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Abstract: Soaring food prices and the intensified scarcity of water resources put a new emphasis
on efficient use of water in irrigation. Numerical models for water flow and crop growth can be
used to predict crop water stress and make decisions on irrigation management. To this end, a
new irrigation scheme was presented to determine the optimum irrigation depths using WASH_2D,
a numerical model of water flow and solute transport in soils and crop growth. By using freely
available quantitative weather forecasts and volumetric water price as input data to predict soil water
flow and give the recommendation of irrigation depths which maximizes net income during each
irrigation interval. Field experiments using potato were conducted for two-seasons in a sandy soil
in Japan under three irrigation methods, i.e., using the simulation model named treatment “S” (to
distinguish, named S1 in first season and S2 in second season), automatic irrigation method using
soil moisture sensors named treatment “A”, and refilling irrigation management supplying 100%
consumed water named treatment “R”. To compare S with other two treatments, S1 and A was
conducted in the first season, then S2 and R was conducted in the second season. Results showed that
S1 improved potato yield by 19%, and reduced water by 28%, resulting in an increased net income by
19% compared with A in the first season. There was no significant difference when compared with R
in the second season, which was mainly due to the frequent rainfall during second growing season.
In addition, S improved the nitrogen uptake efficiency (NUPE) by 39% and 11% compared with A and
R, respectively. The simulated values of water content were in fair agreement with those measured
in the root zone. In short, simulated irrigation method was effective in improving yield, saving
water and increasing NUPE of potato compared with automatic and refilling irrigation methods in
sandy field.

Keywords: net income; sandy soil; nitrogen uptake efficiency; transpiration; dryland

1. Introduction

Irrigated agriculture has been the primary user of water in arid and semi-arid zones,
which occupies over 70–80% of the total, especially in the water scarce area [1]. Continued
population growth, limited water supply, and climate change require measures to conserve
water in agriculture [2]. At present and more so in the future, irrigation in a conservation
and sustainable way will be the norm rather than the exception. Nevertheless, many farmers
still irrigate in the way of unsustainability [3,4]. The development of more precise and
efficient irrigation management is still required. Many studies have focused on reducing
the amount of irrigation by supplying water below the needs of crop, termed regulated
deficit irrigation (RDI), with the purpose of improving crop water productivity (CWP) [5].
However, it is net income rather than CWP that farmers expected to maximize from their
agricultural activities, and the maximization of net income should be a prerequisite for
sustainable farming [6]. New irrigation schemes aimed at improving net income of farmers
should be proposed.

Irrigation events are usually carried out based on soil water status, in which soil
moisture is measured to determine the irrigation need or estimated using soil water balance
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equation. Then the irrigation quota is determined according to the water consumption
during the irrigation interval, applying water to meet the crop water requirement (100%
ET), or less than crop requirement (lower than 100% ET) [7–9]. In addition, most of
studies have provided solutions for long-term decision making of water allocation to
different growth stages of crop using meteorological data of previous years. But interannual
variability in climate varies too widely to give accurate irrigation depth at each time [10].
Therefore, weather forecast (WF) data, as a freely and easily accessible online information,
is gradually being incorporated into irrigation decisions, and has been proved that it
can save irrigation water if properly utilized [11]. Brown [12] found that incorporating
2-day weather forecast could reduce water use by 1.5–2.3%, and 3.9–4.6% reduction in
water use when 5-day forecast information was incorporated. Lorite et al. [13] compared
reference evapotranspiration (ET0) determined on one day and weekly weather forecast
with measured data, and found the performance of weather forecast is acceptable. Muller
et al. [14] examined the economic output of incorporating weather forecast into irrigation
decisions, predicting that 5% additional profit would be possible when weather forecast
is incorporated into the decisions. Anupoju V et al. [15] modified the SWAP model by
considering different weather forecast horizons (1, 3, and 5 days), and found conventional
irrigation (without weather forecast) resulted in higher water use, percolation losses and
lower yield. The successful implementation of the weather forecast has been gaining
momentum with the development of irrigation system, which is a decision support system
(DSS), and is built on the basis of online, open-source tools to supply instruction for
irrigation water management [16]. While the use of weather forecast would improve water
productivity, it is inherently uncertain, particularly for the rainfall. Previous studies usually
utilized weather forecast data directly for long term without using actual weather data or
made the irrigation decision based on historical weather data. By carrying out update run
using actual weather data downloaded from nearby weather station, we may minimize the
negative effects of errors in weather forecast.

Although the use of sensors and models have made the irrigation system more water-
saving, the efficiency in nutrient use under different irrigation schemes should also be
evaluated, because inefficient practices usually lead to increase in nutrient leaching, espe-
cially in the sandy loam soil [17]. Wang et al. [18] simulated three Christiansen uniformities
of drip irrigation using HYDRUS-2D, and demonstrated that deep percolation and nitrate
leaching usually happened following a heavy precipitation event. Additionally, sandy
loam soil is more susceptible to nitrate leaching than silty loam [19]. Actually, for most
of the irrigation system, root, as the main nutrient and water absorbing organ and grows
constantly, was often neglected or too simplified in the numerical models [20].

In this study, with the target of maximize net income, and simulate plant growth using
specific plant parameters, the irrigation depths were determined by predicting two points
of cumulative transpiration at each irrigation event, using actual weather records and WF
to update and optimize the simulation. To validate this scheme, field experiments using
potato were carried out for two-seasons, and the new scheme was compared with two
other conventional irrigation strategies: automatic and refilling schemes. The objectives of
this study were to: (1) investigate the feasibility of the proposed irrigation-depth-decision
scheme which aims to maximize net income for potato, in comparison with the automated
irrigation system managed with tensiometers and refilling irrigation scheme supplying full
crop water requirement; (2) evaluate the nitrogen uptake efficiency and nitrate leaching
during the irrigation period. Results of this study may contribute to the development of a
new irrigation scheme which determines irrigation depths for maximizing net income of
farmers and improving water management in water scarce area.

2. Material and Methods
2.1. Maximization of Virtual Net Income

To maximize the net income of farmers and develop sustainable water management
in agriculture, Fujimaki et al. [21] proposed an irrigation scheme that determined irriga-
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tion depth by maximizing virtual net income, In ($ ha−1) and priced water. Though the
net income cannot be achieved until final harvest, we assume that virtual net income is
proportional to the cumulative dry matter (DM) accumulated during an irrigation interval,
because plant dry matter accumulation is usually correlated with cumulative transpiration,
as both CO2 uptake and water vapor loss take place simultaneously via stomata [21–23]. For
the economic yield of crop which contributes to the net income, such as fruit, grain, tuber, is
assumed to be proportional to dry matter production. In other words, harvest index, which
is defined as edible to entire biomass, is assumed to be constant. Then, cost for water usage
and other costs are subtracted from income, presuming that water is volumetrically priced
to give incentive to farmers to save water. Thus, the In, during an interval is calculated as:

In = Pcξετiki − PwW − Cot (1)

where Pc is the producer’s price of the crop ($ kg−1 DM), ξ is the harvest index, ε is
transpiration efficiency of the crop which is produced DM (kg ha−1) divided by cumulative
transpiration (kg ha−1), τi is cumulative transpiration during an irrigation interval (1 cm
= 105 kg ha−1), ki is the income correction factor, subscript i is specific irrigation interval,
Pw is the price of water ($ kg−1), W is the irrigation depth (1 cm = 105 kg ha−1), and Cot is
other costs during the period such as fertilizers and pesticide, etc. ($ ha−1).

To avoid an underestimation of the contribution of In during the initial growth stage,
during which transpiration rate is far smaller compared with later growth stage but equally
important in produce economic yield. Thereafter, a correction function of ki was set based on
the basal crop coefficient [21]. Although the introduction of ki will not make In correspond
to the actual net income even the prediction of yield matches the actual well, it may enhance
the accuracy of virtual In. It was defined as follows:

ki =
kcb
kcb

=

∫
kcbdτ

τf kcb
=

(
akcb

+ ckcb

)
τf −

akcb
bkcb

[
exp

(
bkcb

τf

)
− 1
]
−

dkcb
τ

ekcb
+1

f
ekcb

+1

τf kcb
(2)

where kcb is average values of basal crop coefficient (kcb) across growing period; τf is
expected cumulative transpiration at final period; akcb

, bkcb
, ckcb

, dkcb
and ekcb

are fitting
parameters used to calculate basal crop coefficient as a function of cumulative transpiration
as described later.

Fujimaki et al. [21] empirically described the τi as

τi =
∫

Trdt = at[1 − exp(btW)] + τ0 (3)

This nonlinear relationship requires three runs of heavy two-dimensional simulation
of water flow to get optimum irrigation depth, which is somewhat time consuming. To
reduce the number of trials, Abd EI Baki et al. [22] proposed a simpler function to describe
the relationship between W and τi, composed of two linear functions, which requires two
runs, skipping the third run. The function assumes that τi linearly increases with W until
the potential transpiration (τmax) is obtained, as follows:

τi =
∫

Trdt = atW + τ0, W <
τmax − τ0

at
(4)

τi = τmax, W >
τmax − τ0

at
(5)

where Tr is actual transpiration rate (cm s−1), at is a fitting parameter, τ0 is τ at no irrigation.
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2.2. Determination of Optimum Irrigation Depth

The optimum irrigation depth, which gives maximum In, is obtained when derivative
of Equation (1) with regard to W become zero:

dIn

dW
= atPcεki − Pw, W <

τmax − τ0

at
(6)

dIn

dW
= −Pw, W >

τmax − τ0

at
(7)

In the range of atPcεki − Pw ≥ 0, the optimum W is τmax−τ0
at

(Equation (6)). While
in the range of atPcεki − Pw < 0, In decreases with W (Equation (7)) and no irrigation
is recommended. In the scheme, τ0 and at are determined by two trials at W = 0 and
W1. Because the cumulative transpiration during the irrigation interval under irrigation
should be between τ0 and ET0, and additional water is somewhat required to compensate
evaporation loss W1 is set at half of τ0 + ET0. Thereafter, αt was determined by the two
points in the linear Equation (4), (0, τ0) and ((τ0 + ET0)/2, τ1).

2.3. Numerical Model

The proposed scheme in Section 2.1, Section 2.2 and a graphical user interface for
entering parameter values have been embedded into a numerical model, WASH_2D, which
simulates the two-dimensional movement of water, heat and solute in soils with the finite
difference method [21]. This scheme partitions crop evapotranspiration (ETc) into two
components, actual evaporation and actual transpiration, where actual evaporation was
calculated using bulk transfer equation and was described by Fujimaki et al. [21], and
actual transpiration was described in the following. The software used in this study can be
freely downloaded with source code under a general public license from https://www.alrc.
tottori-u.ac.jp/fujimaki/download/WASH_2D, accessed on 26 September 2022.

The actual transpiration rate, Tr, is computed by integrating the water uptake rate,
S (cm s−1), over the root zone [24]:

Tr = L−1
x

∫ Lx

0

∫ Lz

0
Sdxdz (8)

where Lx and Lz are the width and depth of the calculated root zone, respectively. The S
was described as follows:

S = αwβTp (9)

where αw, β, and Tp are reduction coefficient, normalized root density distribution, and
potential transpiration rate (cm s−1), respectively. The αw is a function of matric (ϕ, cm)
and osmotic potential (ϕo, cm), which is called stress response function. WASH_2D uses an
additive form stress response function:

αw =
1

1 +
[

ϕ
ϕ50

+ ϕo
ϕo50

]p (10)

where ϕ50, ϕo50, and p are fitting parameters [25]. The ϕ50 and ϕo50 are heads when water
uptake is decreased to 50% of its potential rate and therefore represent simple indices of
the tolerance of crops.

The root activity, β, is described as [21]:

β = 0.75(brt + 1)drt
−brt−1(drt − z + zr0)

brt grt

(
1 − x2grt

−2
)

(11)

where brt is a fitting parameter; drt and grt are the depth and the width of the plant root
zone (cm), respectively; grt was set 20 cm according to the potato experiment we conducted
in same site in 2020; z and zr0 are the soil depth and the depth below which the roots exist

https://www.alrc.tottori-u.ac.jp/fujimaki/download/WASH_2D
https://www.alrc.tottori-u.ac.jp/fujimaki/download/WASH_2D
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(cm), respectively; x is horizontal distance from the plant (cm). The drt is expressed as
function of cumulative transpiration from germination, τ, as follows:

drt = adrt[1 − exp(bdrtτ)] + cdrt (12)

where adrt, bdrt, and cdrt are fitting parameters.
Tp is calculated by multiplying the reference evapotranspiration rate (ET0, cm s−1)

with basal crop coefficient (kcb) as follows:

Tp = ET0kcb (13)

The ET0 was calculated using Penman-Monteith equation [26] into which measured
data in weather stations or weather forecast data were input. The kcb is calculated as a
function of τ as follows [27]:

kcb = akcb

[
1 − exp

(
bkcb

τ
)]

+ ckcb
− dkcb

τ
ekcb (14)

where akcb
, bkcb

, ckcb
, dkcb

, and ekcb
are fitting parameters, and the last term stands for the

decline at last growth stage.
To make the plant growth dynamically respond to drought and salinity stresses, kcb

and drt were expressed as function of τ rather than calculate according to days after sowing.
The values of these parameters are listed in the following section (Section 2.5 (b)).

2.4. Simulation Procedure

The procedure to determine the irrigation depth in proposed scheme is shown in
Figure 1. For update produce, (1) the process began with downloading the last two
days’ weather data from weather station and preparing irrigation records file to set the
atmospheric boundary condition, and water content profile at the end of the last update run
as the initial condition in water flow module to perform a numerical simulation to update
the soil water distribution. Left boundary condition and lower boundary condition were
set as impermeable and gravitational flow, respectively. (2) Regarding solute movement
module, the file containing solute concentration distribution output at the end of the last
update run was input as initial condition, then, the concentration of infiltration water was
input as upper boundary condition while zero concentration gradient was set as lower
boundary condition. (3) Lastly, the cumulative transpiration was input in plant properties
module to set as initial value.
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Figure 1. Steps of the proposed irrigation depth determination schedule. Two main steps (Running
Update and Optimization runs) were performed by WASH_2D at 9:00 AM of the irrigation day. Left
blue box shows the first step of simulation (Update). The right red box shows the second step of
simulation (Optimization). The black arrow between two boxes shows the directions of data flow.
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Then, optimization procedure was carried out as follows: (1) the updated soil water
distribution file and solute concentration distribution file output from the update run were
input as initial condition in water flow module and solute movement module, respectively.
Then, (2) weather forecast data (average air temperature, relative humidity, wind speed,
solar radiation, and rainfall) until the next scheduled irrigation were input as atmospheric
boundary condition to get optimized irrigation depth for that irrigation day. Other settings
were the same as update procedure.

2.5. Field Experiment

(a). Treatments

Field experiments using potato were carried out for two-seasons at Arid Land Research
Center (ALRC), Tottori, Japan, in 2021. Three treatments were established: (1) Automated
irrigation (Treatment A), based on soil suction monitoring; (2) Refilling irrigation (Treatment
R) to recharge simulated volumetric water content in the root zone to field capacity, which
may correspond to meeting potential evapotranspiration from last irrigation; (3) proposed
scheme (Treatment S1 in first season and S2 in second season). Each treatment had three
replicates. Each replicate was established on a drainage lysimeter with a 2 m long, 2 m wide
and 2 m deep, filled with the local sandy soil. The soil hydraulic properties of experiment
site were shown in Figure 2, which was measured by [21]. At the bottom of each lysimeter,
a small tube to discharge drainage water was installed as depicted in Figure 3. In this study,
we measured the amount of drainage for each treatment by installing an ECRN-50 Rain
Gauge (METER Inc., Pullman, Washington, DC, USA). To evaluate the nitrate concentration
(NO3-N) in the drainage water, a plastic cup was set under the Rain Gauge to collect water
per week (first season) and per two days (second season). The NO3-N concentration was
measured with IC_SI-90 4E (Shimadzu Corporation, Kyoto, Japan).
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Figure 3. Schematic representation of the experimental setup. The red tube connected to left yellow
water tank was arranged for irrigation of A/R plots and black tube connected to right side was for S
plots (A/R stands for Automated irrigation in first season or Refilling treatment in second season, S
stands for Schemed irrigation). There were four 10 HS sensors installed at different position of soil
profile in the middle plot of S treatment (only one shown in Figure). Two 20 cm tensimeters were
installed at the middle plot of A/R.

(b). Plant

Potato seed pieces about 30 g (cv. Nishiyutaka) were planted every 20 cm at a depth
of 15 cm in row spaces 50 cm apart. The sowing, harvest time and total irrigation amount
of two seasons were listed in Table 1. The potato sprouts germinated in four weeks after
planting. The values of drought and salinity stress parameters (ϕ50 and ϕ050) included
in a widely used macroscopic root water uptake model [24,28], were determined by a
cost-effective and reliable method presented by Fujimaki et al. [29] before the field experi-
ment. Parameter values of stress response, normalized root density distribution and the
depth of root zone functions of potato were listed in Table 2. We set the price of crop at
1 ($ kg−1 DM) by referring to the prices received by producers in the USA in 2011 (FAO-
STAT, http://faostat.fao.org/) (accessed on 26 September 2022) and set price of water at
0.00025 $ kg−1 [30]. The parameter values of crop coefficient in Equation (14) were deter-
mined by fitting Kcb value and cumulative transpiration amount. The Kcb value of potato
were derived in Table 17 of Allen et al. [26], and daily Kcb value was determined by dividing
the growing period into four general growth stages and selecting and adjusting the Kcb
value corresponding to the initial, mid-season and end of late season stages. Meanwhile,
according to the local weather condition, the average ET0 value during initial, development,
mid and last stage were set as 3, 4, 5, 5 mm d−1, respectively. The fitting curve is drawn
in Figure 4. During the growing period, leaf area index (LAI) and above ground biomass
(g plant−1) were measured four times at key stages. At harvesting, the aboveground fresh
weight (FW) and belowground tubers were determined by harvesting all the plants from an
area of 1 m2 in each plot center, leaves, stems and tubers were separately measured. After
recording their fresh weight, the samples of potato biomass were oven-dried at 105 ◦C for
two hours and 65 ◦C to constant weight to determine their dry weight (DW). Subsequently,
dried tuber, straw (leaf and stem) were pulverized with a micro plant grinding machine
(BMS-A20TP, Biomedical Science Co., Tokyo, Japan) and then sieved manually through

http://faostat.fao.org/


Agronomy 2022, 12, 2372 8 of 22

0.5 mm mesh. The nitrogen content of each part was measured with CN coder (Micro
Coder JM10, J-Science Lab Co., Tokyo, Japan).

Table 1. Dates of sowing and harvest as well as irrigation amount during two growing seasons
of potato.

Seasons Treatment Dates of Sowing
(m/d)

Dates of Harvest
(m/d)

Growth Period
(days)

Total Irrigation Amount
(mm)

First season
A

19 March July 17 120
286

S1 207

Second season
R 27 August December 8 103

99
S2 115

Note: A stands for Automated irrigation, S1 stands for Simulated irrigation in first season, R stands for Refilling
treatment, S2 stands for Simulated irrigation in second season.

Table 2. Parameter values for plant stress response and growth properties used in the numerical
modeling in this study.

Parameter Value Remarks

Pw 0.00025
Equation (1)Pc 1

ε 0.002

akcb
1.03

Equations (2) and (14)
bkcb

−0.37
ckcb

0.15
dkcb 1.40 × 10−7

ekcb
4.6

ϕ50 (cm) −100
Equation (10)ϕ050 (cm) −8200

p 2.9

brt 1

Equations (11) and (12)

grt 20
zrt 1
adrt 40
bdrt −4
cdrt 10

Note: the meaning of each parameter was explained in corresponding formula site.
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(c). Irrigation and fertilizer

Four drip irrigation tubes with a discharge rate of 1 L h−1 per emitters were set in
each plot, and the lateral and emitter distance spaced as 50 cm and 20 cm respectively as
depicted in Figure 3. Irrigation interval for S and R was set at two days, because the field
capacity of the sandy soil in experiment site was only 0.09 cm3 cm−3. Automated irrigation
was triggered when the average readings of two tensiometers installed at the depth of
20 cm around plant was over than 45 cm, which was slightly higher than suction at field
capacity and suitable for crop growth in sandy soil. To check the accuracy of volumetric
water content (VWC) of the model simulated, four 10HS sensors (METER Inc., Pullman,
Washington, WA, USA) were inserted into the soil profile at 4 observation points (x, z):
(0, 5), (0, 45), (10, 10), (25, 5), respectively, where x is the horizontal distance (cm) from
drip tube. The calibration function of 10HS sensor is shown in Figure 5. Composite liquid
fertilizer with N-P-K at 8%-4.3%-4.2% was supplied with irrigation water by applying
constant amount per irrigation event, while granular fertilizer N-P-K at 8%-3.5%-6.6% was
supplied at tuber filling stage. The total N supplied was 152 and 155 kg ha−1 for A and S1
in the first season, and 97 and 99 kg ha−1 in the second season for R and S2, respectively.
The reason for less supplement of fertilizer in second season was frequent rainfall and
decreased air temperature, which reduced irrigation times.
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Figure 5. Calibration function for 10 HS sensor in sandy soil in experiment plot.

(d). Weather data

Weather data was collected from weather station located at 50 m away from the
field. Weather forecast data was downloaded by a utility program (WeatherForcestDown-
loader, available from our website: http://www.alrc.tottori-u.ac.jp/fujimaki/download/
WeatherForcestDownloader) (accessed on 26 September 2022), which can be used to extract
2 days of local WF data from the website of Yahoo! Japan (http://weather.yahoo.co.jp/
weather/jp/31/6910/31302.html, accessed on 26 September 2022). Solar radiation data is
not included in this website, instead, classes of cloud such as “rain”, “cloudy”, or “clear”
were provided. To obtain the exact solar radiation value, an empirical relationship, 1-0.006
× cloud cover (%) (cloud cover (%): “clear” = 82%, “cloudy” = 63%, and “rain” = 32%),
was multiplied by extraterrestrial radiation [21].

2.6. Nitrogen Uptake Efficiency

Plant nitrogen uptake were calculated using the following equations:

Nuptake = NtuberYtuber + NstrawYstraw (15)

http://www.alrc.tottori-u.ac.jp/fujimaki/download/WeatherForcestDownloader
http://www.alrc.tottori-u.ac.jp/fujimaki/download/WeatherForcestDownloader
http://weather.yahoo.co.jp/weather/jp/31/6910/31302.html
http://weather.yahoo.co.jp/weather/jp/31/6910/31302.html
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NUpE = Nuptake/Nsupply (16)

where Nuptake is nitrogen uptake (kg ha−1); Ntuber and Nstraw are nitrogen content in tuber
and straw (kg kg−1), respectively; Ytuber and Ystraw are biomass yields of tubers and straw
(kg ha−1), respectively; Where NUpE is nitrogen uptake efficiency (kg ha−1); Nsupply is
total nitrogen supplied during crop growth period (kg ha−1).

To evaluate the nitrate content of each soil layer, soil samples at different depths (0–50
cm, 10 cm as increment) were collected. Each treatment had three replicates, and the nitrate
content in the fresh soil were extracted with 1 M KCl (20 g soil: 100 mL KCl solution) and
quantified at 220 nm using UV spectrophotometer (UV-1900i, SHIMADZU Co., Kyoto,
Japan). The nitrate nitrogen stocks (NNS) at different soil depths were calculated using
following equations:

NNSi = NNCi × BDi × Di × 0.1 (i1,2,3,4,5 = 0–10, 10–20, 20–30, 30–40, 40–50) (17)

NNS0−50 = NNSi1 + NNSi2 + NNSi3 + NNSi4 + NNSi5 (18)

where NNSi and NNCi are nitrate nitrogen stock (kg ha−1) and nitrate nitrogen content
(mg kg−1) at the different soil layer (0–50 cm) respectively. BDi is bulk density (g cm−3) at
the different soil layer, Di is depth of each layer (m).

The nitrate leaching in each of the two seasons was determined by multiplying the
nitrate concentration in soil solution with the drainage volume. The nitrate concentration
during two sample periods were determined by linear interpolation method.

2.7. Soil Water Balance Equation

The soil water balance equation used for estimating actual evapotranspiration (ETa) is
as follows:

ETa = P + I + SWD − D (19)

where P is the cumulative precipitation from onset to end (mm); I is the cumulative depth
of irrigation from onset to end (mm); SWD is soil water depletion from onset to end (mm);
D is drainage amount (mm).

2.8. Statistical Analysis

The experiment was conducted with three treatments and three replicates per treat-
ment. Data are presented in graphs and tables as means of three replicates, whereas in the
graphs the standard. One-way ANOVA was conducted to analyze different factors among
different treatments. The least significant difference (LSD) test (p < 0.05) was conducted
when the differences were significant. Figures were created using OriginPro 2020 (Origin-
Lab Inc., MA, USA). The performance of model was evaluated using the root mean square
error (RMSE) of VWC, which was calculated as follows:

RMSE =
√

∑n
i=1(xi−yi)

2/n (20)

where n is the number of measured or simulated data; xi is the measured VWC; yi is the
estimated VWC.

3. Results and Discussion
3.1. Weather Conditions

The values of daily maximum temperature (Tmax), daily minimum temperature (Tmin),
solar radiation (Rs) and mean relative humidity (RHmean) of two growing seasons are
shown in Figure 6. The mean maximum temperature was 21.7 and 22.2 ◦C, the mean
minimum temperature was 13.7 and 14.9 ◦C, and the mean solar radiation was 13.3 and
8.0 MJ m−2 d−1 for the two seasons, respectively. The growing degree days (GDD) of
potato was 1607.6 and 1419.8 ◦C in two seasons, respectively, which was acceptable for
final harvest [31]. The RHmean of 74.4% in first season and 74.8% in second season was
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similar. Lower Rs and temperature at tuber building period in second season affected the
yield production.
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Figure 6. Meteorological condition from sowing to harvest of potato in two growing seasons in 2021.
(a) daily maximum temperature, minimum temperature, and accumulated growing degree days
(Tmax, Tmin, and Accumulated GDD, respectively), (b) solar radiation (Rs) and mean relative humidity
(RHmean). Accumulated GDD= [(Tmax + Tmin)/2-4.4 ◦C], base temperature was set at 4.4 ◦C [32].

3.2. Soil Water Content Change

To evaluate the accuracy of model simulation, we compared the measured and simu-
lated volumetric water content (VWC) of treatment S. The simulated VWC was derived
from the result of update procedure at each irrigation event, where weather station data
was input as upper boundary condition. Figure 7 shows the measured and simulated
VWC change at the depth of 5 cm and 45 cm below the drip tube in two seasons. The
RMSE of VWC at the depth of 5 cm (Figure 7a,c) during the two seasons were 0.018 and
0.024 m3 m−3, respectively, which indicates that WASH_2D model could simulate soil mois-
ture change in fair agreement. However, model overestimated the VWC at the time when
irrigation or rainfall just occurred. The reason of this overestimation would be because of
an underestimation of hydraulic conductivity when the VWC at around 0.12 m3 m−3.

At the depth of 45 cm (Figure 7b,d), VWC significantly increased when there was a
heavy or continuous rainfall, such as, April 29 and May 2 in the first season, and October
17, 23 in second season. The RMSE at the depth of 45 cm was 0.022 and 0.014 m3 m−3 in the
first and second season, respectively, indicating that simulated and measured VWC were
in fair agreement at deep zone.

3.3. Evapotranspiration

To compare the simulated ETc and measured ETa, two periods in each season were
chosen as shown in Figure 8. ETc of automatic and refilling treatments were also simulated
by entering irrigation records and actual weather data into the model to compare the
outputs with measured data. Daily average ETa calculated using Equation (19) were
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estimated between two heavy rainfall events, assuming the same VWC at field capacity
in the root zone and hydrostatic profile in the deeper layer (0.09 m3 m−3) at one-day
after heavy rainfall. The simulated ETc in the first season was higher than measured ETa,
which might be mainly caused by the overestimation of basal crop coefficient growth
This overestimation may be avoided by measuring basal crop coefficient as a function
of cumulative transpiration. In the second season, the simulated ETc agreed well with
measured one. Overall, the RMSE between measured and simulated was 0.8 mm day−1. In
addition, we also compared the simulated daily ETc of different treatments with ET0. As
shown in Figure 9, those of automated scheme was higher than those of simulated scheme
in first season and has no difference in the second season. The cumulative ET0 and ETc of,
S1, and A in the first season were 190, 175 and 189 mm, while those in the second season
were 76, 70 and 67 mm for ET0, S2 and R, respectively.
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Figure 7. Comparison of simulated and measured VWC of treatment S at the depth of 5 cm and 45 cm
below the drip tube in two seasons. (a,b) are the VWC at the site of (0, 5) and (0, 45) in the first season,
respectively; (c,d) are the VWC at the site of (0, 5) and (0, 45) in the second season, respectively. RMSE
is root mean square error.
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Figure 8. Comparison of measured ETa and simulated ETc under different treatment in two seasons.
(6/13–6/18 and 6/18–6/29 time periods were chosen for the first season, 10/19–10/22 and 10/22–
11/9 time periods were chosen for the second season).
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Figure 9. Time evolution of the reference ET (ET0) and daily ETc of different treatments during crop
growth period in two growing seasons.

3.4. Growth of Potato

Figure 10 shows the LAI and above ground biomass (AGB) of potato measured in
the two seasons. LAI and AGB are important indicators of crop growth, which determine
the light interception capacity of the crop and photosynthetic accumulation of crop [33,34].
Both LAI and AGB had no significant difference at establishment and stolon initiation stage
(15 < DAP < 40) in two seasons. But at the tuber initiation and filling stage (45 < DAP
< 90), S1 and S2 were significantly higher than A and R in the first and second season,
respectively, no matter for LAI or AGB. This situation might be due to higher nutrient
utilization of S, especially nitrogen (N), a macronutrient that promotes carbon metabolism
and plant growth, leading to biomass accumulation [35]. At the maturity stage (DAP > 90),
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both LAI and AGB decreased due to leaf senescence. It should be noted that the smaller
canopy structure of potato in the second season led to delayed growth and reduced final
yield, which mainly comes from low temperature and solar radiation during the critical
growth stage.
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Figure 10. The time evolution of LAI and AGB for the potato under different treatments in first
season (a) and second season (b).

3.5. Yield and Net Income

Figure 11 compares yield and net income of three different treatments in two seasons.
We counted only cost for fertilizer only to calculate Cot in Equation (1) by multiplying the
total amount of fertilizers used and the price of the fertilizer. In the first season, the yield
and net income of S1 were 19% and 19% higher than A, respectively. At the same time, S1
reduced 28% of irrigation water compared with A. These results coincide with the previous
experiments by Abd EI Baki et al. [22] using corn. In the second season, S2 and R had no
significant difference for both yield and net income. The yield and net income of schemed
treatment in the second season was decreased by 41% and 41% compared with former
season, respectively, and obtained similar values compared with R. The low temperature at
maturity stage and solar radiation at whole growth stage (Figure 6) may have restricted the
photosynthesis and lead to a lower production. Considering the water consumption and
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yield production at two seasons, proposed irrigation scheme saved water and improved
farmers’ net income.
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3.6. Nitrogen Uptake and Nitrate Leaching

The nitrogen storages in each part of potato are listed in Figure 12. The total nitrogen
uptake for A and S1 in the first season were 138 and 182 kg ha−1 while that for R and
S2 in the second season were 95 and 97 kg ha−1. The NUPE of S1 and S2 were 39% and
11% higher than A and R, respectively. Among that, the nitrogen storage in the tuber was
the highest. The discrepancy of nitrogen uptake between two seasons was due to less
nitrogen input and dry matter in the second season. The higher nitrogen uptake may have
contributed to higher yield.
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Figure 12. Nitrogen uptake of the different parts (Leaf, stem, tuber and root) of crop under different
irrigation schemes in two seasons (The error bars show the standard deviation of three replicates).
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As shown in Figure 13, the accumulative nitrate leaching at the outlet of the lysimeters
of S1 and S2 were 105 and 54 kg ha−1, which were 51 and 22% higher than A and R,
respectively. The higher nitrate leaching in the first season is likely due to higher N supply
and evenly distributed irrigation and precipitation. Though the total irrigation amount
of A was higher than S1 in first season, the irrigation activities were concentrated in the
early stage, while during late growth stage, less water was supplied due to large amount of
rainfall. Such as from June 3 to 23, there was only 4.8 mm irrigation for A. Another possible
reason is that frequent irrigation in treatment S increased the chance of nitrate leaching,
while large amount of irrigation in treatment A for each time diluted the concentration of
nitrogen. According to the results of this study, intensive irrigation might lead to nitrate
leaching. In addition, we further analyzed the relationship between the nitrate leaching and
water supply in terms of precipitation plus irrigation during second season (Figure 14). The
linear regression can describe the relationships well between precipitation plus irrigation
and nitrate leaching (R2 = 0.80). Huang et al. [36] also reported similar relationship between
monthly precipitation plus irrigation and monthly nitrate leaching. The accumulated soil
nitrate after crop harvest matched the accumulative nitrate leaching. Higher accumulated
soil nitrate of A and R (550 and 78 kg ha−1) coincide with lower nitrate leaching in the two
seasons, respectively. Furthermore, we also measured the soil nitrate content at different
soil depths to evaluate the soil nitrate distribution at root zone (Figure 15). The nitrate
content of A changed from 5.1 to 10.8 kg ha−1 at 0–50 cm soil layer in first season, higher
than that of S1 except for the depth of 30–40 cm. The same trend was obtained in the
second season, nitrate content of R ranged from 8.0 to 14.3 kg ha−1. The increment of soil
nitrate content in the second season might be due to decreased amount of precipitation plus
irrigation (average 297 mm) compared with the first season (average 807 mm), resulting in
a decrease in nitrate leaching and an increase in soil nitrate stock.
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Figure 13. Accumulative nitrate leaching (2 m soil depth) during the growing period and accumulated
soil nitrate content after crop harvest at 0–50 cm root zone depth (left axis); Daily precipitation amount
in two seasons and daily irrigation amount for S1, S2, A and R (S1 and S2 using inner right axis, while
A and R using outer right axis).
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Figure 14. Linear regression between 10-day precipitation plus irrigation and 10-day nitrate leaching
at 2 m soil depth in second season.
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3.7. Accuracy of Weather Forecast

The accuracy of weather forecast has a large effect on the performance of model
simulation. Figure 16 compares between observed weather data from weather station and
forecast weather data. Because WF does not include data beyond 24:00 of the second day,
we discard time period during night (from 0:00 to 9:00). The average temperature and
relative humidity, as primary inputs weather data in model, matched well with measure
data, with the RMSE of 1.7 ◦C and 10.2%, respectively. The rainfall, as an indirect factor
modifying many of the crop growth and developmental processes [37], with the RMSE
of 9.5 mm, which was not matching well with the measured data and may affect the
recommendation of irrigation depths from model. For example, on June 19, 16 mm rainfall
was forecast and therefore no irrigation was recommended from model, but actually no
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rain occurred (Figure 13). This situation may lead to temporary drought stress on crop.
Although there was a large difference between the rainfall amount of weather forecast
and measured one, the derived parameter, ET0, calculated by forecasted data were in fair
agreement with the measured ones, with an RMSE of 0.9 mm, which was acceptable. Since
the accuracy of ET0 is important to optimize irrigation depth as explained in Equations
(1), (8), (9) and (13), if the prediction of ET0 is within the acceptable range, the first term
of Equation (1) could be estimated in fair accuracy. In addition to advance in climatology
and steadily increasing speed and memory of super computers used for running general
circulation models, deep learning model is being used to improve the accuracy of weather
forecast model such as European Centre for Medium-Range Weather Forecasts (ECMWF)
or performed well compared with standard numerical weather prediction [38]. Thus, we
can expect the accuracy of weather forecast will keep improving. Although the prediction
of rainfall was out of expectation, the proposed scheme performed better in production
and net income compared with other irrigation methods.
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4. Conclusions

A newly proposed irrigation scheme incorporating WF and targeting with maximum
net income by running a numerical model, WASH_2D, was applied to potato cultivation
on a sandy soil for two seasons, which could save one third time compared with original
scheme proposed by Fujimaki et al. [21]. In this study, net income using proposed irrigation
scheme was compared with an automated and refilling irrigation scheme in two seasons.
During the first season (from April to July), treatment S1 obtained 19% higher net income
and 19% larger yield, and saved the water by 28% compared with A. Meanwhile, compared
with A, the nitrogen uptake of S1 was improved by 39%. In the second season (from
August to December), due to low temperature and solar radiation at late growth stage,
the total irrigation amounts of S2 and R were halved of those in the first season, which
lead to lower yield. Although the yield and net income of two treatments in the second
season has no significant difference, S2 improved nitrogen uptake by 11% compared with
R, which suggests that the scheme may contribute for reducing fertilizer input. As for the
accuracy of model, the simulated values of water content were in fair agreement with those
measured in the root zone. As for the accuracy of weather forecast, although there was
somewhat large deviation between the predicted rainfall and measured one, the derived
comprehensive weather factor, ET0, were within acceptable error range. Contribution of
rainfall in drylands to total water supply is far lower than that in the place where this study
was carried out. On the other hand, as explained in the text, the higher nitrate leaching
of the proposed irrigation scheme compared with other two irrigation schemes under the
current sandy soil and climate condition should also be noted. Considering the improved
NUPE and net income, reducing fertilizer inputs would be one of the options to eliminate
the nitrate leaching issue in sandy soil, which has low water and nutrient holding capacity
and high soil drainage. More studies on reconciling environmental pollution and farmer’s
income will be conducted in future.

In general, this study revealed that the proposed irrigation scheme combined with
weather forecast could reduce water use and improved yield and net income compared
with automatic irrigation in sandy soil, which could largely benefit for farmers. Though the
proposed scheme has less advantage when compared with refilling irrigation, the enhanced
nitrogen uptake efficiency should also be taken into consideration. This study would
present an irrigation scheme that could improve net income of farmers and has potential to
decrease fertilizer input in future.
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