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A b s t r a c t. Since the 2011 Tohoku earthquake in Japan, natu-
ral rainfall has helped to reduce the salinity levels in the root zone 
of agricultural fields. However, leaching resulting from natural 
rainfall alone was insufficient for crop management in tsunami-
affected regions, where severe subsidence had occurred. In order 
to understand the desalinization process, a Field Monitoring 
System was installed with time domain transmission, a sensor 
network technology used to investigate high soil moisture and 
high salinity levels in a tsunami-affected field in Miyagi. Using 
the Field Monitoring System with time domain transmission, 
volumetric soil water content and bulk soil electrical conductiv-
ity was monitored in tsunami-damaged farmland before-and-after 
the application of two weeks of the flooded leaching method with 
the addition of a topsoil layer. Pore water electrical conductiv-
ity may be estimated based on volumetric soil water content and 
bulk soil electrical conductivity using the Rhoades model. During 
the flooded leaching period, in situ bulk soil electrical conductiv-
ity dropped above the deeper groundwater but did not decrease 
near the boundary between the added topsoil and the salt affected 
cracking subsoil. This indicates that preferential flow may have 
occurred, and flooded leaching was not enough to reduce the 
salinity level near the boundary.    Pore water electrical conductiv-
ity was an excellent indicator of whether the field's salinity level 
was low enough to maintain moderately salinity sensitive crops 
such as rice and soybean through Field Monitoring System real 
time monitoring.

K e y w o r d s: desalinization, Rhoades model, pore water elec-
trical conductivity, flooded leaching

INTRODUCTION

The March 11, 2011 M9.0 megathrust earthquake off the 
East Coast of Japan generated a devastating tsunami that 
inundated over 1300 km of the Pacific Coast. It reached 
approximately 5 km inland in some areas of Miyagi, 
Japan (Earthquake and Reconstruction Division of Miyagi 
Prefecture, 2014). The tsunami caused extensive damage to 
thirteen thousand hectares of farmland, which included col-
lapsed houses, buildings, and many types of infrastructure 
(Chiba et al., 2014; Roy et al., 2015). Since the disaster, 
according to a master plan initiated by the Ministry of 
Agriculture, Forestry and Fisheries (MAFF) of Japan, vari-
ous recovery/remedial works have been carried out (MAFF, 
2011). A 1:5 soil to water extract electrical conductivity 
(EC1:5) test is recommended in MAFF guidelines to evaluate 
soil salinity levels. Some studies reported that natural rain-
fall helped to reduce the salinity levels (EC1:5 < 0.6 dS m–1) 
in the plow layer (up to 20 cm) of paddy fields with cracks 
near the soil surface (Chague-Goff et al.; 2012, JIID, 2013; 
Terasaki et al., 2015). However, Chiba et al., (2014) report-
ed that leaching effects originating from natural rainfall 
alone was insufficient for rice growth in tsunami-affected 
regions, where severe subsidence occurred.

In most cases, downward infiltration could accomplish 
sufficient salt exclusion through drainage canals in paddy 
fields (Chiba et al., 2015). However, the EC1:5 method 
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would be a time and labour consuming choice with which 
to conduct a long-term investigation into the desalinization 
process. Instead, pore water electrical conductivity (ECw) 
estimated using volumetric soil water content (θ) and bulk 
soil EC (ECb) are a useful way of monitoring soil salinity 
conditions. Recently, θ and ECb measurements have become 
available through the use of commercial soil moisture sen-
sors such as time domain reflectometry (TDR) (Noborio et 
al., 2001; Miyamoto et al., 2015) and time domain trans-
missions (TDT) (Miyamoto et al., 2013; Hirashima et al., 
2020). These measurement techniques allow for the attain-
ment of in situ θ and ECb data simultaneously.

A Field Monitoring System (FMS) developed by 
Mizoguchi et al., (2012) can be used to facilitate agricul-
tural production recovery on damaged lands through the 
real time monitoring of θ and ECb. The FMS includes two 
central systems: field measurements and a monitoring sys-
tem. The FieldRouter (FR) allows for the collection of in 
situ data and field photos through Bluetooth, which are then 
sent to a data server over the Internet. For monitoring high 
ECb in the soil through FMS, the TDT sensor (Acclima) is 
more affordable than the TDR sensor because of the SDI-12 
protocol, which is a standard for interfacing data record-
ers with microprocessor based sensors (SDI-12 support 
group, 2012). Additionally, the TDT sensor is a low cost, 
high precision method used for θ estimation, and it also has 
a lower user ability requirement for TDT waveform analy-
sis (Blonquist Jr. et al., 2005). The advantage of FMS with 
TDT sensors is to obtain accurate θ and ECb in the root zone 
because both values are required to estimate ECw for the 
evaluation of the desalinization process. 

For example, the relationship between θ, ECb and ECw 
was described by the Rhoades model (Rhoades et al., 1976):

ECb = ECwθTcoef + ECs , (1)

where: Tcoef is interpreted as the soil specific transmission 
coefficient to account for changes in tortuosity within the 
electrical current flow path in response to changes in θ, and 
ECs is the bulk surface conductivity of soil particles. The 
soil specific transmission coefficient may be expressed by:

Tcoef = aθ + b , (2)

where: a and b are empirical parameters, depending on soil 
types. This theoretical model describing the dependence of 
ECb on ECw and θ (e.g., Rhoades et al., 1976; Rhoades et al., 
1989; Mualem and Friedman, 1991; Malicki and Walczak, 
1999) is used to estimate ECw for a given combination of the 
measured ECb and θ in a particular soil (e.g., Mallants et al., 
1996; Risler et al., 1996; Muñoz-Carpena et al., 2005). In oth-
er words, the close dependence of ECb on θ makes it difficult 
to understand the desalinization process without ECw when θ 

changes in natural conditions (Seki et al., 2019). Hence, the 
analysis of salt leaching in fields using ECw must be signifi-
cant. Also, ECw is usually proportional to chloride ion (Cl–) 
concentration, which influences crop yield (Abe et al., 2017).

To assist in the process of the recovery of agricultur-
al production, this study aimed to evaluate the impact of 
flooded leaching and natural rainfall on the desalinization 
process using FMS with TDT sensors in Higashimatsushima 
of Miyagi, where severe subsidence occurred. Using the 
Rhoades model, the relationship between θ, ECb, and ECw was 
revealed in the laboratory, research efforts were then focused 
on the decline in in situ ECw following two weeks of appli-
cation of the flooded leaching method with topsoil addition. 
Additionally, Cl– concentration profiles were estimated based 
on the ECw results for different crop management methods.

MATERIALS AND METHODS

Field measurements of the FMS were conducted at a site 
of the tsunami-damaged farmlands of Higashimatsushima 
(38°25'38.6"N 141°14'46.4"E) in Miyagi, Japan, in 2014 
and 2015 (Fig. 1). In Higashimatsushima, 40% of the entire 
tsunami-damaged area of 3 600 ha consisted of farmland. 
In the region, subsidence was 60 cm, and organic rich and 
muddy sediments dominated the soil type. The groundwa-
ter level (GWL) was shallow, and the soil became quickly 
saturated after rainfall events. In 2013, debris was removed, 
and a drainage pumping station started operation. Irrigation 
water was delivered to outlets through underground pipe-
lines and was supplied to the paddy fields. At the end of 
October 2014, a treatment consisting of spreading 10 cm of 
topsoil was carried out to lower the groundwater depth. The 
average saturated hydraulic conductivity (Ks) and dry bulk 
density (ρb) were measured using undisturbed soil core sam-
ples taken from a layer between 10 and 45 cm, the results 
were 1 cm d–1 and 1.1 g cm–3, respectively.

Fig. 1. The map of our research site: Inundated areas of the Tohoku 
earthquake and massive tsunami in Higashimatsushima, Miyagi 
(Association of Japanese Geographers, 2011) (a), and the zoom 
map near our research site (b).

The regions are characterized by a warm humid tem-
perate climate (average monthly temperatures ranged from 
1.6°C to 24.2°C from 1981 to 2010), and the average annual 
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rainfall is approximately 1 100 mm. The rainy season is the 
best season to reduce soil salinity. Through a previous field 
survey of the rainy season in July 2013 (Chiba et al., 2014), 
it was established that EC1:5 was 4 dS m–1 at depths between 
10 and 40 cm. In September 2014, EC1:5 dropped below 
2.3 dS m–1, but it was still difficult to grow crops such as 
rice (Oryza sativa L. cv. Hitomebore) and soybeans (Glycin 
max var. Tanrei) on the farmland. In addition, the long-term 
high salinity caused cracks near the subsoil surface (Fig. 2).

Fig. 2. Picture of cracks on the soil surface before mounting the 
topsoil layer.

In November 2014, a study was begun in Higashimatsu-
shima to monitor θ, ECb, and soil temperature using FMS 
with TDT sensors (Acclima) (Fig. 3). Three TDT probes 
were installed at depths of 15, 30, and 50 cm under the added 
soil layer. TDT measurements were recorded every hour in 
a model CR800 data logger (Campbell Scientific, Logan, 
UT) and uploaded to the data server at noon through the 
FR (X-ability). GWL was measured using a CTD sensor 
(Decagon Devices), hooked up with an Em50 data logger 
(Decagon Devices). The CTD sensor was placed in a well at 
a depth of 80 cm from the soil surface.

Fig. 3. Diagram of the FMS for remote sensing technique to meas-
ure environmental factors (θ, ECb, etc.) at our research site.

Regarding ECb, a temperature correction equation was 
used to obtain ECb values at 25°C (ECb25) (US Salinity 
Laboratory Staff, 1954): 

ECb25 = ECb

[

1 +
298.2− T

49.7
+

(298.2− T )2

3728

]

, (3)

where: T is soil temperature (K). 

Flood leaching was conducted in a one hectare experi-
mental paddy field from 27 November 2014 to 15 December 
2014 under real-time monitoring of θ, ECb, and soil tem-
perature using the FMS. The electrical conductivity of the 
irrigation water was lower than 0.3 dS m–1, which satis-
fies the agricultural water quality standard determined by 
MAFF, Japan (MAFF, 2006). The irrigation water was 
added, and a water depth of approximately 15 cm was 
maintained for 2 weeks. Then, the level of the water table 
decreased, and the soil was saturated to a depth of 10 cm 
until 15 December 2014. The EC of the groundwater was 
monitored with a CTD sensor in a well at a depth of 80 cm 
from the soil surface during the entire leaching period. 
Photo images confirmed the situation through the use of an 
FMS webcam.

For the estimation of ECw using Eq. (1), the determina-
tion of the empirical parameters, a and b, was a requirement. 
The determination of these empirical parameters was con-
ducted in a walk in temperature controlled laboratory at the 
standard temperature of 25°C. To effectively use the limited 
soil sample in this experiment, θ and ECb were obtained 
using TDR measurements. The accuracy of the measure-
ment of θ, ECb, and ECw using TDT was nearly identical to 
that of TDR because the TDT and TDR methods are based 
on travel time analysis in the time domain (Uemura et al., 
2020). The test was conducted under a range of ECb which 
was less than 7 dS m–1 in the tsunami-affected soil because 
of the loss of the TDT transmitted signals. The calibration 
performed to estimate ECw revealed that the highest θ and 
ECb values were 0.56 m3 m–3 and 6 dS m–1, respectively.

The soil sample originated from the organic rich and 
muddy sediments in Higashimatsushima, it was taken at 
a depth between 20 and 40 cm on 24 September in 2014. The 
soil was immersed and mixed in water for 1 week, and the 
3 cm depth of flooded water on the soil surface was removed 
to reduce the soil salinity level. Then, the soil was air dried 
and sieved with a 2 mm mesh. After that procedure, the EC1:5 
of the washed soil was revealed to be 0.24 dS m–1. An estima-
tion of the empirical constants was performed using a 5 cm 
i.d. × 20 cm long cylindrical column. Initially, a known vol-
ume of distilled water (EC = 1.3×10–3 dS m–1) was added 
using a spray bottle to adjust θ from 0.15 to 0.5 m3 m–3. With 
the use of NaCl solution (5, 10, 15, 20, and 30 dS m–1), the 
soil's ECb was adjusted as well. The sieved soil and NaCl 
solution were mixed as uniformly as possible and set aside 
for 1 week. The column was packed homogeneously with 
soil with a ρb of 1.0 g cm–3. A CS640 model, 3 rod TDR probe 
(7.5 cm long, 0.8 cm rod spacing) (Campbell Scientific, 
Logan, UT) was installed in the centre of the cylindrical 
column, and then θ and ECb were obtained using TDR meas-
urements. A H1400 pF (Kokusan) centrifuge was used to 
perform the soil solution extraction method, the soil solution 
was extracted at 6 000 rpm, and the extracted soil solu-
tion EC was measured in terms of ECw under unsaturated 
soil conditions. After those measurements were completed, 
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θ and ρb were then measured using the oven drying method. 
Through the use of the obtained θ-ECb-ECw relationship, the 
empirical parameters of a, b, and ECs, were optimized using 
the non-linear least squares method.

RESULTS AND DISCUSSION

The measured permittivity (ε) −θ relationship was near-
ly identical to Topp’s Eq. (Topp et al., 1980), but Topp’s Eq. 
slightly underestimated θ. For a more accurate estimation 
of θ , a multiplier of 1.15 was applied, this was obtained by 
a regression analysis of Topp’s Eq., yielding the equation: 

θ = 1.15(−5.3 · 10−2 + 2.9 · 10−2ε

− 5.5 · 10−4ε2 + 4.3 · 10−6ε3) ,
(4)

with an r2 of 0.98 for a value of ε which ranged from 3.6 to 
31.5.

The intercept and slope of Eq. (1) for three different 
water contents (0.275, 0.358, and 0.427 m3 m–3) and five 
different NaCl solutions (5, 10, 15, 20, and 30 dS m–1) 
were determined using linear regression analysis. Linear 
relationships between ECb and ECW were found for all 
three water contents using salinity levels ranging from 0 to 
30 dS m–1, with r2 ranging from 0.97 (θ = 0.275 m3 m–3) to 
0.99 (θ = 0.358 m3 m–3). The estimated values for the inter-
cept θ Tcoef were used to relate Tcoef to θ by using Eq. (2). Best 
fit parameters, a, b and ECs were 0.96, 1×10–5, and 0.016 
respectively (r2 = 0.96). As a result, the θ-ECb-ECw relation-
ship was non-linear as a function of θ in the range from 0.1 
to 0.5 m3 m–3 (Fig. 4).

In this relationship, the threshold water content, 
θt = – b/a, which was introduced by Rhoades et al., (1976), 
was –1.04 ×10–5 m3 m–3. Since θt is a negative value, ECw 
may be determined mathematically from measurements of 
ECb and θ (> θt).

In order to evaluate the estimated ECw value, the estimat-
ed ECw was compared with the observed ECw (Fig. 5). The 
model estimated ECw quite well, and through the exclusion 
of a few exceptions of ECw (> 35 dS m–1), the data coalesced 
around a 1:1 line (RMSE = 2.84 dS m–1). Thus, the calibration 
obtained was applied to estimate in situ ECw (≤ 30 dS m–1), 
even though Rhoades et al., (1976) verified the applicability 
of Eq. (1) in the range of ECw from 2.5 to 56 dS m–1.

From the end of October through to early November 
2014, the total rainfall was 20 mm (Fig. 6a) and θ fluctu-
ated from 0.3 to 0.56 m3 m–3 near the soil surface (Fig. 6b). 
At a depth of 50 cm, however, the soil was almost saturated 
because of shallow GWL. Using the obtained θ-ECb-ECw 
relationship, the estimated in situ ECw at depths of 15, 30, and 
50 cm were 4.13, 22.5, and 10.1 dS m–1 respectively in early 
November 2014 (Fig. 6c). Before the addition of the topsoil 
layer, the average GWL was –9.8 cm from the soil surface. 
This shallow GWL suggests that evaporation increased soil 
salinity in the root zone under the shallow GWL conditions, 
although the drainage pumping station worked to decrease 

the GWL. The additional soil reduced the average GWL 
value (Fig. 6d). Despite this, the research field used required 
flood leaching to control soil salinity for crop management.

Fig. 4. Relation between the slope pf Eq. (1), θTcoef vs volumetric 
soil water content, θ.

Fig. 5. Comparison of observed ECw with estimated ECw using 
Rhoades model.

Fig. 6. Temporal changes in rainfall (a), θ (b), ECw (c), and 
groundwater level (GWL) (d) at the tsunami affected-agricultural 
fields in Higashimatsushima.
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To facilitate the desalinization process, a flood leach-
ing process was implemented from the end of November 
through to the middle of December 2014. Figure 7 shows 
a real time field view of the flooding conditions (15 cm 
flooding water depth) through an FMS webcam. Due to 
the flooding conditions, θ reached 0.56 m3 m–3 to a depth 
of 50 cm (Figs 6b and 6d), then ECb increased at all of 
the observed depths (not shown). This trend in ECb is 
expressed as a function of θ, as shown in Eq. (1), so that 
θ variation makes it challenging to understand whether 
leaching on the desalinization process was successful or 
not simultaneously.

Before the leaching process was initiated, the EC of the 
GWL at a depth of 80 cm was 17.5 dS m–1. At the same 
time, ECw values were 20 dS m–1 and 10 dS m–1 at depths 
of 30 cm and 50 cm, respectively (Fig. 6c). At the begin-
ning of the period when θ increased up to θs, ECw showed 
a sharp fall at both depths. Then, a pulse shaped ECw was 
observed except for the 15 cm depth during the leaching 
period. The ECw at a 30 cm depth reached a maximum in 
10 days (December 6th) from the beginning of the leach-
ing period and decreased gradually until it ended. Although 
MAFF (2011) recommends that flooded leaching treatments 
should last for a couple of days, FMS's real time investiga-
tion made it easier to determine a more effective timing and 
scheduling of leaching for the tsunami-affected field.

For a quantitative analysis of solute leaching, the total 
dissolved solute concentration is expressed in the form of 
the mass of solute per liquid volume (Radcliff and Simunek, 
2010). Since dissolved solute concentration has a linear 
relationship with ECw, θ, ECw may be viewed as an indica-
tor with which to understand the leaching process. Under 
saturated moisture conditions through flooded leaching or 
heavy rainfall, the relative concentration of the soil solution 
was not influenced by θ in the homogeneous subsoil layer. 
Figure 8a shows the time variation of the relative concen-
tration to the maximum concentration during the flooded 
leaching period. The relative concentration at a depth of 
15 cm was 0.15 and almost constant, but the maximum 
concentration at a depth of 30 cm reached 0.5. It should 
be noted that at a depth of 80 cm, it increased sharply and 
peaked after 9 days (December 5th). This indicated that the 
preferential flow was a robust intrinsic soil property for 
solute leaching at the boundary between the topsoil and 
subsoil layers under conditions of saturated moisture.

Solute leaching was also closely monitored during the 
heavy rainfall period (March 2nd through to March 7th) 
(Fig. 8b) when the total rainfall was 75 mm. The soil main-
tained saturated moisture conditions below a depth of 10 cm 
(Fig. 6b). The initial relative concentrations were monotoni-
cally decreased at all depths, and the relative concentration 
decreased over time with the exception of the 15 cm deep soil.

The advantage of ECw is that it can be used to calcu-
late ion concentration in the soil solution if a relationship 
between ECw and a specific ion concentration is determined. 

Miura (2015) reported that tsunami-affected soil contains 
a high NaCl concentration in the soil solution throughout 
the coastal area surveyed. It is well known that Cl– concen-
tration influences crop yield, and an attempt was made to 
determine the relationship between ECw and Cl– concentra-
tion. Figure 9 shows the estimated relationship, including 
the data of Kaihotsu et al., (2017) in the range of Cl– con-
centration (< 400 ppm) near the research site. Another 
calibration of Kaneko et al., (2002) with seawater is also 
plotted in Fig. 9. These relationships were almost identical 
in the range of Cl– concentration from 100 to 7 400 ppm. It 
is especially noteworthy that a high Cl– concentration influ-
ences the crop growth of soybean (> 500 ppm) and rice 
(> 1000 ppm) (Miura, 2015; Abe et al., 2017), this Cl– con-
centration range corresponded to the observed ECw varying 
from 3 to 25 dS m–1 by 2015. 

Using the estimated relationship shown in Fig. 9, ECw 
was converted into Cl– concentration. To evaluate the 
flooded leaching effect, Fig. 10 shows the profiles of 

Fig. 7. Field view through the webcam of FMS: before flooded 
leaching (a), and for the moment of flooded leaching (b) at the 
tsunami affected-agricultural field.

Fig. 8. Relative concentration of soil solution under saturated soil 
condition during the flooded leaching period (a) and leaching by 
heavy rainfall period (b).

Fig. 9. Relationship between Cl ion concentration and ECw.



I. TOKUMOTO et al.232

Cl– concentration from 2014 to 2015. Changes in the θ and 
ECw profiles were plotted in Figs 10a and 10b and com-
pared with the profiles of Cl– concentration. After the flood 
leaching process, θ was maintained in an unsaturated mois-
ture condition, this varied from 0.3 to 0.5 m3 m–3 in the 
root zone (Fig. 10a). It was found that the flood leaching 
process in combination with the addition of a topsoil layer 
decreased Cl– concentration from 6 600 to 2 500 ppm in the 
root zone, then it dropped to approximately 1,000 ppm by 
March 2015 as a result of natural rainfall events (Fig. 10c). 
This result suggests that the added topsoil treatment and 
two weeks of flooded leaching were very effective in reduc-
ing the soil salinity level because natural rainfall could not 
decrease it for three and a half years after the earthquake. 
Nevertheless, it was found that flooded leaching alone did 
not allow for a decrease in Cl– concentration to the proper 
soil salinity level required for rice growth.

Some studies have reported the natural recovery of tsu-
nami-affected paddy soils due to rain, and Terasaki et al., 
(2015) found a relationship between the variation of salt 
mass content over time and rainfall depth in other regions of 
Miyagi. However, the research site in Higashimatsushima 
indicated an exception to the desalinization process. One 
uncertain possibility is that the subsidence effect might 
result in lower soil permeability under shallow GWL con-
ditions. Contrary to this inference, the three year high soil 
salinity resulted in crack formation (Fig. 2), thereby indi-
cating preferential flows near the soil surface. During the 
added topsoil treatment, soil compaction, which occurred 
due to the passage of machinery, may have increased water 
flow through cracks under flooding conditions. These differ-
ent water flow domains would change the solute exchange 
time at the boundary between the topsoil and subsoil layers, 
however, much salt was flushed well below the 30 cm depth 
through the drainage pumping station. 

An adverse effect of preferential flow on salt leaching 
through cracks is the increase in the leaching requirement 
(LR), the fraction of infiltrated water that must pass through 
the root zone to prevent soil salinity from exceeding a level 
that would significantly reduce crop yield. For example, 
assuming that the water flowing through cracks does not 

dissolve salts in micropores, Fujimaki et al., (2021) cal-
culated that nearly twice as much water might be required 
for the LR through their experiments. In addition, the Cl– 
(solute exchange) transport time is longer than the water 
flow time because of Cl– diffusive transport (Toride et al., 
2003; Tokumoto et al., 2005; Tokumoto et al., 2007). In 
this study, downward water flow was confirmed because of 
the pulse shaped ECw, thereby indicating that solute moved 
deeper under flooding conditions (Fig. 8a). An ECw value 
of 30 at a depth of 50 cm was maintained for a maximum 
of 10 days from the beginning of the leaching process 
(Fig. 8a), although MAFF (2011) only recommends a cou-
ple of days for flooded leaching treatment. This extended 
leaching period would be affected by preferential flow in 
soil cracks between the topsoil and subsoil layers.

After the flooded leaching process was terminated, 
preferential flow could no longer remain dominant in unsat-
urated conditions, and solute transport became horizontally 
uniform during natural rain events. By March 2015, dur-
ing 140 mm rainfall, Cl– concentration almost reached 
1000 ppm, which was appropriate for rice growth. 140 mm 
rainfall, which corresponded to the cumulative surface 
water from flooded leaching, contributed soil salinity con-
trol to rice growth management, but it was insufficient for 
the soybean cropping system. Indeed, the rice grew well in 
2015, however, soybean growth was affected by the remain-
ing salt. Even if an appropriate θ level was maintained with 
a tile drainage system (not shown), soybean growth may 
have been influenced by the remaining salt concentration, 
this is supported by the research of Abe et al., (2017).

CONCLUSIONS

1. At the tsunami-affected agricultural fields in Higashi-
matsu shima, where severe subsidence occurred, Field 
Monitoring System may be performed adequately enough 
to measure a high bulk soil electrical conductivity value 
(< 6 dS m–1) even at high volumetric soil water content 
(< 0.56 m3 m–3) using time domain transmission sensors. 
Pore water electrical conductivity (≤ 30 dS m–1) may be 
determined using bulk soil electrical conductivity and volu-
metric soil water content obtained from the Rhoades model.

Fig. 10. Profiles of θ (a), θ ECw (b), and estimated Cl ion concentration (c) in the root zone in 2014 through 2015.
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2. After two weeks of applying the flooded leaching 
method and spreading a 10 cm topsoil layer, a decline in 
pore water electrical conductivity was found in the root zone 
due to leaching below a depth of 30 cm. However, this was 
insufficient to manage crop growth near the subsoil layer, 
where preferential flows were predominant.

3. Pore water electrical conductivity was a beneficial indi-
cator concerning the threshold of Cl– concentration required 
to determine a soil salinity level that would significantly 
reduce rice and soybean yield. Consequently, the utilization 
of Field Monitoring System is expected to provide a positive 
feedback for the recovery of agricultural production.
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