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Abstract: Innovative irrigation techniques should be implemented to improve irrigation management
in dryland countries. In this regard, a new scheme, that uses three sets of irrigation depth and
numerically simulated cumulative transpiration, was evaluated in the Egyptian Nile delta in 2020.
Presuming that water is volumetrically priced, the proposed scheme can maximize net incomes at
optimum irrigation depths considering quantitative weather forecasts. A field experiment was carried
out with a randomized complete block design using a major crop, maize, to assess the feasibility
of the proposed scheme in comparison to a sensor-based irrigation method under conditions of
dry climate and clay loamy soil. The proposed scheme could increase the gross net income of
farmers and conserve irrigation by 21% and 35%, respectively, compared to a sensor-based irrigation
method, although the yield and its components were almost the same with no significant statistical
differences. The model could accurately simulate soil water content in the topsoil layers with a RMSE
of 0.02 cm?® cm 3. The proposed scheme could be a useful tool to spare the costs of expensive soil
monitoring sensors while saving water and improving net income.

Keywords: weather forecast; dryland; dielectric sensors; net income; optimization; drought

1. Introduction

Irrigation management is a crucial practice in arid regions experiencing water shortage.
Egypt is one of those countries, where agriculture is mostly dependent on the Nile River
water. The rapid growth of the Egyptian population is exacerbating the stress on the water
supply. According to the Ministry of water resources and irrigation of Egypt, the total water
supply is 59.52 BCM/year, while the total current water demand is 80 BCM/year. Moreover,
the per capita share of renewable water resources is forecasted to reach 250 m3/year in
2050 [1]. The deficiency of available water resources evokes the development of new
practical techniques adaptive for farmers to improve irrigation management.

To alleviate the stress of limited water resources, the deficit irrigation (DI) technique
has been introduced to either save water or increase water use efficiency (WUE). DI
is a practice whereby water is applied at less than crop water requirements (CWR) [2].
It necessitates precise data on crop response to drought stress throughout the growing
season [3]. Much published research has shown the efficacy of DI in terms of water use and
WUE without substantial effects on final yield [4-6]. In contrast, other studies have shown
that DI has a negative impact on WUE. For example, Bell et al. [7] compared managed
deficit irrigation (MDI), which aims to optimize both yield and WUE by linking CWR to
productive stages, to DI, and to full irrigation (FI). They observed that both MDI and DI
significantly reduced the WUE compared with FI. It is not always the case that DI improves
WUE. If maximizing WUE is the primary target, farmers may not obtain sufficient yield
to sustain their living. Thus, the primary target of irrigation is to maximize farmers’ net
income (I) rather than WUE [8].

To improve irrigation management to precisely meet with CWR, affordable soil, plant,
and weather sensors have been developed. Several researchers showed the effectiveness
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of soil water monitoring on irrigation control [9-11]. According to Hedley et al. [12] and
Adeyemi et al. [13], dielectric soil moisture sensors are commonly used to monitor the
spatiotemporal soil water dynamics on the field scale. However, these sensors are initially
costly, and therefore it is difficult for farmers living in developing countries in arid regions
like Egypt to obtain them. It also requires proper calibration at each: site.

With the availability of meteorological variables such as solar radiation, wind speed,
relative humidity, temperature and rainfall, capital-intensive sophisticated soil moisture
sensors and dataloggers have been able to be replaced by numerical simulation mod-
els, that can simulate the crop response to irrigation. Li et al. [14] used a simulation—
optimization model to optimize irrigation scheduling for maize crop in arid oasis in China.
Pereira et al. [15] used soil water balance models to determine both crop water require-
ments and irrigation scheduling using the FAO56 method [16] and the dual crop coefficient.
Several researchers used the HYDRUS model [17] to simulate soil water and salinity distri-
butions under different irrigation systems such as Selim et al. [18] and Noshadi et al. [19],
or to simulate evapotranspiration (ET) [20].

To avoid the drawbacks of sensors or other techniques mentioned above, the combina-
tion between quantitative weather forecast (WF) and numerical simulations considering
crop response to drought and salinity stresses can be an effective means to improve ir-
rigation management. Recently, free accessible online WF with fair accuracy was used
to optimize irrigation scheduling [21]. In addition to free and easy access to weather
forecast, computers with high-speed CPU are becoming affordable even for farmers in
low-income countries. Optimization of irrigation depths that maximize I, using WF and
numerical simulation has been studied by several researchers. Some of them optimized
irrigation depths corresponding to the maximal seasonal net income using a combination
between genetic algorithms and the SWAP model [22-24]. However, they used simplified
water-yield relationships in their calculations. The cumulative transpiration simulated
by the WASH 2D model [8] using the past weather and WF was used to determine the
irrigation depths that maximize net income at each irrigation event [8,25-28]. Such studies
are based on the concept of volumetric water pricing to motivate farmers to save irrigation.
Still, the validation studies have been limited to the combination of a humid climate and a
sandy soil.

This research was conducted with the perspective of Egypt’s prevailing water scarcity,
particularly during the dry months, and because we could not identify studies that inte-
grated irrigation depth determination, net income maximization, and weather forecast
utilization by considering volumetric water pricing and crop response to drought stress.
The study was carried out in farmland in the north-western part of the Nile Delta, using
a major crop, maize. The main objective, therefore, was to investigate and compare the
effectiveness of the proposed scheme using numerical simulation of water flow in the soil—-
water-atmosphere system using the WASH 2D model [8] for the sensor-based irrigation
method in terms of irrigation depths and net incomes under conditions of dryland and clay
loam.

2. Materials and Methods
2.1. Scheme for Determining Irrigation Depth
2.1.1. Net Income

To achieve optimal use of water that contributes to farmers’ economic benefits,
I, ($ha—1) is calculated according to Fujimaki et al. [8] as:

In = Peetiki — PhW — Cot, 1)

The first term in Equation (1) (P.eTik;) represents the total income that a farmer may
obtain at each irrigation event, where P is the producer’s price of crop ($ kg~! dry matter
(DM)); ¢ is the transpiration efficiency of the crop (produced dry matter (kg ha=!) divided
by cumulative transpiration (kg ha—1!)); T; is the cumulative transpiration between two
irrigation events (1 mm = 10,000 kg ha~!); and k; is the income correction factor. The
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second term (P, W) and the third term (Cot) in Equation (2), represent the costs spent for
producing the crop, where P, is the price of water ($ kg~ !); W is the irrigation depth
(1 mm = 10,000 kg ha~1); and Cy is other costs (e.g., fertilizer, labor, etc.) ($ ha—1). Note
that the T; in the initial crop stage is far lower than later growth stages. Therefore, k; was
used to avoid possible underestimation of I,, and it was calculated as [8]:

ke — Ko _ Jkadr 2)
b ke Ttk

where kg, is the average value of the basal crop coefficient, kg, for a given growth period;
and 7; is the expected cumulative transpiration at the end of this period.

2.1.2. Optimal Irrigation Depth

Optimal irrigation management necessitates precise data on crop response to drought
stress throughout the growing season. Since the transpiration is directly linked to the crop
growth and productivity, 7; is described with a non-linear function of W:

5= / Todt = a1 — exp(bW)] + 7o, @3)

where T; is the transpiration rate (cm s’l), ay and b are fitting parameters; and T is the
initial cumulative transpiration. The optimal irrigation depth corresponding to maximum
I (In,,,,) is achieved when the first derivative of Equation (1) with regard to W becomes
zero as follows:

di,
ﬁ = —Peekjatbrexp(btW) — Py, = 0, 4)
Then, the optimal irrigation depth is determined as:
1 Py
W=_—-Inl ———-—
by n( Pcﬁkiﬂtbt>' ©

To solve Equation (5), a; and by were determined at two-point combination sets of T;.
and W as shown in Figure 1 as:

Tmax — at{l - eXP(bthax)] + 7o, (6)

Tmid = @t[1 — exp(btWmiq)] + To, ()
Solving Equations (6) and (7) together gives

o Tmax — Tmid 8)
(eXP(bthid) - exp(btwmax))

Therefore, a; is determined when:

Tmax — Tmid . Tmax — T0 -0 )
(exp(b:Wmid) — exp(btWmax)) (1 —exp(bWmax))

The value of b; can be easily obtained using the bisection method.
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Figure 1. Schematic diagram of irrigation depth determination that maximizes net income using the
proposed scheme [8].

2.2. The Simulation Model

The scheme described above was incorporated into a numerical model, WASH_2D,
which solves the governing equations of the two-dimensional flow of water, solutes,
and heat in soils. The model can partition the evapotranspiration into transpiration and
evaporation. It also includes a module for simulating plant root water uptake. Thus, the
actual transpiration rate, T, can be estimated by integrating the water uptake over the plant
rootzone. The potential transpiration, T, was calculated as:

Tp = Epkeb, (10)

where E;, is the reference evapotranspiration (cm s 1), calculated by the Penman-Monteith
equation [16] and kg, is the basal crop coefficient, which is expressed as a function of
cumulative transpiration as:

kap = are[1 — exp(byeT)] + cie — diee Tk, (11)

where ay, by, Ck, dic, and ey are fitting parameters. The parameter values in Equation (5)
were derived from fittings to those reported by Allen et al. [16]. Instead of the commonly
used function of kg, in terms of days after planting, we related kg, to the cumulative
transpiration so that the model could express the plant growth more dynamically to both
drought and salinity stresses.

2.3. The Simulation Procedure

The optimal irrigation depth is achieved by performing two major steps at each
irrigation interval as shown in Figure 2. In this study, the irrigation interval was set at three
days. In the morning of an irrigation day (tp), the update run was performed using the
records of the actual weather, irrigation, and cumulative transpiration to estimate the initial
condition for the past 72 h. Then, both the results of the update run and quantitative WF
data were used in the optimization run to determine the irrigation depth that maximizes
the I, for the next 72 h.
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Figure 2. The routine simulation procedure in the WASH 2D model to determine irrigation depths using the proposed
numerical scheme (two major runs to optimize irrigation depths: update and optimization).

2.4. Field Experiment

A field experiment was carried out in a farmland in the north-western part of the
Nile Delta, Kafrelshiekh governorate, Egypt in 2020 (31°12'34.6” N, 30°34'6.3"” E). The
experimental field was located away from the rice-growing area to avoid the effect of
rising water table to water balance. The groundwater table was below 1 m throughout
the experimental period. Two treatments were established: (1) the proposed scheme (A),
and (2) sensor-based irrigation (B). Each treatment had three replicates. The length of
each replicate was 2 m. The irrigation was applied through a drip irrigation system with
laterals and emitters spaced at 80 cm and 30 cm, respectively. Each replicate had five
drip tubes. The discharge rate of each emitter was 2 L h~!. The treatments and replicates
were set in a randomized complete block design. Two dielectric moisture sensors, 10HS
(METER Inc., Pullman, Washington, USA) were used to operate the irrigation for treatment
B, when the average value of the two sensors dropped below 0.25. Another dielectric
moisture, salinity, and temperature sensor, 5TE (METER Inc., Pullman, Washington, USA)
was used to monitor volumetric water content (VWC) in treatment A in two dimensions
(x = 0, horizontal distance from the drip tube and z = 5 cm, soil depth). Both sensors
were calibrated for the soil as shown in Figure 3. The root mean square error (RMSE) was
calculated between the observed calibrated values of the 5TE sensor and simulated ones
obtained from the numerical simulations from 3 July to 18 July to assess the feasibility of
the WASH 2D model for simulating soil water flow.

0.9 : T T 0.6 T T T T

9 Observed data
|| —— Fitting function (6 -~ 1.17 y +0.054) 0.5 |-

@ Observed data

—— 0= 1.13 3 + 0.0066

0.6 0.4

0.3

0.3 0.2

Volumetric water content, 0
)
Volumetric water content, O

E 0.1

) . 0.0 4 | | | | |
0.0 0.2 0.4 0.6 0.0 0.1 02 03 04 05 0.6

Sensor output, ¥,

(a)
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()

Figure 3. Calibration functions for (a) 5TE and (b) 10 HS in a clay loam soil in Fuwa, Egypt.
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The soil was a clay loam, and its hydraulic properties were measured in the labo-
ratory using an evaporation method [29] as shown in Figure 4. Other parameters such
as solute transport and thermal conductivity were taken from similar soil in Zankalon,
Sharkia, Egypt [30] and can be acquired online (http://www.alrc.tottori-u.ac.jp/fujimaki/
download/WASH_2D/, accessed on 8 August 2021).

10° T Y T | T T T T T | T 10°
A ] Laboratory measured W — 6
105 = N\ Fitted W — 6 (drying) 02
U [ Fitted V — O (wetting)
@ Estimated K- 0 fenl
|
w)
~~ v -4
g 10* — 10 E}/
g %
=> -
. z
- =
] EN 106 2
3 10 10 =
=
0] =
5 g
% Q
8 102 — 1 10-8 ‘-_%
A~ =
g
=
10! |- — 1010
10° L I ; 10712
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Volumetric water content, 0 (cm?® cm=)

Figure 4. Soil hydraulic properties for clay loam, Fuwa, Egypt (the data obtained using the Fujimaki
and Yanagawa [29] method).

Since the weather stations were not available, both weather and WF data were obtained
from the TimeAndDate website [31] assuming the weather forecast to be accurate in the dry
climate as indicated by Cai et al. [32]. Note that the WF data obtained from that link was
forecast by the atmospheric general circulation models (AGCMs) for the nearest location
(Al-Nozha airport, Alexandria, Egypt), which is 60 km away from the experiment field.

Maize, a popular summer crop for Egyptian Nile delta farmers, (Zea mays L. cv.
Giza 131), was sown at a rate of one plant per emitter on 6 June 2020. All perspective
agricultural treatments were performed according to the general guidelines (e.g., thinning
(17 June), pesticide application to control green cotton worm using lanate 90% SP (21
and 30 June), and weed control along the plant growth). Solid fertilizers: urea and the
fertilizer (N = 20%, P,O5 = 20%, K>O = 20%) were applied at total rates: 300 kg ha=! and
400 kg ha—1, respectively as recommended by El-Tantawy et al. [33]. Since the WASH 2D
model simulates only one solute, we simulated the fate of nitrate uptake and leaching
for both treatments throughout the growing season as it is the most determinant factor
for crop growth. The crop coefficient parameters were derived by setting the average
evapotranspiration during initial, development, mid and late stages as 3, 4, 5, 5 mm d-t,
respectively (Figure 5). Other parameter values used to describe plant properties can be
found in (http://www.alrc.tottori-u.ac.jp/fujimaki/download /WASH_2D/, accessed on
8 August 2021).

The producer price in Equation (1) for maize was setat 0.1 $ kg’1 DM and the price of
water was set as 0.0001 $ kg ! [34]. Transpiration efficiency was set at 0.003. Plant height
(PH) (cm) and leaf area (leaf length (cm) x leaf width (cm) x shape factor (0.77)) were
measured using a graduated ruler. Leaf area index (LAI) (leaf area/plant projected area)
leaves number (LN), and PH were observed every two weeks along the growing season
to accurately measure the differences between the two treatments. Maize was harvested
on 7 September 2020. Five plants from each replicate were randomly selected and used
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to estimate yield and its components (stem DM (g), leaves DM (g), ear weight (g), ear
diameter (cm), ear length (cm), cop weight (g), number of kernels per row, numbers of
kernels per ear, weight of kernels per ear (g), and weight of 100 grains per ear (g)). A
schematic diagram for the measured ear components is shown in Figure 6. The plant dry
matter was observed using an oven whose temperature was set at 65 °C. The data was
statistically analyzed with a randomized complete block design based on two-way ANOVA
with replication using MS-Excel 2016 to evaluate significant differences between the two
treatments.

125 T

0.75

o
i
(=3

Basal crop coefficient, Keo

0.25

[} Basal crop coefficient Maize FAO 56
Kev=1.1[1—exp (- 0.175 ZT+)] + 0.1 — 498 x 10° £T+**

0.00

60

Cumulative transpiration amount X7 (cm)

Figure 5. Basal crop coefficient function used by the WASH 2D model for maize crop (the function
parameters were acquired from fitness to the ky, values reported by Allen et al. [16].
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Figure 6. A schematic diagram for ear measured components.
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3. Results and Discussion
3.1. Plant Growth and Yield Components

The comparison of plant growth such as LAI, LN, and PH was performed to assess
the feasibility of the proposed scheme versus sensor-based irrigation, as shown in Figure 6.
LAl increased at the same rate in both treatments, and the plant leaves began to senesce
after 5 August (Figure 7a). LN increased at the same rate in both treatments until 22 July,
then remained constant during the flowering stage from 22 July to 5 August, before starting
to decline during the filling stage after 5 August (Figure 7b). In both treatments, the PH
reached the maximum value on 5 August, and then remained nearly constant throughout
the filling stage (Figure 7c). At harvest, the values of total non-grain biomass obtained for
the A and B treatments were 26.6 Mg ha~! and 29.0 Mg ha~!, respectively. These findings
matched those of Infante et al. [35], who reported that temperate maize non-grain biomass
ranges from 26 to 31 Mg ha~!. One possible explanation for the differences in non-grain
biomass is that nitrate uptake in treatment B was slightly higher than in treatment A at the
same rate of nitrate leaching as shown in Figure 8. Yield components for both treatments
are listed in Table 1. There were no significant differences in whole yield components
between the two treatments. The weight of stem dry matter in treatment B had higher
values than that of treatment A. This resulted in higher final total biomass for treatment
B compared to treatment A. Despite the total weight of ears per plant being nearly the
same, the weight of kernels per plant in treatment A was higher than in treatment B. This is
because in treatment A, many plants tended to produce two ears compared to treatment B.
Therefore, total grain yields for treatments A and B were nearly the same at 14.0 Mg ha~!
and 13.9 Mg ha~!, respectively (Figure 9).

3.2. Net Income, Grain Yield, and Applied Irrigation

The comparison between net income, grain yield, and applied water between the two
treatments is shown in Figure 9. A 35% reduction in applied water caused treatment A to
achieve a higher net income by around 20% of treatment B with nearly the same grain yields.
This result in parallel with other results reported by Abd El Baki et al. [25-27] demonstrates
the feasibility of the proposed scheme to enhance net income. In the Nile delta where
the downstream farmers are often unable to obtain sufficient water due to the upstream
farmers’ behavior towards full or over irrigation, water inequity and conflicts have always
existed [36]. Under the current water scarcity situation, it is worthwhile considering volu-
metric water pricing to give farmers an incentive to save water. Bozorg-Haddad et al. [37]
found that low water prices have no effect on water use compared to non-priced water. The
result of this study implies that even at low water price (0.1 $ m~3), the proposed scheme
could increase farmers’ net income compared to sensor-based irrigation.

3.3. Soil Water Content

The accuracy of the WASH 2D model in terms of water flow simulation is illustrated
in Figure 10.
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Figure 7. Evolution of (a) leaf area index, (b) leaves number and (c) plant height throughout the

growing season. (A donates the proposed scheme, while B donates the sensor-based irrigation
method).
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Figure 8. The fate of both nitrate uptake and leaching throughout the growing season. (Treatment A
donates the proposed scheme, while treatment B donates the sensor-based irrigation method).

Table 1. Statistical analysis for maize yield components. Means in each column followed by “N5”

indicates non-significant differences (p < 0.05) and +SE indicates the standard error. (Treatment A
and Treatment B refer to the proposed scheme and a sensor-based irrigation method, respectively).

Plant Parameter Treatment A Treatment B
PH (cm) 317 £ 13.3 NS 315+ 2.9
LAI 53+ 03NS 50+0.2
Stem DM (g)/plant 517 + 39 NS 603 + 38
Leaves DM (g)/plant 98 + 2.5 NS 94+5.1
Ear weight (g)/plant 418 +21 N8 418 =24
Ear diameter (cm) 451 4+ 0.08 NS 452 4+ 0.13
Ear length (cm) 21.6 +1.08 NS 2234+ 1.36
Cob weight (g) 46.6 &+ 4.7 NS 48 +5.86
Num. Lines/ear 14 + 04 NS 14+ 0.6
Num. kernels/ear 40 +23N8 39 +£28
Weight/plant (g) 378 + 30 NS 320 + 32
100 kernels weight/ear (g) 35.9 + 0.9 NS 37.3+£13

The graph demonstrates the response of either observed soil VWC or simulated ones
under five irrigation events. In comparison to the observed values, the model could
accurately simulate VWC, when the sensor was placed at 5 cm below the emitter, with an
RMSE of 0.02 cm® cm 3. This result indicates that the model can simulate soil water flow
with fairly good accuracy in the topsoil layer (5 cm according to the observation), where
evaporation is active. We attempted to confirm the accuracy of the model in deeper soil
layers, but placing a 5TE sensor 30 cm under the emitter caused extraordinary readings
even after correction for the specific calibration function. Datta et al. [38] reported a similar
observation in that none of five selected dielectric moisture sensors gave satisfactory
readings under high levels of salinity and clay content, instead overestimating both the
field capacity and wilting point. In general, large fluctuation occurs near the soil surface
and if the change near the surface is accurately predicted, the model is expected to predict
water content accurately in the deeper layer, too. Irrigation was applied for treatment B
when 70% of available water was depleted, and the irrigation interval was decreased by
the crop development as shown in Figure 11.
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Figure 9. Comparison of net income, grain yield, and applied water between the two methods
(treatment A refers to the proposed scheme, while treatment B refers to the sensor-based irrigation).
Note that error bars represent the standard error.
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Figure 10. Comparison between simulated and observed VWC values with treatment A (x donates
the horizontal distance from the drip tube while z is the soil depth).

3.4. An Example for Determining Irrigation Depth Using the Proposed Numerical Scheme

An example for determining irrigation depth is illustrated in Figure 12. On 6 July, the
model suggested an irrigation depth of 9.9 mm for three days to achieve a maximum net
income of 24 $ ha~!. The optimum irrigation depth was determined from three points of W:
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0, 20, and 40 mm by predicting another three points of T;: 2.57, 6.1, and 6.1 mm, respectively.
1; reached its maximum value at around W = 20 mm, then it levelled-off. These results
indicate the validity of the two-point scheme reported by Abd El Baki et al. [29], which
assumes that T; is a linear function of W.

0.8 0
| | |

0.6 — —20
g
o
= = .
5 g
:
§ 0.4 — 40 .§
-2 s
3 =
g =
S
>

02 — —60

Averaged VWC at the depth of 15 cm (left-hand axis)
Irrigation (right-hand axis)
[ | - Trigger value (0.28 cm® cm™) ]
0.0 | | | | 80
06/24 06/28 07/02 07/06 07/10 07/14
Time (Date in 2020)

Figure 11. Fluctuation of VWC in response to irrigation events from 24 June to 14 July under
treatment B.
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0 ! ‘O ] | ! ] ! 0
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Irrigation depth (mm)

Figure 12. An optimization example to determine irrigation depth that maximizes net income on
06 July.
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4. Conclusions

A field experiment was carried out in the Nile delta to evaluate the effectiveness of a
new scheme to determine irrigation depth under the combination of dry climate and clay
loamy soil. The scheme employed three predicted points of cumulative transpiration at each
irrigation interval, a volumetric water price, and quantitative weather forecasts to maximize
farmers’ net income per unit of water use. Results indicate that the proposed scheme could
increase net income and save water by 21% and 35%, respectively, compared with sensor-
based irrigation. There were no significant differences in the grain yield production and
the whole of the observed yield components, with similar standard error values in both
methods, except for plant height, which was higher in the proposed scheme. This was one
of the factors that contributed to the growth of non-grain biomass for the sensor-based
irrigation scheme, despite having similar grain yield compared to the proposed scheme.
The model could simulate water flow in the top 5 cm of the soil layer with an RSME
0.02 cm® cm 3. The findings of this study indicate that the proposed scheme is applicable
to the combination of dry climate and clay loamy soil and in parallel with previous studies
conducted in sandy soil, the scheme has the potential to be a useful tool for reducing the
initial costs of expensive monitoring sensors while improving irrigation management and
net income.
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