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Abstract The article presents the results of the analysis of the current state of weather and climatic conditions and

evaluation of their predicted changes for immediate and distant prospects in the rice-growing zone of Ukraine. Studies were

performed on the example of the Danube rice irrigation systems (RIS) in Odessa region with a total area of 13,678 ha,

which are located in lands prone to salinization. The following major meteorological characteristics were investigated: air

temperature, precipitation, relative humidity and air humidity deficit, as well as derivatives: photosynthetically active

radiation and water availability coefficient (precipitation/evapotranspiration ratio). Retrospective analysis and forecast of

meteorological regimes by typical groups were done (estimated years) of vegetation periods of target years in view of

general heat and moisture provision: very wet—p = 10%, wet—p = 30%, middle—p = 50%, dry—p = 70%, very dry—

p = 90%. The basis of forecast calculations is the results of studies of possible changes of air temperature by the models of

Canadian Climate Center ‘‘CCCM’’ and of the United Kingdom Met Office ‘‘UKMO’’ which foresee an increase in average

annual temperature up to 4 �C and 6 �C relatively—provided that the doubling CO2 in atmosphere occurs. The main trends

in changes of meteorological characteristics and their possible effect on the conditions of functioning rice irrigation

systems as well as on the natural and ameliorative state of irrigated areas were identified. The most significant influence on

the condition of fonctioning of RIS is air temperature, which directly effects duration of maturation and total value of water

consumption of rice crops. It is established that in the last decades a significant increase in the average value of air

temperature for the growing season happened (April–October): 1981–1990—16.9 �C, 1991–2000—17.5 �C, 2001–2010—
18.1 �C, 2011–2017—17.7 �C. It is determined that at the existing rates and levels of weather and climatic changes, we

should expect a significant deterioration of functioning conditions of RIS and natural reclamation state of irrigated land. In

this regard, were examined core measures regarding the adaptive potential enhancement and development of the rice-

growing zone under the conditions of climate change.
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Introduction

Global warming is one of the numerous ecological, social

and economic problems, which humans started to face at

the end of the last century. Current climate change may

have significant natural, economic and social aftermath

[1, 2, 7].

Climate change is a real concern for the sustainable

development of agriculture. Although agriculture is a

complex and highly evolved sector, it is still directly

dependent on climate, since heat, sunlight and water are the
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main drivers of crop growth. While some aspects of cli-

mate change such as longer growing seasons and warmer

temperatures may bring benefits, there will also be a range

of adverse impacts, including reduced water availability

and more frequent extreme weather phenomena. These

impacts may put agricultural activities, certainly at the

level of individual land managers and farm estates, at

significant risk [6, 7, 12].

Ukraine also belongs to the number of regions influ-

enced by ongoing climate change that is rather essential. In

view of the changes in climate conditions taking place even

today, the forecasting of possible climate change in the

future and solving a number of crucial and complicated

tasks play an important part. These tasks are related to the

development and implementation of the strategies of far-

ther humanity survival both on a worldwide basis and at a

regional level. Therefore, today a need of predicted eval-

uation of climate change and development of relevant

adaptive decisions has arisen [3, 4, 8, 10, 17–19, 21].

On the basis of numerous meteorological factors and

indexes, the domestic scientists (climate researchers) come

to the point that for the last 10–25 years there has been

forming a new climate over the territory of Ukraine [2].

Such climate change is already noticeable and affects all

spheres of human activity, including agricultural produc-

tion and conditions of water management and both ame-

liorative objects and complexes.

The climate has a decisive role in shaping the agroeco-

logical conditions of agricultural production. One of the

biggest challenges that lie in this study is the need for

knowledge about what kind of agricultural crops are prof-

itable to grow in a certain area, how the climate affects the

soils on which these crops are growing, what technologies

are best to use. Climate is one of the important factors

affecting soil formation, vegetation and plant capacity [5].

Absorbed by the soil, solar energy is spent on processes

such as heating, evaporation, transpiration, photosynthesis,

humus synthesis and others. The sum of active temperatures

is used for agronomic and soil evaluation of the territorial

thermal regime. Increasing the average annual temperature

and the sum of active temperatures per year affects the

increase in intensity of evaporation, synthesis of organic

mass, activation of vital activity of animals and microor-

ganisms, increase in intensity of soil-forming processes. One

of the basic processes of soil formation is the evaporation of

soil moisture, which depends on temperature. Evaporation

leads to increase in soil solution concentration and precipi-

tation of salts, which causes the formation of secondary

minerals and salt accumulation in soils [19].

These changes are very tangible in the rice-growing

zone of Ukraine where the irrigated lands are instrumental

for the country’s economic development and provision of

food security.

The most urgent and important issue of climate change

impacts on the functioning RIS is the water factor. As we

know, the rice industry is one of the most water-intensive

branches of agricultural production. The annual intake

from the Danube in the rice systems was 250 million m3 in

the early 1970s and now it has reached 90 million m3.

According to the traditional rice cultivation technology by

surface flooding and the necessity of a maintenance of

washing water regime on saline-prone lands of the Ukrai-

nian rice-growing zone, the demand for irrigation water is

on average 25 m3/ha. In the face of climate change, in

particular, increase in air temperature, one should expect a

significant reduction in the natural moisture supply of the

territory, increase in the amount of total evaporation and

corresponding increase in the demand for irrigation water

for cultivation of flooded rice culture. In case of non-

compliance with the recommended soil washing water

regime on the rice systems will be restored the secondary

salinization processes and the deterioration of the overall

natural reclamation state of irrigated lands and adjacent

territories [22, 23].

With a large volume of water supply is also associated a

significant amount of unproductive technological dis-

charges (50% of total water supply volume). Demand for

irrigation water for rice cultivation depends on many fac-

tors: weather and climatic conditions of the territory, irri-

gation regime, water-physical properties of soil, designs of

rice systems, etc.

Considering the abovementioned facts, the hypothesis of

this work is that climate change in the rice-growing zone of

Ukraine can lead to a significant decrease in the natural

water availability of the territory, the magnitude of which

will primarily affect the volume of water supply RIS for

rice cultivation and worsen the conditions of their

functioning.

Thus, the objective of this work is to estimate the fore-

casted changes of weather and climatic factors in condi-

tions of climate change and their influence on the

conditions of the functioning of rice systems, in particular,

on the value of irrigation water demand for the cultivation

of flooded rice culture and natural reclamation state of

irrigated land. The obtained results should be the basis for

the development of adaptation measures, aimed at miti-

gating the negative effects of climate change on the con-

ditions of rice systems functioning and industry

productivity in general.

Materials and Methods

To solve the task of estimation of the changes in weather

and climatic factors in conditions of climate change were

planned and performed a large-scale computer experiment
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based on long-term retrospective (1891–1964) and current

observational data (1981–2017) obtained in the rice-

growing zone of Ukraine (Odessa region).

The main meteorological characteristics that were

investigated are: air temperature, T, �C; precipitation, P,

mm; relative air humidity, H, %; air humidity deficit, D,

mm; and their derivatives: photosynthetically active radi-

ation, PAR, MJ/m2; water availability coefficient (precipi-

tation/evapotranspiration ratio), Kw.

Scientific and methodological basics of machine

experiment are the approaches and models for forecasting

of typical meteorological regimes on a long-term basis, the

use of which are regulated by the relevant industry stan-

dards [13]. The generalized block scheme of stages of

implementing the model of the typical distribution of

meteofactors in the case of availability of long-term data-

base is presented in Fig. 1.

To study the changes in weather and climate conditions

(from the retrospective to the recent conditions and per-

spective) were implemented the following variants of study

for the average conditions of the Danube RIS in Odessa

region on the example of the Kilia RIS [15, 22, 23]:

• variant 1—‘‘Base’’ characterization of the meteorolog-

ical characteristics over a period of vegetation (months

4–10), obtained on the base of long-term retrospective

data (1891–1964) [Hydrometioizdat 1990];

• variant 2—‘‘Recent’’ characterization of the dynamics

and standardized average long-term values of the

variables of basic meteorological characteristics and

their distribution over the vegetation period, obtained

under recent conditions over the years of 1981-2017;

• variant 3a—‘‘CCCM’’ and variant 3b—’’UKMO’’

characterization of standardized average long-term

values of the variables of basic meteorological

Fig. 1 The generalized block scheme of stages of implementation the model of typical distribution of meteofactors in the case of availability of

long-term database
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characteristics and their distribution over the vegetation

period, obtained in view of current and predicted

climate change, in accordance with the recommenda-

tions [19], by the models of Canadian Climate Center

‘‘CCCM’’—as a more favorable forecast, and of the

United Kingdom Met Office ‘‘UKMO’’—as a less

favorable forecast, which foresee an increase in average

annual temperature up to 4 �C and 6 �C relatively—

provided that the doubling CO2 in atmosphere occurs

[19, 20].

Practicability of the application of ‘‘CCCM’’ and

‘‘UKMO’’ models is proved by their capabilities to involve

both less and more critical scenarios of changing weather

patterns, and they perfectly comply with the predictive

estimate of the rationing of basic meteorological charac-

teristics in the long-term and one-year vegetation context

[14].

As a base variant of the study were taken the retro-

spective long-term data (1891–1964 years) according to

official reference data [9], because in this period the cli-

mate of the studied region had a pronounced stable char-

acter. In addition, the weather and climatic conditions of

this period occurred during the design and construction of

the Danube.

Performing of forecast regime calculations on the long-

term basis with sufficient accuracy for engineering prac-

tice, we consider it appropriate to divide available statis-

tical sequences of meteorological values into the five

typical groups (estimated years) of vegetation periods in

view of general heat and moisture provision by exceeding

probability of exceeding (p, %) their average vegetation

values (item 8 in Fig. 1). Schematically, they can be rep-

resented as the following set P ¼ pf g, p ¼ 1; np (np ¼ 5)

taking into account the natural change in the provision of

meteorological factors in the typical groups according to

Table 1.

Thus, the estimation and forecast of the weather and

climatic condition’s changes were made by:

• Four variants of study: Base, Recent, CCCM, UKMO;

• Six meteorological characteristics: air temperature,

precipitation, relative humidity and air humidity deficit,

photosynthetically active radiation (PAR) and water

availability coefficient (precipitation/evapotranspira-

tion ratio);

• Five typical groups (estimated years) of vegetation

periods of target years in view of general heat and

moisture provision: very wet—p = 10%, wet—

p = 30%, middle—p = 50%, dry—p = 70%, very

dry—p = 90%.

The general scheme of the study presented in Fig. 2.

Results

The summarized results of the calculation of the values of

basic meteorological characteristics (precipitation, tem-

perature, air humidity deficit and relative air humidity) and

their derivative characteristics (PAR, water availability

coefficient) over the target years presented in Table 2, as

the percentage change in normalized vegetation values of

the basic meteorological characteristics by the variants of

study («Recent», «CCCM», «UKMO») relative to their

baseline values («Base»).

The obtained results on the comparative assessment of

changes in current and predicted values of basic meteoro-

logical characteristics over the target years and on the

average for the years enable to make the following

conclusions:

• On precipitation in recent conditions (‘‘Recent’’) com-

pared with the retrospective (‘‘Base’’), there is a

decrease in the amount of precipitation for all consid-

ered target years, which is an average of 14.7%. The

largest decrease for precipitation is observed in the

‘‘wet’’ (p = 30%)—21.4% and ‘‘dry’’ (p = 70%)—

21.7% target years.

Accordingly the forecasting variants also expected to

decrease the amount of precipitation in relation to their

average long-term norms (‘‘Base’’), which is on aver-

age on the model ‘‘CCCM’’—18.3% and ‘‘UKMO’’—

7.8%. At the same time, the value of the forecasted

deviations is gradually reduced for the marginal ‘‘very

humid’’ (p = 10%) and ‘‘very dry’’ (p = 90%) target

years;

• On air temperature already in recent conditions (‘‘Re-

cent’’) compared with the retrospective (‘‘Base’’), there

is a pronounced increase in air temperature, which is an

average of 2.3%; deviation increases with the transition

from ‘‘middle’’ (p = 50%) to ‘‘very dry’’ (p = 90%) and

‘‘very wet’’ (p = 10%) target years. According to

forecasts variants, ‘‘CCCM’’ and ‘‘UKMO’’ predicted

a significant increase in air temperature with respect to

Table 1 Estimated provision of meteorological factors according to

typical groups (estimated years) of vegetation periods in view of

general heat and moisture provision

Provision

p(%) by Pj, �Hj

Typical groups (estimated years)

P = {pj}, p ¼ 1; np (np= 5)

Provision p
(%) by �Tj, �Dj

0–20% p = 1, very wet 80–100%

20–40% p = 2, wet 60–80%

40–60% p = 3, middle 40–60%

60–80% p = 4, dry 20–40%

80–100% p = 5, very dry 0–20%
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the data of ‘‘Base’’ variant on 22.0% and 26.9%,

respectively;

• On air humidity deficit the change of this indicator is

similar to changing of the air temperature with some

deviations in a target years and a somewhat larger

change in the forecast variants—for «CCCM» increase

is 24.5% and for «UKMO»—29.1%;

• On atmosphere relative humidity in recent conditions

(‘‘Recent’’), there is a slight increase, which is from 4.0

to 4.9% in ‘‘dry’’ and ‘‘very dry’’ years, other values in

all variants differ insignificantly— ± 1…3%;

• On PAR the change in this indicator is completely

similar to changing of the air temperature with some

deviations in target years and a somewhat lesser change

in the forecast variants—for «CCCM» increase is

15.5% and for «UKMO»—18.9%;

• On water availability coefficient the change of this

indicator is completely similar to changing of the

precipitation in target years. At the same time, accord-

ing to the forecast variants, it significantly decreases—

for «CCCM» decrease is 34.4% and for «UKMO»—

29.6%.

Table 2 Comparative assessment of changes in the values of basic meteorological characteristics by the variants of study for the conditions in

the area of the Danube RIS location (%)

Model indicators Typical groups of target years Average value (%)

10% 30% 50% 70% 90%

Precipitation (P) «Recent» - 6.3 - 21.4 - 8.8 - 21.7 - 10.5 - 14.7

«CCCM» - 17.1 - 17.1 - 17.2 - 18.6 - 20.8 - 18.3

«UKMO» - 6.5 - 6.5 - 6.4 - 8.1 - 10.5 - 7.8

Air temperature (T) «Recent» ? 4.3 ? 3.6 ? 0.6 ? 2.3 ? 1.7 ? 2.3

«CCCM» ? 19.8 ? 21.1 ? 22.2 ? 22.4 ? 22.7 ? 22.0

«UKMO» ? 23.5 ? 25.3 ? 26.9 ? 27.6 ? 28.7 ? 26.9

Air humidity deficit (D) «Recent» ? 6.3 - 2.7 - 6.4 - 7.2 - 5.5 - 4.6

«CCCM» ? 25.2 ? 25.2 ? 22.0 ? 25.3 ? 25.3 ? 24.5

«UKMO» ? 27.4 ? 28.9 ? 26.3 ? 30.6 ? 31.5 ? 29.1

Relative air humidity (H) «Recent» - 1.3 ? 1.5 ? 2.9 ? 4.9 ? 4.0 ? 3.1

«CCCM» 0.0 - 0.3 ? 0.3 - 1.4 - 2.7 - 0.9

«UKMO» ? 1.1 ? 0.9 ? 1.5 - 0.3 - 1.2 ? 0.3

Photosynthetically active radiation (PAR) «Recent» ? 3.0 ? 2.0 ? 0.4 ? 1.4 ? 1.5 ? 1.4

«CCCM» ? 14.1 ? 14.7 ? 15.4 ? 15.7 ? 16.5 ? 15.5

«UKMO» ? 16.3 ? 17.4 ? 18.8 ? 19.4 ? 20.8 ? 18.9

Water availability coefficient (Kw) «Recent» - 12.5 - 19.5 - 6.3 - 17.4 - 6.3 - 12.2

«CCCM» - 32.1 - 31.1 - 34.4 - 34.8 - 37.5 - 34.4

«UKMO» - 23.2 - 24.4 - 28.1 - 30.4 - 37.5 - 29.6

Fig. 2 Diagram of weather and climate characteristics assessment

under retrospective («Base»), recent («Recent») and forecasted

(«CCCM», «UKMO») conditions
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The given data convincingly testify that most values of

meteorological characteristics, except temperature and

PAR, in recent conditions are already located either in the

zone or at the level of their forecasted values under con-

ditions of climate change.

Comparative assessment of the dynamics of basic

meteorological characteristics of the vegetative periods for

the period of 1981–2017 along with their retrospective and

prospective rates is presented in Fig. 3.

The obtained results enable to make the following

statements:

• As to precipitation there is a significant amplitude of

their change for the considered period from 180 to

550 mm at the rate of 287 mm with clearly pronounced

maxima in 1997 and 2014 and relatively stable changes

in their values in subsequent years after 1997. The

average annual rate of precipitation for the model

Fig. 3 Comparative assessment

of normalized values of basic

meteorological characteristics

by the variants of study

regarding the dynamics of their

valid values in conditions
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‘‘Recent’’ is less than the average annual norm of the

‘‘Base’’ model;

• As to air temperature there is a different picture since

1981 the amplitude of changes reaches the first

maximum in 1994–18.9 �C and rapidly drops to

15.9 �C in 1997; afterward there is a gradual increase

in air temperature to the second maximum in

2007–19.3 �C, and the third in 2012–20.2 �C. There
is a clearly pronounced trend of temperature rise over

recent years, but their average annual values are much

lower than their forecasted norms by the models

‘‘CCCM’’ and ‘‘UKMO,’’ although the average annual

rate for the model ‘‘Recent’’ is somewhat higher than

the average annual rate for the model ‘‘Base’’;

• As to air humidity deficit the dynamics of changes in air

humidity deficits, in general, reflects the characteristic

features of the change for precipitation and tempera-

ture. The air humidity deficit reaches the first maximum

in 1994–1850 mm with the average vegetative value of

8.69 mm, after it is similarly reduced to 1150 mm or

5.40 mm in 1997 and then gradually rises to the second

and third maximums in 2000 and 2007—respectively,

1810 mm or 8.50 mm and 2150 mm or 10.1 mm. The

gradual decrease in the second group of minima takes

place in 2010 and 2014—respectively, 1215 mm or

5.70 mm and 1175 mm or 5.52 mm. At the same time,

its average annual norm according to the model

‘‘Recent’’ is lower than the average annual norm for

the model ‘‘Base,’’ and its corresponding norms for

models ‘‘CCCM’’ and ‘‘UKMO’’ are already within the

limits of modern changes of the Danube RIS location

area

• As to air relative humidity there is an opposite situation

to the dynamics of change in the air humidity deficit,

the first two maxima (about 72%) in 1989 and 1991;

after which there is a rapid decrease to the first

minimum of 62.9% in 1994. A similar increase to the

other highs of about 72% occurs in 1996–1999 with the

gradual decrease in the amplitude of changes to the

second group of minima & 63% in 2000 and 2003.

Since the next minimum (& 60%) in 2007, there has

been a tendency of further increase in the air relative

humidity value. At the same time, the average annual

norm of air relative humidity for the model ‘‘Recent’’ is

much higher than its average long-term norm for the

model ‘‘Base,’’ and its corresponding norms for models

‘‘CCCM’’ and ‘‘UKMO’’ are already within the limits

of modern changes.

On the whole, the forecasted values of studied meteo-

rological characteristics for the models ‘‘CCCM’’ and

‘‘UKMO’’ in the rice-growing zone of Ukraine, except air

temperature, are already within the limits of modern

changes and even exceed them by separate positions, which

indicates a steady trend of weather and climate change in

the region.

The obtained results of the comparative estimation of

weather and climatic conditions in the rice-growing zone of

Ukraine testify to the fact that almost all basic meteoro-

logical characteristics (except air relative humidity) are

already undergoing changes. In the near future, these

changes may exceed the 10% critical ecological threshold

(first it concerns air temperature as the determining factor

of modern climate change, as well as FAR, as its deriva-

tive), that according to N.F. Reimers will lead to corre-

sponding irreversible changes in the environmental state of

the region.

At existing rates and changes in weather and climatic

conditions, we should expect the deterioration of natural

meliorative conditions in the rice-growing zone of Ukraine.

This is related, first, with the forecasted reduction of nat-

ural water availability of territory (an average of 32%) and

corresponding increase in the demand for irrigation water

for cultivation of flooded rice culture and maintenance of

washing water regime on saline-prone lands of rice-grow-

ing systems. This will inevitably have a negative impact on

the functioning of rice systems because of the corre-

sponding changes in the ecological and economic resources

of the region. Unfortunately, in today’s economic condi-

tions, market prices on water and electricity for the agri-

cultural sector, such production will not be profitable in

terms of high financial costs.

Therefore, the provision of favorable conditions of

functioning of rice systems requires the development of

adaptive technical and regime-technological measures to

manage these systems through relevant comprehensive

sectoral, state and interstate research and programs.

Based on the experience of European countries [11], the

adaptive measures to climate change on meliorated lands

should involve a range of management, operational and

agro-technical, construction and project activities [16]

(Table 3).

The following activities are relevant for the conditions

of irrigated lands of the rice-growing zone of Ukraine:

Management activities involve a range of activities, usually

at the regional level: the establishment of organization and

consulting centers and conducting training and seminars

based on regional (administrative) consulting centers. The

training should be conducted for the conditions of both

existing and possible risk reduction that would provide the

parameters and modes of irrigation for crops, taking into

account the changing weather conditions and weather

forecasts, for the optimal use of their adaptive potential.

Operational and agro-technical activities include deep

loosening of soils or other agro-technical measures for the

preservation of soil moisture. Changing varieties is also
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relevant: introduction of varieties resistant to biotic and

abiotic threats related to climate change and cultivation of

hybrid varieties. Construction activities include the

reconstruction of existing RIS or their individual compo-

nents. Project activities include development of new and

improvement in existing technologies and modes of irri-

gation on a resource-saving basis.

There are various activities on adaptation as applied to

agriculture [11]; Paris Agreement ratified by the Law No.

1469-VIII of 14.07.2016 [21], which involves different

levels of decision-making: international, national, regional

and local and are aimed at both prevention and elimination

of consequences. Introducing adaptive activities should be

accompanied by raising awareness of public and land users.

Conclusions

Thus, at existing rates and levels of weather and climatic

changes and adherence to traditional rice cultivation tech-

nologies, we should expect a significant deterioration of

functioning conditions of rice irrigation systems and nat-

ural reclamation state of irrigated land. The proposed

activities on adaptation meliorated lands to climate changes

have their own explicit objectives, which are closely rela-

ted, therefore to develop a proper program of adaptation

activities the potential impacts of climate change, risks and

vulnerability as its results need to be better understood.

This integrative approach to solving the problems will

enable to enhance and develop the adaptive capacity of the

rice-growing zone of Ukraine.

Solutions of modern ecological and economic problems

of the Ukraine rice industry, associated with large volumes

of water supply and unproductive technological loss, are:

transition to resource-saving regimes and technologies of

water use; minimization of unproductive water discharges;

resource-saving and environmental protection. To achieve

these goals must be complete and implement a number of

tasks, which includes the need to improve: design of

existing rice systems; regimes and technologies of water

use on the rice systems according to resource-saving

requirements. These are the necessary conditions for

adaptation of rice systems to the predicted changes in

weather and climatic conditions of the rice-growing zone

of Ukraine.
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