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The investigations are related to the development of the methods of total water
demand estimation for the crops cultivated in the irrigated conditions of different
agricultural zones. The agro-climatic indicators recorded in 2015-2019 by 10
hydrometeorological stations served as baseline data. The maximum crops water
demand per decades has been calculated via CropWAT software. The soil moisture
monitoring results enable to disclose the effect of various evapotranspirations on
the moisture dynamics in the soil. The changing pattern of the crops total
evaporation speed at different values of soil depth has been disclosed, while based
on the mathematical processing of the experimental results, a calculated formula
has been derived, which enables to solve the problem of crops coefficient
calculation in non-standard conditions. The new mathematical model for the
detection of moisture change in the soil, depicts the soil moisture regime more
precisely, which enables to describe the dynamics of total evaporation from the soil
and plant surfaces for the period of irrigation intervals in more precise manners.
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Introduction. Along with a number of other factors, soil moisture regime
predominantly ensures high and sustainable crop yield in irrigated lands [1, 2].
The soil moisture regime is affected by a number of factors, among which
evaporation from soil and plants surface, crops irrigation regime, the depth of
groundwater installation, the soil mechanical composition, crop species are of
particular significance [3-8]. Extensive theoretical and experimental studies have
been conducted in this branch, which aim to identify such a water regime for
agricultural crops in the “ground water-soil-plant-air” system, in case of which
sustainably high crop yield of desired quality can be harvested [1, 6, 9, 10]. Such a
great number of research works is due to the fact that in addition to common
properties the study results on the land water regime have also demonstrated local
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characteristics. The latter are primarily related to soil, climatic and hydro-geological
conditions, as well as to the level of irrigated agriculture management [2, 11-13].

The influence of climatic factors on the dynamics of the soil water regime can
be assessed by evaluating the estimated evapotranspiration, for which FAO-56
methodology developed on the basis of Penman Monteith’s equation [7] is applicable.

However, the estimated evapotranspiration (ET,), as a reference value, is not
yet sufficient to assess changes in the soil moisture regime. This is the reason,
why there is a transition from the values of maximum estimated evapotranspiration
to the total evaporation determination (ET, = K, - ET,) from the plant-covered
areas [14-19]. It is known that the crop coefficient is defined by determining the
single- and two-factor coefficients. Usually, in case of two-factor approach, the
evapotranspirations difference between the reference and cultivated land plot is
estimated through the coefficient K .

With a two-factor approach, the K. crop coefficient is divided into two
components K. = K., + K., according to which a comparative assessment of
evapotranspiration is conducted [16, 17, 19, 20].

Since the results of our study are planned to use for irrigation planning and
design works, the results of a single-factor approach are quite sufficient to solve the
presented problem [3, 19].

The rate of evapotranspiration from the land and plant surface ET, depends on
the ET, and the soil mechanical composition, field maximum humidity (FMH),
crops shade cover, as well as on other factors [4, 5, 22-24].

Such an approach will enable us to specify the values of evapotranspiration
coefficient K. and develop a new approach to implement analytical assessment in
various conditions.

Materials and Methods. The aim of the research is to study the changes of
crops estimated evapotranspiration in different zones of the Republic of Armenia
depending on the effect of climate factors, and based on the obtained results to adjust
the model of crops water demand calculation on the bases of changing patterns of
soil moisture per the soil depth during the vegetation period. To achieve the
mentioned goal the following problems have been enhanced and solved:

. studying the peculiarities of hydrometeorological stations’ allocation in the
territory of the Republic of Armenia and doing mapping thereof;

. collecting data on agro-climatic indices (relative air humidity, wind speeds,
number of sunshine days, maximum and minimum air temperatures) from the
hydrometeorological stations for 2015-2019;

. calculating estimated evapotranspirations through the method of FAO-56
developed on the bases of Penman-Monteith equation;

. estimating and analyzing the changing patterns of estimated evapo-
transpirations depending on the altitudes of hydrometeorological stations’ allocation
above the sea level;

« studying the changes in soil moisture supply per the depth of active soil layer
during the vegetation period,;

. establishing correlation between the soil moisture and estimated
evapotranspiration.
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To conduct the research, FAO-56 methodology, developed on the basis of the
Penman Monteith’s equation and a weighted method for soil moisture assessment
have been used. The estimated evapotranspiration, depending on the agro-climatic
parameters, has been calculated through the following formula:

0.408A(Ry—G)+V 7=z (e5—€q)

ETo = A+y(1+0.34u,) ' @

ET. = (Kep + Ke) " ETy (2)

where ETy is the maximum evaporation value; Ry is radiation that has reached the
crop surface; G is the radiation reflected from the soil surface; T is air temperature;
es is saturated vapor pressure; e, is actual vapor pressure; u, is wind speed;
A is angular coefficient; ¥ is physical constant, y = 0.665-1073P; P is
atmospheric pressure [19].

For crop-covered land plots the formula is:

ET. = K, - ET,, ©)

where the values of the coefficient K. are determined for single-factor and two-factor
cases. For two-factor, the coefficient K is determined by the following equation:

K. =K¢p + Ke, (4)

n\ 0.3
Kep = Kep(rap) + [0.04(U; = 2) — 0.004(RHmin —45)] (3) . (5)

where K, is the basic coefficient of the plant (the values are tabularized in the
bulletin FAO-56, and depending on the plant species we select the values from
Kcpcrapy: Uz is the wind speed; RHmin is the minimum relative air humidity;
H is the plant height [19].

Ke is determined upon the following condition:

Ke = KT(KC max ~ ch) = feWKC max: (6)

where K, is the coefficient characterizing evaporation from the soil surface;
K. max 1S the maximum value of K¢, which is considered after irrigation or rains;
K, is a parameter that does not have a measuring composition, characterizing the
evaporation reduction from the lower soil layers; f,,, is the soil sector, where from
water evaporates with maximum amounts due to high moisture content.

To determine the dependence of moisture evaporation from the soil and
estimated evapotranspiration climatic indicators of 10 hydrometeorological stations
for the last five years have been investigated.

Stations located at the altitude of 818-2064 m a.s.l. have been selected.
The image of the stations location is shown in Fig. 1.

Upon the summarized results of the current materials and methods related to
the planned research works it becomes obvious that the selected hydrometeoro-
logical stations selected for the estimation of total crops water demand describe the
agroclimatic peculiarities of the irrigated lands of the Republic of Armenia and are
typical for the study of irrigated farming conditions.
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Fig. 1. Locations and altitudes of hydrometeorological stations’ locations a.s.].
Source: compiled by the authors.

Results. In 2015-2019, as a result of studying agro-climatic indicators
obtained by 10 hydrometeorological stations of the RA the changing patterns of
estimated evapotranspirations per ten days have been identified. The results are
shown in the Fig. 2.

Calculations show that the estimated total evaporation in the lowlands of the
Avrarat concavity makes 1195.6 mm, in the foothill belte — 1308.9 mm, and in the
mountainous zone — 995 mm. The maximum value of evapotranspiration in the
foothill belt is mainly due to the wind speed, which is 4-5 times higher than that of
recorded in lowlands. Atmospheric precipitations in the lowlands fluctuate in the
range of 200-280 mm, in the foothills they amount to 430 mm, in the mountains —
327 mm. Changes in the estimated evapotranspiration and moisture transfer from
the sea surface are shown in Fig. 3.
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Fig. 2. Patterns of changes in estimated evaporation amounts for the decades 2015-2019 at
hydrometeorological stations of the Republic of Armenia. a) Artashat; b) Yerevan agro; c) Urtsadzor;

d) Hrazdan. Source: compiled by the authors.
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The dynamics of soil moisture change, depending on the estimated

evapotranspiration, is presented in Fig. 4.
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Fig. 4. Dynamics of soil moisture change depending on the estimated evapotranspiration.

Source: compiled by the authors.

In the current design model of crops water demand, the soil moisture change
per the depth is considered via constant linear law, averaging soil moisture values,
which, in its turn, leads to inadmissible errors. The current mathematical model is
presented in Fig. 5, a. The studies enable to obtain a new mathematical model, which
establishes a relationship between the estimated evapotranspiration rate and the

total water evaporation rate from the soil (Fig. 5, b).
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Fig. 5. Calculation of the soil water amount via the current mathematical model (a); the adjusted
model (b); current and suggested models for calculating the soil water amount in comparison (c).
Source: compiled by the authors.

The dependence between the estimated evapotranspiration rate and the total

water evaporation rate from the soil is expressed through Eqg. (7):
— Ys Bsn —sin(®. X
ETy = BTy 2 (1+ BC) (1-sin(3 H)) @)

where ET, is the calculated evapotranspiration; y; is the soil density; y,, is the water
density; By, is the area of the plant shadow surface; . is the plant nutrition area of;
x is the variable depth; H. is the actively spreading depth ofplant’s root system.

If we consider that ET,, = ET,. - K., then we will get the following
dependence for the plant coefficient:

Ke=2(1+52)(1-sin(5-2)). (8)

Yw Bc 2 Hc

Based on Eq. (8), let’s calculate the plant coefficient for potato K.
The results are presented in Table.

Calculation of the coefficient K, according to the new mathematical model developed in the result of
soil moisture monitoring

ETo | ¥s/Yw | @sn/we | 1+ wsn/wd X | He | XHe |  ETex Z(ETC'x)/HC Ke
4 | 1.25 |0.047368| 1.047368 | 5 | 60 |0.083333) 16.16876 - -
4 | 1.25 [0.047368| 1.047368 | 10 | 60 |0.166667 7.676551 - -
4 | 125 0.047368| 1.047368 |15 |60 | 0.25 | 1.999143 - -
4 | 1.25 [0.047368| 1.047368 | 20 | 60 0.333333  B8.3E_06 - -
4 | 1.25 |0.047368| 1.047368 | 25 | 60 |0.416667  1.983192 -
4 | 1.25 0.047368| 1.047368 |30 |60 | 0.5 | 7.647075 - -
4 | 1.25 0.047368| 1.047368 |35 | 60 |0.583333] 16.13024 - -
4 | 1.25 [0.047368| 1.047368 | 40 | 60 |0.666667  26.14251 - -
4 | 125 0.047368| 1.047368 |45 |60 | 0.75 | 36.16111 - -
4 | 125 0.047368| 1.047368 |50 | 60 |0.833333| 44.66235 - -

1585709 | 3171419  |0.7928

The dynamics of potato coefficient for different development stages is shown
in Fig. 6.
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Fig. 6. The change in the values of the K. coefficient according
to the development stage. Source: compiled by the authors.

By means of formula (8) derived on the bases of theoretical and experimental
investigations the values of K, coefficints have been calculated, the numerical
designations of which are presented in Table and Fig. 6, which indicate that the
developed model enables to receive the numerical value of K, coefficient at any
phase of the crop development and to use it for the determination of various elements
for crop irrigation regime.

Discussion. The main goal of estimating evapotranspiration is to identify
crops irrigation regimes in different soil and climatic conditions and to this end,
currently various calculation methods are widely used in the world practice among
which FAO-56 has gained a rather wide recognition [16, 18, 19]. It is also known
that in order to retrieve more reliable data, the results of lysimetric examinations are
applied, which are coming up just as specific field measurements [4, 5, 11].
Determination of estimated evapotranspiration is based on the energy balance
equation [16]. On the bases of water balance equation for the irrigated land areas the
optimal water regime of soil-water-plant system is estimated [6, 11, 12]. Various
models have been designed and developed in the world practice, which enable to
calculate the evapotranspiration depending on the agro-climatic indices [2, 21].
Among the studied models those developed on the bases of climatic factors have
practically gained wider application. Anyhow, their results have restricted appli-
cation [14, 18, 22]. The studies conducted by Sudnitsyn I.1. [24], Penman H.L. [17],
Kovalenko P.1., et al. [3] have enabled to evaluate the changing patterns of the soil
hydrophysical characteristics depending on the soil mechanical, hydrophysical and
chemical properties. The issue of developing a universal model of estimated
evapotranspiration is still in the prime focus of multiple researchers’ attention and is
yet at the development stage [1, 6, 11]. Solution of the mentioned issue would enable
to forecast the water regime of irrigated land areas and to use the results for the
efficiency increase in the management of irrigated agriculture [6, 8, 10, 11, 13, 20].
Meanwhile, it is also apparent that the evapotranspiration (ETo) estimated via the
Penman-Monteith equation is mainly based on the climatic factors, while the values
of crops coefficients (K.) are calculated based on the average results of field
investigations [14, 15]. Upon the model developed by our research group, it is
recommended that the crops water demand should be estimated based on the changes
of soil moisture dynamics during the vegetation period. In order to design a more
universal model, the changing patterns of soil moisture have been analyzed in
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various evapotranspiration conditions, which enabled to analytically determine the
changing domain of crops coefficient per its development phases. Particularly, the
numerical calculations enabled to receive the changing domain of K, for potato per
the vegetation period [3, 6, 9, 13]. Unlike the existing diagram, the developed model
introduced in the current work considers the plants development rate, soil density,
the depth of root system spread. The changing pattern of soil moisture enables to
identify the plants water absorption capacity depending also on the soil hydro-
physical properties, soil moisture supply coefficient and the maximum water
retention capacity.

Conclusion. The conducted studies have revealed the content of a
mathematical model for describing evapotranspirations of the plant root system
based on the patterns of soil moisture dynamics. It enables to calculate the K,
coefficient of crops, which will contribute to the determination of the required water
amount according to the development stages. This approach makes the theory of
estimated evapotranspiration practically applicable for different plant species, and
enables to determine and plan the irrigation regime of different crops in different soil
and climatic conditions. The results of the conducted investigations enable to
identify the individual components of crops irrigation regime in the optimal water
consumption conditions and to efficiently implement further management of the
irrigation procedure.
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Q. U. 61hUu2uUrsgy, i U. 24vhtL3Uy

<<L-NFU NNadNa <O6Lh SNLACGHhUSUUL B4
NLUINRE8UTL HhLUUhUUL

Udthnthnid

<twmwgnunipnibiitipp yepuptpnid G mwpptp  gniqunbmtuwju
gnuhitiph nnngynn yuydwbbtpnid dywijynn dywjupniyjubph pinhwbnip oph
wuwhwbownyh qhwhwniwd dhpnnbtiph dupdwip: Opybu puquyht mdyug-
ttip dwnuyly b 2015-2019 pyuywbbtphtt 10 hhnpnontinlinipwpubujub
Juywbbdbph Ynnihg gpubgqud wgpnyjhdwyuljub gnigubhpitipp: CropWAT
dpwgph dhengny hupquplyty L dpwlwpnyubtiph woubjugnyb gph wwhwb-
owplp wnmwubwgjulitiph phpwugpnd: <nnh  pinbwynipyul  dnbhenphigh
wpyniLipdbipp hwpuynpnipnit G mwjhu pugwhwynt) mwuppbtp gninpphw-
gnidtiiph wmqntignieyniip hnnh anbwyynipjubt nhttwdhuyh Yypuw: Puguhuwyn-
yb £ dpwupnyutinh pinhwtinip gnnpphugdw b wipwgnipyub thnthnpjunipyui
wuwnbpp hnnh hunpnipjult mwuppbp wpdtipttipnid, hul] hnpaupupuui
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wpryniLipbbph dwptdwmhjujut Guldwt hhdwb Jpu unwgyty  hupdup-
Jughtt pwbwal, npp hbwpuynpnigmid E mwhu oty dywjupnyutiph
gnpodwligh hwpyupiwd pbnhpp ny vnmwbnupm  wuydwbbtpnid:  <nnh
huintuwnipyud thnthnjunipyui huwymbwptpdwb tnp twpbidiwnhjuub dnntjh
wybjh 6pgphn £ wyqunljipnid hnnh junbwynipjutt ntidhdp, htsp htmpuyn-
nnignih £ mwihu wygtih 6pgphwn dyunpwgnty hnnhg b pnyutinh dwytiniutitinhg
nnhwbtinip gnnpphwgdwt nhtwdhjub nongiwd dhowjuyptinh dudwbwljui-
hunyuwoniy:

T'. M. ETUA3APSH, P. A. JAHUEJISIH

JUHAMUKA PACUETHOI'O UCIIAPEHMA N BJIAXKHOCTU
OPOIIAEMBIX TIOYB APMEHUWU

Pe3ome

HccnenoBanns cBsi3aHbl ¢ pa3pabOTKONH METOJOB OIEHKH OOIIei moTpeo-
HOCTH B BOJIE CEJIbCKOXO3AHCTBEHHBIX KYJIbTYpP, BO3/AEIBIBAEMBIX B YCJIOBHAX
OpOILIEHHUS PA3TUYHBIX CEIHCKOXO3SHCTBEHHBIX 30H. VICXOMHBIMH JaHHBIMH
MOCITY>KWJIA arpoKIIMMaTHYeCKUe MoKa3aTenu, 3adukcupoBannbie B 2015-2019 rr.
Ha 10 rugpomereoponornyeckux craHuusx. C MoMoILbI0 MPOrpaMMHOTO obeciieye-
Hust CropWAT paccuntaHa MakcuMallbHasi MOTPEOHOCTh CENTbCKOX03SICTBEHHBIX
KYJIBTYp MO JeKajaM. Pe3ynbraTel MOHMTOpPHHIa BJIQKHOCTH IIOYBBI ITO3BOJISIIOT
PACKpBITh BIMSHHUE PA3IMYHBIX CYMMAapHBIX MCIIAPEHUI HA IWHAMUKY BIQKHOCTH
MouBbl. PacKphIT XapakTep U3MEHEHHS] CKOPOCTH CYMMapHOTO HCIIAPEHUS CETbCKO-
XO3SIICTBEHHBIX KYJIbTYp MPY PA3IUYHBIX 3HAYSHUSIX TITyOHMHBI TIOYBBI, @ HA OCHOBE
MaTeMaTHYecKOl OOpabOTKM pe3yjbTaTOB 3KCIIEPUMEHTA BbIBEJIEHAa pacueTHas
dopMyra, mo3BONAIOIIAS PELIMTH 3agady pacuera KoddduimeHTa BIIAKHOCTU
CEJIbCKOXO3SIIICTBEHHBIX KYJIBTYP B HECTaHAAPTHHIX yciaoBuAx. HoBas matemaru-
yeckass MOJeNb ONpPEACICHUS M3MEHEHMS BIAXHOCTH II0YBBI OoJiee TOYHO
0TOOpaXkaeT PeXHUM BIAKHOCTH ITOYBBI, YTO ITO3BOJISIET TOYHEE ONKCATh JTUHAMUKY
CyMMapHOTO WCHApeHusi C TOBEPXHOCTH TIOYBBI W pACTEHUH 3a TepHoj
MEXTIOIMBHBIX TPOMEKYTKOB.



