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Abstract: Accurate field measurement of evaporation re-
quires weighing lysimeters that reproduce realistic hy-
draulic boundary conditions while operating reliably with
minimal maintenance. This is particularly challenging in
coastal reclaimed fields, where shallow and rapidly fluctu-
ating groundwater and desalinization practices can drive
the soil profile toward near saturation, limiting the per-
formance of conventional equilibrium tension lysimeters
that rely on vacuum regulation. We developed a Lower-
Boundary-Controlled Weighing Lysimeter (LBC-WL) that
regulates the lower boundary through bidirectional water
exchange using a bidirectional tubing (peristaltic) pump-
ing system and operates autonomously with a compact so-
lar panel power supply. The system consists of a weighing
inner cylinder whose base contains porous ceramic cups
embedded in a silica sand layer and connected to an exter-
nal water tank. A datalogger continuously compares the
bottom pressure head inside the lysimeter (h;,) with an ex-
ternal reference head measured outside (/,) and actuates
the pump to maintain Ay, within a prescribed tolerance band
around hgy, with a short waiting time after each pumping
action to improve stability.

Laboratory single-step and multi-step tests demonstrated
that the pumping system maintained /y, close to prescribed
targets over both relatively dry and near-saturated ranges
while conserving mass balance between the lysimeter and
the tank, consistent with the water retention behavior of the
silica sand. Greenhouse tests confirmed continuous opera-
tion under solar panel power and showed that widening the
tolerance band under near-saturated conditions reduced ex-
cessive pump cycling. Field deployment during desaliniza-
tion in a coastal reclaimed area maintained lower boundary
control (typically &, = hgy £ 10 to £15 cm, depending on
wetness) and enabled evaporation to be quantified at 10-
min resolution during the subsequent drying period. These
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results indicate that the LBC-WL provides a robust plat-
form for studying evaporation and water balance processes
in managed fields with shallow groundwater.

Key Words: weighing lysimeter, shallow groundwater,
coastal reclaimed field

1. Introduction

Evaporation and evapotranspiration (ET) are key com-
ponents of the water balance in agricultural systems, par-
ticularly in regions where shallow groundwater and salin-
ity management strongly influence soil moisture dynamics.
In coastal reclamation areas, farmers often rely on flood-
ing or drip leaching to remove salts from the root zone;
during the subsequent drying period, evaporation becomes
a primary driver of soil-water availability and salt redis-
tribution (Ishikawa et al., 2022; Tokumoto et al., 2023).
To analyze these coupled processes, researchers require in-
struments that can reproduce field-like hydraulic boundary
conditions while resolving evaporation at a temporal res-
olution sufficient to capture diurnal cycles and short-term
responses to atmospheric forcing.

Weighing lysimeters provide direct estimates of water
fluxes such as ET and seepage by continuously measuring
mass changes of an isolated soil column, and they have
been used widely for crop water-use and evaporation stud-
ies (Marek et al., 1988; Liu et al., 2002). In addition to
their accuracy, weighing lysimeters are increasingly used
as ground truth references for evaluating other ET mea-
surement approaches, provided that their fluxes are repre-
sentative of the surrounding field and the soil water balance
is properly closed (Evett et al., 2012). Recent develop-
ments in sensors, datalogging, and low-cost control plat-
forms have further promoted “smart” lysimeter systems
that aim to improve reliability and reduce labor require-
ments (Sagar et al., 2022; Dong and Hansen, 2023).
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A persistent challenge in lysimetry is that the inter-
nal hydraulic state can deviate from that of the surround-
ing soil when boundary conditions, especially the lower
boundary, are not represented adequately. Lysimeters are
widely used because they provide one of the most di-
rect approaches to quantify actual evapotranspiration un-
der field conditions (Rana and Katerji, 2000). However,
with a seepage-face lower boundary (as opposed to a unit-
gradient “free-drainage” boundary), drainage occurs only
when the soil at the lysimeter base becomes saturated, and
upward inflow (capillary rise) from deeper soil or ground-
water is excluded because the hydraulic connection from
below is lost (Groh et al., 2016).
matches can lead to artifacts (e.g., unrealistic drainage or

Such boundary mis-

perched saturation), and they can also affect interpretations
of solute transport and leaching because lysimeter-derived
transport estimates may be sensitive to the lower boundary
condition imposed (Flury et al., 1999; Singh et al., 2018).
To reduce these artifacts, equilibrium-tension lysimeters
and related approaches have been developed to match the
pressure head at the lysimeter bottom to that of the sur-
rounding undisturbed soil (Brye et al., 1999).

In many practical implementations, tension control is
achieved by regulating suction or by active water exchange
at the lysimeter bottom. For instance, state-of-the-art mini
lysimeter systems can use bidirectional pumping based
on internal and external tensiometer comparisons to min-
imize pressure head differences and thereby enforce hy-
draulic continuity, enabling both unsaturated seepage and
equivalent capillary rise (Ruth et al., 2018). Smart field
lysimeters (SFLs) have also been applied to quantify actual
ET under field conditions (Dolezal et al., 2018). Despite
these advances, stable lower boundary control remains dif-
ficult under wet to near-saturated conditions, where small
water transfers can produce large pressure-head changes
and highly sensitive feedback responses. Moreover, long-
term field deployment requires autonomous operation un-
der power constraints, robust protection against overflow
during intense infiltration events, and and low mainte-
nance; these factors can limit the practicality of suction-
based regulation and can introduce measurement errors in
automated tension-control systems (Morari, 2006).

To address these limitations, we developed a Lower-
Boundary-Controlled Weighing Lysimeter (LBC-WL) that
regulates the lower boundary condition through bidirec-
tional water exchange using porous ceramic cups and a
bidirectional tubing (peristaltic) pumping system, rather
than vacuum-based control. The control algorithm con-
tinuously compares the bottom pressure head inside the
lysimeter (hp) with an external reference head measured
in the surrounding soil (hey) and maintains Ay within a

prescribed tolerance band around /oy. A short waiting
time after each pumping action is incorporated to allow
hydraulic equilibration and to suppress excessive cycling,
improving stability particularly under wet conditions. The
system further includes overflow protection based on tank
mass monitoring and is designed for fully autonomous
field operation using a solar panel-battery system.

The objectives of this study were to (i) validate the
pressure-control performance and water balance behavior
of the bidirectional pumping system in laboratory single-
step and multi-step tests, (ii) evaluate autonomous op-
eration and practical control band settings under near-
saturated conditions in a greenhouse, and (iii) demonstrate
robust field operation in a coastal reclaimed agricultural
area during desalinization and quantify evaporation during
the subsequent drying period at 10-min temporal resolu-
tion.

2. Materials and Methods

2.1 Overview of the LBC-WL system

Figure 1 shows the configuration of the Lower-
Boundary-Controlled Weighing Lysimeter (LBC-WL). It
consists of an inner stainless-steel cylinder (30 cm i.d. X
50 cm height) seated within an outer stainless steel con-
tainment unit (60 cm diameter x 70 cm height). The in-
ner cylinder was designed to be portable and installable
in the field while still accommodating a soil depth rep-
resentative of the effective rooting zone under the target
cropping/management conditions. In addition, this size
keeps the total mass within the operating range of the pre-
cision balance required for continuous weighing. The base
of the inner cylinder (30 cm i.d. x 5 cm thickness) is
equipped with two porous ceramic cups (50 mm diameter;
air-entry value ~ 80 kPa) and a tensiometer (Model ML-
2400AET, Mole, Inc.), all embedded in uniformly packed
silica sand (Silica sand No. 9, Featherfield Co., Ltd.) serv-
ing as a filter layer. According to the product specifica-
tions, this material consists of very fine, powder-like parti-
cles with a median particle diameter of approximately 0.05
mm. No. 9 is among the finest silica sand grades and
has a very fine, silt-like texture rather than the texture of
ordinary coarse sand. Its saturated hydraulic conductiv-
ity was 123 cm d~!, providing sufficient permeability for
drainage while maintaining hydraulic contact with the soil
material placed above it. Because the hydraulic properties
of the soil material and the silica-sand layer may differ, a
hydraulic discontinuity and a possible capillary-barrier ef-
fect at their interface cannot be completely excluded under
unsaturated conditions. This potential effect was therefore
considered when interpreting pressure-head and drainage
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Fig. 1
supply—drainage pumping system.

responses near the lower boundary.

The silica-sand layer was introduced to provide uni-
form hydraulic contact between the repacked soil and the
porous ceramic cups/tensiometer, thereby stabilizing bidi-
rectional water exchange at the lysimeter base. The entire
inner cylinder is placed on a precision electronic balance
with a measurement resolution of 28 g, enabling continu-
ous mass monitoring and thus functioning as a weighing
lysimeter.

The ceramic cups are hydraulically connected to a bidi-
rectional peristaltic tubing pump system, consisting of two
tubing pumps (Model: WPX1-S4.8DM2-WT6, Welco Co.,
Ltd.) connected via flexible tubing, allowing controlled
water injection or extraction at the lysimeter base. The
outer cylinder shields the inner system from surface water
intrusion during heavy rainfall and protects against rising
groundwater. A soil moisture sensor (EC-5, Meter Group),
vertically installed at the bottom of the outer cylinder to
detect water level, and an outer drainage pump (model
iL280p, Rule Industries) were used to remove excess wa-
ter.

All sensors and pumps are autonomously operated us-
ing a CR1000X datalogger (Campbell Scientific). A, and
hoy are continuously monitored using tensiometers at the
same depth. Water is transferred between the lysimeter
and the external tank as necessary to maintain A, within
a prescribed tolerance band around /4y, thereby maintain-
ing consistent hydraulic conditions across the lysimeter
boundary.

Power for autonomous field operation is provided by two
independent solar-supported 12-V battery systems: one for
the core control system (bidirectional pump, datalogger,
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Schematic figure of the Lower-Boundary-Controlled Weighing Lysimeter (LBC-WL) with the bidirectional

balance, tensiometers) and another for the outer drainage
system.

2.2 Bottom-Boundary Control with a Bidirec-
tional Pumping System

The LBC-WL maintains hydraulic continuity at its base
using a bidirectional pumping system (Fig. 2). Unlike con-
ventional equilibrium tension lysimeters (e.g., Brye et al.,
1999), which often rely on vacuum-based regulation, this
system uses automated water transfer between the lysime-
ter base and an external tank.

2.2.1. Control logic

The CR1000X datalogger compares Ay, and Aoy at fixed

Observed Pressure head h

v
r

If hb = hout
+ hrange

If ho > hout

— Drainage pump + Rrange

If hb < hout
- hrange

— Water supply pump

Yes

— Overflow pump If water tank > 7 kg

Fig. 2 Flow chart of the lower-boundary control algorithm
used in the LBC-WL.
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Fig. 3 Schematic figure of the laboratory setup for pressure-
regulation tests using only the lower lysimeter assembly.

time intervals. When |A, — foye| is within a prescribed tol-
erance ( = /range), the system remains idle. If Ay, exceeds
hout by more than hpange, the bidirectional pump operates in
drainage mode to lower hy,. Conversely, if Ay, is below Agy
— MNrange, the pump operates in supply mode to increase /.

Based on the greenhouse evaluation (Section 3.2), Arange
was set to £10 cm under relatively dry conditions (fgy <
—20 cm) and widened to +15 cm under wetter, near-
saturated conditions (/gy¢ > —20 cm) to reduce excessive
pump cycling while maintaining stable control. A 10-s
waiting time was applied after each pumping action to
reduce immediate repeated actuation and to allow par-
tial relaxation of pressure transients, thereby suppressing
overly frequent control cycling within the specified toler-
ance band rather than implying complete hydraulic equili-
bration.

2.2.2. Overflow protection

The external water tank used for supplying and receiv-
ing water at the lysimeter base is mounted on a load cell
that continuously monitors its mass. When the tank mass
exceeds 7 kg (= 7 L) due to prolonged infiltration events
or intense rainfall, an overflow pump is automatically ac-
tivated. This pump discharges excess water to a drainage
outlet until the tank mass is reduced to 3 kg, thereby pre-
venting overflow. This safeguard protects the system from
overflow-related malfunctions and retains sufficient water
in the tank to enable continued lower-boundary control af-
ter rainfall events.

2.3 Validation of the pumping system

To evaluate the performance of the supply—drainage con-
trol system, pressure-regulation experiments were con-

ducted in a temperature-controlled laboratory (25°C) using
only the lower lysimeter assembly. In this experiment, the
system was powered by a direct electrical supply, without
the use of a solar panel and battery (Fig. 3). The base sec-
tion of the inner cylinder was filled with uniformly packed
silica sand. Two porous ceramic cups and a tensiometer
were embedded in the sand and connected via flexible tub-
ing to the bidirectional pump system and an aboveground
water tank. The sand surface was exposed to the atmo-
sphere to impose an atmospheric upper boundary condi-
tion, allowing evaporation. An external tensiometer, cou-
pled to a separate pressure-regulation unit, enabled impo-
sition of prescribed Aqgyt.

A single-step control test examined whether Ay could
be regulated within +10 cm of /gy under two fixed con-
ditions: hgy = —120 cm (field-capacity equivalent, pF
= 2.0) and Aoy = —20 cm (shallow groundwater equiv-
alent). Pressure heads were logged over a 4-h period to
evaluate control accuracy.

A multi-step control test characterized dynamic re-
sponse under repeated changes in hgy. Two sequences
were defined: Case 1 (hoy alternated between —60 and
—120 cm) and Case 2 (hoy alternated between —20 and
—60 cm), with 2-h intervals. A, response and correspond-
ing mass changes of the lysimeter and water tank were
recorded to quantify pump performance under dynamic
loading.

2.4 Power supply performance test

To verify autonomous operation using solar power (Fig.
3), a power supply test was conducted in a glass green-
house in June 2024. This test examined whether a 20-W
solar panel and a 12-V, 35-Ah battery could sustain con-
tinuous operation under quasi-saturated conditions near-
saturated conditions. A soil-filled reference pot equipped
with an external tensiometer provided a stable /gy . The
system maintained Ay, near hoy by activating the bidirec-
tional pump according to the protocol described above.

The CR1000X datalogger recorded hy and hoy every
10 s and logged each pump activation (frequency and dura-
tion). Environmental variables, including air temperature
(shielded thermistor, TandD Corp.), solar radiation (pyra-
nometer), and battery voltage were recorded hourly to en-
sure system reliability. Hourly solar radiation data for Saga
City were also retrieved from the Japan Meteorological
Agency (accessed July 2025).

2.5 Field deployment of the LBC-WL

Field testing was conducted at an agricultural site
in the Yokoshima Reclamation Area (32°50°49.9” N,
130°34°06.4” E), Kumamoto, Japan. This site is protected
from the Ariake Sea by coastal levees. The soil was clas-
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sified as sandy clay. Average values for saturated hy-
draulic conductivity (Ks) and dry bulk density (py), based
on undisturbed core samples from surface and subsurface
layers, were Scm d~! and 1.1 g cm™3, respectively.

2.5.1 Installation and Experimental Setup

At the research field site (Fig. 4), a hole matching the
dimensions of the lysimeter’s outer casing was excavated,
and the casing was installed with its lower edge level. Af-
ter packing silica sand into the base of the inner cylinder
(30 cm i.d. ; 5 cm thickness), the inner cylinder (30 cm
i.d. x 45 cm height) was filled with air-dried soil passed
through a 2 mm sieve. The soil was uniformly repacked to
a dry bulk density of 1.1 g cm™3, representative of the field
conditions, by placing and compacting the soil in ~ 10
cm lifts. The cylinder, once filled, was carefully placed
into the casing using a pulley system. As shown in Fig.
1, the lysimeter was connected to the bidirectional pump
and other components. The box housing the bidirectional
pump and control components was installed above ground
to prevent groundwater ingress at the site. Electronic bal-
ances were placed beneath both the inner cylinder and the
water tank to measure their respective weights. Tensiome-
ters were installed both inside and outside the cylinder to
measure the &y, and &, at a depth of 47.5 cm, respectively
(Fig.
the lysimeter to monitor groundwater depth using a water

1). Additionally, a well was installed adjacent to

level sensor. Precipitation was measured with a rain gauge
near the greenhouse, and solar radiation and air tempera-
ture were recorded by sensors (ATMOS41, Meter Group,
Inc.) at the field site in mid-August. During the short-term
monitoring period, the soil surface inside the lysimeter and
in its immediate vicinity was kept bare (non-vegetated) to
quantify evaporation under bare-soil conditions.

The tensiometer installed inside the inner cylinder mea-
sures pressure head in the bottom filter medium (silica
sand), which provides the hydraulic connection between
the lysimeter base and the external reference point. Al-
though monitoring soil water content within the lysimeter
profile would further strengthen the interpretation of in-
ternal moisture dynamics, the soil-moisture sensor record
during the target period was not usable because of un-
stable readings. Additionally, soil temperature monitor-
ing would be valuable for assessing potential thermal ef-
fects of water exchange, but the temperature record was
also not usable due to data-logging /communication fail-
ures. To reduce radiative heating, the lysimeter surround-
ings and the upper part of the installation were covered
with sandbags and rice-straw bags as insulation. Accord-
ingly, this study focuses on boundary-head control (A, ver-
sus hoy) and mass-balance-based evaporation estimates,
and improved in-profile moisture and temperature moni-

toring is left for future work.

2.5.2 Field operation during flood leaching (de-
salinization period)

In July 2024, prior to the start of continuous measure-
ments, flood leaching was conducted in the greenhouse ad-
jacent to the lysimeter to reduce soil salinity. Leaching wa-
ter from a nearby agricultural canal was applied to the soil
surface for approximately one week (31 July—5 August) to
maintain the groundwater depth inside the greenhouse at
about 5 cm below the soil surface. During and after this
leaching period, the LBC-WL was operated in automatic
mode so that A, was controlled within a prescribed band
around hgyy. A bare soil surface was maintained on and
around the lysimeter to quantify evaporation under non-
vegetated conditions. All pump operations, pressure heads,
and scale readings for both the lysimeter cylinder and the
water tank were logged at fixed 10-s intervals. These mass
measurements were subsequently used to compute daily
evaporation from the lysimeter soil by applying a water
balance approach based on the concurrent weight changes
of the cylinder and the water tank during the desalinization
period. Before operation, the tubing and porous cups were
primed to ensure they were completely water-filled. To
reduce air entrapment during extended deployment, man-
ual maintenance was performed approximately once per
month, including purge/flush cycles to renew water in the
tubing and porous components.

3. Results and Discussion

3.1 Laboratory validation of the pumping sys-
tem

3.1.1 A single-step control test

Figure 5a shows the temporal variation in A, when the
target Moy Was set to —120 cm using the air pump. Be-
fore introducing a waiting time into the control algorithm,
hy, fluctuated around Ay but did not remain within the tar-
get band (—120 &= 10 cm). The maximum Ay, was approxi-
mately —100 cm, indicating that the pumping system sup-
plied excessive water relative to drainage and thus failed
to maintain /, within the prescribed range. This behavior
suggests a rapid hydraulic response of the silica sand near
the outlet and a short feedback interval between consec-
utive pumping actions, which led to overly frequent water
supply-drainage cycles in response to small differences be-
tween hy, and Aoy

After implementing a 10-s waiting time, during which
the system temporarily halted both water supply and
drainage while monitoring h, and hgy, control perfor-
mance improved markedly (Fig. 5a). The maximum #h;,
approached —110 cm, and the amplitude of fluctuations
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Fig. 5 Time series of the bottom pressure head 4, during

single-step control tests in the temperature-controlled labora-
tory: (a) target hoy = —120 cm; (b) target Aoy = —20 cm.

around the set pressure head decreased. Although the tar-
get value was still not achieved exactly, /;, remained closer
to the prescribed range, and the pumping frequency was
reduced from roughly 10 to about 5 operations per hour,
where one operation was defined as a single pump activa-
tion followed by a mandatory 10-s waiting interval, after
which the system reevaluated the need for further pump-
ing based on the control flow chart shown in Fig. 2. This

reduction is advantageous for long-term field applications
because it lowers power consumption and mechanical wear

while improving control stability.

Figure 5b presents the single-step control test under
comparatively wet conditions, with a target head of —20
cm. Before modification, A, frequently deviated beyond
the =10 cm tolerance and the system could not stabilize
the pressure around the set value. As the water content of
the silica sand approached saturation, its hydraulic conduc-
tivity increased sharply; consequently, small pump actions
produced large changes in A, making the system highly
sensitive and difficult to control. After introducing the 10-s
waiting time, the fluctuation range of Ay, was substantially
reduced and the pressure head followed the target more
closely, although residual variability remained larger than
in the dry case.

Overall, the single-step control test demonstrates that the
modified pumping system can approximately reproduce
prescribed pressure heads representative of drier (—120
cm) and wetter (—20 cm) conditions at the bottom of the
lysimeter. The waiting time improved the stability of the
bottom pressure head and reduced the number of pump op-
erations, while the remaining difficulty near saturation is
consistent with the strongly nonlinear relationship between
water content and hydraulic conductivity in the silica sand.

3.1.2 A multi-step control test

In addition to the single-step test described in Section
3.1.1, a multi-step control test was carried out to examine
how the system tracks repeated changes in the prescribed
hout under drier and wetter conditions.

Figure 6a shows the results for the drier sequence, in
which Aoy, was alternated between —120 and —60 cm. In
this case, hy closely followed the imposed steps with rel-
atively small fluctuations around each set point, demon-
strating good tracking performance. The corresponding
mass changes of the supply tank and the lysimeter (Fig.
6b) occurred in clear discrete increments of about 10 g per
pump event, and the cumulative loss from the tank almost
equaled the cumulative gain of the lysimeter, indicating
that the water balance between the two reservoirs was well
maintained. Between pump events, the 10-s waiting time
allowed hy, to relax toward a new equilibrium, so that &,
remained within the control band for most of the dry se-
quence.

In contrast, Figs. 6¢c and 6d present the multi-step test
under wetter conditions, where the target pressure head
was alternated between —60 and —20 cm. The same 10-s
pumping and 10-s waiting times were used, and the step-
wise changes in lysimeter mass were again on the order
of 10 g per event, with the tank and lysimeter masses re-
maining in close balance. However, control of the higher
hy values was more difficult: 7, exhibited larger short-term
fluctuations and slower convergence to the prescribed /oy,
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and the response became slightly oscillatory in this wet-
ter range, even though the mass balance of the system re-
mained consistent.

The contrasting behavior between the dry and wet se-
quences can be interpreted from the water retention proper-
ties of the silica sand and the fixed water volume moved by
each pump event. Figure 7 shows the water retention curve
of the silica sand, i.e., the relationship between volumetric
water content 0 (horizontal axis) and pressure head % (ver-
tical axis), together with the corresponding discrete sensi-

tivity Ah/AB ; the inset enlarges the near-saturated range,
where the slope becomes much steeper. The volume of
silica sand at the lysimeter bottom is approximately 3530
cm’. During a typical operation of the supply—drainage
pump, on the order of 10 g of water are transferred between
the tank and the lysimeter, but the actual transfer can be
slightly smaller when the tubing is not completely filled.
In terms of average water content, this corresponds to a
3 3

nearly fixed increment of about A6, ~ 2 x 1073 cm® em™

per pump event. The resulting change in bottom pres-
sure head can be approximated as Ahy, ~ (Ah/AB)wrcA6),,
where (Ah/AB)wrc denotes the slope of the water reten-
tion curve at the current state and A6, is the change in 6
caused by a single pump operation.

In the drier range around —120 to —60 cm, the slope
of the water-retention curve, Swr(0) = Ah/AO , is rela-
tively small (Fig.7). Therefore, a single pump event that
changes water content by A8, ~ 2 x 1073 cm? em™ pro-
duces only a moderate predicted pressure-head change,
Ahp(0) = Swrc(0)ABp. Under these conditions, one or
a few pump events, separated by the waiting time, are
sufficient to move hp between quasi-equilibrium levels
with limited overshoot (Figs. 6a, 6b). In the wetter range
between —60 and —20 cm, the predicted pressure-head
change per pump event, Ahp(0) = Syrc(0)AB,, increases
sharply (inset in Fig.7), so the same A8, yields a much
larger Ahy,. This amplification explains why control be-
comes more sensitive, showing pronounced fluctuations
around the set point near saturation (Figs. 6¢, 6d). Figure 7
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Fig. 7 Water retention curve of the silica sand showing volu-
metric water content 8 versus pressure head /4, together with the
corresponding sensitivity Ah/A (inset near-saturated range).
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Fig. 8 Greenhouse power-supply test under a constant reference head of hoy = —5 cm: (a) air temperature; (b) system

voltage; (c) bottom pressure head /y,; (d) water-tank mass.

thus links the stability of bottom-boundary control to the
h(0) relationship of the silica sand by expressing pump ac-
tions as small, quantifiable A6, steps and their correspond-
ing predicted Ahp.

3.2 Greenhouse experiment: power-supply per-
formance test

To assess LBC-WL performance under near-saturated
conditions and to verify whether the solar power supply
is sufficient for continuous operation, a greenhouse exper-
iment was conducted with the outlet pressure head set to
hout = —5 cm, representing conditions associated with a
transient rise in groundwater level. Figure 8 summarizes
the temporal behavior of greenhouse temperature, system
voltage, bottom pressure head Ay, and the water-tank mass.
While greenhouse temperature showed clear diurnal fluc-
tuations (Fig. 8a), the system voltage remained within the
operating range throughout the test period (Fig. 8b), in-
dicating that the solar panel-battery system provided suf-
ficient power for autonomous operation under greenhouse
conditions. The modified control algorithm described in
Section 3.1 (including the 10 s waiting time) was applied
in all subsequent experiments.

With the control band initially set to Ay, = Aoy == 10 cm,
hy, exhibited frequent and relatively large short-term fluc-
tuations around the target (Fig. 8c). Because hy could
not be maintained within this narrow band under near-
saturated conditions, the supply-drainage pump operated

almost continuously, which is reflected by rapid and per-
sistent mass changes of the water tank (Fig. 8d). The in-
tensive operation imposed a high instantaneous load during
pump start-up, producing brief voltage drops (Fig. 8b).

To reduce pump activity and stabilize pressure con-
trol, the control band was widened to hy, = hgy £ 15
cm. Improved control behavior is evident during the post-
adjustment period (after approximately 17:30 on the same
day).
markedly improved control performance:
within the wider band and followed the target level with-

Without any hardware changes, this adjustment
hy remained

out pronounced oscillations (Fig. 8c). Consistent with re-
duced pump activity, the water-tank mass changed more
intermittently (Fig. 8d), and the transient voltage drops be-
came less apparent while the operating voltage remained
stable (Fig. 8b). These results support the findings in Sec-
tion 3.1 that control becomes more sensitive to near satu-
ration. For subsequent field deployment (Section 3.3), we
therefore adopted a practical operating rule for the control
band: a tighter band of Ay = Aoy = 10 cm was used under
drier conditions (hyy < —20 cm), whereas a wider band of
hy = hout =15 cm was used under wetter, near-saturated
conditions (fyy > —20 cm) to reduce pump activity while
maintaining stable pressure control.

3.3 Field application for evaporation measure-
ment

A field test of the LBC-WL was conducted during a de-
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salinization operation using drip irrigation after the crop-
growing period. In the absence of rainfall, the ground-
water level rose not only inside the greenhouse but also
in the surrounding field (Fig. 9a). Leaching-water applica-
tion induced a pronounced groundwater rise in and around
the greenhouse, with groundwater reaching approximately
30 cm below the soil surface in early August. Consis-
tent with this rise, /o, measured at a depth of 50 cm out-
side the lysimeter became positive (up to approximately
420 cm; Fig. 9b), indicating saturated conditions at the 50
cm measurement depth and suggesting bottom-up satura-
tion associated with the groundwater rise.

Under these near-saturated boundary conditions, Fig. 9b
shows that the LBC-WL maintained lower-boundary con-
trol: the bottom pressure head, hy, tracked hgy and re-
mained within the prescribed tolerance band (hy = Aoy =
10 cm or £15 cm, depending on the control-band set-
ting). The pump record indicates frequent supply-direction
operations (Fig.9b), reaching up to about 60 activations

per day, to compensate for water losses during the post-
leaching period (Fig.9c). Notably, no drainage-direction
operation was observed during the period. This behav-
ior suggests that the transition from near-saturated to drier
conditions after leaching was governed primarily by evap-
oration rather than controlled drainage. Despite this inten-
sive operation, the system voltage remained above 12 V
throughout the field test (Fig. 9d), indicating that the so-
lar panel-battery system sustained continuous autonomous
control in the field.

Under the wet to near-saturated field conditions exam-
ined here, the silica-sand layer was likely to remain hy-
draulically connected to the surrounding soil, because its
air-entry value was approximately —100 cm. This sug-
gests that the layer was unlikely to impose a substantial
hydraulic discontinuity at the lysimeter bottom during the
present field observation period. Rather, it likely func-
tioned primarily as a filter medium that helped maintain
hydraulic contact and stable water exchange at the lower
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Fig. 10 Diurnal variations on 16 August: (a) solar radiation and air temperature; (b) evaporation at 10-min resolution.

boundary. Further detailed investigation under field con-
ditions is needed to verify whether hydraulic continuity is
maintained at the lysimeter bottom, for example through
the use of soil-moisture sensors and related measurements.

After the leaching period ended (by 5 August), ground-
water depth increased as the water table declined, mark-
ing the onset of a drying phase (Fig.9a). During this
post-leaching period, precipitation was absent or negligi-
ble (Fig. 9a). In agreement with standard descriptions in
soil physics, evaporation from bare soil typically decreases
with time as the near-surface soil dries and liquid-phase
water supply to the surface becomes progressively less ef-
fective (e.g., Jury and Horton, 2004). The daily evapora-
tion derived from the lysimeter records showed a gradual
decline after initially reaching approximately 2 mm d~!
(Fig. 9e). To examine the sub-daily variability underlying
this multi-day decline, Fig. 10 presents a high-temporal-
resolution example of evaporation on 16 August, a clear
day without rainfall.

Figure 10 illustrates the sub-daily variability of evap-
oration on 16 August. Air temperature and solar radi-
ation increased after sunrise (Fig. 10a), and the 10-min
evaporation-rate record responded accordingly (Fig. 10b):
evaporation was essentially zero overnight, became de-
tectable shortly after sunrise (around 06:50), and then
increased through the morning with pronounced 10-min
scale fluctuations. The evaporation rate reached a maxi-
mum of 0.028 mm min~! at around 15:00 and then de-
clined toward evening. Integrating the 10-min series yields
a daily cumulative evaporation of 1.00 mm d~'. These re-
sults demonstrate that the LBC-WL can resolve the diurnal
cycle of evaporation under field conditions at 10-min reso-
lution. The present results provide a proof-of-capability for
evaporation quantification with controlled lower-boundary
conditions; quantitative validation against an external ref-
erence (e.g., Penman—Monteith) will be pursued in future

work with fully quality-controlled, collocated meteorolog-
ical data.

4. Conclusion

We developed a Lower-Boundary-Controlled Weighing
Lysimeter (LBC-WL) that regulates the lower boundary
condition through bidirectional water exchange using a
pumping system, rather than vacuum-based control. The
combined laboratory and greenhouse evaluations demon-
strated that the pumping system can maintain A, close
to hoye over a wide range of wetness conditions. Impor-
tantly, the greenhouse test confirmed that a solar panel-
battery system can sustain continuous, autonomous oper-
ation even under near-saturated conditions, with improved
stability and reduced pump activity achieved by an appro-
priate choice of the control band.

Field deployment in a coastal reclaimed agricultural area
provided a stringent test of system robustness under fluc-
tuating shallow groundwater during desalinization. The
LBC-WL maintained lower boundary control while en-
abling evaporation to be quantified during the subsequent
drying period, and the 10-min evaporation rate record cap-
tured both diurnal dynamics and short-term variability.
These results demonstrate that the LBC-WL can be oper-
ated reliably in situ with solar-powered autonomy and con-
trolled lower-boundary conditions, supporting its use for
field studies of evaporation and water balance processes in
managed agricultural systems.

Acknowledgments

This work was supported by JSPS (Grant Numbers
23K05448 and 23H02326). We thank Mr. Yuichiro Ue-
mura of Uemura Farm for assistance with field mainte-



&L : Development and evaluation of a lower-boundary-controlled weighing lysimeter 51

nance. This research was part of the dissertation submitted
by the first author in partial fulfilment of a Ph.D. degree.
All authors have provided consent for the dissertation sub-
mission and the publication of this article.

References

Brye, K.R., Norman, J.M., Bundy, L.G. and Gower, S.T.
(1999): An equilibrium tension lysimeter for measuring
drainage through soil. Soil Sci. Soc. Am. J., 63: 536-543,
doi:10.2136/sss2j1999.03615995006300030016x.

Dolezal, F., Hernandez-Gomis, R., Matula, S., Gu-
lamov, M., Mihdlikovd, M. and Khodjaev, S. (2018):
Actual evapotranspiration of unirrigated grass in a
smart field lysimeter. Vadose Zone J., 17: 170173,
doi:10.2136/vzj2017.09.0173.

Dong, Y. and Hansen, H. (2023): Development and design
of an affordable field scale weighing lysimeter using a mi-
crocontroller system. Smart Agric. Technol., 4: 100147,
doi:10.1016/j.atech.2022.100147.

Evett, S.R., Schwartz, R.C., Howell, T.A. and Copeland, K.S.
(2012): Can weighing lysimeter ET represent surrounding
field ET well enough to test flux station measurements of
daily and sub-daily ET? Adv. Water Resour., 50: 79-90,
doi:10.1016/j.advwatres.2012.07.023.

Flury, M., Yates, M.V. and Jury, W.A. (1999): Numerical anal-
ysis of the effect of the lower boundary condition on solute
transport in lysimeters. Soil Sci. Soc. Am. J., 63: 1493—
1499, doi:10.2136/ss52j1999.6361493x.

Groh, J., Vanderborght, J., Piitz, T. and Vereecken, H. (2016):
How to control the lysimeter bottom boundary to investi-
gate the effect of climate change on soil processes? Vadose
Zone J., 15: 2015.08.0113, doi:10.2136/vzj2015.08.0113.

Ishikawa, Y., Noguchi, T., Tasaki, K., Horita, T., Koyama,
S. and Tokumoto, I. (2022): Sensing technology ed-
ucation and recovery support of damaged agricultural
fields with a soil moisture and salinity sensor net-
work. IEEJ Trans. Fundam. Mater., 142(7): 307-314,
doi:10.1541/ieejfms.142.307.

Jury, W.A. and Horton, R. (2004): Soil Physics, 6th ed. John
Wiley & Sons, New York.

Liu, C., Zhang, X. and Zhang, Y. (2002): Determina-
tion of daily evaporation and evapotranspiration of win-

ter wheat and maize by large-scale weighing lysimeter
and micro-lysimeter. Agric. For. Meteorol., 111: 109-120,
doi:10.1016/S0168-1923(02)00015-1.

Marek, T.H., Schneider, A.D., Howell, T.A. and Ebeling,
L.L. (1988): Design and construction of large weigh-
ing monolithic lysimeters. Trans. ASAE, 31(2): 477484,
doi:10.13031/2013.30734.

Morari, F. (2006): Drainage flux measurement and er-
rors associated with automatic tension-controlled suc-

tion plates. Soil Sci. Soc. Am. J., 70: 1860-1871,
doi:10.2136/sss2j2006.0009.

Rana, G. and Katerji, N. (2000): Measurement and estima-
tion of actual evapotranspiration in the field under Mediter-
ranean climate: A review. Eur. J. Agron., 13: 125-153,
doi:10.1016/S1161-0301(00)00070-8.

Ruth, C.E., Michel, D., Hirschi, M. and Senevi-
ratne, S.I. (2018): Comparative study of a long-
established large weighing lysimeter and a state-of-
the-art mini-lysimeter. Vadose Zone J., 17: 170026,
doi:10.2136/vzj2017.01.0026.

Sagar, A., Hasan, M., Singh, D.K., Al-Ansari, N.,
Chakraborty, D., Singh, M.C., Iquebal, M.A., Ku-
mar, A., Malkani, P. and Vishwakarma, D.K. (2022):
Development of smart weighing lysimeter for measur-
ing evapotranspiration and developing crop coefficient
for greenhouse chrysanthemum. Sensors, 22: 6239,
doi:10.3390/522166239.

Singh, G., Kaur, G., Williard, K., Schoonover, J. and Kang,
J. (2018): Monitoring of water and solute transport in
the vadose zone: A review. Vadose Zone J., 17: 160058,
doi:10.2136/vzj2016.07.0058.

Tokumoto, I., Inoue, K., Koga, N., Noguchi, T. and
Ishikawa, Y. (2023): Recovery of a salinized tomato
field in a coastal polder after the 2016 Kumamoto Earth-
quake in Japan. Smart Agric. Technol., 5: 100287,
doi:10.1016/j.atech.2023.100287.

@@@@ This article is an open access article under

the terms of the Creative Commons Attribu-
tion (CC BY-NC-ND) license (https://creativecommons.org/
licenses/by-nc-nd/4.0/).

How to cite this article: NOOR, F., NAKAYAMA, L., SAKAI,
M. and TOKUMOTO, 1. (2026): Development and evaluation
of a lower-boundary-controlled weighing lysimeter: measur-
ing evaporation under field conditions. J. Jpn. Soc. Soil Phys.,
163: 41-52, doi:10.34467/jssoilphysics.163.0_41.


https://doi.org/10.2136/sssaj1999.03615995006300030016x
https://doi.org/10.2136/vzj2017.09.0173
https://doi.org/ 10.1016/j.atech.2022.100147
https://doi.org/ 10.1016/j.advwatres.2012.07.023
https://doi.org/10.2136/sssaj1999.6361493x
https://doi.org/10.2136/vzj2015.08.0113
https://doi.org/10.1541/ieejfms.142.307
https://doi.org/10.1016/S0168-1923(02)00015-1
https://doi.org/10.13031/2013.30734
https://doi.org/10.2136/sssaj2006.0009
https://doi.org/10.1016/S1161-0301(00)00070-8
https://doi.org/10.2136/vzj2017.01.0026
https://doi.org/10.3390/s22166239
https://doi.org/10.2136/vzj2016.07.0058
https://doi.org/ 10.1016/j.atech.2023.100287
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.34467/jssoilphysics.163.0_41

52

O 1635 (2026)

= =

NETIRTIE, BV RGO AZSRBIEEFICHES HEo¥RFIic LD, ko PRI S 4
YR =R T NGREFAOGIEAIALE L 125, RFRTIE, v—FKF 2 -7 K AT X 25RO
Bk & KRG ERECHEERMRER N RRIEEEER 7 1 > X —% (LBC-WL) 2BE L. N
[EEBDE KA by &, AL THRIE U724 S IROKEE hoy %8N L, hy & how DFTEFTA
HFICHERF T2 KO ICHITI L, SRS 2 BA L TEENLERKI - 2. EBRBEOMIFRBICE D, BEHEA
IKED SIS ETICEIT 2 hy DB HRBICLOEEZHEL, Fioh 7 AREORFTIX
FFAEPAILARIC & D BE R R Y T OEBREBI I T 2 2. IR TIRIC BT 2 BRIEHAR oA
BCiE, B by = how £10 ~ £15 cm ZHEFF L, FRIEROWUZBREOARERL 10 7 7fRRECERTE
72. LBC-WL B WHI /K OB B Rz 5 2 S HEMCRR . KINGHBREOMIHICESITH 5.

F—U—F HET A X=X FROHITKAL, i0F TR





