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Abstract: The Otomo rice field zone in Rikuzentakata City, Iwate Prefecture was catastrophically damaged by large-scale
subsidence and the tsunami that followed the Great East Japan earthquake, which occurred on March 11th, 2011. Electrical
conductivity of underground water, bulk electrical conductivity of the soil, and various meteorological elements were observed at
a fixed point for eight months. The electrical conductivity of underground water fluctuated irregularly at the beginning of the
observation period, temporarily reaching up to 5 Sm™ at sea level. After some time, an overall decreasing trend prevailed, and
when the observations ended the conductivity of the water had dropped to 0.55 Sm™. The bulk electrical conductivity of the soil
also decreased gradually, from 0.4 to 0.3 Sm™', over the eight months, which is likely linked to the interactions between rainfall
and seawater intrusions. The decrease in soil conductivity has been more gradual here than in the regions affected by the tsunami
following the earthquake in the Indian Ocean off Sumatra on December 26th, 2004, and in our study area it has not yet decreased
to a level that would allow the resumption of rice farming. It is proposed that this difference is a result of the subsidence in Iwate
Prefecture.
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Bay coastline, which faces the Pacific Ocean.

The reclamation dyke in this area was constructed with a
view to preventing tsunami disasters; it was begun in 1960,
immediately following the Chile earthquake tsunami, and

1. Introduction

The fourth largest earthquake in recorded history occurred
in the Tohoku region, on the Pacific shore of Japan, on ' ) ¢ ;
March 11th, 2011. The magnitude of this earthquake was 9.0, ~ completed in 1967. The rice field area it encloses is the
and its hypocenter was located 70 km off the Oshika largest along the entire coastline of Iwate Prefecture. During

peninsula, Miyagi Prefecture [1]. The tsunami caused by this ~ the 2011 event, the reclamation dyke was completely
carthquake exceeded 10 m across 530 km of the Tohoku destroyed, and the tsunami flowing from Kadonohama Bay to

coastline. and exceeded 20 m over 200 km. The maximum  tR€ €ast also penetrated the rice field zone, resulting in
tsunami height in the region was measured as 40.1 m, at catastrophic damage from large-scale subsidence, erosion, and

Ryori point in Ofunato City, Iwate Prefecture; this was also the 1ar.ge arpounts of debris that the seawatc?r carried,
the maximum height across all of Japan [2]. The Following this, a temporary dyke was completed in October
desalinization effect at farmland was monitored after the 2011, the chronic ﬂoodlpg of the area by seawater was eased,
tunami in a lot of studies [e.g., 3, 4, 5]. and the removal of debris was begun.

In this study, we investigate a rice field zone in Restoration of the area has been ongoing rapidly since June

Rikuzentakata City, which received considerable damage 2013 following the removal of the debris. Land improvement
during the 2011 tsunamis. The Otomo rice field zone in has almost been completed in the affected rice field zones

Rikuzentakata City, Iwate Prefecture is located at around through large-scale backfilling behind the temporary sand bag

39°N and 142°E, and has a total area of 120 ha, developed ~ 9yke, and wet rice culture recommenced in 2014.
behind the reclamation dyke constructed along the Hirota This study focuses on the collection and analysis of data
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over eight months spanning the period of debris removal and
the beginning of land restoration. During this measurement
period, electrical conductivity is used as an index of salinity in
the soil and subsurface water, and is considered along with
various other meteorological factors. In 2015, as the
reconstruction of a permanent reclamation dyke is begun, this
research provides basic information for the management and
prevention of salt damage in farmland, which can also be
compared with the saltwater damage following the tsunami of
the 2004 Sumatran earthquake [e.g., 6].

2. Materials and Method

2.1. Observation Station and Subsidence of the Surrounding
Area

The single stationary measurement point for this study is
located around 1 km southeast of the Hirota Bay coast, at
38.99392°N, 141.6933°E. As the breakage of the water supply
facilities differs across the affected rice fields and the
agricultural roads around the rice fields are severed in many
places, the fixed-point observation station was chosen with a
consideration of the ease of communication with land owners,
leaseholders, and improvement organizations, and of physical
access to the point. Figure 1 shows the location of the Otomo
rice field zone and the approximate site of the observation
station, with a panoramic photograph taken from a nearby
observatory.

141° 41E

1

Bridge over railway
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e — e

Figure 1. Location of the study area, and panoramic photograph of the
Otomo rice field zone taken from a nearby observatory on October 2nd, 2014.

Figure 2(a) shows a panoramic view of the study area one
month after the tsunami struck, when the rice field was
flooded with seawater and was covered with a large amount of
debris. Figure 2(b) shows the rice field zone two years after
the tsunami, with the specific location of the observation point
shown.

The horizontal distribution of subsidence around the
observation point is estimated using a digital elevation model
(DEM). Altitude information before the earthquake is
provided by a numeric map with 50 m mesh, constructed from
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the contour lines of 1: 25,000 topographical maps, while
altitudes following the earthquake are given as basic map
information on a 5 m mesh acquired during aerial laser
surveys [7]. A precise comparison of altitudes is problematic
because the two datasets differ in their measurement methods
and spatial resolutions, however the difference in 5 m mesh
altitude after the earthquake that was the nearest 50 m mesh
altitude point before the earthquake was assumed to represent
the ground subsidence level.

(b) April 11th, 2013

Figure 2. Photographs taken from the railway bridge that passes through the
rice field zone.
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Figure 3. Approximate horizontal distribution of subsidence around the
observation point following the 2011 earthquake.
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Figure 3 shows the horizontal distribution of subsidence
around the observation point. From this, it can be seen that the
ground subsidence level is greatest to the northeast of the
observation point. In support of this, the annual average
difference in tide levels at Ofunato tidal observatory, 6.5 km
from the observation point, was found to be 1.4 m in 2012 [8],
and the maximum ground subsidence in this region is in
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accordance with the daily tidal variation.

2.2. Observation of Electrical Conductivity and
Meteorological Elements

Figure 4 shows the sensor arrangement at the observation
point. The structure in the upper part of the image is the
above-mentioned bridge over the railway. A pipe was laid at a
depth of 1.28 m, in order to sample from the lower
groundwater levels, and a pressure-type water gauge and
electrical conductivity sensors were set up at the bottom of the
pipe. Observations of the soil by relative permittivity sensors
(Hydra probes) may be influenced by residual water and
irregularities in the Earth's surface, and so the sensors were
installed in two comparatively smooth two locations, at a
separation of 20 m.

Bridge over railway

Grand water
observation well

Point (b) s

)

Figure 4. Arrangement of sensors at the observation station.

The ground altitudes of the two installation points, (a) and
(b), are 0.51 m and 0.46 m, respectively. In consideration of
this difference in elevation, the Hydra probes were set up 10
cm and 20 cm below the ground level at point (a), and 5 cm
and 15 cm below ground level at point (b), allowing the
sensors’ installation altitudes to be unified between the two
points. Unfortunately, the sensors installed at depths of 20 cm
at point (a) and 5 cm at point (b) failed during the early days of
the observation period. Physical damage to the sensors is
likely to have resulted in aberrant values, and thus their data
were excluded from subsequent analyses. The particle size
distributions of soils were measured. At observation (a) the
soil at 10 cm depth comprised 66% sand, 4% clay, and 30%
silt; they can be classified as sandy loam. Similarly, the soil
around 15 cm below the surface at observation point (b) was
classified as loam, with 55% sand, 4% clay, and 41% silt. Very
little vegetation cover was observed around the observation
point, although some graminaceous weeds were scattered
across the tsunami-stricken rice field.

In parallel with these observations, direct and reflected
solar radiations, and downward and upward long wave
radiations, precipitation, atmospheric pressure, and soil heat
flow were measured. Additionally, in order to estimate the
sensible heat flux, three-component wind velocity and sonic
temperature were observed using an ultrasonic anemometer.

These sensors, with the exception of the rain gauge and the
aerotonometer, were arranged on a frame 2 m in height and
2x2 m in length and breadth. The rain gauge was installed in a
lower position, and the acrotonometer was set up alongside the
data logger. The soil heat flux sensor was installed 1 cm below
the ground surface. The ultrasonic anemometer was connected
to a CR1000 data logger (Cambell), and the measurement
interval was set to 0.1 s. Other sensors were connected to a
CR3000 data logger (Cambell), with measurement intervals of
20 s, restricted by the measurement time of the Hydra probe.

A fixed-point camera was set up on the frame with the
sensors, in order to visually capture the changing conditions
around the observation point. Shooting began on September
12th, but the battery of the camera set up was installed in a low
position and was submerged beneath the high tide waters
during Typhoon No.17 on September 30th, 2012, becoming
inoperational until November 7th. After this, measurements
were made every 30 min during the daytime until April 30th; a
total of 3552 scenes were captured.

Details of the observed elements and sensor models with
their accuracies are shown in Table 1, although air temperature,
relative humidity, wind direction and wind velocity data were
not used in the following analysis. This study utilized the
above-mentioned data from 236 days between September 7th,
2012 and April 30th, 2013. During the beginning of the
observation period, construction of the temporary dyke was
ongoing as an alternative to the older, destroyed dyke, and
associated debris removal was taking place. At the end of the
period, it was not possible to continue the observations, due to
the beginning of land restoration.

Table 1. Models and measurement accuracy of sensors used for the
observation.

Observed element Manufacture Model Measurement
accuracy
. +0.13°C
Air temperature .
i by e HMPISS 419 (0-90%)
+1.7% (90-100%)
Wind direction
i o
S — Young YG5103 3°0.3 m/s
Atmospheric Vaisala PTBII0 0.3 hPa 20°C
pressure
4-Components net 4 coflux NROI £10% 12 h totals
radiation
Heat flow in soil REBS PHF-01 +5%
3-Component
Wind speed Sonic ~ Young YG81000 +0.05 m/s £2°C
temperature
Precipitation IKEDA RT-5 +3% at 20-80 mm/h
Grand water level STS ATM/N +0.1% FS Sm
Electric
conductivity +0.5% FS 20 S/m
— TOA DKK CT-27112B 102°C
(Grand water)
Electric 2% or 0.005 S/m
conductivity Stevens Hydra probe
. +0.6°C
Temperature (Soil)
Fix point shooting ~ Kadec Eye Il
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2.3. History of Hydrology Factors in the Affected Rice Fields

The amount of evaporation is one of the hydrological
factors that can be estimated from the observed
meteorological elements. The energy equation for the ground
surface is given as

(v =1, 1)+ (1, v -1,)1 =1, =1, +1,, (1)

where I, | (Wm-2) is the downwelling short wave radiation
flux, I, 1 (Wm-2) is the upwelling short wave radiation flux,
I 1 (Wm-2) is the downwelling long wave radiation flux,
I, 1 (Wm-2) is the upwelling long wave radiation flux, /.,
(Wm-2) is the sensible heat flux, 7, (Wm-2) is the latent heat
flux, and 7, (Wm-2) is the soil heat flux. Then, turbulent heat

fluxes I, can be expressed by the eddy covariance method
as:

I,=Cp,6W @)

where C, (J kg-1 K-1) is the specific heat of air at a constant

pressure, O, (kg m-3) is the air density, &

temperature (°C), W (m s-1) is the vertical velocity, bar
donates the average, and prime marks denote random
instantaneous departures from the mean. In using Equation (2),
a change in the coordinates based on wind direction, a
correction of the attack-dependent error and an internal
crosswind correction were applied [9, 10]. The imbalance of
the heat budget between the sum of sensible heat and latent
heat obtained by the eddy covariance method and other
observed elements has been noted, and it has been shown that
the ratio of right-hand values to left-hand values of Equation
(1) is 0.84 over an average of 50 samples [11]. Therefore,
there is a possibility that this represents a margin of error in the
amount of evaporation estimated by this method. However, it
is difficult to unambiguously identify the causes and patterns
of this error from the limited observations of this study.

On the basis of the fixed-point photography, it was
estimated that the study area was covered by snow for 11 days,
from January 9th to February 26th, 2013. During this time, it
is necessary to consider the changes in temperature and phase
within the snow cover. However, it was assumed that the
amount of evaporation over these 11 days was negligible, on
the basis of previous reports that found that evaporation from
snow surfaces during the melt season was very small [12].

is the air

2.4. Corrections of Electrical Conductivity of Underground
Water and Bulk Electrical Conductivity of Soil

The measurements of electric conductivity of underground
water are based on the 2-AC bipolar method. Owing to the fact
that the electrical conductivity of solutions shows
considerable temperature dependence (2%/1°C), the electrical
conductivity of underground water was converted to its
corresponding value based on a temperature of 25°C. The

temperature-corrected electrical conductivity at 25°C, EC,, s
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(S m-1) can therefore be expressed as:

EC

Hoas [1+0.02 (:—25)] @

where EC_,, (S m-1) is the electrical conductivity of

underground water at 7 (°C).

The Hydra Probe is a sensor that measures the permittivity
and the temperature of the soil, and electrical conductivity EC
(S m-1) is expressed as

EC =271f €€, (4)

where & is the imaginary component of the relative complex

permittivity, f is the frequency (50 MHz for the Hydra
Probe), and &, is the dielectric constant in a vacuum (8.854

X 10-12 F m-1). As the relative permittivity depends on the
temperature, the relative permittivity was converted to its
corresponding value based on a temperature of 25°C. The

temperature-corrected dielectric permittivity &, is therefore
expressed as [13]:

£ x1.0755

= )
0.693+0.0153xT

25

where T (°C) is the soil temperature. In this study, we
obtain the electrical conductivity of bulk soil EC, by

"

substituting &, into equation (4).

3. Results and Discussion
3.1. Hydrological Factors

Figure 5 shows the daily precipitation and estimated daily
evaporation. The total precipitation over the study period was
692 mm, while evaporation was 336 mm. Observations of
antecedent precipitation at the AMeDAS (Automated
Meteorological Data Acquisition System) point [14], nearly 8
km from the observation point of this study, totaled 1070 mm
between October 2011, when the temporary dyke was
completed, to August 2012 when our observations began
(during the debris removal work). Flooding from the inflow of
rain and seawater that originated around the demolished
reclamation dyke and subsided areas is frequently seen,
representing a particular hydrological phenomenon of the area
around the observation point. It is difficult to quantify the
inflow of such water, and therefore its extent is demonstrated
by the scenes captured by fixed- point photography. Figure 6
shows the flooded area compared with dry conditions (Figure
6a). Figure 6b illustrates the flooding associated with Typhoon
No.17, which was linked to a barometric depression of 992
hPa and an associated sea level rise. Figure 6¢ shows a
flooding event believed to be derived from rainfall, as it is
correlated with a continuous rainfall event of 43.5 mm. In total,
181 of the 3552 pictures captured during the fixed-point
photography reveal flooding during the observation period.
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Figure 7 illustrates the hourly groundwater level. The water
table rose from 0.25 to 0.53 m between 28™ and 29" October
2012, in combination with a total precipitation of 79 mm
during this period. Additionally, it showed a gradual decrease
during the low-rainfall period from the middle of December to
the beginning of April. A periodic change in groundwater
level was also seen under the influence of rainfall events, as
noted above. Figure 8 shows a periodic analysis of 512 h
(512=2°) from Ist to 22nd of October and November 2012,
using the fast Fourier transform algorithm. Twelve-hour and
24-hour cycles, as well as variations in sea level, were
identified as amplitudes although the signals derived from
rainfall events were also confirmed.
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Figure 5. Observed daily rainfall and estimated daily evaporation during the
study period.

Figure 9 shows the time varying correlation coefficient
between the tidal level at the Ofunato tidal observatory [8] and
the groundwater levels during a period of seven days with no
rainfall from 19th to 25th November. This demonstrates that
the temporal difference between tidal level and groundwater
level variations was almost three hours, with an average
correlation coefficient of 0.54, implying that changes in
groundwater level are closely synchronized with tidal levels.
Hilton et al. studied the distributions of salt water and fresh
water in the groundwater of the Florida peninsula in the
United States, and found that the diffusion range of saltwater
inland from the coast was around 0.6 km [15]. It should also
be noted that

Rikuzentakata was not one of the 21 saltwater intrusion
regions identified across the Japanese Islands by Hamaguchi
et al. [16]. Although these studies represent only
circumstantial evidence, it seems that the saltwater intrusion
in our study region, which can be attributed to the subsidence
and the fully-destroyed reclamation dyke, caused a periodic
change in the groundwater level at our observation station,
around 1 km away from the coastline.

(a) Dry condition(12:00 Sept. 14%, 2012)

(b) During the approach of TyphoonNo.17
(16:30 Sept. 30, 2012)

(c) Immediately following rainfall (12:00 Dec.
4% 2012)

Figure 6. Flooding at the observation station.
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November 2012, by fast Fourier transformation.
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3.2. Changes in Electrical Conductivity

Kume et al. [17] suggested that the salinity of the
underground water of permeable farmland in the
Nagapattinam district, India, which was affected by the
tsunami caused by the earthquake in the Indian.

0.6
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Figure 9. Correlation coefficients of sea level and groundwater level during
a no-rainfall period.
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Figure 10. Daily mean electrical conductivity of soil and underground water,
and daily change in accumulated input (precipitation) minus output
(evaporation,).

Ocean off Sumatra on December 26, 2004, had returned to
pre-tsunami levels by the monsoon rainfall of 2006.
[llangasekare, et al. [18] estimated that the salinity of coastal
aquifers in Sri Lanka, where seawater mixed with ground
water via open wells during the tsunami of the same
earthquake, would be decreased by the monsoon climate.
They also suggested that evapotranspiration during the dry
season was a major factor contributing to the increase in
salinity of underground water in the same region.

Figure 10 shows the daily mean electrical conductivity of
underground water, in addition to the integrated value of
precipitation minus evapotranspiration. No clear relationship
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can be identified between the changes in electrical
conductivity and the relative water supply, as both have varied
irregularly since the beginning of the observation period.
However, it can be suggested that an increase in precipitation
will increase the groundwater level, during which salt water
mixing may be temporarily facilitated. It can be seen that
electric conductivity reached 5 Sm-1 on October 21. This high
value was possibly induced by a concentration of seawater in
the region. Subsequently, after some irregular variations, the
conductivity began to gradually decrease after November 19th.
The change in the electrical conductivity of underground
water at a point at which seawater often infiltrated indicates
that dilution by fresh water was generally superior to the
supply of salt water, although the variations are not typically
temporally distinct. Finally, the conductivity of the
underground water seemed to converge on the bulk electrical
conductivity of the soil, as described below. The daily mean
bulk soil electrical conductivity £C, remained around 0.4
Sm-1 at both points (a, 10 cm below the ground, and b, 15 cm
below the ground ) from the beginning of the observation
period to the end of December, after which it decreased, to
around 0.3 Sm-1 when the observation ended (Figure 10). The
electrical conductivity of a saturation extract ( EC, ) is the best
index for the salinity resistance of plants [e.g.19]. Rhoades et
al. [20] presented the regression expressions between EC,

(S m') and EC, (S m') for different soils at their

field-capacity water contents, and EC, of the loam can be
expressed as

EC,=547xEC, —-0.047 ©)

EC, ofthe studied area is estimated to be at least 1.6 S m-1
on the basis of this equation. Additionally, the approximate
relationship between the relative yield of rice plants, Y, (%),

and EC, can be expressed as [21]:
Y, =100-[12x(10x EC, -3)] (7)

Thus, a rice harvest cannot be expected according to the
calculations using these equations, even for EC,=0.3.

Two monsoon seasons have passed since the Asian tsunami
hit the region around the Indian Ocean, and it has been shown
that the electrical conductivity of the soil in these areas has
decreased dramatically, even in the farmland of the Andaman
Islands where sea water sometimes intrudes at high tides,
especially during new moons and full moons [6]. It has also
been shown that the electrical conductivity of farmland in the
Nagapattinam District in southern India, affected by the same
tsunami, has decreased to pre-tsunami levels as a result of the
accumulation of rainfall [22]. It is clear that the decrease in the
electrical conductivity of soil at the observation point is
slower than that found in previous studies [6, 17, 18, 22], and
it is suggested that the difference is due to the relative
presence or absence of ground subsidence.

It can be concluded that land restoration by a large-scale
filling is an appropriate method, based on the present electrical
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conductivity of the soil. Furthermore, it will be necessary to
continue monitoring the salinity of underground water and soil
in this area in order to fully track and manage the regeneration
of this region.

4. Conclusions

This study focused on the Otomo rice field zone in
Rikuzentakada City, Iwate Prefecture, which experienced
considerable damage as a result of the subsidence and the
tsunami following the Great East Japan Earthquake in 2011. A
fixed-point observation station was set up to enable long-term
observation of meteorological elements, as well as the
electrical conductivity of underground water and soil. These
observations were begun in September 2012 following the
removal of the tsunami debris, and continued until April 2013
when restoration construction was begun.

The observation point (38.99392°N, 141.6933°E) is located
1 km from the coast, and was chosen on the basis of ease of
access and communication with the landowners. It was shown
that non-uniform subsidence of up to 1.4 m had occurred
around the observation point. This subsidence represented a
remote cause of flooding, and floods due to rainfall events
were also frequently observed around the observation point. It
was also shown that the groundwater level covaried with the
tide, and exhibited periodic changes.

Rainfall and evaporation were compared with the electrical
conductivity of underground water over the entire eight-month
observation period. Although a distinct relationship cannot be
identified between these factors, the electrical conductivity of
underground water showed a gradual decrease after
undergoing a period of irregular change.

The bulk electrical conductivity of the soil did not show any
major changes, and a gradual decrease was observed over the
entire observation period. It was calculated that a harvest of
rice could not be expected, even though the bulk electrical
conductivity had decreased to 0.3 Sm”. These results
contrasted with previous reports of lands affected by the 2004
Asian tsunami, in which the electrical conductivity was
significantly decreased by rain infiltration. It is therefore
supposed that the difference between these situations is due to
the subsidence in our study area.

On the basis of these soil conditions, land restoration
through large-scale earth filling appears to be an appropriate
approach.
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