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Abstract

The change of groundwater levels after the 2016 M,, 7.0 Kumamoto crustal earthquake was evaluated
using a simple conceptual hydrological model in an attempt to show the presence, intensity, and
probable mechanism of water level rise observed in Kumamoto where a comprehensive observation-
well network exists. A tank model was applied to verify 16 wells in the study field. In the model
groundwater levels were first calibrated for the periods in ca. 2 years before the main shock using
several hydrological parameters including precipitation, evapotranspiration, water recharge and
discharge, and artificial recharge by irrigation. Water levels were then simulated by extrapolating this
law of water fluctuating patterns for ca. 2.5 years after the main shock of the earthquake, without
considering hydrogeological changes due to the earthquake. A difference in groundwater levels
between observation and simulation results yields a degree of coseismic water level rises for each well.
The coseismic abnormal water level increase was calculated to be ~11 m in 4 to 5 month after the main
shock and was most significantly on the western slope of the Aso caldera rim mountains. The spatial

distribution of the coseismic water increases clarified that the most dominate increasing anomalies
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prevail at mountain feet surrounding the plains, suggesting the occurrence of coseismic mountain
water release resulting in the rise of water levels in downslope aquifers. Identified coseismic water
level increases still continue up to 2.5 years after the earthquake, probably because changes in
hydrogeological properties in mountain aquifers, i.e., permeability, are still sustained. Our forecasting
water recovering trends require ca. 3.5 to 5 year after the earthquake for complete recovery to the
original conditions. We demonstrated that our approaches are capable of describing coseismic water

level changes and could potentially be applied to other fields.

Keywords: earthquake,; groundwater level change, tank model, Kumamoto

1. Introduction

Groundwater comprises 96% of the Earth’s unfrozen freshwater (Shiklomanov and Rodda, 2003)
and is important for drinking water resources, feeding springs and streams, and maintaining natural
marine ecosystems through submarine discharge. In the Kumamoto area, located in the central part of
Kyushu Islands, southwest Japan (Fig. 1), ca. 1 million people in and around this area depend entirely
on groundwater for drinking purposes, consisting the largest groundwater user areas in Japan. Because
groundwater is a fundamentally important resource for Kumamoto citizens, both national and local
governments have installed many observation wells (Fig. 1), and they put an effort to maintain
operations and protection for sustainable use of these resources over the past few decades (e.g.,
introduced by Taniguchi et al., 2019). Therefore, describing the coseismic hydrological changes which
occurred after the 2016 M,, 7.0 Kumamoto earthquake (Hosono et al., 2019) is important issue to
address.

The presence of hydrological changes in response to large earthquakes have been documented.
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These changes have been confirmed from field observations, i.e., an increased spring discharge,
appearance of new springs, groundwater level changes in wells both for near and far fields (e.g.,
Rojstaczer and Wolf, 1992; Muir -Wood and King, 1993; Brodsky et al., 2003). Groundwater level
changes caused by crustal stress changes have been documented for nearly 50 years (e.g., Bredehoeft
et al., 1965; Roeloffs, 1998) and detailed changing processes and mechanisms are reported more
frequently for couple of decades, with a greater availability of high-frequency water level records
(Brodsky et al., 2003; Roeloffs and Quilty, 1997; Roeloffs et al., 2003; Weingarten and Ge, 2014; Liu
et al., 2018). Another important coseismic hydrological change mechanism invoked is aquifer
permeability changes due to strong seismic vibrations and structural deformations (Reasenberg, 1999;
Chen et al., 2015; Barberio et al., 2017), which hydrological response have been recognized most
frequently from increasing water discharges (e.g., Manga et al, 2003; Wang et al., 2004; Sato et al.,
2000) and groundwater level rise in wells (Amoruso et al., 2011; Cox et al., 2012). However, few
studies have investigated these phenomena and more studies using a greater number of springs and
wells are required to investigate and to increase global understanding of this issue (Rosen et al., 2018).

The 2016 Kumamoto crustal earthquake sequence started with a My, 6.2 fore shock on 21:26 JST
at April 14,2016, followed by many aftershocks. These are strike-slip and normal displacement of the
active Futagawa and Hinagu faults with focal depths of 3—17 km (e.g., Sano et al., 2016). Among these
aftershocks the largest one (My 7.0) hit on 1:25 JST at April 16,2016 that we call it as the “main shock”
(e.g., Kato et al., 2016). This disaster caused 273 fatalities and more than 8,500 houses completely
collapsed (Fire and Disaster Management Agency, 2016). The main shock reveals new surface ruptures
and faults around the Ezu Lake, Mt. Kinpo, northwest of Aso caldera rim mountains, and northeast of
Aso caldera (see Fig. 1; Fujiwara et al., 2016). The preliminary research on coseismic hydrological
changes mechanism (Hosono et al., 2019) revealed that the groundwater level dropped immediately

after the main shock due to water drawdown through rupture systems around the Suizenji fault zone.
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They also identified water level increase after this initial groundwater drop most prominently at eastern
recharge areas and invoked it to be caused by coseismic mountain water release due to permeability
enhancement (Jonsson et al., 2003; Wang et al., 2004; Wang and Manga, 2015). However, the observed
water rise has not yet been evaluated considering long-term hydrological influences such as
precipitation, evapotranspiration, infiltration, and discharges, that can also cause water level changes,
and thus, coseismic water level rise has not yet been defined or characterized.

Except data-driven soft computing approaches such as Prophet algorithm (Matsumoto et al.,
2003) and Support Vector Machine (Wang et al., 2019), application of hydrological-parameters-
involved water flow simulation model can be a clue to more accurately distinguish coseismic changes
from water level changes owing to local hydrological cycle. We can assume that these simulated values,
without considering seismic effect, allow for comparison with observation data and for
characterization of the presence, intensity, and distribution of coseismic effects more accurately.
Among many hydrological simulators developed and applied (Brodsky et al., 2003; Nespoli et al.,
2016), the tank model (Sugawara, 1979) is known as a simple but useful (and minimum cost)
conceptual hydrological model capable to simulate different system states without considering
complex hydrogeological structure (Lee et al., 2005; Hong et al., 2015; Aqili et al., 2018). We assume
that if we can develop well-reproduced water level fluctuations for the period before the earthquake
and if we can extend the same law for post-earthquake period, the results of this simulation can be
used to compare with observation data to extract coseismic change signals only. Calculated coseismic
change data are further used to discuss for their spatial variations, probable cause of water level rise,
and future prospective. Although the tank model has not been frequently used for evaluating coseismic
hydrological change, we propose this approach is applicable and is the one of simplest and easiest way

to address the issue raised.
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2. Study area

The Kumamoto area is characterized hydrologically by active groundwater flows within
Quaternary volcanic pyroclastic deposits, porous lava, and alluvial deposits. Two major aquifer
systems are separated by an impermeable aquitard, with an unconfined aquifer (ca. < 50 m deep, we
call it as “first aquifer”) overlying a confined to semi-confined aquifer (ca. 60—200 m, we call it as
“second aquifer”). The active groundwater flow systems in the Kumamoto area are characterized by a
highly permeable hydrogeology, a steep hydraulic gradient of the volcanic pyroclastic flow, and a large
amount of precipitation (https://weather.time-j.net/Climate/Chart/Kumamoto). The major water
resources in the area are dependent on the groundwater intake from the second aquifer. A number of
studies have revealed detailed groundwater environments including groundwater flow systems
(Kosaka, 2002), water quality (Hosono et al., 2013; Hossain et al., 2016; Zeng et al., 2016), soil water
downward transportation (Okumura et al., 2018), and groundwater residence time (Kagabu et al.,
2017).

Groundwater flow systems are well understood within the study area based on long-term
groundwater level monitoring and groundwater modeling. The most significant groundwater flow
system of the second aquifer is the flow from mid-stream area of the Shirakawa River toward the
discharge area of the Ezu Lake with discharge rate of 1.5 x 108 m® y’!. The Aso caldera rim mountains
are considered major recharge area of this regional main groundwater flow system (Shimada et al.,
2012).

In total 113 observation wells are installed in the Kumamoto area which are operated by different
agencies (Kumamoto Prefectural, Kumamoto City, Water and Sewerage Bureau, and Ministry of Land,
Infrastructure, Transport and Tourism) for monitoring and management of drinking water resources.

The longest groundwater level records extend for more than 35 years. All groundwater level data were
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collected and compiled in this study. Among 113 wells, 21 monitoring wells were not used as data
sources because of direct mechanical damage and data loss caused by the earthquake, leaving useful
data from 94 wells at 72 locations. Multiple wells with different depths are located at the same site
(Fig. 1): 28 and 66 wells for the first and second aquifers, respectively. Groundwater levels are
recorded with a pressure sensor and archived hourly as digital data. All data used to illustrate map and

figures are provided in Supplementary Table S1.

3. Observed groundwater level data

3.1. Monthly groundwater level fluctuation

Fig. 2 shows the monthly average groundwater level fluctuation for five years for several
representative observation wells from the study area. The figure shows water level fluctuation is
relatively small near coastal areas, while larger seasonal variations are observed in eastern recharge
areas. Within the annual hydrological cycle, water levels are the highest in summer (June—October)
and lowest in winter (January—April), respectively. In addition, the water level increases sharply at the
period when huge precipitation occurred. The observed water level peak in summer time is attributed
not only to heavy rainfall but also to the influence of irrigation water in paddy fields except for western
coastal areas (Shimada et al., 2012). In contrast, water levels become lowest when paddy fields are

not irrigated out of rainy season.

3.2. Daily groundwater level fluctuation

The Kumamoto earthquake occurred in April 2016. Usually, April is the time of lowest water
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level throughout the year in the Kumamoto area (Fig. 2). To precisely examine the groundwater level
fluctuations during before and after the earthquake (from April 2014 till November 2018), daily
average water level time series is depicted for 3 observation wells located in the eastern recharge areas
(Fig. 3, wells D, F, and J).

The vertical green lines in the figure represent April at each year (showed for reference of the
same month when the earthquake occurred). It is clear from this figure that the increase in water levels
from the lowest level started from April in 2016, almost immediately after the earthquake, whereas
seasonal water level rise generally starts from mid-June for the other years (2014, 2015, 2017, and
2018). Furthermore, the peak of the water level around September and October in 2016 was several
meters higher than the water levels observed during the 2 years before the earthquake. Similarly, the
water levels in April in the next year (2017) after the earthquake showed considerably higher value
than the lowest water level found in the year 2015. These observations imply that the water level rise
started immediately after the earthquake and this is still continued after at least 1 year of the main

shock, which should be examined using the hydrological simulations proposed in this study.

3.3. Spatial distribution of groundwater level changes

The differences in the groundwater levels of the second aquifer before and after the earthquake
are mapped (Fig. 4) to ascertain spatial groundwater level changes in the Kumamoto area. It is shown
in this map that the groundwater levels dropped near Ezu Lake immediately after the earthquake (Fig.
4a). Hosono et al. (2019) has recently described detailed mechanism of this phenomenon. However,
at 1 month after the main shock (Fig. 4b), a water level rose on the western foot of Aso caldera rim
mountains. Furthermore, water level increases of 10 m or more were observed on the western slope of

Aso caldera rim mountains 5.5 months after the earthquake (Fig. 4d). These water level increases were
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less obvious in the plain.
These results show a large increase in the groundwater levels after the earthquake was most
dominantly presented in the western slope of the Aso caldera rim mountains. This tendency is obvious

that the closer point to the Aso caldera rim mountains has larger increase levels.

4. Methods

4.1. Traditional tank model

To evaluate coseismic water level rise after the main shock of the 2016 Kumamoto earthquake, a
tank model was adopted to reproduce groundwater level fractionations considering local hydrological
cycles. After tuning and calibrating parameters and confirming model performance in reproducing
water level fractionations before the main shock (from April 1, 2014 until April 15, 2016), the same
parameters were used to calculate groundwater levels after the main shock (from April 16, 2016 until
November 30, 2018). Then, a difference between the observed and calculated (simulated) water levels
was obtained which can be attributable to coseismic effect (in this paper we expressed this value as an
“abnormal water rise”, see Discussion).

The tank model is applied in this study. This model was proposed by Sugawara (1979) to perform
river runoff analyses using a simple hydrological concept. This model can also be useful to assess
groundwater level fractionations with respect to a specific well (Hong et al., 2015; Kiriyama et al.,
2000). The model assumes some tanks (storage) and holes that water can flow-in and -out to
numerically explain water balance in the target field (Fig.5). This expresses nonlinear phenomenon
with complex water transportation and interaction behaviors across different water bodies including

river discharge variability and groundwater level fractionation due to rain falls in the target catchment.
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The traditional tank model is based on the assumption that precipitation infiltration and runoff
are the principle functions affecting water storage in the basin and storage can be expressed by
hypothesizing several parallel and tandem tanks (Fig. 5). Outlet holes on the side of each tank represent
outflows. The outflow flux from the holes is set as proportional to the tank depth. The tank model has
a simple structure, but it does not impair the physical meaning of the rainfall-runoff processes and
water uptake. It can represent nonlinearity of the runoff phenomenon and accurately estimate
discharges if the model parameters are well defined. The number and arrangement of tanks are set
according to the runoff characteristics of the target basin. A greater number of tanks gives better
response to runoff variations. However, it is desirable to try adaptation with as few tanks as possible

to reduce complexity.

4.2. Constructed tank model for reproducing groundwater level fluctuations

As mentioned earlier, the aquifer structure of the Kumamoto area comprises the first aquifer in
the shallow layer and the second aquifer in the deep layer. Considering the presence of the upper
unsaturated zone, a three-stage tank model was constructed (Fig. 5). The first to third tanks express
the hydrological processes in unsaturated zone, first aquifer, and second aquifer, respectively.

The tank model adopted for this study has 8 parameters to be determined (Z1, Z», Z3, a1, a2, P,
B> and v1). In addition, the initial depths must be set for each tank (Hi, Hz, and H3) and thus the total
unknown parameters are 11.

In Fig. 5, Z1, Z> and Z3 represent the height of the upper hole of the first tank, lower hole of the
first tank and upper hole of the second tank, respectively. An upper hole of the first tanks (Q2)
represents the surface runoff, which does not flow into next stage tanks. The height Z, corresponds to

the storage effect in the first tank. An upper hole above of the second tank (Q3) assumes a bypass flow
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directly flowing into the third tank when water exceeds the height of the upper hole (Z3). Consequently,
the groundwater levels rise sharply following heavy precipitation.

On the first day of the tank model calculation, the observed groundwater level was given to the
water depth of the third tank (H3). Arbitrary values were given to other tanks as an initial value, and
calculation was started. If the observed groundwater level responds quickly to the heavy rain, the
distance to the upper hole of the second tank (Z3) was shortened and/or the volume of bypass flow
(Q3) was increased by regulating the coefficient Bi. The groundwater level fluctuation is small at the
observation wells located in the coastal area. At such points, each coefficient value is relatively small
so that the calculated groundwater level does not fluctuate greatly. The runoff water from the third
tank (Qs) is adjusted to reproduce water level Hs.

In this study, since the analysis target of the tank model is the groundwater level of the second
aquifer, the water depth H of the third tank (H3) can be regarded as the groundwater level. Best
matching parameters are sought by trial and error to reproduce observed groundwater level for each
well. The unit of depth (H; to H3) and height (Z; to Z3) is mm, and outflow (Q; to Qs) is mm / day.

Now the water depth S at the day i for the first tank S; can be express as following equation

S1())=8"1(i— 1)+ P(i)— E(i)...(1)

where S'(i-1), P, and E represent depth of prior day, precipitation, and evapotranspiration, respectively.

Then, outflow Q for the first tank Q; and 0> can be determined as

O1()=o[S1())— Z2]...(2) and

Ox(D)=I[S1(1) — Z1]...(3), respectively,
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where a1 and oy represent hole coefficients for the first tank of lower and upper holes, respectively
(Fig. 5). The [ indicates a function such that / [x] = x when x> 0, and / [x] = 0 when x< 0. Here, the

water depth for the first tank H; can express by the following equation,

Hi()=81(0) = 01() — Q2(9) ...(4)

The same calculation can be performed using outflow and inflow into the second and third tanks as

following equations:

Ha(i)=Ha(i— 1)+ 01() — 03() — 04(i)....(5)
Hy())=H3(i— 1)+ 0s() + Qa()) — O5(i)....(6)

Here, the outflow Q for the second tank (O3 and Q4 and for the third tank Qs can be determined as

Os() =Pl H())— Z3]...(7),
04())=p2 x H>...(8),

Os(i)=v1 x Hs...(9), respectively.

The amount of precipitation P represents the daily precipitation observed at the Kumamoto
Meteorological Observatory (http://www.data.jma.go.jp/obd/stats/etrn/index.php). Evapotranspiration
E was estimated using the Thornthwaite method (Thornthwaite, 1948), which is calculated as a
function of  the mean monthly temperature (temperature data source:
http://www.data.jma.go.jp/obd/stats/etrn/view/nml_sfc_ym.php?prec_no=86&block no=47819). To

maintain water balance throughout the tank systems the loss of water by evapotranspiration was
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considered from the second or third tank when the upper tanks are empty.

Above calculations were repeated from April 1,2014 until April 15,2016. We started calculations
using a three-stage tank. However, the test results demonstrate the necessity of considering paddy
irrigation to reproduce large water level changes in summer. Therefore, an additional tank (paddy tank)
was set during May—November to reproduce the groundwater recharge from paddy irrigation (see Fig.
5), as has been argued by previous researchers (Kiriyama et al., 2000).

The inflow for the paddy tank was determined by the residual amount of precipitation (P) and
evapotranspiration (F). A factor (&: 0 to 1) was set for each well to regulate this inflow amount. The

outflow for the paddy tank (Qs: mm / day) can be determined as

Os(i)=7v2 x Hs...(10)

After the main shock of the 2016 Kumamoto earthquake sequence (April 16, 2016), water level
simulation was performed using parameters set up for each well reproducing hydrological data during
the 2 years before the earthquake and reported precipitation amount with the same data source and
evapotranspiration calculated with the same way described above. A set of calculations was conducted
for 16 representative observation wells over the Kumamoto area, especially at the eastern recharge
area where a significant water level rise was reported after the earthquake (Hosono et al., 2019). We
evaluated whether these groundwater level rises can be explained by seasonal hydrological

variabilities or whether they are a result of the earthquake using constructed tank model.

5. Results and discussion



289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

5.1. Estimation on decrease in groundwater recharge by paddy irrigation

For the tank model analysis, we considered the reduction of paddy field irrigation caused by the
earthquake. Because of the earthquake and water leakage caused by earthquake fractures that occurred
in the paddy field area, some paddy fields could not be irrigated because of damage to the irrigation
channels. Therefore, groundwater recharge from paddy fields was reported to decrease considerably
after the earthquake (Ichikawa, 2018).

Annual groundwater recharge exceeding 60 million m® was estimated according to changes in the
estimated value of groundwater recharge from paddy fields in the middle basin of the Shirakawa River
by Ichikawa (2018) as inferred from changes that occurred during 2004-2017 (Fig. 6). However, the
recharge amount was less than 30 million m* in 2016 after the earthquake: about 54% lower. The
groundwater recharge amount was estimated to have decreased by about 10% in 2017. The recharge
amount from the additional paddy tank (outflow hole Qg in Fig. 5) decreased by narrowing the runoff

restriction parameter (y2) from the pre-seismic value (2016, 46%; 2017, 90%). Therefore, we inferred

the paddy field irrigation reduction as earthquake-associated.

5.2. Tank model reproducibility

Figure 7 shows the scatter plot for the observed versus simulated groundwater level for 16 wells.
In the two years preceding the earthquake, the value calculated by the tank model and the observed
value in any observation well plotted almost 1:1 line with high correlation coefficient. Consequently,
the reproducibility by the tank model is high. However, the correlation coefficient was slightly lower
for the wells located in the plain to coastal area compared to other points. This may due to the small

annual groundwater level fluctuation.
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The scatter plot deviates largely from the 1:1 line immediately after the earthquake in many
observation wells especially located in eastern areas (Fig. 7). An example of the daily groundwater
level fluctuation of observed and calculated by tank model is presented in Fig. 8. Results showed that
the observed groundwater level exhibited a markedly higher level after the earthquake. Especially, the
observation wells distributed around the western slope of Aso caldera rim mountains (Wells B and F
in Fig. 8).

Because the observed value was higher than the calculated value immediately after the earthquake,
it can be judged as the abnormal water level associated with the earthquake. However, in the
observation wells located at a distance from the western slope of Aso caldera rim mountains (Wells N
and P in Fig. 8), the difference between the simulated groundwater level by the tank model and the
observed water level after the earthquake is small. The abnormal water level is found only to a slight

degree in these wells.

5.3. Identification of the coseismic groundwater level rise

In the previous section, a huge gap was identified between the observed and simulated values after
the earthquake found in the wells located in the western slope of the caldera rim mountains. A
difference between the observed and simulated water levels was obtained which can be attributable to
coseismic effect. We defined this value as an “abnormal water rise”.

To identify the spatial and temporal distribution of this “abnormal water rise”, its distribution was
plotted as a circular spatial map, as shown in Fig. 9. Immediately after the earthquake, no significant
“abnormal water rise” is found, however, it increases with time especially in the area around the
western slope of Aso caldera rim mountains. The maximum difference was observed 4 to 5 months

after the earthquake, with a maximum difference of more than 10 m at the easternmost point of the
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observation well network (Well A in Fig. 9¢). Whereas, “abnormal water rise” is not found in the
observation wells located at a distance from the western slope of Aso caldera rim mountains. The
“abnormal water rise” generally decreases with time, but a difference of several meters is still seen in
two years after the earthquake (Fig. 9h). About two and a half years after the earthquake, the value

decreased considerably (Fig. 91).

5.4. Evaluation of “abnormal water rise”

To quantitatively evaluate the degree of coseismic water revel rise, the "abnormal water supply
index" shown below was defined. The method of calculation is explained using the water level
fluctuation chart (Well F in Fig. 8). Immediately after the earthquake, the observed values show a
sharp rise, but the simulated value without considering hydrogeological changes due to the earthquake,
shows no increase at this point. In other words, the rise in the observed water level is regarded as
attributable to the addition of new groundwater other than precipitation because of the earthquake
(painted in pink in Fig. 8 of Well F).

The abnormal water level amount is evaluated by supplying water to compensate for the difference
between observed and simulated values. Specifically, in the tank model configuration presented in Fig.
5, water is forcibly added to the third tank to match the actual measurement value. This additional
input water volume is defined as the “abnormal water supply index.” The index calculation period is
set to 3 months from the earthquake occurrence. The observed groundwater level (Fig. 3) shows a
rising trend immediately after the earthquake, and its trend was further strengthened after 3 months.
This further rising after 3 months seems to overlap with the usual timing of groundwater increasing
(from the end of June to the beginning of July). Thus, it is considered that this further rising includes

factors other than earthquakes. Therefore, we thought that it would be better to consider the impact of
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the earthquake alone; the index calculation period set to 3 months.

The 3-month accumulated value to compensate groundwater level differences between the
observed and the calculated value is calculated. Then it is divided by 90 days, which is the “abnormal
water supply index” (mm/day).

This index was obtained for all observation well sites for which a tank model analysis was applied.
The amount is shown as a circular spatial distribution map, as shown in Fig. 10. This index was the
largest at Well A (80.1 mm / day) near the caldera rim mountains. Similarly, Wells B (69.7 mm / day),
C (63.0 mm / day), and D (59.3 mm / day) located at the western slope of caldera rim mountain area
are also large values. However, an abnormal water supply index was almost zero in the plane area
(Well M, N, and O). The groundwater supply causing an abnormal water level rise accompanying the
earthquake occurs mainly in the area around the western slope of Aso caldera rim mountains. Although
this value is not actually observed, it is possible to grasp the quantity of new groundwater supplied

after the earthquake, suggesting quite a large volume.

5.5. Possible mechanisms

Cases in which water was supplied accompanying large earthquakes were reported from several
earlier studies. The mechanisms differ among regions. Examples include the rise of pore water
pressure with liquefaction (Lai et al., 2004; Wang et al., 2001), falling of soil water in unsaturated zone
(Manga and Rowland, 2009; Mohr et al., 2017), the contribution of deep fluid (Sibson et al., 2003;
Tsunogai and Wakita, 1995), and the release of groundwater in the mountains (Wang and Manga, 2015;
Wang et al., 2004). Among the mechanisms proposed in those earlier studies, the mechanism with the
most likelihood of raising the groundwater level near Aso caldera rim mountains, as observed in this

study, is the release of groundwater in the mountains.
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The mountain groundwater release mechanism is explained by the formation of the fractures during
the earthquake. The earthquake breached the impervious aquifer and greatly enhanced the vertical
permeability, allowing rapid downward draining of water to recharge underlying aquifers (Wang et al.,
2004). This previous study observed a temporary increase (within few weeks) of “surface water”
discharge after the earthquake. In the case of the Kumamoto earthquake, the river water discharge
increased after the earthquake were also observed (Hosono et al., 2019). On the other hand, our
research captures the change of the “groundwater” level, of which fluctuation is not as sharp compared
to the surface water. However, the phenomenon itself is considered to be a mechanism that is in good
agreement with previous studies that discussed the release of mountain groundwater by these
earthquakes. For the Kumamoto area, in fact, Fujiwara et al. (2016) reported that a fracture zone was
newly formed in the Aso caldera rim mountains because of the 2016 Kumamoto earthquakes. A
hydrogeological cross-section diagram from east to west in the Kumamoto area that includes this
newly formed fracture zone is shown in Fig. 11. It is clear that there is a positional relationship where
the release of mountain groundwater occurred. Considering the Kumamoto earthquake, especially near
the caldera rim mountains, points at which the groundwater level rose remarkably after the earthquake
are concentrated.

Furthermore, the previous studies have suggested that the variability of permeability over time may
be caused by fracture depressurization (Faoro et al., 2012) or controlled by geochemical processes that
can slowly clog the flow path (Manga et al., 2012; Candela et al., 2014). The fact that the “abnormal
water rise” is decreasing with time (Fig. 9) means that the permeability increased immediately after
the earthquake gradually decreased due to the mechanism such that clogging of the flow path.

Therefore, the groundwater stored in the mountain aquifer of caldera rim mountains is released and

is supplied to downstream areas, which is the likely mechanism.



409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

5.6. Future prospective

Because the durations of such abnormal water levels differ depending on the location, the durations
of the difference between the observed value and the calculated value in each observation well are
presented in Fig. 12. According to this figure, because the water level difference was within £1 m
before the earthquake, the observed values can almost be reproduced at each location. However
deviations were found at many points immediately after the earthquake, in the observation wells of A,
B, C, D, E, F, G, and H. Even at the end of November 2018, when two and a half years had passed
since the earthquake, a gap separates the calculated and observed values. Although the groundwater
level difference continued until 2017, it shrank gradually by 2018. At the end of 2018, it shrank to
about 4 m at the largest point. The groundwater level difference between the simulated and the
observed value tends to shrink gradually with time, suggesting that it is gradually returning to normal.
The future progress of the water level fluctuation must be monitored carefully. The area with the
greatest groundwater level difference is at the western slope of Aso caldera rim mountains. However,
abnormal water levels were only slightly recognized at points distant from there.

Here, we examined when the “abnormal water rise” would over. Because in the case of this study,
coseismic increase of groundwater level are relatively long term compared to previous studies, usually
it sustains from a few days to several months (Montgomery and Manga 2003). The regression line in
polynomial curve of the water level reduction trend was obtained from August 2016 to the end of
November 2018, and we defined the day when the intersection point of the regression curve with the
X axis as the end date of “abnormal water rise”.

The end date of abnormal water rise in each well was calculated and summarized in Table 1. In Fig.
12, two regression curves of the water level are shown whose inter section period was the closest (Well
E: November, 2019) and remotest (Well A: March, 2021) from the earthquake, namely the “abnormal

water rise” will be shrunken ca. 3.5 to 5 years after the earthquake. If the clogging accelerates, the
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abnormal water level will be reduced faster.

6. Conclusions

A three-stage tank model was developed to simulate water level fluctuations within the aquifer
structure of the Kumamoto area. The water fluctuations that would have occurred in the absence of
the earthquake effects were simulated by extrapolating the patterns observed in the period ca. 2 years
before the earthquake. The simulated water levels were compared with observed data following the
earthquake to extract the coseismic change signals only. Application of the tank model successfully
identified abnormal water supply from the mountains to regional groundwater systems. This was most
significant at the western slope of the Aso caldera rim mountains that peaked at about 4 to 5 months
after the earthquake. This was most reasonably explained by coseismic mountain water release due to
permeability enhancement. After the maximum increase in water levels due to addition of this new
water, the water levels tend to decrease probably owing to permeability recovery to original conditions
by clogging. Our simple estimation suggests this abnormal groundwater level rise will be reduced in
3.5 to 5 years after the earthquake. These retention times may reflect multiple factors including an
intensity of seismic deformations, storage capacity and properties of mountain aquifers and local
precipitation amounts. The spatial and temporal variation of abnormal water supply would be fully
proved based on isotopic fingerprinting approach using dataset from high-time-resolution water
sampling campaigns before and after the earthquake. However, in the absence of such high resolution

data, the tank model allowed the abnormal water level rise to be identified.
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Fig. 1. Locations of groundwater level monitoring wells. At some sites, two wells are in one place for
confined and unconfined aquifer monitoring (cross inside open circle). Hydrogeological cross sections

X-X"is shown in Fig. 11.
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Fig. 4. Comparison of the groundwater levels of the second aquifer between before the occurrence of
the earthquake (April 1, 2016) and water levels at different time after the earthquake: a) immediately
(April 17,2016), b) 1 month (May 15, 2016), ¢) 2.5 months (July 1, 2016), and d) 5.5 months (October
1, 2016) after the main shock.
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635  Fig. 8. Groundwater level fluctuation of observed (blue circle) and calculated using tank model (red
636  line) in some wells (Well B, F, H, J, N and P). The “abnormal water rise” shown in Well F is explained
637  in Section 5.4.
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(immediately after the earthquake), b) May, 2016 (1 month after), c) June, 2016 (2 month after), d)
July, 2016 (3 month after), e) August, 2016 (4 month after), f) September, 2016 (5 month after), g)
April, 2017 (12 month after), h) April, 2018 (24 month after) and i) November, 2018 (31 month after).
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645  Fig. 10. Distribution of an “Abnormal water supply index”. A larger index implies new groundwater

646  supply occurred accompanying the earthquake.
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649  Fig. 11 Cartoon showing coseismic groundwater flow system changes. Location of the cross sections

650  X-X’is shown in Fig. 1. Groundwater drawdown model in the urban area is after Hosono et al. (2019).
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651

652  Fig. 12. Duration of abnormal water level in each observation well until two and a half years after the
653  earthquake. The regression lines in polynomial curve for well A and E estimate the end date of the
654  “abnormal water rise” (See 5.6 and Table 1).

655

656  Table 1. The estimated end date of the abnormal water level in Wells A to G. The end date was
657  estimated by the regression curves of the water level reduction trend which obtained from August 2016

658 to the end of November 2018.

659

Well The end date

No. of the abnormal water level
A March, 2021
B November, 2019
C January, 2020
D January, 2020
E November, 2019
F November, 2019
G December, 2019
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