2329-2336.

40. Busse, M. R., Pope, D. G., Pope, J. C., & Silva-Risso, J. (2015). The
psychological effect of weather on car purchases. The Quarterly Journal of
Economics, 130(1), 371-414.

41. Calera, A., Martinez, C., & Melia, J. (2001). A procedure for obtaining
green plant cover: relation to NDVI in a case study for barley. International Journal
of Remote Sensing, 22(17), 3357-3362.

42. Cannell, M.G.R. (1998). UK conifer forests may be growing faster in
response to increased N deposition, atmospheric CO» and temperature. Forestry, 71,
277-296.

43. Carpenter, J. E. (2010). Peer-reviewed surveys indicate positive impact
of commercialized GM crops. Nature Biotechnology, 28(4), 319-321.

44. Castle, E. N. (1990). Agricultural industrialization in the American
countryside. Greenbelt, Maryland. 53 pp.

45. Chang, P. (1949). Agriculture and industrialization. The adjustments
that take place as an agricultural country is industrialized. Harvard University Press,
Cambridge-Massachusetts. 270 pp.

207



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

46. Chang, T. Y., Huang, W., & Wang, Y. (2018). Something in the air:
Pollution and the demand for health insurance. The Review of Economic Studies,
85(3), 1609-1634.

47. Chang, Y. W., Hsieh, C. J., Chang, K. W., Ringgaard, M., & Lin, C. J.
(2010). Training and testing low-degree polynomial data mappings via linear SVM.
Journal of Machine Learning Research, 11(4), 1471-1490.

48. Chatskikh, D., & Olesen, J. E. (2007). Soil tillage enhanced CO; and
N,O emissions from loamy sand soil under spring barley. Soil and Tillage Research,
97(1), 5-18.

49. Chen, P, Niu, A., Liu, D., Jiang, W., & Ma, B. (2018). Time series
forecasting of temperatures using SARIMA: An example from Nanjing. /OP
Conference Series: Materials Science and Engineering, 394(5), 052024.

50. Choi, D., Gao, Z., & Jiang, W. (2020). Attention to global warming. The
Review of Financial Studies, 33(3), 1112-1145.

51. Chung, Y. S, Choi, S. C,, Silva, R. R., Kang, J. W., Eom, J. H., & Kim,
C. (2017). Case study: estimation of sorghum biomass using digital image analysis
with Canopeo. Biomass and Bioenergy, 105, 207-210.

52. Church, J. A., Gregory, J. M., Huybrechts, P., Kuhn, M., Lambeck, K.,
Nhuan, M. T., Qin, D., & Woodworth, P. L. (2001). Changes in sea level. In Climate
Change 2001: The Scientific Basis, JT Houghton et al., Eds. Cambridge University
Press.

53. Cline, W. R. (2007). Global Warming and Agriculture: Impact
Estimates by Country. Center for Global Development and Peterson Institute for
International Economics, Washington.

54. Cline, W. R. (2008). Global warming and agriculture. Finance and
Development, March, 23-27.

55. Colantoni, A., Delfanti, L., Cossio, F., Baciotti, B., Salvati, L., Perini,
L., & Lord, R. (2015). Soil aridity under climate change and implications for
agriculture in Italy. Applied Mathematical Sciences, 9(50), 2467-2475.

56. Cook, B. I., Smerdon, J. E., Seager, R., & Coats, S. (2014). Global
warming and 21st century drying. Climate Dynamics, 43(9), 2607-2627.

57. Cook, R. D., & Weisberg, S. (1982). Residuals and influence in
regression. New York, Chapman and Hall.

58. Crowley, T. J., & Kim, K. Y. (1999). Modeling the temperature
response to forced climate change over the last six centuries. Geophysical Research
Letters, 26(13), 1901-1904.

59. Cruff, R. W., & Thompson, T. H. (1967). A comparison of methods of
estimating potential evapotranspiration from climatological data in arid and
subhumid environments (No. 1839-M). USGPO. 32 pp.

208



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

60. Crutzen, P. J., Mosier, A. R., Smith, K. A., & Winiwarter, W. (2007).
N2O release from agro-biofuel production negates global warming reduction by
replacing fossil fuels. Atmospheric Chemistry and Physics Discussions, 7(4), 11191-
11205.

61. Cubasch, U., Meehl, G. A., Boer, G. J., Stouffer, R. J., Dix, M., Noda,
A., Senior, C. A., Raper, S., & Yap, K. S. (2001). Projections of future climate
change. In Climate Change 2001: The scientific basis. Contribution of WG to the
Third Assessment Report of the IPCC (TAR) (pp. 525-582). Cambridge University
Press.

62. Dai, A. (2011). Drought under global warming: a review. Wiley
Interdisciplinary Reviews: Climate Change, 2(1), 45-65.

63. Dale, P. J., Clarke, B., & Fontes, E. M. (2002). Potential for the
environmental impact of transgenic crops. Nature Biotechnology, 20(6), 567-574.

64. Dalton, J. (1802). Experimental essays on the constitution of mixed
gases; on the force of steam of vapour from waters and other liquids in different
temperatures, both in a torricellian vacuum and in air on evaporation and on the
expansion of gases by heat. Memoirs of the Manchester Literary and Philosophical
Society, 5, 535-602.

65. De la Casa, A., Ovando, G., Bressanini, L., Martinez, J., Diaz, G., &
Miranda, C. (2018). Soybean crop coverage estimation from NDVI images with
different spatial resolution to evaluate yield variability in a plot. ISPRS Journal of
Photogrammetry and Remote Sensing, 146, 531-547.

66. De Marco, P., & Cochlo, F. M. (2004). Services performed by the
ecosystem: forest remnants influence agricultural cultures’ pollination and
production. Biodiversity & Conservation, 13(7), 1245-1255.

67. De Myttenaere, A., Golden, B., Le Grand, B., & Rossi, F. (2016). Mean
absolute percentage error for regression models. Neurocomputing, 192, 38-48.

68. Delworth, T. L., & Knutson, T. R. (2000). Simulation of early 20
century global warming. Science, 287, 2246-2250.

69. Ding, M., Zhang, Y., Liu, L., Zhang, W., Wang, Z., & Bai, W. (2007).
The relationship between NDVI and precipitation on the Tibetan Plateau. Journal of
Geographical Sciences, 17(3), 259-268.

70. Dodge, Y. (2008). The Concise Encyclopedia of Statistics. Springer.

71. Drabenstott, M. (1995). Agricultural industrialization: implications for
economic development and public policy. Journal of Agricultural and Applied
Economics, 27(1), 13-20.

72. Eduarda, M. D. O., de Carvalho, L. M., Junior, F. W. A., & de Mello, J.
M. (2007). The assessment of vegetation seasonal dynamics using multitemporal
NDVI and EVI images derived from MODIS. In 2007 International Workshop on
the Analysis of Multi-temporal Remote Sensing Images (pp. 1-5). IEEE.

209



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

73. Elmadfa, 1., & Meyer, A. L. (2010). Importance of food composition
data to nutrition and public health. European journal of clinical nutrition, 64(3), S4-
S7.

74. Elmore, A. J., Mustard, J. F., Manning, S. J., & Lobell, D. B. (2000).
Quantifying vegetation change in semiarid environments: precision and accuracy of
spectral mixture analysis and the normalized difference vegetation index. Remote
Sensing of Environment, 73(1), 87-102.

75. Fang, H., Liang, S., & Hoogenboom, G. (2011). Integration of MODIS
LAI and vegetation index products with the CSM—CERES—Maize model for corn
yield estimation. International Journal of Remote Sensing, 32, 1039-1065.

76. Fang, X., Pyle, J. A, Chipperfield, M. P., Daniel, J. S., Park, S., & Prinn,
R. G. (2019). Challenges for the recovery of the ozone layer. Nature Geoscience
12(8), 592-596.

77. FAOSTAT. http://www.fao.org/faostat/en/#home

78. Farman, J. C., Gardiner, B. G., & Shanklin, J. D. (1985). Large losses
of total ozone reveal seasonal CIOX/NOx interaction. Nature, 315, 207-210.

79. Fernandez-Cirelli, A., Arumi, J. L., Rivera, D., & Boochs, P. W. (2009).
Environmental effects of irrigation in arid and semi-arid regions. Chilean Journal of
Agricultural Research, 69(SUPPL. 1), 27-40.

80. Findley, D. F. (1991). Counterexamples to parsimony and BIC. Annals
of the Institute of Statistical Mathematics, 43(3), 505-514.

81. Florides, G. A., & Christodoulides, P. (2009). Global warming and
carbon dioxide through sciences. Environment International, 35, 390-401.

82. Fontanet, M., Scudiero, E., Skaggs, T. H., Fernandez-Garcia, D., Ferrer,
F., Rodrigo, G., & Bellvert, J. (2020). Dynamic management zones for irrigation
scheduling. Agricultural Water Management, 238, 106207.

83. Free, M., & Robock, A. (1999). Global warming in the context of the
Little Ice Age. Journal of Geophysical Research: Atmospheres, 104(D16), 19057-
19070.

84. Fyfe, J. C., Gillett, N. P., & Zwiers, F. W. (2013). Overestimated global
warming over the past 20 years. Nature Climate Change, 3(9), 767-769.

85. Gamon, J. A, Field, C. B., Goulden, M. L., Griffin, K. L., Hartley, A.
E., Joel, G., Penuelas, J., & Valentini, R. (1995). Relationships between NDVI,
canopy structure, and photosynthesis in three Californian vegetation types.
Ecological Applications, 5(1), 28-41.

86. Gergonne, J. D. (1974). The application of the method of least squares
to the interpolation of sequences. Historia Mathematica, 1(4), 439-447.

87. Glover, R. S. (1988). Farmers pay the price for advances in biotech.
Atlanta Constitution, Atlanta, GA.

88. Gocic, M., & Trajkovic, S. (2013). Analysis of changes in
meteorological variables using Mann-Kendall and Sen's slope estimator statistical
tests in Serbia. Global and Planetary Change, 100, 172-182.

210



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

89. Godfray, H. C. J., Beddington, J. R., Crute, I. R., Haddad, L., Lawrence,
D., Muir, J. F., Pretty, J., Robinson, S., Thomas, S. M., & Toulmin, C. (2010). Food
security: the challenge of feeding 9 billion people. Science, 327(5967), 812-818.

90. Goloborodko, S. P., & Dymov, O. M. (2019). Global climate change:
causes of occurrence and consequences for agricultural production in the Southern
Steppe. Land Reclamation and Water Management, 1, 88-97.

91. Goodwin, A. W., Lindsey, L. E., Harrison, S. K., & Paul, P. A. (2018).
Estimating wheat yield with normalized difference vegetation index and fractional
green canopy cover. Crop, Forage & Turfgrass Management, 4(1), 1-6.

92. Gotz, F. P. (1951). Ozone in the atmosphere. In: Compendium of
Meteorology, pp. 275-291. American Meteorological Society, Boston, MA.

93. Greene, W. H. (2003). Econometric analysis. Pearson Education India.

94. Haghverdi, A., Singh, A., Sapkota, A., Reiter, M., & Ghodsi, S. (2021).
Developing irrigation water conservation strategies for hybrid bermudagrass using
an evapotranspiration-based smart irrigation controller in inland southern California.
Agricultural Water Management, 245, 106586.

95. Haider, S., & Adnan, S. (2014). Classification and assessment of aridity
over Pakistan provinces (1960-2009). International Journal of Environment, 3(4),
24-35.

96. Hajabbasi, M. A., Jalalian, A. & Karimzadeh, H. R. (1997).
Deforestation effects on soil physical and chemical properties, Lordegan, Iran. Plant
and Soil, 190(2), 301-308.

97. Haldar, 1. (2011). Global Warming: The Causes and Consequences.
Readworthy.

98. Hamilton, N. D. (1994). Agriculture without farmers? Is
industrialization restructuring American food production and threatening the future
of sustainable agriculture? Northern Illinois University Law Review, 14, 613-657.

99. Hamon, W. R. (1961). Estimating potential evapotranspiration. Journal
of the Hydraulics Division, 87(3), 107-120.

100. Hanbing, Z., Xiaoping, Y., & Jialin, L. (2011). MODIS data based
NDVI Seasonal dynamics in agro-ecosystems of south bank Hangzhouwan bay.
African Journal of Agricultural Research, 6(17), 4025-4033.

101. Hannan, E. J., & Quinn, B. G. (1979). The determination of the order of
an autoregression. Journal of the Royal Statistical Society: Series B
(Methodological), 41(2), 190-195.

102. Hargreaves G. L., & Samani, Z. A. (1985) Reference crop
evapotranspiration from temperature. Applied Engineering in Agriculture, 1(2), 96-
99.

103. Harvey, D. (2000). Global Warming. The Hard Science. Pearson
Education Ltd., Harlow, UK. 336 pp.

104. Hayami, Y. (1969). Industrialization and agricultural productivity: an
international comparative study. The Developing Economies, 3-21.

211



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

105. Hayes, M., & Wood, D. (2012). Standardized Precipitation Index User
Guide. WMO-No. 1090. Geneva. 26 pp.

106. Helander, M., Saloniemi, 1., & Saikkonen, K. (2012). Glyphosate in
northern ecosystems. Trends in Plant Science, 17(10), 569-574.

107. Hendrickson, M., & James, Jr., H. S. (2004). The ethics of constrained
choice: how the industrialization of agriculture impacts farming and farmer behavior.
Agricultural Economics, Department of Agricultural Economics Working Paper No.
AEWP 2004-3. 29 pp.

108. Herold, M., Scepan, J., & Clarke, K. C. (2002). The use of remote
sensing and landscape metrics to describe structures and changes in urban land uses.
Environment and Planning A, 34(8), 1443-1458.

109. Hinkle, D. E., Wiersma, W., & Jurs, S. G. (1998). Correlation: A
measure of relationship. Applied statistics for the behavioral sciences, 4(1), 105-131.

110. Hinrichs, C. C., & Welsh, R. (2003). The effects of the industrialization
of US livestock agriculture on promoting sustainable production practices.
Agriculture and Human Values, 20, 125-141.

111. Hobbs, T. J. (1997). Atmospheric correction of NOAA-11 NDVI data
in the arid rangelands of Central Australia. International Journal of Remote Sensing,
18(5), 1051-1058.

112. Hoerling, M., Eischeid, J., & Perlwitz, J. (2010). Regional precipitation
trends: Distinguishing natural variability from anthropogenic forcing. Journal of
Climate, 23(8), 2131-2145.

113. Holdridge, L. R. (1959). Simple method for determining potential
evapotranspiration from temperature data. Science, 130(3375), 572-572.

114. Houghton, J. (2005). Global warming. Reports on Progress in Physics,
68, 1343-1403.

115. Houghton, R. A. (1990). The global effects of tropical deforestation.
Environmental Science & Technology, 24(4), 414-422.

116. Houghton, R. A., Byers, B. & Nassikas, A. A. (2015). A role for tropical
forests in stabilizing atmospheric CO,. Nature Climate Change, 5(12), 1022-1023.

117. Huber, P. (2004). Robust Statistics. Hoboken, New Jersey, John Wiley
& Sons.

118. Huete, A., Justice, C., & Van Leeuwen, W. (1999). MODIS vegetation
index (MOD13). Algorithm theoretical basis document, 3(213), 295-3009.

119. Hughes, L. (2000). Biological consequences of global warming: is the
signal already apparent?. Trends in Ecology & Evolution, 15(2), 56-61.

120. Hughes, T. P., Kerry, J. T., Baird, A. H., Connolly, S. R., Dietzel, A.,
Eakin, C. M., Heron, S. F., Hoey, A. S., Hoogenboom, M. O., Liu, G., McWilliam,
M. J., Pears, R. J., Pratchett, M. S., Skirving, W. J., Stella, J. S., & Torda, G. (2018).
Global warming transforms coral reef assemblages. Nature, 556(7702), 492-496.

212



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

121. Hunsaker, D. J., Fitzgerald, G. J., French, A. N., Clarke, T. R., Ottman,
M. J., & Pinter Jr, P. J. (2007). Wheat irrigation management using multispectral
crop coefficients: II. Irrigation scheduling performance, grain yield, and water use
efficiency. Transactions of the ASABE, 50(6), 2035-2050.

122. Hunsaker, D. J., Pinter, Jr, P. J., Clarke, T. R., Fitzgerald, G. J., &
French, A. N. (2006). Performance of crop coefficients inferred from NDVI
observations for estimating evapotranspiration and irrigation scheduling of wheat.
In World Environmental and Water Resource Congress 2006: Examining the
Confluence of Environmental and Water Concerns (pp. 1-13).

123. Hunter, M. L., & Hunter Jr., M. L. (1999). Maintaining biodiversity in
forest ecosystems. Cambridge University Press.

124. Hye, Q. M. A. (2009). Agriculture on the road to industrialisation and
sustainable economic growth: an empirical investigation for Pakistan. International
Journal of Agricultural Economics & Rural Development, 2(2), 1-6.

125. Hyndman, R. J., & Koehler, A. B. (2006). Another look at measures of
forecast accuracy. International Journal of Forecasting, 22(4), 679-688.

126. Hyndman, R., Koehler, A. B., Ord, J. K., & Snyder, R. D. (2008).
Forecasting with exponential smoothing: the state space approach. Springer Science
& Business Media.

127. Tkerd, J. E. (1993). The need for a systems approach to sustainable
agriculture. Agriculture, Ecosystems and Environment, 46, 147-160.

128. Irmak, S., Irmak, A., Allen, R. G., & Jones, J. W. (2003). Solar and net
radiation-based equations to estimate reference evapotranspiration in humid climates.
Journal of Irrigation and Drainage Engineering ASCE, 129(5), 336-347.

129. Islam, S. A., & Rahman, M. M. (2015). Coastal afforestation in
Bangladesh to combat climate change induced hazards. Journal of Science,
Technology and Environment Informatics, 2(1), 13-25.

130. Ito, A., Reyer, C. P., Gideke, A., Ciais, P., Chang, J., Chen, M., Francois,
L., Forrest, M., Hickler, T., Ostberg, S., Shi, H., Thiery, W., & Tian, H. (2020).
Pronounced and unavoidable impacts of low-end global warming on northern high-
latitude land ecosystems. Environmental Research Letters, 15(4), 044006.

131. Jauregui, J. M., Delbino, F. G., Bonvini, M. 1. B., & Berhongaray, G.
(2019). Determining yield of forage crops using the Canopeo mobile phone app.
Journal of New Zealand Grasslands, 41-46.

132. Javeed, H. M. R, Igbal, N., Ali, M., & Masood, N. (2021). Agriculture
Contribution toward Global Warming. Climate Change and Plants: Biodiversity,
Growth and Interactions, 1.

133. Jensen, M. E., & Haise, H. R. (1963). Estimation of evapotranspiration
from solar radiation. Journal of Irrigation and Drainage Division, 89, 15-41.

134. Jensen, M. E., Burman, R. D., & Allen, R. G. (1990).
Evapotranspiration and irrigation water requirements. ASCE, New York. 360 pp.

213



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

135. Jiang, D., Zhang, Y., & Lang, X. (2011). Vegetation feedback under
future global warming. Theoretical and Applied Climatology, 106(1),211-227.

136. Jiang, Z., Huete, A. R., Didan, K., & Miura, T. (2008). Development of
a two-band enhanced vegetation index without a blue band. Remote Sensing of
Environment, 112(10), 3833-3845.

137. Johnson, D. M. (2014). An assessment of pre-and within-season
remotely sensed variables for forecasting corn and soybean yields in the United
States. Remote Sensing of Environment, 141, 116-128.

138. Johnson, J. M., Weyers, S. L., Archer, D. W., & Barbour, N. W. (2012).
Nitrous oxide, methane emission, and yield-scaled emission from organically and
conventionally managed systems. Soil Science Society of America Journal, 76(4),
1347-1357.

139. Jones, E. L. (1977). Environment, agriculture, and industrialization in
Europe. Agricultural History, 51(3), 491-502.

140. Jones, J. W., Hoogenboom, G., Porter, C. H., Boote, K. J., Batchelor,
W.D., Hunt, L. A., Wilkens, P. W., Singh, U., Gijsman, A. J., & Ritchie, J. T. (2003).
The DSSAT cropping system model. European Journal of Agronomy, 18(3-4), 235-
265.

141. Jung, J. S., & Khoe, K. (2018). 6th industrialization of agriculture
utilizing the technology of 4th industrial revolution. Journal of Convergence for
Information Technology, 8(5),211-217.

142. Junior, W. M., Valeriano, T. T. B., & de Souza Rolim, G. (2019).
EVAPO: A smartphone application to estimate potential evapotranspiration using
cloud gridded meteorological data from NASA-POWER system. Computers and
Electronics in Agriculture, 156, 187-192.

143. Kamal, A., Yingjie, M., & Ali, A. (2019). Significance of billion tree
tsunami afforestation project and legal developments in forest sector of Pakistan.
International Journal of Law and Society, 1, 157.

144. Kang, Y., Khan, S., & Ma, X. (2009). Climate change impacts on crop
yield, crop water productivity and food security — A review. Progress in Natural
Science, 19(12), 1665-1674.

145. Karkauskaite, P., Tagesson, T., & Fensholt, R. (2017). Evaluation of the
plant phenology index (PPI), NDVI and EVI for start-of-season trend analysis of the
Northern Hemisphere boreal zone. Remote Sensing, 9(5), 485.

146. Kashyap, P. S., & Panda, R. K. (2001). Evaluation of evapotranspiration
estimation methods and development of crop-coefficients for potato crop in a sub-
humid region. Agricultural Water Management, 50(1), 9-25.

147. Keeling, C. D., Chin, J. F. S., & Whorf, T. P. (1996). Increased activity
of northern vegetation inferred from atmospheric CO2 measurements. Nature,
382(6587), 146-149.

148. Kendall, M. G. (1975). Rank correlation methods. Griffin, London, UK.

214



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

149. Kerr, R. A. (2007). Global warming is changing the world. Science, 316,
188-190.

150. Khandekar, M. L., Murty, T. S., & Chittibabu, P. (2005). The global
warming debate: A review of the state of science. Pure and Applied Geophysics,
162(8), 1557-1586.

151. Khvostikov, S. A., & Bartalev, S. A. (2018). Development of seasonal
NDVI profiles references for main agricultural crops. Information Technologies in
Remote Sensing of the Earth — RORSE, 55-59.

152. Kiehl, J. T., & Trenberth, K. E. (1997). Earth's annual global mean
energy budget. Bulletin of American Meteorological Society, 78, 197-208.

153. Kilinc, A., Stanisstreet, M., & Boyes, E. (2008). Turkish students' ideas
about global warming. International Journal of Environmental and Science
Education, 3(2), 89-98.

154. Kim, Y., Huete, A. R., Miura, T., & Jiang, Z. (2010). Spectral
compatibility of vegetation indices across sensors: band decomposition analysis with
Hyperion data. Journal of Applied Remote Sensing, 4(1), 043520.

155. Kimmins, J. P. (2004). Forest ecology. Fishes and Forestry: Worldwide
Watershed Interactions and Management, 17-43.

156. Klyashtorin, L. B., & Lyubushin, A. A. (2003). On the coherence
between dynamics of the world fuel consumption and global temperature anomaly.
Energy and Envieonment, 14(6), 773-782.

157. Klyashtorin, L. B., & Lyubushin, A. A. (2005). Cyclic climate changes
and fish productivity. VNIRO Publishing, Moscow. 235 pp.

158. Konishi, S., & Kitagawa, G. (2008). Information criteria and statistical
modeling. Springer.

159. Korkang, S. Y. (2014). Effects of afforestation on soil organic carbon
and other soil properties. Catena, 123, 62-69.

160. Koslowsky, D. (1993). The influence of viewing geometry on annual
variations of NDVI. In Proceedings of IGARSS'93-IEEE International Geoscience
and Remote Sensing Symposium (pp. 1140-1142). IEEE.

161. Kouadio, L., Newlands, N. K., Davidson, A., Zhang, Y., & Chipanshi,
A. (2014). Assessing the performance of MODIS NDVI and EVI for seasonal crop
yield forecasting at the ecodistrict scale. Remote Sensing, 6(10), 10193-10214.

162. Krongkaew, M. (1995). Contributions of agriculture to industrialization.
In: Thailand’s Industrialisation and Its Consequences. Macmillan. (pp. 70-101).

163. Kustas, W. P., & Norman, J. M. (1996). Use of remote sensing for
evapotranspiration monitoring over land surfaces. Hydrological Sciences Journal,
41(4), 495-516.

164. Lal, R. (2020). Integrating animal husbandry with crops and trees.
Frontiers in Sustainable Food Systems, 4, 113.

215



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

165. Lange, M., Dechant, B., Rebmann, C., Vohland, M., Cuntz, M., &
Doktor, D. (2017). Validating MODIS and sentinel-2 NDVI products at a temperate
deciduous forest site using two independent ground-based sensors. Sensors, 17(8),
1855.

166. Lashof, D. A., & Ahuja, D. R. (1990). Relative contributions of
greenhouse gas emissions to global warming. Nature, 344(6266), 529-531.

167. Lavrenko, N., Lavrenko, S., Revto, O., & Lykhovyd, P. (2018). Effect
of'tillage and humidification conditions on desalination properties of chickpea (Cicer
arietinum L.). Journal of Ecological Engineering, 19(5), 70-75.

168. Lawrence, D. & Vandecar, K. (2015). Effects of tropical deforestation
on climate and agriculture. Nature Climate Change, 5(1), 27-36.

169. Lee, D. K., In, J., & Lee, S. (2015). Standard deviation and standard
error of the mean. Korean Journal of Anesthesiology, 68(3), 220.

170. Li, C., Li, H., Li, J., Lei, Y., Li, C., Manevski, K., & Shen, Y. (2019).
Using NDVI percentiles to monitor real-time crop growth. Computers and
Electronics in Agriculture, 162,357-363.

171. Li, Y., Johnson, E. J., & Zaval, L. (2011). Local warming: Daily
temperature change influences belief in global warming. Psychological Science,
22(4), 454-459.

172. Li, Z., Li, X., Wei, D., Xu, X., & Wang, H. (2010). An assessment of
correlation on MODIS-NDVI and EVI with natural vegetation coverage in Northern
Hebei Province, China. Procedia Environmental Sciences, 2, 964-969.

173. Liaghat, S., & Balasundram, S. K. (2010). A review: The role of remote
sensing in precision agriculture. American Journal of Agricultural and Biological
Sciences, 5(1), 50-55.

174. Lijun, Z., Zengxiang, Z., Tingting, D., & Xiao, W. (2008). Application
of MODIS/NDVI and MODIS EVI to extracting the information of cultivated land
and comparison analysis. Transactions from the Chinese Society of Agricultural
Engineering, 24, 167-172.

175. Lillesaeter, O. (1982). Spectral reflectance of partly transmitting leaves:
laboratory measurements and mathematical modeling. Remote Sensing of
Environment, 12(3), 247-254.

176. Lobell, D. B., & Field, C. B. (2007). Global scale climate-crop yield
relationships and the impacts of recent warming. Environmental Research Letters,
2,1-7.

177. Lowry, R. L., & Johnson, A. F. (1942). Consumptive use of water for
agriculture. American Society of Civil Engineers Transactions, 107, 1243-1266.

178. Lukina, E. V., Stone, M. L., & Raun, W. R. (1999). Estimating
vegetation coverage in wheat using digital images. Journal of Plant Nutrition, 22(2),
341-350.

216



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

179. Lykhovyd, P. (2019). Sweet maize yield structure depending on
cultivation technology under the drip-irrigated conditions. Polish Journal of Natural
Sciences, 34(2), 175-184.

180. Lykhovyd, P. V., & Lavrenko, S. O. (2017). Influence of tillage and
mineral fertilizers on soil biological activity under sweet corn crops. Ukrainian
Journal of Ecology, 7(4), 18-24.

181. Lykhovyd, P., Biliaieva, 1., & Boitseniuk, K. (2020). The use of EVAPO
mobile app for evapotranspiration assessment. The Xith International scientific and
practical conference «Academic research in multidisciplinary innovationy, 15-16.

182. Lykhovyd, P., Dementiieva, O., Lavrenko, S., & Lavrenko, N. (2019).
Agro-Environmental evaluation of irrigation water from different sources, together
with drainage and escape water of rice irrigation systems, according to its Impact on
maize (Zea mays L.). Journal of Ecological Engineering, 20(2), 1-7.

183. Lyon, J. G. (2016). Remote Sensing Estimation of Crop Biophysical
Characteristics at Various Scales. In: Hyperspectral Remote Sensing of Vegetation
(pp. 365-396). CRC Press.

184. Maas, S. J. (1988). Use of remotely-sensed information in agricultural
crop growth models. Ecological Modelling, 41(3-4), 247-268.

185. Magney, T. S., Eitel, J. U., Huggins, D. R., & Vierling, L. A. (2016).
Proximal NDVI derived phenology improves in-season predictions of wheat
quantity and quality. Agricultural and Forest Meteorology, 217, 46-60.

186. Mann, H. B. (1945). Nonparametric tests against trend. Econometrica,
13,245-259.

187. Mao, X., Zhang, Y., & Shen, Y. J. (2003). Analysis dynamics and
influence elements of winter wheat normalized difference vegetation index in
mountain-foot plain. Chinese Journal of Eco-Agriculture, 11(2),36-37.

188. Maresma, A., Chamberlain, L., Tagarakis, A., Kharel, T., Godwin, G.,
Czymmek, K. J., Shields, E., & Ketterings, Q. M. (2020). Accuracy of NDVI-
derived corn yield predictions is impacted by time of sensing. Computers and
Electronics in Agriculture, 169, 105236.

189. Marlon, J., Howe, P., Mildenberger, M., & Leiserowitz, A. (2016). Yale
climate opinion maps U.S. 2016.

190. Marsett, R. C., Qi, J., Heilman, P., Biedenbender, S. H., Watson, M. C.,
Amer, S., Weltz, M., Goodrich, D., & Marsett, R. (2006). Remote sensing for
grassland management in the arid southwest. Rangeland Ecology & Management,
59(5), 530-540.

191. Martinez-Lopez, J., Carrefio, M. F., Palazon-Ferrando, J. A., Martinez-
Fernandez, J., & Esteve, M. A. (2014). Remote sensing of plant communities as a
tool for assessing the condition of semiarid Mediterranean saline wetlands in
agricultural catchments. International Journal of Applied Earth Observation and
Geoinformation, 26, 193-204.

217



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

192. Matsushita, B., Yang, W., Chen, J.,, Onda, Y., & Qiu, G. (2007).
Sensitivity of the enhanced vegetation index (EVI) and normalized difference
vegetation index (NDVI) to topographic effects: a case study in high-density cypress
forest. Sensors, 7(11), 2636-2651.

193. Mayer, S. J. (1992). Stratospheric ozone depletion and animal health.
Veterinary Record, 131(6), 120-122.

194. McBratney, A., Whelan, B., Ancev, T., & Bouma, J. (2005). Future
directions of precision agriculture. Precision Agriculture, 6(1), 7-23.

195. McGlinch, G. J., Jacquemin, S. J., & Lindsey, L. E. (2021). Evaluating
winter malting barley grain yield with fractional green canopy cover. Crop, Forage
& Turfgrass Management, 7(1), €20079.

196. McGuinness J. L., & Bordne, E. F. (1972). A comparison of lysimeter
derived potential evapotranspiration with computed values. Technical Bulletin 1452,
Agricultural Research Service, US Department of Agriculture, Washington, DC.

197. McPherson, E. G. (1993). Monitoring urban forest health.
Environmental Monitoring and Assessment, 26(2), 165-174.

198. Meyer, A. (1926). U ber einige Zusammenhange zwischen Klima und
Boden in Europa. Chemie der Erde, 2, 209-347.

199. Miller, B., Schulze, D., Crum, J., Hopkins, D., Jelinski, N., Malo, D.,
Quackenbush, P., Ransom, M., & Turk, J. (2018). Soil Explorer-Impressive
Interpretations from the USA Soil Survey Maps. In EGU General Assembly
Conference Abstracts (p. 10927).

200. Miller, G. T., & Spoolman, S. (2011). Living in the environment:
principles, connections, and solutions. Cengage Learning.

201. Minobe, S. (1997). A 50-70 year climatic oscillation over the North
Pacific and North America. Geophysical Research Letters, 24, 683-686.

202. Monmonier, M. (2005). Defining the wind: The Beaufort scale, and how
a 19th century admiral turned science into poetry.

203. Morales, R. M., Miura, T., & Idol, T. (2008). An assessment of
Hawaiian dry forest condition with fine resolution remote sensing. Forest Ecology
and Management, 255(7), 2524-2532.

204. Moreno, J. J. M., Pol, A. P, Abad, A. S., & Blasco, B. C. (2013). Using
the R-MAPE index as a resistant measure of forecast accuracy. Psicothema, 25(4),
500-506.

205. Mortimore, M., Anderson, S., Cotula, L., Davies, J., Fasser, K., Hesse,
C., Morton, J., Nyangena, W., Skinner, J., & Wolfangel, C. (2009). Dryland
Opportunities: A New Paradigm for People, Ecosystems and Development. Gland,
Switzerland. 86 pp.

206. Mosier, A. R., Peterson, G. A., & Sherrod, L. A. (2003, November).
Mitigating net global warming potential (CO,, CHs and N>O) in upland crop
productions. In Methane and Nitrous Oxide International Workshop Proceedings
(pp- 273-280).

218



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

207. Mudge, F. B. (1997). The development of greenhouse theory of global
climate change from Victorian times. Weather, 52, 13-16.

208. Mukaka, M. (2012). Statistics Corner: A guide to appropriate use of.
Malawi Medical Journal, 24, 69-71.

209. Myers, T. A., Maibach, E. W., Roser-Renouf, C., Akerlof, K., &
Leiserowitz, A. A. (2013). The relationship between personal experience and belief
in the reality of global warming. Nature Climate Change, 3(4), 343-347.

210. Myneni, R. B., Hall, F. G., Sellers, P. J., & Marshak, A. L. (1995). The
interpretation of spectral vegetation indexes. [EEE Transactions on Geoscience and
Remote Sensing, 33(2), 481-486.

211. Myneni, R. B., Keeling, C. D., Tucker, C. J., Asrar, G., & Nemani, R.
R. (1997). Increased plant growth in the northern high latitudes from 1981 to 1991.
Nature, 386(6626), 698-702.

212. Nagy, A., Fehér, J., & Tamas, J. (2018). Wheat and maize yield
forecasting for the Tisza river catchment using MODIS NDVI time series and
reported crop statistics. Computers and Electronics in Agriculture, 151, 41-49.

213. NASA (2021). Ozone Hole Watch Website.

214. Neter, J., Wasserman, W. & Kutner, M. H. (1996). Applied Linear
Statistical Models. Irwin, Chicago.

215. Neue, H. U., Wassmann, R., Lantin, R. S., Alberto, M. C., Aduna, J. B,
& Javellana, A. M. (1996). Factors affecting methane emission from rice fields.
Atmospheric Environment, 30(10-11), 1751-1754.

216. Newton, A. (2007). Forest ecology and conservation: a handbook of
techniques. Oxford University Press on Demand.

217. Nicolopoulou-Stamati, P., Malpas, S., Kotampasi, C., Stamatis, P., &
Hens, L. (2016). Chemical pesticides and human health: the urgent need for a new
concept in agriculture. Frontiers in Public Health, 4, 148.

218. Nilsson, S., & Schopfhauser, W. (1995). The carbon-sequestration
potential of a global afforestation program. Climatic Change, 30(3), 267-293.

219. O’Connell, M., Whitfield, D., Abuzar, M., Sheffield, K., McClymont,
L., & McAllister, A. (2010). Satellite remote sensing of crop water use in perennial
horticultural crops. Program and Abstracts Australian Irrigation Conference Held
in Sydney, 129-130.

220. Oliver, M. A. (Ed.). (2010). Geostatistical applications for precision
agriculture. Springer Science & Business Media.

221. Osadchyy, V., & Babichenko, V. (2013). The air temperature on the
territory of Ukraine in today’s climate conditions. Ukrainian Geographical Journal,
4,32-39.

222. Otterman, J. (1974). Baringhigh-albedosoils by over grazing: Hypo the
sized desertification mechanism. Science, 186(4163), 531-533.

223. Page, E. S. (1954). Continuous inspection scheme. Biometrika, 41(1/2),
100-115.

219



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

224. Pan, Z., Huang, J., Zhou, Q., Wang, L., Cheng, Y., Zhang, H.,
Blackburn, G. A., Yan, J., & Liu, J. (2015). Mapping crop phenology using NDVI
time-series derived from HJ-1 A/B data. International Journal of Applied Earth
Observation and Geoinformation, 34, 188-197.

225. Patel, J. H., & Oza, M. P. (2014). Deriving crop calendar using NDVI
time-series. The International Archives of Photogrammetry, Remote Sensing and
Spatial Information Sciences, 40(8), 869.

226. Patrignani, A., & Ochsner, T. E. (2015). Canopeo: A powerful new tool
for measuring fractional green canopy cover. Agronomy Journal, 107(6),2312-2320.

227. Paustian, K. A. O. J. H., Andren, O., Janzen, H. H., Lal, R., Smith, P.,
Tian, G., Tiessen, H., Van Noordwijk, M., & Woomer, P. L. (1997). Agricultural
soils as a sink to mitigate CO2 emissions. Soil Use and Management, 13,230-244.

228. Pearce, D. W. (2001). The economic value of forest ecosystems.
Ecosystem Health, 7(4), 284-296.

229. Pedhazur, E. J. (1997). Multiple regression in behavioral research (3rd
ed.). Orlando, FL, Harcourt Brace.

230. Penman, H. C. (1948). Natural evaporation from open water, bare soil
and grass. Proceedings of the Royal Society of London. Series A, Mathematical and
Physical Sciences, 193, 120-145.

231. Petersen, L. K. (2018). Real-time prediction of crop yields from MODIS
relative vegetation health: A continent-wide analysis of Africa. Remote Sensing, 10,
1726.

232. Pontius, R. G., Thontteh, O., & Chen, H. (2008). Components of
information for multiple resolution comparison between maps that share a real
variable. Environmental and Ecological Statistics, 15(2), 111-142.

233. Porter, J. R., & Semenov, M. A. (2005). Crop responses to climatic
variation. Philosophical Transactions of the Royal Society B: Biological Sciences,
360(1463), 2021-2035.

234. Pozniak, S., & Hnatyshyn, M. (2021). Global initiative «4 per 1000
and possibilities of its implementation in Ukraine. Ukrainian Geographical Journal,
2(114), 11-19.

235. Pravilie, R. (2018). Major perturbations in the Earth's forest ecosystems.
Possible implications for global warming. Earth-Science Reviews, 185, 544-571.

236. Prentice, 1. C., Farquhar, G. D., Fasham, M. J. R., Goulden, M. L.,
Heimann, M., Jaramillo, V. J., Kheshgi, H. S., Le Quere, C., Scholes, R. J., Wallace,
D. W. R, Archer, D., Ashmore, M. R., Aumont, O., Baker, D., Battle, M., Bender,
M., Bopp, L. P., Bousquet, P., Caldeira, K., Ciais, P., Cox, P. M., Cramer, W.,
Dentener, F., Enting, I. G., Field, C. B., Friedlingstein, P., Holland, E. A., Houghton,
R. A., House, J. 1., Ishida, A., Jain, A. K., Janssens, 1. A., Joos, F., Kaminski, T.,
Keeling, C. D., Keeling, R. F., Kicklighter, D. W., Kohfeld, K. E., Knorr, W., Law,
R., Lenton, T., Lindsay, K., Maier-Reimer, E., Manning, A. C., Matear, R. J.,
Mcguire, A. D., Melillo, J. M., Meyer, R., Mund, M., Orr, J. C., Piper, S., Plattner,

220



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

K., Rayner, P. J., Sitch, S., Slater, S., Taguchi, S., Tans, P. P., Tian, H. Q., Weining,
M. F., Whortt, T., & Yool, A. (2001). The Carbon Cycle and Atmospheric Carbon
Dioxide. Cambridge University Press.

237. Priestley, C. H. B., & Taylor, R. J. (1972). On the assessment of surface
heat flux and evaporation using large-scale parameters. Monthly Weather Review,
100(2), 81-92.

238. Qiu, J,, Yang, J., Wang, Y., & Su, H. (2018). A comparison of NDVI
and EVI in the DisTrad model for thermal sub-pixel mapping in densely vegetated
areas: A case study in Southern China. International Journal of Remote Sensing,
39(8), 2105-2118.

239. Raes, D., & Munoz, G. (2009). The ETo Calculator. Reference Manual
Version 3. Food and Agriculture Organization of the United Nations, Land and
Water Division: Rome, Italy. 37 pp.

240. Rahimikhoob, A. (2010). Estimation of evapotranspiration based on
only air temperature data using artificial neural networks for a subtropical climate in
Iran. Theoretical and Applied Climatology, 101(1), 83-91.

241. Rahman, M. R., Islam, A. H. M. H., & Rahman, M. A. (2004). NDVI
derived sugarcane area identification and crop condition assessment. Plan Plus, 1(2),
1-12.

242. Raines, C. A. (2011). Increasing photosynthetic carbon assimilation in
C3 plants to improve crop yield: current and future strategies. Plant Physiology,
155(1), 36-42.

243. Ramanathan, V. (2007). Global dimming by air pollution and global
warming by greenhouse gases: global and regional perspectives. Nucleation and
Atmospheric Aerosols, 473-483.

244. Reed, V., Arall, D. B., Finch, B., & Bigatao Souza, J. L. (2021).
Predicting Winter Wheat Grain Yield Using Fractional Green Canopy Cover
(FGCCQ). International Journal of Agronomy, 2021, 1443191.

245. Rider, T. W., Vogel, J. W., Dille, J. A., Dhuyvetter, K. C. & Kastens, T.
L. (2006). An economic evaluation of site-specific herbicide application. Precision
Agriculture, 7(6), 379-392.

246. Rochette, P. (2008). No-till only increases N,O emissions in poorly-
aerated soils. Soil and Tillage Research, 101(1-2), 97-100.

247. Rochette, P., Angers, D. A., Chantigny, M. H., & Bertrand, N. (2008).
Nitrous oxide emissions respond differently to no-till in a loam and a heavy clay soil.
Soil Science Society of America Journal, 72(5), 1363-1369.

248. Rogan, J., & Chen, D. (2004). Remote sensing technology for mapping
and monitoring land-cover and land-use change. Progress in Planning, 61(4), 301-
325.

249. Romanenko, V. A. (1961). Computation of the autumn soil moisture
using a universal relationship for a large area. In: Proceedings, Ukrainian
Hydrometeorological Research Institute, no. 3. Kyiv.

221



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

250. Rose, D. J., Agnew, C., & Miller, M. M. (1984). Reducing the problem
of global warming. MIT, Cambridge, MA.

251. Rosenzweig, C., & Colls, J. (2005). Global warming and agriculture. In
Yields of farmed species: constraints and opportunities in the 21st century.
Proceedings of a University of Nottingham Easter School Series, June 2004, Sutton
Bonington, UK (pp. 143-165). Nottingham University Press.

252. Rouse Jr, J. W., Haas, R. H., Deering, D. W., Schell, J. A., & Harlan, J.
C. (1974). Monitoring the vernal advancement and retrogradation (green wave effect)
of natural vegetation (No. E75-10354).

253. Rouse Jr, J. W., Haas, R. H., Schell, J. A., & Deering, D. W. (1973).
Monitoring the vernal advancement and retrogradation (green wave effect) of natural
vegetation (No. NASA-CR-132982).

254. Savin, 1. Y., & Negre, T. (2003). Relative time NDVI mosaics as an
indicator of crop growth. Remote Sensing for Agriculture, Ecosystems, and
Hydrology 1V, 4879, 100-107.

255. Savory, A. (1989). Holistic resource management. Island Press, Covelo,
CA. 564 pp.

256. Schlesinger, M. E., & Ramankutty, N. (1994). An oscillation in the
global climate system of period 65-70 years. Nature, 367, 723-726.

257. Schmitz, P. K., & Kandel, H. J. (2021). Using canopy measurements to
predict soybean seed yield. Remote Sensing, 13(16), 3260.

258. Schneider, S. A. (2011). Reconsidering the Industrialization of
Agriculture. Journal of Environmental Law and Litigation, 26, 19.

259. Schober, P., Boer, C., & Schwarte, L. A. (2018). Correlation
coefficients: appropriate use and interpretation. Anesthesia & Analgesia, 126(5),
1763-1768.

260. Schultz, P. A., & Halpert, M. S. (1993). Global correlation of
temperature, NDVI and precipitation. Advances in Space Research, 13(5), 277-280.

261. Schulze, D. G., Rahmani, S. R., Minai, J. O., Johnston, C. T., Fulk-
Bringman, S. S., Scott, J. R., Kong, N. N,, Li, Y. S., & Mashtare Jr, M. L. (2021).
Virtualizing soil science field trips. Natural Sciences Education, 50(1), €20046.

262. Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M.,
Vacchiano, G., Wild, J., Ascoli, D., Petr, M., Honkaniemi, J., Lexer, M. J., Trotsiuk,
V., Mairota, P., Svoboda, M., Fabrika, M., Nagel, T. A. & Reyer, C. P. O. (2017).
Forest disturbances under climate change. Nature Climate Change, 7(6), 395-402.

263. Sellers, P. J. (1985). Canopy reflectance, photosynthesis and
transpiration. International Journal of Remote Sensing, 6(8), 1335-1372.

264. Seo, B., Lee, J., Lee, K. D., Hong, S., & Kang, S. (2019). Improving
remotely-sensed crop monitoring by NDVI-based crop phenology estimators for
corn and soybeans in lowa and Illinois, USA. Field Crops Research, 238, 113-128.

222



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

265. Shafi, U., Mumtaz, R., Garcia-Nieto, J., Hassan, S. A., Zaidi, S. A. R.,
& Igbal, N. (2019). Precision agriculture techniques and practices: From
considerations to applications. Sensors, 19(17), 3796.

266. Shammi, S. A., & Meng, Q. (2021). Use time series NDVI and EVI to
develop dynamic crop growth metrics for yield modeling. Ecological Indicators, 121,
107124.

267. Shanmugapriya, P., Rathika, S., Ramesh, T., & Janaki, P. (2019).
Applications of remote sensing in agriculture — A Review. International Journal of
Current Microbiology and Applied Sciences, 8(01), 2270-2283.

268. Shewhart, W. A. (1931). Economic Control of Quality of Manufactured
Products. Van Nostrand, New York and MacMillan, London. 501 pp.

269. Sinha, R. P., Singh, S. C., & Héder, D. P. (1999). Photoecophysiology
of cyanobacteria. Recent Research Developments in Photochemistry and
Photobiology, 3,91-101.

270. Smith, A. (1985). An inquiry into the nature and causes of the wealth of
nations. Random House, New York. (pp. 3-21).

271. Sobrino, J. A., Julien, Y., & Garcia-Monteiro, S. (2020). Surface
temperature of the planet Earth from satellite data. Remote Sensing, 12(2), 218.

272. Soil Information for Environmental Modeling and Ecosystem
Management. Electronic source. Access regime: http://www.soilinfo.psu.edu/
(dated 10/08/2021).

273. Solomon, S. (2019). The discovery of the Antarctic ozone hole. Nature,
575,46-47.

274. Son, S. W., Tandon, N. F., Polvani, L. M., & Waugh, D. W. (2009).
Ozone hole and Southern Hemisphere climate change. Geophysical Research Letters,
36(15), L15705.

275. Sonka, S. (2003). Forces driving industrialization of agriculture:
implications for the grain industry in the United States. In: Symposium “Product
Differentiation and Market Segmentation in Grains and Oilseeds: Implications for
Industry in Transition”. Washington, DC. (pp. 1-10).

276. Stas, M., Van Orshoven, J., Dong, Q., Heremans, S., & Zhang, B. (2016).
A comparison of machine learning algorithms for regional wheat yield prediction
using NDVI time series of SPOT-VGT. In 2016 Fifih International Conference on
Agro-Geoinformatics (Agro-Geoinformatics) (pp. 1-5). IEEE.

277. Stevens, J. P. (2002). Applied multivariate statistics for the social
sciences (4th ed.). Mahwah, NJ, LEA.

278. Sutherst, R. W., Constable, F., Finlay, K. J., Harrington, R., Luck, J., &
Zalucki, M. P. (2011). Adapting to crop pest and pathogen risks under a changing
climate. Wiley Interdisciplinary Reviews: Climate Change, 2(2), 220-237.

279. Tabari, H., Grismer, M. E., & Trajkovic, S. (2013). Comparative
analysis of 31 reference evapotranspiration methods under humid conditions.
Irrigation Science, 31, 107-117.

223



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

280. Taylor, R. (1990). Interpretation of the correlation coefficient: a basic
review. Journal of Diagnostic Medical Sonography, 6(1), 35-39.

281. Tenreiro, T. R., Garcia-Vila, M., Gomez, J. A., Jiménez-Berni, J. A., &
Fereres, E. (2021). Using NDVI for the assessment of canopy cover in agricultural
crops within modelling research. Computers and Electronics in Agriculture, 182,
106038.

282. Tett, S. F., Stott, P. A., Allen, M. R., Ingram, W. J., & Mitchell, J. F.
(1999). Causes of twentieth-century temperature change near the Earth's surface.
Nature, 399(6736), 569-572.

283. Thornthwaite, C. W. (1948). An approach toward a rational
classification of climate. Geographical Review, 38, 55.

284. Tian, F., Brandt, M., Liu, Y. Y., Verger, A., Tagesson, T., Diouf, A. A,
Rasmussen, K., Mbow, C., Wang, Y., & Fensholt, R. (2016). Remote sensing of
vegetation dynamics in drylands: Evaluating vegetation optical depth (VOD) using
AVHRR NDVI and in situ green biomass data over West African Sahel. Remote
Sensing of Environment, 177,265-276.

285. Tiwari, P., & Shukla, P. (2020). Artificial neural network-based crop
yield prediction using NDVI, SPI, VCI feature vectors. In Information and
Communication Technology for Sustainable Development (pp. 585-594). Springer,
Singapore.

286. Trenberth, K. E., Dai, A., van der Schrier, G., Jones, P. D., Barichivich,
J., Briffa, K., & Sheffield, J. (2014). Global warming and changes in drought. Nature
Climate Change, 4, 17-22.

287. Trout, T. J., & Johnson, L. F. (2007). Estimating crop water use from
remotely sensed NDVI, crop models, and reference ET. USCID Fourth International
Conference on Irrigation and Drainage. Sacramento, California, 275-285.

288. Trout, T. J., Johnson, L. F., & Gartung, J. (2008). Remote sensing of
canopy cover in horticultural crops. HortScience, 43(2), 333-337.

289. Tsakmakis, I. D., Gikas, G. D., & Sylaios, G. K. (2021). Integration of
Sentinel-derived NDVI to reduce uncertainties in the operational field monitoring of
maize. Agricultural Water Management, 255, 106998.

290. Tsimring, L. S. (2014). Noise in biology. Reports on Progress in
Physics, 77(2), 026601.

291. Ulezko, A., Reimer, V., & Ulezko, O. (2019). Theoretical and
methodological aspects of digitalization in agriculture. /OP Conference Series:
Earth and Environmental Science, 274, 012062.

292. Unal, I., & Topakci, M. A. (2014). Review on using drones for precision
farming applications. In: [2th International Congress on Agricultural
Mechanization and Energy, Nevsehir, Turkey, 3-6 September 2014. (pp. 276-283).

293. Urban, T. N. (1991). Agricultural industrialization: it’s inevitable.
CHOICES, Fourth Quarter, 4-6.

224



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

294. Uskov, A., Samsonova, N., & Zhukova, A. (2020). Satellite monitoring
on grain crops: identification of problem areas and forecast of yield. Science Book
Publishing House, Yelm, WA, USA. 92 pp.

295. Vautard, R., Gobiet, A., Sobolowski, S., Kjellstrom, E., Stegehuis, A.,
Watkiss, P., Mendlik, T., Landgren, O., Nikulin, G., Teichmann, C., & Jacob, D.
(2014). The European climate under a 2° C global warming. Environmental
Research Letters, 9(3), 034006.

296. Vozhehova, R. A., Lykhovyd, P. V., Kokovikhin, S. V., Biliaieva, I. M.,
Markovska, O. Ye., Lavrenko, S. O., & Rudik, O. L. (2019). Artificial neural
networks and their implementation in agricultural science and practice. Diamond
Trading Tour, Warsaw. 108 pp.

297. Vozhehova, R. A., Maliarchuk, M. P., Biliaieva, I. M., Lykhovyd, P. V.,
& Maliarchuk, A. S. (2020). Forecasting the yields of spring row crops by the remote
sensing data. Agrarian Innovations, 1, 5-10.

298. Vozhehova, R., Maliarchuk, M., Biliaieva, 1., Lykhovyd, P., Maliarchuk,
A., & Tomnytskyi, A. (2020b). Spring row crops productivity prediction using
normalized difference vegetation index. Journal of Ecological Engineering, 21(6),
176-182.

299. Wallington, T. J., Srinivasan, J., Nielsen, O. J., & Highwood, E. J.
(2009). Greenhouse gases and global warming. Environ Ecol Chem, 1, 36.

300. Waltz, E. (2009). GM crops: Battlefield. Nature News, 461(7260), 27-
32.

301. Wang, J., Rich, P. M., & Price, K. P. (2003). Temporal responses of
NDVI to precipitation and temperature in the central Great Plains, USA.
International Journal of Remote Sensing, 24(11), 2345-2364.

302. Wang, R., Cherkauer, K., & Bowling, L. (2016). Corn response to
climate stress detected with satellite-based NDVI time series. Remote Sensing, 8,
269.

303. Wang, Y., Yan, X., & Wang, Z. (2015). Global warming caused by
afforestation in the Southern Hemisphere. Ecological Indicators, 52, 371-378.

304. Wheeler, T., & Von Braun, J. (2013). Climate change impacts on global
food security. Science, 341(6145), 508-513.

305. Willmott, C. J., & Matsuura, K. (2005). Advantages of the mean
absolute error (MAE) over the root mean square error (RMSE) in assessing average
model performance. Climate Research, 30(1), 79-82.

306. Willmott, C. J., & Matsuura, K. (2006). On the use of dimensioned
measures of error to evaluate the performance of spatial interpolators. International
Journal of Geographical Information Science, 20(1), 89-102.

307. Winters, P. R. (1960). Forecasting sales by exponentially weighted
moving averages. Management science, 6(3), 324-342.

225



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

308. Woldemichael, A., Salami, A., Mukasa, A., Simpasa, A., & Shimeles,
A. (2017). Transforming Africa’s agriculture through agro-industrialization. Africa
Economic Brief, 8(7), 1-12.

309. Woodward, F. 1., Lomas, M. R., & Betts, R. A. (1998). Vegetation-
climate feedbacks in a greenhouse world. Philosophical Transactions of the Royal
Society of London. Series B: Biological Sciences, 353(1365), 29-39.

310. Xiong, F. S., & Day, T. A. (2001). Effect of solar ultraviolet-B radiation
during springtime ozone depletion on photosynthesis and biomass production of
Antarctic vascular plants. Plant Physiology, 125(2), 738-751.

311. Xu, C., & Katchova, A. L. (2019). Predicting soybean yield with NDVI
using a flexible Fourier transform model. Journal of Agricultural and Applied
Economics, 51,402-416.

312. Xue, Y. N, Luan, W. X, Wang, H., & Yang, Y. J. (2019).
Environmental and economic benefits of carbon emission reduction in animal
husbandry via the circular economy: Case study of pig farming in Liaoning, China.
Journal of Cleaner Production, 238, 117968.

313. Yan-e, D. (2011). Design of intelligent agriculture management
information system based on [oT. In: Fourth International Conference on Intelligent
Computation Technology and Automation. IEEE. (pp. 1045-1049).

314. Yin, G., Liu, L., & Jiang, X. (2017). The sustainable arable land use
pattern under the tradeoff of agricultural production, economic development, and
ecological protection — an analysis of Dongting Lake basin, China. Environmental
Science and Pollution Research, 24(32), 25329-25345.

315. Zanetti, S. S., Sousa, E. F., Oliveira, V. P., Almeida, F. T., & Bernardo,
S. (2007). Estimating evapotranspiration using artificial neural network and
minimum climatological data. Journal of Irrigation and Drainage Engineering,
133(2), 83-89.

316. Zaval, L., Keenan, E. A., Johnson, E. J., & Weber, E. U. (2014). How
warm days increase belief in global warming. Nature Climate Change, 4(2), 143-
147.

317. Zhang, G., Lu, F., Huang, Z. G., Chen, S., & Wang, X. K. (2016).
Estimations of application dosage and greenhouse gas emission of chemical
pesticides in staple crops in China. The Journal of Applied Ecology, 27(9), 2875-
2883.

318. Zhu, X. G., Long, S. P., & Ort, D. R. (2010). Improving photosynthetic
efficiency for greater yield. Annual Review of Plant Biology, 61, 235-261.

319. Zhukova, M., & Ulez’ko, A. (2019). The specifics of the digital
transformation of agriculture. Advances in Intelligent Systems Research, 167, 121-
124.

226



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

320. Zinke-Wehlmann, C., De Franceschi, P., Catellani, M., & Dall’ Agata,
M. (2019). Early within-season yield prediction and disease detection using Sentinel
satellite imageries and machine learning technologies in biomass sorghum. In
Software Technology: Methods and Tools: 51st International Conference, TOOLS
2019, Innopolis, Russia, October 15-17, 2019, Proceedings (pp. 227-234). Springer
Nature.

321. Zoungrana, B. J. B., Conrad, C., Amekudzi, L. K., Thiel, M., & Da, E.
D. (2015). Land use/cover response to rainfall variability: A comparing analysis
between NDVI and EVI in the Southwest of Burkina Faso. Climate, 3(1), 63-77.

322. Asaksan, C. B. (2017). CynpamonexymnsipHas (uU3NKa OKpY’Karomei
cpensl: KIMMaTudeckue u onodmsmaeckue ddpdexter. Becmuux PAH, 87(5), 456-
466.

323. Anamenko, O. M. (2009). Uim 3arposxye HaM ri100ajapbHE MOTSIUTIHHS?
Ipuxapnamcokuii gicnux HTILI. Tlynvc, 4(8), 143-148.

324. Anamenko, T. 1. (2014). Aepoxkrnimamuune 30Hy8anHA Mmepumopii
Yrpainu 3 epaxosanuam sminu xnimamy. Kuis, TOB «PIA» BJIILI, 20 c.

325. AiBazan, C. A. (2001). [Ilpuxnaouas cmamucmuka. OcHO8b
axonomempuxu. Tom 2. Ouutu-ana, Mocksa.

326. Anonum (2020). Hooctu arpapuoit Hayku. Hawe Cenbckoe
Xoszsaticmeo. Aeponomus, 21, 100-103.

327. basznpipes, I'. U., 3axapenko, A. B., Jlomakos, B. I'., & Paccanun, A.
4. (2019). 3emnedenue: Yuebnux. Mocksa, Uudpa-M. 608 c.

328. Bapabam, B. O. (2019). I'mo6anpre moterutinHs — 3arpo3a st OnecH.
«Ipobnemu ¢hopmysanna 300p08o2o cnocody owcumms y Moa00i». 30ipHUK
mamepianie XII Bceykpaincokoi HayKo8o-npakmuyHoi KoH@epeHyii Monooux
yuenux ma cmyoenmie 3 miscHapoounoro yuacmio. @OIl bornaperko M. O., Oxeca.
(c. 352-253).

329. baptanés, C. A., Eropos, B. A., Jlynsan, E. A., Ilnotaukos, /. E., &
VYBapos, U. A. (2011). Pacio3naBanue maxoTHBIX 3eMeJb HA OCHOBE MHOTOJIETHUX
CIYyTHHKOBBIX JaHHBIX crekTpopaguomerpa MODIS wu nokansHO-afanTHBHOI
knaccudukanuu. Kounsiomepnas onmuxa, 35(1), 103-116.

330. Bacok, b. I., & Bazees, €. T. (2020). ['mobanpHe NOTSIUTIHHS: IPOOIeMH,
Juckycii Ta nporaosu. Ceimoenao, 6(86), 4-15.

331. binuncekuii, M. M., & Kuum, B. T1. (2021). AHani3 XapakTepucTHK Ta
OOIpYHTYBaHHS 1HAEKCIB POCIMHHOCTI. Bicnux Binnuyvkozo Ilonimexuiunoeo
Incmumymy, (2), 7-14.

332. BoronenoB, M. A. (1907). O konebanusx xiumama Esponetickoii
Poccuu 6 ucmopuueckyio snoxy. 3emneBenenue, Mocksa. (c. 58-162).

333. bonnpapenko, JI. B., Macnosa, O. B., benkuna, A. B., & Cyxapesa, K.
B. (2018). I'mobGanpbHOE W3MEHEHWE KJIMMaTa W €ro TMOCIEACTBUS. Becmuux
Poccuiickozo sxonomuuecrkoeo ynusepcumema um. I' B Ilnexanosa, 2(98), 84-93.

227



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

334. Boyma, 3. (2012). Ilozooa u 3awuma pacmenuui. BASF: The Chemical
Company. 176 c.

335. Bymeiko, M. U. (1977). [obansvras sxonozus. Myicnb, Mocksa. 328 c.

336. Bypmsii, A. I1. (2021). Toure 3emiepoOCTBO SK HANIPSIM MOZICpHi3arii
arpapHoro BupoOHuTBa. Modern Economics, 29, 29-34.

337. byranenko, P. P., Tymakos, 1. B., 3arpynuuii, B. B., Pynuenko, IO. 1.,
& bBypnaka, O. A. (2021). InHOBauiliHi acneKTH ONEPALIHHUX TEXHOJOTIH Y
pocIMHHUNTBI. Midcnapoona Haykoso-npakmuuna rongepenyis «Texuika ma
mexHonoeii 8 asponpomMuciogomy eupobnuymeiy Ilornmascokuii  Oeparcagruil
aepapnuil yHieepcumem (m. Ilonmasa, 07-08 scoemusa 2021 p.), 25-27.

338. berukos, B. B., Ocranos, B. U., XKXypasnes, A. U., Kornsap, H. M.,
Jlupurik, B. A., Jlomonocos, I1. 1., [lucapenxo, B. A., & ®ynToB, A. I1. (1987).
Hayuno obocnosannaa cucmema 3emnedenus XepcoHckou obaacmu. XepcoH,
Ob6mmonurpadusgat. 448 c.

339. Bakamok, 0. B., & Hazapos, 1. M. (1991). IIpobGieMsr u3mMeHEHUS
rinobankHOTO KiuMata. Memeoponozus u Iuoponoeus, 4, 74.

340. Boxerosa, P. A., & Jluxosum, II. B. (2021). Ouinka To4HOCTI
pO3paxyHKIB eBamoTpaHcmipamii B MoOiUTbHOMY nomatky EVAPO. 36ipnux
nayxosux npayv YxpH/IIIBT im. Iloeopinozo, 29(43), 120-125.

341. Boxeroga, P. A., ['onodopoasko, C. I1., 'panoBcbka, JI. M., & CaxHo,
I B. (2013). 3pomeHus B VYkpaiHi: peanil ChOTOJCHHS Ta MEPCICKTUBU
BIIPOJIKCHHS. 3pouiysare 3emaepobcmeo, 60, 3-12.

342. Boxerosa, P. A., Jluxosun, I1. B., binsea, 1. M., JlaBperko, C. O., &
Botinenrok, X. 1. (2020). MomudikoBanuit metox XOJbIpimka Ui BU3HAYCHHS
eBanioTpaHcmipanii. Aepapui Innosayii, 3, 17-20.

343. Boiitiok, 1. I'. (2000). TexHi4HI MPOOIEMH «TOYHOTO 3eMIIEpOOCTBAY B
VYkpaini. Bicnuk aepaprnoi nayku, 9, 41-46.

344. Boiniupkuit, B. M. (2018). KoHuemniist aHTpONOreHHOCIIPHYHMHEHOTO
r7100aJIbHOTO MOTEIUTIHHS: PEaIbHICTh UM HAYKOBONOAIOHUH Mib? Haykosi 0onoeioi
HYFill Ykpainu, 6(76), 9 c.

345. Boposka, B. I1., & Yebanosa, 10. B. (2018). ['mobanpHe MOTETUTIHHS:
Haciaky st Memitononsinuau. Meaumonoavckuti Kpaeseoueckuit XKypnan, 11, 3-6.

346. lanix, O. 1., & Bacrwok, T. O. (2014). Memoouuni exa3ziexu «/Jo8ioxkosi
Oani 3 Knimamy YKpainuy 015 6UKOHAHHS NPAKMUYHUX, PO3PAXYHKOBO-2DADIUHUX,
Kypcosux pobim, OUnIOMHUX NPOEKMIG [ MA2ICMepCbKux pobim cmyoeHmamu 6cix
npupooHuyux Hanpamie niocomoexku ma cneyianonocmei HYBITI Oennoi ma
3aounoi popm nasuanns. HYBI'TI, Pire. 158 c.

347. T'onobopoxasko, C. I1., & Jdumos, O. M. (2019). I'mobGansHa 3MiHa
KIiMaTy: TPUYNHM BUHUKHEHHS Ta HACHIAKKA I CITCHKOTOCTIOAAPCHKOTO
BUpoOHUITBA MiBAeHHOTO CTeny. Meniopayis i Boone I'ocnodapcmeo, 109(1), 88-
97.

228



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

348. T'omuenko, E. JI., & Jlo6oma, H. C. (2000). OmeHka BO3MOXHBIX
W3MEHEHNH BOIHBIX PECYpPCOB YKpaWHBI B YCIOBUSX TNIOOANBHOTO IOTEIUICHUS.
Tiopobionoziunuu XKypnan, 36, 67-78.

349. T'ocriogapenko, I'. M. (2018). Aepoximis. Kuis, Cik rpyn Yxpaina. 560 c.

350. I'pumyk, H. 1O. (2020). 3minm wiiMaTy — Tiio0albHA EKOJIOTIYHA
npobJieMa Cy4acHOTO CyCIUIbCTBA. « YMAaHIMapHuti OUCKYpPC CYCRITbHUX NPODaeM:
Mumyne, cyyacue, manoymuey. Mamepianu Bceykpaincokol Haykoeoi konpepenyii 3
MidcHapoonoio yuacmio. Yepkacu. (c. 29-31).

351. I'py3sa, I'. B., PanbkoBa, 3. 4., Pouena, 2. B., & CmupHos, B. JI. (2015).
l'eorpaduaeckiie ©W Ce30HHBIE OCOOEHHOCTH COBPEMEHHOTO TJI00aIbHOTO
noTeruieHust. @yHOaMeHmanbHas u NPUKIaoHas kiumamonoaus, 2, 41-62.

352. I'pymmaceka, H. M. (2019). T'mobGampHe mOTeITiHHS — 3arposa
CycIiTbcTBY MaiiOyTHROT0. HarioHamsHMIA aBialliifHui yHIBEpCHTET. 3 C.

353. Hepxcrat Ykpaiau (2020). Cmamucmuunuti wopivnux Ykpainu 2019.
Kuis. 465 c.

354. Nepsbina, 1. O., & Ymanceka, O. B. (2020). AHOMaNIBHO TEIUIA OCIHb
2019 poky B M. Opeca, SK HaciiIoK rio0OallbHOTO MOTEIUTIHHSA Kiimaty. Les
tendances actuelles de la mondialisation de la science mondiale, 3, 83-87.

355. HMuuenko, O. 0., & Jlacno, O. O. (2020). MoaentoBaHHS MPOCTOPOBOTO
BapilOBaHHs pI3HOMAHITTS POCIMHHOTO TIOKPUBY 3a JOINOMOIOK  JaHHX
JMUCTAHIIIHOTO 30HAyBaHHS 3emiti. Bicuux I[lonmaecekoi Oepocasnoi azpapHol
akaoemii, (4), 13-20.

356. Oumxkant, J. (2020). Ha gonomMory cagiBHEKaM — po0o0mxomn. OJgoui
ma @pyxkmu, 5(126), 56-59.

357. OQumkant, JI. (2020). Terum4Hi iHHOBaIIi, PO SKi MOTPIOHO 3HATH.
Ogoui ma @pykmu, 8(129), 30-31.

358. HiakoBceka, K. B. (2019). Metan i mapHukoBuii edekr. «/Ipobremu
Qopmyeanns 300p06020 cnocoby axcumms y moaooiy. 36ipuux mamepianie XII
Bceyxpaincokoi nayxoso-npaxmuunoi konghepenyii Moiooux yueHux ma cmyoeHmie
3 midicnapoonoro yuacmio. POII bounapenko M. O., Oxeca. (c. 353-255).

359. Hoaromes;, H. O. (2011). OpranizaniiHO-eKOHOMIYHUN MeXaHi3M
IHHOBALIHHOT JisUTLHOCTI B arpapHOMY CeKTOpi ekoHoMiku. Bicnux JK/TY. Cepis
Exonomiyni nayxu, 1(55), 192-195.

360. Jomapanpkuii, €. O., & Koznosa, O. II. (2021). Hacnizku nposBy
EKCTpeMallbHUX MOTOAHUX sSBUIL Yy 2021 poti IJIst Tamy3i pOCITUHHULITBA, BUKIHKAHI
I00aNbHUM TMOTEIUIHHAM. [V Mixcnapoona naykoso-npaxmuuna KoHghepenyis
«Exonociuni  npobnemu  HABKOMUWHLO2O — cepedosuuya mda  PAayioHANIbHOZO
NPUPOOOKOPUCIIYBAHHSL 8 KOHMEKCMI CManoeo pO3GUMKY» 00 OHs nam simi
00KmMoOpa  CilbCbKO20CNO0apchkux  Hayk, npogecopa I[lununenxa  FOpis
Bonooumuposuua. Onnillmroc, Xepcon. (c. 84-87).

361. Ipo3noB, O. B., & I'puropseBa, A. C. (1963). Bracoobopom @
ammocgepe. I'nnpomereonsaar, Jlenunrpan. 316 c.

229



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

362. Npyxwunamn, U. I1. (1987). Joneocpoumnwviii npoenos u ungopmayus.
Hayxa, HoBocubupck. 246 c.

363. Oynauk, A. B. (2010). Konnenmuis npupomHoi MUKITIKE ¥ mpoOiema
«T106aTBHOTOY MOTEILTIHHS KIMaTy. Bichuk aepaproi nayku [Ipuuopromop's, 3(1),
149-153.

364. Jemukant, 1. (2019). Cobupars kiyOHUKY OyayT poGoTel. Osowu u
@pyrkmul, 6(115), 72-75.

365. Hpimkant, . (2019). YMmHoe cenbckoe xo3siictBo Kutas. Osowyu u
@Dpyxmel, 7(116), 42-43.

366. €smak, 1. B. (2007). Ocnosu acpoximii. Hasuanvnui nocionux. Kuis.
204 c.

367. XKummna, U. 10. (2019). 'mobanpHOE MOTEIUICHUE: MOWCK PEHICHUH.
Coyuanvuvie u eymanumapnvie Hayku: Omeyecmeennas u  3apy0edlcHas
aumepamypa. Cep. 2, xonomura: Pepepamusnutii ocypran, 3, 44-52.

368. XKyxos, O., & T'opman, O. (2016). AHami3 4acoBHX PsAiB MMOKa3HUKA
NDVI pocnunnocti Benukoro Yamenscbkoro moay 3a 2010-2015 pp. Haykosi
sanucku HaYKMA, 184, 40-46.

369. 3inuenko, O. 1., Camatenko, B. H., & Bimonoxko, M. A. (2001).
Pocnunnuymeo: niopyunux. Kuis, ArpapHa ocgita. 591 c.

370. 3onotokpeuinH, A. H. (2019). TI'nobGanpHOe  TOTEIUIEHUE,
OIyCTHIHMBaHHE/AETpalaliisl ¥ 3aCyXH B apUIHBIX peruoHax. Mseecmuss PAH.
Cepus eceoepaghuueckas, 1,3-13.

371. 3onotokpsuinH, A. H., & Tutkosa, T. b. (2012). Ciry THUKOBBII HHICKC
KIMMaTHYeCKUX SKCTPEMYMOB 3aCYIIIMBBIX 3eMellb. Apudnsie skocucmemsi, 2(4),
203-208.

372. IanoB, B., Borycnascekuii, C., Cosra, O., & Xopos, B. (2004).
CBiTOBHIT OKeaH sk cTadinizarop kiimary 3emii. Bicnux HAH Ykpainu, 3, 32-37.

373. IsanoBa, B. M., Hemma, O. B., & Crenummn, M. M. (2017). 3axoau
010 30€pexeHHsI IPYHTIB 1 IMiJBHIIEHHS NPOJYKTUBHOCTI arpojaHaumadTiB
Oaceiiny piuku Mosounol. Hosi eumipu Hayko8oeo nizHawus: 30. mamepiauie
Miscuap. nayk.-np. inmepuem-xkoug., 15 mpasns 2017 p., 105-110.

374. Kung, H. B. (1976). IlaneoxnuMaTsl ¥ TMpUPOJHAS cpefa TOJIOICHA.
Hcmopus 6uozeoyenzos CCCP 6 conoyene, 5-14.

375. Kissmropun, JI. B., & JloOymma, A. A. (2005). Huxauueckue
usmenenuss knumama u pvioonpooykmusnocmu. N3narenscrso BHUPO, Mocksa.
235c.

376. Kobuenko, M. 0. (2017). IndopmaTn3zaliist 3eMIEKOPUCTYBaHHS SIK
3axiJ MiJBUIICHHS e(pEeKTUBHOCTI BUKOPHCTAHHS 3€MeIbHUX pecypciB. Haykoesui
sicnuk Ilonmascvrozo yrigepcumemy exkoHomiku i mopeieni, 5(84), 152-159.

377. Koznenko, €. B., Moposzos, O. B., & Mopozos, B. B. (2021).
Oco6mmBocTi  (OpMyBaHHS TiAPOXIMIYHOTO pEXHMY BOAM I[HTYJIEIIBKOTO
MarictpanpHoro kanany y 2021 poui. Aepapui Innogayii, 9, 26-35.

230



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

378. Kommnaremns, E. B. (2021). IlepcriektuBu 30epeXeHHS NPUPOIN B
ymoBax riobansroro norertinasa. HITY imeni MIT JIparomanosa. (c. 50-53).

379. Konontok, B. A., Mexnsenoscekuii, O. K., & Burpuxoscekuii, I1. 1.
(1985). Jlosionuk acponoma. Kuis, Ypoxai. 672 c.

380. Kop3yH, B. A. (2009). Iobanvroe nomenienue — peanvHocms uiu
noaumusuposanuviti  mug? (Ilepcnekmueor  cozoanus 6 Poccuu «3enenou
axonomukuy). UMOMO PAH, Mocksa. 191c.

381. KpaBuyk, B. (2008). [IpiopureTHi HaNpsIMKK HayKOBUX JOCIHIIKEHb B
NPOTHO3yBaHHI, BUNPOOYBaHHI Ta cepThdikalii TexHiku Ta TexHonorii s AITK.
Texnixa AIIK, 1, 6-7.

382. Jlakus, I'. @. (1990). buomerpus. Bricmas nrkonma, Mocksa. 352 c.

383. Jleeutun, M. M. (2012). 3ammra pacTeHuit oT OoJe3HEeH mpu
riio0anbHOM TmoTeTuieHUH. [Ipobaembr Qumocanumapuu, 16-17.

384. Jlmxoeupn, II. B. (2017). Ilpodykmuenicme KyKypyo3u yyKkpogoi
3a1€HCHO 810 0OPOOIMKY TPYHMY, YOOOPEHH S, 3a2YUeHHs POCIUH NPU KPANJUHHOMY
3powlenHi: JWAC. KaHA. c.-T. HaykK. 3a cmerl. 06.01.02 «CimbChKOrocmoaapehKi
Mmerniopauii». Xepcon, XJIAY. 255 c.

385. Jluxosupg, I1. B. (2020a). BriiB eneMeHTIB TEXHOJIOTIi BUPOIILYyBaHHS
Ha ypOXaiHICTh Ta SKICTh IYKPOBOi KyKypyn3u. Ogoui ma @pyxmu, 2(123), 14-19.

386. Jluxoeux, I1. B. (2020b). IlykpoBa kykypynsza Ha IliBaHi Ykpainu.
Inanmamop, 1(49), 16-17.

387. Jlmxoeun, II. B. (2020c). IlporHo3yBaHHS BpOXaK KyKypyI3u
I[yKpOBOi 3a JaHHMHU CYIyTHHKOBOTO MOHITOPHHTY MOCIBiB. Ogoui ma Dpykmu,
6(127), 36-38.

388. Jlmxoeug, II. B. (2020d). BrumB rycroTd MmOCiBy Ta JOUUTBHICTH
3aCTOCYBaHHS PEryJIsiTOpiB POCTy Ha LYKpOBiH KyKypyasi. Osoui ma @pyxmu,
9(130), 10-13.

389. Jluxosupg, II. B. (2020e). 3actocyBanHs mpemapary Perommant y
3pouryBanux ymoBax IliBgenHoro Creny YkpaiHu Ha KyKypyaA3i IIyKpoBiid. 30ipHuk
naykosux npayv YxpH/IIIBT im. JI. Iloeopinoeo, 27(41), 214-221.

390. Jluxosun, II. B., IMimspceka, O. O., & Bbimsera, 1. M. (2020).
MoskimuBocCTi 3acTocyBaHHs MoOiTbHOTO 1onaTky EVAPO asist oniepaTHBHOT OLIIHKK
€BaroTpaHCIipalii B MOJIbOBUX YMOBax. lagpiiicokuil naykosuti gicnuk, 116(4.2),
10-14.

391. Jliniacekuit, B. M. (2002). I'no6anpHa 3MiHa kiimary Ta ii BiATyK B
JUHaMin KiaiMaty Ykpainu. Mamepianu miscnapoonoi kongepenyii «Ineecmuyii
ma 3mina Kkimamy: moxcaueocmi ona Yrpainu, 10—12 aunna 2002 p. luBectnuii 3
NUTaHb 3MiHK Ki1iMaty, Kus. (c. 177-185).

392. Jlimiacekuit, B. M., lsayk, B. A., & ba6igenko, B. M. (2003). Krivam
Yxpainu. Bugasannrso Paescekoro, Kuis. 343 c.

231



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

393. Jloboma, H. C., Cepbosa, 3. ®@., & boxok, 10. B. (2015). Ominka
BIUIMBY 3MiH KJIIMaTy Ha BOJHI pecypcu YKpaiHH Ha OCHOBI Mozem" KiimMar-cTik"
3a creHapieM raodansHoro noterutiHasg A2. Iioponoeis, I'iopoximia i I'iopoekonoeis,
1(36), 8-17.

394. Jloboma, H. C., Xoxmnos, B. M., & boxok, }0. B. (2011). Ominka
XapaKTEePUCTUK TOCYIUIMBOCTI 3aKapmnaTTs y Cy4acHHX Ta MalOyTHiX yMmoBax (3a
CIICHapieM TI00ambHOTO MOTCIUIiHHA). [ idponoecis, liopoximin i I'iopoexonoeis,
2(23), 49-56.

395. JlomoBerkux, JI. (2021). Micne cuibChbKOro rocrogapcTBa YKpaiHu y
CBITOBOMY B KOHTEKCTI iHmycTpiamizamii 4.0. « Cmanuti po3eumok azpaproi cgepu.
iHotCeHepHO-eKOHOMIYHe 3abe3neyenHay, mamepianu Il MixcnapoOonoi naykoso-
npaxmuuroi kongepenyii. Xapkis, TOB «IIpoMApt». (c. 78-80).

396. Maxkogernpkuii, O., & Ocinos, M. (1999). HiBearoBaHHS HETaTUBHOTO
BIUIUBY 3O0BHIIIHBOTO CEPEJOBHINA HA PE3yJbTaTH ClIBCHKOTOCIIOAAPCHKOTO
BupoOHunTBa. Texuika AIIK, 1,39-40.

397. Mapuyk, JI. I1. (2012). ExoHOMI4HI ITPiOpUTETH TOIIUPEHHSI TOYHOTO
3emiiepoOcTBa B Ykpaini. Exonomixa AIIK, 8, 21-25.

398. Menbunuenko, O. JI., & Tpoxumenko, I'. I'. (2009). Anani3 HaciKiB
3MiH KJIIMaTy Ta IXHbOTO BIUIMBY Ha (uiopy YKpainu Ha npukiaja MukosaiBcbkol
obnacri. Hayxosutl éichux H/ITY Vkpainu, 19.14,300-305.

399. Munacos, M. 1. (2006). CuctemMHble COCTABJIAIOIMINE U MPOOIEMBI
obecrieuyeHnsl  yCTOWYMBOTO  Pa3BUTHsS ~ arpONpPOMBIIUICHHOTO  KOMIDIEKCA.
Huxonosckue umenus, (11).

400. Mumnees, B. I'. (2004). Aepoxumus. Mocksa, M3n-so MI'Y. 720 c.

401. Moguan, M. M. (2017). OcHOBHBIC HAIIPABJICHUS PEUICHUS MIPOOIEMBI
JIeTpalallid W OITyCTHIHMBAaHMS 3eMeNb B YKpauHe. 3emneycmpiu, kadacmp i
MouimopuHne 3emens, (2), 85-90.

402. Mounun, A. C., & lumkos, 0. A. (2000). Knumar xak mnpoGiema
¢busuku. Yenexu gusuueckux nayk, 170(4), 419-445.,

403. Mymwenuk, I. M. (2021). Indopmaniiini  TexHojorii B
arporpomucioBomy komiuiekci. Scientific Collection “Interconf™, 43, 665-669.

404. Mywenuk, [. M., & TaBpumiok, B. M. (2020). Cran i nepcnekTuBu
BUKOPHCTaHHs reoindopmaniiHux texHonorii. WayScience. Cyuacnuii pyx nayku:
me3u 0onogioeil X MidicHapoOHOT HAYKOBO-NPAKMUYHOT IHmMepHem-KoHpepenyii, 2-
3 keimus 2020 p. Tom 2. [ninpo. (c. 65-70).

405. HaBponcekuii, A. (2021). Hoy-xay 3 nociimpkenns rpyHtiB. Ogoui ma
@pykmu, 1(134), 44-46.

406. Hevimranr, U. A. (2007). Memoow: 06pabomku 0aHHbIX CHYMHUKOBbIX
nabmooenutt MODIS 0ns monumopunea naxomuwix 3emens. Juccepmayus Ha
COUCKaHUe YYeHOU cmeneHu Kanoudama mexHudeckux Hayk. HWHCTHTYT
KocMuueckux uccienopannii PAH, Mocksa. 162 c.

232



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

407. Heunmopenko, O. M. (2020). YrpapniHHS pH3HKaMH TTT00ANBHUX 3MiH
KIIIMaTy B arpoIpoOMUCIIOBOMY KOMIUIeKC] Ykpaiau. Exoromika AIIK, 4, 6-16.

408. Oriitayk, B. (2020). Pozymni kynetuBatopu. [lnanmamop, 1(49), 92-93.

409. Ormux, B. B., & JleBuenko, H. B. (2011). AHanu3 TeHACHIHNH
YPOKallHOCTH 3€pHOBBIX KyIbTYp. biznecingopm, 7(2), 94-97.

410. Onompienko, B. I1. (2016). ArpoBUpOOHHUIITBO B yMOBaX T100aIbHOTO
MOTEIUTiHHS KiiMaTy. Bicnuk CHAY. Cepist «Aeponomis i bionoeisy, 9(32), 73-80.

411. ITaBenkiBcwkuii, O., & [MaBenkiserka, O. (2020). [ToauB y TermmuIrsx 3a
JIOTIOMOT010 TeH3ioMeTpiB. Osoui ma @pyxmu, 2(123), 30-33.

412. Iapnimuii, [., & Cymzomup, M. (2021). CurepreTndHa METOHONIOTISA
PE3yNIBTaTUBHOTO YNPABIiHHS PO3BUTKY arpapHOTO CEKTOpa €KOHOMIKM YKpaiHH.
«Cmanuti po3eumox azpapHoi cghepu: HIHCEHEPHO-eKOHOMIUHE 3a0e3nedueHHsy,
mamepianu Il Misxcuapoonoi uaykoeo-npaxmuunoi xougepenyii. Xapkis, TOB
«IIpoMApT». (C. 65-66).

413. TankoB, A. A., Ilermos, A. B., & Komnecuukos, B. A. (2012).
[lpumeHeHne HOBBIX HH()OPMALMOHHBIX TEXHOJOTMH B 3eMJeNeNuu. Bichux
Cxionoykpaincokoco HayioHanvHozo yuisepcumemy imeni Bonooumupa /lans,
9(180), 4.2, 117-120.

414. Tlankoga, E. U., & Kontommkosa, M. B. (2013). Biusuue rinobansHOro
MOTEIUICHHUs] KJIMMaTa Ha 3aCOJICHHOCTh IOYB apUAHBIX PETHOHOB. bronnemens
Tougennozo uncmumyma um. B.B. [lokyuaesa, 71, 3-15.

415. Iliwypa, B. 1., Illaxman, I. O., & buctpsanesa, A. M. (2018).
IIpocTopo-dacoBa 3aKOHOMIipHICTE (POpPMyBaHHS SIKOCTI BoAM B piumi JlHimpo.
Biopecypcu i Ilpupoodokopucmyesanns, 10(1-2), 21.

416. Ilomynman, M. 1., Comnoseii, B. b., & Bemmuko, B. A. (2003).
Knacudgbixayia rpynmis Yxpainu. Kui, Arpapra Hayka. 300 c.

417. Tloctonenko, €. I1. (2020). 3uMoBe NOTEIUTIHHS 1 HOTO HACIIIKA IS
caniB. Ogoui ma @pyxmu, 2(123), 50.

418. TIpokomenko, A. O., [Ipokonenko, A. A., FOpuenko, B. B., & Opuenko,
B. B. (2018). AnTpomnoreHHuii BIUIMB Ha JIicoBi ekocucTeMu. CyyacHi mexnonoeii y
MBApUHHUYME] Ma PUOHUYMGI: HABKOIUUHE CepedosuUle — BUPOOHUYMBO NPOOYKYIT
— eKonociyni npobaemu: 30ipuux mamepianie 72-0i Bceykpainucvkoi nayxogo-
npakmuynoi cmyoenmcokoi KoHghepenyii npucesuenoi 120-piuyro 3acHy8aHHS.
HYFIll Ykpainu, 44-46.

419. Ilporac, H. M., Manunceka, JI. B., & Cakamo, B. M. (2008).
Onrumizaiisi 3acTOCYBaHHS arpojliCOMENiOpaTHBHUX 3aXOJiB Yy KOHTEKCTI
30aJ]aHCOBAHOTO  IPUPOJOKOPUCTYBaHHA.  Haykoeuti  sicnux  Jlbgiscbkoco
HAaYIOHAIbHO2O YHIeepCUmemy 6emepuHapuoi MeOuyuHy ma OIOMexHON02I IMeHT
C.3.Iscuywvkoeo, Tom 10, 1(36), Y. 1, 259-265.

420. Pazun, T., Caradssn, b., & Hloxyxu, A. (2005). MoHHTOPHHT 3aCyXu
¢ wucrnonp3oBaHueMm Tmokasarens SPI B mpoBunnmu Sn3, Wpan. Ilyoauxayuu
Tpenuncosozo yenmpa MKBK, 12,27-37.

233



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

421. Pamampkuii, B., & Mymennk, [. M. (2020). 3acrocyBaHHS
iH(pOpMaiHHUX TEXHOJIOTIH Yy Taly3i CUIBCBKOTO TOCHOAApCTBa. [Hpopmayitine
cycninbemeo 6 ymosax enoodanizayii, 180-185.

422. Pataukosa, T. A. (2006). BBeneHne B 3KOHOMETPHUYECKHH aHAIN3
MAHEIbHBIX JAHHBIX. DKOHOMUYecKull Jcypran Boicwen wixoavt sxkonomuru, 10(2),
267-316.

423. Pomamenko, M. 1. (2013). KonmenTyanbHi 3acaid BiJHOBJICHHS
3pOILICHHS Y IBACHHOMY perioHi Ykpaiuu. Meniopayis i Boone I'ocnodapcmeo, 100,
7-17.

424. Pomamenko, M. 1., bamok, C. A., Beprynos, B. A., Boxerosa, P. A.,
Kosrownor, O. 1., Pokounscekuii, A. M., Tapapiko, 1O. O., & Tpyckaseupkutit, P. C.
(2020). Cramuit po3BUTOK Memioparlii 3eMens B YKpaiHi B yMOBax 3MiH KIIiMarTy.
Aepapni innosayii, 3, 59-64.

425. Pomamenko, M. ., IllatkoBcekwit, A. I1., Ps6kos, C. B., Kopronenko,
B. M., Kamemroxa, T. A., Kpyuentok, B. 1., & Posron, B. A. (2015). Tumuacosi
HOpMU 8000nOmMpedU Oist KPANIUHHOZ0 3POULEHHSL CLTbCOKO20CNOOAPCLKUX KYIbMYD
6 ymosax Cmeny Yxpainu. Kuis, 2015. 20 c.

426. Pynenko, M. B. (2020). Peamizamis nuhpoBUX TEXHOJIOTIH HA CTaMisIX
BUPOOHUIITBA CUITLCHKOTOCIIONAPCHKOT MPOAYKIIii. 36ipHuK Haykosux npays YTV,
56, 121-131.

427. Capuupkuii, E. E. (2017). Toune 3eMiepoOCTBO sK pe3yJbTaT
iH(popMaTH3allii CHCTEM YIpaBIiHHA B arpo0i3Heci. 36ipruk naykosux npays KHEY,
38, 174-181.

428. CpetnoB, H. M. (2018). BiumsHue r1700a71bHOTO TOTEIICHUS HA
HEOMPECeNEHHOCTh  CEbCKOXO3SHCTBEHHOIO  MPOU3BOJCTBA.  Mockosckuti
Oxonomuueckuit Kypnan, 3,197-213.

429. Ceupupenko, B. (2020). Ludpora Ttpanchopmaris Oi3Hecy i
cycminbetBa. WayScience. Cyuacnuii pyx Hayku. mesu 0onogioeu X MidcHapoOHOl
HAyK060-npakxmuynoi inmepuem-xkougepenyii, 2-3 xeimus 2020 p. Tom 2. JIHinpo.
(c. 388-391).

430. Cemenona, [. I'. (2014a). MoenmoBaHHs BPOKaWHOCTI 03UMOIT MIIICHHMITI
B CTEIOBI# 30HI YKpaiHU 3 BUKOPUCTAHHSIM BereTalliiHUX 1HIEKCIB. Ykpaincvkuil
2iopomemeoponoeiunuii scypuan, 15, 117-124.

431. Cemenosa, 1. I'. (2014b). BukopucranHs BereTamiiHUX iHACKCIB IS
MOHITOPUHTY IOCYX B YKpaiHi. Ykpaiucovruii 2iopomemeoponoeiunuii scypuan, (14),
43-52.

432. Cunmopenko, B. B., Miraneos, A. O., Herynsesa, H. M., MutpogaHos,
O. II., Mamspuyk, B. M., MicHuik, }O. B., Makapenko, 1. JI., JlaBpenko, C. O.,
Ocinniid, O. A., & Jluxosung, I1. B. (2016). @epmucayisn sk 3axio inmencugixayii
3poutysarozo semaepoocmesa. locmigaumpke. 113 c.

433. Cuporenko, O. /. (1991). UmuranmoHHasi cucteMa KIMMaT-yporkai
CCCP. Memeoponoeus u I'uoponocus, 4, 67-73.

234



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

434. Cuporenxo, O. [1., Knemenxko, A. /1., [TaBnosa, B. H., A6ammuna, E. B.,
Cemennses, A. K. (2011). MonuTopuHr W3MEHEHHH KIMMaTa W OIICHKA
MOCTIEICTBHUN TII00ATFHOTO TOTETUICHHS JJIsl CEITBCKOTO X03HCTBA. Aepogpusuxa, 3,
31-39.

435. Conosiio, B. I1. (2017). TexHoioriuHi Ta CoOIliajbHI MEpPeIyMOBU
IHIYCTpiaJIbHUX PEBONIOLIM: KpPOK 10 MailOyTHwboro. Bicuux Hayionanvbnozo
yuigepcumemy  “Jlvgiscoka  nonimexuixka’.  Cepis:  Menedocmenm — ma
nIONpUEMHUYMBO 8 YKpaiui: emanu cmanosiienHs i npodiemu possumxy, (875),
348-355.

436. Croiiko, C. M. (2009). [ToTeHIi{iHi €KOJOTIYHI HACTIAKH TII00aTBHOTO
MOTEIUTIHHS KIIIMATy B JTicoBUX (opMamisax Ykpaincekux Kapnar. Haykosuii gicHux
HIITY Vkpainu, 19.15,214-224.

437. Crpyk, T. B., Spemxo, O. €., Kopuemmox, M. B., & Apxunosa, JI. M.
(2017). Tenmenmuii rmodansHOTO TIOTeIUTiHAS Ha [Tpukapnarti. Exonociuna besnexa
ma 36anancosane pecypcosuxopucmanns, 1(15), 212-220.

438. Cycnos, B. U., Moparumos, H. M., Tansimesa, JI. I1., & Ipimiakos, A.
A. (2005). Oxonomempus. HoBocubupck, CO PAH. 744 c.

439. Cycnos, B. U., Uoparumos, H. M., Tansimesa, JI. I1., & [{piuiakos, A.
A. (2005). Oxonomempus. HoBocubupck, CO PAH. 744 c.

440. Tapapiko, 0. O., Copoka, IO B., Caiinak, P. B., & Jlykamyk, B. II.
(2020). I[lepcekTHBHI BapiaHTH PO3BUTKY arpapHOro BUpOOHHIITBA Y TYMiJHIH 30Hi
VYkpaian. Martepiamn X BceeykpaiHchbkoi HayKOBO-TIPAKTHYHOT KOH(EpEHTIil
MOJIOJUX BYEHUX «AKTyaJdbHI MPOOJIEMH arpompOMHCIOBOTO BHPOOHHUIITBA
VYkpaiam». [HCTUTYT cinbebkoro rocmonaperBa Kapnarcekoro periony, Oopomriae.
(c. 72-75).

441. Tepexun, J. A. (2014). AHamu3 CE30HHOW TUHAMHUKHU BET€TAI[HOHHOTO
unaekca NDVI u oTpakaTelbHBIX CBOWCTB MOCEBOB KYKYpYy3bl Ha TEPPUTOPHUU
Benroponackoit obnactu. Cogpementuvie npodiemvl OUCMAHYUOHHO20 30HOUPOBANUSL
3emnu uz kocmoca, 11(4), 244-253.

442. Tepexun, O. A. (2015). OcoOEHHOCTH CE30HHOW JAWHAMHKH
CIIEKTPAJIbHOOTPAXKATENIbHBIX XapPaKTEPUCTHK IOCEBOB TEXHUYECKHX KyJbTyp Ha
Tepputopuun benropoackoii obnactu. Pecuonanvhule ceocucmemsi, 30(3 (200), 150-156.

443. Tunnoesa, C. ., &  Maxmanos, P. C. (2020).
OKOJIOTOOPUEHTHUPOBAHHBIH TIOJIXO0] K (opMHUpOBaHHIO CHCTEM
MPOJIOBOJILCTBEHHON 0€301acHOCTH. [Ipuopumenmst Muposou HayKu: 9KCHepUMEHIN
u Hayunas ouckyccus. Mamepuanvt XXIV meancoynapoonoii nayunoti Kongpepenyuu.
Moppucsmiib, CeBepras Kaponmna, CIIA. (c. 50-56).

444, Tumenko, B. M., Kooununceka, O. M., Koommmnerskuid, I. B., Makaosa,
b. €., & Kykim, M. A. (2020). Bruins rmo6anpHOTO MOTETUTIHHSA Ha BUPOITYBaHHS
MIICHNIN M’ SIKOi 03UMOi. EKonoeiuni inHOo8ayii y nio8uuyenHi eKoHoMiuHoi ma
npooosovyoi besnexu Yrpainu. Konexmuena monoepagis. Actpas, Ilontasa. (c.
111-117).

235



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

445. Vaiit, P. M. (1990). Bonpmo# xmmaTtuueckuii criop. Mup Hayku, 9,
1990.

446. Ymxkapenko, B. O. (1994). 3powysane semnepobcmeo. Kuis, 325 c.

447. Yukapenko, B. O., Boxerosa, P. A., T'omo6opomsko, C. II., &
Kokogixin, C. B. (2020). Memoouxka nonvogoco docnidy (3pousyeane
semnepobcmeo). OnmillJIFOC, XepcoH.

448. denipeusp, O. B. (2013). YpaniHHS iHHOBaILiSIMU ITPY BIPOBaKSHH1
TEXHOJIOTiN TouHOro 3emiepobOctBa B VYkpaiwi. Haykosi mnpayi Iloamascvroi
deporcasrnol aeaproi akademii, 2(7), T3, 302-308.

449. ®enopuyk, H. B. (2020). ArpobGizHec Ykpainm: cydacHi peamii Ta
nepcnekTuBu. WayScience. Cyuachuii pyx Hayku: me3u 0onogioei X mMidxcHapooHoi
HAYK080-NpakmuyHoi inmepuem-kougepenyii, 2-3 xeimua 2020 p. Tom 2. JHinpo.
(c. 551-554).

450. Ynabpumsmin, H. ', & CamykBamze, T. I'. (2010). I'moGampHOE
MOTEIUICHHE U eT0 IWHAMHuKa. Tpyodsr Hucmumyma ceoguzuru um. M. Hooua, LXII,
152-159.

451. Ymxesckuid. Ilepuoduyeckue usmenenus kiumama. Pexxum pocryna:
http://pochit.ru/geografiya/31967/index.html (nara 3Bepuenns: 21.09.2021 p.).

452. Hlaxwman, 1. O. (2020). 3miHeHHs cTaHy BOJHHX pecypciB YKpaiHu B
YMOBaXx IJ100abHOTO TOTEIUTIHHS. KaimMamuyni 3MiHU Ma ClibCbKe 20CNO0ApCme0.
Buxnuku ons aepaproi nayxu ma oceimu: 30ipuux me3 Il Miscnapoonoi nayxkogo-
npaxmuuroi kongepenyii, 16 uepsnsa 2020 p. 1Y HML] BOIIO, Kuis. (c. 184-187).

453. Illaxman, 1. O., & Jloboma, H. C. (2010). OO0rpyHTYBaHHS CTpaTerii
BOZIOTOCIIO/IAPCHKHUX 3axo/iB Ha TepuTopii Hmkuboro IlomHinpos’s B ymoBax
TIO0ANBEHOTO OTEIUTiHAA. YKpaincekui I iopomemeoponoeiunuti Kypuan, 6,210-216.

454. laxwmam, I. O., & JIo6ona, H. C. (2016). Ominka sIKOCTi BOAH y CTBOPI
p. Iarynens — M. CHIirypiBka 3a TiIPOXIMIYHUMH ITOKa3HUKAMH. YKpaincoKuil
T'iopomemeoponociunuii Kypuan, 17, 123-136.

455. IlleBuenko, O.T'. (2014). Bpa3nuBicTh ypOaHi30BaHOTO CEPEAOBUIIA 0
3MiHU KIiMaty. @isuuna 2eoepagis ma eeomopgonozis, 4(76), 112-120.

456. IlIuxnomanos, U. A., & JIunz, I'. (1991). Bnustane n3MeHeHni Kiiumara
Ha TUJPOJIOTHIO ¥ BOJHOE X03sICTBO. Memeoponoeus u I uoponoeus, 4, 51-64.

457. Wumnynin, B. [1., & Kydepenko, €. 1. (2009). Ilranysanus i ynpaeninna
T'IC-npoexmamu. naguanvhuii nocionux. 158 c.

458. nukynsk O. I'., & I'punaenxo, M. 1. (2016). Pozsumox innosayitinoi
OisbHocmi @ azpapuiu cepi: menedscmenm ma epexmusnicms. OJIAI-TTITHOC.
Xepcon. 424 c.

459. Dkomorus. CrpaBoYHUK. Pexum JIOCTYIIy: https://ru-
ecology.info/term/15419/ (nara 3Bepuenns 10.12.2021 p.).

460. IOpuenko, E. (2021). 3pomennio B Ykpaini Oytu? EnekrponHwMii
pecypc. Pexxum noctymy: http://agroportal.ua/ua/views/blogs/orosheniyu-v-ukraine-
byt/ (mata 3BeprenHns 27.10.2021).

236



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

461. AmxoBceka, O. I (2010). OcobmmuBocTi iHHOBAIif B CLUIBCEKOMY
rocriogapctBi. Exonomika XXI cTomiTTsS: BHKIMKH Ta mpoOieMu. Mamepianu
Bceykpaincoroi 3aounoi’ nayxkoso-npakmuunoi kongepernyii (m. Yorczopoo, mucmonao
2009 p.). 3axapraTChKHA Iep>KaBHUH yHiBepcHTeT. Ykropon. (c. 304-308).

462. Spemko, 0. 1. (2020). Bnaug rknimamuunux 3miH HA NPOCMOPOGULL
PO36UMOK mepumopit 3emni: Hacnioku ma wisaxu eupiwenus: Mamepianu 111
Miscnapoonoi naykoso-npaxmuunoi kongpepenyii. Iin pexn. YO. L. SIpemko. IBH3
«XJAY», Xepcon. 293 c.

463. Scinenpka, . A., & Mymenuk, I. M. (2020). CyyacHwuii cTaH, npodiaeMu
Ta TIEPCIIEKTUBH 3aCTOCYBaHHA TeOiH(QOPMAIIfHHX CHCTEM B YIIPaBIiHHI
3eMeIbHUMHU pecypcaMu. Actual problems of science and practice. The 14th
International scientific and practical conference (27-28 April, 2020). Stockholm,
Sweden. (pp. 655-659).

237



Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

APPENDICES

238



Theoretical Bases of Crop Production on the Reclaimed Lands in the

Conditions of Climate Change

89¢ 059 L0S 199 078 SLS [ 09F | vLy | LSE | 0SE 9LL | S09 8LE 06S 61¢ LSS 188 (394 209 S69 08¢ | 0¥9 | 6SS 020T
80% 208 116 LES 099 91¥ | Tty [ 669 | 6ev | T6E 669 | LTS | SIY €8 059 6T 609 S¥S St 765 06C | €IS | ¥ES 610C
81¢ SS9 697 £98 165 095 | 9¢¥ [ €29 | 167 [ 96¢€ 08 | 968 6£S VLS 0l¥ or 8¢9 8L9 s 769 99 | 9ty | TSS 810T
6CS ¥29 9y s 8L8 €S [ T8V | Stb | bbb | 99T 8vL | 065 | TLE Tss 01¢ Iy 1L 04 S09 0zs [y | 0L | Tv9 L10T
SLS LLS 8IS 89% oL 96% [ OLL | 09L [ ¥SL | ¥LS LS8 | ¥S9 0L 079 0€s OvL YTL 859 769 169 8CTL | LTS | OFS 910T
w9 18 11 69¢ 34y ¥Sy 1 06S [ ThS | €9V | €6€ 059 [ Isv | €IS 354 ¥ LTS [4i4 STs SIS SLE LyS | Thb | 1TS S10T
LOY 795 665 166 699 €8S [ 80S | SIS | L8F | L6t vLL | LyS | 66€ S9¢ S9¢ 061 869 089 [54 95 ey | Sv9 | 8¢9 10T
££S 66L LIS 029 819 6CL | 719 [ 06S | LSE | T9¢ 118 | 008 | ISt 89L Peg 196 209 54 #09 65 STS [ 1€9 | SL9 €107
1ze 1SL SEs LOS LS9 LEL | 909 [ SOL | 8SS [ 6S€ LL9 | TSL S0S StL LE (44 (473 L6S 1SL 9€9 065 | 869 | LO8 4114
£6€ 787 €01 [Viad LLS 00¥ | STy [ 1SS | ¥6€ | L6T €69 | 8LS | 00% 354 8T 114 8¢y 544 019 St LLy | TV | T1Y 110
CLS €L9 18¢ SIL 9901 YL | ¥8S | S¥9 [ ¥EL | SOL 1€6 | 965 979 69L $89 665 856 019 €L9 €58 €8S | LO8 | ¥99 010T
9¢ 995 LES 1894 6hL 60S | 019 [ S99 |20y | +6€ 806 | ¥S¥ | IS LSS 99 s 6€9 829 0LS LoY €16 | STS | ¥89 600T
[444 €66 6Ly £209 ¥8L 0CL | 9¢S [ Loy | 86€ | 1¥b | #L8 | I¥L | LS 206 1Ly [444 £06 944 0+9 £EL 9 | 194 | 9L 800C
€91 SS9 e LvS £EL 8€9 | ¥IS [ 059 | Lty | Le€ 08 | €€9 [ OL¥ 9¢€L 18¢ LES 99 (344 209 ¥29 £€€ [ 699 | T¥L L00T
[444 STs 80¥% 629 91L €09 | ¥T9 | 16V | 1IS [ 6vE 878 179 88% 269 143 0sy 8TL 145 809 8PL €€6 | L19 | LE9 900T
ws 965 91¥ Ses LS8 S8 | TIS | 9¥S | L9¥ [ v6F TCL | 699 SES LLL L9% 88¢ €89 1LS S09 678 8¥r | €99 | 08% §00T
08L 889 86L €79 £EL 765 | 99S [ LEL | 96§ 199 LE8 | V19 769 9LS L99 96S 999 0€6 9Ts L¥S 61¢€ | 9TS | ThL 00T
208 0LS [443 £7S 965 665 1095 [ 999 | S6v | TLE 1€9 | €S | 88 8LS €81 ¥89 LTS L9S LSS 9Ly LSS | 19S | €S €002
IS L09 6Ly 989 €L9 LSy | TLS [ TES | SOS | 19¢ 6€9 | 869 | 69 SOL L6E 881 9L 119 LE9 LE9 6vS | 86S | 6vS 200T
88% 718 €79 [ 928 S08 [9T8 | I8L | ¥Ly | Oth L66 | T€9 | 699 LEL ¥SS 8¢S St6 £69 199 6hL TCL | ¥8L | LSS 100
8¢ 859 (384 129 699 S¥S [ O¥9 | TSY [ T8¥ | TSE £€9 | 08¢ 68 L9S s 8¢ 98 SIL 6£9 69% S19 | 089 | SoL 000T
99L 89L 1LS 00S 708 w9 | 66V | ¥8% | 86E | Y0¥ $89 | 979 SIS 919 (394 6¢ L69 8¢9 rS L79 1SS | S09 | 9LS 6661
LIS S8L j434 0LS (U} I€L | ¥8S | €9S | 66¥ | 11v SHOT | 859 9Ts SSL 98¢ {344 9¢9 6Ly 9 09L 99 | TEL | ¥T9 8661
€8 LOL 61L 6L9 ¥8L 065 | ST9 [ ISL | ¥L9 | €8S 86L | 879 | 099 LyL 65 %9 S8S L8L 869 w9 SEL | 899 | vhL L661
439 6L LSE 069 1L9 S6v | L8S | 8T9 | Tl¥ | Ice ovL [ ¥99 | Ol 6vS 0¥ 628 €85 9zs LE9 9L OIL | 229 | 6gS 9661
189 SIS 85S 84S €L9 SLy [ SPL | OL9 | €LY | ¥LE S8S | O¥9 | LS STL 05 LY9 ¥SS 885 L89 €LS LES [ 611 | 9¥S S661
L6T 609 (73 Blad YL ILy | €68 | LIS | L¥E| LIT Lv9 | 6LS | 8T LvS 9LT L6E +0S €LY 16¥ yLS LES | T8S | 089 661
(359 61L 08¥% 009 S79 €IL | SLL | 6TF | 6¥E | L6E 769 | 989 (944 SEL ee 89¢ €19 887 209 679 Cly | 996 [ ¥L9 £661
£09 439 (433 89% 619 LTS [ TIS | 8S¥ [ 0SE | €T L£8 | S09 SLT 79 91y Lvv LTS ¥4 £0S [X94 oL | LOS | 1¥9 2661
8St [444 6Ly 6L9 089 8vv | 009 | €T | 9¥E | +9C 8€L | €€ | L8F 0€s PS¢ 881 6L9 844 or 768 8¢9 | 98+ | ¥LS 1661
[439 809 98% 965 96L 9€9 | 88S [ 9¢S | TTv | v9v 6vL | ¥99 | €IS w9 66€ £€5 €L9 81§ 685 £89 TES | €19 | 009 0661-1961

BOWILID) iR e v v 10 cumgle e)[0d]| v M AIAT | AISY pet s " A v_mEVEE,_ oxdru(y [1s3aruoy) [Arqruiay))| Ase QuARy |UA[OA |  IBOX

- wd1Ay7 Jzyzuodez|siuui A [medieyez| dourd |, $9pQ [e10NAN Boaoary] [nupowuyy [ osxoyyy | oxreyy : . [ piclie) :

0202-1961 10J surenyn Jo suoi3a1 oy} £q :o:ﬁ&&»ﬁ
'V xipuaddy

239



Conditions of Climate Change

SIvl | €801 9¢sT Sogl yeel LOET [€SET| 9¢evl [ €LET| 00V [IPIT|SIET SLST sovl L8ET | L¥ST Lozl 891 | e6ccl L8T1 L9TI | Tcyl) 9601 0T0T
09¢1 9Ll 1611 LLEL 6111 L8ET | 61€T] 6T [860L[ €511 |SOTI[FOPI[ LEST (3341 459 (348 oret €091 ILT1 vivl 801 | SIET] 0601 610T
00¥1 9501 544 15T1 s8¢l COEl [ ITEL| ¥8ET | 6911 00TI [6ELT1|89TI| OFSI Sevl 6151 Lol 0Tl LLST 6Tl (14! 8CEl | lggl| LTTl 810C
€Tel LLTT 1zgl 06€1 IL11 1661 [€OCT| €81 | OITI| LSIT |ISIT|SOVI] LI9L (94! 0SS1 8S¢€1 1€l 9st1 0921 Sov1 0LET [ S8ET| 6STI L10T
LOET | 6¥01 8¢l LEET (44 6SPT | ThTI| €€€T | 1€6 [ €901 [€PTT[BOET| €91 8LET S6¢El 18€1 0LT1 L9ST | ¥ITl T8€1 9SP1 | #SOT[S8ET[ 910T
0zl L89 09%1 61%1 1Pl 61FT | IPET] 90ST [LLOT| 9SIT |[9TTI[OTEI| €091 7961 Lov1 0SS1T LLET 691 SS€l 68¢€1 89€1 | 9T1] 9¢€€l S10T
L6TT | 8TII 1501 [454] 91zl 96T1 | TTHI| STST | €ETT| 9TLT [ELTT[EOVI] 96ST 95zl L8ST [ 6921 PrLT 1921 (414} 89¢€1 | 00ST) Iscr) #10T
L1zl 888 €621 6l¢€l ILT1 9LIT | I8IT] 6TCl [9ITL| LOTI |9TIL[OSTI[ SStl [414 c6el SOl STl Sssl (U488 09C1 601 | T9TI| 1S6 £10T
8¢€€l 44 80v1 801 PI€l 16€T [LIET] 6€pT [ €LOT| O€ET |LTET[L9ET] €891 {3348 9791 | 8¢S 1eel 6081 | S9¢1 Sty SEIT | ¥SPI) LL8 | TIOT
9811 896 6SC1 6Tl (414 0STI | I811] 18Tl [ S68 1901 [TLIIfpIED 1871 LLEL 44 seel 88C1 €01 €LIT 60¢1 ¥S6 | TITI| 9S8 110T
2611 S801 9¢tl 611 (441! PCIT | LTET| 91€T | 816 LEOT [8SOT|89TT 16€1 40 69C1 1971 VIl 8871 1811 (441! 0F6 | TPTI| 8EL 0102
01L 098 L¥9 206 0L01 §TS 0€S | 885 [ SOL [ #601 [ LS8[996 £86 0L8 1L6 896 888 0€01 LL8 SL6 056 SL8 | OVIL 600T
L89 0LS 6€9 068 6501 675 | TpS| 8IS | 989 [ €O0IT | ¥L8[T96 €L6 S8 ¥T6 196 €06 +06 LL8 96 LT16 | SS8[TLIT| 800T
cIL 08¢ 1.9 LT6 8L01 €9 [899] LO9 | 9¢L | TIIT [¥L8]686( 8901 868 6801 9L6 9t6 8011 (4 SL6 €€8 | 088 | LPET| LOOT
099 523 819 798 €501 IS [2I9] ¥9S [ #99 [ 8SOT | €98 €16 126 7S8 L16 816 Lv8 0L6 126 106 96L | TI8 | L68 | 900T
8L9 81¢ 179 9¢8 £96 S8S [ LI9] €95 | LL9| ¢TIl | 18 ]¥06 L06 818 £56 £€6 178 +86 S8 €L8 0€8 | 6¢8 | €T6 $00T
€9 86% L8S S€8 166 805 0IS | vES [ SS9 SLTI1 €18 1068 068 €19 998 9L8 888 676 LL8 L68 818 ISL | 6¥€1 00T
S09 008 LLS €78 8201 44 L8 | €€S | LT9 S001 | 0€8 8.8 9L6 9L8 996 8 66 0s01 618 868 vl ST8 | 198 £00T
69 LSS 959 S16 S801 1LS SPS [ 86S | TOL | ¥601 | 9T6 | €86 11c1 S801 £66 9L6 8001 1€11 P01 086 9€01 | 086 | 9€01 00T
8L9 sTs ¥29 18 0201 €ey [ 9IS | 995 | 899 | SLOT |+08]6T6| L60I £86 §S6 826 006 91ct 188 €16 €01 | TT6 | 296 1002
SL9 9Ts L09 SL8 L60T 9ty | 005 | 8SS | 6L9 [ €LIT [LI6[TT6]| €001 €61 €6 888 768 LLTT 68L LL6 6L0T [ L06 | 9SET| 000T
069 ccs L9 9cs 819 oy | LES| €8S | 869 808 | €TS | ¥LS 6LS 81¢ $86 885 ¥zs 809 0 09¢ T6S | 9TS | 8ES | 6661
99 88% €09 14 6S L8Y 66y | TSS | 8¥9 LS61 | 98F | TTS 85 181 176 19 Loy 165 oIS 339 129 L6y | TSS 8661
LLS [l LES 9st 098 brb | €Sv | L8S | 98S LSL IS¥ | 0S €61 0St ST8 v 89% 1z 8Ly 908 €69 | ¥9¥ | SSS | L661
979 11s S6S L0S €86 L9Y OIS | 1SS [ #T9 [ 0LOI | ¥8%[LTS 98 06% $86 S¥S 98% 8¢S 1€8 (443 99 86 | S9¥ 9661
99 S0S L09 oy 065 68¢ | LIS | ¥SS | 6£€9 1€8 | Tov | LS 439 06% 156 €56 #0S 65 861 1549 OT€T [ S0S | 60L S661
SL9 £0S 068 €IS 859 908 9IS | 6€S [ L99 s TTs [9gs 9s¢ 11s 986 s ws LLS 65 08¢ ws 0TS | ¥S9 661
089 144 LTS 1594 8 ovh | PLE| LLY | €99 6T | 19% | 9L 8Ly 1344 €06 (414 v 805 Iy 6617 6Ly |08ET|vLLT| €661
L6S 88% 09¢ 86¥ sT9 88y [ LTk | 9TS | ST9 PLE | S6v | I€S [USY 88% 26 vIs LOS LyS 805 8¥S 8yS | Tov | 899 | T661
619 116v 16 S8Y <09 L9% [ 005 | THS | 819 15T | 6€v | €TS LyS 697 806 (443 (414 08¢ 1444 01¢ 9¢S | 98% | L19 1661
586 €EL 66 SYL 88 LOL S6L | €68 | 8€6 L86 69 [SSL 916 LyL 866 S€6 YL §T6 LTL 08 6L LSL | 0SL [0661-1961
eawL)|1AwdiKyZ]eryzyziodez{esiuur A [emedieyez{jodousa | [od[esapO|ArejoAN| a1, (AL o DS Jounyyj| uoszayy[aoxrey | ysarjues - [foxdru]isiarusay)|arqruiay D Asexaaydfauarg[ukjoA|  1eax

Theoretical Bases of Crop Production on the Reclaimed Lands in the

ONON-GQ 10} ouren|) mo mcoﬁwoh ,o.% £Aq uonjenidsuenodeaq
TV xipuaddy

240




Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

Appendix A.3
Aridity index by the regions of Ukraine for 1961-2020

Year IVol[Riv|Cher C.hfem C.her.n Dni Friéki Khar| KherKhmeln KirovuKy Ll’ My.ko Od|Polt[Su|Tern Zakfirpyinn Zapolriz Zhytp| Cri

yn [ne |kasy | ihiv | ivtsi |pro vsk kov | son | itsky | grad |iv|viv| laiv |esa|ava|my|opol| attia | itsa | hzhia | myr |mea
18l 0.67 [ 0.85 | 081 56| 093 [057(0.40| 086 | 0.56 0047 |%20.60/% 090 | 0.90 [0.80] 049|083 fo.54
1991 %2110 119 | 175 | 094 .76] 141 | 09 [039] 113 | 089 L1810 (% (078|096 | 113 [1.40] 081 [0.09 (074
1992 (%2101 135 | 0.9 | 0.99 0.77] 1.04 [0.87]0.as| 132 | 050 |10 0.65(%|0.87)' 7] 1.08] 099 |0.94] 070 [ 1.09 L1
1993 (%3124 0.86 | 130 | 135 j0.96] 132 [123)037| 166 | 0.94 [} is| 135 %) 005 16 | 107 [133] 091 | 161 fo.54
1994 19151 0.99 [0.99 | 1.07 082 093 [0.76]0.28| 107 | 0.77 |' 7 0.51(% |0.96('s 093|113 |0.87] 063 [1.21{0.44
1995 |%71% 041 | 106 | 138 099) 110 [117)0.53] 148 | 104 |4 oas (% 12 22| 1aa 111] 092 [ 102{090
1996 11 12] 107 143 | 120 [09] 120 |097(0.41] 112 | 073 [ 57030 (%01l 06| 115 {1.36] 060 [ 155 joss
1997 |24 106 [ 123 | 146 151|125 [132]0.72| 166 | 134 'L 077 |' 128 133] 140 [149] 134 [ 153 {144
1998 1115107 | 142 | 126 s 128 Jo0f0.a1] 157 | 0.96 ' P 021 (% 102l 150|187 [116] 072 [ 161 {080
1999 0111 0.93 | 112 | 1.08 [Los| 133 0.67(0.46] 119 | 089 [N 050 % l0.83% 130|130 [0.95| 091 | 147|101
2000 %% 057|048 [ 081 fo.s1| 0.63 [043foss| 115 | 059 H5% 030 % los1|'2f128] 061 |071| 068 | 125 (053
2001 | %018 0.60 [0.82 [ 0.75 o57] 105 [os8foss| 075 [o.s1 2 040" |38l Ol ss| 081 fo.ss| 103|155 f0.72
2002 |%(%6l0.53] 065 [0.61 fo.54 0.72 [0.50f040( 0.65 | 0.47 %0 033 (% losol' Oloso | 0.62 [0.75) 0.73 | 1.09 fo.78
2003 |%°1%8]0.50 [ 0.53 [ 0.68 jos4f 053 [os1/050| 066 [ 0.50 (%71 037|% 125|127 | 058 [0.66] 094 | 114 fo3
2004 %2 (%1039 | 061 [ 0.60 .98 0.75 [0.68)0.77] 094 | 078 (' I0.aa %138 [117] 074 |077| 136 | 118|123
2005 |57 054 095 [0.71 fo.s8) 0.71 [0.63)0.49( 0.95 | 059 % 0.44 (lo.97% 100 | 0.89 0.64| 0.67 | 115 fo.s0
2006 |%7|%7 0.67 | 0.83 [ 0.6 o.53{ 086 [049)035| 081 [ 0.53 (20033 % jog7|' | 118 | 068 [0.73] 066 |0.97 fo.67
2007 |%2 (%7 0.40| 0.64 | 0.6 f0.40] 0.70 [0.55)035] 0.82 | 0.44 H7 029 % }1.07% 101 | 0.68 |059| 051|113 |06
2008|218 0.70 [ 0.76 [ 0.73 jo.a9| 100 [0a6fo51| 108 [ 0.59 )0 0.40%]0.96(% | 136 | 0.74 0.70] 075 |0.97 fo.60
2009 |%61%610.54 051 [ 0.65 fo.s1| 0.72 [0.57(0.48] 0.64 | 052 (%036 % |113|' 097] 0.70 |050[ 083 | 101 |05
2010 % °Slo62| 076 [ 057 41| 086 [0a1fo5a| 0.67 | 0.45 5% 068 o0 068 | 0.95 [0.60| 0.47 |0.62 fo.ag
2011 %% 050] 034 052 f0.30] 034 [037)020( 030 | 027 1% 028 (%0433 032 | 045 [034| 032|050 fo.3a
2012 |5 %052 0.44 [ 055 033 055 [032)023| 0.52 | 030 [ 027 (% o9 0.53 | 0.50 036|038 |0.67 f0.24
2013|%71%%] 0.48 [ 0.47 [ 0.53 jo29| 0.4 [043)024| 065 [ 031 [ 7}030|% 0.4’ 062 | 051 [0.47| 040 |0.90 fo.44
2014 %1%} 0.31{ 044 | 0.36 039] 055 |0.32/023| 0.45 | 025 5% 023 %0343 0.4 | 055 [0.44| 0.57 |050 fo.34
2015 (%% 0.40 [ 027 [ 0.38 31| 035 [034)035| 029 [ 032 1% 034 % 036, 032 039 [0.26] 035 [070 fos1
2016 |%%51050] 050 [ 057 fo.42 0.57 [0.54f038| 045 | 048 1% 054 (%¥l0.57%0 034 ] 061 [035| 039|055 fo.4a
2017|%1% 0.30{ 037 | 0.48 034 055 |o31J020| 038 | 023 51" 023 %030 035 | 075 039 0.33 053 fogo
2018 (%% 050 [ 055 [ 0.48 43| 053 [031)027| 040 [ 035 2107} 033 % 045’ 043 | 0.46 [0.a5| 033 |0.62f0.37
2019 %% 0.24{ 0.42 | 0.35 034 0.48 |0.30/0.43| 058 | 027 % 034 %054 030 | 059 039 0.79 | 0.45 fo.30
2020(%7|%# 030 [0.54 [ 049 p27] 073 [036)023| 0.42 | 0.24 0 025|%Z0.33(% 044 | 0.67 [0.43] 033|060 f0.26
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Appendix A.4
Evapotranspiration variation within the regions of Ukraine by the data of regional
hydrometeorological stations for 1961-1990

Hydrometeorological station
Region (Oblast) Regional Amplitude, %
I II 111
center
Cherkasy 794 808 867 9.19
Chernivtsi 804 —
Chernihiv 727 742 2.06
Dnipropetrovsk 925 969 894 4.76
Ivano-Frankivsk 724 798 10.22
Kharkov 935 855 874 8.56
Kherson 998 977 1020 2.20
Khmelnitsky 747 770 814 8.97
Kirovograd 916 848 876 7.42
Kyiv 755 757 773 794 5.17
L’viv 694 802 769 15.56
Volyn 750 797 783 6.27
Mykolaiv 987 940 1000 4.76
Odesa 938 874 1015 1056 12.58
Poltava 893 892 910 1.90
Rivne 757 773 788 4.10
Sumy 774 777 784 1.29
Ternopol 707 790 11.74
Zakarpattia 884 990 11.99
Vinnitsa 745 781 799 7.25
Zaporizhzhia 992 973 993 1.92
Zhytomyr 733 756 760 3.68
Crimea (except for
coastal and 985 1130 | 1067 | 1254 27.31
mountainous
regions)
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hydrometeorological stations for 1961-1990

Appendix A.5
Precipitation variation within the regions of Ukraine by the data of regional

Hydrometeorological station

Region (Oblast) Regional Amplitude, %
I 11 111
center
Cherkasy 532 578 564 8.65
Chernivtsi 683 —
Chernihiv 589 650 10.36
Dnipropetrovsk 518 493 488 5.79
Ivano-Frankivsk 673 686 1.93
Kharkov 533 544 543 2.06
Kherson 399 404 383 4.01
Khmelnitsky 642 649 639 1.09
Kirovograd 513 534 519 4.09
Kyiv 664 661 637 600 9.64
L’viv 749 751 719 4.00
Volyn 600 597 685 14.17
Mykolaiv 464 493 423 8.84
Odesa 422 446 452 490 16.11
Poltava 536 563 618 15.30
Rivne 613 633 606 3.26
Sumy 588 651 596 10.71
Ternopol 636 694 9.12
Zakarpattia 796 722 9.30
Vinnitsa 596 615 689 15.60
Zaporizhzhia 486 467 497 3.91
Zhytomyr 608 653 683 12.34
Crimea (except for
coastal and 532 | 407 | 443 | 659 23.87
mountainous
regions)
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Appendix B.1

Approximation curves for the models of FGCC (%) into NDVI (pts.) conversion
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Grain corn
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Appendix B.2

Approximation curves for the models of NDVI (pts.) into FGCC (%) conversion
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Appendix B.3
Correspondence between FGCC and NDVT at direct and reverse conversion
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Appendix B.4
Climate, meteorological, and vegetation indices in Kherson oblast for 2012-2021
Year | Month | T,°C [Rainfall, mm| NDVI | EVI |Year| T,°C [Rainfall, mm| NDVI | EVI
1 -1.3 56.2 0.34 0.14 -3.1 61.1 0.39 0.15
1I -1.2 15.1 0.31 0.14 3.9 28.5 0.40 0.18
111 24 26.7 0.33 0.16 6.2 24.2 0.45 0.23
v 12.8 18.7 0.39 0.20 12.7 55.0 0.51 0.28
\Y 20.5 65.4 0.46 0.25 16.3 82.6 0.56 0.33
a VI 233 25.6 0.50 0.29 L | 221 72.6 0.57 0.35
& [ v | 264 19.0 051 [ 029 | & [ 243 19.4 0.56 | 033
VIII 23.9 49.1 0.50 0.29 24.9 342 0.53 0.30
IX 19.2 3.5 0.49 0.26 18.0 33.2 0.49 0.26
X 14.9 22.4 0.47 0.25 8.4 74.4 0.46 0.23
XI 7.0 7.3 0.46 0.23 4.0 34.2 0.42 0.20
Xl -0.4 31.2 0.42 0.21 -1.2 26.3 0.38 0.17
I 0.1 39.8 0.39 0.19 -4.7 27.5 0.36 0.16
11 2.5 22.2 0.40 0.20 -0.8 20.3 0.37 0.17
11 33 41.3 0.43 0.22 7.0 5.1 0.42 0.21
v 11.6 8.0 0.47 0.26 9.3 87.9 0.49 0.27
\Y 20.5 12.0 0.50 0.29 16.3 25.6 0.53 0.31
= VI 23.0 70.1 0.51 0.31 = [ 220 10.3 0.54 0.32
5] VII 23.6 48.1 0.50 0.30 & [ 234 39.8 0.52 0.31
VIII 24.2 12.4 0.49 0.27 254 4.8 0.49 0.28
IX 15.1 43.7 0.48 0.25 19.9 0.7 0.47 0.25
X 9.3 53.9 0.47 0.24 113 12.0 0.47 0.23
XI 7.5 4.0 0.47 0.22 54 40.6 0.47 0.21
XII 0.5 37 0.45 0.21 59 354 0.31 0.19
I 1.1 39.5 0.42 0.20 -0.3 24.1 0.44 0.18
11 0 7.8 0.42 0.20 -0.2 333 0.43 0.19
11 6.8 17.7 0.45 0.24 1.5 61.0 0.46 0.23
v 11.0 23.6 0.49 0.28 14.1 1.6 0.50 0.28
\Y 18.1 42.6 0.52 0.31 19.5 35.7 0.53 0.31
X VI 20.8 85.9 0.52 0.31 ® [.229 23.1 0.53 0.32
5] VII 25.0 18.6 0.49 0.29 & [ 242 90.8 0.53 0.31
VIII 24.5 24.8 0.46 0.26 25.5 0 0.51 0.28
IX 18.4 65.1 0.43 0.23 18.7 42.8 0.48 0.25
X 9.3 31.1 0.42 0.20 13.5 9.6 0.45 0.22
XI 33 19.0 0.40 0.18 2.7 31.1 0.42 0.19
XII 0.4 45.5 0.36 0.15 0.1 56.3 0.39 0.18
I -0.4 32.2 0.35 0.16 -0.6 23.0 0.39 0.17
11 0.9 39.9 0.38 0.18 14 9.8 0.41 0.19
I 5.2 57.7 0.44 0.23 5.9 7.3 0.46 0.24
v 9.4 57.8 0.50 0.29 10.5 56.0 0.52 0.30
\Y 17.0 44.8 0.55 0.34 18.0 72.8 0.56 0.34
ha VI 213 60.6 0.57 0.35 @ [ 238 92.6 0.56 0.35
& VII 23.5 64.2 0.55 0.33 & [ 232 48.7 0.54 0.33
VIII 24.1 25.7 0.51 0.29 234 22.1 0.51 0.30
IX 20.9 3.8 0.46 0.24 18.1 12.1 0.50 0.27
X 9.6 19.1 0.42 0.20 11.6 10.4 0.51 0.25
XI 7.4 50.7 0.40 0.17 7.1 37.9 0.53 0.25
XII 2.6 52 0.39 0.15 43 26.3 0.55 0.24
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Year| Month T,°C |Rainfall, mm| NDVI | EVI |Year| T,°C |Rainfall, mm| NDVI | EVI
1 0.9 16.8 0.47 0.22 0.1 71.6 042 0.20

11 2.7 56.6 0.46 0.22 -0.6 18.9 0.40 0.20

111 7.7 5.9 0.48 0.26 34 40.3 0.45 0.25

v 9.8 24 0.51 0.30 8.9 43.4 0.54 0.34

\Y 14.7 29.7 0.53 0.32 15.9 97.7 0.61 0.42

I VI 22.7 44.4 0.51 0.31 b 20.7 91.1 0.61 0.43
S VII 24.7 58.7 0.45 0.28 5 253 77.3 0.55 0.38
VIII 23.8 25.3 0.39 0.24 24.4 7.1 0.47 0.31

IX 20.8 25.0 0.38 0.21 16.1 12.6 0.39 0.23

X 15.4 21.5 0.43 0.24 10.1 5.1 0.35 0.18

XI 4.9 10.2 0.48 0.26 6.5 33.3 0.34 0.15

XII 1.7 18.0 0.48 0.25 1.9 64.4 0.34 0.14

254




Theoretical Bases of Crop Production on the Reclaimed Lands in the
Conditions of Climate Change

Appendix B.5
Approximation of the models for yield prediction of the studied crops by NDVI
values

Grain corn (Panicle ejection - first stigma)
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(Green line — actual yield, light-green line — predicted yield)
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Grain sorghum (Flag Leaf)
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(Green line — actual yield, light-green line — predicted yield)
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Soybeans (Flowering)
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