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Groundwater level and ﬂow rate at 44 wells are continuously observed by the Geological Survey of Japan and the
Shizuoka and Gifu Prefectural Governments for monitoring seismic and volcanic activities. The 2003 Tokachi-oki
earthquake (M8.0) occurred off the south coast of Hokkaido Island, Japan on September 26, 2003. The epicentral
distance to the nearest observation well is about 250 km and that to the farthest is about 1200 km. At the 22 wells, we
detected changes in groundwater level or ﬂow rate in relation to the earthquake. Most of the changes are coseismic
step-like changes and/or short-period oscillations. In the nearest two observation wells, long-period oscillations
with the periods of 39 and 53 minutes were also observed for several days after the earthquake, which is likely due
to tsunami. In comparison between distributions of changes in groundwater level and theoretical coseismic strain
by the fault model, it is clear that step-like increases were found in the contraction area of the coseismic strain. The
relationship between amounts of the observed step-like groundwater-level changes and theoretical ones, calculated
by the fault model using strain sensitivities of groundwater level indicates that the groundwater levels in the several
wells responded to the coseismic strain.
Key words: Groundwater level, ﬂow rate, 2003 Tokachi-oki earthquake, coseismic strain, oscillation, tsunami.

1.

Introduction

Earthquake-related groundwater-level changes have been
reported for many earthquakes (e.g. Wakita, 1975; Roeloffs,
1988, 1996; Igarashi and Wakita, 1991; Akita and Matsumoto, 2001). In such studies, the groundwater-level
changes were quantitatively compared with coseismic strain
based on elasticity of porous media. The results showed that
some of the changes were consistent with the crustal strain,
and some were not. In most cases of inconsistencies, it is
thought that other effects such as local permeability change
and seismic oscillation interfere in the poroelastic process.
Therefore, to use groundwater level as a coseismic strain indicator, we must evaluate the observation wells whether such
interfering effects frequently appeared or not.
We can estimate the strain sensitivity of groundwater
level based on tidal analysis any time. There are, however,
fewer opportunities to detect the presence of interfering effects. Thus it is important to investigate the response of
groundwater-level to large earthquakes.
After the 1995 Kobe earthquake, many observation wells
were established in the central area of Japan. Strain sensitivities of groundwater level in these wells were investigated based on tidal analysis by Koizumi et al. (1999). Further, coseismic and/or postseismic changes of the groundwater levels were observed in relation to two recent large
earthquakes: the 2000 western Tottori earthquake (M7.3)
and the 2001 Geiyo earthquake (M6.7). Takahashi et al.
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(2002) and Koizumi et al. (2002) reported the groundwaterlevel changes and discussed relations between the changes
and coseismic strain, respectively. The results show that
groundwater-level responses in some wells are consistent
with coseismic strain but that those in some wells are not.
Similar groundwater-level changes were observed in relation
to the latest large earthquake, the 2003 Tokachi-oki earthquake (M8.0). In this paper, we will report the changes and
compare the changes with the coseismic strain as well as the
previous two large earthquakes. If the consistencies between
groundwater-level changes and coseismic strain have been
observed in particular wells, it can be stated that the wells
are useful to observe coseismic strain. Such information is
very important to observe the groundwater level for monitoring earthquake activities.
The 2003 Tokachi-oki earthquake (M8.0) occurred off the
Tokachi area of Hokkaido Island, Japan, at 04:50 JST on
26 September 2003 (Fig. 1; Yamaoka and Kikuchi, 2003).
The fault model calculated by Geographical Survey Institute
using the GPS data (Geographical Survey Institute, 2003)
is represented in Fig. 1 by a hatched square. The model
shows the depth, length, width, dip angle and slip of the
earthquake as 19.7 km, 85.7 km, 83.0 km, 22 degrees and
5.19 m, respectively.
This large slip caused tsunami along the south coast of
Hokkaido Island broadly. The height of the tsunami was
1 m near the fault, which was observed at the several tidal
observatories by Japan Meteorological Agency, Japan Coast
Guard and Hokkaido Development Bureau (Japan Meteorological Agency, 2003). The tsunami continued for half a day
at least with relatively long-period oscillations of 30–60 min-
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Table 1. Description of 42 observation wells of GSJ, AIST.
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Fig. 1. Location of observation wells (circles, diamonds and squares). A
hatched square indicates the fault model of the 2003 Tokachi-oki earthquake by the Geographical Survey Institute (2003). Contours denote the
calculated volumetric strain by the fault model.

utes. For example, nearly 1-hour-period oscillation was observed at the Muroran tidal observatory of the Japan Coast
Guard, and the oscillation started about one hour after the
earthquake (Fig. 2(a)).
Aftershocks were distributed broadly NE to SW of 150
km and NW to SE of 100 km (Japan Meteorological Agency,
2003). The largest aftershock (M7.1) occurred about 30 km
west from the main shock at 06:08 JST, one hour and 18
minutes after the main shock.

2.

Groundwater-Level Observations

Groundwater-level observation at 42 wells was performed
for monitoring seismic and volcanic activities by the Geological Survey of Japan (Table 1). The central observation
network was established in the Tokai district (Fig. 1) in the
1970’s for monitoring the coming Tokai earthquake. Since
1994, the number of the observation wells increased because
of large seismic and volcanic events. For example, the observation wells in the Kinki district were drilled after the Kobe
earthquake with M7.2 (Koizumi et al., 1999), and new instruments were equipped at DT1 and DT2 in Hokkaido Island after the 2000 eruption of the Usu Volcano (Matsumoto
et al., 2002). For the same purpose, Shizuoka and Gifu Prefectural Governments have also observed groundwater levels
and ﬂow rates.
The nearest observation wells, DT1 and DT2 are located
in Hokkaido Island about 250 km west from the epicenter
of the earthquake (Fig. 1). Both wells were drilled 4 km
apart each other for monitoring water resources in 1994. On
March 2000, signiﬁcant increases of groundwater level were
observed in both wells in relation to volcanic activity of the

Usu volcano located 6 km northwest from DT1 (Matsumoto
et al., 2002). The total increases were consistent or less than
those estimated by crustal strain due to magma movement
using the strain sensitivity of groundwater level.
The other observation wells are located in and around the
Tokai and Kinki districts, which are about 1,000 km and
1,200 km apart from the epicenter, respectively (Fig. 1). In
some sites, there are several wells whose depths are different. For example, there are four wells in TKB, three wells
in KSN, two wells in OBK and three wells in YST, and we
named the No. 3 well in TKB as “TKB3”. Two pipes whose
diameters are large and small were installed concentrically
in a well at KWN. We named the inner and outer pipes
as “KWN-I” and “KWN-O”, respectively. Koizumi et al.
(1999) introduced these wells in the Kinki district and discussed the strain sensitivities of groundwater level.
We have been observing water level, water temperature,
atmospheric pressure and rainfall. The data of atmospheric
pressure and rainfall are used to correct that of water level.
The sampling interval was two minutes, and the data were
transmitted to the Geological Survey of Japan (TKB in
Fig. 1) via phone line once a day or once an hour.
Observations at the two wells, M174 and Wariishi were
performed by Shizuoka and Gifu Prefectural Governments,
respectively. The M174 well is located in the Ito hot spring
900 km away form the epicenter (Fig. 1). During near seismic and volcanic events in 1989 about 3 km apart from the
hot spring, groundwater and hot-spring water ﬂowed out before the volcanic eruption (Sato et al., 1992). The M174
well was one of them. The Shizuoka Prefectural Government started groundwater-level observation using an analog
recorder in 1991, and the Geological Survey of Japan started
a 2-minute digital sampling in 1998. On the other hand, the
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Fig. 2. 2-minute values of groundwater levels.

Wariishi well is located at the Wariishi hot spring 840 km 3. Results
apart form the epicenter (Fig. 1). The Gifu Prefectural GovFigure 2(a) shows three days’ groundwater levels in DT1
ernment have been observing ﬂow rates in an artesian well and DT2. The water levels dropped at the earthquake, and
using an electromagnetic ﬂow meter since July 1998.
immediately recovered about 30% and 60% of the maximum drops in DT1 and DT2, respectively. About two hours
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than the step-like change. First, we performed linear regression for one hour of Period 1 and Period 2; Period 1 is just
before the main-shock, and Period 2 is just before the largest
aftershock. Second, we calculated the residual standard deThe largest
viations for both periods as σ1 and σ2 , respectively. Due to
aftershock
Tokachi-oki
M7.1
earthquake
the
oscillation, the value of σ2 is larger than σ1 in Fig. 3. Fi(6:08 1.8s JST)
M8.0
nally, we deﬁned the amount of the step-like change, d, as a
(4:50 7.6s JST)
difference between water levels at 4:50 and 4:52 predicted by
+2σ2
the liner regressions of Period 1 and Period 2, respectively.
When the value of d was larger than 2σ1 , 2σ2 and 2r , we
−2σ2
concluded that the step-like change was detectable. The r is
d
+2σ1
resolution of groundwater-level observation, and the value is
Period2 (5:08-6:08)
−2σ1
0.2 mm in many wells.
The 11 wells in which the coseismic step-like change
Period1 (3:50-4:50)
was detectable, are DT1, DT2, KWS, KSN3, OHR, KNM,
10min
TKB3, KWN-O, OBK1, OBK2 and TNN (Fig. 1). The
changes in the former 5 wells are decreases of groundwaFig. 3. Schematic diagram of coseismic groundwater-level changes.
ter level and those in the latter 6 wells are increases. On the
other hand, there are several wells in the Tokai and Kinki
districts for which only oscillation is observed.
Figure 4 shows a coseismic increase of the ﬂow rate in the
after the earthquake, remarkable periodic oscillation in the
groundwater levels started and continued for about one and Wariishi well. The ﬂow rate increased to 34.5 L/min from
three days in DT1 and DT2, respectively. The dominant pe- 31.5 L/min in relation to the main shock.
riods of the oscillation are 39 and 53 minutes, which are entirely consistent in both wells. We also detected possible 4. Discussion
preseismic changes in the both wells. The groundwater levThe distribution of coseismic static strain calculated by
els gradually increased one hour and 20 minutes before the the fault model is shown in Fig. 1. The calculation was
earthquake. The total increases until the earthquake are 12 performed using MICAP-G (Naito and Yoshikawa, 1999)
mm in DT1 and 11 mm in DT2. It should be noted that the based on Okada (1992). According to linear poroelasticstarting time and amount of the increases are almost same ity, groundwater-level decreases in the dilatation area and
in the both wells. We could not, however, judge whether increases in the contraction area (Roeloffs, 1996). Coseisthe changes are anomalous or not. In Fig. 2(a), the cor- mic groundwater-level changes in 8 of the examined 11 wells
rected data, for which tidal components and responses to are consistent with coseismic strain steps, except in the three
atmospheric pressure are removed by BAYTAP-G (Tamura wells, KWS, KSN and OHR. The reason why different reet al., 1991), are shown as solid circles. Calculations were sponses from the linear poroelasticity were observed in three
performed using data of three months before the earthquake. wells is not obvious, however, it is clear that the responses
The corrected data demonstrate that the preseismic changes were not reﬂected directly to the coseismic strain.
of the both wells are not signiﬁcant. Unfortunately only 1108 –109 coseismic contraction is estimated at the wells
hour data are now available for the calculation of such cor- with detectable step-like groundwater-level changes in the
rected data as shown in Fig. 2(a). We continued to investi- Tokai and Kinki districts. This coseismic contraction is congate the preseismic changes, for example recalculating the sistent with the fact that the strain sensitivities of the many
corrected data using the 2-minute data.
wells were calculated to be 0.5–1.5 mm/109 (Koizumi et al.,
Figures 2(b), 2(c) and 2(d) show the 2-minute data from 1999). The strain sensitivity indicates that strain sensitivities
2:00 to 8:00 on September 26, 2003, observed at the wells in smaller than 109 could not cause larger groundwater-level
the Tokai and Kinki districts. Most frequent changes related changes than 2 r . In the area where the coseismic strain is
to the main-shock are groundwater-level oscillations which less than 109 (Fig. 1), the observed coseismic changes are
period is a few minutes or less. Coseismic step-like changes expressed as groundwater-level oscillations only.
were also found in the some wells, such as KWS, KNO
Figure 5 shows the relationship between the observed
and KWN-O. Smaller groundwater-level oscillations also amount of the step-like groundwater-level changes, Y , and
occurred at many wells in relation to the largest aftershock the theoretical ones, X , due to coseismic strain. The calcuof M7.1.
lation for the latter was performed as follows; ﬁrst, ampliBoth changes of oscillation and step-like change were si- tude and phase of M2 tidal constituent were extracted from
multaneously observed in the some wells, such as OHR and groundwater level for 6 months before the earthquake by
OBK2. The step-like change in OHR is larger than the os- BATAP-G. Second, strain sensitivities were calculated to dicillation, and in contrast the oscillation is larger in OBK2. vide the given amplitude of M2 tidal constituent by theoretIn the latter case, it is difﬁcult to judge whether the step-like ical tidal strain at the wells. The theoretical tidal strain was
change is signiﬁcant or not. Thus we speciﬁed a criterion to calculated by GOTIC2 (Matsumoto et al., 2001). Finally,
measure quantitative amount of step-like change as below.
theoretical groundwater-level changes were determined by
Figure 3 shows a schematic diagram of a coseismic dividing the estimated coseismic strain by the strain sensigroundwater-level change in case that the oscillation is larger tivity of the groundwater level. Error for X -axis in Fig. 5
Groundwater level

Sep. 26, 2003
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is mainly due to the estimated variance by BAYTAP-G. On
the other hand, error for Y -axis shows the maximum value
among 2σ1 , 2σ2 and 2r .
DT1 and DT2 are plotted below the line of Y = 0.1X
in Fig. 5, which shows that the observed groundwater-level
changes are signiﬁcantly smaller than those predicted from
the coseismic strain. The reason is not obvious. Such tendency, however, was seen in the case of the 2000 volcanic
eruption of Usu Volcano. Strain change during the volcanic eruption was calculated to be 106 –105 contraction by
the groundwater-level change in DT1, which is consistent or
one-order smaller than those caused by magma movement
and predicted by the observation results of crustal deformation (Sato et al., 2002). There is a possibility that the strain
sensitivities of groundwater level, which is calculated using
tidal strain of about 108 , are not linear until a large strain of
106 –105 is reached.
In contrast, OBK2 is plotted above the line of Y = 10X in
Fig. 5, which indicates that the observed groundwater-level
change are signiﬁcantly larger than the theoretical change.
Such tendency was also detected in Wariishi. The observed
ﬂow-rate change is 3 L/mm. However, the ﬂow-rate change
predicted by coseismic strain is only 0.03 L/min. The amplitude of the oscillation in OBK2 was the largest in the wells
shown in Fig. 2, which may affect groundwater level to increase.
The 5 wells are plotted between Y = 0.1X and Y = 10X
in Fig. 5, which are KNM, OBK1, TNN, TKB3 and KWNO. Koizumi et al. (2002) presented a similar ﬁgure as Fig. 5
using data of the 2001 Geiyo earthquake, and discussed the
relationship between the observed changes and the theoretical ones. The result shows that the 8 wells were plotted
between the two lines. In comparison of the both ﬁgures,
KNM and OBK1 are commonly plotted between the two
lines. In Fig. 5, the two wells are located nearest from the
line of Y = X , which indicates that the groundwater level
ﬁnely responds to the coseismic strain.
As for the other changes such as the long-period oscillation and preseismic increases observed in DT1 and DT2, the
causes are not obvious. These changes, however, are very
similar in the both wells, for example the dominant periods
of the oscillations, 39 and 53 minutes, are same and the starting time and amount of the preseismic increases are also almost identical (Fig. 2(a)). Because the wells are located 4
km apart each other, these changes are not due to local factors but to broad-based phenomena.
There is a possibility that the long-period oscillation is as-
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0.1
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100

1000

X: Theoretical groundwater-level change (mm)

Fig. 5. Comparison of the theoretical coseismic groundwater-level changes
to the observed ones.

sociated with tsunami, which is supported by the following
two facts. One is that the observed tsunami in the Muroran
tidal observatory started one hour after the earthquake and
had a dominant period of about one hour (Fig. 2(a)). Second is that the amplitude of the oscillation in DT2 is larger
than that of DT1. The DT2 well is located at shorter distance from seashore, 0.6 km than DT1 of 1.5 km. Furthermore, the screened depth of DT2 is shallower than DT1 (Table1). Thus, it is concluded that sea-level changes due to the
tsunami are easier to affect groundwater level in DT2 than
DT1.
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