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1.Review of NCKU1.Review of NCKU--GSJ CooperationGSJ Cooperation

1999~2000 1999~2000 
The Case Study of 1999 ChiThe Case Study of 1999 Chi--Chi EarthquakeChi Earthquake
2000~20032000~2003
Establishment of the observation networkEstablishment of the observation network
2003~20052003~2005

Studies of observation results: Studies of observation results: coseismiccoseismic and and preseicmicpreseicmic
2006~20092006~2009
Future scopes and planFuture scopes and plan
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Items of the cooperation studyItems of the cooperation study

Observation well 
selection

Observation instruments 
installation

Data transfer and 
record network

Data correction and 
analysis technique

Data publish 
Information system

Related earthquake 
prediction study
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CoseismicCoseismic Groundwater Level Changes in Groundwater Level Changes in 
1999 Chi1999 Chi--Chi EarthquakeChi Earthquake
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Observation wellsObservation wells

JiousiJiousi Hot Spring Hot Spring SiabantienSiabantien St.St.

ChishanChishan St. St. 
JenderJender St. St. 



Automatic recording, analysis and anomalies Automatic recording, analysis and anomalies 
detecting systemdetecting system
1.Recording1.Recording 2.QC, pre2.QC, pre--processingprocessing 3.Daily plots & 3.Daily plots & reprotreprot

4.Data 4.Data filtingfilting 5.Anomaly 5.Anomaly DeteDete.. 6.Results publication6.Results publication
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Observed coseismic events (03Observed coseismic events (03’’~05~05’’))

Total 130 Observation, step changes (S) 32events, 
oscillation (O) 56 events, O+S 42 events

Catalog Events HUL TWN LUJ NAB HRD DHR TLO SIP 
2003/4/3 Tainan, M=4.9 2 @  @  S S @  @  @  @  

2003/6/10 Taitung, M=6.5 4 @  @  S O @  O+S @  O 
2003/6/17 Taitung , M=5.9 2 @  @  @  O @  @  @  O 
2003/12/10 Taitung , M=6.6 7  O+S O+S S @  S O+S O+S O 
2003/12/11 Taitung, M=5.7 1  @  @  @  S @  @  @  @  
2003/12/18 Taitung, M=5.8 1  O @  @  @  @  @  @  @  

665

666

667

668

669

670

671

672

673

674
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Step Step –– Like  ChangeLike  Change Oscillation ChangeOscillation Change
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Oscillation Step-LikeNondetectable
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Criteria by the Volumetric StrainCriteria by the Volumetric Strain

StepStep--Like Chg.Like Chg.
Vol. Strain:Vol. Strain: >10>10--1010

Amplitude:Amplitude:§§1~3 cm1~3 cm
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Vol. Strain:Vol. Strain: 1010--1010>>10>>10--1212

Amplitude:Amplitude:§§0.2~1 cm0.2~1 cm

NondetectableNondetectable
Vol. Strain:Vol. Strain: 1010--1212 >>
Amplitude: :Amplitude: : >1 mm>1 mm
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PreseismicPreseismic anomaly: Radon anomaly: Radon 

2003/12/10 M6.82003/12/10 M6.8
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Item Two:Item Two: Study of effects of ground motionStudy of effects of ground motion
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2.Introduction of this study2.Introduction of this study
High density monitoring network for High density monitoring network for 
water resources water resources Groundwater Groundwater 
Monitoring Networks of TaiwanMonitoring Networks of Taiwan

Continuous observation from Continuous observation from 19911991, , 
management by Water Resource management by Water Resource 
Agency and local divisions. Agency and local divisions. 

The abundant observation dataset The abundant observation dataset 
((water levelwater level, , groundground--motionmotion, , seismic waveseismic wave, , 
hydraulic conductivityhydraulic conductivity, , crustal deformationcrustal deformation
et al.,) in Sep. 21, 1999 Earthquake.et al.,) in Sep. 21, 1999 Earthquake.
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3.Motivation3.Motivation

Previously work (Lai et al., 2004) the coseimic water Previously work (Lai et al., 2004) the coseimic water 
level changes were contributed by the level changes were contributed by the liquefactionliquefaction in fan in fan 
area, and the area, and the permeability enhancementpermeability enhancement in the slope area.in the slope area.
This study will focus on the quantitative analysis of the This study will focus on the quantitative analysis of the 
similarity in the spatial distribution of each parameter.similarity in the spatial distribution of each parameter.
This study want to examine the spatial relationship This study want to examine the spatial relationship 
between between welwell level changel level change/ / volumetric strainvolumetric strain/ / ground ground 
motionmotion/ / hydraulic conductivityhydraulic conductivity, to testify the mechanism , to testify the mechanism 
of the coseismic groundwater level changes in Chiof the coseismic groundwater level changes in Chi--Chi Chi 
Earthquake, Sep. 21, 1999.Earthquake, Sep. 21, 1999.
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3.Motivation: Heterogeneity in the nature3.Motivation: Heterogeneity in the nature

(Harter, 2001)(Harter, 2001)Basin scale, 10Basin scale, 10--100km100km SubSub--Basin scale, 1kmBasin scale, 1km

Local scale, 1mLocal scale, 1m

Field scale 100mField scale 100m

Darcy scale 1cmDarcy scale 1cm
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Study Area: Choshui river alluvial fanStudy Area: Choshui river alluvial fan

Location: Choshui river, Location: Choshui river, 
Central TaiwanCentral Taiwan
Dimension: typical fan Dimension: typical fan 
shape, shape, 9090 km in length, km in length, 
4040km in widthkm in widthㄨㄨthe area the area 
around around 20002000 kmkm22˙̇
Observation: totally Observation: totally 177177
wells in wells in 7070 observation observation 
station. station. 46 46 ground ground 
accelerator installed in the accelerator installed in the 
area.
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Hydrogeology of Choshui river alluvial fanHydrogeology of Choshui river alluvial fan
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Spatial distribution (P.G.A. and Vol. strain)Spatial distribution (P.G.A. and Vol. strain)
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Spatial distribution( G.W.L. and K)Spatial distribution( G.W.L. and K)
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4.Methdology (1/2)4.Methdology (1/2)

Variogram Variogram ( ~( ~ autocorrelation in space)autocorrelation in space)
The variogram is a measure of disThe variogram is a measure of dis--similarity similarity 
between two points in space separated by a between two points in space separated by a 
distance distance hh..

(1)(1)

22末末((hh): Variogram value): Variogram value
Z(Z(uu): value of the specified variate): value of the specified variate

Z(Z(u+hu+h): value with spacing ): value with spacing hh
Var [ ]: Var [ ]: variance operatorvariance operator

( ) ( )[ ]uZhuZVarh −+=)(2γ

Z(u)

Z(u+h)

Z(u+2h)
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4.Methdology (2/2)4.Methdology (2/2)

Cross semiCross semi--variogram and correlogramvariogram and correlogram
(~ cross correlation in space)(~ cross correlation in space)

The cross semivariogram measure the variability of two The cross semivariogram measure the variability of two 
different attributes and cross correlogram measures the different attributes and cross correlogram measures the 
similarity. The correlogram are defined for two different similarity. The correlogram are defined for two different 
attributes X and Y as attributes X and Y as 

(2)(2)

Where Where mm--hh, , mm+h+h is the mean values of  X and Y in spacing is the mean values of  X and Y in spacing 
hh, respectively. , respectively. 

∑∑

∑

=
+

=
−

=
+−

+− −−

−
==

)(

1

22
)(

1

22

)(

1

)(
1

)(
1

)(
1

)()(
hN

i
hi

hN

i
hi

hN

i
hhii

hh my
hN

mx
hN

mmyx
hNhCh

σσ
ρ



2323

DP      RC
Example of the variogram & correlogramExample of the variogram & correlogram

Geoff Bohling (2005)
Representative spacing

Correlogram

Variogram

DR
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Type of the variogramType of the variogram

(D G Rossiter, 2006)
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5. Variogram: Well level change5. Variogram: Well level change

0 20,000 40,000 60,000

Distance(m)

0

0.2

0.4

0.6

γ

Type: ExponentialType: Exponential
DDRR: : ~~ 50005000 mmGWL-GWL

Lag Distance Variogram Pairs_lag

1

2

3

4

5

6

7

8

9

0 0 33

5795.773 0.1674 4

10126.78 0.28881 19

15435.23 0.41905 29

23111.16 0.41393 24

31512.47 0.40208 19

39681.22 0.57805 18

47196.69 0.53454 16

55261.96 0.4784 11

(Layer2-2)

DR
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5. Variogram: Volumetric strain5. Variogram: Volumetric strain

0 20,000 40,000 60,000

Distance(m)

0

0.2

0.4
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0.8

γ

ε-ε

Lag Distance Variogram Pairs_lag

1 0 0 33

2 5685.103 0.34508 3

3 10674.23 0.19197 15

4 14573.2 0.37081 20

5 22960.27 0.5144 16

6 31096.73 0.43309 13

7 40407.7 0.7253 9

8 48924.89 0.67873 11

9 54913.88 0.69555 11

(Layer2-2)

DR

Type: Exponential Type: Exponential 
DDRR: : ~~ 30003000 mm
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5.Variogram: Hydraulic conductivity5.Variogram: Hydraulic conductivity

Lag Distance Variogram Pairs_lag

1 0 0 33

2 5685.103 0.35394 3

3 10674.23 0.4756 15

4 14573.2 0.47363 20

5 22960.27 0.71492 16

6 31096.73 0.66709 13

7 40407.7 0.85502 9

8 48924.89 0.84909 11

9 54913.88 1.00261 11
0 20,000 40,000 60,000

Distance(m)

0

0.2

0.4
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1

γ

K-K
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Type: Exponential Type: Exponential 
DDRR: : ~~ 15001500 mm
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5.Variogram: Peak Ground Acceleration5.Variogram: Peak Ground Acceleration

0 20,000 40,000 60,000

Distance(m)

0

0.2

0.4

0.6

0.8

1

ρ

Lag Distance Variogram Pairs_lag

1 0 0 33

2 5163.839 0.17954 2

3 11616.95 0.23664 11

4 15804.24 0.25486 19

5 21666.09 0.30264 16

6 29074.08 0.43286 8

7 36575.18 0.7737 3

8 46582.96 0.75673 2

9 52197.47 1.01129 1

PGAH-PGAH
(Layer2-2)

DR

Type: Type: GaussianGaussian
DDRR: : ~~ 80008000 mm
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6. Correlgram: Volumetric strain6. Correlgram: Volumetric strain--Water levelWater level

0 20,000 40,000 60,000 80,000

Distance(m)
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-0.4

-0.2

0

0.2

ρ

Lag Distance Correlogram Pairs_lag

1 0 0.05395 33

2 5685.103 -0.33529 3

3 10674.23 0.00074 15

4 14573.2 -0.06506 20

5 22960.27 -0.25735 16

6 31096.73 0.03143 13

7 40407.7 -0.27478 9

8 48924.89 -0.7067 11

9 54913.88 -0.38053 11

10 62676.08 -0.16081 5

11 69131.2 0 1

ε-H
(Layer2-2)

Type: Type: NoneNone
DDRR:     :     NoneNone
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6. Correlgram: PGA6. Correlgram: PGAHH--GWLGWL

0 20,000 40,000 60,000 80,000

Distance(m)

0
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ρ

Lag Distance Correlogram Pairs_lag

1 0 0.64321 33

2 5685.103 0.59717 3

3 10674.23 0.55913 15

4 14573.2 0.40993 20

5 22960.27 0.44469 16

6 31096.73 0.42073 13

7 40407.7 0.26178 9

8 48924.89 0.15343 11

9 54913.88 0.38031 11

10 62676.08 0.25034 5

11 69131.2 0 1

PGAH- H
(Layer2-2)

DR

Type: Type: LinearLinear
DDRR: : ~~ 1000010000 mm
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6.Correlgram: Hydraulic conductivity6.Correlgram: Hydraulic conductivity--Water levelWater level

0 20,000 40,000 60,000 80,000
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5 22960.27 0.36489 16
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7 40407.7 0.24337 9

8 48924.89 -0.18597 11
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10 62676.08 -0.49036 5

K-H (Layer2-2)

DR

Type: Type: LinearLinear
DDRR: : ~~ 90009000 mm
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6. Correlgram: PGA6. Correlgram: PGAVV--PGAPGAHH

Lag Distance Correlogram Pairs_lag

1 0 1 33

2 5163.839 0.88309 2

3 11616.95 0.51465 11

4 15804.24 0.5953 19

5 21666.09 0.58222 16

6 29074.08 0.59526 8

7 36575.18 0.55868 3

8 46582.96 0.39 2

9 52197.47 0 1
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PGAH-PGAv
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Type: Type: LinearLinear
DDRR: : ~~ 2200022000 mm
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7.Summary7.Summary

The amplitudes and the types of the spatial The amplitudes and the types of the spatial 
similarity of the similarity of the GWLGWL/ / PGAPGA/ / KK been testify by been testify by 
variogram and correlgram. The relationship of the variogram and correlgram. The relationship of the 
volumetric strain been volumetric strain been rejectedrejected..
The characteristic The characteristic representative spacingrepresentative spacing been been 
defined by each variogram and correlogram, these defined by each variogram and correlogram, these 
spacing should be choose as spacing should be choose as the grid sizethe grid size for for 
simulation.simulation.
HeterogeneityHeterogeneity should be consider for study the should be consider for study the 
hydrological response to earthquakes in the hydrological response to earthquakes in the 
alluvial depositalluvial deposit and and porous sedimentary rockporous sedimentary rock..
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