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ABSTRACT
This work aims to calculate of water requirements for carrot
under sprinkler irrigation in sandy loam soil at Selkovo village,
Sergiev Posad District, Moscow Region, Russia, situated at 56°
35" N latitude, and 38° 09' E longitude. The average yields were
54 ton/ha for the first season and 58.8 ton/ha for the second
season for carrot. The total water requirements were 344 mm
(3440 m?ha) and 338 mm (3380 m%/ha), during two successive
seasons respectively. The average of temperature of July 17.8 °C
at the average of relative humidity of 61%. The relationships
S i | between water requirements (E, mm/day) and deficits relative
humidity (ds, mbar) having the following formula: E = a ds® (1)
Where, a, b - empirical coefficients of the regression equation.
At using experimental data through the two seasons of carrot.
That equal a = 1.06 and b = 0.86 then the relation become (E =
1.06 ds®®®) and the correlation coefficient was 0.959+0.073.
This means that in 91.9% of the water consumption of carrot
variations in these conditions due to variations in deficits air
humidity. For calculating carrot water requirements under
sprinkler irrigation was found as E = Kr Kc a ds® considering
air humidity. K Coefficient depending on wetting pattern under sprinkler
and Kc — Crop coefficient. The experimental data for growth
seasons during calculation the crop coefficient of carrot through
growth season was found as Kc = 0.649 + 0.128 tr — 0.011 t,?
considering tr as decade number.
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1. INTRODUCTION
The central region of the Non-Black Soils Zone of the Russian Federation has large

areas of agricultural land, which make up more than 20 million hectares. A significant

part of these lands (57%) is located on sod-podzolic soils, 30% of which are confined
to watershed areas. The intensification of agricultural production on these lands is of great
importance for Russia. One of the factors of intensification of agricultural production is
irrigation.
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In the central region of Russia, you can grow the main crops, including carrots. It should be
noted that years (1 time in 6 years) and vegetation periods are observed in this region 50 days,
when there is not enough natural rainfall. In these years and periods of vegetation, the soil is
dried up and is not enough for optimal growth and development of crops. This situation with
natural precipitation causes the need for additional irrigation of the calculated soil layer.
When developing projects of irrigation systems, it is necessary to calculate the regime of
irrigation of carrots in this region of the Non-Black Soils Zone of Russia. (Pchyolkin, 2013),
(Shuravilin, 2006, 2013), (Vaneyan and Lesser, 2010).

There are a number of methods for calculating the regime of irrigation of vegetable crops for
the Non-chernozem zone of the Russian Federation (Tsipris, 1973), (Zimin, 1989),
(Pchyolkin and Zimin, 2003), (Shelkovkina, 2004). It should be noted that these calculation
methods were developed for the conditions of scientific research. Their use in other natural
and climatic conditions necessitates clarification and adjustment.

Water consumption of crops is one of the main expenditure components of the water balance
in determining the irrigation regime. A number of authors have developed formulas for
calculating the water consumption of crops, as in Russia (Alpatiev, 1971), (Ivanov, 1954),
(Pchyolkin, 2013, 2015), and others, both abroad, (Klatt, 1970), (Badr, et al., 2006). Known
formulas, including biological and other coefficients, were developed in certain climatic zones
for certain crops, therefore, their use in other conditions necessitate appropriate adjustments
and refinements (Pchyolkin and Zimin 2003). A significant number of existing water
consumption calculation formulas do not take into account soil moisture. It should be noted
that biological coefficients for decade periods and coefficients allowing taking into account
the decrease in soil moisture when growing canteen carrots in the conditions of sod-podzolic
soils of watershed territories are absent.

There are three major groups of irrigation systems: surface, sprinkler and drip (micro-
irrigation). Under sandy loam soil condition, sprinkler irrigation is the artificial application of
water to agriculture lands in order to insure adequate for crop growth. It is considered as
highly efficient system because it allows small but frequent application of water with
minimum losses. Fertilizer or chemical amendment could be efficiently applied to plants.

Evapotranspiration data for agricultural crops has become increasingly important in irrigation
management as well as in water resources management. It is dependent not only on the
meteorological elements, but also on factors related to the crop and to the soil availability and
soil environment. A knowledge of water requirements is necessary in planning farm irrigation
system and improving efficient use of water and fertilizers, and the proper water management
requires not only accurate determination of crop water requirements, but also we must know
when and how much water should be applied.

The volume of water required for optimal growth and development of crops during their
growing season is called water consumption or total evaporation. Water consumption includes
the sum of two vapors: physical evaporation from the soil surface and transpiration of plants.
Evaporation from the soil surface is affected only by climatic conditions, and transpiration
and climatic conditions, as well as internal factors of plants.
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A number of researchers (Pchyolkin, 2015, Aleksankin, 1980, Ivanov, 1954, Romanova, et
al., 1983) have shown that evaporation from the soil surface is both a separate part of the total
evaporation during the non-growing season, and its integral part during the vegetation period
of plants. Formulas for calculating evaporation from the soil surface without vegetation are
used to calculate drainage and water balance in the pre-sowing period. Currently, a significant
number of methods for calculating the total evaporation of crops have been developed. These
include: the method of water balance, the method of turbulent diffusion, the method of heat
and water-heat balance, empirical formulas.

The objective of this work was to conduct water balance studies and calculated of water
requirements for carrot (Chantenay Royal) in sandy loam soil with sprinkler irrigation system
on sod-podzolic soils of the watershed areas of the Moscow Region under Russian conditions.

2. MATERIALS AND METHODS

Field experiments were carried out in Sandy loam soil during two successive seasons
(2018/2019) at the (OMP) «Dubna» experimental station, RGAU-Moscow Agricultural
Academy named after K.A. Timiryazev, Moscow Institute of Environmental Engineering
named after A.N. Kostyakov, located in the south-eastern part of the Moscow Region, Sergiev
Posad District, Selkovo village, situated at 56° 35' N latitude, and 38° 09' E longitude.
Chemical, physical and hydrophysical properties of this soil were determined according to
(Dokuchaeva, 2002) and shown in tables (1, 2, 3). Soil mechanical analysis was carried out
using the international pipette method according to Jacobs et al., (1971). The bulk density of
soil was determined using undisturbed soil cores according to Klute (1986). Soil moisture,
maximum hygroscopic soil moisture, and soil moisture with wilting point were determined
according to (GOST R 2013).

The sprinkler irrigation system had the following characteristics, the kind of used Rain Bird
Spray (Model 1812) with discharge 0.84 m®hour, operating pressure, 2 atm, case height, 40
cm, stem height, 30 cm, watering angle, 360°, kind of nozzle U-15, operating radius, 4.5 m.
Water was supplied to the spray through an irrigation network; for this purpose, a collector
pipe 32 mm in diameter, coupled with irrigation pipelines (PT) with a diameter of 20 mm,
was laid underground. Water for irrigation was taken from the village water supply. At the
beginning, before irrigation, water was supplied to a plastic tank with a volume of 3 m?, then
it flows through the connecting pipe to the pump, and then it is supplied to the sprayers under
pressure. The pump station is mounted in a reinforced concrete well with a diameter of 1.5 m
and a depth of 2.0 m. The pump was used (Grundfos CR5-9), with a pressure of 50 m, a flow
rate of 4.5 m?/h.

Irrigation water was applied at rates based on (100%) from the crop evapo-transpiration (ETc)
calculated according to (Smith, 1992). Carrot was planted on may month and carrots respond
well to organic fertilizers, in this regard, organic fertilizers was added to all plots with rate of
100 ton/ha. Carrot has a high requirement for soil fertility. Maximum vyields of carrots are
closely associated with added of optimal doses of fertilizer, in the spring, Nioo, Pso, Kiso.
Fertilizers were applied in 3 doses: the first time during sowing (50% fertilizer) and the
second and third fertilizing (25% fertilizer each), chemical fertilizers were applied as
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following: ammonium sulphate at rate of 714 kg/ha potassium sulphate at rate of 238 kg/ha
and super phosphate at rate of 357 kg/ha. The definition of fertilizer doses ware carried out
according to the dependence (Kruzhilin, 1977).

Soil sampling for moisture content were taken from different sites locations around the
sprinkler at 10, 20, 30, 40 and 50 cm depth. Soil moisture values were measured once every 5
days, as well as before irrigation and after rainfall and irrigation through the three stages of
carrot growth season used the device TRIME-FM made in Germany for determined soil
moisture content.

Table (1): Physical, chemical and hydrophysical properties of sandy loam soil in the
experiment site during two seasons.

Particle size distribution*

Soil layer % Texture class* B.D** OM F.C ***PWP
cm Sand  Silt  Clay gem® % % %
0-20 1.37 220 7.3 1.1
20-40 1.57 040 6.6 0.9
40-60 83 10.2 6.8 Sandy loam 154 030 6.8 0.9
60-80 1.42 0.20 6.6 1.0
80-100 1.73 020 5.0 0.8

*Classification of the International Society of Soil Science, **B.D is the soil bulk density,
***PWP permanent wilting point.

Table (2): Chemical characteristics of the experimental soil.

PH P20s KO N-NHz N-NOz Ca Mg
mg/kg meq/100g soil
326 325 1.8 347 106 2.2

Table (3): Chemical characteristics of irrigation water.

PH N-NHs N-NOs K Ca Mg Fe Zn
mg/L
177 080 455 742 26.0 0.178 2.15

In the experiment were measured components of the water balance equation of experimental
plot on which investigated soil moisture content is (mm):

6.5-7.7

AW = | +P-ETc+Dp (2)
Where:

AW' _ Change of soil moisture content, AW = Wr - W;s (3)
WEe - Final soil moisture content, mm;
Wsg — Beginning soil moisture content, mm,
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P —Precipitation, mm,

I —lrrigation, mm;

ETc — Crop evapotranspiration, mm/decade; (decade = 10 days period)
Dp - Deep percolation, mm.

Total water requirements ware determined from the water balance equation as an unknown
with the measured values, m and q. Water balance (mm) that calculated a layer of soil
(0-50 cm).

3. RESULTS AND DISCUSSION
The depths of water application were 344 mm (3440 m®/ha) for first season 2018 and 338 mm
(3380 m3/ha) for second season 2019, while the average yields were 54 and 58.8 ton/ha for
two seasons 2018 and 2019 respectively. The yield increments may be attributed to the
increase of leaves number per plant which developed photosynthesis process. This leads to
improve fruit number per plant. Also, carrot plant is classified belongs to cold-resistant crops.
Carrots are very demanding on soil moisture, especially during seed germination and in the
initial period of growth, water applied rates throughout the growing seasons shown in table 4.
This finding was in agreement with Pchyolkin, 2015, Averyanov, (2015), Pchyolkin and
Zimin, (2003). The seeds of the carrot germinate at a temperature of 3-5 °C, but sowing is
more correct to carry out at a temperature of +6 ... +8 °C. The optimum temperature for the
growth and development of carrots, and, therefore, to extract the highest productivity, should
be +18 ... +25 °C. The seeds of the carrot were soaked 2 days before sowing, and on the day
of sowing, they were dried to the position of not gluing the seeds.

Table (4): Water applied rates throughout the growing seasons of carrot.

Water applied mm / period Water applied m®/ ha

Period, day — -
first season second season first season second season
32 112 110 1120 1100
30 123 121 1230 1210
47 109 107 1090 1070
Total 344 338 3440 3380

The results in table 5 showed that the rainfall during the growing seasons was 204 and 282
mm, and the depths of irrigation rate were 174 and 204 mm respectively. While water
requirements were 344 mm for first season and 338 mm for second season. Infiltrations rates
were 88 and 62 mm, and AW (change of soil moisture content) were 24 and 8 mm during the
growing seasons respectively.

Comparative analysis of actual water requirements of carrot and calculated by different
methods during the growing seasons.

Currently there are a significant number of computational methods for the
determination of water requirements with Russian most widely used formula of the following
authors: Alpatiev, 1971, Ivanov, 1954, Klatt, 1970, Blaney-Kridll, 1986, Tsipris, 1973 and
others, Klimko, Kanziber, Ermolina 1990.
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Table (5): Water balance (mm) calculated a layer of soil (0-50 cm) for growing seasons.

Water Balance for the first season
AW = | + P - ETc £ Dp AW = Wg — Wg
Data Soil moisture content (mm)|The elements of water balance (mm)
Month|No. of decade Ws WEe AW/| P | | |Dp| E (mm/decade)

May 3 126 131 +5 (29|10 | -5 29
1 131 151 +20149| 0 | -8 21

June 2 151 164 +13 |74 0 |-30 31
3 164 155 -9 |16 |25 |-10 40

1 155 167 +12| 0 |59 | 4 43

July 2 167 170 +3 35| 5 |-5 32
3 170 152 -18 125120 | -5 58

1 152 151 -1 [11(40| -1 51

August 2 151 152 +1 |10 |15 -2 22
3 152 150 -2 |33| 0 |-18 17
Total, mm +24 1282|174 |- 88 344

Water Balance for the second season
Data Soil moisture content (mm)|The elements of water balance (mm)
Month|No. of decade Ws WE AW| P | | |Dp| E (mm/decade)

May 3 152 168 +16 | 47 | 13 |-13 31
1 168 157 1119 126 | -5 41

June 2 157 136 2119 |20 |-12 38
3 136 125 -11 1 4 136 |-10 41

1 125 133 +8 (42|13 | -4 43

July 2 133 138 +5 (20|27 | -5 37
3 138 156 +18 43| 5 |-10 20

1 156 170 +14 116 | 25| -1 26

August 2 170 160 10| 4 (24| -2 36
3 160 160 0 |[10|15] 0 25

Total, mm +8 204|204 |- 62 338

Theses formulas were calculated water requirements of carrot. The results and data of the
experiments were shown in figures 1 and 2. Analysis of figures shows that the root zone and
soil moisture content affects the water requirements of carrot.

Water requirements (experimental data) appropriate soil moisture located within the
boundaries of water requirements was calculated by known formulas. Between the
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experimental data and calculated according to the formula to make comparative analysis for
two seasons respectively.

A large number of methods are known for calculating the total evaporation of vegetable
crops. In the Russian Federation, for the calculation of total evaporation, the methods of the
following scientists were widely used: Alpatiev, Ivanov, Clatt, Blaney-Kridll, Tsipris and
others, Klimko, Kanziber, Ermolina.

Using the formulas of famous scientists, calculations were made of the total evaporation of
carrots on sod-podzolic soils of the watershed areas of the Moscow Region. The calculation
data and the results of studies were given in figures 1 and 2.

The calculation results by the method of Alpatiev show that there is low convergence
associated with the use of a constant bioclimatic coefficient that does not take into account the
biological conditions of carrots during the growing season. The differences between the
calculated values of total evaporation and those obtained experimentally during the growing
seasons were from 3.5% to 35.3% and 14% to 34.7%, for two seasons respectively.

Method Alpatiev with an unchanged bioclimatic coefficient of 0.65 can be used in calculating
the total evaporation as a whole during the growing season. It cannot be used to determine the
water consumption of carrots for decades in the watershed areas of the Moscow region on
sod-podzolic soils.

When calculating the total evaporation of carrots by the method of Ivanov, the deviation of
the calculated water consumption from the actual one is equal from 0.8% to 22.1% for first
season and 8.9% to 41.5%, for second season. The application of the method of Ivanov in the
conditions under consideration is impossible, since it does not take into account the biological
characteristics of carrots and soil moisture in the calculation layer.

Estimated values of carrot water consumption by the method of Klatt give an error were
11.2% and 27.4% in general for the growing seasons respectively. This technique can be
applied in conditions of research in general for the growing season. At the same time, large
deviations (up to 44.4%) were noted in determining the total evaporation for ten-day periods,
which are associated with not taking into account the biological characteristics of carrots for
these periods.

The Blaney—Kridll method during the growing season gives an error in the total evaporation
of carrot at 11.2% and 9.9% for the growing seasons respectively. Deviations are more
significant during the ten-day periods and reach 58.3%. Formula Blaney-Kridll can be used to
determine the total evaporation in the conditions of research in general during the growing
season. It cannot be used to determine the total evaporation for decades due to the lack of
biological coefficients for a given region and dining carrots, as well as low accuracy.

Total evaporation calculated by the method of Tsipris, diverges from the actual values by
11.4% and 29% for the growing seasons respectively. The discrepancies of the average ten-
day calculated values with the actual ones reach 53.2% and 53.1% for two seasons
respectively. It follows from this that the method Tsipris, by definition, the total evaporation
of dining carrots for decades in the conditions of research, cannot be recommended.
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Figure (1): Comparative analysis of actual water requirements data of Carrot and calculated
by different methods, Alpatiev, Ivanov, Clatt, Blaney-Kridll, Tsipris and others. Klimko,
Kanziber, Ermolina, for the first season.

60
50 N~
40 I M
30 / /
£ y’
g 20
=
10
0
i | ] 1l | 1 1 | 1 1
May June July August
= A ctual water requirements — A.M. Alpatiev
——N.N. Ivanov Clatt
Blaney-Kridll —D.B. Tsipris

—— Klimko, Kanziber, Ermolina

Figure (2): Comparative analysis of actual water requirements data of Carrot and calculated
by different methods, Alpatiev, lvanov, Clatt, Blaney-Kridll, Tsipris and others. Klimko,
Kanziber, Ermolina, the second season.
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Klimko, Kanziber and Ermolina, recommend calculating the total evaporation of vegetable
crops by the sum of the average daily air humidity deficits and the regression coefficient. The
calculation data of the method under consideration give the following discrepancies with the
actual ones 23.6% and 34.7% for two seasons, respectively, for ten-day periods. A
comparative analysis allows us to conclude that we recommend the method of Klimko,
Kantsiber, Ermolin for calculating the total evaporation of carrots for decades is not possible.

Decade values of the total evaporation of the carrots are necessary for us to justify the
calculated irrigation regime. However, the calculation data and comparative analysis showed
that the methods we examined did not satisfy the requirement of the necessary accuracy when
cultivating carrots and sprinkler irrigation under the conditions of scientific research.
Therefore, it is necessary to obtain a formula for calculating the total evaporation of carrot for
sod-podzolic soils of the watershed areas of the Moscow Region under sprinkler irrigation.

In the future to calculate the regime of sprinkler irrigation we need to determine the water
requirements for the periods 10 days. As the results of calculations and comparative analysis
none of these methods we have in Russia, when grown carrot with sprinkler irrigation does
not provide the required accuracy of the results. That is they do not take into account the root
zone moisture content of the soil. In connection which there is a need to develop a
methodology for calculating water requirement in Russia under sprinkler irrigation with the
root zone soil moisture.

In (Pchyolkin and Zimin, 2003), (Pchyolkin, 2015) analyzed the various forms of
relationships between water requirements and temperature and relative humidity. The
relationship showed a function having the following formula:

E=adsP 4)
Where:

E — Crop water requirements, mm / decade;
ds - Deficits of air humidity, mbar,
a, b — Empirical coefficients of the regression equation.

By using experimental data through the growing seasons of carrot (soil moisture content,
temperature, relative humidity and the amount of average daily deficits humidity) by the
method of mathematical statistics was obtained by the regression equation between water
requirements and the amount of average daily deficits humidity and shown in figure 3 and
table 6.

E =1.06 ds°8® (5)

Table (6): Empirical coefficients a and b.

Crop A b
Carrot 1.06 0.86

Correlation coefficient for this connection was 0.959+0.073. This means that in 91.9% of the
water requirement of carrot variations in these conditions due to variations in deficit air
humidity.
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It should be noted that the static ranks include monitoring water demand periods when the
carrot were well developed and the soil moisture content was adequate (100% ETc) that is
when water requirement is equal to the potential evapotranspiration. If these rules are
included in the calculation of the data from 18 May to 08 September and excluded the value
of water requirements beginning and end of the growing season.

The formula (5) was obtained for the calculation of water requirements of carrot without their
biological characteristics. Biological characteristics of agricultural crops in the fact that in the
initial period of vegetation is not sufficiently developed root system and foliage. So prevalent
physical evaporation from the soil surface above the transpiration. At the end of the growing
season plants are aging and the intensity of water use falls.

80
.
70
g E = 1.06 ds % //
= 80 . /
= R*=1.919 ./
A *
:;_, 40 .//
= -
g 10 oo~ °
g T *
= 20 +
z
S10
;
Q
0 20 40 60 80 100 120 140
Average daily deficit humidity, mb/decade

Figure (3): The relationship between water requirements and the amount of average daily
deficit humidity for growth seasons.

At the beginning and end of vegetation dominated by physical evaporation of transpiration
water requirement is lower than in the period when transpiration dominates. These biological
features carrot considered entering into formula (2) biological coefficients are determined

from the equation:
EAct.

KC = ECa/c. (6)

Where: Eact: Actual water requirements calculated by water balance, mm/decade.; Ecalc.:
Calculated water requirements calculated by formula (5).

As the results of the calculations the values of the biological coefficients depend on the phase
of plant development. By using the experimental data for the biological coefficients carrot
between irrigation intervals were composed of 30 rows of static members to determine the
relationship between the relative time and crop coefficient, the regression equation was
obtained the equation for calculation crop coefficient of carrot through growth season.

Kc =0.687 +0.128 t,— 0.011 t,? @)
Where: t; — decade number (decade = 10 days period)
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The correlation coefficient of this relationship for carrot crop is 0.959+0.079 and the
determination coefficient is 0.921. This means that in 99% of cases, fluctuations in the water
consumption of the carrot in the conditions under consideration are due to fluctuations in the
air humidity deficit. This shows the close relationship between the estimated and actual values

of the crop coefficient. The results of calculations by equations (7) were summarized in figure
4 and table 7.

When introduced into the formula (5) the importance of crop coefficient regression equation
takes the form (mm):

E =Kc a ds" (8)
Where: Kc — Crop coefficient.
1.2
1 2
1;/-1!—— . I
2 . M
= 0.8 o +
= -
z
-'é Kc=-0.011tr2 + 0{128¢r + 0.687
g 06 RE=0.921
2 04
[
0.2
0
0 2 4 6 8 10 12
Decade number =

Figure (4): Relationship between crop coefficient of carrots and decade
number for growth seasons.
At determining water requirements should be considered all the area that is in the field of
sprinkler irrigation. The wetting pattern under sprinkler will vary depending on their
specifications. But it is impossible to develop the formula for the calculation of water
requirements for each type of sprinkler. Based on this fact it was decided to enter into the
formula (8) factor (Kr) which takes into account the wetting pattern under sprinkler.

Table (7): Average decade values of crop coefficient of carrots for growth seasons.

Decade number 1 2 3 4 5 6 7 8 9 10
Crop coefficient 0.79 092 091 097 0.99 1.02 1.04 0.99 0.86 0.80

The final formula for the calculation of water requirements for carrot under sprinkler
irrigation system will be the following:
E =Kr Kc ads® 9)
Where:
E : Crop water requirements, mm/decade;

Kr : Coefficient depending on wetting pattern under sprinkler,
Kc : Crop coefficient.
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4. CONCLUSIONS

In the future to calculate the regime of sprinkler irrigation we need to determine the water
requirements for the periods 10 days. As the results of calculations and comparative analysis
none of these methods we have in Russia, when grown carrot under sprinkler irrigation does
not provide the required accuracy of the results. That is they do not take into account the root
zone moisture content of the soil. In connection which there is a need to develop a
methodology for calculating water requirements in Russia under sprinkler irrigation with the
root zone soil moisture.

The final formula for the calculation of water requirements for carrot under sprinkler
irrigation system will be the following:

E =Kr Kc a ds® (10)
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