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Distribution of Distribution of coseismiccoseismic groundwatergroundwater
level changes of the Chilevel changes of the Chi--Chi Earthquake,1999Chi Earthquake,1999

Distribution of the hydrological Distribution of the hydrological conductivity conductivity 
of the of the ChoushuishiChoushuishi Alluvial FanAlluvial Fan

The Effect of the Geological Setting on the The Effect of the Geological Setting on the 
CoseismicCoseismic Groundwater Level ChangesGroundwater Level Changes



Begin from Original DataBegin from Original Data

Water Level 

Atmospheric  Pressure



Well no. name Barometric Pumping Month. Chg. Stable Seasonal Chg. Ocea n Tide Tidal Comp. Rainfall Effect

7010111 國 聖(一) o 0.5 o o

7010121 國 聖(二) o 1.0 o o

7010131 國 聖(三) o - 0.04 o - -

7010211 東 芳(一) o 3.0 o
7010221 東 芳(二) - 1.0 o
7020111 洛 津(一) 2.0 o o
7020121 洛 津(二) 3.0 o o
7020131 洛 津(三) - 2.0 o - o
7040111 線 西(一) o 0.8 o
7040121 線 西(二) o
7040131 線 西(三) - o 2.0
7040141 線 西(四) 0.5 o o
7050111 全 興(一) - - 0.4 o o -
7050121 全 興(二) - o 4.0 o
7050131 全 興(三) 1.0 o
7050141 全 興(四) 0.6 o
7060111 文 昌(一) o 2.0
7060121 文 昌(二) 4.0 o
7060131 文 昌(三) o 4.0 o
7060141 文 昌(四) 1.6 o o
7080111 花 壇(一) o 2.0 o
7080121 花 壇(二) - - 0.2 - -
7080131 花 壇(三) o 2.0
7080141 花 壇(四) 0.3 o o o
7100111 員 林(一) - 1.0 o
7100121 員 林(二) o 2.0
7100131 員 林(三) o 1.0
7100141 員 林(四) o 0.6 o
7110111 溪湖(一) o 3.0 o
7110121 溪 湖(二) o 2.0 o

Classified the All WellsClassified the All Wells



Spectrum of Tidal Potential at Spectrum of Tidal Potential at DonherDonher (3), (3), 
1999/8/1~1999/12/31 1999/8/1~1999/12/31 (Derived from ETERNA Program)(Derived from ETERNA Program)
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Tidal Potential Series of Donher(3)Tidal Potential Series of Donher(3)
1999/8/1~8/51999/8/1~8/5
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OO11/M/M22 Amplitude RationAmplitude Ration
(Derived from (Derived from BaytapBaytap--G Program)G Program)
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MM22 Amplitude/ Phase Angle Amplitude/ Phase Angle 
(Derived from (Derived from BaytapBaytap--G Program)G Program)

M2 Component
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Strain SensitivityStrain Sensitivity≈≈10~50cm/ppm ?10~50cm/ppm ?



Purposes of the ResearchPurposes of the Research

Clarify the mechanism of the intermediate Clarify the mechanism of the intermediate 
period fluctuation of groundwater level.period fluctuation of groundwater level.

Determinate the fluid flow properties of Determinate the fluid flow properties of 
wellwell--aquifer systemaquifer system

Set up the analysis techniques for the Set up the analysis techniques for the 
groundwater level responses to the  groundwater level responses to the  
different sources.different sources.



WellWell--Aquifer SystemAquifer System
Confinement of the Confinement of the 
aquifer aquifer ((LeakanceLeakance Problem ?)Problem ?)

Well or Screen structures Well or Screen structures 
Effect Effect (radius, depth, (radius, depth, 
pressure head, thickness)pressure head, thickness)

WellboreWellbore StorageStorage

Amplification & ResonanceAmplification & Resonance

Effects of Water TableEffects of Water Table

Solution: Solution: Looking for the Looking for the 
Bulk Parameters to Bulk Parameters to 
representation the behavior representation the behavior 
of the wellof the well--aquifer systemaquifer system

(Cooper,1965)



Advantages of the Analysis from Groundwater Advantages of the Analysis from Groundwater 
Level Responses to Atmospheric LoadingLevel Responses to Atmospheric Loading

The amplitudes are larger than resolution The amplitudes are larger than resolution 
of the instrumentof the instrument

The mechanism are more simplerThe mechanism are more simpler

With the real observation data (same With the real observation data (same 
interval)interval)

Major Component of the Major Component of the Intermediate Intermediate 
periodperiod groundwater level groundwater level FluctuationFluctuation



Theoretical response of wells in partially Theoretical response of wells in partially 
confined aquifers to periodic atmospheric confined aquifers to periodic atmospheric 

loadingloading
Previous WorkPrevious Work

Jacob (1940)Jacob (1940)
Weeks(1979)Weeks(1979)
Rojstaczer(1988a)Rojstaczer(1988a)
Igarashi and Wakita(1991)Igarashi and Wakita(1991)
Rojstaczer(1988b)Rojstaczer(1988b)
Rojstaczer(1989)Rojstaczer(1989)
Ishimura(2002)Ishimura(2002)



Mechanism of the Groundwater Level Response Mechanism of the Groundwater Level Response 
to the Atmospheric Loadingto the Atmospheric Loading

Pressurize on the Pressurize on the 
open boreholeopen borehole

Surface loading Surface loading 

Air flow in Air flow in 
unsaturated zoneunsaturated zone

Groundwater flow Groundwater flow 
to and from water to and from water 
tabletable

Flow in and out Flow in and out 
between the well between the well 
and aquiferand aquiferRojstaczer(1988a)



Different Stages of the Groundwater Level Different Stages of the Groundwater Level 
Response to the Atmospheric LoadingResponse to the Atmospheric Loading

Rojstaczer(1988a)

Stage 1:Stage 1:Water flow in and Water flow in and 
out of well driven by the out of well driven by the 
pressure imbalancepressure imbalance

Stage 2:Stage 2:Equilibrium with theEquilibrium with the
undrainedundrained response response 

StageStage 3:3:Depressurize due toDepressurize due to 
the potential of pressure the potential of pressure 
imbalance decreasing.imbalance decreasing.

StageStage 4:4:New imbalance New imbalance 
between water table and between water table and 
aquifer, groundwater backaquifer, groundwater back
to aquifer.to aquifer.



Theoretical Assumption (Theoretical Assumption (RojstaczerRojstaczer, 1988a), 1988a)
The The undrainedundrained response of the aquifer and confining layer to response of the aquifer and confining layer to 
surface loading are the samesurface loading are the same
Air flow between the ground surface and the water table and Air flow between the ground surface and the water table and 
the groundwater flow in the confining layer are vertical. the groundwater flow in the confining layer are vertical. 
The groundwater flow between the aquifer and the borehole is The groundwater flow between the aquifer and the borehole is 
horizontalhorizontal

So the theoretical response to the Atmospheric Loading can be So the theoretical response to the Atmospheric Loading can be 
simplify into three 2D flow problems.simplify into three 2D flow problems.

Vertical air flow in unsaturated zoneVertical air flow in unsaturated zone
Vertical groundwater flow in partial confining layerVertical groundwater flow in partial confining layer
Horizontal groundwater flow between the aquifer and the Horizontal groundwater flow between the aquifer and the 
boreholeborehole



Vertical Air Flow Between EarthVertical Air Flow Between Earth’’s Surface and s Surface and 
the Water Tablethe Water Table
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The Solution is given by(Rojstaczer,1988b):The Solution is given by(Rojstaczer,1988b):
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Vertical Groundwater Flow Between the Water Vertical Groundwater Flow Between the Water 
Table and the AquiferTable and the Aquifer
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Q: Dimensionless frequency referenced to the confining layer
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The Solution is given by(Rojstaczer,1988b):The Solution is given by(Rojstaczer,1988b):

RojstaczerRojstaczer (1988b)(1988b)



Flow Between the Borehole and the AquiferFlow Between the Borehole and the Aquifer
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The Solution is given by(Rojstaczer,1988 b):The Solution is given by(Rojstaczer,1988 b):

K0 : Modified Bessel Function of the second kind of order zero



Response of A Well to Atmospheric Loading: Response of A Well to Atmospheric Loading: 
General CaseGeneral Case
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Theorbaro.mTheorbaro.m
%%TheoricalTheorical Barometric ResponseBarometric Response
clear allclear all
%Parameter Setting%Parameter Setting
A=1;                        A=1;                        %Air Pressure %Air Pressure 
ChangeChange
%Unsaturated Zone%Unsaturated Zone
L=10;                      L=10;                      %Depth of the Water %Depth of the Water 
TableTable
DaDa=0.0001;             =0.0001;             %Pneumatic %Pneumatic 
DiffusivityDiffusivity
%Confining Layer%Confining Layer
bcbc=222;                  =222;                  %Thickness%Thickness
kckc=0.00000001;      =0.00000001;      %Hydraulic %Hydraulic 
Conductivity  Conductivity  
Sc=0.00001;            Sc=0.00001;            %Storage Coefficient%Storage Coefficient
kamakama=0.5;               =0.5;               %%LoadindLoadind EfficiencyEfficiency
D=0.001;                 D=0.001;                 %Vertical Hydraulic %Vertical Hydraulic 

DiffusivityDiffusivity
%Aquifer%Aquifer
b=30;                     b=30;                     %Thickness%Thickness
K=0.00001;             K=0.00001;             %Hydraulic %Hydraulic 
Conductivity Conductivity 
rwrw=0.0762;              =0.0762;              %Radius of the Well%Radius of the Well
S=0.00001;             S=0.00001;             %Storage Coefficient%Storage Coefficient
i=1;i=1;
f=0.000000001;f=0.000000001;
while f<0.0168;while f<0.0168;

R=f*L^2/2*R=f*L^2/2*DaDa;;
Pa(iPa(i)=R;)=R;

M=2*cosh(R^0.5)*cos(R^0.5)/cosh(2*R^0.M=2*cosh(R^0.5)*cos(R^0.5)/cosh(2*R^0.
5)+cos(2*R^0.5);5)+cos(2*R^0.5);

N=2*sinh(R^0.5)*sin(R^0.5)/cosh(2*R^0.5N=2*sinh(R^0.5)*sin(R^0.5)/cosh(2*R^0.5
)+cos(2*R^0.5);)+cos(2*R^0.5);

q=f*q=f*bc/kcbc/kc;;
p=(p=(M+jM+j*N*N--kamakama)*A*exp()*A*exp(--

(j+1)*(0.5*q*Sc)^0.5)+A*(j+1)*(0.5*q*Sc)^0.5)+A*kamakama;;
P(iP(i)=p;)=p;

w=f*rw^2/(K*b);w=f*rw^2/(K*b);
W(iW(i)=w;)=w;

z=j*0.5*w*bessely(0,(w^2*(S^2+1/q^2))z=j*0.5*w*bessely(0,(w^2*(S^2+1/q^2))
^0.25*^0.25*exp(jexp(j*0.5*(*0.5*(atan(qatan(q*S))));*S))));

Sw(iSw(i)=z;)=z;
Xo(iXo(i)=(P(i))=(P(i)--A)/(1+Sw(i));A)/(1+Sw(i));
be=be=Xo(iXo(i)/A;)/A;
BE(iBE(i)=)=abs(beabs(be););
phase(iphase(i)=)=angle(beangle(be););

endend
F=F';F=F';
CPD=CPD=CPDCPD';';
BE=BE=BEBE';';
phase=phase=phasephase';';
Barometric=[F CPD BE phase];Barometric=[F CPD BE phase];
csvwrite('C:csvwrite('C:\\workwork\\barometricbarometric\\Barometric.csBarometric.cs
v',Barometricv',Barometric););
%%plot(CPD,BEplot(CPD,BE););
%%plot(CPD,phaseplot(CPD,phase););
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%%TheoricalTheorical Barometric ResponseBarometric Response
clear allclear all
%Parameter Setting%Parameter Setting
Sc=0.00001;                  Sc=0.00001;                  
kamakama=0.5;                    =0.5;                    
A=1;                        A=1;                        
b=30;                       b=30;                       
K=0.00001;K=0.00001;
rwrw=0.0762;                  =0.0762;                  
S=0.00001;                  S=0.00001;                  
ration=1.0;                 %Q/W Rationration=1.0;                 %Q/W Ration
%%
i=1;i=1;
f=0.0000001;f=0.0000001;
while f<16.8;while f<16.8;

w=f*rw^2/(K*b);w=f*rw^2/(K*b);
W(iW(i)=w;)=w;
q=2*ration*w/Sc;q=2*ration*w/Sc;
R=0.0001*ration*w;R=0.0001*ration*w;
%R=f*L^2/2*%R=f*L^2/2*DaDa;;

M=2*cosh(R^0.5)*cos(R^0.5)/(cosh(2*R^0.5)M=2*cosh(R^0.5)*cos(R^0.5)/(cosh(2*R^0.5)
+cos(2*R^0.5));+cos(2*R^0.5));

N=2*sinh(R^0.5)*sin(R^0.5)/(cosh(2*R^0.5)+N=2*sinh(R^0.5)*sin(R^0.5)/(cosh(2*R^0.5)+
cos(2*R^0.5));cos(2*R^0.5));

%q=f*%q=f*bc/kcbc/kc;;
p=(p=(M+jM+j*N*N--kamakama)*A*exp()*A*exp(--

(j+1)*(0.5*q*Sc)^0.5)+A*(j+1)*(0.5*q*Sc)^0.5)+A*kamakama;;
P(iP(i)=p;)=p;

z=j*0.5*w*bessely(0,(w^2*(S^2+1/q^2))^0.2z=j*0.5*w*bessely(0,(w^2*(S^2+1/q^2))^0.2
5*5*exp(jexp(j*0.5*(*0.5*(atan(qatan(q*S))));*S))));

Sw(iSw(i)=z;)=z;
Xo(iXo(i)=(P(i))=(P(i)--A)/(1+Sw(i));A)/(1+Sw(i));
be=be=Xo(iXo(i)/A;)/A;
BE(iBE(i)=)=abs(beabs(be););
phase(iphase(i)=)=angle(beangle(be););
F(iF(i)=f;)=f;
CPD(iCPD(i)=f*3600*24;)=f*3600*24;
f=f*1.01;f=f*1.01;
i=i+1;i=i+1;

endend
F=F';F=F';
CPD=CPD=CPDCPD';';
W=W';W=W';
BE=BE=BEBE';';
phase=phase=phasephase';';
Barometric=[F CPD W BE phase];Barometric=[F CPD W BE phase];
csvwrite('C:csvwrite('C:\\workwork\\barometricbarometric\\Barometric.csv',BaroBarometric.csv',Baro
metricmetric););
plot(W,BEplot(W,BE););
%%plot(W,phaseplot(W,phase););



Case I: Case I: S,SS,S’’equalequal 0.0001, 0.0001, γγ=0.5 in different =0.5 in different 
Q,W rationQ,W ration
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EfficiencyEfficiency

Phase Angle Phase Angle 
in Degreein Degree

0

0.1

0.2

0.3

0.4

0.5

0.6

0.0001 0.001 0.01 0.1 1 10

W

B
ar

om
et

ric
 E

ffi
ci

en
cy

10-1

101102103104105

1

Q/W

-200

-180

-160

-140

-120

-100

-80

-60

0.0001 0.001 0.01 0.1 1 10

W

Ph
as

e 
A

ng
le

10-1Q/W

1

101

102

103104105



Case II: Case II: S,SS,S’’equalequal 0.0001, 0.0001, γγ=0.5 in different =0.5 in different 
R,Q rationR,Q ration

Barometric Barometric 
EfficiencyEfficiency
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Case III: Case III: γγ=0.5 in different S=0.5 in different S’’, S ration, S ration

Barometric Barometric 
EfficiencyEfficiency
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Application of Application of theoricaltheorical responseresponse

1.1. Barometric Response of the Water LevelBarometric Response of the Water Level

2.2. Theoretical ResponseTheoretical Response

3.3. Determinate of Fluid Flow PropertiesDeterminate of Fluid Flow Properties
•• Vertical Pneumatic Diffusivity of the Unsaturated ZoneVertical Pneumatic Diffusivity of the Unsaturated Zone
•• Vertical Hydraulic Diffusivity of the Confining LayerVertical Hydraulic Diffusivity of the Confining Layer
•• Lateral Permeability of the AquiferLateral Permeability of the Aquifer

Curve Fitting
(type curve) R,Q,W



How to Get the Transfer Function? How to Get the Transfer Function? (Rojstaczer,1988b)(Rojstaczer,1988b)

Complex Linear Equation of the water level responseComplex Linear Equation of the water level response

Removing the long term trend with ZeroRemoving the long term trend with Zero--Phase HighPhase High--Pass Pass 
Filter,UsingFilter,Using 5*105*10--99Hz as criteria, to calculate the 40 days Hz as criteria, to calculate the 40 days 
longlong--tern trendtern trend
Using BlackmanUsing Blackman--TukeyTukey Procedures to estimate the Power Procedures to estimate the Power 
Spectrum of atmospheric Spectrum of atmospheric pressures(BBpressures(BB), earth ), earth tide(TTtide(TT) and ) and 
Cross Spectrum between each Cross Spectrum between each other(BTother(BT, TB, BW, TW), TB, BW, TW)
Solving the complex linear equations for every frequency  Solving the complex linear equations for every frequency  
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Taketranf.mTaketranf.m
addpathaddpath ('C:('C:\\workwork\\downloaddownload\\matlabmatlab');');

brecbrec==detrend(bredetrend(bre););
wlcwlc==detrend(wldetrend(wl););
tidectidec==detrend(tidedetrend(tide););
[[BB,TT,BT,BTcoh,BTpha,BTfreqBB,TT,BT,BTcoh,BTpha,BTfreq]=func_coherence(brec,tidec,696,0.0002777778,348,5);]=func_coherence(brec,tidec,696,0.0002777778,348,5);
TB=TB=conj(BTconj(BT););
crossspectBTcrossspectBT=[=[BB,TT,BT,TB,BTcoh,BTpha,BTfreqBB,TT,BT,TB,BTcoh,BTpha,BTfreq];];
csvwrite('C:csvwrite('C:\\workwork\\Xspect_BT.csv',crossspectBTXspect_BT.csv',crossspectBT););
[[BB,WW,BW,BWcoh,BWpha,BWfreqBB,WW,BW,BWcoh,BWpha,BWfreq]=func_coherence(brec,wlc,696,0.0002777778,348,5);]=func_coherence(brec,wlc,696,0.0002777778,348,5);
crossspectBWcrossspectBW=[=[BB,WW,BW,BWcoh,BWpha,BWfreqBB,WW,BW,BWcoh,BWpha,BWfreq];];
csvwrite('C:csvwrite('C:\\workwork\\Xspect_BW.csv',crossspectBWXspect_BW.csv',crossspectBW););
[[TT,WW,TW,TWcoh,TWpha,TWfreqTT,WW,TW,TWcoh,TWpha,TWfreq]=func_coherence(tidec,wlc,696,0.0002777778,348,5);]=func_coherence(tidec,wlc,696,0.0002777778,348,5);
crossspectTWcrossspectTW=[=[TT,WW,TW,TWcoh,TWpha,TWfreqTT,WW,TW,TWcoh,TWpha,TWfreq];];
csvwrite('C:csvwrite('C:\\workwork\\Xspect_TW.csv',crossspectTWXspect_TW.csv',crossspectTW););
for i=1:348;for i=1:348;

Trans=Trans=inv([BB(iinv([BB(i) ) BT(i);TB(iBT(i);TB(i) ) TT(iTT(i)])*[)])*[BW(i);TW(iBW(i);TW(i)];)];
HB(iHB(i)=Trans(1);)=Trans(1);
HT(iHT(i)=Trans(2); )=Trans(2); 

endend
HB=HB=HBHB';';
HT=HT=HTHT';';
transpecttranspect=[HB HT];=[HB HT];
csvwrite('C:csvwrite('C:\\workwork\\transfuc.csv',transpecttransfuc.csv',transpect););

HBgainHBgain==abs(HBabs(HB););
HBphaseHBphase==angle(HBangle(HB););
HBspectHBspect=[=[HBgainHBgain HBphaseHBphase];];

csvwrite('C:csvwrite('C:\\workwork\\HBspect.csv',HBspectHBspect.csv',HBspect););
HTgainHTgain==abs(HTabs(HT););
HTphaseHTphase==angle(HTangle(HT););
HTspectHTspect=[=[HTgainHTgain HTphaseHTphase];];

csvwrite('C:csvwrite('C:\\workwork\\HTspect.csv',HTspectHTspect.csv',HTspect););



Observation DataObservation Data
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Naba (3) Nov. 2002



Results Without Moving LongResults Without Moving Long--Term TrendTerm Trend
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Results After Moving LongResults After Moving Long--Term Trend (III)Term Trend (III)
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Future plan of the researchFuture plan of the research

Determination Fluid Flow Properties of Determination Fluid Flow Properties of 
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