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Abstract

The agriculture sector on the whole planet has been subjected to abrupt climate changes, sudden
floods and continuous drought. The nutrition of the planet is indangered taking into account the rate of
population growth combating with water resources scarcity on some places. There is a need of
developing water efficient technologies and improving their management. The MOHID-Land model
has been developed in 2018 and simulates the full soil-water-plant-atmosphere transfer system and can
help the improvement of agricultural water management. The current paper discussed the simulation of
the soil water dynamics of drip-irrigated tomatoes cultivated in the Experimental field of the
Agricultural University — Plovdiv, Bulgaria. The data by the simulations has been compared with

experimental data obtained at three soil depths.
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INTRODUCTION

Eighteen countries in the Southeastern
Africa are subjected to reduced rainfall, abrupt
drought and ravaging farmlands by desert
locusts as a result of abrupt climate changes.
Enormous damages have been caused to
agriculture in these countries. The nutrition of
the population is critical (The Gardian, 15" of
September, 2021). The nutrition of the
population in developing countries has been put
in the question, that is why the agriculture on the
planet is indicated as a risk sector. Many
countries face increasing pressure on fresh
water resources under conditions of the rate of
economic development and climate change. The
European Commission identifies the agriculture
as a priority sector, in which measures to combat
water scarcity should be considered. The
fostering water-efficient technologies and
practices are among the main European
Commission’s policies since 2007. The daily
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biomass production and final crop yield in
relation to water supply, consumption and
agronomic management and additionally based
on the current plant physiological and soil water
and salt budgeting concepts can be simulated by
AquaCrop. The details of the simulated
processes are provided in a set of three papers
which were published since the model's release
(Steduto et al., 2009; Raes et al., 2009; Hsiao et
al., 2009). The lIrrigation and Drainage Paper
No. 66 ‘Crop Yield Response to Water’
(Steduto et al., 2012), and the reference manual
(Raes et al.,, 2012) are updated regularly
(Vanuytrecht et al., 2014).

A Soil and Water Assessment Tool
(SWAT) was developed by Dr. Jeff Amold for
the United States Department of Agriculture
(USDA). The SWAT was developed to predict
the impact of land management practices on
water, sediment and agricultural chemical yields
in the large complex watersheds with varying
soils, land use and management conditions over
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long period of time (Neitsch et al., 2011). The
physical processes associated with water and
sediment movement, crop growth, and nutrient
cycling could be directly modeled by SWAT
using the input data for weather, soil properties,
topography, vegetation, and land management
practices. Some of the available packages for
one-dimensional simulation of water and solute
dynamics are available — LEACHM (Leaching
Estimating and Chemistry model; Htson and
Wagenet, 1990), SWAP (Soil Water
Atmosphere Plant, van Dam et al., 1997),
RZWQM (Root Zone Water Quality Model,
Hanson et. al., 1998), and HYDRUS-1D
(Simunek et al., 2005). These models are used
to investigate the soil water and salute transport
processes under different boundary conditions
with or without crop interactions. They are
essential tools for determining agricultural
management  strategies  under  different
environmental scenarios (Chen et. al., 2019).
The integrative modelling operational tools
capable of simulating the full soil-water-plant-
atmosphere transfer system are needed to
improve the agricultural water management
(Ramos et al., 2017, Simionesei et al., 2016,
Simionesei et al., 2020). The MOHID-Land
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where: @ is the volumetric soil water content
(m®m?), h — the soil water pressure head (m)

, t — time (h), x,y — horizontal space

coordinates (m), z — the vertical space
coordinate (m), K —  the hydraulic
conductivity(nmh*), S — the sink term
reporting water uptake by plant roots
(ms m3 h-1)

The van Genuchten-Maulem functional
relationship was used for estimating the
unsaturated soil hydraulic properties (van
Genuchten, 1980):

0, -6,

o(h)=6, +
£+ 0{|h|n |

(2)
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model simulates the soil water dynamics, taking
into account the soil variability, the root water
uptake reductions due to water stress, the soil
evaporation, the leaf area index and the total dry
biomass.

In this paper has been simulated the soil
water dynamics of drip-irrigated tomatoes
observed in the Experimental field of the
Agricultural University — Plovdiv, Bulgaria.
The obtained data by the simulations has been
compared with experimental data obtained at
three soil depths.

MATERIALS AND METHODS

Water flow model equations

The authors have no access to the full
version of the User’s Guide of the MOHID-
Land model and for that reason abide to the
model equations described by Simionesei et al.
(2016). The Richards equation for 3D Darcian
flow (linear relationship between velocity field
and gradient of pressure is valid for porous
media) was used for calculating the spatial
distributions of transient soil water contents and
volumetric fluxes:

s )
N — ©)
a
6(h)-6 1
S.(h)= L= (4)
R o
K(h)=K.S! 1—(1—5%)1 (5)

where: K(h)is the unsaturated conductivity
(mmh?), s, —the effective saturation(m?® m=)
, 0.,6

rm s

are the residual and saturated water
content (m®m?), K, — the saturated hydraulic
conductivity(mmh*), @ - the inverse of air-
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entry value (m'l), n — the pore-size
distribution index (-),m=1-1/n, | — the pore
connectivity parameter (-).

The physical properties of the three soil
layers of the Experimental field of the

Agricultural University - town of Plovdiv were
assumed according the data pointed by Kojnov
et al. (1998). Their hydraulic characteristics
were calculated according to the pedotransfer
functions proposed by Waosten et al. (1999)
(Table 1).

Table 1. Physical and hydraulic characteristics of the soil layers

Soil layers

Depth (m) 0-0.30 0.30-0.60 | 0.60-1.00
Coarse sand, 2000-200 um (%) 7.1 9.7 10.1
Fine sand, 200-20 um (%) 535 58.0 60.6
Silt, 20-2 pum (%) 13.3 16.7 15.5
Clay, <2 pm (%) 26.1 15.6 138
USDA
Sand, 2000-50 pm (%) 49.4 517 51.1
Silt, 50-2 pm (%) 245 326 35.0
Clay, <2 um (%) 26.1 15.6 13.8
Texture Sandy Clay Loam (SCL) | Loam (L) | Loam (L)
Organic matter (%) 1.78 112 0.64
Bulk density (g cm's) 1.52 1.52 1.3

Van Genuchten-Maulem parameters
Residual water content 6, (m‘°’ m"”) 0.025 0.025 0.025
Saturated water content 6, (m3 m'3) 0.402 0.406 0.474
Inverse of air-entry value o« (m*) 6.538 5.303 3.898
Pore-size distribution index n (-) 1.1588 1.2159 1.2686
Pore connectivity parameter| (-) -3.6 -1.9 -0.8
Saturated hydraulic conductivity K, (mmh?) 7.69 5.55 12.45

Potential and actual evapotranspi-
ration rates

The daily value of reference
evapotranspiration  ET, was calculated

according to FAO Penman-Monteith equation
(Allen et al., 1998). The single crop coefficient
approach was applied for determining K..

ET. = K_ET, (6)
T, —ET,[L-e) )
E,=ET.-T, (8)
where: ET, — the crop evapotranspi-ration

(mmday™), K, —the crop coefficient (-), E,
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— the potential evaporation (mm day‘l), T, —the

potential transpiration (mm day*), LAI — the

leaf area index (m?m?), A — the extinction

coefficient of radiation attenuation within the
canopy (set to 0.463)

The sink term S in Eqg.1 was calculated
according to the macroscopic approach of
Feddes et al. (1978) and Feddes et al. (2004).

Actual transpiration rate T, (mmday™) was
computed from potential transpiration T,

(mm day*) as a function of root distribution and
soil water availability.
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S,
0 h<h,,h>h
h—h)/(h,—=h) h,<h<h
h, <h<h,
h—h,)/(h,—=h,) h,<h<h,
where: S, S — the actual and potential volume
of water removed from a unit volume of soil per
unit time (m® m®day ), respectively; w,,, —a
prescribed  dimensionless stress  respond
function of soil water pressure head h,w,,(h)

— defined using a piecewise linear function
introduced by Feddes et al .(1978) and Feddes
etal. (2004); S - a normalized root density

distribution function (m3), A, —the area of soil

surface associated with transpiration (mz), T,
was obtained by integrating Eq. (9) over the root
domain R (m®

T, =T, [ w,BdR

Plant development

MOHID-Land model is based on EPIC
(Erosion — Productivity Impact Calculator) to
simulate crop growth (Williams et al., 1989).
The heat unit theory is applied for calculating
the plant growth and it takes into account that all
heat units above the base temperature accelerate
the crop growth and development. The total
number of heat units for a plant necessary to
reach maturity was calculated as:

PHU = ZHU Z = Toe )

when T, >T

(10)

)
strs 1
(

(11)

strs

(12)

where: PHU - total heat units required for
plan maturity (°C), HU — the number of heat
units accumulated on day i(°C), i=1
corresponds to the day of planting, m— the
number of days required for a plant to reach

maturity (-), T,, — the mean daily temperature
(°C), T,x — the minimum temperature for
plant growth (°C).
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Total biomass was calculated from the
solar radiation intercepted by the crop leaf area
by using Beer’s law (Monsi & Saeki, 1953):

Bio, = imsioiy,egi = Z RUE PAR

i=1 i=1

phosyn, i7reg,i

(13)

m

=3 RUE (0.5PAR,,, [1—e "))y, .

i=1
where: Bio, — the total biomass on a given day
i(kgha'), RUE - the radiation-use

efficiency of the plant (( kg ha'l)(MJ m'z)_l),
PAR n i — the daily amount of intercepted

photosynthetic active radiation (MJ m'z),
PAR, ; — the daily incident photosynthetic
active radiation (MIm?), k, — the light

extinction coefficient (-). It depends on foliage

characteristics, sun angle, row spacing, row
direction and latitude. The value used in the

model k, =0.65is representative of crops with
narrow row spacing. A smaller value
k, =0.4—-0.6 might be appropriate for tropical

areas where average sun angle is higher and for
wide row spacing (Williams et al., 1989);
Ywgi 1S the daily plant growth factor

(0.0-1.0) which reported water and
temperature stresses.

RUEwas calculated by using the
approach proposed by Stockle et al. (1992)
while y,, ; was estimated as follows:
j/regl _l max( S'[TS i tstrs I) (14)

where: w, t

strs, i? “strs, i

are the water and temperature

stresses for a given day (-), respectively;
Water stress, W, was calculated

strs, i
according to Neitsch et al. (2011)
Tacum,ifl
T (15)
p cum,i-1

Temperature stress was calculated as
temperature diverged from the optimal by
applying a sigmoid function (Neitsch et al.,
2011):
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strs i _1 When Tav STbase (16)
~0.1054T,, - T, f
strs i = =1- EXp >
(Tav _Tbase) a7
when T, <T, <T,

- 0.1054(Topt —Ta )2 :l (18)

tstrs, i = 1- exXp
|: (ZTopt - Tav - Tbase )2

ALAl acti — ALAI i \/7_' = (erNmax,i - frl-Almax, i-1 ) LAI max (1_ e(S(LA'i—l"—A'max)))\/}/_i

ALAI

potential leaf area added on day i (m?m?),
respectively;

LAl
day iand i-1(m?m?), respectively;

M ir M q &T€ the fraction of

ALAI

act,i ! i

where: — the actual and

, LAl., — the leaf area indices for

the plant’s maximum LAl
respectively.
LAI, ..

plant (m? m?).

for day iand i-1
— the maximum LAl for the

ALAI,

where: fr,,, ., — the fraction of growing

season at senescence (-);
The canopy height was computed as:

hc,i = hc, max \/ erA'max,i (23)

where: h_; —the canopy height for a given day
i (m);

h, max — the plant maximum canopy
height (m).

Once the maximum canopy height is
reached, h, remains constant until harvest.

The fraction of total biomass partitioned
to root system is 30-50% in seedlings and 5-
20% in mature plants. The model decreases the
fraction of total biomass in roots linearly from

L =LAL fy =LAl

Topt <To < 2Ty, — T,

opt av — base

=1 when T, >2T -T

base

when
(19)
is the optimal air temperature for a

StI‘S i

where: T,

given day (°C).

Leaf area index is calculated as a
function of heat units, crop stress and
development stages. The leaf area added on day
i was estimated as:

(20)

In the initial period fr, _ was
estimated as:
frPHUi
erA'max,i = fr +e(|142 frpHU,i) (21)

PHU, i
where: fr,,,,; — the fraction of PHU
accumulated for the plant up to day i in the

growing season  (-); I,, I, —the shape
coefficients (-);
Once LAl is reached, it remains

constant until the senescence begin. Then it is
obtained for ALAI,;

(1 B frPHU,i ) \/Z

1- frPHU,,sen

0.4 at emergence to 0.2 at maturity (Williams et
al., 1989).

Root depth increases linearly, reaching
the maximum depth at mid-season stage
(frF,HU’i > 0.4), as follows:

(22)

Zroot,i =25 frPHu,i Zroot,max frPHU,i <04 (24)
Zroot,i :Zroot,max frPHU,i >04 (25)

where: Z ;. — the root depth for a given day i
(m);

z — the maximum root depth (m).

root, max
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RESULTS AND DISCUSSION

Model setup

The period under investigation was from
the 1% to 31% of July 2021 and the observed crop
- tomato. The following modules have been
incorporated in the model structure so the soil
water dynamics was simulated by means of the
MOHID-Land model: Atmosphere, Discharges,
Drainage Network, Basin, Geometry, Irrigation,
Model, Porous Media and Vegetation, as well as
databases such as Crop Growth Database and
Feddes’s Parameters Database (Figure 1). All
necessary Boundary and Initial Conditions are
coded by using Fortran 95. The observed soil
profile was 1m depth, including three soil

horizons. Arkawa C-grid type (Purser and
Leslie, 1988) was used for determining one
vertical column discretized into 100 grid cells
with 1cm width, 1cm length and 1 cm thickness
each. These data were put in Geometry data file.
Parameters €, hand K were calculated in the
center of the volumes and fluxes were calculated
on the faces of the volumes. The parameter K is
necessary for calculations of fluxes on the faces
and it is usually obtained by averaging the
values in the adjacent cells. The hydraulic

gradients V(h+z) were calculated with the h

values of the cells adjacent to the face
(Chambel-Leitdo et al., 2015).

MODULES
wn
g / At phere /I ,‘ Model —7/ Porous Media
- —
—
:E - Precipitation - Time period - Grid
= Irrigation Start simulation = Cell size
=] - Saolar radiation End simulation = CelllD w
f‘a - Air temperature = Cell location -
:'- - Relative humidity - Bottom layer (—
g - Wind speed - Sail horizons ="
T — - @ initial e
g = Soil hydraulic properties E
- Bottom boundary condition .
_2 Runoff - 5
W L
g = Water column [ Basin
=) » f Geometry
= - Activate modules -
wn - N°Layers
Layer thickness
- 4
/ Vegetation / 4
+
= CroplD * srvas
- Water stress
- Crop season ~ - PAR
= Root profile RES ULTS - RUE
- Crop coefficients, Ke - Potential growth
[— Potential biomass
=| Outputs
E *.hdf5 *Srvg
£ DATABASES ot biomass
= Root depth
g" Root biomass
— #* grh - LAl
[-F] /—-"‘ —-__—___—\ «SI _
- - - Canopy height
= Water uptake \C_TT// - Water column . wmfi.pmﬁe
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- Heat units to maturity, PHU - Root depth max - 8 sol diati
- Planting date - Optimal temperature Relative & - Suvlarradiation
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= Conductivity = Cloud cover
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Fig.1. Conceptual model of MOHID-Land after Simionesei et al. (2016)
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Initial and Boundary Conditions

The Richard’s Equation 1 is a partial
differential equation with two variables — the
soil pressure head h and the hydraulic
conductivity K . For equation solving empirical
equation of van Genuchten — Maulem (Equation
5) was applied. A modified Picard iteration
algorithm was implied according to Galvao
(2004). Water content or soil pressure head at
the soil surface (z=L)and at t=0 should be
specified as initial condition:

0(x,y,2,t)=6,(x,y,2), z=L,t=0 (26)

h(x,y,z,t)=hy(x,y,z)=h, z=L,t=0 (27)
where 6,(x, y, z) is the initial soil water content,
(cmPem?®);

h(x,y,z)=h,, — the atmospheric

pressure, (cm).

The boundary conditions at the soil
surface (z = L)or at the base (z = 0) of the soil
profile were expressed as specified pressure

head, specified flux or specified gradient
boundary conditions.

h(x,y,z,t)=h,(t)

oh
Kl1-2= t
( azj 0 (t) (29)
z=0orL,t>0
oh
E=0, h = const z=0,t>0 (30)

where: h(t), (cm) and g(t),(cmday™) - the
pressure head and soil water flux. The upper
boundary condition was specified by the actual
evaporation and transpiration rates, irrigation
and precipitation fluxes. The lower boundary
was set up as free drainage (Chen et al., 2019).

The following data are taken from the
closest meteorological  weather station:
maximum daily temperature T, (°C),

minimum daily temperature T_. (°C), relative

min

humidity RH (%), wind speedu, (ms™), solar
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radiation Rs(Wm'z) and precipitation (mm).
The daily evapotranspiration was calculated
according to FAO Penman-Monteith method.
The crop evapotranspiration ET_values were

calculated from the daily reference
evapotranspiration ET, by using the crop

coefficient K, values of 1.15 for the midseason

stage of tomato (Allen et al., 1998). The upper
boundary condition was specified by the actual
evaporation and transpiration rates, irrigation
and precipitation fluxes. The following
parameters of Feddes were applied in water
uptake initial conditions: h =-15 h, =-30
h, =-800to -1500, h, =-8000cm in order to
compute the potential transpiration T,

reductions due to the water stress (Kroes et al.,
2003).

The porous media initial conditions
include soil horizons, initial soil water content,
soil hydraulic properties, and bottom boundary
conditions. The initial soil water content was
specified to field capacity. The soil hydraulic
properties 6,,a,n,K, were calculated for the

Experimental field of Agricultural University -
Plovdiv  (Bulgaria) according to the
pedotransfer functions proposed by Wosten et
al. (1999) (Table.1). The crop growth
parameters in Arnold et al. (2012) crop database
were also used as default settings and the crop
growth data for tomato are pointed out in Table.
2.

All initial
GrowthDatabase.dat.

MOHID-Land Model allows triggering
the irrigation process and a system-dependent
boundary condition was used for that purpose.
The irrigation is triggered when a certain

threshold pressure head, h, is obtained in some

grid cells of the observed root zone domain and
then it will be stopped when the pressure head
reaches the field capacity. The system-
dependent boundary condition includes, as well,
constraints that prevent the application of

conditions were set in
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meaningless irrigation amounts and countless
irrigation events. The minimum irrigation rate,

l..,,» maximum irrigation rate, 1, and the

minimum irrigation interval, |
the model.

were set up in

int

Table.2. Crop growth parameters for tomato used on model simulations after Arnold et al. (2012)

Crop parameter Value

Potential heat unit, PHU (°C) 1900
Sowing date (Julian days) 136
Optimal temperature for plant growth T, (°C). 25.0
Minimum temperature for plant growth T, (°C). 8.0
Plant radiation-use efficiency, RUE (( kg ha'l)(MJ m )_1) 30.0
Maximum leaf area index, LAl (m?m?) 3.0
Fraction of PHU to reach the end of the initial crop stage, ff, e () 0.20
Fraction of PHU to reach the end of the crop development stage, fro, g, (-) 0.40
Fraction of PHU to reach crop senescence, fr,,; o () 0.70
Fraction of LAl at the end of the initial crop stage, fr, .. (-) 0.05
Fraction of LAl at the end of the crop development stage, fr. .~ (-) 0.95
Maximum canopy height, h ... (m) 0.5
Maximum root depth, Z ., vee (M) 0.60
Potential harvest index for crop at maturity, Hl;, (-) 0.33
Minimum harvest index allowed, HI ., (-) 0.15

Field Experiments

The field experiments were conducted at
the Experimental field of the Agricultural
University —Plovdiv (Bulgaria) during the
summer season of 2021 with tomato as
cultivated crop. The crop scheme of planting
was 0.50 x 1.60 m. The applied application
requirement was 2 mm/h via drip-irrigation
technology. The measuring device was the
SENTEK Drill & Drop Bluetooth Probe. The
soil water content was measured at several
depths: 15, 25, 35 cm. The data were adopted
via bluetooth technology and using the creative
cloud program IrriMax Live. The experimental
data of soil water content were retrieved every
one hour of twenty-four hours of 7 day period,
averaged over every day and compared with the
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numerical simulations
MOHID- Land Model.

performed by the

Numerical Results

The numerical simulations  were
performed by means of MOHID- Land Model.
The soil water dynamics has been simulated
under above mentioned initial and boundary
conditions. The irrigation schedule was set up as
discussed above as well. The calculated results
by MOHID- Land Model were compared with
the results obtained by the field experiments.
The simulated and measured soil water content
at the three soil depths: 15 cm, 25 cm, 35 cm are
presented in Figure 2, Figure 3 and Figure 4. As
could be seen, there is a good agreement
between the simulated and the measured data.
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Figure 2. Soil water content at 15 cm depth
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Figure 3. Soil water content at 25 cm depth
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Figure 4. Soil water content at 35 cm depth
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CONCLUSION

In this paper MOHID- Land Model has
been investigated as one of the newest models.
The numerical simulations of soil water
dynamics has been performed and the field
experiments have been conducted at the
Experimental field of the Agricultural
University — Plovdiv (Bulgaria) during the 2021
summer season. The period of simulations was
July 2021. The calculated results by MOHID-
Land Model were compared with the results
obtained by the field experiments. They showed
a good agreement between the simulated and the
measured soil water content. The model permits
the irrigation to be triggered when a certain

threshold pressure head, h, is obtained in some

grid cells of the observed root zone domain and
then it will be stopped when the pressure head
reaches the field capacity. In such manner, the
model can help the improvement of irrigation
practices. This study is an initial stage of a
deeper investigation for implementing of the
MOHID- Land Model under conditions of
Bulgarian agriculture. That will helps for better
predicting, observing and controlling the soil
moisture of cultivated crops.
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We can share the coded initial and boundary
conditions of the model (for tomato, pepper or
other crop). They are coded in FORTRAN 98.
We can give assistance for further investigations
and implementations of the MOHID-Land
model under conditions of Bulgarian
agriculture.
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