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Abstract

Enhanced irrigation efficiency is necessary to address water shortages, and precise estimation of soil
water movement by simulation models is essential. Previous studies have suggested that soil hydraulic
properties, which are important factors of soil water movement, differ spatially in the horizontal and
vertical directions. However, most of studies have estimated soil water movement by considering soil
hydraulic properties only along the soil profile. In the present study, we defined soil hydraulic
conductivity and soil water retention as soil hydraulic properties, and conducted soil water movement
simulations considering the spatial (horizontal and vertical) differences in soil hydraulic properties.
The simulation model also estimated soil temperature to include water vapor transfer in the estimation
of soil water movement. We validated the model by comparing simulated and observed results from a
pot experiment, and comparing the soil water movement and soil temperature in two cases of applying
the soil hydraulic properties: spatial application and vertical application. The results showed that the
simulated soil temperature differed from the observed values due to the uniform application of
thermal conductivity of soil. Our findings indicated that the differences in soil water movement

between both cases increased with the number of irrigations.
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Introduction

Water shortages are among the most serious
problems worldwide. Agriculture consumes more water
than all other sectors including industry, with 65% of
total agricultural water being used for irrigation
(Shiklomanov & Rodda 2003). Enhanced irrigation
efficiency is necessary to reduce agricultural water
usage, which can be achieved by precise estimations of
soil water movement. Several studies have developed
simulation models describing soil water movement
(Bhatnagar & Chauhan 2008, Miyamoto et al. 2017). El-
Nesr et al. (2014) applied a simulation model to subsurface
irrigation to evaluate soil water distribution. In such
models, the appropriate application of soil hydraulic

properties such as soil hydraulic conductivity and soil
water retention is important, as these are the principal
factors determining soil water movement. Previous
studies have applied soil hydraulic properties in different
vertical layers (Horel et al. 2014, Zang et al. 2018).
Several studies have suggested that soil hydraulic
properties differ spatially, however, in the horizontal and
vertical directions. For example, root physical activities
change the soil hydraulic properties (Bengough 2012,
Gregory 2006, Scholl et al. 2014), and root distribution
can alter soil water retention and soil water movement
(Yuge et al. 2012). Moreover, Igbal et al. (2005) evaluated
the horizontal difference in saturated hydraulic properties
in a field experiment. We hypothesized that considering
the spatial differences in these properties would lead to
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differences in the simulation results from what was
obtained in previous studies. However, few studies have
estimated soil water movement by considering the spatial
difference in soil hydraulic properties.

In the present study, we defined soil hydraulic
conductivity and soil water retention as soil hydraulic
properties, and evaluated the differences in simulation
results of subsurface irrigation between two cases with
respect to soil hydraulic properties: spatial application
and vertical application.

Materials and methods

1. Development of the simulation model

In subsurface-irrigated fields, the soil surface
remains dry, and water vapor transfer exceeds liquid
water movement (Hamada et al. 2015). To account for
water vapor transfer, we introduced two equations
describing the two-dimensional soil water movement and
heat transfer (Phillip 1957) as follows:
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where @ is the volumetric water content (cm® cm~3), D, is
the isothermal water diffusivity (cm? s), D; is the
thermal water diffusivity (cm? s °C™), T is the soil
temperature (°C), K is the unsaturated hydraulic
conductivity (cm s 1), S is the soil water uptake by crop
roots (cm® cm3s™), Ir is the water supply (cm3cm=3s™),
C, is the volumetric heat capacity (J cm™2 °C™?), 4 is the
thermal conductivity of soil (W cm™ °C™?), L is the latent
heat of water vaporization (J g™%), p, is water density (g
cm™), and D, is the isothermal vapor diffusivity (cm?
s).

Equations (1) and (2) calculated the volumetric water
content and soil temperature in the model domain except
on the soil surface.

To estimate the volumetric water content and soil
temperature of the soil surface, we introduced Egs. (3)
and (4) as follows:
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where E is the latent heat flux in soil (W cm™) and G is
the ground heat flux (W cm™3).

Equations (3) and (4) were solved to initially estimate
the latent heat flux E and sensible heat flux H by using
the following equations:
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where p, is the air density (g cm ), c, is the specific heat
at constant air pressure (J g °C™), y is the psychrometer
constant (hPa °C™), e, is the water vapor pressure on the
soil surface (hPa), e, is the water vapor pressure at T,
(hPa), r, is the diffusion resistance on the soil surface (s
cm™), T, is the soil surface temperature (°C), and T, is the
air temperature (°C).

The diffusion resistance on the soil surface r, was
calculated using the following equation (Chamberlain
1968):
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where z, is the height at which wind velocity is measured
(cm), z, is the roughness length (cm), « is the Karman
constant (-), u. is the friction velocity (cm s™), and St is
the Stanton number (-).

The ground heat flux G was estimated using the
following equations:
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where R is the net radiation on the soil surface (W cm3),
a is the soil surface albedo, R, is the shortwave radiation
on the soil surface (W cm™?), L is the longwave radiation
from the plant (W cm), ¢, is the emissivity of the plant,
o is the Stefan-Boltzmann constant, T, is the plant
temperature (°C), L, is the longwave radiation from the
sky (W cm™?), and L, is the longwave radiation from the
soil surface (W cm™).

To estimate unsaturated hydraulic conductivity K
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from the soil water retention curve and saturated
hydraulic conductivity, we introduced the Mualem-van
Genuchten model (Mualem 1976, van Genuchten 1980)
as follows:
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where 6, is the residual soil moisture content (cm3cm3),

0., is the saturated soil moisture content (cm® cm™3), a
(cm™), m, n, and | (-) are empirical parameters, h is the
matric potential head (cm), K, is the saturated hydraulic
conductivity (cm s™), and S, is the degree of saturation
(4). The value of m was determined by m = 1-1/n, and |
was set to 0.5.

Parameters « and n were determined by fitting the
analytical volumetric water content described in Eq. (13)
with the measured soil water retention curve.

We determined the model domain dimensions,
horizontal and bottom boundaries, and water supply
points from the pot experiment. The model domain
dimensions assumed a width of 50 cm and a depth of 60
cm, with the vertical and horizontal distances of each
node at 1 cm. We defined the horizontal boundary as 25
cm from the center, and the bottom boundary at a depth
of 60 cm. We applied no water and heat transfers at the
horizontal boundaries, no heat transfer at the bottom
boundary because the change in soil temperature
decreases with depth, and free drainage at the bottom
boundary. Water supply Ir corresponded to the amount of
irrigation and was applied to a node at a depth of 50 cm
from the center of the model domain.

This model required the input of the following
observed values as parameters: shortwave radiation on
soil surface R, water vapor pressure e,, air temperature
T,, soil water uptake by crop roots S, plant temperature
T, unsaturated hydraulic conductivity K, and water
supply Ir. Soil water uptake by crop roots S was
determined using the transpiration volume (measured
with a sap flow sensor) and volumetric root content;
moreover, the transpiration volume was allocated to each
node based on the node’s volumetric root content. To
estimate unsaturated hydraulic conductivity K, the
saturated hydraulic conductivity and soil water retention
curve were obtained. Observed temporal changes in
volumetric water content 6 and soil temperature T were
necessary for a comparison with simulated values. Those
values were obtained from the pot experiment.

Isothermal water diffusivity D,, isothermal vapor

diffusivity D,,, thermal water diffusivity D,, volumetric
heat capacity C,, and thermal conductivity of soil 4 were
inversely determined from the observed temporal
changes in volumetric water content 6 and soil
temperature T. These parameters were applied uniformly
in the model domain.

2. Pot experiment

To obtain input data for the simulation, we conducted
a pot experiment in a greenhouse from 1 August to 23
October 2015. We set one acrylic container (70 cm (H) x
50 cm (W) x 10 cm (L)) filled with non-fertilized soil and
planted an okra seedling (Abelmoschus esculentus
Moench) in the center of the container. The container was
filled with Shimajiri Mahji soil, a red-clay soil that
develops on coral limestone in Okinawa, Japan (Tokashiki
1993), and the soil dry density in the container was set to
1.25 g cm™® based on information provided by the
Okinawa Prefectural Agricultural Research Center. The
sides of the container were covered with thermal
insulation material (Styrofoam, thickness = 40 mm) to
prevent heat transfer and solar radiation from the sides.
Figure 1 shows a schematic illustration of the
measurements. Soil moisture and soil temperature
sensors (5TE; METER Group, Pullman, USA) were
installed at depths of 5, 15, 30, and 40 cm in the center of
the container. Four pyranometers (LI-200; LI-COR,
USA) were placed on the soil surface, two of which were
set at a distance of 5 cm horizontally from the crop, and
the other two at a distance of 15 cm. A temperature and
humidity sensor (LR9501; HIOKI E. E. CORPORATION,
Japan) was set at a height of 180 cm in the greenhouse. A
sap flow sensor (SGA5-WS; Dynamax Inc., USA) was
installed on the okra stem, and a tensiometer (DIK-8333;
Daiki Rika Kogyo Co., Japan) was placed in the container
at a depth of 25 cm to establish an irrigation schedule.

When the tensiometer showed a reading of pF 2.2
(matric potential head of 158 c¢cm), subsurface irrigation
was conducted for 30 min. The amount of irrigation in
one application was set to 35 mm (175 L), determined
based on the volumetric water content between field
capacity (matric potential head of 64 cm) and capillary
cutting point (matric potential head of 1,000 cm;
Doorenbos & Pruitt 1977) using the soil water retention
curve at the beginning of the experiment. The retention
curve was created using the Shimajiri Mahji soil
contained in four 100 mL soil samplers (DIK-1801; Daiki
Rika Kogyo Co., Japan) at the same soil dry density as
that of the container. To promote plant growth, surface
irrigation was conducted from 1 August to 26 September,
and subsurface irrigation was conducted three times (first
irrigation at 17:00 on 27 September, second irrigation at
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16:00 on 29 September, and third irrigation at 17:00 on 1
October) using an acrylic irrigation tube (diameter x
length = 1.0 cm x 10 cm) placed at a depth of 50 cm in the
center of the container. The irrigation tube was perforated
with approximately 20 holes (2 mm in diameter). During
the experiment, volumetric water content 6, soil
temperature T, shortwave radiation on soil surface R, air
temperature T,, and water vapor pressure e, in the
greenhouse were measured at 10 min. intervals.
Transpiration volume and plant temperature T, were
recorded at 1 h intervals.

At the end of the experiment, when the okra plant
was approximately 40 cm in height, soil samples were
collected using 100-mL soil samplers, except at points
N3-D45 and N3-D55 because of the irrigation tube that
was mounted between these two points (Fig. 1). Saturated
hydraulic conductivity, soil water retention curves, and
volumetric root content were evaluated for each soil
sample. Saturated hydraulic conductivity was measured
by the falling head method (Jury et al. 1991), and soil
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Fig. 1. Schematic diagram of measurements collected in an
acrylic container to verify accuracy of the model
The dimensions of the container were 70 cm (H) x 50
cm (W) x 10 cm (L). A temperature and humidity
sensor was set at a height of 180 cm in the greenhouse.
The horizontal and vertical distances of each soil
sampling point were 10 cm. D denotes the depth and N
denotes a point on the surface. The container was
covered by thermal insulation material except for the
soil surface.
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water retention curves were generated by the hanging
water column (matric potential head range: 1 to 158 cm;
Jury et al. 1991) and centrifuge methods (matric potential
head range: 316 to 15,849 cm; Rao & Singh 2012). After
oven-drying the soil samples, the root volume was
measured by placing the roots in a graduated cylinder
containing water.

3. Model validation and comparison of two cases

We validated the model by comparing the simulated
temporal changes in volumetric water content and soil
temperature with the observed data. In the simulation,
soil hydraulic properties were applied spatially as shown
in Figure 2, with the spatial application being defined as
Case 1. The data collected from 17:00 on 27 September to
17:00 on 2 October, during which time subsurface
irrigation was conducted three times, were used. The
initial volumetric water content and soil temperature
were depth-dependent based on observed values. The
observed shortwave radiation on soil surface R, was
applied to the surface nodes spatially. We solved Eq. (7)
under low wind conditions, with frictional velocity u. and
wind velocity measurement height z, set to 0.1 cm s™ and
180 cm, respectively, based on previous research (Yuge et
al. 2012).

Two application cases of soil hydraulic properties
were analyzed: spatial application (Case 1) and vertical
application in different soil layers (Case 2). In Case 2, we
used soil hydraulic properties in the center of the
container (N3-D5, N3-D15, N3-D25, and N3-D35), at the
points where soil moisture and soil temperature sensors
were installed. All data except soil hydraulic properties
were the same as the model validation. We compared the
temporal changes in volumetric water content and soil
temperature at depths of 5, 15, 30, and 40 cm in the center
of the model domain, and soil water distribution between
Case 1 and Case 2.

Results

1. Pot experiment

Figure 3 shows the temporal changes in air
temperature in the greenhouse. Figure 4 shows the
averaged shortwave radiation values on the soil surface.
On 30 September and 1 October, the air temperature and
averaged shortwave radiation were lower than on other
days.

Roots were detected in 22 soil samples, whereas no
roots were found in six soil samples. The volumetric root
content in the soil samples ranged from 0.01 to 0.09%.

Table 1 presents the soil hydraulic properties for the
soil samples. As shown in Table 1, spatial differences
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Fig. 2. Schematic representation of soil hydraulic
properties application in the model domain
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Fig. 3. Air temperature in the greenhouse during
simulation period

0.07

=T =]
o o
wh L)

(=]
=
£

0.03

002
0.01 h\

9/27 9/28 9/29 9/30 10/01 10/02
17:00 17:00 17:00 17:00 17:00 17:00

Date

Shortwave radiation (W em™)

Fig. 4. Averaged shortwave radiation on the soil
surface during simulation period

were observed in the soil hydraulic properties.

2. Model validation (Case 1 vs. observed values)

Figure 5 shows the inversely determined parameters.
We applied the inversely determined parameters
uniformly and the soil hydraulic properties listed in Table
1 spatially in the model.
(1) Volumetric water content

Figure 6 shows the temporal changes in the simulated
and observed volumetric water content. At depths of 5
and 15 cm, the simulated volumetric water content
followed a decreasing trend and was higher than the
observed values. The simulated values at a depth of 30
cm exhibited an increasing trend, and tended to be higher
than those for the observed volumetric water content. At
a depth of 40 cm, the simulated volumetric water content
changed due to subsurface irrigation. The simulated
values were slightly higher than the observed values after
the third irrigation. The largest difference between the
simulated values and observed values was less than 0.04
cm® cm~2 at depths of 5, 15, and 30 ¢cm; at a depth of 40
cm, the maximum difference of 0.10 cm® cm™2 appeared
after the third irrigation.
(2) Soil temperature

Figure 7 shows the temporal changes in the simulated
and observed soil temperature values. At a depth of 5 cm,
the simulated result was similar to the observed value. At
a depth of 15 cm, the simulated soil temperature showed
a similar trend in change to that of the observed result,
except from 29 September to 2 October, when the
simulated values were higher than the observed values.
At depths of 30 and 40 cm, the simulated values were
different from the observed results. The simulated soil
temperature showed little change before 17:00 on 29
September. After 17:00 on 29 September, the simulated
values decreased; however, the decrease was slight
compared with the observed results. The maximum
differences between the simulated and observed values at
depths of 5, 15, 30, and 40 cm were 3.3, 3.0, 5.8, and
6.7°C, respectively.

3. Comparison between Case 1 and Case 2

Table 2 presents the soil hydraulic properties for
Case 2. Figure 6 shows the temporal changes in
volumetric water content in Case 1 and Case 2.
The volumetric water content in both cases was the same
at depths of 5 and 15 cm, and the maximum difference
between both cases was smaller than 0.001 cm?® cm™2 at
these depths. At depths of 30 and 40 cm, the difference
between both cases appeared after the third irrigation,
and the maximum difference at these depths was 0.03
cm® cm~3. Figure 7 shows the temporal changes in soil
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Table 1. Parameters of the Mualem-van Genuchten model for Case 1

K 0, 0,

n |

No. sat s ot o Py Application depth
N1-D5 192 x10°© 0.050 0.556 0.074 1175 0.5 1.07
N2-D5 1.03x10°% 0.050 0.552 0.033 1.147 0.5 1.07
N3-D5 118 x 103 0.070 0.521 0.048 1.143 0.5 110 0-10 cm
N4-D5 395x 104 0.110 0.598 0.092 1177 0.5 0.98
N5-D5 3.39x10°° 0.050 0.564 0.061 1.147 0.5 1.00
N1-D15 271 x10°? 0.076 0.539 0.093 1.179 0.5 0.88
N2-D15 513 x 102 0.050 0.510 0.054 1171 0.5 0.83
N3-D15 357 x 1072 0.060 0.565 0.079 1.183 0.5 0.92 10-20 cm
N4-D15  2.03 x 102 0.050 0.496 0.079 1151 0.5 0.92
N5-D15 6.08x 1073 0.050 0.539 0.140 1.142 0.5 0.93
N1-D25 176 x 10?2 0.088 0.580 0.154 1173 0.5 0.92
N2-D25 3.56 x 103 0.120 0.528 0.059 1.214 0.5 0.92
N3-D25 1.29x 101 0.050 0.601 0.061 1181 0.5 0.91 20-30 cm
N4-D25 141 %10t 0.050 0.572 0.097 1171 0.5 0.90
N5-D25 357 x10°3 0.100 0.650 0.048 1.304 0.5 0.91
N1-D35 5.38x 108 0.072 0.603 0.119 1.194 0.5 0.88
N2-D35 116 x 10 0.075 0.621 0.063 1.228 0.5 0.91
N3-D35  7.92 x 102 0.050 0.472 0.098 1.143 0.5 0.81 30-40 cm
N4-D35  1.64 x10°? 0.065 0.565 0.095 1.170 0.5 0.95
N5-D35 2.67 x 102 0.050 0.453 0.087 1151 0.5 0.84
N1-D45 293 x 102 0.065 0.604 0.099 1.145 0.5 1.02
N2-D45 3.51 x10°? 0.050 0.509 0.093 1.116 0.5 0.97 40-50 cm
N4-D45 7.09x 103 0.059 0.597 0.088 1.150 0.5 1.00
N5-D45 1.91 x 102 0.050 0.535 0.080 1112 0.5 1.09
N1-D55 2.66 x 102 0.050 0.548 0.086 1.116 0.5 1.05
N2-D55 444 x 10°° 0.050 0.591 0.088 1124 0.5 1.02 50-60 cm
N4-D55  3.60 x 10~° 0.050 0.589 0.060 1.120 0.5 1.05
N5-D55  6.01x 105 0.050 0.553 0.042 1.128 0.5 1.08

K, is the saturated hydraulic conductivity (cm s™),

res

is the residual soil moisture (cm® cm~3), 4, is the saturated soil moisture

(cm®*cm™3), a (cm™), nand | (-) are the empirical parameters, and p, is the dry soil density (g cm~3).
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D,, is the isothermal water diffusivity (cm? s7?), D,, is the isothermal vapor diffusivity (cm? s~?), D; is the
thermal water diffusivity (cm?s~! °C™1), C, is the volumetric heat capacity (J cm~2°C™), and 4 is the thermal

conductivity of soil (W cm™1°C™).
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temperature in Case 1 and Case 2. The soil temperature
in both cases was almost same at depths of 5-40 cm.

The difference in soil water distribution between
Case 1 and Case 2 was calculated at 1 h and one day after
the first, second, and third irrigations (Fig. 8). And 1 h
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after the first and second irrigations, the difference in soil
water distribution in Case 1 was higher below the
irrigation tube, whereas in Case 2, it was higher above
the irrigation tube. One day after the first and second
irrigations, soil water distribution was higher for Case 2
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Fig. 6. Temporal changes in volumetric water content at different soil depths
Case 1 is the spatial application of soil hydraulic properties and Case 2 is the vertical application.
The amount of irrigation per application was 35 mm (175 L).
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Fig. 7. Temporal changes in soil temperature at different soil depths
Figure 6 defines Case 1, Case 2, and the amount of irrigation per application.
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than for Case 1, while the difference between both cases
decreased. The value in Case 2 was higher around the
irrigation tube 1 h after the third irrigation, and it
appeared approximately 15 cm away from the irrigation
tube. The difference in soil water distribution (reaching
maximum of 0.03 cm® cm™3) detected one day after the
third irrigation extended over a wider area, within about
25 cm from the irrigation tube.

Discussion

1. Model validation (Case 1 vs. observed values)

As shown in Figure 6, the reduced amount of the
simulated volumetric water content at depths of 5 and 15
cm was less than the observed values. The simulated
values were considered to predict a decreasing trend like
the observed values, but tended to overestimate the
volumetric water content. At a depth of 30 cm, the
simulated results reflected the observed values, and the
simulated values at a depth of 40 cm showed close
similarity to the observed result. In contrast, the
maximum difference between the simulated and observed
values was greater at 40 cm than at other depths. The
increase in simulated volumetric water content due to the
third irrigation appeared 10 min. earlier than the observed
values, and accounted for most of the difference.

The difference between the simulated and observed
soil temperature increased with depth, and the difference
was large after 17:00 on 29 September (Fig. 7). The
temporal changes in air temperature and shortwave
radiation on the soil surface between 30 September and 1
October were smaller compared with the values reported
for other days (Figs. 3 and 4). This suggested that the
difference occurs under conditions of relatively low air
temperature and shortwave radiation on the soil surface.
In addition, at depths of 30 and 40 cm, the simulated and
observed volumetric water content increased with the
increase in irrigation frequency (Fig. 6), which in turn
increased thermal conductivity of soil A. In our model, we
applied the same property of thermal conductivity of soil
A (Fig. 5) in the whole model domain. Thus, the uniform
application might have caused the difference between the

estimated and observed soil temperature.

The simulated soil temperature at depths shallower
than 15 cm and the simulated volumetric water content at
depths deeper than 30 cm changed in accordance with the
observed values. However, both values at other depths
differed from the observed values, and future studies
should aim to improve the estimation accuracy at those
depths.

2. Comparison between Case 1 and Case 2

The difference in soil hydraulic application was not
sufficient to affect the temporal change in soil temperature
at all depths, because the application of soil thermal
conductivity A was identical in both cases (Fig. 7).

As shown in Figure 6, the temporal change in
volumetric water content between Case 1 and Case 2 was
almost the same during the experimental period at depths
of 5 and 15 cm. However, at depths of 30 and 40 cm, the
difference between both cases appeared after the third
irrigation. The differences in the soil water distribution
increased with the number of irrigations (Fig. 8). This
would be apparent in the differences of the soil hydraulic
properties. For example, as shown in Tables 1 and 2, the
saturated hydraulic conductivities in Case 2 were higher
than in Case 1, with the exceptions of N3-D5, N2-D15,
N3-D15, N3-D25, N4-D25, N2-D35, and N3-D35. This
implies that soil hydraulic conductivity is one of the
factors accounting for the difference in soil water
distribution.

These results indicated that the difference between
both cases mainly appeared in soil water distribution.

Conclusion

In the present study, we conducted soil water and
heat transfer simulation under two cases with differing
soil hydraulic properties: spatial application and vertical
application. The soil temperature results revealed that
values for the two cases at depths of 30 and 40 cm were
different from the observed values. This difference may
have been due to the uniform application of thermal
conductivity of soil in the model. The difference between

Table 2. Parameters of the Mualem-van Genuchten model for Case 2

No. Kt 0o Oz o n | Pd Application depth
N3-D5 118 x 103 0.070 0.521 0.048 1.143 0.5 1.10 0-10 cm
N3-D15 3.57 x 102 0.060 0.565 0.079 1.183 0.5 0.92 10-20 cm
N3-D25 1.29 x 1071 0.050 0.601 0.061 1181 0.5 0.91 20-30 cm
N3-D35 7.92 x 1072 0.050 0.472 0.098 1.143 0.5 0.81 30-60 cm

Table 1 defines K, 0., .- @, N, |, and p,.
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Fig. 8. The difference in soil water distribution between Case 1 and Case 2
Figure 6 defines Case 1 and Case 2. The difference was calculated by subtracting the result of Case 2 from the result of
Case 1. Blue indicates higher volumetric water content under Case 1 than under Case 2, whereas red indicates that the
value is higher in Case 2 than in Case 1.
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both cases appeared in soil water distribution, and the
difference due to the application of soil hydraulic
properties increased with the number of irrigations. The
present results were obtained for clayey soil under
subsurface irrigation conditions, and are not applicable to
other soil types and irrigation methods (e.g., surface
irrigation) as the spatial difference in soil hydraulic
properties affects soil water movement differently.
Therefore, to broaden our understanding of the effects of
spatial soil hydraulic properties on soil water movement,
more studies and data accumulation are necessary.
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