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Abstract
Between 2001 and 2005, the Disaster Prevention Research Center of National Cheng-Kung University established a groundwater observation network consisting of 16 wells. Most of these were located along active faults for research on earthquake-related groundwater changes. They were selected mainly from among the 550 groundwater observation wells of the Water Resources Agency (WRA), which monitors and manages groundwater resources in Taiwan. The groundwater level was observed at a resolution of 0.2 mm at the wells. The depths of the well screens ranged between 80 and 252 m. Groundwater level data at six of the 16 wells were analyzed between 2003 and 2006 in an evaluation of such data for use in detecting earthquake-related groundwater level changes. The strain sensitivities of the groundwater level at these six wells ranged between 0.1 and 0.5 mm/10−9, indicating that an analysis of groundwater level data at these six wells can detect volumetric strain changes on the order of 10−9. Coseismic and/or postseismic groundwater level changes associated with 17 earthquakes in and around Taiwan whose magnitudes were ≥6 were also analyzed. Our analysis shows that ground shaking seems the main reason for earthquake-related changes but that the acceleration of ground shaking cannot always explain the observed groundwater level changes.
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1. Introduction
Reports of groundwater level changes induced by earthquakes are widespread in historical records, and such changes have been investigated in China, Japan, the former U.S.S.R., and the USA since the 1970s (Wakita, 1975; Roeloffs, 1988, 1996; Matsumoto et al., 2007). The study of earthquake-related groundwater level changes is also important within the context of gathering data on earthquake-related natural hazards, such as postseismic landslides and debris flows, liquefactions of soil, and groundwater pollution caused by the mixing of radioactive or other high-risk wastes (Inverson and Major, 1986; Carrigan et al., 1991; Todorovska and Trifunac, 1999). Montgomery and Manga (2003) reviewed the reported observations of such changes and classified them in relation to earthquake magnitude and epicentral distance. However, their conclusions, which are based on observations of independent events by many different researchers, have a number of uncertainties arising from different mechanisms and site effects. It is usually difficult for earthquake-induced groundwater level changes to be explained quantitatively, although there are some exceptions to the rule, such as those reported by Igarashi and Wakita (1991), Quilty and Roeloffs (1997), Akita and Matsumoto (2001), and Koizumi et al. (2004).
On September 21, 1999, a large Mw7.6 earthquake occurred near Chi-Chi in central Taiwan, subsequently denoted the Chi-Chi earthquake (Shin et al., 2000). The Chi-Chi earthquake caused many groundwater changes at several hundred Water Resource Agency (WRA) wells in Taiwan. This event has become a rare and well-documented example of earthquake-induced groundwater level changes measured together with seismological data sets (Wang et al., 2001; Lai et al., 2004) from a dense network of three-component accelerators stationed in Taiwan (Shin et al., 2000). Based on analyses of data collected on the observed groundwater level changes in the 1999 Chi-Chi earthquake, geologists, geophysicists, and hydrologists have become aware of the significance of research on earthquake-related groundwater level changes. In 2001, the National Science Council (NSC) in Taiwan funded the WRA to initiate a 5-year research program on earthquake-related groundwater changes under the comprehensive national program called “Program on Earthquake and Active fault Research (PEAR)”. The main purpose of the program is to increase the resolution of the existing groundwater monitoring system and to obtain high-quality data for studying earthquake-related groundwater changes. The Disaster Prevention Research Center (DPRC) of National Cheng-Kung University established 16 groundwater monitoring wells by the end of 2005 in cooperation with the Geological Survey of Japan, National Institute of Advanced Industrial Science and Technology (AIST).
Here, we introduce our groundwater observation network and report the preliminary results of our analyses on data collected at six of the 16 wells between November 2003 and December 2006. The other ten wells could not be analyzed in this context due to insufficient data for this period. Earthquake-related groundwater level changes are compared to observed seismic accelerations and to inferred coseismic static volumetric strain changes at the wells.

2. Observation
2.1 Tectonic setting in Taiwan
The island of Taiwan is located on the active subduction plate boundary between the Eurasian plate and the Philippine Sea plate (Chang et al., 2003). East of Taiwan, the Philippine Sea plate subducts northward beneath the Eurasian plate along the Ryukyu subduction system. South of Taiwan, the Philippine Sea plate overrides the crust of the South China Sea at the Manila trench, which extends northward from the Philippines to a latitude of about 21.5°N (Fig. 1). Consequently, Taiwan is located in an active arc-continent collision zone and is seismically very active. This is illustrated by the occurrence of 17 earthquakes of ≥Mw 6.0 in and around Taiwan between November 2003 and December 2006 (Table 1, Broadband Array in Taiwan for Seismology, 2009; Kao and Jian, 2001).[image: A40623_2015_620040391_Fig1.jpg]
Fig. 1Tectonic setting of Taiwan, observation wells (solid squares), and earthquakes (solid circles with numbers) in Table 1. A solid star denotes the epicenter of the 1999 Chi-Chi earthquake. A dotted line shows the Chelungpu fault, which is the earthquake fault of the 1999 Chi-Chi earthquake.



Table 1List of the earthquakes of ≥Mw 6.0 (December 2003–December 2006).


	No.
	Date*
	Time*
	Lat.
	Long.
	Depth (km)
	Mw**

	1
	Dec. 10, 2003
	4:38
	23.07
	121.40
	10.0
	6.6

	2
	Feb. 4, 2004
	3:24
	23.38
	122.15
	4.0
	6.0

	3
	May 16, 2004
	06:04
	23.05
	121.98
	12.5
	6.0

	4
	May 19, 2004
	7:04
	22.71
	121.37
	8.7
	6.5

	5
	Oct. 15, 2004
	4:08
	24.46
	122.85
	58.8
	7.0

	6
	Nov. 8, 2004
	15:54
	23.79
	122.76
	10.0
	6.6

	7
	Nov. 11 2004
	2:16
	24.31
	122.16
	27.3
	6.0

	8
	Sep. 6, 2005
	9:16
	23.96
	122.28
	16.8
	6.1

	9
	Apr. 1 2006
	18:02
	22.88
	121.08
	7.2
	6.3

	10
	Apr. 16, 2006
	6:40
	22.86
	121.30
	17.9
	6.2

	11
	Jul. 28, 2006
	15:40
	23.97
	122.66
	28
	6.1

	12
	Aug. 28, 2006
	1:11
	24.80
	123.07
	135.3
	6.1

	13
	Oct. 9 2006
	18:01
	20.70
	119.83
	28.0
	6.1

	14
	Oct. 9 2006
	19:08
	20.77
	119.93
	8.0
	6.1

	15
	Oct. 11 2006
	14:43
	20.89
	119.90
	10.0
	6.0

	16
	Dec. 26, 2006
	20:26
	21.94
	120.56
	44.1
	6.7

	17
	Dec. 26, 2006
	20:34
	21.95
	120.39
	47.0
	6.4


* Date and Time are ex pressed in GMT.
** Mw: Moment magnitude




2.2 Procedure for choosing observation wells
The WRA of the Ministry of Economic Affairs, Taiwan, has a groundwater observation network distributed primarily in the plains of Taiwan for monitoring groundwater resources. In 2003, the network included 228 observation stations with 550 observation wells, distributed throughout nine major groundwater areas (Water Resource Agency, 2005). Each station has one to five observation wells that are screened at different depths, varying between 10 and 320 m. Therefore, there are more wells than stations. The groundwater levels are measured and recorded on digital data loggers hourly or on strip-chart analog recorders. The accuracy and resolution of the water level data are 2 and 1 cm, respectively. The observations are downloaded monthly and managed by WRA. Because the wells of the WRA are spatially dense and maintained systematically, we chose the observation wells for our study from among those of the WRA.
The wells were chosen as follows. First, we chose wells that were located no more than 10 km from active faults (Central Geological Survey, 2000). The well water level data of WRA were used to check for artificial disturbances and the effects of rainfall. However, some of the chosen wells still show relatively large artificial disturbances. The effects on rainfall can be roughly divided into two types, based on duration. The first, which we call short-term rainfall effects, occurs just after a rainfall and continues for a few to several days. In confined groundwater, this effect is probably related to the loading of the rainfall. The second, which we call long-term rainfall effects, starts some time after the rainfall and continues for >10 days, and seems to show a recharge and discharge of groundwater. Long-term rainfall effects are hard to avoid. An analysis of well water level data with barometric pressure data by BAYTAP-G (Tamura et al., 1991), a tidal analysis program, reveals barometric and tidal responses of the well water level. The barometric response is an indicator of the confinement of well water: if the well water level is independent of sea level, that is to say, the aquifer of the well is not connected to the sea, the tidal response of the well water level is an indicator of strain sensitivity. We compared the change in tidal water level to a theoretical tidal volumetric strain calculated from GOTIC 2 (Matsumoto et al., 2001), which calculates the theoretical earth and ocean tides, and estimated the strain sensitivity of the well water level. Finally, we checked whether there were any earthquake-related well water level changes. Using this step-wise procedure, by 2005 we had finally selected 12 wells from among the 550 wells of the WRA for our investigation of earthquake-related groundwater changes. We also constructed four new wells, thereby establishing a network of 16 wells in total. Each of these wells has only one screen, with the depths of the screens ranging from 80 to 252 m. Groundwater level and background information, such as atmospheric temperature, atmospheric pressure, and rainfall, are collected at all wells, while groundwater temperature and radon concentration are collected at only some of the wells and are recorded at 2-min intervals. The data are automatically sent to the Disaster Prevention Research Center (DPRC) at National Cheng-Kung University. The accuracy of the water level data for the 16 wells is 2 mm according to the manufacturer of the water level meter. The resolution is estimated to be about 0.2 mm, based on actual observation.

2.3 Geological condition of the observation wells
For the period November 2003 to December 2006, observations for more than 3 years were available for six of the 16 wells (Table 2). Hydrological conductivities for the six wells are relatively high (Table 2). The geological conditions of these six observation wells are discussed in the following sections.Table 2List of the six observation wells.


	Name
	Location
	Depth of the screen
	Geology*
	Hydrological Conductivity

	 	Lon.
	Lat.
	(m)
	 	(cm/s)

	JHU
	121.782
	24.746
	112–124
	Qs,Qm
	3.70E-04

	HUL
	121.605
	23.977
	140–160
	Qc
	-

	TLO
	120.784
	24.491
	84–93
	Qs
	1.33E-03

	DHR
	120.561
	23.688
	222–252
	Qg
	6.92E-03

	LUC
	120.342
	23.227
	204–222
	Qs,Qm
	4.45E-03

	NBA
	120.34
	23.071
	135–147
	Qs,Qm
	3.07E-03


*Qc: Quaternary conglomerate, Qg: Quaternary gravel, Qs: Quaternary sandstone, Qm: Quaternary shale and mudstone



2.3.1 Jhuangwei (JHU)
The Jhuangwei observation well is located in Ilan County, northeastern Taiwan. The well was chosen because of its good confinement and its clear coseismic step-like change of 96-cm amplitude in response to the 1999 Chi-Chi earthquake. The location of JHU is also close to the Ilan seismic zone, which is the western extent of Okinawa trough (Fig. 1). The observations at JHU are expected to cover the area across the active block of the northern Taiwan seismic zone. We also expect that groundwater changes at JHU are related to seismic events in the southern tip of the Okinawa Trough. The observations at JHU may also provide some information related to crustal deformation in the active collision zone of the plate boundary. Based on borehole data, the geology at JHU is mostly composed of thin-bedded fine-grained silt and mud.

2.3.2 Hulien (HUL)
The Hulien observation well in eastern Taiwan is located at the Hulien meteorological observation station, which is administered by the Central Weather Bureau (CWB), Taiwan. The HUL well is located on the trace of the surface rupture caused by the 1951 Hulien Earthquake, whose magnitude (ML) was 7.1. HUL was chosen for monitoring large earthquakes in the eastern Taiwan seismic zone. CWB carries out geodetic, seismological, and meteorological observations, as well as GPS, at the same location. These integrated observations will provide information on the relationship between the groundwater level and the crustal deformation related to seismic events. The geology of HUL is mostly composed of thick calcareous sandstone and conglomerates with good cementation.

2.3.3 Tonlou (TLO)
The Tonlou observation well is located in Miaoli County, central Taiwan. This well is situated on the axis of the Tonlou syncline and is close to the northern extent of Sanyi Fault (Central Geological Survey, 2000). The Hsinchu earthquake (Mw7.1), which struck Hsinchu City in 1935, resulted in a surface earthquake fault, and the TLO well is near this fault. The Sanyi Fault is the northern extent of the 1999 Chi-Chi earthquake fault or the Chelungpu Fault (Fig. 1). Since the rupture ended in the Sanyi Fault, the northern segment seems to have some potential for earthquakes in the near future. In addition, the Sanyi Fault is close to the active Sanyi-Puli seismic zone. Data on this observation well are expected to enable the detection of groundwater level changes related to the local seismic activity.

2.3.4 Donher (DHR)
The Donher groundwater observation well is located in Yunlin County, central Taiwan and situated in the Choushuishi alluvial fan. The DHR well was chosen for two reasons. First, it is close to the south end of the Chelungpu Fault (Fig. 1) and, second, it is sensitive to local seismic events. Therefore, observations at DHR are expected to cover the area in and around the south part of the Chelungpu Fault and the Tainan-Chiayi seismic zone. Since new seismic events are possible in the southern tip of Chelungpu Fault, data on the DHR well are important. The geology of DHR is mostly composed of thin-bedded fine-grained silt and mud, which are Holocene alluvial sediments.

2.3.5 Lauchia (LUC)
The Lauchia observation well is located in Tainan County, southern Taiwan. LUC was chosen for its good confinement and because it showed a clear coseismic step-like 55-cm amplitude change in response to the 1999 Chi-Chi earthquake. The LUC well is locaed close to the Lauchia Fault (Central Geological Survey, 2000) and the Chiayi-Tainan seismic zone. The geology of LUC is mostly composed of thick layers of mudstone and thin layers of fine-grained silt.

2.3.6 Naba (NBA)
The Naba observation well is located in Tainan County, southern Taiwan. NBA was chosen for its structural condition and good confinement. The well is located on the trace of the Hsinhua Fault (Central Geological Survey, 2000), which was the surface earthquake fault in the 1946 hazardous Hsinhua Earthquake (ML 6.1). This fault belongs to the Chiayi-Tainan seismic zone. The geological units of the Naba observation well are mostly composed of thick layers of sandstone and siltstone with interbedded shale.



3. Observation Results of the Groundwater Level
3.1 Usual groundwater level changes during the period from November 2003 to December 2006
The groundwater level data at JHU shows repeated changes in groundwater level with a periodicity of 1–2 months (Fig. 2(a)). The reason for these changes is currently unknown. The data also show barometric and tidal responses (Fig. 2(b)). The short-term rainfall effect on the groundwater level seems to last several days. The groundwater level at HUL shows a smooth trend with a clear association with tidal changes (Fig. 2(a) and (b)). The amplitude of the tide is about 4 cm. A comparison of the groundwater level with the sea level near the well shows that tidal effects in the groundwater level are caused mainly by loading of the ocean tide. The ratio of the groundwater tide amplitude to that of the ocean tide is approximately 0.07, and the time lag is about 1 h. Heavy rainfall seems to create a long-term effect on the groundwater level that lasts for 1–2 months. The groundwater level at TLO has large artificial disturbances (Fig. 3(a)) as well as barometric and tidal responses. The short-term rainfall effect seems to last a few days. In August 2004, the water level measured at TLO fell drastically, and it has remained low since then. The reason for this change is currently unknown, but it may indicate that the observation system is experiencing some difficulties. Consequently, we do not use the data at TLO collected after August 2004 in our analysis. The groundwater level at DHR shows a smooth seasonal change with periodic tidal responses (Fig. 3(a) and (b)). The barometric pressure also has a small effect on the groundwater level. Seasonal changes seem to be caused by the long-term rainfall effect. The groundwater level at LUC shows a smooth trend with tidal changes and barometric responses (Fig. 4(a) and (b)). The groundwater level at NBA also shows a smooth trend with tidal and barometric responses. The long-term rainfall effect is not clear (Fig. 4(a) and (b)).[image: A40623_2015_620040391_Fig2.jpg]
Fig. 2Observation results at JHU and HUL. The data are hourly. (a) December 2003–December 2006, (b) January, 2004.



[image: A40623_2015_620040391_Fig3.jpg]
Fig. 3Observation results at DHR and TLO. The data are hourly. (a) December 2003–December 2006, (b) January, 2004.



[image: A40623_2015_620040391_Fig4.jpg]
Fig. 4Observation results at LUC and NBA. The data are hourly. (a) December 2003–December 2006, (b) January, 2004.





3.2 Tidal responses and sensitivities of groundwater levels to volumetric strain changes
As mentioned above, we used the BAYTAP-G program (Tamura et al., 1991) to estimate the responses of groundwater levels at the observations wells to tidal changes during the period from November 2003 until May 2004. There was relatively little rainfall during the entire observation period. The amplitudes and the phase shifts of the two main tidal components, M2 (period: 12.4 h) and O1 (period: 25.8 h), are considered to be indicators of tidal responses. Theoretical tidal volumetric strains at the observation wells were estimated from the GOTIC 2 program (Matsumoto et al., 2001). Using these results, we then estimated the phase shift of groundwater levels from the tidal volumetric strains and the strain sensitivities of groundwater levels to the volumetric strain changes (Table 3). In general, groundwater level is considered to rise when the aquifer contracts or the volumetric strain decreases. In such a case, in our study we set the phase shift to 0°—and not to 180° (Table 3)—in order to express the phase differences between the groundwater levels and volumetric strains more clearly. Table 3 shows the amplitudes of the strain sensitivities ranging from 0.1–0.5 mm/e-9, where e-9 = 10−9. The phase shifts are around 0° at all of the six wells, with the exception of HUL.Table 3Strain sensitivity of groundwater level at the six wells.


	 	JHU
	HUL
	TLO
	DHR
	LUC
	NBA

	a) SS* for M2
	0.38±0.03
	0.50±0.01
	0.11±0.02
	0.44±0.04
	0.18±0.04
	0.29±0.02

	b) PD** for M2
	63±21
	164±6
	54±49
	13±23
	6±34
	7±15

	c) SS for O1
	0.44±0.12
	0.38±0.06
	0.27±0.14
	0.32±0.17
	0.18±0.07
	0.27±0.15

	d) PD for O1
	−22±90
	−146±61
	22±67
	17±41
	−1±73
	-4±46

	Mean SS: (a+c)/2
	0.41±0.08
	0.44±0.04
	0.19±0.08
	0.38±0.11
	0.18±0.06
	0.28±0.09


*SS: Strain Sensitivity (mm/10−9)
**PD: Phase Difference of the groundwater level from the theoretical tidal volumetric strain (degree)



The tidal fluctuation of groundwater levels is usually induced by (1) tidal volumetric strain changes caused by the earth and ocean tides or (2) pressure connections between the aquifer and the sea. The second reason is why the aquifer should face the sea. Of the six well for which we have useable data, only HUL is located in the coastal region (Fig. 1). The phase shifts in Table 3 and the locations of the wells show that tidal responses in the observed groundwater levels are likely to be caused by volumetric strain changes at all of the six wells, with the exception of HUL. At HUL, as mentioned above, tidal groundwater level changes seem to be strongly related to the ocean tide; consequently, pressure connections may make a major contribution to tidal changes there. It is also possible that volumetric strain changes caused by ocean tides were not precisely calculated at HUL. For these reasons, the strain sensitivity at HUL in Table 3 is less reliable than that at the other wells.

3.3 Coseismic and/or postseismic groundwater level changes
Between November 2003 and December 2006, there were 17 earthquakes in and around Taiwan with a magnitudes ≥6 (Table 1, Fig. 1). We checked the groundwater level changes at the six observation wells before and after these each of these 17 earthquakes.
Figure 5 shows coseismic and/or postseismic groundwater level changes at all six observation wells related to the Taitung earthquake (Mw 6.6) on December 10, 2003 (No. 1 earthquake in Table 1 and Fig. 1). The patterns of the groundwater level changes are different, and we classified these into three patterns: persistent change (P), oscillation (O), and no change (N) (Fig. 5, Table 4). Persistent changes include step-like changes and trend changes that occur just after the earthquake (Fig. 5). Sometimes they exhibit oscillations; in these cases, we denote them ‘O+P’ (Fig. 5). Table 4 shows the patterns of the groundwater level changes related to the 17 earthquakes.[image: A40623_2015_620040391_Fig5.jpg]
Fig. 5Coseismic and/or postseismic groundwater level changes associated with the earthquake that occurred on December 10, 2003, or No. 1 earthquake in Table 1. Two-minute values are shown in the graph. The date and time are in GMT. ‘P’, ‘O+P’ and ‘N’ are defined in the text.



Table 4. (a)List of the coseismic and/or postseismic groundwater level changes at JHU, HUL, and TLO. At TLO only the data from December 2003 to July 2004 were analyzed. “e-9” means 10−9 strain.


	 	JHU (SS(*2)=0.41 mm/e−9)
	HUL (SS=0.44 mm/e−9)
	TLO (SS=0.19 mm/e−9)

	No.*1
	Glo(*3) (mm)
	Type
	Vol.Str.(*4)
	Gle(*5) (mm)
	PGA (gal)
	GLo (mm)
	Type
	Vol.Str.
	GLe (mm)
	PGA (gal)
	GLo (mm)
	Type
	Vol.Str.
	GLe (mm)
	PGA (gal)

	1
	11.2
	O+P
	−5.89E-10
	0.24
	6
	−13.5
	O+P
	−3.84E-09
	1.69
	29
	−8.6
	O+P
	2.66E-10
	−0.05
	11

	2
	 	O
	−5.41 E-12
	0.00
	6
	 	O
	9.28E-11
	−0.04
	29
	 	O
	1.26E-11
	0.00
	4

	3
	 	N
	−1.06E-11
	0.00
	8
	 	O
	2.54E-11
	−0.01
	13
	 	N
	1.92E-11
	0.00
	3

	4
	−9.2
	O+P
	−1.51E-10
	0.06
	4
	3.2
	P
	−6.58E-10
	0.29
	13
	3.9
	P
	−9.30E-11
	0.02
	7

	5
	−12.9
	O+P
	−3.47E-10
	0.14
	70
	 	O
	−2.38E-09
	1.05
	53
	-
	-
	-
	-
	-

	6
	15.9
	O+P
	−9.76E-10
	0.40
	38
	2.4
	P
	2.27E-10
	−0.10
	14
	-
	-
	-
	-
	-

	7
	−12.3
	P
	4.76E-10
	−0.20
	14
	 	O
	−2.27E-10
	0.10
	9
	-
	-
	-
	-
	-

	8
	−5.7
	P
	2.09E-10
	−0.09
	12
	 	O
	2.09E-10
	−0.09
	18
	-
	-
	-
	-
	-

	9
	−7.0
	P
	−1.46E-10
	0.06
	5
	 	O
	−8.35E-10
	0.37
	5
	-
	-
	-
	-
	-

	10
	−5.8
	O+P
	−5.09E-11
	0.02
	4
	 	O
	−2.69E-10
	0.12
	11
	-
	-
	-
	-
	-

	11
	−19.6
	P
	1.72E-11
	−0.01
	31
	 	N
	−5.05E-11
	0.02
	8
	-
	-
	-
	-
	-

	12
	 	N
	−6.71 E-12
	0.00
	4
	 	O
	−1.64E-12
	0.00
	11
	-
	-
	-
	-
	-

	13
	 	N
	−2.68E-12
	0.00
	2
	 	N
	9.29E-12
	0.00
	4
	-
	-
	-
	-
	-

	14
	 	N
	−1.15E-12
	0.00
	2
	 	N
	−1.30E-12
	0.00
	4
	-
	-
	-
	-
	-

	15
	 	N
	−5.06E-12
	0.00
	4
	 	N
	−9.94E-12
	0.00
	7
	-
	-
	-
	-
	-

	16
	−2.1
	P
	−9.60E-10
	0.39
	6
	 	O
	−2.39E-09
	1.05
	15
	-
	-
	-
	-
	-

	17
	−6.9
	P
	−3.13E-10
	0.13
	7
	 	O
	−4.61 E-10
	0.20
	18
	-
	-
	-
	-
	-


*1 The number of the earthquakes in Table 1.
*2 SS: Strain Sensitivity.
*3 Glo: Observed persistent groundwater level change.
*4 Vol.Str.: Calculated static coseismic volumetric strain change.
*5 Gle: Expected groundwater level change: (Vol.Str)*SS.


Table 4. (b)List of the coseismic and/or postseismic groundwater level changes at DHR, LUC, and NBA.


	 	DHR (SS=0.38 mm/e−9)
	LUC (SS=0.18 mm/e−9)
	NBA (SS=0.28 mm/e−9)

	No.
	GLo (mm)
	Type
	Vol.Str.
	GLe (mm)
	PGA (gal)
	GLo (mm)
	Type
	Vol.Str.
	GLe (mm)
	PGA (gal)
	GLo (mm)
	Type
	Vol.Str.
	GLe (mm)
	PGA (gal)

	1
	−23.5
	O+P
	7.91E-09
	−3.01
	27
	−275.7
	P
	1.16E-08
	−2.09
	17
	 	N
	1.09E-08
	−3.05
	11

	2
	 	N
	−2.77E-15
	0.00
	2
	 	N
	1.77E-11
	0.00
	3
	 	N
	1.52E-11
	0.00
	8

	3
	 	N
	−1.02E-14
	0.00
	2
	0.9
	P
	3.16E-11
	−0.01
	4
	 	N
	2.51E-11
	−0.01
	6

	4
	18.2
	P
	1.50E-10
	−0.06
	19
	−0.5
	P
	9.01 E-10
	−0.16
	10
	 	N
	1.20E-09
	−0.34
	16

	5
	0.3
	P
	−1.50E-09
	0.57
	20
	 	O
	−4.01 E-10
	0.07
	17
	 	N
	−3.71 E-10
	0.10
	4

	6
	 	N
	5.54E-10
	−0.21
	10
	 	O
	2.23E-11
	0.00
	5
	 	O
	6.68E-11
	−0.02
	5

	7
	 	N
	−3.36E-11
	0.01
	5
	 	O
	−4.11 E-11
	0.01
	6
	 	N
	3.77E-11
	−0.01
	6

	8
	 	N
	−1.78E-11
	0.01
	5
	 	N
	6.11 E-12
	0.00
	5
	 	N
	1.08E-11
	0.00
	4

	9
	 	N
	3.20E-09
	−1.22
	5
	7.8
	O+P
	4.19E-09
	−0.75
	18
	 	N
	2.63E-09
	−0.74
	10

	10
	 	N
	7.79E-11
	−0.03
	7
	 	N
	4.71E-10
	−0.08
	3
	 	N
	5.91E-10
	−0.17
	6

	11
	 	N
	−9.82E-12
	0.00
	5
	 	N
	−2.40E-12
	0.00
	3
	 	N
	−7.51 E-13
	0.00
	2

	12
	 	N
	−9.12E-12
	0.00
	4
	 	N
	5.54E-12
	0.00
	2
	 	N
	5.56E-11
	−0.02
	5

	13
	 	N
	2.12E-11
	−0.01
	4
	 	N
	4.38E-11
	−0.01
	6
	 	N
	5.04E-11
	−0.01
	7

	14
	 	N
	−8.93E-12
	0.00
	2
	 	N
	−1.66E-11
	0.00
	3
	 	N
	−2.00E-11
	0.01
	5

	15
	 	N
	−1.12E-11
	0.00
	2
	 	N
	−1.79E-11
	0.00
	2
	 	N
	−2.27E-11
	0.01
	4

	16
	 	O
	−8.75E-10
	0.33
	38
	 	N
	8.25E-10
	−0.15
	45
	−12.2
	O+P
	1.81 E-09
	−0.51
	59

	17
	 	O
	4.33E-10
	−0.16
	58
	 	N
	4.55E-09
	−0.82
	37
	−25.8
	O+P
	7.74E-09
	−2.17
	106






4. Discussion
Earthquakes cause ground shaking and static crustal deformation, which has led to the theory that these events cause earthquake-related groundwater changes. According to the poroelastic theory (Biot, 1941; Roeloffs, 1996), stress, strain, pore pressure, and water content are related to each other. Based on these relationships, Montgomery and Manga (2003) pointed out that there are two main causes of earthquake-related groundwater changes: static volumetric strain change and ground shaking, with the latter including dynamic volumetric strain change.
There have been only a few published reports on studies that have evaluated observed coseismic and/or postseismic groundwater changes in association with static volumetric strain changes and ground shaking using observed data, primarily because it is usually difficult to obtain both precise groundwater data and ground shaking data at the same locations. In Taiwan, we obtained both data sets from our groundwater observation wells and the dense network of three-component accelerators, as mentioned above. Figures 6–11 show the relationships among coseismic and/or postseismic groundwater level changes, coseismic static volumetric strain changes, and the peak ground acceleration (PGA) at each of the six wells. The coseismic static volumetric strain changes at each of the wells were calculated from the fault models of the 17 earthquakes (Broadband Array in Taiwan for Seismology, 2009) using Okada’s program (1992). In our calculation, we assumed a homogeneous elastic half-space and used the point source models (Broadband Array in Taiwan for Seismology, 2009). The peak ground acceleration is estimated by interpolating observed data from the accelerator network. Since the strain sensitivities at the six wells range from 0.1 to 0.5 mm/e-9 (Table 3) and the resolution of the water level data is 0.2 mm, the detection limit of the static volumetric strain change is about 1e-9 at the six wells. Actually, most of the static coseismic volumetric strain changes at the observation wells were smaller than 1e-9 (Table 4(a) and (b); Fig. 6–11).[image: A40623_2015_620040391_Fig6.jpg]
Fig. 6Relationships among the coseismic and/or postseismic groundwater level changes, calculated coseismic static volumetric strain changes (CVSC), and peak ground accelerations (PGA) at JHU. Symbols show patterns of the coseismic and/or postseismic groundwater level changes. Triangles, circles, and squares show persistent changes, only oscillations, and no changes, respectively (Table 4(a)). The directions of the triangles show persistent increases or decreases in the groundwater level. The size of the triangle shows the amplitude (H) of the persistent change. The triangle color shows how the persistent groundwater level change is explained by volumetric strain changes. ‘White’ means ‘quantitatively explainable’, ‘gray’ means ‘qualitatively explainable’, and ‘black’ means it is not explained by the volumetric strain change at all. ‘Quantitatively explainable’ means that observed coseismic and/or postseismic groundwater level changes are 50–200% of the expected groundwater level changes (Gle) in Tables 4(a) and 4(b).



[image: A40623_2015_620040391_Fig7.jpg]
Fig. 7Relationships among the coseismic and/or postseismic groundwater level changes, CVSC, and PGA at HUL.



[image: A40623_2015_620040391_Fig8.jpg]
Fig. 8Relationships among the coseismic and/or postseismic groundwater level changes, CVSC, and PGA at TLO. At TLO, only the data from December 2003 to July 2004 were analyzed.
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Fig. 9Relationships among the coseismic and/or postseismic groundwater level changes, CVSC, and PGA at DHR.



[image: A40623_2015_620040391_Fig10.jpg]
Fig. 10Relationships among the coseismic and/or postseismic groundwater level changes, CVSC, and PGA at LUC.



[image: A40623_2015_620040391_Fig11.jpg]
Fig. 11Relationships among the coseismic and/or postseismic groundwater level changes, CVSC, and PGA at NBA.




Figures 6–11, which show the contributions of the static coseismic volumetric strain changes and peak ground accelerations to the coseismic and/or postseismic groundwater level changes, present data using a method modified from Itaba and Koizumi (2007). The direction and size of the triangle show the sign (rise or drop) and amplitude of the persistent groundwater level change, respectively. In addition, the color of the triangle shows how the groundwater level changes can be explained by the calculated static volumetric strain changes. This convention clearly shows the tendency of the coseismic and/or postseismic persistent groundwater level changes at each of the six wells.
There were many persistent changes at JHU (Fig. 6), and most were coseismic drops. The signs of these coseismic drops were not always explained by the signs of the static coseismic volumetric strain changes (CVSC). In addition, all of the calculated coseismic static volumetric strain changes (CVSC) were smaller than 1e-9 (Table 4(a)), and therefore too small to cause the observed persistent changes. As a result, we conclude that they were not due to CVSC. Ground shaking seems the main factor causing the persistent changes. However, when CVSC is ≤1e-11, persistent changes are unlikely to occur. Many oscillations occurred at HUL (Fig. 7). There are also three persistent changes, although these cannot be explained by CVSC. Therefore, those oscillations and persistent changes are caused mainly by ground shaking. Oscillations or persistent changes always occurred when the PGA was > 10 gal (1 gal = 0.01 m/s2); however, even when the PGA was <10 gal, oscillations occurred when CVSC was >1e-10. CVSC and PGA were smaller at TLO than at the other five wells because TLO is farther from the epicenters of the 17 earthquakes than the other wells (Figs. 1 and 8). Two persistent changes were observed, but these cannot be explained by CVSC. Three persistent changes and two oscillations were observed at DHR (Fig. 9) when the PGA was ≥19 gal (Table 4(b)). Two of the three persistent changes can not be explained by CVSC. When the PGA was < 10 gal and the CVSC <2e-11, no coseismic changes occurred at LUC (Fig. 10). There were only two persistent changes at NBA (Fig. 11), and these occurred when the PGA was > 50 gal.
On the whole, ground shaking seems the main reason for the earthquake-related changes at the six wells because the calculated static volumetric strain changes cannot sufficiently explain them. While the PGA can explain the persistent changes at NBA, it cannot always explain the changes at the other wells, especially at the sensitive wells, such as JHU, where there are many persistent coseismic and/or postseismic changes. This means there are factors other than the acceleration of ground shaking that causes coseismic and/or postseismic groundwater level changes. At JHU, persistent changes are likely to occur when the CVSC is >1e-10 even if the PGA is <10 gal. These changes can be caused by large distant earthquakes. Long-period seismic waves from those earthquakes can cause dynamic strain changes, that can, in turn, produce persistent changes. Brodsky et al. (2003) suggested a pore-cleaning effect of dynamic strain changes as a factor causing earthquake-related persistent groundwater level changes.
As mentioned above, we assumed a homogeneous elastic half-space in our calculation of the coseismic static volumetric strain changes. This elastic half-space decreases the coseismic static volumetric strain changes in inverse proportion to the cubic of the hypocentral distance. Since most of the coseismic and/or postseismic groundwater level changes observed in our study were caused by relatively distant earthquakes (Fig. 1; Table 4), it seems natural that those static volumetric strain changes should scarcely have an effect on the earthquake-related changes (Itaba et al., 2008a, b). However, the actual crust is inhomogeneous, and it is known that observed coseismic strain changes are often different from those calculated in the same manner. The local strain accumulation due to inhomogeneous structures and its subsequent release by ground shaking is one possible explanation of the difference (Watanabe, 1991). This strain release, which is a type of static volumetric strain change due to the presence of inhomogeneous structures, is another possible causal factor of earthquake-related changes; ground shaking is also important in this context.

5. Conclusions
We have investigated groundwater level data collected between December 2003 and December 2006 at six groundwater observation network wells in Taiwan with the aim of assessing earthquake-related groundwater changes. The strain sensitivity of the groundwater level at the six wells ranged from 0.1–0.5 mm/e-9, which means that the groundwater level data at the six wells can detect strain changes of about 1e-9 or larger. We analyzed coseismic and/or postseismic groundwater level changes related to 17 earthquakes in and around Taiwan whose magnitudes were ≥6.0. Our analysis revealed that ground shaking seems to be the major causal factor of earthquake-related changes in groundwater but that the acceleration of this ground shaking cannot always explain the observed groundwater level changes.
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